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ABSTRACT

One of the still unaccomplished struggles in the maintenance of population life quality is related to the
current need for effective biomaterials. The optimization of tissue engineering (TE) strategies by combining
biomaterials, cells and soluble factors usually relies on time-consuming iterative processes. Rapid and low-
cost high-throughput testing is needed to accelerate the discovery of ideal TE systems. The main hypothesis
of this thesis was that superhydrophobic surfaces patterned with wettable spots were amenable to be used
as platforms for high-throughput complete testing of 3D biomaterials. Indeed, such platforms allowed taking
advantage of wettability contrast to pattern biomaterials with precise shape and pre-determined height, by
controlling the volume dispensed in each spot.

The superhydrophobic chips were first used to pattern ionic alginate-based cell-laden hydrogels in the
wettable spots. The chemical composition of each biomaterial was evaluated by FTIR and the cellular
response of fibroblast and osteoblast-like cell lines was assessed on-chip by image-based analysis. Image-
based non-destructive assessment was validated by comparison with conventional biochemical colorimetric
tests. Superhydrophobic chips were later used to produce and study miniaturized porous scaffolds. The size
of the spots in the milimetric range allowed having porous biomaterial structures with significant pore size for
cell migration and growth. Chitosan/alginate scaffolds were processed by polyelectrolyte complexation and
freeze-drying, followed by fibronectin adsorption. Cell number and viability were assessed using two cell
lines. DMA and uCT techniques were adapted to be used on-chip, in dry conditions, to characterize the
scaffolds mechanically and morphologically. The on-chip DMA method was upgraded to be performed under
physiological-like conditions using chitosan/bioactive glass nanoparticles hydrogels. The selective adhesion
and proliferation of a pre-osteoblast cell line allowed hit-spotting favorable /n vitro biomaterial formulations.
After demonstrating their adequacy for Jn wvitro cell-3D biomaterials interactions assessment,
superhydrophobic chips containing 36 biomaterials were implanted in single Wistar rats, allowing the high-
throughput /7 vivo study of inflammatory response caused by biomaterials.

An important aspect in TE is the dependency of tissue regeneration on prolonged action of bioactive agents.
Superhydrophobic chips were imprinted with ring-shaped spots with concentric superhydrophobic regions
where polymeric protein-loaded spheres were deposited. The acquisition of sequential images of each spot
over time using microscopy methods allowed monitoring protein release. Finally, cell suspension droplets
were fixed in the wettable regions of the chips to produce cell spheroids/microtissues for drug screening by
the hanging drop methodology in a robot-free automated manner.

In conclusion, the superhydrophobic platforms patterned with wettable spots used in this thesis proved to be
compatible with a complete study of 3D biomaterials-cells interactions, comprising a wide set of factors as
biomaterials characterization, /n vitro testing, innovative /n vivo assessment and bioactive molecules-related

tests.
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RESUMO
Um dos desafios correntes para a manutencdo da qualidade de vida das populacdes prende-se com a falta
de biomateriais eficazes. A otimizacdo de estratégias em engenharia de tecidos (ET) através da combinacao
de biomateriais, células e fatores sollveis requer, em geral, processos iterativos. Testes expeditos e de baixo
custo sao necessarios para acelerar a descoberta de sistemas de ET ideiais. A hipotese desta tese consiste
na possibilidade do uso de superficies superhidrofobicas padronizadas com regides hidrofilicas como
plataformas para a andlise expedita e completa de biomateriais 3D. As plataformas permitiram usar o
contraste de molhabilidade para depositar biomateriais com forma e altura precisas, controlando o volume
colocado em cada regiao hidrofilica.
As plataformas foram usadas para dispensar hidrogéis de alginato com células encapsuladas nas regides
molhaveis. A composicao quimica de cada biomaterial foi avaliada por FTIR, e a resposta celular foi testada
através de analises de imagem, efetuadas no chip. As analises ndo destrutivas baseadas em imagem foram
validadas por comparacdo com teses bioquimicos colorimétricos. As plataformas foram depois adaptadas
para a producao e caracterizacao de estruturas porosas miniaturizadas. A dimensao milimétrica das regides
molhaveis permitiu processar estruturas com poros de tamanho representativo para migracao e crescimento
celulares. As estruturas porosas de quitosano/alginato foram preparadas por complexacdo de
polielectrélitos/ liofilizacao, seguidas de adsorcao de fibronectina. O nimero e viabilidade celulares foram
estudados. As técnicas de DMA e uCT foram adaptadas para uso nos chips, em condicdes secas, para
caracterizacdo mecanica e morfolégica. O método de DMA realizado no chip foi melhorado de forma a
permitir uma analise em condicdes semelhantes as fisiologicas, wusando hidrogéis de
guitosano/nanoparticulas de vidro bioactivo. A adesdo selectiva e proliferacdo de uma linha celular de pré-
osteoblastos permitiu selecionar as formulacdes de biomateriais mais favoraveis. Apos demonstrar a sua
adequabilidade para testes /in vitro, implantaram-se plataformas superhidrofébicas contendo 36 biomateriais
em ratos Wistar, mostrando a sua utilidade para testes expeditos executados /7 vivo,para estudo da resposta
inflamatdria causada por biomateriais.
Outro aspeto importante em ET é a dependéncia da regeneracdo de tecidos na acao prolongada de agentes
bioactivos. Regides molhaveis com uma regidao superhidrofébica concéntrica foram usadas para depositar
esferas poliméricas contendo proteina. A aquisicdo sequencial de imagens por microscopia permitiu
monitorizar a libertacdo de proteina. Finalmente, fixaram-se gotas de suspensdo celular nas regides
hidrofilicas para produzir esferdides celulares para a analise de farmacos pelo método da gota suspensa.
Em conclusao, as superficies superhidrofobicas padronizadas com regides molhaveis usadas nesta tese
provaram ser compativeis com um estudo completo de interacbes entre células e biomateriais 3D,
compreendendo um vasto conjunto de fatores, como caracterizacdo dos biomateriais, testes in vitro e in

vivo, e testes relacionados com moléculas bioactivas.
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transition. (b) Crosslinking of the polymeric chains according to the application of a stimulus (e.g.
crosslinking of chitosan by hydrogen bonding with 3-GP according to the temperature). (c) Stimulus-
responsive surface. Examples of this type of system are PNIPAAm-grafted chitosan surfaces; the
PNIPAAmM chains are extended or coiled according to the temperature which allows for selective cell
sheet detachment (d) Response of an hydrogel structure to some stimuli, such as temperature (in the
case of a gelatin hydrogel, or a natural polymer blended with PNIPAAm or Pluronics) or pH (in the case

of an alginate or chitosan hydrogel). Figure adapted from Hoffman et a/. [286; Chapter 1]. 23

Figure 2.1. — Schematic representation of wetting behavior on solid substrates following: (A) the Wenzel

model and (B) the Cassie model. 56

Figure 2.2. - Some examples of superhydrophobic surfaces found in nature. (A1) Lotus leaf, (A2) lotus
leaf microstructure with micropapillae and (A3) magnification of one micropapillag, nanostructured wax
crystalloids. (B1) Surface microstructure of a pigeon feather and (B2) a schematic representation of its
pseudohierarchical structure. (C1) Surface microstructure of a rose petal and (C2) magnification of one
micropapillag, in which its nanostructure is visible. (D1) Butterfly wings as example of anisotropic
wetting surface. Surface images of the butterfly wings in (D2) microscale and (D3) nanoscale. [Figures
(B1), (B2) reprinted with permission from Bormashenko ef a/., Langmuir 28, 14992 (2012). Copyright
2012. American Chemical Society. All other figures reprinted with permission from Liu ef a/. Accounts

on Chemical Research 43, 368 (2010). Copyright 2010. American Chemical Society]. 58
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Figure 2.3. - Device for high-throughput analysis: droplets of different volumes from 2 to 8 ul confined
in wettable regions produced by different UV/Ozone irradiation times from 1 to 12 minutes in
polystyrene superhydrophobic surfaces produced by phase-separation method. Neto ef a/. Soft Matter 7,

4147 (2011) - Reproduced with permission of The Royal Society of Chemistry. 75

Figure 2.4. - Fluorescence microscopy images of substrates where wettable spots were incubated with
protein solutions for 2 hours of (i) albumin (green) and (ii) fibronectin (red) with different concentrations
(vertical axis) and during different adsorption times (horizontal axis). (iii) Albumin and fibronectin
fluorescent fingerprints in patterned surfaces after different relative amounts and protein concentrations
were deposited in the hydrophilic spots. Lower image: confocal microscope pictures of osteoblast-like
cells cultured for 4 hours on the micropatterned array pre-adsorbed with different protein quantities
(equivalent to the array in (iii)). Scale bars, 500 um. Neto ef a/ Soft Matter 7, 4147 (2011) -

Reproduced with permission of The Royal Society of Chemistry. 77

Figure 2.5. - In the upper image: a superhydrophobic chip with hydrogels (left) after preparation by
ionic crosslinking and (right) after immersion in medium. Bottom image: the acquisition of microscopy
images allowed to study the cell number (by nuclei staining) in each hydrogel by non-destructive means.
Salgado ef allntegrative Biology 4, 318 (2012) - Reproduced with permission of The Royal Society of
Chemistry. http://pubs.rsc.org/en/Content/ArticleLanding/2012/1B/c2ib00170e. 79

Figure 2.6. - (A) Fluorecence microscopy images of on-chip produced scaffolds with L929 and Sa0s-2
cell nuclei stained with DAPI. (B) Intensity maps of image-based quantification of cell nuclei. (C) On-chip
calculated cell viability on each scaffold with gradients of adsorbed fibronectin obtained by the image-
based quantification of dead «cells. Oliveira ef a. Small (accepted for publication.

DO0I:10.1002/smll.201201436) - Reproduced by permission of John Wiley and Sons. 80

Figure 3l. (Box 1) — Schematic representation of the main interactions affecting the design, testing and

performance of biomaterials. 92

Figure 3.1 —Figure 1. A conceptual diagram showing the steps required to perform the evaluation of the
in vivo inflammatory response to biomaterials in a high-throughput manner using superhydrophobic
surfaces patterned with wettable regions as chips. (A) The preparation of superhydrophobic surfaces
with arrays of wettable regions, where droplets of aqueous solutions can be dispensed with different
volumes in spots with different shapes and sizes. Such solutions may be polymeric and are amenable
to be freeze-dried on-chip [10,46], generating arrays of miniaturized porous scaffolds, widely used in the

tissue engineering field. (B) The chips with arrays of combinatorial biomaterials are implanted
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subcutaneously in a Wistar rat model [10]. (C) After a determined time of implantation (t), the chip is
retrieved from the animal and the scaffolds on the chip are analyzed by immunocytochemistry. (D)
Immunocytochemistry and cell staining images are then collected by microscopy techniques and
analyzed, preferably by automated processes using software such as ImageJ (National Institutes of
Health, NIH). (E) The results must be analyzed for statistical significance and with factorial analysis so
that the main and combined effects of the biomaterial design and processing can be analyzed in
relation to the biological phenomena. 101
Figure 4.1. - a) Water contact angle evolution of superhydrophobic polystyrene surfaces while exposed
for different periods to UVO irradiation. Figure adapted from [1]. b) XPS spectra from superhydrophobic
polystyrene surfaces before (blue line) and after (red line) exposure to UVO irradiation for 12 minutes.

117

Figure 4.2. — Schematic representation of the production of wettable patterns on polystyrene (PS)
superhydrophobic surfaces. The “First generation” refers to the exposure to UVO irradiation through a

photomask. The “second generation” method refers to the protection of untreated polystyrene with

stickers before treating the polymer with phase-separation technique. 118

Figure 4.3. — Schematic representation of the deprotonation of chitosan molecules in acid media. Figure

adapted from [7]. 120

Figure 4.4. — a) Schematic representation of the egg-box model for calcium-alginate binding. Figure
adapted from [13]. b) Graphical Representation of the Initial Binding of Calcium (Red Circle) by Facing
GG Dimers (Dotted Bars) in the Initial Tilted Conformation, adapted from [14]. 122

Figure 4.5 - Schematic representation of the fragmentation of collagen after hydrolysis into gelatin with

respective acidic and alkali preparation processes. Adapted from [15]. 123

Figure 4.6. - Schematic representation of the reaction on the sol-gel process for the formation of silica

tetrahedral and nanoparticles at room temperature. Adapted from [26]. 126
Figure 4.7. — Schematic of the crosslinking of chitosan with genipin. Adapted from [42]. 127

Figure 5.1. — Schematic representation of the process used to create hydrophilic spots in the initially
superhydrophobic substrate using a hollow mask to imprint wettable spots by the action of UVO
irradiation. Images of the contours of water droplets in the original (superhydrophobic) and surface
modified (hydrophilic) substrates are included. The characterization of each construct can be carried out
by individual destructive tests or using colorimetric/image analysis in which the biomaterials are kept in

the chip. 161
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Figure 5.2. - A) Hydrogels samples dropped into the hydrophilic spots. B) Magnified image of the

hydrogel alginate based materials after 24h of immersion in culture medium. 161

Figure 5.3. — Chemical maps of the 40%, 50%, 90% and 100% alginate (labeled as A) formulations.
Respective FTIR spectra of the polymeric mixtures in which = == corresponds to 40% alginate- content
hydrogels, to 50% alginate hydrogels, —— to 90% alginate-content hydrogels and = to 100%

alginate-content hydrogels. The area of each chemical map corresponds to100x100 umz. 164

Figure 5.4. — (A) Fluorescent microscopy images of viable cells in the hydrogels stained with calcein AM
after 24h of culture. Images scale bar corresponds to 700 um. (B) Calcein AM (green)/propidium iodide
(red) (live/dead) staining with the magnification used for the calcein AM pixel quantification (200x). (C)
Live/dead staining images (merged and with the live cells staining and dead cells staining shown
separately) of three different polymeric mixtures in which the ratio of viable cells per total amount of
cells (which was calculated by the MTS/dsDNA quantification values) is decreasing from the upper

mixture to the downer mixture, as indicated by the arrow. 166

Figure 5.5. — Fluorescent microscopy images of hydrogels stained with DAPI for the cell nuclei (blue
staining). Left, randomly selected 200x magnification used for DAPI pixel quantification can be observed
(the scale bar corresponds to 350 pum). Right, images of 50x magnification can be observed for the
conditions 90%Alg, which allows for a general observation of the distribution of the cells in the hydrogels.

166

Figure 5.6. - (A1) dsDNA quantification of cell number of fibroblast (L929) and osteoblast (MC3T3-E1)
in different hydrogels samples after 24 hours of cell culture. (A2) MTS evaluation of cell metabolic
activity of fibroblast cells (L929) and pre-osteoblast cells (MC3T3) in different hydrogels samples after
24 hours of cell culture represented in an intensity map. (B1) dsDNA content (DAPI - blue) calculated
using fluorescence microscope images treated with WCIF image J program and (B2) Calcein AM
fluorescence (viable cells - green) calculated using fluorescence microscope images treated with WCIF

image J program. (C) MTS/dsDNA ratio results intensity map. 168

Figure 6.1. - (A) Schematic representation of the procedure performed to obtain patterned
superhydrophobic surfaces with arrayed hydrophilic patterns by UVO exposure, followed by deposition of
polymeric solutions: | and Il) generation of the PS superhydrophobic surface with patterned hydrophilic
spots by exposure to UV/QOzone irradiation through the hollows for a plastic mask; IlI) deposition of

polymeric solutions in the hydrophilic spots and IV) freeze-drying of the polymeric solutions, resulting in



porous scaffolds. (B) Picture of part of an array of LMW Chi scaffolds stained with eosin (left) and zoom

view of LMW 2% scaffolds (right). 181

Figure 6.2. — £’ of the scaffolds conditions analyzed in Figure 2, using on-chip samples and control
samples produced using commercially available 96 well plates. Schematic representation of the
modification performed in the DMA equipment for the in-situ analysis of the scaffolds dispensed in the

chip (up). 182

Figure 6.3. - (A) Tomographs obtained by uCT of three different control scaffolds produced in
commercially available 96 well plates, (B) respective different sized selected zones used for the
generation of slice replicas for the reconstruction of the structure and calculation of porosity and (C)
intensity map corresponding to the interval of values for the porosity of the analyzed samples, according

to the values/colour relationship defined in Figure 6.5. 183

Figure 6.4. — (A) On-chip determined £ of the three scaffolds of the control chip. (B) uCT reconstruction
of the scaffolds of the condition MMW 1% 100Chi:0Alg produced in the control chip with 3 equivalent
scaffolds. In the lower part of the reconstructions the color corresponding to the interval of the porosity
of the intensity map of Figure 6.2 is represented for (B1) the three equal scaffolds evaluated in the
control chip and (B2) the scaffold evaluated in the combinatorial chip containing the 9 formulations of

LMW Chi scaffolds. 184

Figure 6.5. — (A) Intensity map with the interval values of £’ obtained on DMA on-chip for scaffolds
produced with LMW Chi; (B) intensity map with the interval of £’ values obtained on-chip for scaffolds
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Figure 6.6. — (A) Fluorescence microscopy images of the array LMW 2%Chi scaffolds after physical
adsorption of Fn in different concentration. (B) Pixel intensities of the Fn adsorption images, measured

in ImageJ software. 187
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Figure 6.7. — Intensity maps of the values of (A1) dsDNA quantification of the individual scaffolds of the
2%LMW Chi chip with gradients of adsorbed Fn using L929 cell line with a cell seeding number of
9x104/scaffold, (A2) image-based nuclei quantification on the 2%LMW Chi chip with gradients of
adsorbed Fn using L929 cell line with a cell seeding number of 9x10+/scaffold, (B1) MTS reduction test
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Figure 6.S2 - Number of L929 cells obtained by image analysis of the cell nuclei staining with DAPI and

dsDNA concentrations obtained by chip-destructive analysis. These values are represented in the paper

in Figures 6.7A1 and 6.7A2, respectively, as intensity maps. 200

Figure 6.S3 - Number of L929 and Sa0s-2 cells obtained on-chip by image analysis of cell nuclei

staining with DAPI. These values are represented in the paper in Figure 6.8B as intensity maps. 200
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Figure 7.2. — Ashby plot obtained by the measurement of the storage modulus (£} at 1 Hz and density
of the distinct biomaterial formulations (upon swelling in PBS at 37°C). The nomenclature of the
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incorporated in the matrix (0, 6.25, 12.5, 25 or 50% (w/w of Chi)). 211

Figure 7.3. — A. Specific storage modulus of the biomaterials studied on-chip (given as £7/density). B.
Loss factor (fan &) of the biomaterials studied on-chip (given by E" " (loss modulus)/E" (storage
modulus). In both plots the nomenclature refers to the genipin concentration (A for 2.5% (w/w of Chi)
and B for 12.5% (w/w of Chi)) and percentage of BG-NP incorporated in the matrix (0, 6.25, 12.5, 25 or
50% (w/w of Chi)). Significant differences (considered for p<0.05, by one-way ANOVA followed by
Tukey's post test) between hydrogels with fixed Chi and genipin concentrations, but different BG-NP
amounts, are given by the colored bars on the top of the plot columns. The color of each bar refers to
the same colors as the columns. Significant differences regarding the factors “Chi concentration” and

“genipin concentration” can be found in Figure 7.4. 213

Figure 7.4. — Conditions regarding significant differences (by two-way ANOVA followed by Bonferroni's

post test) observed for A. the specific modulus and B. #an 6 values measured on-chip for the factors
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“Chi concentration” and “genipin concentration”. , , and “ns” refers to significant

differences for p<0.05, p<0.01, p<0.001 and non significant differences, respectively. 214

Figure 7.5. - Frequency dependent scans of the (A) specific storage modulus and (B) loss factor of the
biomaterials studied on-chip, for the conditions 2% (w/v) Chi and 4% (w/v) Chi without any BG-NP or
with the maximum amounts tested (50% (w/w of Chi) of BG-NP). The nomenclature in the plots is given
by Chi concentration (2 or 4% (w/v)), genipin concentration (2.5 or 12.5% (w/w of Chi)) and BG-NP
concentration (0 or 50% (w/w of Chi)). 216
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concentration (0 or 25% (w/w of Chi)). 218

Figure 7.7. — (A) Cell number present in each formulation on-chip after 1 day of cell culture, after
fixation. (B) Cell number present in each formulation on-chip after 3 days of cell culture, after fixation.
The number of cell was quantified by the number of nuclei present in each hydrogel, by analysis of DAPI
staining using ImageJ software (NIH, USA). (C) Cell proliferation ratio, from day 1 to day 3, calculated
considering the average values shown on (A) and (B). (D) Average cell area in each formulation of the

chip. The area occupied by each cell was calculated the analysis of cell F-actin staining in each
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deviation. 222
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227
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Figure 9.1. - A) Schematic representation of the superhydrophobic platform patterned with ring-shaped
transparent spots with alginate crosslinked particles dispensed in each concentric superhydrophobic
(SH) area. Details of the processing of the particles regarding the dispensing of the (Al) polymeric
precursors and (A2) crosslinking of the particle in the chip. B) Schematic representation of the
superhydrophobic platform patterned with ring-shaped transparent spot with alginate crosslinked
particles after the dispensing of PBS in each wettable region and exposure to reflected fluorescent light
in each individual spot. Details of the (B1) dispensing of the physiological-like fluid in the wettable region
and (B2) of the particles’ analysis by fluorescent light microscopy: the fluorescent light targets the

particle and emission of light from the particles occurs. 276

Figure 9.2. - A) Picture of the superhydrophobic polystyrene surface after the removal of the PVC
stickers; B) Picture of the superhydrophobic polystyrene surface after the dispensing of the particles and
PBS C) Microscope image of BSA-FITC-loaded alginate particles under green fluorescent light exposure;
D) Example of a fluorescence intensity/BSA-FITC concentration calibration curve; E) Microscope images
of a region in the lower left part of the particles prepared with 2% alginate with concentrations of 0.1,
0.5 and 1 mg/mL of BSA-FITC during the protein release experiment time points; F) Surface plots
obtained by ImageJ software of 2% alginate 0.5 mg/mL BSA-FITC condition in distinct time points of the
protein release experiment and respective intensity map of the fluorescence intensities in a 0-255 pixel

scale. 278

Figure 9.3. — BSA-FITC release profiles from alginate particles of the A) 0.1 mg/mL BSA-FITC condition,
B) 0.5 mg/mL BSA-FITC condition, C) 1 mg/mL BSA-FITC condition performed by image-based
analysis. 279

Figure 9.4. - BSA-FITC release profiles from alginate particles of the 0.5 mg/mL BSA-FITC condition in

experiments performed by A) image-based analysis and B) conventional on-plate control test. 280

Figure 10.1. - Pictures of the chips with the cell suspensions turned (A) upside and (B) tilted down. (C)
Transmitted light microscopy image of a spheroid, observed from the top of the chip, through the

transparent spot (as indicated in the schematic representation). 293

Figure 10.2. - Schematic representation of the procedure for the production of spheroids in (A)
superhydrophobic surfaces patterned with wettable transparent spots (water droplet profiles on the
superhydrophobic region — left, and wettable region - right). (B) Addition of a cell suspension into the
wettable spots of a superhydrophobic patterned chip by pipetting (method (1)). (C) Turning of the

platform 180° to create a hanging-drop setup. The spheroids were let to form for 24 hours. (D) Dox was
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added to each well in combinatorial logic. The addition of Dox to the spots was performed by pipetting
after tilting the chips (around 110°). However, the system was also adapted in order to avoid moving
the platform, which may disturb the normal formation of the spheroids. We modified the system by
making small holes (represented in dashed lines), in order to achieve multiple configurations with the
same platform. The medium was reached by a needle tip (represented in black lines, inside the holes).
(E) We perforated the inner part of the wettable regions of the array, in order to add and remove
medium directly from the spot. (F) In another configuration, in order to avoid evaporation and
contamination of the medium, we drilled the superhydrophobic region of the chip, 1 mm away from the
wettable spot. As such, we accessed the medium laterally. (G) The number of holes in the system could
be increased, and their position could be changed. For example, we created a two-entrance system, with
an inlet (l) and an outlet (O), so the medium had a dynamic composition over time (configuration F).

294

Figure 10.3. - Schematic representation of the higher throughput methodologies (described as method
(2) and method (3) in the text). A. In both methodologies the superhydrophobic chip based on wettability
contrast is used. B. In methodology (2) —- a cell suspension is dragged through chip, and the droplets
are fixed in the wettable spots due to the wettability contrast. In methodology (3) the whole chip is
immersed in a cell suspension. When the chip is removed from the cell suspension, droplets are fixed in
the wettable regions and the remaining liquid is repelled from the superhydrophobic parts of the surface
due to its self-cleaning properties. C. A chip with droplets of cell culture medium is obtained and then
turned 180° for the formation of cell spheroids, in the same way as in methodology (1). Live/dead

staining image of a cell spheroid obtained using the methodology (3). 295

Figure 10.4. — (A) Confocal assembly microscopy images of the cells after 24 hours in the hanging drop
system, dispensed in the wettable spots by manual pipetting. We observed that the conditions 4x10¢
and 8x10¢ cells/mL were the most favorable for spheroid formation. Scale bar = 200 um. (B) Average
diameter of the spheroids after 48 hours of cell culture, without the addition of any drug. The symbol

xn

indicates significant differences for p<0.05. 296

Figure 10.5. - Confocal microscopy assembled images of the cell spheroids formed by 1929 and SaOs-

2 cells, with live (green)/dead (red) staining (calcein AM/propidium iodide). 298

Figure 10.6. - Quantification of viable cells by image analysis for L929 and Sa0Os-2 spheroids. The black
lines indicate significant differences between distinct Dox concentrations for 4x10¢ cells/mL conditions,

while red lines indicate significant differences between distinct Dox concentrations for 8x10¢ cells/mL
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conditions. Blue lines indicate significant differences between spheroids prepared using cell suspensions
with distinct cell densities, but exposed to the same Dox concentration. Statistically differences were

considered for p<0.05. 299
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INTRODUCTION TO THE STRUCTURE OF THE THESIS

This thesis is organized in 4 sections, in a total of 11 chapters. The first section provides a general
introduction to the thesis. It is based on two book chapters and one review paper already accepted for
publication. The second section comprises a single chapter addressing the materials and methods
performed to accomplish the experimental work giving rise to this thesis. The third section is based on a
set of 6 research articles accepted for publication in international peer-reviewed journals. The forth
section summarizes the main outcomes of this thesis and explores future perspectives on the research
field. The identification of the original publications regarding submitted/accepted articles can be found

in the presenting page of each chapter.

Section | — General Introduction

Chapter 1 — Natural-based and Stimuli-responsive Polymers for Tissue Engineering and Regenerative
Medicine. Natural polymers used in the tissue engineering field are reviewed. The use of such polymers
in the design of stimuli-responsive devices is also addressed.

Chapter 2 — Biomimetic Superhiydrophobic Surfaces. The methods used to process superhydrophobic
surfaces are reported and analyzed. The applications of superhydrophobic surfaces in the biotechnology
and biomaterials fields are explored.

Chapter 3 — High-Throughput Screening for Integrative Biomaterials Design: Exploring Advances and
New Trends. A critical exposition of the evolution of the methods used for high-throughput analysis of
biomaterials is presented. Main emphasis is given to recent trends, such as /7 vivo high-throughput

analysis of biomaterials and single cell encapsulation techniques.

Section Il - Experimental Section
Chapter 4 — Materials and Methods. The experimental setups used to produce the materials used in
this thesis are presented. The techniques performed for biomaterials physicochemical, morphological

and cellular interaction analysis are also addressed.

xlvii



Section Il - Superhydrophobic Surfaces Patterned with Wettable Spots as Chips to Perform High-
throughput Tissue Engineering Studies

Chapter 5 — Combinatorial Cell-3D Biomaterials Cytocompatibility Screening for Tissue Engineering
using Bioinspired Superhydrophobic Substrates. Viability and cell number of two distinct cell lines were
tested in miniaturized combinatorial alginate-based semi-interpenetrated networks. Image-based
methods for cell response analysis were developed and validated against conventional biochemical
methods.

Chapter 6 — Combinatorial On-Chip Study of Miniaturized 3D Porous Scaffolds Using a Patterned
Superhydrophobic Platform. Combinatorial miniaturized porous scaffolds were processed on-chip by a
complexation technique, followed by freeze-drying. Their mechanical and morphological analysis under
dry conditions was performed on-chip and validated against samples with sizes frequently used in
conventional TE studies. The viability and proliferation of two distinct cell lines was evaluated in-situ by
assessing each spot of the chip by image-based techniques. Such methodologies were validated against
conventional biochemical methods.

Chapter 7 — Combinatorial study of nanocomposite hydrogels: on-chip mechanical/viscoelastic and pre-
osteoblasts interactions characterization. Hydrogels with combinatorial formulations containing bioactive
glass nanoparticles targeting bone tissue engineering were processed on-chip. The miniaturized
biomaterials were analyzed on-chip for mechanical and viscoelastic properties, similarly to what was
performed on Chapter 6, but this time under physiologicallike conditions. The selective attachment,
proliferation and morphological evolution of a pre-osteoblast cell line were assessed on-chip and
analyzed by image-based methodologies.

Chapter 8 - In vivo highconfent evaluation of three-dimensional scaffolds biocompatibility.
Superhydrophobic patterned chips used in Chapters 5 to 7 for /n vitro assessment of cell-biomaterials
interactions were implanted in an animal model to assess the inflammatory response of 36 biomaterials
with combinatorial compositions /77 vivo.

Chapter 9 — On-chip assessment of the protein-release profile from 3D hydrogel arrays. In TE strategies,
an adequate response of biomaterials is not only determined by their direct interactions with cells. The
formation of an healthy tissue is often dependent on the controlled delivery of bioactive molecules. In an
effort to assess on a high-throughput strategy this aspect of effective TE design, the superhydrophobic
chips were patterned with alternative circular shapes with superhydrophobic central regions in order to
process and fix drug-loaded polymeric spheres and study the release profile of a growth factor model

on-chip, by image analysis.
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Chapter 10 - Superhydrophobic Chips for Cell Spheroids High-Throughput Generation and Drug
Screening. Superhydrophobic chips with wettable spots were used to pattern cellular suspensions by
pipetting and also by an automated robot-free protocol. The chips were turned 180° and cell
spheroids/microtissues were formed using two distinct cell lines in a hanging-drop system. The effect of

on-chip administration of doxorubicin was assessed using image-based analysis.
Section IV - Concluding Remarks and Future Perspectives

Chapter 11 Conclusions and Future Perspectives. This chapter finalizes the thesis by comprising its

maijor conclusions and exploring future perspectives and needs in the field.
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CHAPTER 1. NATURAL-BASED AND STIMULI-RESPONSIVE POLYMERS FOR TISSUE

ENGINEERING AND REGENERATIVE MEDICINE!

1.1. INTRODUCTION

Problems and costs related to primordial permanent substitution approaches for tissue defects - i.e. the
use of prosthetics - led to the development of biomaterials that aim for synchronized degradability with
tissue formation. The development of tissue engineering and regenerative medicine (TERM) approaches
which combine biodegradable materials, cells and stimulating factors working as an orchestra for rapid
and correct tissue regeneration has immerged as a recent and promising approach for defect
regeneration [1,2]. Biomaterials and respective degradation products used in TERM must be non-
cytotoxic and promote favorable cellular interactions and tissue development, as well as show adequate
mechanical properties and kinetics degradation according to the required application. Ease of
sterilization, processing freedom and, ideally, the possibility of incorporation of bioactive molecules are
also important aspects that dictate the biocompatibility of a biomaterial [3].

Biodegradable polymeric materials can be obtained synthetically or extracted from natural resources.
Nature-derived materials have been proposed for TERM purposes since in general they are similar to
macromolecules present in the biological environment and produce degradation products which are
recognizable and metabolically processed by the body [4,5]. These characteristics allow for low
inflammatory response and toxicity, often associated to synthetic polymers. Different sources for the
extraction of natural polymers have been reported. The majority of these polymers are obtained from
animal, plant and algae sources. However, microbial sources and enzymatic processes have allowed for
the extraction of alternative biopolymers [6]. Besides their origin, natural polymers are usually classified
according to their chemical composition in three groups: (i)polysaccharides, which are polymeric
carbohydrate structures, formed by repeating units joined together by glycosidic bonds, (ii)proteins,
which consist of organic compounds made of amino acids arranged in a linear chain and folded into a
globular or fibrillar forms, joined together by peptide bonds and (iii)polyesters, which contain the ester

functional group in their main chain.

This chapter was based on the publication: Oliveira MB, Mano JF. Natural-Based and Stimuli-Responsive Polymers for Tissue Engineering
and Regenerative Medicine. In Pradas MP, Vicent MJ (eds.) Polymers in Regenerative Medicine: Biomedical Applications from Nano-to

Macro-Structures, Germany, John Wiley & Sons, Inc. ISBN 978-0-470-59638-8.
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The control of degradation kinetics according to tissue formation is one of the most challenging aspects
in the design of a TERM device. The phenomena occurring during the acute inflammatory response
obtained after the implantation of a foreign material can be used to modulate the degradation of
biomaterials, either by physical, chemical or enzymatic means, by controlling the decrease of pH values
and secretion of hydrolytic enzymes by inflammatory cells. Both intrinsic (e.g. molecular weight,
crystallinity, hydrophilicity balance, existence of hydrolizable bonds and surface area) and extrinsic
factors (e.g. applied stress, biological environment) affect polymers’ degradation. Under physiological
conditions, natural polymers are usually degraded by hydrolysis (which can be enzyme-catalysed or may
occur simply by the contact of the polymer with water, depending on the structure of the polymer),
followed by oxidation (promoted by enzymes with oxidative activity and by the release of peroxide and
other oxidative agents by inflammatory cells) [7]. Modification of biomaterials’ processing parameters
and properties such as polymeric chain size, use of different crosslinking agents or inclusion of
hydrophobic domains in its structure in order to delay hydrolysis are possible approaches to control
degradation kinetics.

Natural polymers have been processed in different structures, obtained by a wide range of techniques,
attempting to overcome the tissue regeneration paradigm. Scaffolds, for example, consist of
interconnected porous structures in which cells are able to migrate, proliferate and produce ECM. Their
main advantage is the control of mechanical properties, which are important not only on load-bearing
defects but also on mechanisms of mechanotransduction which affect cell response in aspects such as
adhesion and proliferation, as well as differentiation of stem cells [8-10]. The interconnected porous
structure is of high importance: it allows for cells to be seeded in an adequate number, followed by
migration and colonization of the whole scaffold. Also, it allows for exchanges of nutrients, gases and
wastes to be easily managed in the scaffold structure.

Hydrogels have also been proposed for TERM purposes, consisting of hydrophilic polymers usually in a
crosslinked form [11]. Several interesting application have been suggested for these structures such as
their use as injectable materials for /7 sifu hardening by ionic crosslinking, temperature or
photopolymerization, allowing for mild cell encapsulation and delivery [12-14]. Hydrogels have also
shown to be adequate for drugs and growth factors (GFs) encapsulation, as well as for their sustained
release. Microengineered hydrogels have been designed in order to obtain gradients of bioactive
molecules and self-assembly of microgels in controlled manner relying in physical interactions has been

used in organ printing strategies [15,16].
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The use of materials in particulate form offers several advantages such as injectability and enhanced
surface area for cell proliferation [17]. The production of particles has been proposed by the use of
superhydrophobic surfaces, allowing for high encapsulation rates of bioactive factors [18] that may be
further used as implants and tissue growth platforms [19]. In TERM field, microparticles have been
proposed not only for delivery of bioactive agents, but also to form injectable /n sifu forming scaffolds
after their aggregation by cells and extracellular matrix (ECM)[20], or as cell carriers for enhanced cell
expansion in stirring bioreactors due to high surface area compared to conventional two-dimensional cell
expansion systems (tissue flasks) [21,22].

According to specific tissue needs, the processing of natural polymers has been adapted. For example,
membranes have been developed for several applications, being the most remarkable skin regeneration
[23] and guided tissue regeneration (GTR) - generally used for periodontal regeneration [24-26]. Drug
permeability of membranes has also been studied [27] as well as ability of mineralization [28] aiming for
successful osteogenic tissue regeneration.

Although bulk properties of biomaterials can influence important aspects for tissue regeneration such as
mechanical properties of the implantable device, cell interactions with biomaterials are mostly
influenced by surface characteristics. Therefore, chemical and physical surface modifications have been
widely carried out. A particular case is the creation of coating using the layer-by-layer (LbL) technique.
Considering charged polymers as electrolytes, this technique allows for the obtaining of electrostatically
adsorbed coatings, which may be a single layer or a set of oppositely charged layers. Natural-derived
polymers are often charged and thus can be used in LbL build-up. These complexes may be used as
diffusion reservoirs/barriers for active agent delivery [29-34]. However, the use of LbL technique is not
restricted to two-dimensional structures: capsules obtained by free-standing LbL techniques using
natural polymers have been proposed in the design of porous 3D structures [35] and as cell carrying
systems [36].

Regarding response at-will, the inherent responsiveness of some natural polymers has been used in
TERM field. Also, combinations and modifications of natural polymers with synthetic polymers
characterized by response to external stimuli have been widely proposed [37].

Several natural polymers used for TERM applications will be presented herein, as well as examples of
their application and clinical use. Moreover, emphasis will be given to the responsive nature of these
polymers or to their modification in order to obtain responsive biomaterial systems for tissue

engineering.



Section I. Chapter 1 .Natural-based and stimuli-responsive Polymers for Tissue Engineering and Regenerative Medicine

1.2. NATURAL POLYMERS AND THEIR APPLICATION IN TERM

1.2.1. Polyssacharides

1.2.1.1.  Marine origin

Chitin and Chitosan

Chitin is the second most abundant natural polymer in nature and can be found in the shell of
crustaceans, cuticles of insects, and cell walls of fungi [38-40]. Its structure is composed of B(1—4)-
linked Macetyl-D-glucosamine units[40] and its applications have been limited due to its insolubility in
water and in most of the common organic solvents. An improvement in the biocompatibility of chitin has
been achieved by associating chitin with other polysaccharides or proteins [41], or by creating chitin
derivatives (e.g. water-soluble chitin, dibutyl chitin) [42-44].

Chitosan is a natural polysaccharide obtained from the deacetylation of chitin, and it is arguably the
most widely used biopolymer for biomedical applications. It has structural similarity to
glycosaminoglycans (GAGs), making it a potential candidate for connective tissue engineering. Free
amine and hydroxyl groups on its molecular chain make physically or chemically modification possible.
Chitosan has unique biological properties which include non-cytotoxicity, biodegradability to harmless
products, physiological inertness, remarkable affinity to proteins, haemostatic, antitumoral and
anticholesteremic properties [40].

In a study regarding /n vitro and /n vivo degradations of chitin and desacetylated chitin (in different
percentages) films, the /7 vitro degradation was carried out by immersing the films in buffered aqueous
solution at pH 7 containing lysozyme at 37°C, while the /7 vivo degradation was studied by
subcutaneously implanting the films in the back of rats. It was found that the rate of /n wio
biodegradation was very high for chitin and that the films which were more than 73.3 mol% deacetylated
(including chitosan) showed slower biodegradation [44].

The cationic nature of chitosan allows for pH-dependent electrostatic interactions with anionic GAGs,
proteoglycans and proteins (including DNA) widely distributed throughout the body. This property is one
of the important elements for tissue engineering applications because numbers of cytokines/GFs are
known to be bound and modulated by GAGs such as hyaluronic acid [45,46] and chondroitin sulfate

[47], remarkable in cartilage repair.
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Chitosan-based complexes have an excellent ability to be processed into sponges, for example with
collagen [48], alginate [49], silk [50] or starch[51]. Interactions between chitosan and other proteins
besides gelatin [52-54] have been studied as matrices with suitable mechanical properties,
biodegradability, and good biocompatibility. Aiming for the improvement of mechanical properties of
scaffolds and modulation of their degradability, chitosan has been blended with synthetic polymers,
such as poly(lactic-coglycolic acid) (PLGA) [55,56], polyethylene oxide (PEQ) [57], carbon nanotubes
[58] and different polyesters such as poly(e-caprolactone) (PCL) [59].

Regarding bone tissue engineering, in efforts to improve mineralization, chitosan has been blended with
ceramics such as calcium phosphates, hydroxyapatite, glasses or silicates, which enhance its
mechanical properties and provide osteoconductive properties to the devices [60-70].

Multilayer systems containing chitosan have also been proposed. For example, a chitosan/silk fibroin
multilayer system was studied in order to assess the aligning of the fibers formed in parallel to the
dipping direction. Monodirectional and bidirectional alignments were varied simply by rotating the
substrate towards the dipping solution. These surface characteristics, added to the inherent
biocompatibility of both constituting materials of the multilayer system and respective enhanced
mechanical properties (especially from silk fibroin) make this system an interesting possibility for the
coating of implantable biomaterials or to be used as biotemplates for cell orientated growth [71]. Also,
polyssacharide multilayers containing chitosan enhanced the response of mesenchymal stem cells
(MSCs) to GFs [33]. LbL processing can be also performed aiming for the production of membranes,
instead of direct coating of implantable devices: free standing and detachable chitosan/hyaluronic acid
multilayers were fabricated by depositing the layers in a hydrophobic substrate and by light crosslinking
before detachment [72].

Regarding examples of injectable hydrogels and /n sifu forming scaffolds which application avoids
complex surgery procedures, a chitosan and hyaluronic acid blend was proposed for cartilage repair by
the encapsulation of chondrocyes [45] and chemically crosslinked chitosan particles were proposed as
injectable microparticles for injection and further gathering by cells [20].

In the clinical practice, the high swelling properties of chitosan have been used for the development of

wound dressing such as ChitoSkin (approved by European Comission) and HidroKie.

Alginate
Alginate is one of the most studied and applied polysaccharidic polymers in tissue engineering.

Commercial alginates are extracted from three species of brown algae. Laminaria hyperborean,



Section I. Chapter 1 .Natural-based and stimuli-responsive Polymers for Tissue Engineering and Regenerative Medicine

Ascophyllum nodosum and Macrocystis pyrifera. Alginate exists as a mixed salt of various cations found
in the seawater such as Mg, Sr>, Ba>, and Na* [6,73]. Although more rare, bacterial alginates have
also been isolated [74]. This water-soluble linear polysaccharide extracted from brown seaweed is
composed of alternating blocks of (1—4) linked o-L-guluronic and B-D-mannuronic acid residues, which
are sequentially assembled in either repeating or alternating blocks. The composition and extent of the
sequences and the molecular weight determine the physical properties of the alginates [73].

Although alginate is an attractive material due to its biocompatibility and ability to form hydrogels, its
slow and uncontrollable degradation can be an undesirable feature. For example, in a study aiming for
cartilage regeneration, although histologic evaluation revealed the architecture of the newly formed
tissue to be similar to that of native cartilage, there was little sign of alginate degradation after 12 weeks
[75]. Mooney and co-workers characterized gels formed using a combination of partial oxidation of
polymer chains and a bimodal molecular weight distribution of polymer. The rate of degradation could
be controlled by both the oxidation and the ratio of high to low MW alginates [76]. Considering ionically
crosslinked alginate hydrogels, they usually undergo slow dissolution mainly due to the sensitivity of the
gels towards divalent ions (usually calcium) chelating compounds (e.g. phosphate, citrate and lactate) or
gradual exchange with monovalent cations [7].

The gelation of alginate can be carried out under an extremely mild environment and uses non-toxic
reactants. The most important property of alginates is their ability to form gels by reaction with divalent
cations [6,77]. The obtained gels are similar to solids in retaining their shape and resisting to stress.
Depending on the amount of calcium present in the system, inter-chain associations can be either
temporary or permanent [78]. The chemical structure, molecular size, gel forming kinetics and the
crosslink cation have significant impact on functional properties including porosity, swelling, stability, gel
strength and the gel's immunological characteristics and biocompatibility [73].

Due to its gelation in the presence of calcium ions, alginate is an appealing polymer to use as /i situ
forming hydrogel, counting on the hardening of the solution after injection [12,79]. For this reason and
due to the unique properties of alginate, combined with its relatively low cost, is an important polymer in
medical applications. Alginates are approved by several regulatory authorities, such as the FDA, for
human use as wound dressing. Alginate hydrogels are used extensively in cell encapsulation, cell
transplantation and tissue engineering applications [12,49,66,77,80-90]. Recently, a new method for
cell encapsulation in alginate particles was proposed by Song ef a/[18] based on the dropping of an

alginate solution in superhydrophobic surfaces.
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This polymer has been widely used as a model polymer to prove concepts for TE purposes. For
example, a system composed of a perforated electrospun mesh and bone morphogenic protein (BMP)-
modified alginate was efficient in regenerating a challenging femur defect in a mouse model [83].
Hollow interconnected capsules resulting in scaffold-like structures obtained by LbL technology [86] and
the production of cellHaden hollow fibers by microfluidic chips using the “on-the-fly” method aiming for
the development of biomimetic structures have been concepts based on the use of alginate [85].

A mixture of alginate and gelatin has been used to cryopreservate cell/hydrogel constructs by
incorporation of cryoprotectants in the predesigned structures that were then subjected by a

freeze/thaw process. This method may be useful for the preservation of new fabricated organs [91].

Carrageenans

Carrageenans are a family of sulfated polysaccharides extracted from red marine algae, widely utilized
in the industry because they can form reasonably stiff and thermoreversible gels in the presence of gel-
promoting salts at room temperature [92]. These linear polymers consist of chains of (1—3)-linked B-D-
galactose and (1—4)-linked a-D-galactose units which are variously substituted and modified to the 3,6-
anhydro derivative, depending on the source and extraction conditions [81]. According to their patterns
of sulfate esterification, the three major types of carrageenan are: k (kappa), t (iota), and A (lambda),
which are all flexible molecules and at higher concentrations wind around each other to form double-
helical structures. These polymers are thixotropic [93], i.e., they thin under shear stress and recover
their viscosity once the stress is removed.

In TERM field, carrageenans have been used to produce hydrogels for controlled delivery of GFs for
bone tissue regeneration [94] and injectable systems for cartilage repair, in combination with other
natural polymers [95]. Also regarding cell encapsulation, it has been used to form membranes and
microcapsules, combined with sodium alginate, providing an effective support for cell proliferation with
appealing diffusion and mechanical properties [96].

A blend of carrageenan/gelatin obtained by freeze drying and further chemical crosslinking was tested
in Wistar rats, showing to be safe and as a promising system to be used in tissue engineering [97]
Moreover, blends with calcium phosphates have been successfully obtained, improving hydroxyapatite

formation [98].

Ulvan
Among the three main divisions of macroalgae, green algae remain largely unexploited. In the past

decade, marine eutrophication has promoted the proliferation of algal biomasses, namely, of Ulva.
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Ulvan is designated in order to denote polysaccharides from members of the Ulvales, namely, Ulva. This
polymer is mostly composed of rhamnose, glucuronic acid, iduronic acid, xylose and sulfate [99-101].

Ulvan has been proposed as a biomaterial after functionalization (methacrylation), which allowed for the
obtaining of a photopolymerizable hydrogel [102]. However, developments on tissue regeneration area

still lack to prove the potential applications of this abundant natural polymer.

Galactans
- Agarose

Agarose is a typical naturally occurring polysaccharide which is biocompatible, shows soft tissue-like
mechanical properties, transparency (allowing for photochemical modification) and mechanical
tunnability by varying its weight concentration. It gels in water at reduced temperatures and is
considered to be non-adhesive to cells, non-adsorptive to proteins and resistant to swelling, thereby
providing a blank canvas on which specific biological molecules can be immobilized. The use of agarose
for /n vivo applications does not induce specific immunological response, so it has been used as a
carrier to deliver cell secreting factors via encapsulation. Several cell types such as hamster islet cells
were encapsulated in agarose beads, exhibiting prolonged viability. Also, intraperitoneally injected
mouse fibroblasts co-encapsulated with poly(hydroxyethyl methacrylate-co-methyl methacrylate) (HEMA-
MMA) and agarose prevented aggregation of cells, which also happened in the encapsulation of human
and mouse ESCs. Functionalization with vascular endothelial growth factor (VEGF) for use in guide
pluripotent stem cell aggregares toward blood progenitor cells was carried out [103]. Aiming for bone
regeneration, quick-forming hydroxyapatite/agarose gel composites induced /7 vifro bone regeneration
[104] were further implanted in rat cranial defects [105]. Cryogels composed of agarose and gelatin
with elastic and macroporous features, with isotropic and anisotropic porosity were also proposed for

general TE [106].

1.2.1.2.  Vegetal Origin

Starch

Starch is the predominant energy-storing compound in many plants. It can be found in storage organs
such as roots and tubers in a granular form. The structure and composition of native starches vary with
the botanical sources, but all granules consist of two types of a-glucan polymers, that is, amylose and
amylopectin. Amylose, the minor constituent, is defined as a relative long and linear polymer consisting

mainly of a(l—4) linked D-glucopyranosyl units. Amylopectin, the major component, is a branched

10



Section I. Chapter 1 .Natural-based and stimuli-responsive Polymers for Tissue Engineering and Regenerative Medicine

polysaccharide composed of hundreds of short (1—4)-a-glucan chains, which are interlinked by (1—6)-
o-linkages [107].

The human body can degrade starch by using specific enzymes including a-amylase present in saliva
and also in the blood plasma. Starch degradation products are oligosaccharides that can be
metabolized to produce energy. Other enzymes involved in starch degradation are B-amylase, o-
glucosidases, and other debranching enzymes [61,108].

Starch-based materials possess a wide range of properties that support their potential for biomedical
applications, such as their biodegradability [109] and the processing freedom into diverse shapes: 3D
porous scaffolds obtained by freeze-drying [110], rapid prototyping [111] or supercritical precipitation
[112], microparticles [107], fillers[113], smart hydrogels [51] or electrospun fibers [114]. Starch has
been studied for several biomedical applications, such as scaffolds for bone engineering
[61,107,111,115] or spinal cord injury treatment[116] and hydrogel for cartilage regeneration [51]. 3D
porous scaffolds based on starch-based materials have been shown to be biocompatible and to possess
interesting /n vivo behavior [117].

Due to the thermoplastic behavior of the starch-based blends and composites, it is possible to produce
3D porous scaffolds using traditional melt-based technologies, such as compression molding combined
with particulate leaching [118], melt-fiber depositions[119] and injection molding [120] or extrusion with
blowing agents [121]. This processing routine offers the unique advantage of avoiding the use of
solvents, which sometimes are detrimental in the biomedical field. SPCL-(starch with PCL) and SPLA-
(starch with PLA) based scaffolds were prepared by a fiber-bonding process using fibers obtained by

melt-spinning [122].

Cellulose

Cellulose is the most abundant natural polymer in the world having, as a consequence, a low cost. In
nature, it is the primary structural component of plant cell walls. It is a linear polysaccharide of D-
glucose units linked by PB(1—4) glycosidic bonds where every other glucose residue is rotated
approximately 180° [78]. The glucan chains in cellulose are parallel to each other and are packed side
by side to form microfibrils, which stabilizes the structure, minimizing its flexibility [78]. This highly
cohesive, hydrogen-bonded structure, gives cellulose fibers exceptional strength and makes them water
insoluble despite their hydrophilicity [123].

Several works have investigated the use of cellulose for cartilage [124], bone [125] and cardiac [126]

applications. Cellulose has also been electrospun to form high protein affinity membranes [127].
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Hydroxypropylcellulose is non-ionic water-soluble cellulose ether with a remarkable combination of
properties. It combines organic-solvent solubility, thermoplasticity and surface activity. A commercially
available hydroxyethylcellulose named Natrosol® 250HX is distributed by Hercules in United States and
has a degree of substitution of 1.5 (three hydroxyls substituted/two units). Genialab in Germany trades

geniaBeads® MC which are hydrogel beads made from modified cellulose [78].

Pectin

Pectins are polysaccharides enriched in galacturonic acid and galacturonic acid methyl ester units. They
form the chemically and physically stable skeletal tissues of plants, when combined with proteins and
other polysaccharides. These polymers have high molecular weight and polyanionic nature, and react to
their environments, ranging from dense gels to dilute solutions. These properties enable pectin polymers
to carry signal molecules and support various biologically active substances [128].

Regarding regenerative medicine approaches, dry particles of pectin and calcium chloride have been
blended with PLGA, forming a porous matrix in which the presence of the synthetic polymer — PLGA -
reinforced the mechanical properties of the structure, while the presence of the natural polymer — pectin
- allowed for enhanced cell behavior of preosteoblastic cell line cells [69]. Aiming a biomimetic
approach for bone tissue engineering, /n situ polymer matrix-mediated synthesis of hydroxyapatite was
achieved using a natural polymer polyelectrolyte chitosan-pectin/hydroxyapatite composite network.
Hydroxyapatite nucleation could be modulated varying the pH value of the medium since it begins with
the formation of the complex among calcium/phosphate ions on amino/ carboxyl groups of the
molecular chain of chitosan and pectin. This allowed for the modulation of the size of the

nanohydroxyapatite particles formation in the prepared 3D scaffold [129].

1.2.1.3.  Microbial Origin

Gellan Gum

Gellan gum is a linear anionic polysaccharide composed of tetrasaccharide (1,3-B-D-glucose, 1,4-B-D-
glucuronic acid, 1,4-B-D-glucose, 1,4-a-L-rhamnose) repeating units, containing one carboxyl side group.
This polymer is manufactured by microbial fermentation of Sphingomonas paucimobilis and is water
soluble. When heated and mixed with mono or divalent cations, gellan gum gellifies upon lowering the
temperature under mild conditions [130]. Due to easy processing into transparent gels resistant to heat
and acid stress, lack of toxicity, processing under mild conditions, ability to be used as an injectable

system in a minimally invasive manner, and the structural similarity with native cartilage GAGs, this
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polymer has been widely used in biomedical field [130]. The polymer exists in two forms - acetylated
and deacetylated being the deacetylated the most common and commercially available form.
Thermoreversible gels formed by both types vary in their mechanical properties from soft and elastic for
the acetylated form to hard and brittle for the fully deacetylated polysaccharide.

In regenerative strategies, this polymer has been proposed for spinal cord injury repair [116] and
cartilage repair[131] in the form of hydrogels. Also, membranes for GTR were suggested [132] Gellan
gum methacrylation allowed for its crosslinking by exposure to UV light, permitting easy cell
encapsulation [133]. The gelation temperature of this polymer has been tailored to physiological values
and conductive properties have been achieved by the incorporation of carbon nanotubes aiming for cell

electrical stimulation [134].

Dextran

Dextran is a biodegradable and biocompatible branched high molecular weight polymer produced by
different bacterial strains from sucrose via the action of dextransucrase enzyme. It consists of a(1—6)-
linked D-glucose residues with some degree of branching via a(1—3) linkages [135]. It is widely used
as plasma expander and blood substitute, since it binds to erythrocytes, platelets and vascular
endothelium by reducing their aggregation and adhesiveness [78].

Chemically crosslinked dextran hydrogels can be obtained by reaction with bifunctional reagents like
diisocyanates and epichlorohydrine or by derivatization with, e.g. polymerizable methacrylate groups,
which can be polymerized by UV light after the addition of an initiator system [136].

Dextran has been processed in the form of nanofibers by electrospinning and combined with PCL for
general tissue engineering purposes [137]. It was also blended with PLGA to study the effect in
fibroblast/macrophages co-culture [138] and used in the fabrication of interpenetrated networks with
gelatin for vascular regeneration [139]. The immobilization of RGD peptide domains in dextran has
allowed for enhanced cell attachment [140] while, on the other hand, the immobilization of dextran in
polyethylene terephtalate (PET) limited cell adhesion and spreading [141]. Dextran membranes have

also been used as absorbents in wound healing [142].

Pullulan

Pullulan is a neutral, linear and nonimmunogenic polysaccharide produced from starch fermentation by
Aureobasidium pullulan. It consists of glucose units linked through a(1—6) and a(l1—4) glycosidic
bonds [143]. It has been widely used in food, pharmaceutical, and cosmetic industries for its functional

properties that include adhesiveness, film formability, and enzymatically-mediated degradability [110]. It
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is considered an attractive polymer for biomaterial development because of its good mechanical
properties and biocompatibility, as well as lack of mutagenic, carcinogenic, and toxicological activities
[143].

In regenerative medicine, its applications have covered wound healing in the form of nanohydrogels
combined with prostaglandin E1 [144], vascular tissue regeneration [145,146] as well as for bone tissue
engineering using scaffolds which porosity was controlled by simply varying freeze-drying conditions
[110]. Bae et a/[147] have produced methacylated pullulan photocrosslinkable cell laden hydrogels that

promoted cell proliferation and formation of clusters.

Xanthan Gum

Xanthan gum (XG) is an extracellular polysaccharide secreted by the microorganism Xanthomonas
campestris. It consists of a primary chain of B-D-(1—4)-glucose backbone, which has a branching
trisaccharide side chain composed of B-D-(1—2)-mannose, attached to B-D-(1—4)-glucuronic acid,
which terminates in a final -D-mannose [148].

Due to its anionic character, inertness and non-cytotoxicity, XG offers a potential utility as a drug carrier.
However, applications of this polymer in regenerative medicine are still rare. In 2009, a novel super-
porous hydrogel was synthesized through chemical crosslinking by graft copolymerization of 2-
hydroxyethyl methacrylate and acrylic acid on to XG. The hydrogel seemed to be suitable for various

biomedical applications due to its high water absorption capability, swelling and biodegradability [148].

Glycosaminoglycans
- Hyaluronic Acid

Hyaluronic Acid (HA) is a linear, unbranched polymer composed of repeating disaccharide units:
glucuronic acid, B(1—3) and B(1—4) linked Macetyl-glucosamine [149]. HA is a major component of
the ECM and of the synovial fluid. It is implicated in joint lubrication, water homeostasis of tissues, cell
motility and inflammation. It is also a highly conserved GAG that functions in matrix stabilization, cell
signaling, adhesion, migration, proliferation and differentiation [45].

As a biomaterial, HA has been proposed for adipose [151], vascular [152], general soft tissue [153], skin
[154], neural [155], bone [156], osteochondral [150], cardiac [157] and, mainly, cartilage tissue
regeneration [135-137]. In formulations with other materials, it has shown induction of chondral
differentiation [158] and direction of chondrocyte phenotype [159]. It has been used alone or in mixtures
with other polymers such as chitosan [46], fibrin[160], dextran[161] and gelatin[159], and processed

in different manners, in order to mainly obtain hydrogels, as well as also scaffolds and membranes (e.g.
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in the form of multilayers[155]). Regarding its degradation, the metabolic degradation of HA is mainly
intracellular, and it is presumed that the presence of hyaluronidase is a prerequisite for its metabolic
degradation [7].

HA modified by methacrylation has been used to produce hydrogels with gradients of mechanical
properties by varying the exposure time of the gels to UV light, which allowed to spatially control the
morphology and proliferation of human MSCs [162]. An extrudable gel obtained from the
photocrosslinking of methacrylated HA with partially photocroslinked methacrylated gelatin allowed for
the bioprinting of tubular systems using drops of the polymeric mixture with encapsulated cells. Also,
the use of centrifuge forces (centrifugal casting) has been used for the preparation of tubular constructs
and flat geometrical forms with desired cell compositions and precise cell distribution from an /in situ
crosslinkable HA with encapsulated cells [152].

Injectable hydrogels containing human articular chondrocytes were proposed by Pereira et a/[95] for
cartilage regeneration, showing appealing results in /77 vivo tests in bovine knee defects.

The biocompatibility of neural cells has been improved using HA-based multilayers [155], which were
constituted of HA/poly(allylamine hydrochloride) (PAH), HA/collagen (the ending layer was always the
second polymer). Results suggested that the hippocampal neurons prefer HA/PAH films, while
HA/collagen films attract cortical neurons.

In efforts to develop a new bone tissue engineering material, Antunes et a/.[164] modified PLLA with
glutaraldehyde-crosslinked HA. Cells were kept viable in such structures and mechanical properties

were dictated basically by the ones of the PLLA construct.

- Chondroitin Sulfate

Chondroitin sulfates are heparinlike GAGs composed of alternate sequences of differently sulfated
residues of uronic acid (B-D-glucuronic) and a-D-Macetyl-galactosamine linked by $(1—3) bonds. These
sulfated proteoglycans are widely found in the ECM of various tissues, at the surface of many cell types
and in intracellular secretory granules [165,166].

This proteoglycan has been used mainly in the regeneration of chondral tissue [46-48,161,167-170]
since it is one of the major components of cartilage, and showed ability to induce chondrogenic
differentiation of MSCs [171]. On the other hand, it has shown to be an important inhibitor of neural
cells regeneration [172,173]. It has been often blended with other polymers such as chitosan
[46,67,167]. The stabilization and release of important GFs for tissue regeneration in matrices

containing this polymer has also been performed [167,174].
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1.2.2. Protein-Based Polymers

Sitk

Silks are generally defined as protein polymers that are spun into fibers by some Lepidoptera larvae
such as silkworms, spiders, scorpions, mites and flies. These proteins are usually produced within
specialized glands after biosynthesis in epithelial cells, followed by secretion into the lumen of these
glands where the proteins are stored prior to spinning into fibers. Silks differ widely in composition
structure and properties depending on the specific source. The most extensively characterized silks are
from the domesticated silkworm, Bombyx mori; and from spiders [175,176].

Silks are characterized by a highly repetitive primary sequence that leads to significant homogeneity in
secondary structure: PB-sheets. Their relative environmental stability, in combination with their
biocompatibility, unique mechanical properties, and options for genetic control to tailor their sequence
[177] provide an important basis to exploit these natural proteins for biomedical applications. Their
thermal stability up to 250°C allow for their processing over a wide range of temperatures [175].
Structures such as hydrogels, fibers and sponges aiming for different tissues regeneration such as
cartilage [50, 178], soft tissue [23], bone[179,180], breast[181], corneal [182] and tendon[183] have
been proposed using this polymer. Microcarriers for BMPs release were processed [184] and cell
encapsulation in silk hydrogels was successfully performed [185].

Silk obtained from Bombyx mori has been widely used by Kaplan and co-workers[186]. In the case of
corneal regeneration, RGD-functionalized-silk was studied with corneal human fibroblasts in order to
mimic the structural hierarchy of human corneal stroma within thin stacks of lamellae-like tissues. RGD
surface modification enhanced cell attachment, proliferation, alignment and expression of collagens type
| and V and proteoglycans (decorin and biglycan), being a useful strategy for engineering human corneal
[182].

Regarding the production of fiber scaffolds, silk has been processed by electrospinning, usually in
blends with other polymers in order to improve the processability of the solutions. Polyethelene oxide
(PEQ) has been processed with silk fibroin in order to obtain aligned fibers and porous scaffolds, joining
electrospinning technique - hampered by final low porosity - with salt-leaching technique, previously
applied to simple 3D freeze-dried silk fibroin scaffolds, aiming for spatially distributed porosity in a single

scaffold [187].
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In clinical practice, silk sutures such as DemeTech® and Perma-Hand® are commonly used in clinical
practice as non-degradable sutures, since the time they take to degrade is higher than the FDA standard

for biodegradable materials (2 months).

Collagen

Collagen is a naturally occurring protein and the major component of ECM, providing support to
connective tissues [188,189]. In tissues, it transduces signals for the regulation of cell anchorage,
migration, proliferation, differentiation and survival [190]. Twenty-seven types of collagens have been
identified, but collagen type | is the most abundant and the most investigated for biomedical
applications [191]. Fibril-forming collagen molecules consist of three polypeptide chains of glycine-X-Y
amino acid repeats twined around one another to form triple helices [192]. High mechanical strength,
good biocompatibility, low antigenicity and ability of being crosslinked, and tailored for its mechanical,
degradation and water-uptake are properties of this polymer. It is mainly isolated from animal tissues,
leading to safety concerns based on the potential for viral and prion contamination. Usually, collagen is
a hard to process polymer and the extent and rate of degradability is difficult to control, requiring
crosslinking procedures. Moreover, sterilization of collagen usually incurs in some degree of alteration of
the polymer structure [193]. Collagen gels belong to a special kind of injectable hydrogels, called shear-
thinning, which solidify due to changes in shear stresses [6].

Le-Ping et a/ proposed a blend of chitosan with collagen crosslinked with genipin for articular cartilage
regeneration [170]. Polylactide microspheres covered with collagen were proposed as chondrocyte
carriers[194] and particles of this biomaterial were used as building blocks for organ printing [195].
Surface modification by grafting of collagen has shown to improve cell adhesion and cell viability of bone
marrow stromal cells in chitosan/ poly(lactic acid) scaffolds, which biodegradation was also improved
[196].

The pluripotency of bone marrow stem cells could be maintained in collagen scaffolds, and neural
differentiation occurred while the cells were exposed to differentiating agents. Blends of collagen with
other natural polymers such as GAGs [174] have been used for tranforming growth factor-p (TGF-B)
release and collagen scaffolds loaded with this GF have been successful in the regeneration of full-
thickness abdominal defects in rats [197].

Recently, a broad range of tissue engineering products based on collagen scaffolds has been developed
and commercialized, especially for skin in the form of skin grafts (for example FDA-approved Integra®

Dermal Regeneration Template, which showed good results in full-thickness burns treatment [198]),
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bone regeneration (in the form of sponges and composites with hydroxyapatite [61]) and GTR, widely
used in dentistry (for example, resorbable double-layered Bio-Gide® membranes). For example, a
Collagen Bone Healing Protective Sheet (Collagen Matrix, Inc.), derived from type | collagen was
approved by FDA for orthopaedic applications. Other examples of commercial collagen sponges are

CollaPluge and Ultrafoame.

Gelatin

Gelatin is a protein obtained by the controlled hydrolysis of collagen. It has been widely applied in clinic
for its nonantigenicity, favorable absorbability, and cost efficiency. It has also been proven to accelerate
wound healing and tissue regeneration [199]. The biodegradation of gelatin can be tailored by
controlling the crosslinking density using a wide variety of chemical and physical crosslinking techniques
[200].

Different forms of this polymer have been processed: membranes have been obtained by
electrospinning to be used in GTR [201] and blends with PLGA have also been electrospun [202],
Hydrogels of interpenetrated networks with dextran were proposed for vascular tissue engineering [139],
as well as blends with hyaluronic acid [152]. These blends were also proposed for chondrogenic
differentiation [158] and for the obtaining of a photocrosslinkable hydrogel [159]. Other blends with
natural polymers include its mixture with chitosan for liver tissue engineering [52,53]. Resorbable
sponges have been prepared for cartilage repair [203], and a composite with hydroxyapatite has been
proposed for bone regeneration [204]. Hydrogels of gelatin have also been used for cell delivery [205]
and as carriers for cell sheets [206]. Microcarriers of this polymer have been widely used for GFs
delivery [207}, for example in the treatment of osteoarthritis in rabbit knees [208] or aiming for
chondrogenic differentiation of stem cells [209]. A clinical study aiming for GTR of healthy dermis was

carried out by Huss ef a/[210].

Elastin

Elastin is an ECM protein that is known for providing elasticity to tissues and organs. Tropoelastin, the
precursor protein of elastin synthesized as a 72 kDa peptide by a variety of cells including smooth
muscle cells, endothelial cells, fibroblasts and chondrocytes, and elastin-like peptides have the potential
to self-assemble under physiological conditions [211].

Incorporation of elastin in biomaterials is especially indicated when elasticity or its biological effects are
required. However, problems such as calcification, usually detected in cardiac grafts and valves [211],

may ocCcur.
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Purified elastin allows the construction of highly defined scaffolds, e.g composed of elastin and collagen
[212], membranes for wound healing[213] and tubular structures to be used as vascular grafts [214].
In some cases GFs were incorporated with this polymer, and the mixture has been electrospun
[215,216].

Repeated elastin-like sequences can be produced by synthetic or recombinant means. Using protein
engineering, many different parameters of elastin-like molecules can be controlled: including amino acid
sequence, peptide length, and — in the case of block copolymers — the length and number of the
blocks. Another advantage is the opportunity to incorporate specific sequences that have cell biological
effects [217]. Recombinant expression systems result in highly homogeneous protein preparations. The
thermally responsive behavior of ELPs may also be exploited in biomaterials (soluble below transition
temperature Tt, but aggregated above Tt), for example as injectable biomaterials. Urry and co-workers
showed that physical properties of ELPs are highly dependent on the amino acid composition of the
peptide repeat. One particular property of these polypeptides is the transition temperature Tt. The Tt of
polymers based on (Val-Pro-Gly-Xaa-Gly)n could be extensively manipulated by the amino acid at the Xaa
position and resulted in a dependency on e.g. temperature, pH, and electrochemical potential [218].
Urry and co-workers proposed various elastin-like materials, first by chemical synthesis and later by
recombinant expression systems. Several bioelastic materials have been tested in animal models for
soft-tissue restoration, e.g. in intervertebral-disc restoration in a rabbit model [147]. Also, ELPs have
been used for the production of injectable particles for /n sifu scaffold formation by cell-induced particle
agglomeration, as well as for the modification of surfaces by LbL methodology allowing for multi-stimuli

response [219,220].

Fibrin

Fibrin is one of the natural ECM proteins which effectively has wide applications in reconstructive
surgery and bioengineering. Fibrin glue has been successfully tested to seal severed nerve ends in
experimental animals and in surgical trials for primary nerve repair in humans [221]. This polymer has
been used as matrix for cartilage repair, either as a cell carrier[77], or mixed with synthetic [222] and
natural polymers[162]. Also, in the form of suture [223] and tubular conduit[224], it has been helpful in
nervous regeneration. Wound healing is also a major field of application of fibrin [225] and heart tissue

has also been regenerated using this polymer [226].
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Fibrin glue is used in medical practice to promote wound healing and skin grafting. Commercially
prepared fibrin sealants, Tisseel (Immuno, Vienna, Austria), Beriplast (Behringwerke AG, Marburg/Lahn,

FRG), and Biocol (CRTS, Lille, France) have been used extensively in Europe for almost 15 years.

Fibronectin

Fibronectin (Fn) is an ECM protein known to promote cell attachment and spreading. The mechanism is
thought to involve attachment of abB1 transmembrane integrin receptors to Fn's cell binding site,
located on the 10th type-lll repeat module and containing the specific amino acid sequence RGD, as
well as to synergy sites located on the 8th and 9th type-lll repeats[6, 227].

The coating of biomaterials with Fn allowed for a variety of cell-contacting applications, where cell
adhesion is enhanced. This concept has been proven adsorbing Fn on the surface of starch-based
scaffolds, leading to enhanced endothelization [228], and also in alginate hydrogels [229]. In films
obtained by layer-by-layer technique, in which Fn was adsorbed in the outermost layer cell adhesion and

morphology were also improved [31,230,231].

Keratin

Keratins are a family of structural proteins that can be isolated from a variety of tissues. *‘Soft’" keratins
are cytoskeletal elements found in epithelial tissues while protective tissues such as nails, hooves, and
hair are composed of “‘hard’’ keratins. Numerous methods exist for denaturing these proteins which are
characterized by a high sulfur content and extensive disulfide bonding, under either oxidative or
reductive conditions [231]. Kerateines or keratoses (oxidatively or reductively derived, respectively),
alone or in combination with other biomaterials, have been tested in a small number of systems to
demonstrate feasibility for medical applications such as wound healing [232], bone regeneration (in a
blend with hydroxyapatite) [233], olfactory ensheathing cells proliferation (blended with PLGA) [234] and
peripheral nerve repair [235]. Electrospun nanofibers of a blend of keratin with poly(L-actic acid) were
also tested for bone tissue regeneration [236] These investigations have shown generally good

compatibility with cells and tissues.

Resilin

Resilin belongs to the family of a unique extracellular matrix ECM protein with outstanding elasticity and
long fatigue life due to its role in nature, where it is adapted for the jumping mechanism of fleas, the
vibrating membrane of cicadas and the flight system in the wings of dragonflies [237]. Regenerative

medicine applications of resilin include the use of its recombinant analogs [238]. By the adsorption of a
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resilinlike polymer obtained by recombinant technology, pH responsive coatings have been fabricated

[239].

Mussel-based adhesive polymers

Marine and freshwater mussels secrete proteinaceous adhesive materials for adherence to the
substrates upon which they reside. The protein adhesives, called mussel adhesive proteins (MAPs), are
capable of mediating the firm attachment of the organisms onto substrates with highly hydrated
conditions. One of the defining characteristics of MAPs is the presence of L-3,4-dihydroxyphenylalanine
(DOPA), an amino acid that is formed by posttranslational modification of tyrosine and is responsible for
their adhesive behavior [240,241].

When DOPA and its derivatives are chemically coupled to synthetic polymers, these synthetic mimics
demonstrate strong moisture-resistant adhesive properties to various substrates, including titanium, soft
tissue, and bone [242].

Mixtures of DOPA with poly(ethylene glycol) (PEG) and PCL were processed as films for soft tissue repair
[243], as well as DOPA-functionalized PCL nanofiber meshes were used for endothelial cells culture,
showing improved performance compared to gelatin-coated fibers [244]. Surface modification of gold
and titanium has been performed by adsorption of DOPA and MAPs analogues conjugated with DOPA to
monomethoxy-terminated PEGs. The ability of the surfaces to resist cell attachment was examined by
culturing 3T3 fibroblasts on the surfaces, and results showed inhibition of cell attachment for up to 14
days, which can be interesting in the development of biomaterials to which certain cell types attachment

must be avoided such as vascular tissue engineering [245].

1.2.3. Polyesters

1.2.3.1.  Microbial Origin

Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are a family of biopolyesters produced by some bacteria as intracellular
carbon and energy compound. This production occurs under unfavorable growth conditions such as
limitation of nitrogen, phosphorus, oxygen or magnesium in the presence of excess supply of carbon
source. These polymers are considered attractive for tissue engineering due to their bioabsorbability and

non-cytotoxicity [246]. The properties of these polymers can range from hard and brittle to soft and
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elastomeric. In general, degradation occurs by enzymes (depolymerases) and by hydrolysis [247], and in
vivo it is catalyzed by lipases, esterases and proteases.

Poly(3-hydroxybutyrate) (PHB) is the most thoroughly investigated member of the PHA family and has
shown good biocompatibility with several cell types. However, its high brittleness and low degradation
have limited its application [248]. Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHXx) is a new
member of PHA family and has been reported to have much better elastomeric mechanical properties
than PHB and PHBV [249].

This class of polymers has already been used for bone [250-252], cartilage [253-254], skin[247], heart
[255] and ligament/tendon [245] tissue regeneration and has been processed by techniques such as

electrospinning [246]. TephaFlex® are commercial resorbable sutures made of a recombinant PHA.

1.3.  NATURAL POLYMERS IN STIMULI-RESPONSIVE SYSTEMS
Stimuli-sensitive or “smart” polymeric systems are polymers that undergo strong physical or chemical
property changes responding to small changes in the environmental conditions. The change may be
dependent on the magnitude of the signal and different stimuli have been reported as modulators of
polymeric systems. Stimuli may be physical (e.g. temperature, light, mechanical stress or electric field)
or chemical (e.g. pH or ionic strength) and their application changes the interaction between polymeric

chains or between the polymer and a solvent (see Figure 1.1).
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Figure 1.1 - Several types of response of polymeric chains to different stimuli. (a) Response to stimuli of
polymeric solutions, from random dispersion of the polymeric chains (left) to coiled state (right). Examples of this
type of response are natural polymers modified with PNIPAAm, ELPs with temperature, pH or ionic strength
shifts, and natural polymers with sol-gel transition with temperature (e.g gelatin) or pH (e.g alginate). Also,
responsive systems in which the configuration of molecules or polymeric chains is different according to the
stimuli can be taken as examples in this type of response. An example is the azobenzene-cyclodextrin conjugates,
in which the isomeric form of the azobenzene is changed from frans to cis form according to the exposure to
visible or UV light. The frans form is known to bind strongly in cyclodextrins hydrophobic cavities, while the cis
form binding is considered unstable. This results in a sol-gel transition. (b) Crosslinking of the polymeric chains
according to the application of a stimulus (e.g crosslinking of chitosan by hydrogen bonding with 3-GP according
to the temperature). (c) Stimulus-responsive surface. Examples of this type of system are PNIPAAm-grafted
chitosan surfaces; the PNIPAAm chains are extended or coiled according to the temperature which allows for
selective cell sheet detachment (d) Response of an hydrogel structure to some stimuli, such as temperature (in
the case of a gelatin hydrogel, or a natural polymer blended with PNIPAAm or Pluronics) or pH (in the case ofan

alginate or chitosan hydrogel). [Figure adapted from Hoffman ef a/[256]].
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Considering the case of natural polymers, a responsive system can be composed of the natural polymer
itself or by the mixture of a natural polymer with other polymer in order to conjugate the advantages of
using a natural polymer with the advantages of the use of a responsive polymer (usually synthetic and
thermoresponsive). The responsive polymer can be conjugated with the natural polymer in an
interpenetrated network (IPN), grafted to the polymer, by polyelectrolyte assembly, among others.

Some natural polymers' response has been tailored by chemical modification, usually resulting in non-
reversible transitions, such as crosslinking by UV light after methacrylation or mineralization by the
incorporation of ceramics (such as hydroxyapatite) or glasses. However, in this section, only
reversible/switchable response will be considered.

The most common intrinsic responses of natural polymers are to pH and/or ionic strength shifts, which
can be seen in alginate, chitosan and other electrolyte polymers. To obtain a responsive behavior to
other stimuli, such as temperature, which is probably the most seek and practically used stimuli, these
polymers have been blended with other responsive polymers such as the well-known PNIPAAmM. The
possibly obtained dual (e.g. to pH and temperature) or multiple responses system may be useful in
TERM applications, in order to engineer /n situ sequential release of bioactive agents or cells.

In Table 1.1 examples of responsive systems for TERM totally or partially constituted of natural polymers
are presented, and aspects such as the shapes in which they have been processed, responsive polymer
and aim to which the system was design for are resumed.

A brief description of the principles behind the responsiveness of natural polymers and polymers often
blended with them in order to obtain responsive biomaterial systems are presented in the next sub-

sections.

1.3.1. pH-sensitive natural polymers

pH-sensitive polymers are polyelectrolytes that bear in their structure weak acidic or basic groups that
either accept or release protons in response to changes in environmental pH. The generation of charge
along polymeric backbone results in an increase in the hydrodynamic volume of the polymer. The
transition from collapsed state to expanded state has been explained by changes in the osmotic
pressure exerted by mobile counterions neutralizing the network charges. Examples of natural polymers
with this behavior are chitosan (a polybase) and alginate (a polyacid). Polyacidic polymers unswell at low
pH, since the acidic groups are protonated and unionized. The opposite behaviour is found in polybasic
polymers, since the ionization of the basic groups will increase when decreasing the pH [281]. The pH

range that a reversible phase transition occurs can be generally modulated by selecting the ionizable
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moiety with a pKa matching the desired pH range or by incorporating hydrophobic moieties into the

polymer backbone and controlling their nature, amount and distribution.

1.3.2. Temperature sensitive natural polymers

Sol-gel polymers

Gellan gum, gelatin and agarose are some of the biopolymers that exhibit temperature sensitivity by
different gelation mechanisms that lead to the formation of helix conformations by physical crosslinks.
These polymers are sof at high temperatures and become ge/ at lower by formation of aggregation of
double helices that act as crosslinking knots. The polysaccharide gellan gum attains these
conformations by hydrogen bonding in aqueous media. In the case of gelatin, gels are formed in
aqueous solution when lowering the temperature that promotes the formation of gel networks due to the
change from random to triple helix conformation. The low stability of gelatines under physiological
conditions has promoted their conjugation with other polymers such as chitosan being stable at

temperatures

1.3.3. Natural polymers modified to show thermoresponsive behavior - Modifying responsive polymers
and agents

Temperature-responding synthetic polymers present a fine hydrophobic-hydrophilic balance in their
structure, and small temperature changes around the critical temperature, make the chains to collapse
or to expand responding to the new adjustments of the hydrophobic and hydrophilic interactions
between the polymeric chains and the aqueous media.

Some temperature-responsive polymers, usually mixed with other polymers, have a unique property: a
critical solution temperature, which is the temperature at which the phase of polymer and solution is
discontinuously changed according to their composition. This can be a lower critical solution
temperature (LCST) - which is the most common - if the polymer is phase-separate from the solvent
above this temperature, or a upper critical solution temperature (UCST) in the reverse case. For
example, PNIPAAm has a LCST, at which it undergoes a reversible volume phase transition caused by
the coilto-globule transition. Intramolecular collapse occurs before intermolecular aggregation through
LCST and the collapse of individual polymer chains increases the scattering of light in solution (cloud
point). Intermolecular interactions in water medium may also create hydrogel shrinkage, micelle

aggregation or the physical cross-links [282,283].
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Table 1.1. — Some exemples of responsive systems using natural polymers.

Main polymer Type of Response Responsive agent Type of structure Application Reference
Temppe:'ature PNIPAAM IPN membranes - 262
Chitosan modification to Sokeel hvdrogel MSC and intervertebral disk 263
hydroxylbuty| chitosan gelhydrog cells encapsulation
Encapsulation and /n vio
B-GP In situ forming hydrogel delivery of rat bone marrow 264
MSC
Chitosan Temperature PNIPAAM Membrane Cell sheet engineering 265
EGF delivery; wound adhesive
Pluronics Hydrogel and photo<rosslinkable 266
properties
PNIPAAM Hydrogel (erafting) Cultivation oflchondrocytes and 267
meniscus cells
Temperature B-GP )
Hydrogel Bone regeneration 268
(Mineralization) ELP (with hydroxyapatite) yarog 8
Beads - 269
SemiPN and comb-type graft
hydrogels 270
PNIPAAM Yeros
Alginate SemiPN - 271
Temperature —
DH Diffusion of molecules
Aqueous care capsules (potential bioactive factor 272
Alginate release)
Hydroxypropylcellulose
Alginate Hydrogel - 273
Modification of alginate into ) )
) ) Absorptive encapsulation and
tetrafunctional acetaHinked controlled release of protein
pH network polymer (SNAP) with Hydrogel ) P 274
- therapeuthics for oral drug
carboxylate moieties )
delivery
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Aiginate and hydroxylapatite Alginate Hydrogel Bone regeneration 275
(HAp)
PNIPAAM Hydrogel Cartilage repair 276
Gelatin 277
) Fabrication of particles by
Temperature Gelatin Sokgel hydrogel template dissolution method
Modulation of cell response
ELP PNIPAAmM Hydrogel according to mechanical 278
stimuli
Collagen PNIPAAM (grafted) Hydrogel In situretinal pigment epithelial 279
cell delivery
PNIPAAM SemilPN hydrogel - 280
Aminated hyaluronic acid-g-
o poly(N-isopropylacrylamide) ) ) )
Hyaluronic Acid Temperature PNIPAAM (AHA-2-PNIPAAM) copolymer Adipose tissue regeneration 281
hydrogel
Delivery of chondrocytes “at
Pluronics Photocrosslinkable hydrogel wery will” o 282
L S pH ' .
hyaluronic acid + silk fibroin Electric tension LbL film Drugdelivery 283
Bioactive agents 084
Silk fibroin Temperature PNIPAAmM Sponges (IPN) release/general tissue
regeneration
Temperature Potential application in 285
Carrageenan pH PNIPAAM IPN hydrogels bioactive factors delivery at will
Starch Temperature BGP Hydrogel Encapsulation of adipose 51
P ydrog tissue derived stem cells
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Other class of thermoresponsive polymers is the ones based on amphiphilic balance, the so-called
Poloxamers (Pluronics, as commercial name). These are nonionic triblock copolymers composed of a
central hydrophobic chain (e.g. poly(propylene oxide) (PPQO)) flanked by two hydrophilic chains (e.g.
poly(ethylene oxide) (PEQ)). Several amphiphilic block copolymers were reported to have temperature
responsive micellization behavior and to form hydrogels above a critical gelation temperature. They have
sol-gel phase transition under body temperature and gekiso/ phase transition around 50°C in a
relatively high concentration range [283].

Beta-glycerophosphate (B-GP) - a weak base - has also been used to obtain responsive behavior in
chitosan hydrogels. Highly deacetylated semi-diluted CS solutions can be used to formulate
homogenous heat-induced hydrogels by neutralizing the solution with this weak base.

The addition of disodium [B-GP into chitosan solution increases the pH, thereby reducing the
electrostatic repulsion between chitosan chains. This reaction, in turn, induces an increase in chitosan
interchain hydrogen bonding. In addition, raising the temperature releases hydrogen bonds between
water molecules and chitosan chains, which allow increased hydrophobic interactions between chitosan
chains. However, in order to achieve a physiologically acceptable pH range and form the gel network at
body temperature, it is necessary to include high concentration of B-GP, which can lead to potential
toxicity. To improve biocompatibility of this system, several researches have used low concentration of
inorganic phosphate salts or added crosslinkers such as glyoxal and hydroxyethyl cellulose, which are

responsible for the solidification of chitosan based hydrogels with low concentrations of B-GP [283].

1.3.4. Light-sensitive polymers - Potential use of Azobenzene/ a-Cyclodextrin inclusion complexes

The use of photoresponsive materials represents a rapid and clean way of having low invasive smart
response. For example, in the case of cell-sheet engineering applications, the exposure to irradiations of
different non-harmful ranges would probably be less toxic to cells than the prolonged exposure to low
temperatures. Also, the manipulation of new molecules for the seeking of new systems that could be
responsive in milder irradiation ranges than UV - which may impair cell encapsulation if used for long
periods of time - would be an interesting and useful challenge.

Azobenzene and its derivatives have a unique #rans-cis isomeration depending on the irradiating units
exposed to light [284]. Systems of azobenzene-containing polymers with cyclodextrins have been
engineered, allowing for a controlled so/ge/ response. In the specific case of alpha-Cyclodextrins (a-CD),

these are oligosaccharides consisting of six glucose units which present a toroidal form with a
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hydrophobic inner cavity and a hydrophilic outer side. This property is in favor of forming inclusion
compounds with a large variety of organic molecules, namely benzenes, that have suitable size, shape,
and polarity [285]. When the azobenzene units are in the #rans form, these are included inside the
hydrophobic cavity of the cyclodextrins, and in the case of a polymeric solution, this corresponds to a
gel phase. On the other hand, when the azobenzene units are photochemically converted to its c¢is
configuration - in the presence of UV irradiation -, the azobenzene units dissociate from the cyclodextrin
cavity, and in the case of a polymer in solution, the system can be (re)converted to the so/phase [284].
Two examples of the use of alpha-cyclodextrin to tailor the response of synthetic hydrogels are described
in the next paragraphs. However, to our knowledge, reversible photomodification of natural polymers
with azobenzenes has never been reported, which would be a challenging and certainly useful path to
obtain interesting TERM systems.

A photoresponsive polymer with azobenzene pendant group (PDMAA-co-PAPA) was synthesized by
radical polymerization of N, Mdimethylacrylamide (DMAA) and M4-phenylazophenyl acrylamide (PAPA)
[286]. The solubility of PDMAA-co-PAPA and o-CD inclusion complexes in aqueous solution showed
tunable properties that could be triggered by alternating UV-visible light irradiation at a certain
temperature due to the effect of molecular recognition of a-CD with azobenzene moiety in the polymer.
Also using molecular recognition of o-cyclodextrin (o-CD), a photoresponsive hydrogel system was
obtained by combination of 0o-CD, dodecyl (C12)-modified poly-(acrylic acid) (p(AA/C12)), and a
photoresponsive competitive guest, 4,4’-azodibenzoic acid (ADA). An aqueous solution of p(AA/C12)
exhibited a gellike behavior because polymer chains form a network structure via hydrophobic
associations of C12 side chains. When o-CD was added to the gelike aqueous solution, the gel was
converted to a so/ mixture because hydrophobic interactions of C12 side chains were dissociated by the
formation of inclusion complexes of a-CD with C12 side chains. Upon addition of ADA to a binary sol
mixture of p(AA/C12) and o-CD, o-CD interacted predominantly with ADA, and then hydrophobic
associations of C12 side chains were restored, resulting in a sokge/ transition. When a ternary gel
mixture of p(AA/C12), a-CD, and ADA was irradiated with UV light, ADA was isomerized from #rans to
cis, and the mixture underwent a gelso/ transition because o-CD formed inclusion complexes more
favorably with C12 side chains than with c/sADA. When the ternary so/ mixture was irradiated with

visible light, ADA was isomerized from c/sto frans and the mixture underwent a so/-ge/transition [285].
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1.4, CONCLUSIONS

Polymers derived from natural sources have been widely used in the production of biomaterials. Their
origin varies from marine-origin crustacean and algae, as well as mammalians, plants and
microorganism processed products. These polymers have been processed in different shapes and
structures aiming for the regeneration of lost or damaged tissues relying in their biodegradability, usual
low inflammatory response and reduced cytotoxicity.

Among natural polymers, response to several external stimuli, such as pH and ionic strength, are
commonly observed. Moreover, these polymers have been often combined with responsive synthetic
polymers in order to obtain smart characteristics alloyed to the similarity of natural polymers to GAGs
existing in the body, degradability and low cytotoxicity. These stimuli-responsive systems have proven to
be a step ahead for clinical treatment of damaged tissue, for example in the case of cell-sheet
engineering. Moreover, responsive systems may avoid complex surgery procedures by in siftu
crosslinking/gelling and may allow controlled delivery and targeting of several therapeutic agents.

Despite the number of polymers available in nature and their effective use in the clinic field, there is still
much work to be done in terms of extending their chemical modification, improve processability and

optimization of their response /n vitro and /n vivo, considering their applicability in real therapeutics.
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CHAPTER 2. BIOMIMETIC SUPERHYDROPHOBIC SURFACES?

2.1. ABSTRACT
Inspiration from nature has been widely used in the development of new materials and in the
improvement of their properties. Superhydrophobic surfaces inspired in species present in nature with
highly water repellent self-cleaning properties - such as the well-known lotus leaf - are interesting
examples of the biomimetic approach for the development of new materials and devices. The discovery
of new applications from these materials in the biotechnology and biomedical fields was in wide
expansion during the last years. As recent examples of application of surfaces highly repellent to water,
applications as implantable biomaterials with anti-adherent properties for vascular grafts or with
bactericidal properties were proposed. By patterning these surfaces with wettable regions, microfluidic
devices and sensors for the simple and economical diagnosis/monitoring of diseases and cell studies
were developed. Another relevant approach regarding patterned superhydrophobic surfaces is their use
as chips for high-throughput combinatorial studies in tissue engineering and regenerative medicine. The
use of these platforms allowed circumventing several limitations associated with state-of-the-art
techniques. Considering the recent innovative approaches and the wide possibilities for future work
using these surfaces, we consider that the development of biomimetic superhydrophobic surfaces and

their application as innovative and affordable devices is a promising research area.

:Qliveira MB, Mano JF. Biomimetic superhydrophobic surfaces. In Jabbari E, Kim DK, Lee LP, Ghaem-Maghami A, Khademhosseini A
(eds.) Handbook of Biomimetics and Bioinspiration, pp. 153-180, Singapore, World Scientific, 2014, doi: 10.1142/9789814354936.
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2.2. SUPERHYDROPHOBIC SURFACES

The development of new devices for microfluidics, electronics, biosensors, environmental and
biomedical applications often requires substrates exhibiting low adhesion and non-wetting properties [1].
Evolution and species selection led to several beneficial wetting phenomena that can be observed in
nature. Many surfaces found in nature exhibit highly hydrophobic and self-cleaning properties, including
the leaves of plants such as lotus, the wings of cicada and butterflies or the water strider’s leg. It is
generally accepted that superhydrophobic surfaces — surfaces with water contact angle, higher than
150° - must combine two essential properties: (i) surface roughness, especially hierarchically roughness
at the micro (and sometimes nano) scale levels and (ii) low surface energy [2]. Inspired by natural
biological surfaces, synthetic biomimetic superhydrophobic substrates have been produced by a variety
of methodologies, from chemical modifications treatments that lower the surface energy (normally
adding fluorides compounds to the surface) to the introduction of double-scaled roughness features,
resembling the lotus leaves or other natural models’ topography [1-5].

Surface wetting is characterized by how a liquid makes contact with a solid surface and, as referred,
depends upon the combined effects of surface chemistry and morphology. Again regarding examples
observed in nature, certain plant surfaces have specialized structural and chemical characteristics to
manage surface wetting. In this way, a super-hydrophobic surface of a lotus leave enables self-cleaning,
whereas a super-hydrophilic surface of a water plant enables water absorption and spreading to achieve
a sustained wet state [6,7]. Also, some parts of animals, such as butterfly wings, moth eyes, and desert
beetles, exhibit distinct wettability properties enabling adoption of surroundings and promoting animal

survival.

2.3. PRINCIPLES EXPLAINING SUPERHYDROPHOBICITY
Young's equation defines the wetting model in a totally rigid, homogeneous, inert, smooth and flat
surface. The drop contacts its substrate on a circle where the three phases of the system coexist, and a

three phase contact line is formed. The liquid joins the solid at a contact angle 6. Each interface draws
the contact line in order to minimize the corresponding surface area, balancing the surface tensions on

the direction of potential motion so that there will yield the following relation:

cos 6 = SV -ySL)HLY
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Figure 2.1. - Schematic representation of wetting behavior on solid substrates following (A) the Wenzel model and

(B) the Cassie model.

where v is the surface tension that indicates the energy per unit surface area of the interface (S, £, Vas
solid, liquid and vapor, respectively). Real surfaces, though, usually do not fulfill all the requirements of
homogeneity, inertness, and absence of roughness, so they cannot be analyzed by the Young’'s model.
A model relating surface roughness and surface energies was proposed by Wenzel (Figure 2.1A) [8]. r
corresponds to the “roughness factor” — defined as the ratio of the actual area of a rough surface to the

geometric projected area and 0 is the apparent Wenzel contact angle. It can be written as:

cos OW =r cos 0

In the Wenzel state, liquids penetrate surface asperities, or surface irregularities. In Cassie-Baxter state
(Figure 2.1B), liquids only contact the top of surface asperities, thereby trapping air pockets underneath
the liquid [9]. As a result of the suspension of the water droplet on the asperities, the apparent contact
angle is the sum of all the contributions of the different phases:

cos O =11 cos0: + 2 cos 6,

where 6 is the apparent contact angle; 77 and 72 are the surface fraction of phase 1 and 2, respectively;
and 81 and 82 on the contact angles of phase 1 and phase 2, respectively. Considering rough surfaces
with one type of aspirities, and the contact angle of the air 180°, the equation can be re-written as:

cos O =f (1+ cos 0°)-1
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The combined model (or intermediate state between Wenzel and Cassie states) is also employed to
describe the wetting state where the liquid partially fills the open voids on a rough surface in some
situations. The transition between Wenzel and Cassie states is observed as well under conditions of

droplet press and impact [10].

2.4, SUPERHYDROPHOBIC SURFACES IN NATURE: A BRIEF CORRELATION ANALYSIS BETWEEN
TOPOGRAPHY/CHEMICAL FEATURES AND SURFACE PROPERTIES

2.4.1. Lotus leaf
Lotus leaf (V. nucifera) is probably the most well-know of surfaces in nature with highly water repellent
characteristics (Figure 2.2 Al), and the model that led to the fabrication of the highest number of
biomimetic synthetic surfaces. The cause of self-cleaning properties of these surfaces is the hydrophobic
water-repellent double structure of the surface: this hierarchical double structure is formed of a
characteristic epidermis (including the cuticle, Figure 2.2 A2) and the covering wax crystalloids
(nanostructures, Figure 2.2 A3). The epidermis of the lotus plant possesses papillae with 10 to 20 um
in height and 10 to 15 um in width on which the epicuticular waxes are imposed. These superimposed
waxes are hydrophobic and form the second layer of the double structure [2,11]. Barthlot ef a/. [11]
reported for the first time the impressive self cleaning properties of these structures by contaminating
the leaves’ surfaces with particles and subjecting them to artificial rinsing. The authors also compared
those results with the ones corresponding to the same procedure performed in naturally smooth leaves,

in which the higher presence of particles after rinsing was observed.

2.4.2. Bird Wings

The water repellency of birds’ feathers was also studied, and the reasons for their superhydrophobic
behavior were compared with the ones of the well-known lotus leaves. It was demonstrated that physical
mechanisms of superhydrophobicity of birds’ feathers and lotus leaves are very different. While lotus
leaves topography is truly hierarchical, birds’ feathers show pseudohierarchical relief (Figure 2.2 Bl,
B2), where various scales do not interact [12]. The pronounced stability of the Cassie state observed on
birds’ feathers is due to the high value of critical pressure necessary for their total wetting, which is on
the order of magnitude of 100 kPa. This high value allows feathers to withstand large dynamical

pressure of rain droplets and remain dry under the rain. The energy barrier separating the Cassie state
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from the complete wetting situation calculated for a feather is also very high, allowing the increased

stability of superhydrophobicity [12].

Figure 2.2. - Some examples of superhydrophobic surfaces found in nature. (Al) Lotus leaf, (A2) lotus leaf
microstructure with micropapillae and (A3) magnification of one micropapillae, nanostructured wax crystalloids.
(B1) Surface microstructure of a pigeon feather and (B2) a schematic representation of its pseudohierarchical
structure. (C1) Surface microstructure of a rose petal and (C2) magnification of one micropapillae, in which its
nanostructure is visible. (D1) Butterfly wings as example of anisotropic wetting surface. Surface images of the
butterfly wings in (D2) microscale and (D3) nanoscale. [Figures (B1), (B2) reprinted with permission from
Bormashenko et a/, Langmuir 28, 14992 (2012). Copyright 2012. American Chemical Society. All other figures
reprinted with permission from Liu ef a/ Accounts on Chemical Research 43, 368 (2010). Copyright 2010.

American Chemical Society].

2.4.3. Rose Petal

As well as in Lotus leaves, hierarchical micropapillae (Figure 2.2 C1) and nanofolds (Figure 2.2 C2) are
known to exist on the petals’ surfaces of red roses [13]. However, differently from the Lotus leaf, these
micro- and nanostructures not only provide a sufficient roughness for superhydrophobicity, but at the
same time a high adhesive force with water. A water droplet on the surface of the petal appears
spherical in shape; however, it cannot roll off even when the petal is turned upside down. This

phenomenon is usually defined as the “petal effect” as compared with the popular “lotus effect”.
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Artificial fabrication of biomimic polymer films by the well-defined nanoembossing of duplicating of the
petal’s surface indicated that the superhydrophobic surface and the adhesive petal are in Cassie

impregnating wetting state [14].

2.4.4. Spider Web

Spider silk was reported to be capable of efficiently collecting water from air. This water-collecting ability
of the capture silk of the cribellate spider (Uloborus walckenaerius) is the result of a unique fiber
structure that forms after wetting. The fibers characterized by periodic spindle-knots made of random
nanofibrils and separated by joints made of aligned nanofibrils [15]. Those structural features result in a
surface energy gradient between the spindle-knots and the joints and also in a difference in Laplace
pressure, with both factors acting together to achieve continuous condensation and directional collection
of water drops around spindle-knots. Submillimeter-sized liquid drops have been driven by surface
energy gradients or a difference in Laplace pressure. However, neither force by itself was effective on
overcoming the larger hysteresis effects that make the movement of micrometer-sized drops more

difficult. By conjugating both forces, spider silk achieves this task.

2.4.5. Anisotropic Surfaces in Nature

Anisotropic wetting involves the non-homogeneous distribution of liquid and accompanying wetting
properties upon a surface. Physical origin of anisotropic wetting is attributed to liquid contact line
encountering physical discontinuity and chemical heterogeneity present on solid surfaces [16,17]. Both
natural and synthetic surfaces exhibit anisotropic wetting behavior originating from dissimilarities in
chemical or physical surface properties. Anisotropic wetting phenomena include both dynamic
properties (e.g., different sliding angles in different directions) and static properties (different static
contact angles in different directions). The design of surfaces with anisotropic wetting that support
movement of liquid in a single direction can be useful for guiding liquid flow in, for example, microfluidic
applications.

In nature, anisotropic wetting is observed on biological surfaces including certain plant leaves, butterfly
wings (Figure 2.2 D1, D2, D3) flower petals and bird feathers. For example, rice leaves possess
anisotropic hierarchical structures with ordered arrangements of micropapillae and nanoprotrusions

[18]. They present a quasi-1D ordering of micropapillae parallel to leaf edges. Superhydrophobicity and
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anisotropic wetting of leaf surfaces encourage water droplet movement along the direction parallel to the

leaf edge while hindering movement in the direction perpendicular to the leaf edge.

2.5. PREPARATION OF SYNTHETIC SUPERHYDROPHOBIC SURFACES

According to Dorrer and Ruhe [19], in the design of superhydrophobic surfaces two approaches have
been exploited: surfaces with controlled design and surfaces with random structures. In the first class,
the roughness features are precisely defined using techniques such as lithography or micromachining.
The other approach is to obtain materials in which the wettability is random distributed in the surface,
i.e. in which the roughness features are statistical. Low surface energy modifications of rough surfaces
are also usually used in order to increase the water contact angle of the surfaces. Examples of such
kind of chemical and physical modifications are etching of fluoropolymer layers [20,21], solidification,
carbon tubes deposition [22], phase separation [23], crystal growth [24,25], aggregation of particles
[26], lithography [27,28], vapor deposition [29], electrospinning [30}, layer-by-layer techniques[31] and
plasma treatments [32]. Regarding the second class of techniques based on the modification of already
rough surfaces, the self-assembly of monolayers of alkanethiols [33], organic silanes[34] and fatty acids
[35] have been proposed [36].

In this section, the development of superhydrophobic surfaces inspired by nature will be addressed. This
issue will be preceded by a discussion on the need of multiscale roughness (as observed in nature) in

order to obtain highly water-repellent substrates.

2.6. EFFECT OF MULTISCALE/HIERACHICAL ROUGHNESS ON SUPERHYDROPHOBIC SURFACES
Pictures of the most well-know superhydrophobic natural surface - the Lotus leaf - show protrusions
that resemble paraboloids, which are covered by hairy structures smaller by at least 1 order of
magnitude than the main protrusions (Figure 2.2 Al, A2) [11]. However, nonwettable surfaces have
been produced by photolithography, without necessarily employing multiscale roughness [37].
Therefore, the need of multiscale roughness to produce high-quality, useful, nonwettable surfaces has
been questioned by some authors. This question was partially answered by various thermodynamics
analyses that have been published during the past few years [38,39]. It was shown, by using various
simple model surfaces, that multiplicity of roughness scales increases the resistance to water

penetration into the roughness grooves and reduces the solid— liquid contact area, thus improving
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nonwettability. It was also suggested that a combination of mechanical stability and nonwettability
properties can be achieved by at least two levels of roughness [40].

The role of multiscale (hierarchical) roughness in optimizing the structure of nonwettable solid surfaces
was theoretically studied on three different types of surface topographies with up to four roughness
scales: sinusoidal, flat-top pillars, and triadic Koch curves [39]. Theoretical understanding of the effect of
multiscale roughness on nonwettability of solid surfaces was sought, so studies of the Gibbs energy
maps of wetting systems were made, representing the three very different surface-roughness
geometries, and multiscale levels. As the number of roughness scales increased, the authors concluded
that: for sinusoidal surfaces the transition contact between Cassie and Wenzel state angle slightly
increases, the wetted area slightly decreases, but the height of the roughness feature significantly
decreases. For flattop pillars, the changes are not monotonous: the minimal wetted area comes with the
maximal contact angle, but also with the maximal roughness feature height. For Triadic-Koch curve
roughness the feature height is constant by definition, and the Cassie state becomes stable only when
there are four roughness scales. By comparing the distinct topographies, it was then concluded that
multiple roughness scales are beneficial, but in a way and to an extent that strongly depend on the basic
geometry of the roughness. In the same study, the authors also concluded that it cannot be taken for
granted that multiscale roughness is always meaningfully beneficial. In another approach [37],
superhydrophobic polypropylene surfaces were produced with hierarchical micro—microstructuring and
without chemical surface modification. Polymer substrates were prepared by injection molding, having
static water contact angles above 150° and low sliding angles. The authors claim that, besides being
easier to produce, durability and robustness of the produced hierarchical structures are higher than the
ones of micro-nanostructured surfaces, since virtually the fragile nanolevel structure show very poor

resistance to pressure and weatr.

2.7. DEVELOPMENT OF SUPERHYDROPH OBIC SURFACES: SOME EXAMPLES
Superhydrophobic surfaces can be produced either by one-step methods or two-step methods [7]. There
are methods that allow for a direct processing of the superhydropho bic surface, avoiding the need for
further surface modifications: the one-step methods. In those, roughness is produced on/with low
surface energy materials. Two-step methods are considered when it is necessary to introduce both low

energy and roughness on the surface, so roughness and chemical treatments have to be performed.
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2.7.1. One-step processing superhydrophobic surfaces

A common one-step processing method for the increase of surface roughness in the micro- and nano-
scale is the solvent/non-solvent method. This method was applied to poly-(L-lactic acid) dissolved in
dioxane. The solution was poured onto Petri dishes and gelation took place after evaporation. The films
were then immersed in ethanol and the resulting films were totally dried [23,41]. Polystyrene was also
treated by a phase-inversion method, using the solvent/non-solvent technique. Polystyrene was
dissolved in tetrahydrofuran and the film obtained after pouring the solution in PS commercial available
plates was immersed in ethanol (a non-solvent for polystyrene), forcing the polymer precipitation. The
polystyrene precipitation on the surface led to formation of a rough surface due to the following
mechanism: the mixture of a solvent and a nonsolvent of polystyrene forms both poor and rich
polystyrene phases. In the poor PS phase, polymer nuclei are formed by precipitation. The rich
polystyrene phase aggregates around these nuclei in order to decrease surface tension. During polymer
precipitation within the rich polystyrene phase, a continuous deposition of spheres on the surface takes
place [42]. Silyl chitosan (SC) - 3,6-O-di-tertbutyldimethyl silyl chitosan - a chitosan derivative, was
synthesized and used to prepare extreme water-repellent films in the whole pH range of 1-14 using a
phase separation method that exhibit topography with a three-level hierarchical roughness organization.
The SC solution in dichloromethane was dropped on the glass slide first, and the ensemble was
immersed in ethanol [43]. The polymer also allows posterior chemical modification specifically through
the amine group, permitting to control the surface chemistry and wettability.

Fabrication, namely microfabrication, techniques are also used often to prepare controlled topographies
in surfaces. For example, microfiber adhesives were fabricated starting with a high-density polyethylene
film and a polycarbonate template with holes of 0.3 um. The film was placed on the template and
heated rollers at 145°C were pressed in the film, leading it to enter in the template holes. As such, the
polyethylene film melted into the holes in the template and fibers were generated on the polyethylene
surface. Adjusting the roller speed, the fill depth of the molten film - the length of the microfibers - was
adjusted [44]. Microfabrication also allowed solving the problem of the poor mechanical robustness of
the majority of the superhydrophobic surfaces, which limits their practical applications. Polypropylene
surface structuring was done using injection molding, where the microstructured molds were made with
a microworking robot [37].

Electrospinning has attracted great deal of attention associated with producing superhydrophobic and

self-cleaning surfaces due to small fiber diameters, simple implementation, and to the wide range of
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polymers and additives that can be used [30]. Microsphere/nanofiber composite films exhibiting the
self-cleaning properties of the lotus leaf were formed by carefully controlling the concentration of the
polystyrene solution during electrospinning [45]. Porous microspheres contributed to the
superhydrophobicity by increasing the surface roughness, while nanofibers interweave to form a stable
multilayer 3D network and reinforce the composite film that is structurally similar to a lotus leaf. In
addition to electrospinning, some authors used multistep procedures to induce hydrophobicity of the
surface. For example, in the case of polymers with fluorinated compounds, annealing was used to
reorient the perfluorinated groups to a fiber surface [46].

Advances have also been observed in the wettability control of self-assembled structures. For example,
aligned carbon nanotubes have been used to produce superhydrophobic surfaces. Carbon nanotubes
are inherently somewhat hydrophilic, with a water contact angle of less than 86 degrees. When they are
arranged in a textured manner on substrates having different surface topographies, different wettabilities
are obtained [22]. The surfaces ranged from hydrophilic to hydrophobic, and even superhydrophobic,

and with isotropic to anisotropic contact angle hysteresis.

2.7.2. Two-step processing superhydrophobic surfaces

Shark skin was used to develop a method using polydimethylsiloxane (PDMS) containing nano-silica as a
substrate for producing a dual-biomimetic surface structure comprising both the shark-skin surface
morphology and the lotus leaf-like hierarchical micro/nano-structures. The “shark skin effect” is defined
as a mechanism of wall friction reduction of a fluid resulted from a riblet structured surface similar to
that of shark skin. Micron-sized grooved scales growing on shark skin - called dermal denticles - are
interlocked to form a natural non-smooth surface. The grooves between adjacent riblets on the scales
are directed almost parallel to the longitudinal body axis of the shark. The grooved scales can reduce
vortice formation or lift the vortice off the surface, resulting in water moving easily over the skin. The
shark skin allowed patterning a micro-sized structure, while the subsequent flame treatment made it
possess hierarchical micro/nano-structures without damaging the shark skin pattern structure, thereby
constructing the dual-biomimetic superhydrophobic surface [47].

Regarding surfaces inspired by the rose petal, the effect of the surface energy of materials on the
contact angle values, as well as wear resistance have been poorly studied. Surfaces of varying
microstructure pitch and nanostructure density were fabricated by depositing ZnO nanoparticles onto

micropatterned substrates [13]. The prepared surfaces were then modified with octadecylphosphonic
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acid in order to hydrophobize the ZnO nanoparticles. To study wear resistance for industrial
applications, a wear experiment was performed using an atomic force microscope. Rose petal-like
surfaces resistant to wear were obtained using both modified and non-modified ZnO nanoparticles,
depending on the amount deposited in the surface.

A simple way to make robust, transparent, superamphiphobic coatings was described, inspired by the
morphology of candle soot [48]. A technique to coat the soot layer with a silica shell was developed,
making use of chemical vapor deposition of tetraethoxysilane catalyzed by ammonia. The porous deposit
of candle soot was coated with a 25-nanometer-thick silica shell, and after silanization the final surface
showed superamphipilic — i.e. both superhydrophobic and superoleophobic - properties.

The self-assembly of particles has been used in the two-step fabrication of superhydrophobic surfaces
[49]. Ordered macroporous ceramic particles were produced by the emulsion templating process: large
polystyrene beads and small silica nanoparticles were assembled simultaneously inside an emulsion,
which formed composite structured particles during the evaporation of droplets. By burning out
polystyrene beads, macroporous ceramic particle films were produced on substrate. The size of ordered
macroporous particles could be controlled by adjusting the emulsification condition for confining
emulsions. The surface of the ordered macroporous particle fiims was coated with fluorinated

molecules, and showed superhydrophobic properties due to multi-scale roughness.

2.8. APPLICATION OF SUPERHYDROPHOBIC SURFACES IN THE BIOMEDICAL FIELD

2.8.1. Applications as Biomaterials

2.8.1.1. Cell-superhydrophobic surfaces interactions

Interactions of eukaryotic cells with implantable biomaterials

The response of different cell types to distinct types of superhydrophobic surfaces has been studied.
Oliveira et a/.[50] studied the effect of the surface topography in three distinct cell types seeded onto
polystyerene superhydrophobic surfaces prepared by phase separation, and in their analogues treated
chemically (with UV/0zone), that showed decreasing contact angle values. Compared to standard ti ssue
culture polystyrene, it was found that ATDC5 (derived from cartilage tissue) and SaOs-2 (derived from an
osteosarcoma, and considered to be similar to osteoblasts) cell lines were not able to proliferate on
superhydrophobic surfaces and the cell morphology was affected. L929 cells (fibroblasts) could

proliferate. The attachment, morphology and proliferation of SaOs-2 were studied on rough and smooth
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PS surfaces with wettability controlled by UV/Ozone irradiation, ranging from superhydrophobic to
superhydrophilic. After 4 hours in culture, the attachment of Sa0s-2 was higher on the surfaces treated
during 18 minutes, namely on rough superhydrophilic and highly hydrophilic smooth PS surfaces.
Lourenco et al. [51] studied cell adhesion and proliferation ability of primary chondrocytes and MC3T3-
E1 osteoblast cell line in superhydrophobic polystyrene and poly(L-lactic acid) surfaces, prepared by
phase-separation methodology. The study allowed concluding about the predominant effects of surface
topography or polymer type in the cells response in these surfaces, since both types of surfaces show
distinct types of micro/nanotopographies but the same wettability properties. The presence of
roughness in both surfaces led to a decrease in total protein adsorption, compared to the one observed
in smooth (non-treated) wettable surfaces. The superhydrophobic surfaces allowed cells to adhere but
inhibited their proliferation, and it was concluded that surface wettability, rather than polymer type or
the topography of the superhydrophobic surfaces, was the critical factor in determining cell behavior. In
another study, the fibronectin adsorption and cellular behavior of MC3T3-E1 cells was studied in the
same polystyrene superhydrophobic surfaces, and compared to controls of smooth polystyrene and
glass [52]. The fibronectin surface density was lower on the superhydrophobic surfaces than on non-
modified polystyrene, and the adsorbed protein showed altered conformation of cell adhesion domains.
Cell adhesion occurred on the superhydrophobic polystyrene without the formation of mature focal
adhesions, as assessed by immunofluorescence for vinculin, talin and paxillin. The development of the
actin cytoskeleton was delayed and without the presence of defined F-actin fibers and FAK
phosphorylation was reduced on superhydrophobic polystyrene. Also, cell contractility was diminished
on the superhydrophobic polystyrene as revealed by phosphorylation of myosin light chain. Again, it
could be concluded that osteoblasts proliferation was significantly lower in superhydrophobic polystyrene
as compared with polystyrene up to 21 days of culture.

The effect of surface roughness and surface chemistry in the osteointegration was studied in titanium
implants [53]. Titanium was sandblasted/acid-etched in order to introduce roughness in its surface. The
obtained superhydrophobic surfaces were then exposed to oxygen plasma treatment, to increase the
reactive oxygen density on the surface. All surfaces were then coated with chitosan, and this process
showed that surfaces with different wettabilities, but unchanged microroughness, could be obtained.
The cell number, alkaline phosphatase activity and gene expression were studied for all conditions.
Surface wettability as a primary regulator enhanced osteoblast differentiation, but integrin expression

and silencing beta 1 results indicated that surface wettability regulates osteoblast through differential
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integrin expression profiles than microtexture does. The results showed that both microtexture and

wettability with a specific chemistry have important regulatory effects on osteointegration.

Interactions with bacteria

Besides the response of eukaryotic cells to superhydrophobic surfaces, some authors have also studied
the effect of these surfaces in bacterial response, aiming to develop, for example, bactericidal surfaces.
Cicada wing nanopillars showed to be extremely effective at killing Pseudomonas aeruginosa cells within
approximately 3 minutes [54]. This bactericidal ability of the wing surface is primarily a physico-
mechanical effect, as it is retained when the surface chemistry is substantially altered. It was also
shown that this effect had no direct relation with the superhydrophobicity of the surfaces: i.e. it was not
an antibiofouling effect. However the net result was somewhat similar in that the bacteria are prevented
from proliferating on the surface. Imaging experiments demonstrated that the nanopillars began to
perforate the cells immediately upon cell attachment.

A study involving superhydrophobic poly(L-actic acid) surfaces obtained by phase separation and their
effect with the same bacteria species - Pseudomonas aeruginosa — and also with S. aureus showed a
contrary effect [55]. In fact, both bacteria types proliferated more effectively in the superhydrophobic
surfaces than in the smooth controls, opening a new application for superhydrophobic surfaces as
bacterial colonization platforms. It seems then that the reaction of bacteria do superhydrophobic
surfaces can show opposite tendencies that could be highly dependent on the topography of the

surfaces.

Interactions with blood: as vascular grafts

Superhydrophobic surfaces have also been widely proposed as ideal materials for vascular grafts, since
some studies reported a significant decrease of the adhesion of platelets. Nonetheless, depending on
the type of surfaces used, their suitability for this purpose varies.

To determine  whether superhydrophobic  modification of small diameter expanded
poly(tetrafluoroethylene) (ePTFE) vascular grafts improves the performance of these grafts, control and
superhydrophobic vascular grafts were implanted in the carotid arteries of rabbits and pigs [56].
Furthermore, standard and superhydrophobic vascular patches were implanted in the carotid arteries of
seven pigs for 4 weeks. All superhydrophobic and standard ePTFE vascular grafts occluded 15 minutes
to 1 hour after implantation in both rabbit and pig carotid arteries. All implanted patches remained

patent and were completely covered by endothelium. In this case, superhydrophobic modification of
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ePTFE vascular grafts did not lead to less neointima formation and resulted in significantly more platelet
deposition than did standard ePTFE vascular grafts.

Poly(carbonate urethane)s (PCUs) used to develop superhydrophobic surfaces showed opposite
characteristics [57]. Fluorinated alkyl side chains were used to lower the surface energy of the polymer,
and aligned carbon nanotubes films were used as the nanostructured templates. These materials
showed largely improved blood compatibility and very low platelet adhesion, contradicting the usual
consideration that smooth surfaces are propitious to good blood compatibility. The authors also tested
other kinds of medical polymers, such as a PCU without fluorinated side chains and medical
polyurethane, and the same effects were achieved.

Surfaces of PDMS irradiated by a CO-pulsed laser and further grafted with hydroxyethylmethacrylate
phosphatidylcholine (HEMAPC) in order to show superhydrophobic charactericsts were studied for
platelet adhesion. Results from Jn vifro testing indicated that chemical structures, such as negative-
charge polar groups and wettability, were important factors in blood compatibility of these surfaces and
the superhydrophilic (the most wettable) and the superhydrophobic (the most unwettable) of modified
PDMS surfaces have excellent blood compatibility compared to the unmodified PDMS [58].

2.8.2. Superhydrophobic surfaces as platforms for the fabrication of biomaterials spheres

Inspired by water rolling on the lotus leaf a fabrication process for hydrogel and polymeric spheres was
developed [59]. The technique involves basically liquid-air interfaces, in which liquid droplets - that
acquire a spherical shape when suspended over a superhydrophobic substrate - harden into a hydrogel
form without being in contact with any other liquid media. During the solidification step, the drop is
basically involved by the atmospheric environment and the contact with the solid substrate will cover a
negligible area. This could enable the creation of a novel platform for processing spherical shape
hydrogels may be directly applied in different areas such as the biotechnological and biomedical fields.
Potential advantages of this method include the easy operation for preparing hydrogel spheres, high
encapsulation efficiency and high encapsulation loading of cells, proteins or soluble therapeutic
molecules, low production costs and scale-up possibility using an environmentally friendly technology
and, by using adequate devices for dispensing liquid droplets, one can prepare non agglomerated
particles with narrow size distribution.

In principle, almost all kinds of superhydrophobic substrates can be employed in this novel method for

processing hydrogel spheres. Polystyrene superhydrophobic surfaces prepared by phase inversion
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method were used to produce protein and drug-loaded hydrogel spheres for release studies [60], to
encapsulate cells in a biocompatible environment [59], and to produce scaffold particles to produce

aggregates formed by spheres linked by cells and extracellular matrix [61].

2.8.3. Exploiting the wettability contrast for the design of microfluidic sensors and reactors

Relying in a wettability contrast concept between hydrophobic and hydropholic regions, Whitesides and
co-workers proposed a patterned paper device for the detection of several clinically relevant molecules
[62]. Chromatography paper was patterned with a photoresist hardened by UV irradition, becoming
hydrophobic in the patterned regions, while paper hydrophilic regions were kept by using a protective
mask during the UV treatment [62]. As such, well-defined, millimeter-sized channels, comprising
hydrophilic paper bounded by hydrophobic polymer could be generated. The design of the chip
consisted in a central wettable channel capable of absorbing the sample to be tested by capillary action
and the pattern directs the sample into three separate test areas. This represented a breakthrough in
the development of low-cost, portable, and technically simple multiplexed bioassays, using equipment
that is small, disposable, easy to use (and carry), requiring no external equipment, reagents, or power
sources. A method for the simultaneous detection of glucose and protein in low a volume of urine using
those chips was developed. The glucose assay was based on the enzymatic oxidation of iodide to iodine,
in which a color change from clear to brown is associated with the presence of glucose. The protein
assay was based on the color change of tetrabromophenol blue (TBPB) when it ionizes and binds to
proteins; a positive result in this case is indicated by a color change from yellow to blue. In 18 minutes
assay of this type, two analytes in 20 different samples could be measured.

A paper device consisting in wettable spots surrounded by hydrophobic cured photoresist was also used
in the detection of two important markers of liver function: alkaline phosphatase and aspartate
aminotransferase, as well as total serum protein [63]. The device consists of a top plastic sheet, a filter
membrane, a patterned paper chip containing the reagents necessary for analysis, and a bottom plastic
sheet. The device was capable of performing sample preparation using blood from a fingerstick
(separating blood plasma from erythrocytes) and the assays. The data obtained from the paper-
microfluidic devices showed standard deviations in calibration runs and “spiked” standards that are
acceptable for routine clinical use. The chip can be burned after the assays to dispose of biohazard
components. The microfluidic paper-based analytical device described in the previous examples was

also used in the design of an electrochemical system for flow-injection analysis. When the device is
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dipped into a fluid — e.g. urine -, capillary wicking transports the fluid through the paper by gravity-driven
flow [64]. In this work, the authors combined this device with electrochemical sensing using
amperometry for the detection of the concentration of glucose in urine by a non-invasive test. This can
be useful for diagnosis and monitoring of diabetes. The method avoided the use of disposable test
stripes with enzymes or electrodes. Such kind of lab-on-a-paper platforms could find other potentialities
if superhydrophobic substrates could be used as stating materials. A simple method was proposed to
provide superhydrophobic properties to paper [65]. It was shown that plasma treatment could be used
to control the wettability in certain regions, opening the possibility to use such substrates to produce
non-expensive open-microfluidics on lab-on-a-chip devices.

Using glass slides coated with hydrophobic molecules with a hydrophilic pattern generated by protecting
a region of the glass slide with tape during the treatment, Hancock et a/.[66] proposed a simple method
to generate centimeters-long gradients of molecules and particles using a micropipette. A drop of
solution was pipetted onto a fluid stripe held in place on a glass slide by a hydrophobic boundary. The
resulting difference in curvature pressure drove the flow and created a concentration gradient by
convection. The method was compatible with microwell arrays, allowing soluble gradients to be applied
to cells in shear-protected microwells. The shapes of micro- and nanodrops were also controlled by
patterning those glass surfaces with special hydrophilic regions surrounded by hydrophobic boundaries.
Finite element method simulations link the shape of the hydrophilic regions to that of the droplets.
Shaped droplets were used to controllably pattern planar surfaces and microwell arrays with
microparticles and cells at the micro- and macroscales. Droplets containing suspended sedimenting
particles, initially at uniform concentration, deposit more particles under deeper regions than under
shallow regions. The resulting surface concentration is thus proportional to the local fluid depth and
agrees well with the measured and simulated droplet profiles. Shaped droplets of prepolymer solution
were also generated and further crosslinked to synthesize microgels with tailored 3D geometry [67].
Regarding the use of superhydrophobic surfaces and their wettability contrast with patterned channels,
Oliveira et al. [42] suggested the use of biomimetic superhydrophobic polystyrene surfaces patterned
with hydrophilic channels for open microfluidics studies. In comparison with hydrophobic surfaces,
superhydrophobicity offers higher wetting contrast and more precise control on the triple line and
interfacial elasticity for microfluidics. Open microfluidics (also called surface microfluidics), when
compared to its closed counterpart shows advantages such as simple monolithic construction, direct

environmental accessibility, no cavitation/interfacial obstruction, clear optical path, and compatibility
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with biological experiments. The wettability of the 2D channels could be precisely controlled between the
superhydrophobic and superhydrophilic states by changing the exposure time to UV/ozone irradiation.
The ability of superhydrophilic paths to drive liquid flows in a horizontal position was found to be
significantly higher than for the case of hydrophilic paths patterned onto smooth surfaces.

A similar concept was used to study droplet-based transport phenomena driven by surface using a
comprehensive theoretical and experimental investigation of unconventional droplet-based motions [68].
The surfaces were monolithically fabricated using a facile two-step laser micromachining technique on
regular PDMS chemistry. Unlike the traditional droplet-driven pumps built on an enclosed microfluidic
network, this network pins the liquid-solid interface of droplets to the lithographically defined wetting
boundary and establishes a direct linkage between the volumetric and hydraulic measures. Multi-stage
programmable bidirectional pumping has been implemented on the platform, according to the newly
established droplet manipulation principle, to illustrate its potential use for automated biomicrofluidic

and point-of-care diagnostic applications.

2.8.4. Superhydrophobic Surfaces as Devices for High-Throughput Analysis in the Tissue Engineering

and Regenerative Medicine field

High-throughput analysis techniques to be used in Tissue Engineering and Regenerative Medicine
approaches

One of the main challenges in tissue engineering is to obtain optimized products, combining
biomaterials, cells and soluble factors able to stimulate tissue regeneration. Multiple combinations may
be considered by changing the conditions among these three factors. The unpredictable response of
each combination requires time-consuming tests. High-throughput methodologies have been proposed
to master such complex analysis in tissue engineering. Usually, these tests are performed using cells
cultured into two-dimensional biomaterials or by dispensing arrays of cell loaded hydrogels [69,70].
However, since it is well reported that cell culture in 3D environments allows for a higher mimicry of the
native extracellular matrix, in the last years efforts were made to adapt and create new techniques for
high-throughput analysis of cells-3D biomaterials interactions. In this section, we revise the main
techniques developed for cell studies in 2D and 3D environments.

Surface patterning techniques which allow for arrays fabrication can be divided in direct writing

techniques and other techniques. A sum-up of the current and potential techniques for the study of
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combinatorial biomaterials for tissue engineering purposes will be presented, along with the examples of
their applications in this field.

In direct writing techniques the use of a mask or pre-templates is not necessary. These techniques can
be divided in (i) contact printing, (i) non-contact printing and (iii) beam-based techniques. In contact
printing, a tip (usually metallic) is used to apply a material or energy into a surface; for this reason, this
technique is also called scanning-probe lithography, since the tips used for this purpose are usually
probes from some microscopic equipment, such as atomic force microscopy. In constructive contact
printing, the tip is immersed in the solution and the deposition of a material in a surface occurs by, for
example, electrostatic assembly of the deposited material and the surface. When a pattern is not made
by the direct deposition of material, but by the application of a mechanical force - which may be
compressive or in the form of shear stress - the technique is considered destructive, since the substrate
is destructed in the spot that the tip touches. Contact printing against an agarose-coated silane surfaces
has been performed aiming for the development of strategies for cell manipulation and skeletal tissue
engineering using high-throughput polymer blend formulation, aiming for bone tissue regeneration [71].
Mei et al. have used contact printing in epoxy monolayer-coated glass slides to map the interactions
among biomaterials, adsorbed proteins, and human embryonic stem cells (hESC) [72]. Monomers were
deposited in each spot and the polymerization was performed via 10 second exposure to long-wave UV
light. Combining high throughput polymer synthesis and rapid quantification of material/protein/cell
interactions, the authors have shown that it is possible to quickly map out the interactions among hESC
cell attachment, Fn adsorption, and the chemical structures of the substrates. A similar approach for
the obtaining of polymeric nanoliter-scale arrays was developed by Tweedi ef a/.[73], who in few days
analyzed the mechanical properties (namely, stiffness) of over 1700 combinations of
photopolymerizable polymers by nanoindentation.

Non-contact printing, also known as inkjet printing, is performed by ejecting nanolitre volumes of the
desired solution from a microcapillary onto specified positions on a surface. Inkjet printing has been
adapted for high-throughput cell patterning [74,75] using glass microscope cover slips as an optically
transparent substrate material. To prevent the unhindered attachment of cells across the substrate, the
cover slips were dip coated with an autoclaved solution of type Il agarose. This work enabled the rapid
identification of ‘smart’ hydrogels for the binding and mild thermal release (from 37°C to 20°C) of all

the evaluated cell lines, allowing for example the identification of novel polymers for stem cell binding
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and proliferation with subtle temperature mediated release. Polymer synthesis was achieved by
depositing the redox initiator followed by combinations of the 18 monomers on a drop-by-drop basis.
High-throughput laser printing of cells and biomaterials for tissue engineering has been proposed by
Guillemot ef a/[76]. This work presents results of high-throughput laser printing of a biopolymer (sodium
alginate), other biomaterial (nano-sized hydroxyapatite synthesized by wet precipitation) and human
endothelial cells. To design an efficient biological laser printer, various pulsed lasers were first
considered to determine their suitability for working with living cells and biomaterials as well as for rapid
prototyping applications. This technique is complex due to its major requirements, which include: (a)
wavelength, which should not induce alteration of the biological materials used, leading to a preference
for near-IR lasers, in spite of UV lasers, capable of DNA denaturation; (b) pulse duration and frequency;
(c) beam quality, in order to ensure the reproducibility, the stability and the high resolution of the
system. A sophisticated five-axe positioning system was integrated into the workstation with the purpose
of printing multi-color patterns and building 3D biostructures. Droplet generation was performed by
driving the laser beam by means of a high speed scanning system composed of two galvanometric
mirrors.

Considering indirect writing techniques - which require the use of masks - photolithography is a
technique in which a substrate is irradiated with high energy (such as UV radiation) through a photo-
mask. The surface alterations can include the ablation of a photoresist layer, initialization of
polymerization, among others. A method in which photolithography was used to produce the masters to
produce microfluid channels was presented by Yuan ef a/[77]. This method allowed for the patterning of
different types of cells on several types of flat substrates, for instance: glass, PDMS, polystyrene, indium
tin oxide (ITO), and even substrates with micro- and nanometer-scale topographic cues like
microgrooves. After culturing cells on microfluidic channels (whose separation barrier was PDMS
membranes), the membranes separating the channels were removed, and cells were free to migrate
under the influence of each other and the substrate, and eventually directly contact each other. As such,
migration and co-culture studies could be performed.

Photolithography was used to imprint topographical cues designed by algorithm-based methods, using
combinations of simple geometric shapes in a suface of poly(lactic acid). Having in mind that material
surface topography is able to evoke specific cellular responses, endowing materials with instructive
properties that were formerly reserved for growth factors, the cells behavior was tested in these chips,

and “hit” spots for ALP expression could be detected, as morphology could also be studied. The authors
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could observe that some surface topography is capable of enhancing osteogenic differentiation of
hMSCs [78].

Techniques that involve the use of hard molds to produce patterns are imprint lithography and soft
lithography. In imprint lithography, a thermoplastic film covers a heat-resistant substrate. When the
temperature is raised about the glass transition temperature of the thermoplastic, a stiff mold previously
prepared by photolithography or electron beam lithography is applied and compressed against the
thermoplastic. After the cooling of the thermoplastic, the rigid mold is removed, and patterns are
obtained. In soft lithography, the same type of rigid templates is used. However, instead of the use of a
thermoplastic, usually an elastomer (e.g. PDMS) is applied in the master and further crosslinked, i.e. its
mechanical properties and stability is increased by the strengthening of chemical or physical bounds.
After crosslinking, the master is removed, and the elastomer possesses a pattern correspondent to the
negative of the mold. A microfabricated platform was developed to perform high-throughput unconfined
compression of biomaterials in micropatterned arrays. A micropatterned platform was obtained by soft-
lithography by Moraes ef a/.[79] It was capable of applying a range of cyclic, compressive mechanical
forces to cells encapsulated in an array of micropatterned biomaterials. Nuclear and cellular
deformation in response to applied compression was assessed in mouse mesenchymal stem cells
encapsulated PEG hydrogels.

To study arrays of isolated materials, commercially available well-plates are also commonly used. They
allow for a simple and inexpensive generation of arrays of 3D structures. Combinatorial screening of
osteoblast response to 3D calcium phosphate/poly(e-caprolactone) (PCL) scaffolds using gradients and
arrays was performed by Chaterjee ef a/[80]. The effect of the incorporation of nanoamorphous calcium
phosphate (nACP) particles on osteoblast response was evaluated. Increasing nACP content in PCL
scaffolds promoted osteoblast adhesion and proliferation. Libraries of scaffolds were fabricated in two
formats: gradients in well-plates and arrays. A gradient approach for systematic screening of cell
response to 3D scaffold composition has been presented using a salt-leached gradient scaffold.
Comparison of gradients and arrays suggests that gradients were more sensitive for detecting effects of
scaffold composition on cell adhesion whereas arrays were more sensitive at detecting effects on cell
proliferation. Combinatorial extracellular matrices for human embryonic stem cell differentiation in 3D
were also prepared using well-plates [81]. Advances in understanding cell-lECM interactions and
signaling can provide valuable insights in guiding the design of biomimetic materials to regulate stem

cell fate for various tissue regeneration applications.
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All previous examples consist usually of isolated spots in a substrate. However, an array of conditions
may be obtained by generating gradients of crosslinking [82] or loading of some bioactive agent in the
structure of a unique biomaterial. The effect of the modulus of 3D scaffolds on osteoblasts
differentiation and mineralization was studied by combinatorial screening using gradients [83].
Prepolymeric solutions were polymerized by UV irradiation in different regions, so a simple and
inexpensive combinatorial platform was developed to rapidly screen 3D tissue scaffolds. A similar
approach was developed to rapidly generate biologically relevant hydrogels containing chemical
gradients, using a microfluidic channel [84]. Cellular response to gradients of microgrooves was
addressed using an assay format comprising orthogonal gradients of continuously varied groove pitch
and depth. The attachment and morphological response of distinct cell types to the variation in
topographical cues was studied [85]. Gradients of polyelectrolyte coating obtained by layer-by-layer

technology were also fabricated so the interaction between the films and cells could be studied [86].

Superhydrophobic surfaces in High-Throughput Analysis strategies applicable in Tissue
Engineering and Regenerative Medicine

Many of the previously reported strategies to study combinatorial cell-materials interactions represented
an advance in the development of devices for high-throughput screening. However, some needs for the
tissue engineering field remained still to accomplish. With the use of polystyrene superhydrophobic
surfaces patterned with wettable regions, Mano and co-workers proposed a series of works in which a
method that does not involve complicated processing or expensive equipments or materials is proposed
to perform combinatorial studies. In these platforms, protein-cells interactions could be studied in
independent spots, avoiding the contamination of neighboring spots with factors released from the cells
or materials present in other patterned regions [87]. Also, hydrogels with encapsulated cells could were
studied, showing the total cytocompatibility of the platforms [88]. Miniaturized studies of cell-porous
scaffolds interactions could be performed for the first time in a platform compatible with the minimum
size required for a scaffold with a representative number of pores [89]. These platforms also allow for
the direct access to the biomaterials constructs, since these are not confined by walls. This feature
allowed performing on-chip porosity assessment and unconfined dynamic mechanical analysis of the
structures using in-situ and non-destructive techniques.

Levkin and co-workers propose a superhydrophilic surface patterned with superhydrophobic borders for
high-density cell arrays and generation of arrays of cell arrays avoiding the need of pipetting solutions in

single individual spots [90].

74



Section |. Chapter 2 - Biomimetic Superhydrophobic Surfaces

In this section both approaches and their applications will be revised and their advantages will be

discussed.

- For 2D strategies
Polystyrene superhydrophobic surfaces patterned with hydrophilic spots have been proposed as devices
to be used for high-throughput analysis of cell-biomaterials interactions. These platforms present several
advantages for the multiplexed study of biomaterials-cells interaction. Firstly, the superhydrophobic
surface that is used in this approach consists of pure polystyrene, which is a non-cytotoxic material,
used as a gold-standard for cell culture studies, and a non-expensive material. The patterning of the
surfaces with wettable spots was achieved by the exposition of the surface to UV/ozone irradiation
through a photomask. As such, this showed to be a simple, rapid and low-cost method for the
preparation of the platforms. The chips are totally flat and robust, which eases their manipulation and
storage. The biomaterials can be dispensed in each wettable spot and are kept separated from each
other due to the highly repellent character of the surrounding area (Figure 2.3). The volumes of
solutions dispensed in the spots can be easily varied, as well as the size of the spots. These platforms
allow for the sloping and transportation of the whole platform without the mixture of the individual

volumes dispensed in each hydrophilic spot.

Figure 2.3. - Device for highthroughput analysis: droplets of different volumes from 2 to 8 ul confined in wettable
regions produced by different UV/Ozone irradiation times from 1 to 12 minutes in polystyrene superhydrophobic
surfaces produced by phase-separation method. Neto ef a/ Soft Matter 7, 4147 (2011) - Reproduced with
permission of The Royal Society of Chemistry.

Regarding studies in two-dimensional environment, these platforms allowed screening the biological
performance of independent combinations of proteins adsorbed in the wettable patterned regions and
cells (Figure 2.4) [87]. In the proof of concept, human fibronectin and albumin were adsorbed in the

wettable spots, either separately or together. The amount of adsorbed proteins and their competing
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adsorption could be observed by image analysis of the fluorescent-tagged molecules. Cell adhesion
studies were performed directly in the wettable spots containing combinatorial dispositions of protein
amounts, and cell count was performed by using image-based techniques. Similar chips of poly(L-lactic
acid) patterned by the same method as the previously described chips were used to study the
mineralization of distinct bioglass nanoparticles formulations, processed by sol-gel technology [91], by
performing SEM and EDS analysis in each individual spot.

Levkin and co-workers developed superhydrophobic-superhydrophilic micropatterned chips. A
superhydrophilic nanoporous HEMA-EDMA film was firstly prepared by photopolymerization. A grid-like
superhydrophobic pattern was then created in the film, by modifying HEMA-EDMA surface with brushes
of poly(2,2,3,3,3-pentafluoropropyl methacrylate-co-ethylene dimethacrylate) (PFPMA-EDMA) by
photografting using UV irradiation. These chips were used as high-density cell microarrays [90]. The
microspots absorb water solutions, while the barriers prevent cross-contamination, thus allowing the
spots to be used as reservoirs for transfection mixtures and preventing cell proliferation and cell
migration between the microspots. These chips were also used for the generation of isolated
microdroplets and 3D cell-encapsulated hydrogels for cell studies; these works will be addressed in the
next section regarding high-throughput studies in 3D environments. The same authors also described a
simple method for creating superhydrophilic micropatterns on superhydrophobic surfaces [92]. The
method was based on printing an “ink”, an ethanol solution of a phospholipid, onto a porous
superhydrophobic surface, which is compatible with a variety of commonly available printing

techniques.
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Figure 2.4. — Fluorescence microscopy images of substrates where wettable spots were incubated with protein
solutions for 2 hours of (i) albumin (green) and (i) fibronectin (red) with different concentrations (vertical axis) and
during different adsorption times (horizontal axis). (iii) Albumin and fibronectin fluorescent fingerprints in
patterned surfaces after different relative amounts and protein concentrations were deposited in the hydrophilic
spots. Lower image: confocal microscope pictures of osteoblast-ike cells cultured for 4 hours on the
micropatterned array pre-adsorbed with different protein quantities (equivalent to the array in (iii)). Scale bars,

500 pm. Neto ef a/. Soft Matter 7, 4147 (2011) - Reproduced with permission of The Royal Society of Chemistry.

- For 3D strategies
The array-based screening flat platform described above, consisting of superhydrophobic polystyrene
patterned with wettable millimetric spots also showed potential to be used as a high-throughput device
for combinatorial cell/3D biomaterials screening assays in the context of tissue engineering (Figure
2.5A,B) [88]. The biological performance of encapsulated cells in hydrogels could be tested in an /n vitro
3D environment assuming that each site was isolated from the others due to the high contrast of

wettability between the patterned spots and the superhydrophobic surroundings. Three different
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polymers — chitosan, collagen and hyaluronic acid - were combined with alginate in different proportions
in order to obtain combinatorial binary alginate-based polymeric arrays. The effect of the addition of
gelatin to the binary structures was also tested. The gels were chemically analyzed on-chip by FTIR
microscopic mapping. The observed cell culture results varied according to the hydrogel composition
and encapsulated cell types: 1929 fibroblast cells and MC3T3-E1 pre-osteoblast cells. Cell viability and
number were assessed by conventional chip-destructive methods, in which the samples were removrd
from the chip and analyzed individually. MTS reduction test and dsDNA quantification were the selected
tests. Non-destructive image analysis was performed on-chip using cytoskeleton and nuclei staining
agents (Figure 2.5). The results between both types of tests were coherent. Briefly, L929 cells showed
both higher number and viability for higher alginate and collagen-containing hydrogels, while MC3T3-E1
showed higher cell viability and cell number in lower alginate-content and chitosan containing hydrogels.
The addition of gelatin did not influence significantly cell metabolic activity or cell number in any of the
encapsulated cell types.

Using the same type of high-throughput analysis platforms, the on-chip combinatorial study of 3D
miniaturized porous scaffolds was proposed. Arrays of biomaterials were dispensed and processed in-
situ as porous scaffolds with distinct composition, surface characteristics, porosity/pore size and
mechanical properties (Figure 2.6 A) [89]. On<chip porosity, pore size and mechanical properties of
scaffolds based on chitosan and alginate were assessed by adapting microcomputed tomography
equipment and a dynamic mechanical analyzer - and cell response after 24 hours. The interactions
between cell types of two distinct origins — osteoblast-like and fibroblasts - and the scaffolds modified
with fibronectin are studied by image-based methods (Figure 2.6 B,C) and validated by comparison with
conventional destructive methods (dsDNA quantification and MTS tests). Physical and biological on-chip
analyses were coherent with the conventional measures, and conclusions about the most favorable

conditions for each cell type were taken.
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Figure 2.5. — In the upper image: a superhydrophobic chip with hydrogels (left) after preparation by ionic

crosslinking and (right) after immersion in medium. Bottom image: the acquisition of microscopy images allowed
to study the cell number (by nuclei staining) in each hydrogel by non-destructive means. Salgado ef a/lntegrative

Biology 4, 318 (2012) - Reproduced with permission of The Royal Society of Chemistty.

Using the nanoporous superhydrophilic surfaces patterned with superhydrophobic spots described
above [93], a one-step method for creating thousands of isolated pico- to microliter-sized droplets with
defined geometry and volume was proposed. Arrays of droplets were formed as liquid moves along a
superhydrophilic—superhydrophobic patterned surface. Isolated microdroplets with defined geometry
and volume could be generated by a technology referred by the authors as a Droplet Microarray. The
extreme wettability contrast of superhydrophilic spots on a superhydrophobic background allowed for
the spontaneous separation of an aqueous solution, leading to the formation of high-density arrays of
completely separated microdroplets, avoiding manual pipetting or a liquid handling device. High-density
arrays of hydrogel micropads encapsulating live cells were also prepared in this device, with potential to

be used for high-throughput screening of cells in 3D microenvironments.
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Figure 2.6. - (A) Fluorecence microscopy images of on-chip produced scaffolds with L929 and SaOs-2 cell nuclei
stained with DAPI. (B) Intensity maps of image-based quantification of cell nuclei. (C) On-chip calculated cell
viability on each scaffold with gradients of adsorbed fibronectin obtained by the image-based quantification of

dead cells. Oliveira ef a/ Small- Reproduced by permission of John Wiley and Sons.

2.9. CONCLUSIONS
The understanding and development of superhydrophobic surfaces has been in wide expansion during
the last decades. One of the main areas of application for these highly water repellent surfaces is
biomedical engineering, biotechnology and development of biomaterials. Recently, these materials were
proposed for applications as implantable biomaterials with anti-adherent properties for vascular grafts or
with bactericidal properties. In their simple form, these surfaces were used as devices for the simple,
biocompatible and economically viable production of biomaterials loaded with drug, cells or other active
agents. Moreover, the patterning of such surfaces with wettable channels or spots has allowed
developing devices for microfluidics studies and high-throughput combinatorial studies, allowing
circumventing problems associated with previous state-of-the-art techniques. Regarding this information,
we consider that the development of biomimetic superhydrophobic surfaces and their discovery as
innovative, affordable and versatile devices is a promising research area, with a broad set of future

perspectives.
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CHAPTER 3. HIGH-THROUGHPUT SCREENING FOR INTEGRATIVE BIOMATERIALS

DESIGN: EXPLORING ADVANCES AND NEW TRENDS?

3.1 ABSTRACT
With the increasing need for biomaterials and tissue engineering alternatives, more accurate, rapid and
cost-saving methods and models to study biomaterials-cells interactions must be developed. We review
the evolution of microarray platforms used for such studies in order to meet the criteria of the complex
tissue engineering biological environments. Particular aspects regarding biomaterials processing, data
acquisition and treatment are addressed. Besides /7 vitro array-based strategies we also address the
emerging /n vivo high-throughput approaches and its associated trends, such as the role of inflammation
in regeneration. The up-scaling of high-throughput methods using single cell encapsulation systems is
also explored. Possible limitations related to the use of such methods, such as spot-to-spot crosstalk,

are also discussed.

:This chapter was based on the publication: Oliveira MB, Mano JF. High-Throughput Screening for Integrative Biomaterials Design:
Exploring Advances and New Trends. Trends in Biotechnology. (in press). DOI: 10.1016/j.tibtech.2014.09.009
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3.2. HIGH-THROUGHP UT ANALYSIS FOR BIOMATERIALS DEVELOPMENT

The challenges associated with life quality maintenance in ageing populations require better
biomaterials, particularly in the field of tissue engineering. However, the development of new materials
designed to address specific biological problems is hampered by multiple complex factors associated
with their application, including materials chemistry, topography, cell-protein interactions, cell types and
physiological state (Box 1). Rapid cost-saving testing of biomaterials-cells interactions is needed to
understand the complexity affecting this area [1, 2]. Moreover, efforts to design more truthful
biomimetic cell niches are needed [3-6] as conditions used /77 vifro are still fairly distant from mimicking
the body environment, in particular at the cellular level.

In this review, we focus on the advances in the design of biomaterials’ arrays compatible with cell/drug
encapsulation, miniaturization of porous scaffolds and adaptation with mini/micro-bioreactors (Table
3.1). The dependence of automated equipment for the patterning of biomaterials/cells in the platforms
used for high-throughput screening (HTS) will be compared with techniques that allow for bench-top
dispensing of biomaterials [7-9]. A recent trend consisting of the implantation of biomaterials arrays in
animal models will also be explored (Figure 3.1) [10]. Single cell encapsulation in biomaterial
microparticles will also be addressed, as it rises as an easily up-scalable method for the study of

biomaterials [11].

BOX 1

Complexity of biomaterials development for tissue regeneration or substitution strategies

Tissue regeneration is mediated by cellular response, affected by the envionment created by biomaterials,
delivered molecules and stimulation of the whole tissue by, e.g. mechanical means. The complex choice of a
biomaterial for organ substitution or regeneration is decided after evaluating the type of damage and its
dimension. The final goal is having a biomaterial that, alone or in combination with other factors such as bioactive
molecules and with specific cells, modulates cells and tissue response to achieve full regeneration.

According to the defect, materials in the form of coatings/membranes (isotropic or with gradients), three-
dimensional scaffolds or cell laden hydrogels must be chosen. One may process biomaterials from several types:
metallic, polymeric, ceramic, composite, self assembled low molecular weight molecules, among others. A wide
range of techniques is available to process such materials, e.g. solvent casting, layer-by-layer,
photopolymerization, ionic gelation and rapid prototyping Materials origin, composition and processing will
determine biomaterials physicochemical characteristics such as topography, wettability, protein adsorption profile,

mechanical properties, viscoelasticity, soluble factors uptake/release and degradability. Some of these factors will
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vary in time after implantation with mechanical and chemical stimuli (e.g by mechanisms of degradation), that

may occur by action of cells.
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-

-

__-~~"" BIOMATERIALS BIOMOLECULES ™~

~

-~
- ~
—

PHYSICOCHEMICAL MATERIAL
PROPERTIES STRUCTURE
PROCESSING TECHNIQUE
WILL mnsmue

BIOMOLECULES
*SOURCE ~Addition of growth factors and other
soluble molecules

~Relase rate of growth factors

~Surface modification with peptides/sugars
~Transfection (mRNA, siRNA delivery)

TYPE
“DIFFERENTIATION STAGE
*CO-CULTURES.

 ASSESSMENT OUTPUT =\
STATIC CYTOCOMPATIBILITY
INVITRO » PROLIFERATION » OPTIMIZATION
DIFFERENTIATION
DYNAMIC ECM COMPOSITION
l ANIMAL MODEL INFLAMMATORY RESPONSE CLINICAL
PMN cells recruitment
INVIVO Type of implant: M1/M2 ratio STUDIES

- subcutaneous BIOFUNCTIONALITY
\ - orthotopic AMOUNT AND QUALITY OF THE FORMED TISSUE

Figure 3l. (Box 1) — Schematic representation of the main interactions affecting the design, testing and performance of

biomaterials.

The implanted biomaterials may contain seeded or encapsulated cells - from autologous or allogenic origin - and
bioactive molecules. Such cells may be of primary lineage or stem cells derived from different origins (e.g
adipose tissue, bone marrow), or induced pluripotent stem cells. Stem cells may be implanted in a native post-
retrieval state or with different times of pre-differentiation /7 wiro. It is well also known that in some biological
tissues - such as the osteochondral tissue, where there is an interaction between chondrocytes and osteoblasts —
the presence of co-cultures may be important to promote natural-occurring interactions.

For biomaterials loaded with bioactive molecules, their release must be controlled so they induce the desired
response in cells. Such molecules may consist of growth factors to promote cells differentiation, molecules for

surface modification of biomaterials or genetic material to be delivered intracellularly to tailor cells fate.
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The study of cell response must be studied /n vifro — either with mechanical stimuli that mimic the organism
action, or in static environment. This process must be optimized until promising results are achieved. Selected
conditions must be implanted in animal models, firstly for initial response studies (e.g. inflammatory response)

and later for tissue regeneration.

3.3. EVOLUTION OF HIGH-THROUGHPUT SYSTEMS FOR BIOMATERIALS SCREENING: FINDING INSPIRATION
TO SOLVE CURRENT NEEDS
The perspective of a rapid, efficient and industry-paced discovery of adequate materials for implantation
was implemented with the development of miniaturized biomaterials arrays [12,13]. Such systems have
seen significant development during the last decade to meet specific needs of the evolving biomaterials
field, where the importance of reproducing biological niche-like three-dimensional environments [14]
and the effect of several external parameters affecting biological response were reported [15-18]. In this

section we present a critical report on the developments of biomaterials HTS systems.

3.3.1. Direct writing techniques

The first biomaterials microarray was suggested in 2004 by Anderson et a/[13]. It consisted of over
1700 contact-printed and polymerized monomers onto which embryonic stem cells (ESCs) were
seeded. Relevant and unexpected effects of materials on cells proliferation and differentiation were
identified on chips with the size of a microscopy glass slide. Contact printing uses pins to dispense a
material volume, whose deposition occurs after the direct contact with the surface, previously treated to
prevent cell adhesion. Materials size and shape is determined by the pin size [19]. Such technique
allowed the rapid mapping of interactions between biodegradable polymeric biomaterials, proteins and
stem cells [20,21]. The stiffness of more than 1700 biodegradable biomaterials was also characterized
by nanoindentation in a few days [22]. Hook ef a/. identified biomaterials formulations that reduced the
attachment of pathogenic bacteria and validated such results by implanting “hit” biomaterials-coated
silicone in mice [23]. Contact printing was recently used to print photopolymerizable hydrogels
containing encapsulated cells, followed by analyzes of their osteogenic potential totally on-chip [24].
Inkjet printing rose as a non-contact direct writing printing technique (Table 3.2). It was used to pattern
hydrogels, proteins and cells in the form of miniaturized arrays [25-28]. It is performed by ejecting
nanoliter volumes of solutions from a microcapillary onto specified surface positions. Piezoelectric
stimuli or heat may be applied in order to separate the liquid from the tip of the nozzle; the use of

heating strategy allowed cell encapsulation with viability in the range of 90% [29]. Alternatively, laser
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printing (Table 3.2), as firstly suggested by Guillemot ef a/ [30], was used to print microarrays of cells -

avoiding DNA fragmentation [31,32] - ceramic/polymeric biomaterials and proteins [33].

3.3.2. Indirect writing techniques

Indirect writing techniques require the pre-production of a template to pattern biomaterials and mixtures
thereof [34]. In photolithography (Table 3.2) a substrate is irradiated with high energy through a photo-
mask. Surface alterations can include the ablation of a photoresist layer, initialization of polymerization
or surface modification. Yuan ef a/. [35] developed a method for patterning and studying the migration
of different types of cells on substrates composed by different materials with flat features or with
grooves. Poly(ethylene glycol)-diacrylate (PEG-DA) microwells produced by photolithography [36] were
used as reservoirs to study biomaterials-stem cells interactions after depositing biomaterials in the
microwells by contact printing [37].

In soft lithography an elastomer - usually polydimethylsiloxane (PDMS) - is applied in a pre-designed
mold and further crosslinked, possessing a pattern correspondent to the negative of the template.
Moraes et al. produced a microfabricated platform for unconfined compression of biomaterial arrays by

soft-lithography (Table 3.1) to study its effect on encapsulated mesenchymal stem cells [38].

The particular case of wettability contrast-based arrays

Superhydrophobic surfaces patterned with wettable regions are a particular case of indirect writing
platforms used for biomaterials studies. It is generally accepted that superhydrophobic surfaces show
water contact angles higher than 150° and low surface energy, effectively repelling water adhesion [40].
In such surfaces biomaterials remain restricted to the wettable spots due to the wettability constrast
between them and the superhydrophobic surrounding [7, 41, 42]. This approach allows patterning
water-based biomaterials with distinct shapes and heights, depending on the shape and area of the
wettable spot, as well as on the volume dispensed (Figure 3.1a). It was shown that cell attachment or
proliferation is avoided in the superhydrophobic parts of the chips [43-45].

Protein-cells interactions were studied in independent spots of polystyrene chips, avoiding the
contamination or cross-talk of neighboring spots with factors released from the cells or materials present
in neighboring spots [42]. Using polystyrene chips, biomaterials were dispensed in the wettable spots by
pipetting [46-48]. Nonetheless, the total flatness of the platforms makes them compatible with any
automated printing strategy. Hydrogels with encapsulated cells were also patterned and analyzed by
image-based techniques (Table 3.2) [46]. Porous scaffolds were also processed in the form of

miniaturized arrays (Figure 3.1a) for the first time in a platform compatible with the minimum size
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required for a scaffold with a representative number of pores [47]. These platforms also allow for the
direct access to the biomaterials constructs, since these are not confined by walls. This feature allowed
performing on-chip porosity assessment and unconfined dynamic mechanical analysis of the structures
using /n situand non-destructive techniques [47, 48].

Levkin and co-workers suggested a superhydrophilic surface patterned with superhydrophobic borders
composed of HEMA-EDMA photopatterned with PFPMA through a photo-mask. High-density
hydrogel/cell arrays were patterned in the wettable spots avoiding pipetting or handling solutions in
single individual spots [8, 9], as arrays of droplets were formed by dragging the cell{aden polymer
solution along the surface.

In biomaterials development, besides direct cells-biomaterials contact, the presence of bioactive
molecules, such as growth factors or genetic material [49], may also determine cell fate and therapeutic
effects (Box 1). Upon implantation, the delivery rate of such molecules is of utmost importance to
promote a desired response [50]. Our group developed polystyrene superhydrophobic surfaces
patterned with a ring-shaped wettable region to study the release of growth factors from hydrogels by
image analysis (Table 3.1) [b1].

Polystyrene chips based on wettability contrast containing miniaturized biomaterials were also implanted
in Wistar rats for the assessment of localized early inflammatory response in a high-throughput context

(Figure 3.1) [10].

3.3.3. Direct and indirect writing techniques: a critical comparison

In direct writing techniques biomaterials are deposited in uniform surfaces and the size of such
unconfined biomaterials is not limited by the definition of the surface patterns. Techniques such as
contact, inkjet and laser printing allowed patterning biomaterials and biomaterials/cells mixtures with
diameters ranging from 50 um to 500 um [13,26-33] attaining, mainly in the case of cell{aden
hydrogels, lower values than indirect writing techniques (Table 3.2). However, the spreading of the
biomaterials in such platforms is dependent on their chemical/physical interactions with the surface.
For such reason, materials with different chemical compositions may generate heterogeneous spots
with distinct diameters/shapes and their printing requires optimization.

The wide range of patterns used in indirect writing printing strategies provides several advantages
regarding biomaterials homogenous geometry and volume control, mainly with the use of platforms
temporary masks [35] and patterns of wettability contrast [46-48]. The use of microwells has been

evidenced as beneficial to avoid crosstalk and contamination between biomaterials [39].
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Table 3.1. — Examples of high-throughput screening platforms adapted to be compatible with relevant topics for efficient biomaterials.

Relevant topic studied for tissue

Use of the chips

engineering/bio materials

Section I. Chapter 3 - High-Throughput Screening for Integrative Biomaterials Design: Exploring Advances and New Trends

Disposition of the
biomaterials on space

Examples of
interactions/ characteristics

Cell-biomaterials direct contact
interactions

2D array

assessed on-chi

2D interactions protein-materials-
cells

[21,42]

2D interactions biomaterial
films/hydrogelcells/bacteria

[13, 20, 23, 27, 28, 35, 37, 53, 60-63]

Topographical cues-cells interaction

[4, 54]

Cell-laden hydrogels

[24, 26, 30, 31, 39, 46, 52]

arrays on-chip on animal
models

Porous scaffolds-cells interaction [47, 59, 69]
3D “array” (microparticles
in a 3D environment) Cell-laden hydrogels [76, 79, 80]

Cyclic mechanical stimuli

' Effect of externally applied 2D array (compression) on cells encapsulated [38]
In vitro L . on hydrogels
stimuli (bioreactors on-chip) - —
3D “array” (particles inside  Shear stress on cells seeded on the

. . ) [93]

a coiled tube) surface of microparticles

Mechanical and viscoelastic
properties (nanoindentation, DMA) [22, 48]
Physica l-chemical 2D array Surface wettability (WCA)
characterization of biomaterials
Surface chemistry (TOF-SIMS, [46]: reviewed in [91]
Raman Spe ctroscopy, XPS, FTIR) '
BSA-FITC release from alginate
Drug/growth factor release 2D arra hydrogels; fully on-chip image-based [51]
from biomaterials y yarogess, uly ) P imag
technique
Assessment of the i vivo
o Inflammatory response for each
response to individual ) .
biomaterials implanted as 2D arra biomaterials on the arrays upon [10]
In vivo P y subcutaneous implantation in Wistar

rats
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However, the presence of walls may impair easy on-chip mechanical characterization of the samples.
Lithographic methods are particularly advantageous when complex designs for integration of bioreactors
on-chip are required [38]. Superhydrophobic patterned chips offer the advantage of having totally flat
surfaces and unconfined samples. It is also compatible with the design of complex devices for, e.g. drug

release assessment [51].

3.3.4. Gradients

Biomaterials libraries and combinations in the form of an array are, so far, the most common method to
perform time and resource-saving studies in the field. Nonetheless, materials gradients also gained
momentum to study the effect of continuous variations of biomaterials’ stiffness [52], surface chemistry
[53] and other chemical features [54-56], topography or presence of bioactive agents [57] on cell
response (Table 3.2).

Although gradients sizes may achieve the scale of centimeters, the variation of properties of the
biomaterials is continuous in the whole range of the gradient (Table 3.2). In a comparative study on the
use of gradients versus discrete spots of biomaterials with RGD gradients, authors concluded that an
individual cell is unlikely to feel nano-alterations along the gradients. However, diffusional length was
sufficiently small so adjacent cells had significant influence in neighboring counterparts by paracrine
effects [58].

Besides microfluidic-generated linear gradients of 3D hydrogels stiffness and cell adhesion ligand
molecules [59,60], non-linear concentration gradients in biomaterials were also prepared [61]. The non-
orthogonal patterning of two bone morphogenic proteins (BMP-2 and BMP-7) gave insights on their
individual and combined effects on C2C12 cells fate [62]. Using capillary flow to produce gradients,
Hammond and co-workers patterned isolated spots of a microfluidic chip with layer-by-layer thin film
constructs with different compositions [63]. Biomaterials gradients were also designed to promote cell

migration using chemotaxis mechanisms [64].

3.4. THE NEED FOR NEW SYSTEMS TO IMPROVE THE STUDY OF COMPLEX BIOMATERIALS SYSTEMS
One of the most evident difficulties of generating usable high-throughput systems for the patterning of
biomaterials is the need of automated equipment to deposit samples on the chips. Levkin and co-
workers  patterned  hydrogel micropads in  the form of a microarray, using
superhydrophobic/superhydrophilic contrast by dragging a hydrogel solution along the wettable regions

[9]. The hydrogels, however, were not automatically dispensed in with combinatorial
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Table 3.2. - Listingand characterization of techniques used to study biomaterials-cells in a highthroughput manner.

Technique . . . . . . . 3D biomaterial-cells
" ) . Dispensing of Size of biomaterials Cell-biomaterials ) )
characterization by HTS technique Platform material ) ) ; ) interactions: type of
bio materials spots interactions
platform type structure
Glass coated Wltg 2D i [13, 20,23]
Contact printing agarose/epoxy/ 3- Contact (robot) 100 ym - 1 mm
(trimethoxysilyl) propy! Hydrogels for cell
3D ) [24]
methacrylate encapsulation
i 2 -
Inkjet printing Non-contact 100 pm - 1mm 2D Hydrogels for cell [26-29]
PET (commercially encapsulation
available printers) Hydrogels for cel
Laser printing Quartz 10 um - 100 um 3D encapsulation [30]
. Microcontact printing
Microwells PEG-DA using PDMS stamps 50 um- 100 um 2D [6]
Polymer selective
Photolithogra phy PDMS crosslmkl.ng b_y §Ct|0n 1 mm - 10 mm 3D Hydrogels fo.r cell [38]
of UV irradiation encapsulation
Amays
through a mask
) 290 um (pattern units
PLA Topography induced )
Amays of topography PMMA by hot embossing in the range of 10 um- 2D - [4, 54
28 um?
Indirect Hydrogels for cell
Commerecially N encapsulation
available well plates Polystyrene Pipetting Imm-10mm 3D [52, 59]
Porous scaffolds
Pipetting on the 2D i [46]
i Polystyrene wettable spots
Superhydro phobic Hydrogels for cell
Suffaces patlemed  HEMAEDMA photopatterned Dragging of the 500 pm -5 mm © encapsulation 10 42 49,45
P with PFPMA solution in the [10, 42, 47, 48]
patterned platform Porous scaffolds
(miniaturized)
Gradients Glass ..nm-10mm 2D - [54 - 63]
Others - i Microfluidics i
Single oe!l i 1 um - 10 pm 3D Hydrogel partlcle(s for (11, 76, 79]
encapsulation cell enca psullation
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formulations. Nonetheless, this approach opened an interesting possibility of patterning different
biomaterials in each wettable spot by dragging dynamic mixtures of polymers and cells, easily obtained
using a multi-inlet pump with programmable variable speeds. Cells were also cultured in arrays using
magnetic forces [65]. This may also open a possibility to increase the throughput of cell-laden hydrogels
in a robot-independent strategy. Recently, a technique named as “partipippeting” — consisting of wiping
hydrogels that are randomly pipetted on the top of a microwell array in order to force each individual
hydrogel to enter a single microwell - was suggested in order to rapidly pipette distinct hydrogels, in
parallel and in the absence of manual or sophisticated pipetting systems [66].

The scale factor is also an important aspect to take in consideration while studying biomaterials. In a
straightforward approach, the concept of high-throughput would ideally rely in the maximum
miniaturization of each individual unit to be studied. However, due to the micrometric size of cells,
biomaterials must have a representative size, allowing their encapsulation or seeding of cell
suspensions. Although cell-laden hydrogels are the most common way of performing combinatorial
studies of cells-biomaterials interactions in a 3D environment, some biomaterials are not amenable to
be processed in the mild conditions that allow cell encapsulation. Moreover, modulation of porous
scaffolds’ porosity, pore size and degree of interconnectivity not only influences cell seeding efficiency
and migration, but were also reported to influence cells response [67-68]. While cell-laden hydrogels
with diameters of 500 um show compatibility with long-term high-throughput studies, preparing a
miniaturized porous scaffold with a representative number of pores and a truly interconnected structure
required a minimum spot size of 1-2 mm [47]. Importantly, arrays of dried porous scaffolds may be an
interesting way of commercializing biomaterials sets in ready-to-use, offthe-shelf platforms for cell-
biomaterials tests [69].

Surface topography of biomaterials is known to affect cell response, namely stem cells differentiation
[70, 71]. In prosthesis, the achievement of an adequate surface topography also determines their
successful integration. Unadkat ef a/. designed a poly(lactic acid) (PLA) chip whose spots contained non-
biased topographies generated randomly by machine learning algorithms. Such chips were used to
discover materials topographies that promote mesenchymal stem cells proliferation and commitment in
the osteogenic lineage [4]. Orthogonal topography gradients in combination with chemical cues were
also suggested to study cell response — namely morphology - in poly(methyl methacrylate) (PMMA)
surfaces (Table 3.1) [54].

A critical aspect in high-throughput engineering of biomaterials relies on the effects of eventual crosstalk

between spots immersed under the same cell culture medium. In most of microarray-based high-
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throughput tests platforms are treated to avoid cell adhesion and crossover from spot to spot. However,
it is well described that cells express soluble factors that are responsible for cell interactions in indirect
cocultures [72]. Methods to assess the reliability of on-chip results have been suggested: the
comparison of spot-to-spot results in chips with biomaterials organized in an “ordered” configuration, as
well as in a “scrambled” configuration were studied [24]. Flow dynamics simulations were performed in
modular chips, where each unit is under dynamic flow conditions, in order to prove absence of cross-
talk between spots [73]. On-chip results were also compared to the ones of conventional-sized materials
for physical-chemical characterization [47, 48] and /n vivo studies [10]. The concern of cross-
contamination does not only apply to the factors expressed by cells. It also may limit the study of
materials in what could be considered a 4* dimension, i.e. using biomaterials whose properties vary with
time, namely the ones that show biodegradability. In this case, debris of each biomaterial could possibly
contaminate the surrounding conditions. The loading of biomaterials with biomolecules to be released in
a controlled manner has also been widely impaired due to the usual lack of independence between the
spots of the arrays. We suggested a system where the release solution is miniaturized and individualized
[51].

A recent trend on the high-throughput analysis of biomaterials is the implantation of chips containing
distinct combinations of biomaterials in /7 vivo models. Conventional biomaterials implantation often
requires the use of high numbers of animals. As such, implanting a high number of biomaterials in a
single animal and concluding about its performance is a major ethical breakthrough in the area of
biomaterials development. Furthermore, it is known that /n vitro assays fail to mimic the whole
complexity of biological environment. For example, in the majority of cells-biomaterials studies
performed /n vitro, the role of inflammatory cells and factors recruited to the biomaterials site is often
neglected. However, immunomodulation is determinant for biomaterials integration on the tissue and it
actively intervenes in aspects as angiogenesis [74]. Our group recently reported the subcutaneous
implantation of polystyrene superhydrophobic patterned chips with 36 biomaterials in Wistar rats [10].

The recruitment of lymphocytes and macrophages to each individual spot of the chip was assessed.
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Chip retrieval

On-chip
immunocytochemistry

Preparation of (porous)
biomaterials array for
implantation

-Image analysis/cell quantification

-Statistical analysis

-Factorial analysis

Figure 3.1. — Conceptual diagram showing the steps required to perform the evaluation of /n vizo inflammatory
response to biomaterials in a high-throughput manner using superhydrophobic surfaces patterned with wettable
regions as chips. a. Preparation of superhydrophobic surfaces with arrays of wettable regions, where droplets of
aqueous solutions can be dispensed with different volumes in spots with different shapes and sizes. Such
solutions may be polymeric and were amenable to be freeze-dried on-chip [10,47], generating arrays of
miniaturized porous scaffolds, widely used in the tissue engineering field. B. The chips with arrays of
combinatorial biomaterials were implanted subcutaneously in a Wistar rat model [10]. After a determined time of
implantation (“t”, in the figure), the chip is retrieved from the animal and the scaffolds on the chip are analyzed
by immunocytochemistry. D. Immunocytochemistry and cell staining images are then collected by microscopy
techniques and analyzed, preferentially by automated processes using softwares as Image) (NIH, USA). E.
Results must be analyzed for statistical significance and with factorial analysis, so main and combined effects of

biomaterials design and processing can be associated to occurring biological phenomena.

Such results were validated using chips in which biomaterials were randomly disposed. Hydrogels with
conventional dimensions were also implanted individually as controls. The control over biomaterials
degradation and respective debris’ migration in long term studies may be one of the main challenges of
this approach. Furthermore, while starting the study of new sets of biomaterials preliminary studies
guaranteeing the independence of responses between array spots must be performed, as most
biological phenomena involve paracrine signaling. Despite such concerns, this approach opens the
possibility of making combinatorial high-throughput studies for tissue regeneration in the complex /n vivo
environment considering important phenomena as immunomodulation and /7 vivo clearance conditions.

Using larger animal models the number of spots and the sizes of the implanted chips may be increased.
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Besides microarrays, new methods are gaining relevance with the aim of scaling up HTS of biomaterials-
cells interactions, in space-saving and high vyield approaches. Confinement of single cells to small,
picoliter-sized droplets within a continuous phase of oil provides chemical isolation of each cell, creating
individual micro-reactors where undetectable cellular signals can be concentrated to measurable levels

[11, 75-80].

3.5. HIGH-CONTENT DATA COLLECTION AND ANALYSIS

The development of platforms to produce diverse combinations of biomaterials in a high-throughput
manner must be followed by the development of high-content methods for data collection to assess
cells-biomaterials interactions/therape utic effects. For single-cell encapsulation, data can be obtained by
particle flow cytometry followed by sorting. However, systems based in arrays disposed two-
dimensionally require the development of image acquisition methods compatible with the integrity of the
chip. This avoids sample destruction, allowing the reuse of samples for further analysis [81]. Another
important feature is the ability to monitor reactions and quantify, on-chip, the products of such
reactions. For example, Neto ef a/. quantified the degree of crosslinking of chitosan hydrogels reacted
with genipin by analysis of images acquired from a droplet-on-indentation system prepared using
superhydrophobic chips [82].

Schonbrun et al. stated, in 2009, that there was a lack of optical integrated systems for rapid and
accurate image acquisition in microarrays [83]. The existing methods were not capable of the large
field-of-view and detection sensitivity required to collect fluorescence from parallel arrays of microfluidic
devices. The authors presented a method for the parallel image detection from microarrays capable of
reading 184 000 drops/second. A laser scanning cytometry approach was developed to be used as a
benchtop microarray scanner to automatically acquire fluorescence of each single cell, improving the
sensitivity by two orders of magnitude as compared to epifluorescence microscopy [84]. Computational
microscopy tools were also developed, as they offer accessible optical imaging platforms, as compared
to conventional microscopes, by replacing costly and complex optical hardware with image
reconstruction algorithms. Lens-free on-chip imaging platforms form an important example of this
research theme, by providing field-portability and compatibility with microfluidic devices by enabling wide
field-of-view in lab-on-a-chip devices [85-87].

After acquisition, data must be analyzed in a totally automated manner. Algorithms must be developed
to analyze the images acquired in the arrays both for single cell morphometric and proteomic

parameters. Yu et al. reviewed the type of functional and morphometric parameters studied by image
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analysis [88]. Unadkat ef a/ developed a model to correlate morphometric features in cells with
underlying genetic expression [89]. Cell response obtained on-chip is usually correlated with materials
properties using partial least square regressions [21, 23]. Moreover, multifactorial analysis has been
used to identify important factors and combination thereof in biological systems [10, 37, 48]. Hook et
al. proved that the collection of data regarding interactions between bacteria and polymeric libraries
allowed predicting, /n silico, polymers’ effects on bacterial adhesion, up to second generation polymers
[23]. More prediction models included using /n silico models to predict protein adhesion to materials

[90].

BOX 2

Optimization of reverse engineered results as a path to unravel Nature

Results in the area of biomaterials development, namely in the area of tissue regeneration, have shown to be
affected by a wide range of factors that act not only individually but, very often, in a combined manner. Due to
non-independent interactions between factors in distinct scales is not a straightforward task finding the most
adequate conditions to promote tissue development in order to construct biologically relevant niches [2].

Two starting points can be taken when designing arrays of biomaterials: biomimetism or reverse engineering. The
aim of biomimetism is to replicate native niches conditions. In biomimetic approaches a limited number of
parameters are usually studied individually. Topography, mechanical properties or concentration of extracellular
matrix proteins are examples of parameters previously attempted to be reproduced /n vitro. However, it is difficult
- if not impossible - to replicate the complexity of native tissues, as living tissues are organized in a high number
of features, ranging from the pico- to the macro-scale, that interact in a complex manner.

Reverse engineering - where a wide range of close-tonative and outlier formulations are studied - may bring
unexpected positive results for the tissue regeneration field. Besides being hard to predict, the challenge of
discovering the most favorable condition for tissue development or integration often lies in disclosing optimization
peaks. This process must consist of iterative studies of arrays. The most promising conditions must be then
studied as sub-arrays, where the step between conditions is narrowed, until an ideal condition is found.
Furthermore, it is also a challenging task to know which factors must be studied individually, or where
interactions between factors will be relevant. Studying the field in a reductionist approach — which usually
happens /n vifro - may induce errors when considering the whole biological system affecting the implanted
material performance. Studying biomaterials science in a reverse engineering perspective would allow performing
fine iterative processes of selection of materials where individual and combined effects would be carefully studied.
After discovering the most promising combinations of materials/externally applied stimuli/soluble factors, the
final test would consist of the /n7 vivo implantation of the system (or several systems) using appropriate models, as

a key to test its efficiency.
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3.6. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

For an effective development of biomaterials for tissue substitution or regeneration efforts must be made
to study the highest number of possible combinations. Such effort may be developed using biomimetic
strategies, where the 3D niches of the microarrays or other high-throughput analysis strategies aim to
mimic the /7 vivo milieu, or reverse engineering strategies can be chosen to randomly generate
biomaterials, eliminating uninteresting formulations in a step-by-step strategy (Box 2).

High-throughput analysis must be accompanied by a multiplexed analysis, resulting from a complete
characterization of the whole system. Biomaterials must be characterized for their physicochemical
characteristics [91], combination with drugs/soluble factors and respective release rate. Their
interactions must be studied not only with the cells of the tissue but also with other factors possibly
affecting cells, in efforts to mimic the /n vivo circumstances. Evolution from static systems to bioreactors
for cells mechanical stimulation in the biomaterials is needed using, for example, microfluidics to apply
shear stress to the cells [92, 93]. Issues such as recruitment of inflammatory cells to the implant site as
well as coagulation effects after injury must not be forgotten; they are early determinants of the success
of biomaterials implantation and full functional performance; they are involved, for example, in
angiogenesis and neural regeneration [74, 94].

The use of concepts such as patterning of hydrogels in three-dimensional manner [95, 96], as proposed
for other applications, may be an elegant way to study biomaterials allowing or avoiding the crosstalk of
soluble factors between distinct patterned biomaterials by varying the distance between each patterned
spot and the density of the polymeric matrix separating each spot. The heterogeneity and
compartmentalization observed in natural cellular microenvironments should also be addressed in the
future by localizing, in each spot, different materials with controlled relative positioning, resembling
Janus particles [97]. Furthermore we believe that devices compatible with the study of cell response to
drugs released in a controlled/sequential manner are also one of the needs in the field of high-
throughput devices. This would not only be important for the discovery of biomaterials for tissue
regeneration strategies, but also in the optimization of drug formulations and complex release strategies

[97, 98] for diseases studies [99].
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CHAPTER 4. MATERIALS AND METHODS

This chapter aims at explaining in more detail and adding relevant information that is not present in the
practical chapters (5 to 10) of this thesis regarding materials and methods used during the development

of such works.

4.1.SUPERHYDROPHOBIC SURFACES

Polystyrene sheets (Goodfellow, UK; ref. ST311190) or flakes cut from tissue culture plates (Corning,
USA) were treated by two methods in order to induce superhydrophobicity on its surface: phase
inversion and treatment with a commercially-available superhydrophobic spray (WX2100™; Cytonix,
USA). In Chapters 8 and 10 the use of thin polystyrene sheets allowed easily cutting the surfaces to the
needed shape and size. Both surface modification techniques to induce superhydrophobicity on

polystyrene platforms are described in the following sub-sections.

4.1.1. Phase inversion

To induce superhydrophobicity on polystyrene surfaces we followed the phase separation protocol
described by Oliveira ef al. [1]. Commercial grade polystyrene (injection molding grade, Styrolution 158
k, UL Ides, Portugal) was dissolved in anhydrous tetrahydrofuran (THF) containing 250 ppm butylated
hydroxytoluene as inhibitor, 299.9% (Sigma, USA), in a concentration of 70 mg/mL for 24 hours under
stirring at 300 rpm. After total dissolution of the polystyrene in THF, absolute ethanol (Panreac, Spain)
was added to this solution in a proportion of 2 : 1.3 (polystyrene solution : absolute ethanol), and the
mixture was shaken for 1 minute. The final mixture, with a transparent aspect, was poured onto the
polystyrene surfaces in an amount of about 1 mL per 4 cmz The mixture was removed from the surface
after phase transitions started to occur, i.e., as soon as the surface started showing an opaque aspect.
Polymer precipitation was then forced with the immersion of the coated surface in a non-solvent for the
polymer (absolute ethanol). The treated surfaces were then dried under a gentle flow of nitrogen. The
wettability of the surfaces was measured on an OCA 15+ goniometer (DataPhysics) at room
temperature, where the static contact angle was measured by a sessile drop method with a 6 uL water

droplet.
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The polystyrene precipitation on the surface leads to formation of a rough surface explained by the
following mechanism: the mixture of a solvent and a non-solvent of polystyrene forms both poor and rich
polymeric phases. In the poor phase, polymer nuclei are formed by precipitation. The rich phase
aggregates around these nuclei in order to decrease surface tension. During polymer precipitation within
the rich polystyrene phase, a continuous deposition of spheres on the surface takes place [1].

This surface treatment was applied in polystyrene flakes cut from Petri dishes for Chapters 5, 6, 7, 9
and 10. In Chapter 8, for implantation in Wistar rats, we used thin polystyrene sheets (h=0.19 mm,
according to the manufacturer), as they were more flexible. It is important to notice that, for
implantation, the fact that superhydrophobic surfaces made from polystyrene sheets are amenable to
be cut, allowed the vertexes of the surfaces to be smoothed, avoiding inflammatory response on such

sites due to harsh physical damage to the animals’ muscles.

4.1.2. Use of commercially available spray

WX2100™ (Cytonix, USA) is an air-cured fluoro-urethane alkyd, as reported by the manufacturer. It was
previously used for cell culture and did not show cytotoxic effect on animal cells [2]. We used the spray
as recommended by the supplier. A thin coating was sprayed onto the polystyrene flaks or sheets from a
distance of about 15 cm, for a period of 2 seconds/4 cmz The surface was then let to dry in a chemical

hood for 24 hours.

4.2. METHODS FOR PATTERNING SUPERHYDROPHOBIC SURFACES WITH WETTABLE REGIONS

4.2.1. First generation of superhydrophobic patterned chips: treatment of regions with UV/Ozone
using a photo-mask

The first method to pattern the superhydrophobic surfaces with wettable spots was described by Neto et
al. [3]. It consisted of the exposure of selected regions of the superhydrophobic polystyrene surfaces to
UV/ozone (UVO) irradiation through the holes of a UV-opaque polycarbonate mask. Using such
treatment, it was previously shown that the wettability of the rough surfaces was amenable to be
controlled in the entire superhydrophobic to superhydrophilic range. Figure 4.1, adapted from [1],
shows the variation of the water contact angles of polystyrene according to the time exposed to UVO
irradiation. After 20 minutes of exposure to UVO irradiation, the surfaces were totally hydrophilic, with a

water contact angle close to 0°.
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Figure 4.1. — a) Water contact angle evolution of superhydrophobic polystyrene surfaces while exposed for
different periods to UVO irradiation. b) XPS spectra from superhydrophobic polystyrene surfaces before (blue line)

and after (red line) exposure to UVO irradiation for 12 minutes. Figures adapted from [1].

X-Ray photoelectron spectroscopy (XPS) measurements, shown in Figure 4.1b (adapted from [3]),
permitted assessing the changes in the chemical features on superhydrophobic surface upon UVO
irradiation. The spectrum obtained from the untreated superhydrophobic substrate was divided into two
peaks corresponding to C—-H and C-0 groups, centered at 285.01 and 286.30 eV, respectively. The
first component clearly dominates the Cls peak, being consistent with the molecular structure of
polystyrene. Upon 12 minutes of UVO irradiation, two other contributions were detected in the Cls
peak, at 287.90 and 289.26 eV that attributed to C=0 and O-C=0 groups, respectively. The peak area
corresponding to the C-H groups was substantially reduced with the effect of the UVO irradiation. The
results are consistent with the photochemical modification of the —CHs groups on the superhydrophobic
surface into CHO, COOH and OH groups. Neto ef a/. [3] also showed that the topography of the rough
surface did not change substantially with UVO irradiation. The authors concluded that the lowering water
contact angle after exposition to UVO irradiation would be the result of the increasing hydrophilicity of
the material due to the introduction of oxygen-containing groups. This method for patterning of wettable
regions was used in Chapters 5 and 6. A representative scheme of the steps used to obtain such

surfaces can be seen on Figure 4.2.

4.2.2. Second generation of superhydrophobic patterned chips: Protection of wettable regions with
stickers
Exposure to UVO irradiation allowed the fast and simple patterning of hydrophilic regions with tailored

wettability in superhydrophobic polystyrene surfaces. Such patterns were compatible with fluorescence
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microscopy analysis of cells attached to such regions or encapsulated/seeded in biomaterials [4, 5].
However, such method lacked transparency of the wettable spots (compatible with transmitted light
microscopy). Moreover, UVO patterning were not totally permanent, as with such treatment the recovery
of low water contact angles to more hydrophobic angles has been reported [6]. This limited the storage
of the samples to few days.

We developed a new method that allowed patterning transparent and permanent wettable regions in the
superhydrophobic surfaces. This technique was applied in Chapters 7 to 10. The fact that the stickers
allow having transparent spots after their removal improved the compatibility of the superhydrophobic
patterned chips with inverted transmitted light microscopy, as observed in Chapter 10. In such
applications, stickers of polyvinyl chloride (PVC) (Oracal 614) were cut from an A4 sheet in a typography
service using a computer numerical control laser cutting machine in the shape of the wettable spot. In
Chapter 9, they had a ring shape with 5 mm of outer diameter and 2 mm of inner diameter, and were
separated by 2 mm. In Chapters 7, 9 and 10, they had the shape of squares, with areas varying from
1x1 mmzto 3x3 mm?, and were separated by 2 mm.

A representative scheme of the steps used to obtain superhydrophobic patterned surfaces can be seen

in Figure 4.2.
FIRST GENERATION SH region
1 SHPS Wettable opaque

regions q

SECOND GENERATION

1 2
Untreated PS

f

Protective stickers

Removal of
=~ the stickers

Wettable transparent
regions

Figure 4.2. - Schematic representation of the production of wettable patterns on polystyrene (PS)
superhydrophobic surfaces. The “First generation” refers to the exposure to UVO irradiation through a
photomask. The “second generation” method refers to the protection of untreated polystyrene with stickers

before treating the polymer with phase-separation technique.
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4.3. BIOMATERIALS USED TO PRODUCE HYDROGELS AND SCAFFOLDS ON-CHIP AND RESPECTIVE PROCESSING

METHODS

4.3.1. Chitosan

Chitosan is a biodegradable material whose characteristics and several applications in the biomaterials
field can be found in more detail in section 2.2.1.1 of Chapter 1.

In Chapter 5, we used water soluble chitosan (with the commercial name PROTASAN UP CL 213) as
received from the supplier (Novamatrix, Norway). PROTASAN UP CL 213 is based on a chitosan with
7590% of deacetylation. It is in the form of a cationic polymer with a highly purified and well-
characterized water-soluble chloride salt. Typically, the molecular weight for PROTASAN UP CL 213 isin
the range of 150-400 kDa.

In Chapters 6 to 8, we used low molecular weight (LMW) chitosan (Sigma, USA; ref. 448869).
According to the manufacturer, such chitosan has a degree of deacetylation ranging from 75 to 85%,
and a molecular weight in the range of 50 to 190 kDa. In Chapter 6 we also used medium molecular
weight (MMW) chitosan (Sigma, ref. 448877). According to the manufacturer, it has a degree of
deacetylation ranging from 75 to 85%, and a molecular weight in the range of 190 to 310 kDa.

Both LMW and MMW chitosans used in Chapters 6 to 8 were purified by a re-precipitation method. A
total amount of 10 g of each type of chitosan were purified separately. The batches used during the
execution of all works were kept constant, in order to avoid batch-to-batch variability. The polymers were
dissolved in an aqueous solution (1% w/v) with acetic acid (1% v/v; Panreac, Spain). Figure 4.3 depicts
the deprotonation of chitosan occurring in the presence of acidic solutions, below its pKa: 6.3 [7]. The
solution was filtered using Whatman® ashless filters, with a cutoff of 20-25 um, so the insoluble
materials remained in the filter. The filtered chitosan solution was then precipitated by adding 2M NaOH
droplets under stirring conditions, until its pH reached a value of 8. The white gel that was formed after
precipitation was sieved in order to remove excess of liquids and then washed with distilled water, until
no changes in the pH of the washing water were detected. The chitosan gel was then washed with

absolute ethanol, freeze-dried and stored in a glass container.
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Figure 4.3. - Schematic representation of the deprotonation of chitosan molecules in acid media. Figure adapted

from [7].

In Chapter 5, PROTASAN UP CL 213 chitosan was dissolved in distilled water at 1% (w/v). In order to
form hydrogels in the wettable spots of the chips, it was mixed on-chip with alginate at 1% (w/v) -
containing 5x10+ cells/spot - in proportions of 60%, 40%, 30% and 10% relatively to the alginate
concentration in each polymeric mixture. The mixture of polymers, in a total of 4 pL, was then re-
suspended and later crosslinked with 1 uL of 0.5 M CaCl. (Sigma, USA) in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, 0.1 M, Sigma, USA), forming semi-interpe netrated networks. The
solution was sterilized for 15 minutes in an autoclave cycle at 121°C, 1 atm.

In Chapter 6, both LMW and MMW chitosan were dissolved in 0.33M of acetic acid (Panreac, Spain) in
concentrations of 1%, 1.5% and 2% (w/v). Such solutions were then mixed with 1% (w/v) alginate
sodium salt solutions dissolved in 1M NaOH (Sigma, USA) on-chip in total volumes of 4 uL, and in
proportions of alginate:chitosan of 0:100, 25:75 and 50:50. Both solutions were mixed, freeze-dried at
-80°C and 0.003 bar and then rinsed thoroughly with distilled water. The chips with patterned
biomaterials and the controls were sterilized with ethanol (70% v/v in water) for 2 hours, and then
rinsed thoroughly with sterile distilled water.

In Chapter 7, LMW chitosan solutions were prepared in acetic acid (2% v/v) in concentrations of 2%
(w/v), 3% (w/v) and 4% (w/v). Such solutions were then mixed in a combinatorial manner with bioactive
glass nanoparticles and crosslinked with genipin. The experimental design to prepare such array of
hydrogels can be found in Chapter 7, Figure 7.2. Briefly, parts of chitosan solutions were mixed with
bioactin nanoparticles in amounts of 0%, 6.25%, 12.5%, 25% and 50% relatively to chitosan total mass in
the solution. A volume of 4 ul of each solution was dropped in each hydrophilic well of the chips.
Amounts of 2 pl of genipin in concentrations of either 2.5% or 12.5% (w/w of chitosan) (in a 10
ethanol/90 water mixture), relatively to the total mass of Chi in the well, were dropped on the top of
each droplet of Chi/BG-NP. The crosslinking reaction occurred during 4 hours at 37°C in a humidity

saturated environment. The chips were then immersed in ethanol in order to clean the genipin residues,
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and afterwards in PBS at 37°C for 1 hour. More information about such nanoparticles and bioactive
glasses can be found in the sub-section 4.8.

In Chapter 8, LMW chitosan solutions were dispensed in the wettable spots of the chips, in total
volumes of 4 pL. Such solutions were then crosslinked on-chip, at 37°C in a water-saturated
environment for 4 hours, using genipin (more detailed information about genipin properties and
crosslinking mechanism can be found section 3.9). The hydrogels were then freeze-dried and a layer of
ionic gelling polymers was deposited on the top of such materials. Such ionic gelling polymers were
alginate, kappa (k)-carrageenan and iota (1)-carrageenan. Such materials are described in more detail on
sections 3.2, 3.6 and 3.7, respectively. More information on the processing of such biomaterials can be
found in the subsection referring to these polymers, as well as in “Materials and Methods” section of

Chapter 8.

4.3.2. Alginate

Alginate is a natural polysaccharide extracted from brown seaweed [8, 9]. More information on alginate
properties and applications as a biomaterial can be found in Chapter 1, in section 2.2.1.1. In Chapters
5, 8 and 9, alginate was processed as an ionic hydrogel, crosslinked with calcium chloride, as indicated
in the respective Chapters’ “Materials and Methods” sections.

Although ionic hydrogels of alginate have been widely used, the initial binding of calcium ions by the
polysaccharide chains still remains only partially explored [10]. The ability of alginate to form networks
in the presence of divalent cations, namely calcium, is attributed to chelation of calcium between G
units from different alginate chains via the so-called egg-box model [10-12] (represented in Figure 4.4a),
adapted from [13]). The length of the G blocks is the main structural feature contributing to gel
formation and gel strength.

The egg-box model for calcium—-alginate was confirmed by results on X-ray scattering on G-blocks
treated with excess of calcium. However, its existence in the initial step of the ion binding process has
been recently questioned. Donati ef al [14] challenged the egg-box configuration and, in view of
additional experimental data, suggested a new explanation for the initial binding of calcium by alginate
chains involving a multicomplex formation. More specifically, calcium ions were explicitly considered as
linkers holding two chains together by a short range attraction. This scenario comprises calcium ion-
induced contact points which differ from the “classical” arrangement of the egg-box (although they are
formed by four G residues) mostly because they lack physical contiguity along the chain. The authors

described such conformation as tilted egg-box, schematically represented in Figure 4.4b.
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Tilted egg-box
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Figure 4.4. - a) Schematic representation of the egg-box model for calcium-alginate binding Figure adapted from

[13]. b) Graphical Representation of the Initial Binding of Calcium (Red Circle) by Facing GG Dimers (Dotted Bars)
in the Initial Tilted Conformation, adapted from [14].

4.3.3. Hyaluronic acid

Information on hyaluronic acid structure, characteristics and applications as biomaterial can be found in
Chapter 1, section 2.2.1.4. Hyaluronic acid from microbial origin (Sigma, USA; ref. 53747) was used in
Chapter 5, dissolved in ultrapure water in a concentration of 1% (w/v). It was sterilized by filtering and
mixed with alginate at a concentration of 1% (w/v) in PBS at different ratios, as indicated in the
“Materials and Methods” section of Chapter 5. The cell-containing hydrogels were then crosslinked with

CaCl:at 0.1 M, in order to form polymeric interpenetrated networks.

4.3.4. Collagen

Information on collagen structure, characteristics and applications as biomaterial can be found in
Chapter 1, section 2.2.2.2. Collagen type | (Fluka, Switzerland; ref. C3867) was used in a concentration
of 1% (w/v) in PBS for semi-interpenetrated alginate-based networks. The original solution provided by
the manufacturer is prepared from rat tail tendons. It was sterilized by filtering. The procedure is

described in more detail in the section “Materials and Methods” of Chapter 5.

4.3.5. Gelatin
Gelatin Type B (Sigma, USA; ref. C9391) was used on Chapter 5 as a ternary component to the also

studied binary semi-interpenetrating networks of alginate and chitosan/collagen/hyaluronic acid. Gelatin
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is produced by the partial hydrolysis of native collagen. In contrast to spherical globular proteins,
collagen is composed of linear, fiber-like structures. In converting collagen to gelatin, the effects of acid
or alkali as well as thermal energy create different types of collagen fragments. Two different types of
gelatin can be produced depending on the method in which collagen is pretreated, prior to the extraction
process. The alkaline process (giving rise to gelatin type B) targets the amide groups of asparagine and
glutamine, and hydrolyses them into carboxyl groups, thus converting many of these residues to
aspartate and glutamate. In contrast, acidic pre-treatment (giving rise to gelatin type A) does little to
affect the amide groups present. [15]. According to the manufacturer, gelatin was extracted from bovine
skin. Type B gelatin is derived from lime-cured tissue. It was sterilized for 15 minutes in an autoclave
cycle at 121°C and 1 atm. The solution, prepared at 0.2% (w/v) in PBS at 40°C, was used as 50% of
the volume of the other polymer added to alginate. The cell-containing hydrogels were then crosslinked

with CaCl: at 0.1 M, in order to form polymeric interpenetrated networks.
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Figure 4.5 — Schematic representation of the fragmentation of collagen after hydrolysis into gelatin with respective

acidic and alkali preparation processes. Adapted from [15].

4.3.6. Carrageenans

Carrageenans are water-soluble sulfated polysaccharides widely utilized in food, pharmaceutical and
cosmetic industries as they can form hydrogels at body temperature in the presence of gel-promoting
salts [16]. Carrageenans exists in three different forms according to the number of sulphate groups per

disaccharide unit: kappa (k) has one sulphate group, while ota (1) and lambda (A) correspond with the
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presence of two and three sulphate groups, respectively [16, 17]. The mechanisms for k-carrageenan
gelation are, so far, the mostly well studied [16-18]. The temperature-induced gelling of k-carrageenan is
reported to form the random coil conformation when the polysaccharide is in solution at a concentration
below critical concentration and at a temperature above melting point. A decrease in temperature below
gelling temperature leads to the formation of a helical dimer [18]. lonically, the sulphate of anhydrous
galactose of k-carrageenan interacts with K- through ionic bonds [18].

According to the results obtained by Popa et a/ [19], upon cooling and after addition of a salt, a wide
variety of k- and 1-carrageenan gels can be efficiently produced due to development of double helices of
polymeric chains into the building blocks of a three-dimensional network. Differences between the 2
types of carrageenans were found in terms of gelation: xk-carrageenan leading to stiff, brittle gels
(crosslinked with potassium salts) and the i-carrageenan leading to elastic gels (crosslinked with
calcium salts) [19, 20].

Both - and k-carrageenans used in this thesis were purchased from Sigma (ref. 22048 and ref. 22045,
respectively) and used without further purification. The molecular weight of commercial polymer ranges
from 400 - 700 kDa. In Chapter 8, k- and carrageenans were used in the form of ionic hydrogels, using
CaCl: (JMGS, Portugal) 1M as a crosslinker for +Carr and KCI (VWR) 1M as a crosslinker for k-Carr,
added in a proportion of 2 uL : 2 pL (polymer solution : crosslinker solution). The polymers were at
concentrations of 2%, 1.5% and 1% (w/v of water). The reaction was left to occur at room temperature

(ca. 25°C) for 1 hour.

4.3.7. Fibronectin

Fibronectin is a high-molecular weight (~440kDa) protein of the extracellular matrix that binds to
membrane-spanning receptor proteins: integrins [21, 22]. Fibronectin mediates a wide variety of cellular
interactions with the extracellular matrix and plays important roles in cell adhesion, migration, growth
and differentiation [21, 23, 24]. It can be a ligand for a dozen members of the integrin receptor family
[22], including the classic fibronectin receptor avf3. Extensive analyses have narrowed down the
regions involved in cell adhesion along the lengthy fibronectin molecule to several minimal integrin-
recognition sequences. The best known of these — RGD - is located in fibronectin repeat I1110.

We used human plasma fibronectin (Sigma, USA; ref. C0895) in Chapter 6. Water-based solutions of
such protein were adsorbed to porous chitosan and chitosan/alginate scaffolds for 30 minutes at 37°C,
in concentrations of 10, 100 and 1000 pg/mL. Volumes of 0.5 uL were added to single miniaturized

scaffolds on the chips. After adsorption, the samples were rinsed thoroughly with PBS, for three times.
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More details on the preparation of such samples can be found in Chapter 6, in “Materials and Methods”
section.

In order to monitor the effective adsorption of the fibronectin to the scaffolds and qualitatively monitor its
relative amount in distinct types of scaffolds, we labeled fibronectin with AlexaFluor 594 (Sigma, USA),
according to the protocol available from the supplier. The Alexa Fluor 594 reactive dye has a
succinimidyl ester moiety that reacts efficiently with primary amines of proteins to form stable dye-
protein conjugates. The qualitative monitoring of protein adsorbed to each type of scaffold was
performed by quantifying the red fluorescence signal acquired in fluorescence microscopy images taken
using same exposition time for all conditions. This was performed using Image) (NIH, USA) software.
Distinct scaffolds formulations without adsorbed fibronectin (where PBS was used as a control sample)
were used as control, i.e. their self-fluorescence was carefully taken in consideration during the analysis

of the results.

4.3.8. Bioactive glass nanoparticles

The use of bioactive glass nanoparticles as a component of composite hydrogels and their preparation
are detailed in the “Materials and Methods” section of Chapter 7. However, bioactive glass properties
are not explored in detail in any chapter of this thesis. As such, its main properties and mechanisms of
action are presented herein. More insights on applications as a biomaterial can be consulted in Chapter
7, in “Introduction” section.

A commonly used biodegradable glass was developed by Larry Hench, under the name of 45S5
Bioglass. It was based in the Na.0-Ca0-SiO~P:0s system, high in calcium content and with a
composition close to a ternary eutectic in the Na.0-CaO- SiO. diagram [25]. The composition of
Bioglass 45S5 - 46.1 mol.% SiO., 24.4 mol.% Na:0, 26.9 mol.% CaO and 2.6 mol.% P:0s - formed a
bond with bone so strong that it could not be removed without breaking the bone [26]. After the
invention of Bioglass 45S5 in the 1960s, the research field regarding bioactive glasses has seen great
development. New types of bioactive glasses as well as processing methodologies to produce such
materials were suggested [27].

Two processing methods can be used to produce glass: the traditional melt-quenching route and the
sol-gel route. Bioglass 45S5 and other commercially available bioactive glasses are processed by melt-
guenching, where oxides are melted together at high temperatures (above 1300°C) in a platinum
crucible and quenched in a graphite mould (for rods or monoliths) or in water. The sol-gel route, used

to produce the bioactive particles used in this thesis [28], forms and assembles nanoparticles of silica at
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room temperature. It is a chemistry-based synthesis route where a solution containing the compositional
precursors undergoes polymer-type reactions at room temperature to form a gel. The gel is a wet
inorganic network of covalently bonded silica, which can then be dried and heated, e.g. to 600°C, to
become a glass. The processing temperatures by the sol-gel route are lower than the ones used in melt-
guenching, the final form of the glass products can be more easily tailored and the obtained products
show a higher degree of purity [29].

The structure of bioactive glass is based on an amorphous network having SO.+ tetrahedrons as basic
unit. Such tetrahedrons are usually linked by oxygen ions. The existence of non-bridging oxygen ions
balanced by network modifiers (such as Na‘, K or Ca?) prevents the crystalline arrangement of silica.
The number of such network modifiers will determine the bioactivity of the glass, as they will dictate its
instability when in contact with water. In order to be considered bioactive, the number of non-bridging
ions/tetrahedron must be higher than 2.6, where O corresponds to a crystalline stable silica
network/quartz glass, and 4 is attributed to dissolving SiO«+ [30]. A diagram with a representation of the

formation of bioactive glass nanoparticles by sol-gel route is shown in Figure 4.6.

hydrolysis
TEOS Si(OC,Hg) + et
H,O + acid or base

Figure 4.6. — Schematic representation of the reaction on the sol-gel process for the formation of silica tetrahedral

and nanoparticles at room temperature. Adapted from [26].

The mechanisms of action of bioactive glasses are the hydroxyl-carbonate-apatite (HCA) layer formation
and the ionic release to the medium. The HCA layer forms following solution-mediated dissolution of the
glass with a mechanism very similar to conventional glass corrosion [31]. Accumulation of dissolution
products causes both the chemical composition and the pH of the solution to change, providing surface

sites and a pH conducive to HCA nucleation [32]. Once the HCA layer has formed, the next stages are
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still less clear. Human osteoblasts cultured on bioactive glasses produce collagenous extracellular
matrix that mineralizes to form bone nodules without the usual supplements present in the culture [33,
34], even when phosphate is not in the glass composition [35]. The culture of primary human
osteoblasts with the ionic dissolution products of Bioglass 45S5 increased intracellular calcium levels

[36] and upregulated the expression of seven families of genes within 48 hours [37].

4.3.9. Chemical crosslinker: genipin

Genipin was used to crosslink chitosan solutions on Chapters 7 and 8. Details on specific environmental
conditions, crosslinker ratios and reaction periods can be found in Chapter 7 and Chapter 8, in the
respective “Materials and Methods” sections.

Genipin is a natural chemical crosslinker. It is obtained from its parent compound, geniposide, via
enzymatic hydrolysis with B-glucosidase. Geniposide is isolated from the fruits of Genipa Americana and
Gardenia jasminoides Ellis [38]. It has been used in studies of tissue fixation to crosslink collagen and
gelatin [39, 40] and in studies of drug delivery [41]. It proved to be much less toxic than glutaraldahyde
[42]. The reaction occurring between chitosan molecules and genipin is depicted in Figure 4.7.

In Chapter 7, genipin was used as a crosslinker for LMW chitosan. It was used in proportions of 2.5%
and 12.5% relatively to the mass of chitosan in the hydrogels. Those were prepared in acetic acid
solutions of 2% (v/v) with concentrations of 2%, 3% or 4% (w/v).

In Chapter 8, genipin was used to crosslink MMW chitosan. A solution of crosslinker was prepared with
4% (w/v) genipin (Comercial Rafer, S.L.) in distilled water and ethanol (90:10 v/v). The chitosan
scaffolds were prepared by pipetting 4 ul of Chi solutions and 2 ul of genipin in each wettable spot of
the chip. Those consisted of MMW chitosan solutions of 1%, 1.5% and 2% (w/v), prepared in acetic acid

(2% v/v).

NH, OH
B e
O HO OH
OH
N~
OH —OH X
o H
: 7 s O 'NH OH
5l chitosan
o A HO o
o) O
%H&\,
0~ "OCHj; OH NH,

Figure 4.7. - Schematic of the crosslinking of chitosan with genipin. Adapted from [42].
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4.3.10. Bioactive agents: doxorubicin

Doxorubicin is a drug used in cancer chemotherapy and derived by chemical synthesis from a bacterial
species [43]. Its action occurs by interaction with DNA by intercalation and inhibition of macromolecular
biosynthesis [44, 45]. This leads to the inhibition of enzyme topoisomerase Il progression, which relaxes
supercoils in DNA for transcription. Doxorubicin stabilizes the topoisomerase |l complex after it has
broken the DNA chain for replication, preventing the DNA double helix from being resealed. Thereby, it
leads to the stopping of the process of replication.

We studied the effect of the addition of doxorubicin in different concentrations on the viability of two
distinct cell types — L929 and Sa0s-2 - cultured in the form of cellular spheroids. After 24 hours of cell
culture for spheroid formation, a volume of 1 ul of doxorubicin solutions in water was added to each spot
in the concentrations of 0, 0.1, 1, 10 uM (based on concentrations previously used) [46]. As live/dead
images from fluorescence microscopy showed a high resistance from L929 cells to these drug
concentrations, a new experiment was carried out with these cells with 0, 1, 10 and 100 pg/mL of Dox

(also based on concentrations previously used) [47].

4.4, TECHNIQUES FOR PHYSICOCHEMICAL CHARACTERIZATION OF BIOMATERIALS

4.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR technique reveals information about the chemical structure of samples, as the absorption of
infrared light is related to discrete energy transitions of the vibrational states of atomic and molecular
units within a molecule. The fundamental requirement for infrared activity, leading to absorption of
infrared radiation, is that there must be a net change in dipole moment during the vibration for the
molecule or the functional group under study [48]. In transmission mode, FTIR spectra give information
related to the bulk material. However, reflectance methods of measurement have gained importance.
One of such methods, attenuated total reflectance (ATR), gives primarily information about the samples’
surface. It is a nondestructive method, and requires only a minimum amount of sample. It is simple to
handle, and its main limitation is that it provides a spectrum where the signal intensity across increases
as a function of wavelength [49].

In Chapter 5, to assess the presence and distribution of the materials in each spot and to verify if the
semi-IPN could maintain its integrity after 24 hours of immersion in a liquid medium, Fourier Transform

Infrared (FTIR) analysis was performed for all samples. A whole chip was then placed in a Perkin-Elmer
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Spectrum Spotlight 200 FTIR Microscope System and each spot was analyzed in reflectance mode. A
whole chip with the polymeric mixtures—with no encapsulated cells—was immersed in PBS for 24 hours.
The samples were then air-dried in order to minimize the absorption peaks of water. Spectra were
collected in spot of the chip in continuous scan mode for sample areas of 100 x 100 ums?, with a
spectral resolution of 16 cm?, averaging 15 scans for each spectrum. Table 5.1 in Chapter 5 gathers
the characteristic peaks and restriction bandwidths used to identify each polymer in the FTIR mapping

analysis.

4.4.2. Microcomputed tomography (UCT)

WCT uses X-rays to generate cross-sections of an object that will be used to recreate a 3D model in a
non-destructive way. Typical laboratory uCT scanners consist of a tungsten-anode X-ray tube with a
relatively small focal spot (710 pum), coupled to a high-resolution X-ray detector system (750 um pixel
spacing) [50]. A small X-ray focal spot must be used with X-ray imaging systems that incorporate
geometric magnification, to minimize penumbral blurring. X-ray projection views are acquired at
hundreds of equally spaced angular positions around the object of interest. These views are then used
to reconstruct a CT image, typically using a convolution back-projection approach [51, 52]. 3D images
can be constructed either by combining contiguous single-slice images, each of which is acquired in a
fan-beam configuration [52], or by using the cone-beam approach, that is favored in applications where
imaging-time is important,

Scans of the scaffolds on-chip and of control samples in Chapter 6 were acquired and reconstructed
using a high-resolution uCT. The X-ray source was set at 31 keV and 179 pA. Data sets were
reconstructed using standardized cone-beam reconstruction software (NRecon v1.4.3, SkyScan). The
output format for each sample was serial 1024 -1024 bitmap images. Representative data set of the
slices was segmented into binary images with a dynamic threshold of 40-255 (grey values). The binary
images were used for morphometric analysis (CT Analyser, v1.5 SkyScan) and to build the 3D models
(ANT 3D creator, v2.4, SkyScan). For morphometric analysis the software was requested to calculate
porosity and pore size. Three samples were tested for each condition. Due to dimension specificities,
the controls produced in 96 well plates and the chips with 3 scaffolds from the same condition (MMW
1%Chi 100Chi:0Alg), with a total surface area of the chip: 3 mm x 1.2 cm?, were acquired with a pixel
size of 11.3 um. The chips with 9 different scaffolds, with a total surface area of the chip: 1.2 x 1.2 cmz,

were acquired with a pixel size of 19.1 pum.

129



Section II. Chapter 4. Materials and Methods

4.4.3. Dynamic Mechanical Analysis (DMA)

Mechanical and viscoelastic properties are important aspects to take in consideration while designing or
selecting a biomaterial. This is especially relevant for implants that are required to withstand mechanical
stresses in a clinical application. Moreover, native biological tissues show viscoelastic properties [53].
Such properties are conferred by tissue constituents such as cells, extracellular matrix and proteins. The
correct function of the tissue is partially, but importantly, determined by such properties: tissues must
be able to stand physiological load, while being capable of dissipating mechanical energy during cyclic
solicitation. It was also shown that the mechanical properties of the biomaterials influence adhesion,
proliferation and differentiation phenomena in cells [54, 55]. As such, it is important to design
biomaterials whose mechanical and viscoelastic properties fit on those of the tissues that they will
contact [56], in order to both promote tissue integration and stimulate adequate cellular response.
Among other mechanical, viscoelastic and calorimetric data, DMA permits to assess the frequency-
dependent mechanical phenomena in materials, namely the evolution of complex modulus (£7) with
increasing frequencies. The storage modulus (£7) corresponds to the real component of the complex

modulus, and it is used as a reliable measure of samples stiffness, as represented in Equation 1.

E*=E"+iE" (1)

The loss factor, fan 8, gives the ratio between the amounts of mechanical energy lost (given by £7) and

stored during a cycle, measuring the damping capability of the sample.

land=E"/E" (2)

Previous studies showed that biomaterials with a high swelling capability in aqueous environments, such
as chitosan, must have their mechanical/viscoelastic characterization performed in physiological-ike
environments [57, 58], once their mechanical behavior is significantly altered in such conditions.
Therefore, in order to investigate the mechanical behavior in /n vivomimicking conditions such type of
characterization must be performed at physiological temperature (37°C), under immersion in saline
solutions that mimic biological fluids pH (PBS).

The viscoelastic measurements of the scaffolds were performed using a TRITEC8000B DMA from Triton
Technology (UK), equipped with the compressive mode. The biomaterials processed as cylindrical

controls, both in Chapters 6 and 7, produced in commercially available 96 well plates were measured
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using the standard protocol for the tests in compression mode. Regarding on-chip experiments, we used
a steel cylindrical probe of 3.8 mm of diameter especially fabricated to perform non-destructive
compression tests to the individual scaffolds. This component was inserted in the fixed upper plate of
the DMA equipment and vertically aligned with the miniaturized biomaterials on the chips. The
superhydrophobic platform containing the scaffolds was fixed in the down plate of the DMA equipment
in a gutter previously assembled in this part of the apparatus, which allowed the platform to move two-
dimensionally.

In Chapter 6, the technique involving miniaturized on-chip samples was optimized under dry conditions,
at room temperature. DMA spectra were obtained during a frequency scan between 0.1 and 15 Hz. The
experiments were performed under constant strain amplitude, corresponding to approximately 1% of the
original height of the sample. In control samples produced in commercially available 96 well plates, the
applied strain amplitude was of 50 um, while in the on-chip samples the applied strain amplitude was of
10 um. A small preload was applied to each sample to ensure that the entire scaffold surface was in
contact with the compression plates before testing. At least three samples were used for each condition.

In Chapter 7, we adapted the technique to measure the mechanical and viscoelastic properties of
miniaturized biomaterials to be used under physiological-like conditions (immersed in PBS, at 37°C).
Control samples were prepared using chips with round hydrophilic spots with 8 mm width. The
prepared solutions were dispensed in each well in individual volumes of 100 mL and processed in the
same way of the miniaturized on-chip samples; the applied strain amplitude of the DMA equipment was
of 30 um. A small preload was applied to each sample to ensure that the entire scaffold surface was in
contact with the compression plates before testing. At least three samples were used for each condition.

For on-chip hydrogels, the superhydrophobic platform containing the scaffolds was fixed in the down
plate of the DMA equipment in a gutter previously assembled in this part of the apparatus. In each
assay, the individual scaffolds were vertically aligned with the cylindrical steel probe. The DMA spectra
were obtained during a frequency scan between 0.1 and 10 Hz. The experiments were performed under
constant strain amplitude, corresponding to approximately 1% (=10 um) of the original height of the

sample. At least four samples were used for each condition.

4.4.4. Nanoindentation
The main components in a nanoindentation experiment are the material to be tested, the
sensors/actuators used to apply and measure the mechanical load and indenter displacement, and the

indenter tip. The latter component is conventionally made of diamond, formed into a sharp, symmetric
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shape such as the three-sided Berkovich pyramid [59]. During a typical nanoindentation test, force and
displacement are recorded as the indenter tip is pressed into the test material's surface with a
prescribed loading and unloading profile. The response of interest is the load-displacement curve (often
called the P-h curve).

In Chapter 7, nanoindentation tests were carried out at room temperature. The hydrogels on the chip
were air-dried overnight. The samples were tested using a Micro Materials NanoTest equipment. A
Berkovich diamond indenter was used, with a three-sided pyramid geometry with a cross-sectional area
in terms of contact depth of A(h.)=24.5h was aligned with each scaffold on the chip and a loading
rate of 0.01 mN/swas applied until a maximum load of 10 mN was reached. Three to five indentations

were made in random locations on each side of the biomaterials.

4.5. ON-CHIP CELLULAR STUDIES

4.5.1. Cell expansion and culture conditions

In Chapters 5 to 7 and 10, we used cell lines as well known cellular models for preliminary studies. In
Chapters 5, 6 and 10, we used L929 fibroblasts from murine origin (ATCC) and SaOs-2 osteoblast-like
cells (ATCC), originated from a human osteosarcoma. Both cell types were expanded in basal medium
consisting of Dubelcco’s Modified Eagle Medium (DMEM) (Gibco, UK) supplemented with 10% heat-
inactivated fetal bovine serum (BiochromAG, Germany) and 1% antibiotic/antimycotic solution (penicillin
100 units/mL and streptomycin 100 mg/mL; Gibco, UK). Cells were grown in 150 cmz tissue culture
flasks and incubated at 37°C in a humidified air atmosphere of 5% CO.. Every 3-4 days, fresh medium
was added. At 90% of confluence, cells grown in tissue culture flasks were washed with PBS and
subsequently detached by a chemical procedure with 0.05% trypsin-EDTA solution for 5 min at 37 °C in
a humidified air atmosphere of 5% CO.. To inactivate the trypsin effect, cell culture medium was added.
The cells were then centrifuged at 300 g and 25 °C for 5 min and the medium was decanted. Cell
suspensions with distinct densities were prepared.

In Chapter 7 we used the MC3T3-E1 cell line (ATCC), since it is widely used as a reliable pre-osteoblast
model [60, 61]. Cells were expanded in basal medium consisting of alpha-MEM (Gibco, UK)
supplemented with 10% heat-inactivated fetal bovine serum (BiochromAG, Germany) and 1%
antibiotic/antimycotic solution (penicillin 100 units/mL and streptomycin 100 mg/mL; Gibco, UK).
Cells were grown in 150 cm? tissue culture flasks and incubated at 37 °C in a humidified air

atmosphere of 5% CO.. Every 3—-4 days, fresh medium was added. At 90% of confluence, cells grown in
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tissue culture flasks were washed with PBS and subsequently detached by a chemical procedure with
0.05% trypsin-EDTA solution for 5 min at 37 °C in a humidified air atmosphere of 5% CO.. To inactivate
the trypsin effect, cell culture medium was added. The cells were then centrifuged at 300 g and 25 °C

for 5 min and the medium was decanted.

4.5.2. Cell culture on biomaterials or as cell spheroids

Cell encapsulation in biomaterials

In Chapter 5 both L929 and MC3T3-E1 cells were encapsulated in hydrogels consisting of alginate
combined with other polymers, under mild temperature (room temperature), pH and ionic concentration
conditions (HEPES 0.1 M, crosslinking with 0.5 M CaCl.). Both cell types were mixed with polymeric
solutions, that were dispensed in wettable spots of the chips, in a concentration of 5x10¢ cells/spot,

where each spot contained 4 L of material.

Cell seeding on previously prepared biomaterials

On Chapter 5 each scaffold on the chips was seeded with 0.5 L of cell suspension. The first assays
were performed with L929 cells, in a total amount of 9x10¢ cells/spot. Another set of assays was
performed by pipetting 0.5 uL of cell suspensions of L929 or Sa0Os-2 cell lines in each miniaturized
scaffold, in order to seed 1.5x10¢ cells/spot. The cells were left to adhere in the scaffolds for 4 hours, at
37°C and 5% CO.. The whole chips were then placed in a 6-well plate with 5 mL of DMEM. All seeded
samples and controls were incubated for 24 hours to further evaluate cells metabolic activity, viability
and quantify the cell number on the different materials combinations.

On Chapter 7, a selective cell adhesion and proliferation cell study was performed by preparing
a MC3T3-E1 cell suspension with a density of 1x10¢ cells/mL. Prior to the contact with cell
suspension, the chips with miniaturized hydrogels were sterilized with ethanol 70% (v/v) for 2
hours and rinsed with sterile PBS 3 times. The chips were seeded with 5 mL of cell suspension.

Cells were left to adhere to distinct spots of the chips in a selective manner.

Fabrication of cell spheroids on-chip

In Chapter 10 superhydrophobic patterned chips were fixed to the lids of tissue culture plates using
commercially available tape. The lower part of the plate was filled with sterile PBS, so the environment
was saturated with water, in order to avoid the cell suspension droplets evaporation. A volume of 5 pl of
cell suspensions of L929 or Sa0s-2 cell lines of 4x10s and 8x10¢ cells/mL were dispensed by manual

pipetting (method (1)) in each wettable spot of the chip. Each condition was processed in triplicate in
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each chip. The spheroids were let to form during 24 hours, after turning the platforms 180°, by closing
the tissue culture plate with the lid where the platform was fixed with tape.

For method (2) we used a L929 cell line cell suspension with a density of 1x107 cells/mL. We dragged
the cell suspension with a speed of approximately 1 wettable spot/second. To measure the average
volume of cell suspension fixed in each wettable spot, we used a micropipette and removed the medium
from each individual spot. The chips were turned 180°, as for Method (1), and the spheroids were let to
form during 24 and 72 hours.

For method (3) L929 cell suspension was prepared with a density of 5x10¢ cells/mL. The whole chip
was dipped in the cell suspension during 5 seconds. After removing the chip, it was tilted so the
remaining cell suspension was removed from the superhydrophobic part of the chip. A micropipette was
used to measure the average volume of cell suspension fixed in each wettable spot. The chips were

turned 180°, as in method (1), and the spheroids were let to form during 24 hours.

4.6. /N VIVOSTUDIES: IMPLANTATION OF SUPERHYDROPHOBIC PATTERNED CHIPS IN WISTAR RATS

In Chapter 8, chips containing 36 spots with distinct combinations of biomaterials were cut in 4 parts
(with 9 miniaturized scaffolds per part). Chips boarders were cut with rounded shape as close to the
scaffolds as possible, and a mark was made on each chip, to identify the relative position of the
biomaterials after explantation. The 4 chips were then implanted subcutaneously in the back of Wistar
rats for 24 h and 7 days, one in each quadrant of the animal’s back. All biomaterials faced the muscle
side of the cut. A total of 27 Wistar rats (8- 10 weeks old), weighing between 150-200 g, were used.
The project was conducted in accordance with the international guidelines set for animal research. The
study was conducted in the animal research facility of the University of Beira Interior. Housing and
animal care were provided according to procedures set for animal research. Animals were individually
anesthetized with an intraperitoneal injection of ketamine (40 mg/kg) and xylazine (5 mg/kg). After the
time point of results analysis, each animal was immobilized and the dorsum was shaved, washed, and
disinfected with ethanol (96%).

To perform chip implantation, a 1.5- to 2-cm skin incision was done in four different sites of animal
dorsum. The animals were divided in several groups (more details can be found in “Materials and
Methods” section of Chapter 8):

° Group 1: animals whose 4 different implanted chips (with chitosan scaffolds in the different

concentration: 1%, 1.5%, 2%, and 1.5 + %) were implanted (n > 4).
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° Group 2: animals implanted with 4 chips with random configuration of the spotted biomaterials
were implanted in rats (n = 3).

° Group 3: similar to the Group 1; however, the chip with the condition ““1.5 + %'’ was substituted
by a chip without any spotted biomaterials (empty chip) (n = 2).

° Group 4: Control group where one animal had two empty chips implanted, without any
patterned biomaterial (n = 2).

° Group 5: Animals where one biomaterial plug (with a diameter of 5 mm) without
superhydrophobic chip was implanted by animal (n = 2), to be explanted after 24 h and 7 days of
implantation. For this condition, two biomaterials combinations present on-chip were implanted. More
details on the composition of such biomaterials can be found in Chapter 8.

Subsequently to samples implantation, the skin flaps were sutured. During the study, animals were kept
in separate cages and fed with commercial rat food and water ad libitum. Animals were sacrificed by

CO: asphyxiation after 24 h and 7 days.

4.7. CELLULAR CHARACTERIZATION

In Chapters 5 to 8 and 10, analysis of cellular response was performed by image-based analysis. On
Chapters 5 and 6 such image-based techniques were validated against biochemical standard assays
performed on the same miniaturized biomaterials used for on-chip non-destructive and microscopy-
based analysis. The biomaterials used for such validation tests were detached from the wettable spots
of the chips and tested individually. For cell number analysis, the quantification of cell nuclei by image
analysis was counterpoised with standard double-stranded DNA (dsDNA) analysis (directly proportional
to the number of cells on the biomaterial samples). Cellular viability was compared with the results of
metabolic activity (performed by the MTS test) normalized by the total amount of dsDNA, as it is also
accepted as a fair approximation for cell viability determination. Details regarding biochemical assays
and staining techniques can be found in the following sub-sections. The image-based methods used for
cell quantification, identification and morphometric analysis are addressed in more detail on section

sub-section 8.

4.7.1. Cell Metabolic Activity: MTS assay

The metabolic activity of cells in contact with extracts of the developed hydrogels was evaluated by the
MTS assay (3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2(4-sulfofenyl)-2H-tetrazolium) (Cell
Titer 96® Aqueous Solution Cell Proliferation Assay, Promega), in Chapters 5 and 6. MTS is bioreduced
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by dehydrogenase enzymes, active in live cells, into a brown formazan product. The color intensity,
measured at optical density (OD) 490 nm, is directly related to number of viable cells. The biomaterials
removed from the chips were washed in PBS and incubated with MTS solution prepared in serum-free
culture medium without phenol red, at 37°C for 3h. After incubation, 100 pL were transferred in
triplicate into a 96-well plate for OD measurement at 490 nm. The absorbance of the resulting solution

in each well was recorded using an automated Microplate Reader (Synergy™ HT, Bio-Tek Instruments).

4.7.2. Cell viability

LIVE/DEADr Viability,/Cytotoxicity Kit

The LIVE/DEADe® Viability/Cytotoxicity Kit (LifeTechnologies, USA) is a quick and easy two-color assay to
determine viability of cells in a population based on plasma membrane integrity and esterase activity.
Calcein AM is a cell-permeable and non-fluorescent compound. It is hydrolyzed in live cells, and the
fluorescence intensity is proportional to the amount of live cells, as it becomes fluorescent after
hydrolysis of AM group. Propidium iodide (Pl) stains dead cells as it enters cells with damaged
membrane.

Fluorescence labeling with calcein AM and Pl was carried out in Chapter 5, to assess the viability of
929 and MC3T3-E1 cells encapsulated in semi-interpenetrated network hydrogels. For this assay, the
chips were washed with PBS and placed in a well plate with 2 mL of PBS with 4 uL of a Calcein-AM and
2 UL of PI, and incubated for 30 minutes at 37°C in 5 % CO.. In Chapter 6, dead cells were stained with
Pl, and cell death ratio was calculated by dividing such number by the total number of cells on the
scaffolds (calculated as reported in section 7.4).

In Chapter 10, cell viability in cell spheroids was also calculated by image-based quantification of the
ratio of live/dead cells on the spheroids. A volume of 2 ul of solution of PBS with 10% (v/v) of each
reagent was added to the spheroids, after 3 ul of the culture medium (from a total volume of 5 pl) was
removed from the spots. The samples were left to incubate at 37°C during 30 minutes, and then
washed 3 times with 3 pl of PBS. After rinsing We observed each spot under a reflected/transmitted
light microscope (Zeiss, Axiocam MRcb) - for Chapters 5 and 6 -, and in a laser confocal microscope —

for Chapter 10.

136



Section II. Chapter 4. Materials and Methods

4.7.3. Total cell number

Double-stranded DNA quantification

Quantitative double-stranded DNA (dsDNA) is a very accurate method to assess number of cells, since
these two parameters are directly correlated. This method may be used to assess cell-seeding efficiency
into biomaterials, as well as to determine cell proliferation. For Chapter 5 and 6, quantification was
performed using the Quant-iT™ Pico-Green dsDNA Assay Kit (Invitrogen™, Molecular Probes™, Oregon,
USA), according to the instructions of the manufacturer. Cells in each individual biomaterial were
immersed in ultrapure water and frozen at -80°C after cell culture period. Before quantification, they
were thawed and exposed to ultrasounds for 10 minutes. As such, cell membrane was lysed by osmotic
and thermal shock. The supernatant was used for the dsDNA quantification assay. The fluorescence of
the dye was measured at an excitation wavelength of 485/20 nm and at an emission wavelength of
528/20 nm, in a microplate reader (Synergie HT, Bio-Tek, USA). The dsDNA concentration for each
sample was calculated using a standard curve (dsDNA concentration ranging from 0.0 to 1.5 mg/mL)

relating quantity of dsDNA and fluorescence intensity.

Cell nuclei staining

Cells’ nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma). DAPI is a fluorescent stain
that binds strongly to A-T rich regions in DNA. When bound to dsDNA, DAPI has an absorption
maximum at a wavelength of 358 nm and its emission maximum is at 461 nm (blue). In Chapters 5 to
8 and 10, the whole chips or control samples were immersed in a DAPI solution (diluted 1000x in PBS)
for 15 to 30 minutes, and rinsed thoroughly 3 times with PBS, for 15 minutes prior to microscopy
observation. Each spot on the chip was observed under a reflected/transmitted light microscope (Zeiss,

Axiocam MRcbH).

4.7.4. Cell morphology analysis

Scanning Electron Microscopy

In Chapter 7, we assessed cells morphology after 3 days of cell culture using a scanning electron
microscope (SEM; NanoSEM - FEI Nova 200 (FEG/SEM); EDAX). The cells were fixed by immersion in
paraformaldehyde for 2 hours and subsequent washing with PBS. SEM is a type of electron microscope
that produces images of a sample by scanning it with a focused beam of electrons. The electrons

interact with atoms in the sample, producing various signals that can be detected and that contain
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information about the sample's surface topography and composition. When accelerated electrons enter
a solid, they are scattered both elastically (by electrostatic interaction with atomic nuclei) and
inelastically (by interaction with atomic electrons). Most of this interaction is “forward” scattering, which
implies deflection angles of less than 90°. But a small fraction of the primaries are elastically
backscattered (0 > 90°) with only small fractional loss of energy. Due to their high kinetic energy, these
backscattered electrons have a reasonable probability of leaving the specimen and re-entering the
surrounding vacuum, in which case they can be collected as a backscattered-electron signal. Inelastic
scattering involves relatively small scattering angles and so contributes little to the backscattered signal.
However, it reduces the kinetic energy of the primary electrons until they are eventually brought to rest
and absorbed into the solid; in a metal specimen they could become conduction electrons. The depth
(below the surface) at which this occurs is called the penetration depth or the electron range [62]. SEM
images were obtained from the low-energy secondary electrons emitted from each spot of the sample
where the focused electron-beam impacts.

Before analysis, chips were gradually dehydrated using solutions with increasing amounts of ethanol
(30%, 50%, 70% and 90%), where the chips were immersed for 10 minutes in each solution. Due to their
non-conductive behavior, the whole chips were coated with a thin, electrically deposited gold palladium

layer, to minimize charge accumulation using a sputter coater (JEOL JFC-1100).

F-actin staining

In Chapter 7, after fixation with paraformaldehyde, cells’ F-actin filaments were stained with phalloidin-
tetramethyl rhodamine isothiocyanate (Sigma, diluted 1000x). The chips were immersed in such
solution for 1 hour at room temperature, and then thoroughly rinsed with PBS 3 times, during 15
minutes. Each spot on the chip was observed under a reflected/transmitted light microscope (Zeiss,

Axiocam MRcbH).

4.7.5. Cell type identification

Histology

Hematoxylin and eosin (H&E) staining was performed to observe general cell morphology and overall
cell/matrix distribution in histological sections in Chapter 8. Hematoxylin is an alkaline dye that stains
cell nuclei blue due to an affinity to nucleic acids. Eosin is an acidic dye that stains cells cytoplasm pink
[63]. H&E staining was conducted in automatic staining equipment (Microm HMS 740). After hydration,

sample sections were colored with Papanicolaou Harris hematoxylin (05-12011/L, Bio-optica) for 3
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minutes, washed in running tap water. The sections were then stained in Eosin-Y (05-M10003, Bio-
optica) for 30 seconds. Finally, slides were dehydrated through series of alcohol immersions from 30 to
100% (v/v) ethanol. The stained cells were visualized under a light microscope (Reflected/Transmitted
light Microscope, Zeiss Germany) and images were taken by a digital camera (Axion MRc5H, Zeiss).

For histological sections in Chapter 8, scoring was attributed to each part of the histological cuts
(divided according to Figure 8.3C in Chapter 8). The following scoring scale for analysis was
established, after identification of cells types in the H&E stained sections: O—absence of inflammatory
cells; I—presence of lymphocytes and polymorphonuclear (PMN) cells; 2—higher presence of
lymphocytes and PMN, and low amount of macrophages; 3—higher presence of lymphocytes; 4—high
concentration of macrophages and presence of lymphocytes; 5—very high density of macrophages; 6—
vascularization with very high concentration of macrophages. Images of on-chip macrophages were
scored (0-6) according to the relative amount of macrophages in the scaffold, where O corresponded to

the lowest relative amount and 6 to the highest relative amount.

Immunocytochemistry

After the explants of the 4 chips in each animal, the chips were fixed and kept in paraformaldehyde. The
explanted chips were incubated with primary antibodies CD25 (AbD Serotec) (specific for IL-2 produced
by lymphocytes) or CD163 (AbD Serotec) (specific for macrophages) in concentration of 1:100
overnight, at 4°C. Nonspecific binding was blocked by incubation with 3% bovine serum albumin (BSA)
solution in PBS for 30 minutes, at room temperature. After 1 hour of incubation with AlexaFluor488
(Alfagene) for CD25, or AlexaFluorb94 (Alfagene) for CD163, both at a concentration of 1:250, in BSA
1%, at room temperature, the cells were washed in PBS and counterstained with DAPI (Invitrogen)
nuclear staining. The presence of surface markers was analyzed using an Axioplan Imager 71
fluorescence microscope (Zeiss, Germany). Images were taken by a digital camera (Axion MR3, Zeiss,
Germany). Images in a total height of 500 um were acquired in 20 layers of 25 um. The images used

for the analysis were the ones corresponding to the final stacking of the 20 layers.

4.8. CELLIMAGE ANALYSIS

4.8.1. Cell viability and cell quantification
In Chapter 5, cells stained with Calcein AM or Pl in each sample were quantified using 10 fluorescence
microscopy images acquired with 200x magnification, using WCIF ImageJ software (NIH, USA). The

same threshold criterions were used in all images.
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In Chapter 6 and 7, cell quantification was performed by staining the cells nuclei with DAPI. In Chapter
6, cell mortality was evaluated using Pl staining. In both cases, fluorescence microscopy images were
used for image analyses on WCIF ImageJ software (NIH, USA), using 18 images of 200x200 pixel? per
sample acquired with the same magnification (50x). The same threshold criterions were used in all
images.

In Chapter 8, images acquired by microscopy (Axiovision, Zeiss) with a 50x magnification were cut in 4
equal images. Using ImageJ (NIH) software the background caused by the natural fluorescence of
natural polymer in each image was removed or minimized. Automatic nuclei counter (ITCN, Imagel,
NIH) was used to quantify the lymphocytes. Images with the green staining were analyzed considering
cells with 6 um of diameter and a separation dependent on the density of cells, varying from 2 to 6 um.
A representative image of the steps performed for such image analysis can be found in Chapter's 8
“Supporting Information” section.

In Chapter 10, confocal microscopy images were used to determine cell viability. As such, the number
of viable cells in each stack was calculated, even if the distribution of dead cells was not uniform in the
spheroid. We used the particle analysis application of ImageJ software (NIH, USA) and analyzed the
multimages (multitiff) in the form of images stacks. The total number of cells in the analyzed spheroids
was assumed to be the sum of cells counted in all stacks. Cell viability was determined as indicated in

equation 4.3:

Y. live cells
Y.(live cells + dead cells)

cellviability (%) = x100% (4.3)

4.8.2. Cellular area quantification

In Chapter 7, cell quantification was performed after washing the whole chips with PBS and
fixing the cells with formalin, after 1 and 3 days of cell culture. Cells’ nuclei were stained with
DAPI and F-actin was stained with phalloidin-tetramethyl rhodamine isothiocyanate. Cell number
was quantified through cell nuclei counting using particle analysis of ImageJ software (NIH,
USA). Cell area was calculated by particle analysis of the F-actin staining images, using ImageJ

software (NIH, USA). Each condition was analyzed in quadruplicate.
4.9. BIOACTIVE MOLECULES RELEASE STUDIES

The correct administration of bioactive agents is often dependent on tailored delivery mechanisms from

hydrogel or polymeric matrices. The standard methods for the /n vifro monitoring of molecules release
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are resource spending and laborious. As a simplifying alternative to these methods we suggest the on-

chip image-based determination of bioactive molecules release profile.

49.1. Setup preparation

Superhydrophobic biomimetic surfaces were imprinted with ring-shaped transparent spots (Figure 9.2,
Chapter 9) with concentric superhydrophobic millimetric regions to be used as bioactive agents release
study platforms, as referred in sub-section 9.2.

An array of combinatorial conditions for protein release was designed, aiming to control two variables:
the concentration of the polymer that constitutes the hydrogel matrix and the concentration of the
protein initially encapsulated in the hydrogel matrix. We used alginate sodium salt compatible with cell
encapsulation (Sigma, USA) as hydrogel matrix material and BSA-FITC (Sigma, USA) as the protein
model, since it is well-known as a model for proteins release studies.

Solutions of 1%, 1.5%, and 2% (w/v) of alginate were prepared using distilled water. Each of these
solutions was divided in three equal parts and, to each portion, amounts of BSA-FITC in concentrations
of 0.1, 0.5, and 1 mg/mL were added. A total of 9 combinatorial hydrogel precursors mixed with BSA-
FITC were prepared. 2 pL of each liquid precursor was dropped in each concentric superhydrophobic
spot inside the ring-shaped wettable spot. To fix the polymeric droplets, an indentation was previously
made in the center of the superhydrophobic circle using a 22G needle. Each droplet was then
crosslinked with 0.8 pL of 10 M CaCl.during 10 minutes in a water saturated environment. After the
crosslinking reaction an amount of 40 uL of PBS was dropped in the ring-shaped hydrophilic spot,
covering the particle. The maximum amount of loaded BSA-FITC — 1 mg/mL per particle — leads to a
maximum proportion of 0.05 mg/mL of protein in PBS in case of total protein release to the 40 L of
medium (PBS). This value is lower than the limit solubility provided by the supplier (around 0.1 mg/mL
in water).

4.9.2. On<hip image acquisition and calibration curves

Images of each spot were acquired before the addition of PBS to the wettable regions and then
sequentially after the addition of the PBS to each ring-shaped wettable spot. After studying the
evaporation of PBS in each spot at room temperature (20°C), we concluded that there was an average
evaporation of 20% of the total volume after 30 minutes. As such, we added 2.7 uL of PBS to each spot
every 10 minutes. The final images consisted of the stacking of 28 layers acquired every 25 um on the
particle z axis; those were acquired using the microscope Axiovision Rel. 4.8 program (Zeiss, Germany).

The images were composed of whole particles and some surrounding area. The images were acquired
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every 5 minutes until 30 minutes of protein release. After an interval of 30 minutes, images were also
collected at 60 minutes after the addition of PBS to the particles.

The exposure time of the fluorescence lamp of the reflected/transmitted light microscope (Zeiss,
Germany) was maintained in each experiment. Calibration curves with pre-defined concentrations from
1 mg/mL to 0.025 mg/mL of BSA-FITC were performed. Droplets of 2 ulL of alginate solutions with the
distinct amounts BSA-FITC and crosslinked with CaCl. were dispensed in superhydrophobic surfaces.

Calibration curves were performed with the three distinct concentrations of alginate.

4.9.3. Image analysis: fluorescence quantification

All acquired images were treated as grey-scale images. Fixed areas of each image were collected and
the grey mean intensity of each previously stacked image was measured using the ImageJ software
(NIH, USA). These values were then adjusted to the calibration curve and the protein release profiles

were calculated.

4.9.4. Control test: validation of the on-chip tests

In order to perform control tests we produced several particles of each combinatorial condition using a
superhydrophobic surface. These particles were produced with the same properties as the particles
used for the chip assay. We placed two particles in each well of a commercially available white opaque
96-well plate. Each well was used to study one specific time point. We then added 80 L of PBS to each
well and carefully removed the particles from each well in the intended time point. These time-points
corresponded to the time-points in which the images were collected in the chip. The control tests were
performed for the 3 formulations containing 0.5 mg/mL BSA-FITC in 1% (w/v), 1.5% (w/v) and 2% (w/v)
of alginate.

We measured the fluorescence in each well in a microplate reader (Synergie HT, Bio-Tek) at an excitation
wavelength of 485/20 nm and at an emission wavelength of 528/20 nm. The values were then
adjusted to a calibration curve which contained concentration values from 0.005 mg/mL to 1 mg/mL of

BSA-FITC in PBS.

4.10. STATISTICAL ANALYSIS
Results in this thesis are expressed as mean + standard deviation. Statistical analysis was performed
using Prism software (Prism 4.0c, GraphPad Software Inc., San Diego, CA, USA). Normality tests were

performed using Shapiro-Wilk tests. For normally distributed populations parametric tests were
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performed by using a one-way or two-way analysis of variance (ANOVA). In the cases where the
population was not normally distributed, we used nonparametric Mann-Whitney analysis. The

differences were considered statistically significant for p < 0.05.

4.11. FACTORIAL ANALYSIS

Design of experiments (DOE) is a tool used for the validation of manufacturing processes, namely in the
medical field [64]. It refers to a set of statistical approaches to experiment design and analysis and it is
used to model and predict the effect of one or more process factors on the responses. While in
traditional experimentation the variation of factors is usually singular, while all others are held constant,
using DOE all the factors eventually affecting the output can be investigated in single trials.
Consequently, the size of the experiment is decreased and key information is provided regarding
process interactions. The study of factors interaction is of high importance, as many responses
occurring in the biomedical field occur when different factors interact at different levels. Importantly, this
type of information on interactions between factors cannot be easily obtained by investigating the effect
of each factor separately.

DOE tests include single factor, two-level, factorial designs, Taguchi methods, mixture methods, and
response surface models [65]. The so called “screening trials” or two-level trials only study each factor
at a high and low level are useful for determining the important sources of variability for a process. They
are particularly useful for highlighting critical factors to be studied later with more detail. Taguchi
methods are often applied in the design of reliable processes by hit-spotting operating conditions that
minimize product variation. Response surface experiments, used in this thesis in Chapters 7 and 8, are
used to map the effect of varying two or more factors across a range of values [66]. The use of DOE
approaches increases the efficient use of resources while providing detailed analysis and predictive
capability. It reduces the size of the experimental setup and hence the costs.

In Chapter 7, threefactor analysis was performed using the Design of Experiments
DesignExpert7 Software (Stat-Ease, Inc). Specific storage modulus and #an 6 data obtained at 1
Hz was analyzed. The list of individual factors considered were: chitosan concentration, genipin
concentration and bioactive nanoparticles concentration. The factors were considered as
categorical ordinal and the model was not adjusted to any transformation. Data regarding
individual factors effect and combined interference was demanded.

In Chapter 8, three-factor analysis was performed using the Design of Experiments DesignExpert7

Software (Stat-Ease, Inc). Response surface models were generated for the analyzed conditions and the
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contribution of each factor was then quantified. The three factors considered were: concentration of
chitosan in the scaffold (factor A), type of polymer added to the chitosan scaffolds (factor B), and
dilution of such polymer (factor C). The variables were considered as numerical, for factor A and factor
C, and nominal for factor B. Three levels were considered for factor A: 1%, 1.5%, and 2%. Three levels
were considered for factor B: Alg, k-Carr, and i-Carr. Factor C was analyzed also considering three
levels: H—for lower dilution factor (i.e., higher concentration of polymer added to chitosan scaffold: 2%),
M—for intermediate dilution factor (concentration of polymer B: 1%), and L—for higher dilution factor
(concentration of polymer added to chitosan scaffold: 0.5%). For histology scores analysis, the chitosan
concentration 1.5% was isolated, so a three-factor analysis was performed considering a new factor: the
volume of chitosan dispensed (factor D): 4 (“1.5% Chi") or 6 mL (“1.5%+ Chi”"). We developed three
distinct surface response models for each time point: 24 h and 7 days after implantation. Each model
was developed according to the quantified number of lymphocytes, scores attributed to on-chip
macrophages, and to each part of the histological cuts performed in the tissue collected around the
chips. The results were analyzed by the software by ‘‘sequential model sum of squares’ to select the
highest order polynomial where terms were significant and the results were not aliased. For most of the
models, response surface 2F1 models were suggested and further on generated. For lymphocyte and
macrophage quantifications after 24 h of implantation, main effect models were generated. Results
were then analyzed by analysis of variance (ANOVA). Each model allowed concluding about the
percentage contribution of each factor. The effect of each factor and the combined effect of factors were

also analyzed.
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CHAPTER 5. COMBINATORIAL CELL-3D BIOMATERIALS ~ CYTOCOMPATIBILITY
SCREENING FOR TISSUE ENGINEERING USING BIOINSPIRED SUPERHYDROPHOBIC

SUBSTRATES*

5.1. ABSTRACT
We report on the development of a new array-based screening flat platform with the potential to be used
as a high-throughput device based on biomimetic polymeric substrates for combinatorial cell/3D
biomaterials screening assays in the context of tissue engineering. Polystyrene was used to produce
superhydrophobic surfaces based on the so-called lotus effect. Arrays of hydrophilic regions could be
patterned in such surfaces using UV/ozone radiation, generating devices onto which combinatorial
hydrogels spots were deposited. The biological performance of encapsulated cells in hydrogels could be
tested in an /n vitro 3D environment assuming that each site was isolated from the others due to the
high contrast of wettability between the patterned spots and the superhydrophobic surroundings. Three
different polymers - chitosan, collagen and hyaluronic acid - were combined with alginate in different
proportions in order to obtain combinatorial binary alginate-based polymeric arrays. The effect of the
addition of gelatin to the binary structures was also tested. The gels were chemically analyzed by FTIR
microscopic mapping. Cell culture results varied according to the hydrogel composition and
encapsulated cell types (L929 fibroblast cells and MC3T3-E1 pre-osteoblast cells). Cell viability and
number could be assessed by conventional methods, such as MTS reduction test and dsDNA
quantification. Non-destructive image analysis was performed using cytoskeleton and nuclei staining
agents and the results were consistent with the ones obtained by conventional sample-destructive
techniques. Briefly, L929 cells showed higher number and viability for higher alginate-content and
collagen-containing hydrogels, while MC3T3-E1 showed higher cell viability and cell number in lower
alginate-content and chitosan containing hydrogels. The addition of gelatin did not influence significantly

cell metabolic activity or cell number in any of the encapsulated cell types.

+This chapter was based on the publication: Salgado CL*, Oliveira MB*, Mano JF. Combinatorial cell-3D biomaterials cytocompatibility
screening for tissue engineering using bioinspired superhydrophobic substrates. Integ Biol-Uk. 2012;4:318-27 (*the authars contributed
equally to this work).
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5.2. INTRODUCTION
In tissue engineering, the study of the interactions between three-dimensional (3D) constructs and cells
is traditionally limited to a low number of combinations of materials, cell types and external stimuli. Cell
response to biomaterials is known to be affected by a wide range of complex interdependent signals [1].
In its majority, the function and interactions between these signals still remain undisclosed and the
variation of most of these mechanisms has been usually studied individually. This led to the necessity of
developing efficient and cost-saving platforms for the screening of biomaterials that act as artificial
extracellular matrices (ECMs) for tissue regeneration, in order to study the systematic variation of
diverse factors in a high-throughput manner.
Although combinatorial biomolecular libraries of DNA and drug microarrays have been widely reported
[2], the synthesis of polymeric libraries is still a recent challenge, especially if one intends to reproduce
the 3D environment felt by cells /7 vivo. High-throughput analysis has allowed for the fast study of arrays
of biomaterials physicochemical characteristics [3-5] and cell response to combinatorial arrays of
substrates and soluble factors [6-9].
The development of new platforms for high-throughput study of biomaterials and respective interactions
with cells must take in consideration three different aspects: (i) the easy fabrication of the platform
where the different materials are deposited with controlled volumes; (i) the easy generation of
combinatorial biomaterial arrays and combinations in the desired shape and organizational structure,
such as scaffolds or hydrogels, optionally combined with other tissue engineering components such as
soluble factors or cells; (iii) the reliable collection of results (either from physicochemical
characterization or biological response), ideally avoiding the destruction of the whole final high-
throughput platform.
Aiming to obtain substrates for the production of biomaterials arrays, top-down techniques can be used
to pattern substrates in which polymeric materials can be further deposited. Regarding this group of
techniques, emphasis has been given to lithographic methods, namely photolithography which uses
patterned hollow masks that allow for the substrate to be exposed to radiation in some areas leading to
selective crosslinking [10] or changes of the wettability of specific regions of the substrate, as suggested
herein.
This concept relies on the contrast between surface wettability for the construction of chips and was
previously used in 2D studies to investigate the effect of pre-adsorbed proteins in cell adhesion and

growth [11] or for the assessment of the osteoconductivity of inorganic nanoparticles [12].
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The assessment of cell behavior into flat (2D) biomaterials has been carried out by developing
microarray systems to, for example, study the interactions among biomaterials, adsorbed proteins and
human embryonic stem cells [13]. However, in tissue engineering field, such tests should ideally be
performed in microenvironments that could mimic better the /77 vivo conditions. Therefore, the extension
of combinatorial assays to 3D milieus is an important step in the improvement of the reliability of the
results obtained in highthroughput platforms [14]. Polymeric 3D arrays of well-characterized
biodegradable polymer blends were used to test the ability to efficiently screen different materials with a
range of different cell types6 and to study stem cell behavior [15-16] using techniques such as direct
writing printing of microliter-sized gels [17]. However, few solutions have been proposed in the case of
the comparison between biomaterials exhibiting complex structures. In order to obtain 3D porous
scaffolds combinations, commercially available polystyrene (PS) well plates have been proposed [18-
19]. Porous gradients with the single-factor variation of some property of the material, e.g. crosslinking
extent [20], or calcium phosphates content [19] have also been suggested. The variation of the size and
shape of the structures in commercial PS well plates is limited to the size of the wells, as their full
characterization inside the wells may be a difficult task in cases where image analysis or insertion of
probes may be needed. In the case of gradients, the variation of more than one single factor may be
difficult due to the absence of a physical separation between the different regions in the
scaffold/hydrogel.
Herein, we propose a new concept of miniaturized device for combinatorial screening of chemical
composition and cytocompatibility of 3D biomaterials. The device is based on the use of previously
reported superhydrophobic substrates [21], in which cell attachment seems to be decreased [22-24].
UV/ozone (UVO) irradiation could be used to locally modify the wettability of such substrates up to the
superhydrophilic regime, using hollow photomasks to generate spot regions onto super-repellent
substrates. Different biomaterials can be then dispensed in these regions. The main objective of this
work is to develop a combinatorial array-based screening assay using such new polymeric chips to
evaluate different biomaterial/cells compositions for tissue engineering applications by dispensing
hydrogel-precursor polymeric solutions with encapsulated cells followed by the respective ionic
crosslinking over controlled spatially modified superhydrophobic substrates.
Natural-based polymers have been widely used as supports for tissue engineering applications [25]. In
this work, combinations of natural macromolecules, including alginate (Alg), chitosan (Chi), collagen

(Coll) hyaluronic acid (HA) and gelatin (G) were explored to demonstrate the applicability of the
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proposed technology, since different kinds of conjugates with natural polymers have been shown to be

favorable for different cell types in tissue repair [26].

5.3. MATERIALS AND METHODS

5.3.1. Processing of superhydrophobic polymeric substrates

Commercially available PS plates (Corning) and PS flakes (Mn=69000, Mw/Mn=1.734) were used.
Tetrahydrofuran (THF) was purchased from Fluka (p.a.>99.5%) and ethanol absolute from Panreac. The
surfaces were modified according to the protocol described elsewhere [11,21,27-28]. The developed
superhydrophobic substrates were treated using a UVO lamp (Bioforce, Nanosciences) for 20 minutes.
In order to control the wettability, an aluminum mask with 4 mm2 open squares, separated by 0.5 mm
was used. The wettability of the studied surfaces was assessed by contact angle (CA) measurements.
Static CA measurements were carried out using an OCA15+ goniometer (DataPhysics, Germany) using
the Sessile drop method. Distilled water (3 ulL) was dropped on the surfaces (hydrophilic and

superhydrophobic) and pictures were taken after stabilization of the water droplet.

5.3.2. Cell expansion and preparation of the materials for cell culture

A fibroblast cell line (L929, ATCC) and a pre-osteoblast cell line (MC3T3, ATCC) were used as well
established cell lines for preliminary biocompatibility studies. Cells were expanded in basal medium
consisting of alpha-MEM medium (o-MEM; Gibco, UK) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; BiochromAG, Germany) and 1% antibiotic/antimyotic solution (final concentration of
penicillin 100 units/mL and streptomycin 100 mg/mL; Gibco, UK). Cells were cultured at 37°C in an
atmosphere of 5% CO.. Prior to cell culture, Alg, Chi and G solutions were sterilized in an autoclave for
15 minutes at 121°C and 1 atm. HA and Coll solutions were filtered, and PS superhydrophobic
surfaces were immersed in ethanol 70% solution overnight and then rinsed with sterile phosphate buffer

saline (PBS).

5.3.3. Production of 3D structural spots onto the hydrophilic regions of the developed chips

The 3D structures were prepared by dispensing polymeric solutions onto the hydrophilic spots of the PS
substrates prepared as described before. The hydrogels were prepared using aqueous solutions of:
sodium alginate, 1 wt/v% (Sigma, USA); water soluble chitosan, 1 wt/v% (Novamatrix, Norway); collagen

type I, 1 wt/v% (Fluka, Switzerland); gelatin B, 0.2 wt/v% (Aldrich, USA) and hyaluronic acid sodium salt,
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1 wt/v% (Sigma, USA). After trypsinisation from the cell culture flask, cells were concentrated and mixed
with the liquid polymeric hydrogel precursors at a constant concentration of bx104 cells/spot. The liquid
drops were solidified by the action of crosslinker CaCl: 0.5 M (Merck) with 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) 0.1 M (Sigma, USA). In each spot, a total amount of 4 ul of
polymeric solutions (which amount depended in the weight proportion of alginate being tested) and 1 pl
of crosslinking solution were dispensed using a digital micropipette, in a drop-by-drop logic. Different
proportions of the materials were analyzed (40:60; 50:50; 70:30 and 90:10 - weight proportion of

different materials/alginate).

5.3.4. Characterization of the material distribution in the hydrogel spots

To assess the presence and distribution of the materials in each spot and to verify if the semi-IPN could
maintain its integrity after 24 hours of immersion in a liquid medium, Fourier Transform Infrared (FTIR)
analysis was performed to all samples. A whole chip with the polymeric mixtures - with no encapsulated
cells - was immersed in PBS for 24 hours. The samples were then air-dried in order to minimize the
absorption peaks of water in the FTIR analysis. A whole chip was then placed in a Perkin-Elmer
Spectrum Spotlight 200 FTIR Microscope System and each spot was analyzed in reflectance mode.
Characteristic absorption bands of each polymer were selected [29] and identified in FTIR collected data
for each control, i.e. the pure polymer dispensed and dried in the platform. The main aim was to assess
the polymers distribution in the air-dried structures. In the case of Alg/Coll mixtures, the distribution of
both polymers could be assessed. However, in Alg/Chi and Alg/HA the overlapping of the characteristic
peaks of alginate did not allow for the simultaneous identification of both polymers in the maps. As a
consequence, the distributions of chitosan and hyaluronic acid in the mixtures with chitosan were
identified individually. Regarding the gelatin-containing structures, the identification of this polymer in the
mixtures containing collagen was not possible due to the protein character of both of them. Since Chi
and HA could not be distinguished from alginate, we chose to analyze the Alg/HAG and Alg/ChiG
mixtures excluding the chemical mapping of alginate and distinguishing gelatin from HA and Chi.
However, these are results that require a careful analysis, since the peaks that identify these polymers
are close in the infrared spectrum and overlapping phenomena may be observed. The chemical groups
and corresponding infrared peaks, as well as the respective chosen bandwidths used to identify each

polymer are specified in Table 5.1.
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Table 5.1. - List of the characteristic peaks and restriction bandwidths used to identify each polymer in the FTIR

mapping analysis.

\dentiied Characteristic Correspondin
Polymer simultaneously P g Selected bandwidth (cm)
. group(s) peak (cmn)
with:
Chitosan - Amine | ~1650 1680-1620
Amine | (present in
Collagen Aeinate Proline) ~1650 1680-1620
g & Amine Il (present ~1550 1580-1520
in Glycine)

Hvaluronic acid Ester ~1045 1055-1035
y Amine Il 1550 1580-1520
Alginate Collagen Ester ~1045 1000-1100

. Chitosan and Amine | ~ 1650
Gelatin Hyaluronic acid Amide ~1650 1680-1620

Regarding the colors used in the chemical mapping of the mixtures, for the single identification of
chitosan in Alg/Chi mixtures, blue was the chosen color; dark yellow was used for the single
identification of HA in Alg/HA mixtures. In the Alg/Coll mixtures, green was chosen for the identification
of alginate, while light yellow was used in the identification of collagen. To distinguish gelatin from Chi in
Alg/ChiG mixtures, gelatin was considered red, while Chi was considered as blue. In the same logic, in
Alg/HAG mixtures, gelatin was considered red while HA remained dark yellow.

Spectra were collected in continuous scan mode for sample areas of 100 x 100 um2, with a spectral

resolution of 16 cm- 1, averaging 15 scans for each spectrum.

5.3.5. Cell culture in the superhydrophobic chips

For cell encapsulation experiments, the chips with the hydrogels and cells were placed in a 6-well plate
with 5 mL of complete cell culture medium. PS substrates cut from commercial Petri dishes were used
as controls. All seeded samples and controls were incubated for 24 hours in order to evaluate the cell

viability and quantify the cell number on the different materials combinations.

5.3.6. Cell response assessment

Destructive tests for viability assessment and cell quantification
After 24 hours of cell culture, the hydrogels were removed from the platform and disaggregated using 5

pL of sodium citrate solution (100mM). The cell viability was determined using the CellTiter
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96®AQueous One Solution Cell Proliferation Assay (Promega, USA). This assay is based on the
bioreduction of a tetrazolium compound,3-(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)- 2-(4-
sulfofenyl)-2H-tetrazolium (MTS), into a water-soluble brown formazan product. The absorbance was
measured at 490 nm in a microplate reader (SynergieHT, Bio-Tek, USA), being related to the quantity of
formazan product and directly proportional to the number of living cells in the constructs. Samples were
characterized in triplicate.
Cell proliferation was quantified by the total amount of double-stranded DNA (dsDNA), along the
culturing time. Quantification was performed using the Quant<T™ Pico-Green dsDNA Assay Kit
(Invitrogen™, Molecular Probes™, Oregon, USA), according to the instructions of the manufacturer.
Briefly, cells in the construct were lysed by osmotic and thermal shock and the supernatant was used
for the dsDNA quantification assay. The fluorescence of the dye was measured at an excitation
wavelength of 485/20 nm and at an emission wavelength of 528/20 nm, in a microplate reader
(Synergie HT, Bio-Tek, USA). The dsDNA concentration for each sample was calculated using a standard
curve (dsDNA concentration ranging from 0.0 to 1.5 mg/ml) relating quantity of dsDNA and

fluorescence intensity. Samples were characterized in triplicate.

Non-destructive image-based tests for cell viability and quantification assessment

After 24 hours of cell culture, cell viability was evaluated by a non-destructive live/dead assay. After
washing the samples with PBS, the samples were incubated with 100 uL of calcein AM solution (2
ug/mL) and 100 pL of propidium iodide solution (consisting of 1 ug/mL of propidium iodide and 10
ug/mLof RNAase A in PBS, prepared from stock solutions of 1 mg/mL of propidium iodide in distilled
water, and 1 mg/mL of RNAase A in distilled water). The incubation time was of 30 minutes at 37°C for
all samples. Cell quantification could be performed by staining the cells nuclei with 4',6-diamidino-2-
phenylindole (DAPI - 1 mg/mL). In both cases, fluorescence microscopy (Reflected/Transmitted Light
Microscope, Zeiss) was used for image analyses on WCIF Image J software, using 10 images of 200x
magnification per sample, and the same threshold criterions were used in all images.

A schematic resume of the procedure performed in this study can be seen in Figure 5.1.

5.4.  RESULTS AND DISCUSSION
Superhydrophobic biomimetic substrates with a water contact angle of 151.7+3.1° (see contour of the
water droplet in Figure 5.1) were obtained by phase-separation of PS [25]. This polymer was used since
it is the gold standard material for /n vitro cell culture. Hydrophilic patterns were obtained after 20

minutes of UVO exposure covered with a photomask, and the contact angle of the treated regions
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decreased to 72.4+2.3° (see contour of the water droplet in Figure 5.1). Controlled volumes of liquid
precursors with mixed cells could be dispensed in such wettable spots using a micropipette and were
kept confined in that area during crosslinking and after 24 hours of immersion in cell culture medium
due to the surface tension contrast between the wettable spot and the surrounding superhydrophobic
regions (Figure 5.2A). The contrast of hydrophobilicity between the patterned spots and the surrounding
area allows for an easy variation of the volume of the hydrogels, as already proven by Neto et al [11]
with the deposition of simple liquids in the spots, by the variation of the spots area and volume of the
deposited solution. Also, these platforms allow for the sloping and transportation of the whole platform

without the mixture of the individual volumes dispensed in each hydrophilic spot.

. —> o I
uv/o '/ Photomask Destructive
- — = —_— =1 — tests
Dispensing precursor
6% +cells + crosslinker gl m » MIS/DNA
n I
Non-destructive
. t’L\ tests & & =2
1 1 & \ & & —

(

_ D
+ Calcein AM » Direct image

Cell culture 24 h /DAPI analysis

Figure 5.1. - Schematic representation of the process used to create hydrophilic spots in the initially
superhydrophobic substrate using a hollow mask to imprint wettable spots by the action of UVO irradiation.
Images of the contours of water droplets in the original (superhydrophobic) and surface modified (hydrophilic)
substrates are incduded. The characterization of each construct can be carried out by individual destructive tests

or using colorimetric/image analysis in which the biomaterials are kept in the chip.

Figure 5.2. - A) Hydrogels samples dropped into the hydrophilic spots. B) Magnified image of the hydrogel

alginate based materials after 24h of immersion in culture medium.
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In this work, the size of the hydrogels differs from previously referred biological chips proposed systems,
in which the dispensed spots have sizes in the micrometric range. In this new platform, the size of
material structure can be easily varied, simply by varying the size of the hollows in the masks and the
volume of the liquid precursors. The millimetric sizes of the hydrophilic spots open the possibility of, in
the future, producing structures with hierarchical organization such as porous scaffolds exhibiting pore
sizes adequate for tissue engineering applications.
Volumes of 4 ul of aqueous polymeric solutions with a constant density of encapsulated cells were
dispensed in the wettable regions of the platform, and crosslinked afterwards with CaCl., in order to
obtain arrays of hydrogel spots with sizes of ca. 4 mmz2 (Figure 5.2A). The whole chip was incubated in
cell culture medium right after the crosslinking reaction (Figure 5.2B). For the proof-of-concept, alginate-
based hydrogels were used since alginate is largely used in cell encapsulation [30]. To obtain arrays of
alginate-based natural polymer hydrogels, alginate was mixed with Chi, Coll and HA in 40, 50, 70 and
90% (weight/weight) ratios. We also analyzed the effect of the addition of gelatin in all binary alginate-
natural polymer mixtures. A total of 24 different combinations of materials were obtained per platform.
These were tested with 2 different encapsulated cell types, resulting in a total of 48 cell/polymers
combinations, which were tested in triplicate. In order to show the stability of the chips overtime, those
were kept in cell culture medium for 3 days and no delamination of the spots was observed.
In a first set of arrays, Alg was mixed with Chi, which is one of the most commonly used polymers in
biomaterials production. Chi has already been conjugated with a wide range of polymers, including
alginate [31]. Coll was also used to produce a set of arrays; it is the most abundant protein in the body
and shows characteristics such as high mechanical strength, good biocompatibility and low antigenicity.
Combinations of Coll with several materials have been prepared, such as Coll microsponges
impregnated into previously prepared synthetic polymerics caffolds, enhancing biological performance
[32]. HA was another polymer tested in binary combinations with Alg. It is a water-soluble and high-
swelling polymer which can form hydrogels, which are enzymatically degraded by hyaluronidase,
existing in cells and blood serum. It is mainly used in cartilage tissue engineering since it is part of this
native tissue. Combined with Alg and Chi, the presence of HA allowed for the production of an artificial
ECM that permitted the growth of the embedded chondrocytes [33-34]. We also investigated the
potential biological effect of the addition of gelatin - obtained from the denaturation of collagen - to the
previously described mixtures, obtaining ternary combinations. Gelatin was reported to improve
mesenchymal stem cell attachment for further chondrogenic differentiation in hyaluronic acid hydrogels

[35] and to improve cell adhesion [36].
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The choice of the processing method for the polymeric structures focused on the easiness, rapidness
and compatibility with cell encapsulation. Thereby, the materials were processed as semi-IPNs [37-38],
using Alg as the mesh-forming crosslinkable polymer by simple ionic gelling, in a drop-by-drop based
technigue to spot the hydrogels in the hydrophilic patterns. Besides cytocompatibility studies, the prove
of concept of the functionality of this platform opens the path for its use in more complex and long term
studies in the future involving, for example, stem cells differentiation.
This study aimed to test the suitability of the developed superhydrophobic platforms by performing a
preliminary rapid screening of biomaterials for two different cell types
FTIR mapping analysis was performed in order to (i) check for the distribution of the polymers after 24
hours of immersion in PBS, (ii) observe the differences in the amount of each polymer in the gradients
and (iii) check for the existence of vestiges of all polymers in the mixtures after 24 hours of immersion in
PBS. In Figure 5.3 the images resulting from the restriction of the infrared bandwidth restriction can be
seen for the selected colors for each polymer (corresponding to the bandwidth restrictions indicated in
Table 5.1). A first analysis of the FTIR maps can be performed regarding the amount of each polymer in
the increasing Alg-content mixtures. Considering Chi single quantification results in the Alg/Chi
mixtures, it seems that a decrease in the intensity of the blue color in the FTIR maps occurred with the
increase of alginate amount, which is related to the decrease in the amount of polymer in the structure.
The same tendency could be seen in Alg/HA mixtures, even in a more clear way, observing the
decrease in the dark yellow-colored regions. Regarding Alg/Coll mixtures, the presence of both polymers
- Alg and Coll - could be detected. From the mixture with 40% content of alginate to the one with 90%
content, a decrease in the yellow color in the maps (correspondent to collagen) can be observed,
accompanied by an increase in the ratio of green color (correspondent to alginate).
It was possible to assess the presence of gelatin in the mixtures in the case of the systems containing
Chi and HA. However, considering the proximity of the peaks used to identify gelatin from the ones
present in these two polymers, the analysis of the results is not straight forward. For these two cases, it
seems that in the higher (90%) Alg content mixtures, more spots corresponding to the gelatin color — red
- can be seen. This may be explained by the higher crosslinking extent of the network due to a larger
amount of crosslinked matrix (Alg), resulting in a more stable retention of the gelatin on the spots.
Control spots with 100% Alg were analyzed in the characteristic bandwidths of the mixed polymers and
the results show the almost complete absence of color in these FTIR chemical maps. Moreover, the
FTIR spectra in Figure 5.3 show the characteristic peaks of the polymers in the mixtures evidenced by

grey bars. In general, peaks of higher intensity can be seen in 60% non-crosslinked polymer

163



Section Ill. Chapter 5 — Combinatorial cell-3D biomaterials cytocompatibility screening for tissue engineeringusing bioinspired

superhydrophobic substrates
formulations (i.e., 60% of Chi, Coll, HA or their mixtures with gelatin), while lower intensity peaks can be

seen in 10% non-crosslinked polymer formulations.
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Figure 5.3. — Chemical maps of the 40%, 50%, 90% and 100% alginate (labeled as A) formulations. Respective
FTIR spectra of the polymeric mixtures in which== == corresponds to 40% alginate- content hydrogels, to
50% alginate hydrogels,= to 90% alginate-content hydrogels and === to 100% alginate-content hydrogels.

The area of each chemical map corresponds to100x100 pwm>.

Regarding the distribution of the mixed polymers in the Alg network, apparent phase separation in some
materials combinations could be observed. Also, these phase separations presented different sizes
according to the type of mixture. For example, in the case of Alg40/Coll60 and Algd0/60HAG mixtures,
the size of the aggregates of the phase separation have sizes around 10 um. In the case of 40Alg/60HA
and 40Alg/60ChiG, the phase separation aggregates seem to round 20 um. This difference of sizes
between the aggregates may possibly be explained by the charges of the polymers while they are mixed
in the liquid precursor. In the case of Alg/Coll mixtures, the polymers present opposite charges: the net
charge of Coll is positive, while the charge of sodium alginate is negative. This may lead to favorable
electrostatic interactions between the polymers during their mixing, forming smaller aggregates,
resulting in a more homogeneous distribution of the non-crosslinked polymer in the further crosslinked

Alg matrix. On the other hand, in cases in which the polymers show equivalent charge (for example,
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HA/sodium alginate and Chi/gelatin), the repulsion between the polymeric chains due to the charges
may lead to the formation of larger aggregates of each polymer, as could be verified in 40Alg/60HA and
40Alg/60ChiG mixtures.
Two distinct cell types were used in the /n vitro biological tests: the fibroblast cell line L929, which is
widely used for cytotoxicity experiments, and the pre-osteoblast MC3T3-E1 cell line, which is a well-
characterized model for osteoblasts since it follows the typical stages of osteogenesis during culture in
both 2D and 3D environments [39].
Regarding the risk of crosstalk and cell passage between the different spots, it has been proved that this
type of superhydrophobic surfaces impairs the adhesion and inhibits the proliferation of several cell
types [22,24,28]. Moreover, in this application the cells are encapsulated in the hydrogels, making their
mobility more difficult than if they were simply seeded in the hydrophilic patterned regions.
After 24 hours of cell culture, all the materials were analyzed using both indirect (or image analysis-
based) and direct (conventional destructive) methods for cell quantification and cell metabolic activity
assessment. According to the 24 different hydrogels compositions, the behavior of both cell types was
expected to vary with the presence of specific proteins (such as Coll) and chemical nature. Indirect
methods were performed by image analysis of each spot using fluorescent staining for cell nuclei (Figure
5.5) and live (green)/dead (red) for cells cytoskeletons (Figure 5.4).
The direct methods were performed by extracting the cells from the materials spots and incubating
them in MTS solution or by quantification of extracted dsDNA from lysed cells, according to the methods
usually performed in single scaffold analysis. The results obtained from the indirect tests were treated

and are represented as intensity maps in Figure 5.6A1,B1.
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Figure 5.4. - (A) Fluorescent microscopy images of viable cells in the hydrogels stained with calcein AM after 24h
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of culture. Images scale bar corresponds to 700 pum. (B) Calcein AM (green)/propidium iodide (red) (live/dead)
staining with the magnification used for the calcein AM pixel quantification (200x). (C) Live/dead staining images
(merged and with the live cells staining and dead cells staining shown separately) of three different polymeric
mixtures in which the ratio of viable cells per total amount of cells (which was calculated by the MTS/dsDNA

quantification values) is decreasing from the upper mixture to the downer mixture, as indicated by the arrow.
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Figure 5.5. — Fluorescent microscopy images of hydrogels stained with DAPI for the cell nuclei blue staining. In
left, randomly selected 200x magnification used for DAPI pixel quantification can be observed (the scale bar
corresponds to 350 um). In right, images of 50x magnification can be observed for the conditions 90%Alg, which

allows for a general observation of the distribution of the cells in the hydrogels.
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The validation of the non-destructive assessment of the data in a high-throughput manner is important
since it eliminates the necessity of taking the hydrogels from the platform and decreases analysis time.
The hydrogels/cells constructs were evaluated by a dye combination of calcein AM for cellular
viability/propidium iodide for dead cells and DAPI for nuclei quantification. The specific biological
properties of the spots in the hydrogel arrays could be assessed through image analysis in which the
cell number could be quantified. The corresponding heat map of such data is presented in Figure
5.6A2,B2. In Figure 5.4A, the calcein AM staining of viable cells in each hydrogel can be observed in a
maghnification that allows for the visualization of the whole hydrogel structure. For the visualization of the
merged calcein AM and propidium iodide staining, more magnified images - which used for the viable
cells quantification - are presented in Figure 5.4B.

In Figure 5.4C, in order to show the live/dead staining for low magnification images (which allow for the
observation of the whole hydrogel), we show the merged live/dead images and the independent
stainings for 3 different combinations. Since in the images an apparent increase in the number of non-
viable cells could be seen from the mixture HAG40 (with low death cells number) to the Coll40 mixture
(with an apparent high death cells number), we compared the results with the ratio between MTS
reduction test and dsDNA quantification values (MTS/dsDNA), in order to compare the number of viable
cells with the total amount of cells in the hydrogels. We could observe that the ratio between death cells
and live cells was effectively higher in the Coll40 mixture, followed by the Coll50 mixture, and much
lower in the HAG40 mixture.

Most biological results that were observed by fluorescence microscopy (Figure 5.4 and Figure 5.5, with
the tendencies represented in the intensity maps of Figure 5.6A2,B2) are consistent with those obtained
by MTS and dsDNA extraction protocols (with the tendencies represented in the intensity maps of Figure
5.6A1,B1). Such finding seems to indicate that the indirect colorimetric essays on the spots could
provide data consistent with the results obtained by the conventional destructive tests. The findings
obtained by the observation of the cellular behavior in quite distinct materials and using two cell types
provides a good indication that this methodology could be extended to other cell-3D materials

interactions.
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Figure 5.6. - (A1) dsDNA quantification of cell number of fibroblast (L929) and osteoblast (MC3T3-E1) in different
hydrogels samples after 24 hours of cell culture. (A2) MTS evaluation of cell metabolic activity of fibroblast cells
(L929) and pre-osteoblast cells (MC3T3) in different hydrogels samples after 24 hours of cell culture represented
in an intensity map. (B1) dsDNA content (DAPI - blue) calculated using fluorescence microscope images treated
with WCIF image J program and (B2) Calcein AM fluorescence (viable cells - green) calculated using fluorescence

microscope images treated with WCIF image J program. (C) MTS/dsDNA ratio results intensity map.

For both MTS absorbance results (Figure 5.6B1) and the calcein AM fluorescence microscopy image
analysis (Figure 5.6B2), higher number of viable L929 fibroblast cells could be seen in 70%Alg content
hydrogels. This tendency could be observed especially in the presence of Coll and HA, which are
macromolecules present in connective tissues, highly populated by fibroblasts. In the analyzed
formulations hydrogels containing Chi showed the lowest viability results.

MC3T3-E1 cells showed increased cell viability in structures with higher Chi content: Alg40/Chi60,
Alg40/ChiGel60 and Algb0/Chi50, which can be seen in both MTS and calcein AM data in Figure
5.6B1,B2. The presence of HA improved MC3T3 viability in the Algb0/HA50 condition up to values
correspondent to chitosan-containing hydrogels with lower Alg content. Also, in the lowest ratio of Alg
hydrogel (40%), the presence of Coll improved cell viability, which was expectable since Coll fibers
constitute the most abundant protein structure in the pre-bone (osteoid) and bone native tissue [40].
Both dsDNA quantification (Figure 5.4B) and analysis of DAPI staining images (Figure 5.5) showed that
L929 cells preferred higher Alg content hydrogels (50% to 90%, especially for formulation containing
90% Alg). Oppositely, MC3T3-E1 cells showed higher number in lower alginate content hydrogels, with
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prevalent higher number on 40% and 50% of Alg compositions. In general, the intensity corresponding to
cell number observed for the L929 cell line was stronger than the one observed for MC3T3-E1 cell line,
which is related to the threshold of proliferation of each of the cell lines: L929 typically shows faster
proliferation rate than MC3T3-E1.

In the analysis of the ratio between viable cells and total number of cells (MTS/dsDNA; Figure 5.6C),
some differences could be verified while comparing these values with the straight analysis of the viable
cells in the hydrogels. For example, in the case of MC3T3-E1 cells in the mixtures A90/Chil0,
A90/ChiG10 and A90/Coll10, the number of viable cells was apparently low (Figure 5.6B2). However,
the ratio of viable cells per number of total cells in the hydrogels is high in the intensity map scale,
meaning that although the number of cells in the hydrogels was low these cells were living. This
probably means that these hydrogels allow for the maintenance of viable cells, but do not promote cell
proliferation. In an opposite case, in the mixture A70/Coll30 in L929 cell line, the high value of the
measured optical density measured for MTS reduction test contradicts the low value of the MTS/dsDNA
ratio, meaning that in this case, although cell number is high, the correspondent living cells in the
hydrogel is proportionally low, meaning that probably cell proliferation occurred in the 24 hours of cell
culture, but not all of these cells could remain alive in the hydrogel for this period of time.

In the case of HA-containing mixtures, the MTS and calcein AM single analysis suggested that the HA-
containing combinations impaired cell viability. However, the comparison with cell amount (dsDNA)
revealed that although Alg/HA mixtures seem not to promote cell proliferation in both cell types, they
allow for high cell viability values.

Despite the previously presented cases, in a broad sense the tendencies for cell viability normalized with
dsDNA amount in the different compositions was correspondent to the previously discussed MTS and
calcein AM staining for both cell types.

For the particular set of studied materials, the presence of gelatin in the hydrogels did not lead to an
improvement of biological performance, neither in the viability nor in cell number, in any of the cell
lines. The only condition in which the presence of gelatin in the system seemed to improve the cell
adhesion was in L929 cell culture in the Alg90/HAG10 condition. Such results clearly demonstrate that
the effect of specific combinations of biomaterials may be not evident and combinatorial evaluations are
clearly necessary in the tissue engineering field.

The obtained results constitute a proof-of-concept on the development of an innovative method to create
a cheap and simple device to evaluate cell-materials interactions (namely, cytocompatibility) using

patterns of extreme wettability in a single-polymer flat surface. It was clear that the hydrogel network
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chemistry and encapsulated cell type could influence cell number and viability after 24 hours of cell
culture. The fabricated arrays are versatile and could be used to explore the influence of other
combinations of natural polymeric materials and eventually soluble factors on the viability and
proliferation of multiple cell types. A particular advantage of this approach is the ability to screen the
influence of different conjugated biomaterials or signals on the behavior of distinct cell types cultured in
3D environment, avoiding the use of complex and costly fabrication techniques. Further approaches
could allow for the assessment of the materials degradation and other physicochemical characteristics
within each individual spot.
In conclusion, array-based chips, with the potential to be used as high-throughput devices, were
obtained by the local treatment of superhydrophobic surfaces, in which polymeric precursors were
dispensed in hydrophilic spots, and maintained in the spot due to the contrasting wettability between the
spot area and the surrounding area. Two cell types were used in the study of alginate-based hydrogels
obtained by the mixture of alginate with other natural polymers and cells, followed by ionic crosslinking.
Analysis of cell viability and cell number after 24 hours of cell culture was performed by conventional
methods, which require the destruction of the whole chip integrity. Non-destructive methods based in
image analysis were also performed and the results of these tests match the tendencies shown by the
conventional destructive tests. This new chip allows not only for the performance of several cell tests in
new hydrogel combinations encapsulating different cell types, but also for their analysis without the

destruction of the whole platform.

5.5. CONCLUSIONS

We propose a new concept of miniaturized devices for combinatorial biological screening of 3D
biomaterial structures/cells interactions. Those are based on the use of biomimetic superhydrophobic
substrates in which UVO modification could be used to locally modify the wettabiliy to hydrophilic
characteristics. Masks were used to spot wettable regions where different combinations of natural
biomaterials with encapsulated cells were deposited and further ionicalycrosslinked. Chemical mapping
showed that the combined polymers were dispersed in the crosslinked matrix and that vestiges of all
polymers could be identified in the hydrogels after 24 hours of immersion.

The different materials combinations showed different effects on two encapsulated cell types: L929 and
MC3T3-E1 cell lines. Local and non-destructive cytotoxicity and cell number assessment was developed
using cell dying agents and an image analysis program. Results corroborate the conventional destructive

MTS and dsDNA quantification results, showing that this new method allows for rapid and non-
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destructive array-based analysis of the cytotoxicity of biomaterial combinations. Regarding cell culture
results a tendency can be seen in both cell types, according to the addition of different biomaterials,
especially of collagen in the case of L929 cells, or chitosan in the case of MC3T3-E1 cells. The addition
of a highly viscous and highly hydrating material such as HA decreased MC3T3-E1 viability and cell
number. Also, L929 culture showed enhanced results in high-content alginate hydrogels, whereas
osteoblasts showed opposite tendency. The addition of gelatin to the binary polymeric hydrogels
analyzed did not show any effect in biological performance.
Besides cytotoxicity analysis, this platform shows to be promising for more complex analysis of 3D

biomaterials-cells interactions for tissue engineering purposes.
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CHAPTER 6. COMBINATORIAL ON-CHIP STUDY OF MINIATURIZED 3D POROUS

SCAFFOLDS USING A PATTERNED SUPERHYDROPHOBIC PLATFORM®

6.1. ABSTRACT

One of the main challenges in tissue engineering (TE) is to obtain optimized products, combining
biomaterials, cells and soluble factors able to stimulate tissue regeneration. Multiple combinations may
be considered by changing the conditions among these three factors. The unpredictable response of
each combination requires time-consuming tests. High-throughput methodologies have been proposed
to master such complex analysis in TE. Usually, these tests are performed using cells cultured into two-
dimensional biomaterials or by dispensing arrays of cell loaded hydrogels. We propose for the first time
the on-chip combinatorial study of 3D miniaturized porous scaffolds using a patterned bioinspired
superhydrophobic platform. Arrays of biomaterials are dispensed and processed in situ as porous
scaffolds with distinct composition, surface characteristics, porosity/pore size and mechanical
properties. On-chip porosity, pore size and mechanical properties of scaffolds based on chitosan and
alginate are assessed by adapting microcomputed tomography equipment and a dynamic mechanical
analyzer - and cell response after 24 hours. The interactions between cell types of two distinct origins -
osteoblast-like and fibroblasts - and the scaffolds modified with fibronectin are studied by image-based
methods and validated by comparison with conventional destructive methods (dsDNA quantification and
MTS tests). Physical and biological on-chip analyses are coherent with the conventional measures, and
conclusions about the most favorable conditions for each cell type are taken.

We believe this type of chips will have a wide range of applications in distinct areas such as cell-
materials interactions studies, tracking of nanoparticles internalization for cell differentiation or gene
therapy and high-throughput analysis of the effect of different types of irradiation and drugs in tumor cell

death.

sThis chapter was based on the publication: Oliveira MB, Salgado CL, Song WL, Mano JF. Combinatorial On-Chip Study of Miniaturized 3D
Porous Scaffolds Using a Patterned Superhydrophobic Platform. Small. 2013;9:768-78.
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6.2. INTRODUCTION

The achievement of the fast regeneration of injured tissues is the ultimate goal of tissue engineering
(TE). Although in the last decades the research in this area undergone significant progress, the
achievement of fully effective systems for the regeneration of body tissues is still unaccomplished. This
research is mainly based in trial/error logic and usually a low number of conditions are tested in each
study. However, the complete understanding of the therapeutic potential of a given system requires the
full study of all possible combinations as each of them lead to unpredictable results.[1,2] The large
number of combinations of biomaterials, cells and other stimuli that can be varied during a TE system
development make this area especially resource spending.

In order to facilitate the rapid and effective study of complex TE systems, the miniaturization and
automation of experimental systems to a lab-on-chip scale has been proposed.[3,4] Nonetheless, most
manufacturing approaches for high-throughput analysis involve costly setups, lengthy fabrication
processes and non-versatile platforms. Most of cell-biomaterials combinatorial assays have been
performed in 2D substrates, that is: biomaterials are dispensed as thin coatings in specific regions of
chips and cells are put over such spots [b]. However, in the physiological environment cells are located
in three-dimensional (3D) media, interacting with the extracellular matrix and with neighboring cells.
Several studies have shown that most adherent cells respond differently if cultured in 2D or 3D
substrates, according to the physicochemical properties of the substrate [6-10]. As such, the sought
response of a cell may be dependent on a specific 3D niche. Therefore, in this work emphasis will be
mainly to combinatorial assays of cell/3D biomaterials relationships study.

The design of 3D biomaterials for TE has been proposed most commonly as hydrogels and porous
scaffolds. Hydrogels are the most commonly used biomaterials for the study of cell response in array-
based high-throughput analysis systems since they allow for cell encapsulation [11], permitting a one-
step preparation of the arrayed spots. However, their network properties may be difficult to optimize in
order to have adequate mechanical strength, permit cell migration and proliferation and allow for
nutrients/waste transport in the matrix [12,13], which may impair the biocompatibility of the structures
[14] Porous scaffolds have a structural organization with interconnected pores having pore sizes in the
order of 100 um or higher, in order to allow simultaneously cell proliferation and migration, as well as
efficient nutrients and waste exchanges in the structure [15-17]. Their mechanical properties can be
modulated as a function of a wide diversity of factors, such as porosity and pores architecture control,
crosslinking, crystallization degree and materials compositions. The high-throughput combinatorial

study of 3D porous scaffolds has been mainly performed using commercially available well plates,
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although they present stiff and high walls, impairing analysis that require the insertion of probes,
passage of beams through the biomaterials or image analysis.

We propose the use of a completely flat platform based on micro- and nano-textured superhydrophobic
surfaces patterned with hydrophilic spots for the innovative on-chip study of 3D porous scaffolds. This
platform - in which the size and shape of the spots containing biomaterials can be varied simply by
modifying the patterning of the exposing regions of a photomask - allows for the fabrication of
miniaturized scaffolds owning representative number of pores suitable for TE applications. We consider
that the size of the 3D porous samples should be in the millimetric order so that a representative
number of pores can exist in the structure. The liquid precursor(s) of the biomaterials are aqueous
solutions dispensed in the hydrophilic patterns, which are kept in the hydrophilic region due to the
contrast of surface tension between the hydrophilic region and the surrounding superhydrophobic
surface.

To prove the suitability of the developed platform in the study of porous scaffolds, we propose the
fabrication of combinatorial chitosan (Chi)/alginate (Alg) scaffolds by a complexation reaction and in-situ
neutralization, followed by freeze-drying. Both polymers are widely used for TE purposes [18].
Furthermore, the addition of Alg to Chi was proven to improve elastic modulus values and porosity in
scaffolds [19]. For the analysis of the porosity and pore size of the scaffolds in the chips, a
microcomputed tomography (UCT) equipment was adapted for the rapid, in situ, and non-destructive
assessment of this information. Adherent cells have shown to respond to mechanical characteristics of
the substrates [6,20]. For the analysis of the viscoelastic behavior of the polymeric scaffolds,
conventional dynamic mechanical analysis (DMA) equipment was modified and adapted for rapid, non-
destructive in situ testing of the different scaffolds.

For the proof-of-concept, we report the study of 18 Chi:Alg combinations using the bioinspired
combinatorial platform. After a first screening step restricted to physical properties of the scaffolds, a
new array was prepared based in the previously selected conditions with gradients of adsorbed
fibronectin (Fn), in order to demonstrate that the proposed methodology may be used to test scaffolds
with multiple compositions and distinct surface treatments. Finally, the cytocompatibility of the scaffolds
for fibroblast and osteoblast-like cell lines was studied by image-based methods that allowed keeping the

chip integrity, and validated with conventional chip-destructive techniques.
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6.3. RESULTS

6.3.1. Preparation of the superhydrophobic patterned chips with 3D porous scaffolds

A platform consisting of a superhydrophobic biomimetic substrate with hydrophilic patterns described in
previous studies [21,22] was used to test the mechanical/morphological properties of 3D porous
scaffolds, as well as their cytocompatibility using two cell lines. Briefly, PS was treated by phase-
separation in order to present a contact angle higher than 150° simply by the introduction of micro- and
nano-roughness, without any chemical modification of the polymeric structure [23]. Hydrophilic patterns
were obtained after 20 minutes of UVO exposure through a photomask.

Porous scaffolds were prepared using two polymers of natural marine origin: Chi and Alg. Both were
previously used in a wide range of studies for TE purposes [24-26] and present opposite charges. These
characteristics were used in order to promote complexation between both polymers. In Figure 6.1B an
image of the LMW Chi array can be seen after eosin staining (which stains Chi), whose intensity is
higher for the scaffolds richer in Chi. Nomenclature and abbreviations for scaffolds’ combinations are

explained in Experimental Section.
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Figure 6.1. - (A) Schematic representation of the procedure performed to obtain patterned superhydrophobic
surfaces with arrayed hydrophilic patterns by UVO exposure, followed by deposition of polymeric solutions: | and
[l) generation of the PS superhydrophobic surface with patterned hydrophilic spots by exposure to UV/Ozone
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irradiation through the hollows for a plastic mask; Ill) deposition of polymeric solutions in the hydrophilic spots
and IV) freeze-drying of the polymeric solutions, resulting in porous scaffolds. (B) Picture of part of an array of

LMW Chi scaffolds stained with eosin (left) and zoom view of LMW 2% scaffolds (right).

6.3.2. On<hip mechanical and porosity/pore size characterization of the scaffolds

A gutter was assembled on the DMA equipment, as a well as a probe to establish contact with the
scaffolds (see Figure 6.2, scheme).

Chips of 9 scaffolds produced either with low molecular weight (LMW) Chi or medium molecular weight
(MMW) Chi were tested in uCT equipment. The values of porosity obtained directly in the chip were
validated by two controls. The first control aimed to exclude the effect of the relative position of the 3D
porous scaffold in the chip; a chip composed of 3 equal scaffolds in 3 distinct positions distributed in a
horizontal line was tested both for compressive dynamic elastic modulus (£) by DMA and for
porosity/pore size using a UCT. The second control measure aimed to check for the representativeness
of the miniaturized scaffolds built on the chip; 3D scaffolds with analogous composition to the
miniaturized ones were prepared in 96 well-plates (Figure 6.3), a conventional scaffold preparation

method.

-~ m CHIP MMW 1%100%
O Control MMW 1%100%
—/— CHIP LMW 2%100%
|—4— Control LMW 2%100%
—O— CHIP LMW 2%50%
8 —e— Control LMW 2%50%

10

E’/ MPa

frequency | Hz

Figure 6.2. — £ of the scaffolds conditions analyzed in Figure 6.2, using on-chip samples and control samples
produced using commercially available 96 well plates. Schematic representation of the modification performed in

the DMA equipment for the in-situ analysis of the scaffolds dispensed in the chip (up).
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The £’values at 1 Hz for each sample - both in-chip (Figure 6.5A) and in control samples fabricated in
96-well plates (Figure 6.5B) - are presented in Figure 6.5 as intensity maps. For all polymeric
combinations the £’ measured inchip and in control samples processed by a conventional method
follows similar tendencies and presents similar values. Considering the slight increase of the £’ with
increasing frequency, the behavior of on-chip tested samples and the behavior of conventionally
processed controls is similar (see plot from Figure 6.3).

Regarding the study of the relative position of the scaffolds in the chip, £'values were acquired for three
MMW1% Chi 100Chi:0Alg scaffolds disposed in a horizontal line in a chip. Scaffolds in different positions

showed similar £’values (see Figure 6.4A).

LMW 2%100% MMW 1%100% LMW 2%50%

[ conrror sawes

| [ ov-che sawes

Figure 6.3. - (A) Tomographs obtained by uCT of three different control scaffolds produced in commercially

available 96 well plates, (B) respective different sized selected zones used for the generation of slice replicas for
the reconstruction of the structure and calculation of porosity and (C) intensity map corresponding to the interval
of values for the porosity of the analyzed samples, according to the values/colour relationship defined in Figure

6.5.

Figure 6.5 shows general tendencies in £’ values for both LMW100%Chi and MMW100%Chi samples.
The increase in Chi concentration from 1% to 2%Chi led to an increase in the average £’ £’tends to
increase with the addition of Alg, although with different tendencies in LMW and MMW Chi formulations.
In LMW Chi combinations, the addition of Alg to Chi led to anincrease in £’ of the structures, mainly in

the 50Chi:50Alg conditions. Regarding MMW Chi combinations, in 1% Chi scaffolds the highest £’value
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was registered in the 50Chi:50Alg condition. In 1.5% and 2% Chi condition the stiffer conditions were
75Chi:25Alg, although in the 2%Chi conditions all the structures presented high £

+ a
|- b
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31 B2
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o | _
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Figure 6.4. — (A) On-chip determined £’ of the three scaffolds of the control chip. (B) uCT reconstruction of the
scaffolds of the condition MMW 1% 100Chi:0Alg produced in the control chip with 3 equivalent scaffolds. In the
lower part of the reconstructions the color corresponding to the interval of the porosity of the intensity map of
Figure 6.2 is represented for (B1) the three equal scaffolds evaluated in the control chip and (B2) the scaffold

evaluated in the combinatorial chip containing the 9 formulations of LMW Chi scaffolds.

Regarding the analysis of the porous structure of each scaffold, the values obtained on-chip for LMW
and MMW scaffolds can be seen in Figure 6.5. Figure 6.5, obtained by uCT, shows representative
binary images obtained for the reconstruction of the LMW Chi-containing scaffolds on-chip.

Similar porosity values were obtained in the control chip containing 3 equally produced scaffolds aligned
horizontally (Figure 6.4B1). Also, the values obtained for 3 randomly selected control scaffolds produced
in 96 well plates ranged the same interval of values of the on-chip produced scaffolds (Figure 6.3 and
6.5, respectively).

In the case of 100Chi:0Alg scaffolds, the increasing Chi concentration led to lower porosity values, both
in LMW and MMW compositions. Regarding the LMW Chi compositions containing Alg, in the
75Chi:25Alg formulation the increasing concentration of Chi — from 1% to 1.5% and 2% - led to an
increase of porosity from 40-50% to 60-70%. In the 50Chi:50Alg formulation, the increase of porosity

was observed from the 1.5%Chi formulation to the 2%Chi formulation.
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In the MMW Chi compositions, a gradual increase in porosity was verified in the 75Chi:25Alg
formulation from 1% to 2%Chi. In the 50Chi:50Alg formulations, the 1%Chi scaffold presented a high
porosity (60-70%), as well as the 2%Chi formulation. The 1.5%Chi formulation presented a lower porosity
value, in the 50-60% interval.

Chi/Alg ratio ChifAlg ratio
A 100/0 75/25 50/50 B 100/0 75/25 50/50
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40-50 2
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Figure 6.5. - (A) Intensity map with the interval values of £”obtained on DMA on-chip for scaffolds produced with
LMW Chi; (B) intensity map with the interval of £”values obtained on-chip for scaffolds produced with MMW Chi.
Intensity map with the interval of (C) £”values obtained for scaffolds produced in 96 well plates (conventional
method) for scaffolds produced with LMW Chi; (D) £’values obtained for scaffolds produced in 96 well plates for
scaffolds produced with MMW Chi; (E) porosity values obtained on-chip by uCT for scaffolds produced with LMW
Chi (F) porosity values obtained on-chip by uCT for scaffolds produced with MMW Chi; (G) pore size values
obtained on-chip by uCT for scaffolds produced with LMW Chi; (H) pore size values obtained on-chip by uCT for
scaffolds produced with MMW Chi. (I) Representative replicas of the slices obtained by cone beam acquisition

performed during the on-chip uCT analysis for the scaffolds produced with LMW Chi.

Pore size values obtained for the scaffolds using UCT are represented in Figure 6.5G,H.
A graphic correlating the £”and porosity values and respective standard deviations for both LMW and

MMW Chi formulations is shown in Supporting Information (Figure 6.S1).
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6.3.3. Fn adsorption on 3D porous scaffolds

Fn was labeled with a red fluorescent molecule in order to qualitatively study the protein adsorption in
different concentrations in each formulation - see Figure 6.6A. Figure 6.6B presents the image-based
fluorescence quantification in each image. Increasing fluorescence intensity can be observed with
increasing amount of Chi in all formulations exposed to Fn. We could observe that in 100Chi:0Alg
samples, the amount of adsorbed Fn seems to increase with the increasing concentration of the Fn
solution. A similar tendency can be seen in the 75Chi:25Alg combination. However, higher
concentration of Fn is needed to reach a maximum level of adsorption, which is lower than the one
achieved in the 100Chi:0Alg condition. In the case of 50Chi:50Alg condition, the adsorption of Fn was

kept in the lowest levels, even with increasing concentration of Fn.
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Figure 6.6. — (A) Fluorescence microscopy images of the array LMW 2%Chi scaffolds after physical adsorption of

Fn in different concentration. (B) Pixel intensities of the Fn adsorption images, measured in ImageJ software.

6.3.4. On-<hip cell culture of fibroblast and osteoblast-like cell lines

The behavior of two cell types — 1L929 fibroblast and SaOs-2 osteoblast-like cell lines — was assessed
using techniques compatible with the maintenance of the integrity of the samples in the chip. In order to
validate these techniques — based on image analysis — the scaffolds were removed from the platform
and analyzed individually by conventional tests in order to assess cell metabolic activity and cell
number. For this comparison, L929 cells were seeded in a rate of 9x104 cells/spot. The tendencies
between dsDNA quantification (Figure 6.7 Al) and image-based quantification of cell nuclei through
DAPI staining (Figure 6.7 A2) were similar. In the case of cell seeding in scaffolds not exposed to Fn, the
cell number registered in the 100Chi:0Alg scaffolds was lower than the one observed in 75Chi:25Alg

scaffolds, which, by its turn, was lower than the one registered in 50Chi:50Alg scaffolds. Fn adsorption
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promoted a significant increase in cell number for 100Chi:Alg0 and 50Chi:50Alg scaffolds, with the use
of more concentrated solutions of Fn: 100 ug/mL and 1 mg/mL. In all conditions cell death presented
low values: cell viability was higher than 96% in all formulations.

The behavior of 1929 and SaOs-2 cell lines was compared using a lower cell seeding number: 1.5x10*
cells/spot. In general, the number of SaOs-2 cells adhered to the scaffolds was lower than the number
of L929 cells in the same conditions. Regarding L929 cells, in the absence of Fn the cell number was
lower in the 75Chi:25Alg condition. In general, in the whole experiment, the condition that led for lower
cell number for L929 cell line was also this one. Nonetheless, Fn concentrations of 100 pg/mL and 1
mg/mL allowed for an increase in cell adhesion. In 100Chi:0Alg condition, an increase in cell adhesion
was verified in 1 mg/mL Fn condition. In 50Chi:50Alg conditions, adsorption with solutions of 10

ug/mL and higher concentrations of Fn increased cell adhesion (Figure 6.8).
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Figure 6.7. — Intensity maps of the values of (A1) dsDNA quantification of the individual scaffolds of the 2%LMW
Chi chip with gradients of adsorbed Fn using L929 cell line with a cell seeding number of 9x10¢/scaffold, (A2)
image-based nuclei quantification on the 2%LMW Chi chip with gradients of adsorbed Fn using L929 cell line with
a cell seeding number of 9x10+/scaffold, (B1) MTS reduction test of the individual scaffolds of the 2%LMW Chi
chip with gradients of adsorbed Fn using L929 cell line with a cell seeding number of 9x10+/scaffold, (B2) on-chip
calculated cell viability on each scaffold of the 2%LMW Chi chip with gradients of adsorbed Fn using L929 cell line

with a cell seeding number of 9x10¢/scaffold, obtained by image-based quantification of dead cells.
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In the absence of Fn, Sa0s-2 number was higher in the 50Chi:50Alg condition and lower in 75Chi:25Alg
scaffolds (Figure 6.8). In all conditions, in 100 ug/mL condition, the higher number of cells was
observed in the scaffolds. In the 100Chi:0Alg condition, Fn adsorption from 10 pg/mL showed a
positive effect in the number of cells in the scaffolds, while in 75Chi:25Alg and 50Chi:50Alg conditions

the positive effect of protein adsorption was only verified in 100 pg/mL and 1 mg/mL conditions.
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Figure 6.8. — (A) Images of the on-chip produced scaffolds (2%LMW Chi scaffolds with gradients of adsorbed Fn)
with L929 and SaOs-2 cell nuclei stained with DAPI with a cell seeding number of 1.5x10¢/scaffold. (B) Intensity
maps of image-based quantification of cell nuclei. (C) On-chip calculated cell viability on each scaffold of the
2%LMW Chi chip with gradients of adsorbed Fn with a cell seeding number of 1.5x104/scaffold, obtained by the

image-based quantification of dead cells.

Comparing both essays performed with 1929 cell line, the effect of the cell seeding number can be
observed. In the experiment performed with 9x10¢ cells/scaffold, the cell number quantified in each
scaffolds was, in general for all conditions, higher than the cell number quantified in the experiment
performed with 1.5x10¢4 cells/scaffold. However, in the 50Chi:50Alg conditions with 100 ug/mL and 1
mg/mL of Fn, the values obtained in both experiments are equally high. The general tendencies of cell

behavior are similar for both experiments (Figure 6.7 A2 and 6.8B).
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The exact numerical values and respective standard deviations of the experiments with the L929 and

Sa0s-2 cell lines are registered in Supplementary Data (Figures 6.S2 and 6.S3).

6.3.5. Balance of costs and time saving

The performance of mechanical and morphological characterization as well as cell response studies in
3D porous scaffolds using patterned flat superhydrophobic platforms was time and cost saving. The
total volume of solutions used to produce each scaffold in the chip corresponded to 1/50 of the volume
of solution used for the preparation of the controls in 96 well plates. The cost reduction permitted by the
use of the platform was not only applicable to the amount of biomaterials, but also to the proteins and
biological materials, which amount is also proportional to the size of the scaffolds.

An effective time saving of 9x was achieved during the uCT analysis during image acquisition step: the
individual acquisition of each control took about 90 minutes and the on-chip acquisition permitted the
simultaneous acquisition of 9 samples. By the reduction of samples size as well as by a controlled
decreased in image resolution, this analysis may be up-scalable by increasing the number of scaffolds

analyzed simultaneously.

6.4. DISCUSSION

We propose the use of polystyrene (PS) superhydrophobic surfaces patterned with hydrophilic regions
for the study of 3D porous biomaterials-cells combinations. The liquid biomaterial precursors were
restricted in the hydrophilic regions due to the contrast of surface tensions, as proven before in studies
of protein-cells interactions in two-dimensional (2D) environment [21] and in a study with 3D cell-laden
hydrogels [22]. This method is versatile and overcomes several drawbacks of array platforms reported
in the state of the art, as discussed previously [22]. Microarrays developed for high-throughput analysis
- obtained, for example, by techniques such as contact printing [27] or ink-jet printing [28] — are usually
composed of array-unit with sizes correspondent to a single pore of a porous scaffold for TE. As such,
the possibility of having a significant number of pores in a structure is incompatible with these
techniques. The proposed solutions for this problem are combinatorial studies of porous biomaterials
have been performed in commercially available well plates [29], leading to high amounts of used
materials and samples manipulation, increasing contamination probability.

The platform proposed herein is composed only by pure PS: the gold-standard for two-dimensional /n
vitro cell culture studies. The superhydrophobic surfaces are obtained by a phase-inversion reaction, as

previously described [23], and the final product is physically-treated PS showing micro and nano-
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roughness. The introduction of molecules or the release of toxic leachables is totally avoided in this
process. PS superhydrophobic surfaces were reported to weaken cell adhesion [30,31] and to impair
the proliferation of several cell types [30]. The risk of cell crosstalk or cell passage is decreased due to
the anti-adherent and anti-proliferative characteristics of the surface in between the spots containing the
porous scaffolds.

Mechanical analysis of biomaterials in high-throughput chips is usually performed using nanoindentation
equipment [32]. However, conventional nano-/micro-indentation methods for calculation of modulus of
elasticity are limited to linear, isotropic materials and cannot be used in porous millimetric-sized
structures. Problems associated with the "pile-up" or "sink-in" of the material on the edges of the indent
during the indentation process remains a problem [33]. Traditional mechanical analysis equipments
provide information about the stiffness of the tested material (such as the elastic modulus) and the
brittleness of the materials (such as maximum tension). Dynamic mechanical analysis (DMA)
equipments allow for a sensitive and complementary non-destructive characterization of
mechanical/viscoelastic properties of the materials. DMA equipments also enable testing the materials’
properties in wet or physiological-like conditions [34], permitting to get a better perception on the
performance of the device /n vivo.

Regarding the essays consisting of the on-chip measurements of £’ of 3 scaffolds aligned in an x-axis,
we concluded that the relative positions of the scaffolds did not have significant influence in the
measured value of the £”(Figure 6.4).

An increase in £”both in LMW100%Chi and MMW100%Chi with the increasing Chi concentration from
1% to 2%Chi was expected due to the lower porosity generated by the higher concentration of material in
the scaffold. In fact, a tendency for decreasing porosity from 1% to 2%Chi scaffolds was verified, along
with an increase in £’values (see Figure 6.5A).

Also as expected, addition of Alg to Chi led to an increase in compressive £ values [19]. However, this
increase was observed in different extents comparing both molecular weight Chi scaffolds. In the 1%Chi
LMW Chi combinations, the increase in £’ could be observed with the increasing amount of Alg added to
Chi. This was accompanied by a decrease in porosity, suggesting that the increase of £’ resulted
probably from a collapse of the porous structure. Increasing £’ was also observed with increasing
amounts of Alg in the case of 1.5%Chi scaffolds. In the 75Chi:25Alg condition, the increase of £’ was
accompanied by an increase in porosity. However, in the 50Chi:50Alg condition, a decrease in porosity

of the scaffolds was again verified, suggesting that for 1.5%Chi scaffolds the collapse of the porous
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structure occurs. Also, for both 1%Chi and 1.5%Chi scaffolds, the pore size of the 50:50 scaffolds
decreased, corroborating the scaffold collapse hypothesis (Figure 6.5G,H).

In the sub-array consisting of scaffolds produced from 2%Chi, an increase in £’ is observed with the
increasing content of Alg in the scaffold - mainly in the 50Chi:50Alg condition - and the porosity of the
structures is higher in the Alg-containing formulations. As such, in this sub-array the mechanical
properties of the scaffolds seem to be independent of the porosity of the scaffold, being essentially
influenced by its chemical composition. The higher £7in 50Chi:50Alg condition may be explained by the
higher degree of complexation between the two polyelectrolytes, comparing with 75Chi:25Alg
conditions. Due to the stoichiometric ratio between polymers in this condition, the degree of
complexation reaction is expected to be lower than in 50Chi:50Alg. It has been shown that structures
obtained by complexation, due to the tight ionic bond formed between polymers [35] and depending on
the variation of processing variables, may present high mechanical properties suitable for potential
application in tissue regeneration [36,37].

LMW2%Chi sub-array scaffolds present distinct properties- Figure 6.5: a scaffold exhibiting low £and low
porosity (100Chi:0Alg), a scaffold with low £7and high porosity (75Chi:25Alg) and a scaffold with high £’
and high porosity (50Chi:50Alg).

Regarding MMW Chi combinations, the collapse of the structures seem to have been avoided in all the
formulations, since the increase in the £’ of the scaffolds with increasing amounts of Alg was
accompanied with increasing porosity values. Moreover, pore size values did not decrease with the
increasing amount of Alg in any of the conditions. In the 1%Chi and 1.5%Chi conditions, the stiffer
conditions were the ones of 75Chi:25Alg formulations. In the 2%Chi conditions, all the structures
presented high £’ and only 100Chi:0Alg conditions presented a low porosity, as expected, due to the
absence of Alg in its composition.

Regarding uCT analysis, a chip with three equally produced scaffolds of the condition MMW1%Chi
100Chi:0Alg was used as a control. This was performed to exclude the possibility of the relative position
of the scaffolds in the platform affect the image acquisition of each structure. We concluded that the
values obtained for the three scaffolds were consistent and similar. Moreover, these were consistent
with the value of porosity measured for the condition MMW1%Chi 100Chi:0Alg measured in the chip
containing all the 9 different MMW Chi conditions.

For the samples prepared using 96 commercially available well plates, the obtained results for both on-

chip collected results and individual control samples were in general consistent (Figure 6.5).
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As the LMW2%Chi sub-array presented a high diversity of porosity/ £’ properties, it was selected for
further analysis in terms of protein adsorption and cell response.

In the biological environment, biomaterials interact with many different components. Proteins are of
prime importance for the biointerface since most cell structures and functions depend on protein
assembly and activity. The interactions between proteins and material surfaces involve a variety of
intermolecular interactions, namely hydrophobic interactions, electrostatic interactions, coordination
bonding and molecular recognition. Protein adsorption is also influenced by surface topography and is
generally observed that protein adsorption increases with increasing surface hydrophobicity [38].
Surface modification of biomaterials by physical adsorption avoids complicated reactions using toxic
reagents. Fn contains the site for av-B3 integrin-binding: the arginine-glycine-aspartic acid (RGD) domain
[39], involved in an effective cell adhesion, which determines cell survival and further proliferation. The
effect of physical adsorption of Fn was investigated using the array-based methodology.

The progressive increasing proportion of Alg in the formulations led to an apparent decrease in the
adsorption of Fn in the scaffolds (Figure 6.6). This may be explained by the higher hydrophobicity of Chi
compared to Alg. Chi films were reported to show water contact angles around 80°, while Alg showed a
higher hydrophilicity, with a contact angle around 20° [40]. Moreover, while in 75Chi:25Alg
formulations the increasing amount of Fn in the adsorption solutions leads to a higher apparent
adsorption in the structures, in the 50Chi:50Alg formulations, - except for 100 ug/mL Fn conditions
which presents a higher fluorescence intensity - the adsorption of Fn in the surface of the scaffolds does
not seem to depend on the concentration of Fn in solution. This may be explained by a full saturation of
the scaffolds with physically adsorbed Fn in the case of immersion with the lowest protein concentration
solution, since the affinity of the structure with Fn is lower than in scaffolds with higher amount of Chi.
Cell number and viability were analyzed after 24 hours for L929 cell line, both on-chip by image
analysis-based techniques, as well as by methods usually applied in the analysis of single samples.
Regarding image-based analysis - which did not require the removal of the scaffolds from the platform -
cell number was assessed by counting cell nuclei stained with DAPI in each scaffold using image
analysis. Cell viability was assessed by counting the number of cells stained with propidium iodide using
a similar methodology. The conventional testing consisted of the analysis of cell metabolic activity by
MTS reduction test and dsDNA quantification, which is proportional to cell number in each scaffold.
These tests required the removal of the scaffolds from the chip and their individual analysis in separated

containers.
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The comparison between destructive and non-destructive methods showed that image analysis of DAPI
staining of 1L929 cell line (Figure 6.7) was overall coherent with the dsDNA quantification performed on
individual samples. Regarding the ratio of viable and dead cells in the samples the observed cell death
was very low in all samples in the case of L929 cell line. The maximum rate of dead cells in these
samples corresponded to less than 4% of the total number of cells, showing the non-cytotoxicity of the
developed scaffolds. In the absence of cell death in the scaffolds a proportional increase in reduced
MTS with increasing cell number would be expectable, considering that all cells are equally
metabolically active. However, the values of MTS test were similar for all conditions, except for the
condition 50Chi:50Alg 1 mg/mL of Fn. Several studies have reported the limitations of reduction tests
with the production of formazan, such as MTS reduction test, in the detection of cell viability [41]. The
reduction of the compound is dependent on the metabolic activity of cells, which can vary, as many
different conditions can increase or decrease metabolic activity. Also, these tests have been proved to
be sensitive in the presence of some agents (including proteins present in the cell culture medium),
influencing the final result [42,43]. We conclude that image analysis of dead cells stained with
DAPI/propidium iodide gives a more precise indication of effective ratio of adhered/dead cells in
samples.

The same parameters were evaluated for L929 and SaOs-2 cell lines seeded in lower number in the
scaffolds using image-based criteria. In general, the scaffolds allowed for high cell viability values for
both cell lines (Figure 6.8), showing their non-cytotoxicity.

Considering the scaffolds which were not exposed to Fn, the similarity of results of L929 cells observed
in all conditions contrasted with the differences observed in the SaOs-2 cell line. Sa0Os-2 are osteoblast-
like cells, and were proven to adhere and proliferate preferably in stiffer substrates [20]. As expected,
Sa0s-2 cell number was higher in the stiffer condition: 50Chi:50Alg. However, this conclusion was
dependent on an analysis of independency between variables affecting the scaffolds. Firstly, the porosity
of the samples 75Chi:25Alg and 50Chi:50Alg is similar, excluding the effect of the porosity in the higher
cell number present in the 50Chi:50Alg condition. Moreover, the surface chemistry of the scaffolds
could also be responsible for more favorable cell-biomaterials interactions. However, if cell behavior was
strictly dependent on surface chemistry generated by the presence of Alg in the mixtures, 75Chi:25Alg
condition would also present higher cell number than 100Chi:0Alg. As such, we can conclude that
Sa0s-2 showed a preferable attachment to 50Chi:50Alg non-treated scaffolds due to their higher

mechanical properties.
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The exposure of the scaffolds of the chips to Fn in different concentrations had different effects
according to each cell type. In the case of 1929 cells, in the conditions 100Chi:0Alg and 75Chi:25Alg
only adsorption of Fn with the most concentrated solution — 1 mg/mL - showed positive effects in the
cell number in the scaffolds. In the 50Chi:50Alg condition, the lowest Fn concentration - 10 pg/mL -
was enough to cause an increase in cell number, followed by higher cell number in the scaffolds for
adsorption with 100 pg/mL and 1 mg/mL solutions (Figure 6.8B). Although the intensity of Fn labeling
was lower in the 50Chi:50Alg (Figure 6.8B), the protein in this condition may be in a correct
conformation, with a higher number of RGD domains available for the cell membrane integrins. The lack
of control over protein conformation resulting of adsorption processes is one of the main drawbacks
associated with this technique [44].

In the case of SaOs-2 cells (Figure 6.8), the adsorption of 10 ug/mL of Fn in the 100Chi:0Alg condition
led to values of cell number similar to the ones of 50Chi:50Alg witho ut any treatment. In 100 ug/mL Fn
conditions, both 100Chi:0Alg and 75Chi:25Alg showed the highest cell numbers. In the condition
50Chi:50Alg, the effect of the adsorption of Fn was noticed in conditions 100 ug/mL and 1 mg/mL, in
which the highest values of cell number in the chip were observed. Nonetheless, regarding SaOs-2
seeding in the Chi/Alg scaffolds, it can be concluded that non-linear and theoretically unpredictable
tendencies were observed regarding Alg addition to Chi, in scaffolds without any surface modification.
Also, adsorption of Fn using low concentrations of the protein allowed increasing the cell number in
scaffolds that, without any surface treatment, showed unfavorable interaction with cells.

The possibility of studying 3D porous biomaterials on-chip was proven using arrays of Chi/Alg porous
scaffolds produced in patterned superhydrophobic PS surfaces. This study included the in-situ
mechanical and morphological characterization of the arrays and their validation by comparison with
conventional samples and characterized also using the equipment in a conventional mode. The
conclusion from the physical characterization of the scaffolds allowed for a screening of a sub-array of
wide mechanical and porosity properties. With this screening, a second cycle of tests was performed, by
the development of an array with different amounts of adsorbed Fn in the structures. Protein adsorption
qualitative studies were performed, followed by studies on the behavior of two distinct cell types in the

structures, which could be performed using image-based techniques.

6.5. CONCLUSIONS
We herein proposed the use of a flat platform consisting of a PS superhydrophobic surface patterned

with hydrophilic spots for the on-chip study of mechanical, morphological and cell behavior on 3D
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miniaturized porous scaffolds for TE. The adaptation of both DMA and uCT was achieved successfully
for the data acquisition directly from the elements on the chip. Control tests allowed to conclude that the
3D porous scaffolds produced in the arrayed platform are valid in comparison with scaffolds produced in
conventional conditions and sizes. Moreover, these tests also showed that the relative position of the
scaffolds in the chip is not relevant for the data collection or analysis. A two-step screening process was
carried out; firstly, an array of 3D porous scaffolds was studied on-chip, providing mechanical and
morphological information. A sub-array was selected from this selection, and based on these conditions
a new array of porous scaffolds with different amounts of adsorbed Fn was prepared. Cell response of
two cell types was studied in such array using image-based analysis for assessment of cell number and
viability. These measures were validated with conventional destructive tests for cell metabolic activity
and quantification of dsDNA. The tendencies observed allowed to conclude which were the most
favorable conditions for the culture of each cell type: L929 and SaOs-2. We concluded that this
technique allowed for the collection of reliable and valid data, while reducing the experimentation time,

costs and samples manipulation.

6.6. EXPERIMENTAL SECTION

6.6.1. Processing of superhydrophobic polymeric substrates

PS flakes were cut from commercially available PS plates (Corning). Tetrahydrofuran (THF) was
purchased from Fluka (p.a.>99.5%) and ethanol absolute from Panreac. The surfaces were modified
according to the protocol described elsewhere.[13] The wettability of the studied surfaces was assessed
by contact angle (CA) measurements, using an OCA15+ goniometer (DataPhysics, Germany) using the
Sessile drop method. To produce the patterned chips, the obtained superhydrophobic substrates were
treated using a UV/0zone (UVO) lamp (Bioforce, Nanosciences) for 20 minutes through an aluminum

mask with 4 mm?2 open squares, separated by 1 mm (Figure 6.1A).

6.6.2. Preparation of the chips and control samples

A solution of 1% (w/v) of low viscosity alginate sodium salt (Sigma) in 1 M sodium hydroxide (NaOH)
(Sigma) was prepared. Solutions of both low molecular weight (LMW; 50-190 kDa, as referred by the
supplier) and medium molecular weight (MMW; 190-310 kDa, as referred by the supplier) Chi (Sigma)
were prepared in concentrations of 1% (w/v), 1.5% (w/v) and 2% (w/v) in 0.33 M acetic acid (Sigma).

Both chitosans present a similar degree of decetylation (75-85%).
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Control samples were prepared using commercially available 96-well plates. Different amounts of the
Chi solutions were dropped in each well, and further mixed with different amounts of Alg leading to 18
different combinations of Alg/Chi in weight proportions of 50%, 75% and 100% of Chi, herein named as:
50Chi:50Alg, 75Chi:25Alg and 100Chi:0Alg, respectively. The prepared solutions were dispensed in
each well in individual volumes of 200 pl.

The same Alg:Chi proportions used for the controls were also dispensed in the chips prepared using the
patterned superhydrophobic platform. The polymeric solutions were dispensed in the hydrophilic
patterns in a drop-by-drop logic, in individual volumes of 4 ul. Control chips with 3 similar scaffolds of
MMW 1%Chi 100Chi:0Alg, separated by 2 mm, were prepared.

After the dispensing of the solutions, the chips and the control well-plates were frozen at -20°C for 1
hour, and then kept at -80°C overnight. The samples were then freeze-dried at -80°C for 48 hours. After
freeze-drying, the individual controls prepared on the well-plates were removed from the wells. The 100%
Chi samples were neutralised by immersion in a solution of 1 M NaOH, and then washed with distilled
water, renewed three times. All other samples (Alg/Chi samples) were immersed three times in excess
of renewed distilled water for 30 minutes per immersion, right after the removal from the wells, in order
to remove the excess of NaOH. In the chips, the 100% Chi samples were neutralized with 2 pl of 1 M
NaOH, and right after all the chip was immersed in excess of distilled water in the same conditions as
the individual controls. All the samples were then frozen at -20°C for 1 hour, and frozen at -80°C,

followed by freeze-drying in the same conditions as described before.

6.6.3. Mechanical characterization: Dynamic mechanical analysis (DMA)

The viscoelastic measurements of the scaffolds were performed using a TRITEC8000B DMA from Triton
Technology (UK), equipped with the compressive mode. The cylindrical controls produced in the 96 well
plates were measured using the standard protocol for the tests in compression mode. Regarding on-chip
experiments, a steel cylindrical probe of 3.8 mm of diameter especially fabricated to perform non-
destructive compression tests to the individual scaffolds in the chip. This piece was inserted in the fixed
upper plate of the DMA equipment. The superhydrophobic platform containing the scaffolds was fixed in
the down plate of the DMA equipment in a gutter previously assembled in this part of the apparatus,
which allowed the platform to move two-dimensionally. In each essay, the individual scaffolds were
vertically aligned with the cylindrical steel probe.

The DMA spectra were obtained during a frequency scan between 0.1 and 15 Hz. The experiments

were performed under constant strain amplitude, corresponding to approximately 1% of the original
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height of the sample. In control samples produced by conventional means, the applied strain amplitude
was of 50 um, while in the on-chip samples the applied strain amplitude was of 10 um. A small preload
was applied to each sample to ensure that the entire scaffold surface was in contact with the

compression plates before testing. At least three samples were used for each condition.

6.6.4. Morphological analysis: uCT

The architecture of the scaffolds was evaluated using a high-resolution micro-CT Skyscan 1072 scanner
(Skyscan, Kontich, Belgium). The X-ray source was set at 31 keV and 179 pA. Data sets were
reconstructed using standardised cone-beam reconstruction software (NRecon v1.4.3, SkyScan). The
output format for each sample was serial 1024 -1024 bitmap images. Representative data set of the
slices was segmented into binary images with a dynamic threshold of 40-255 (grey values). The binary
images were used for morphometric analysis (CT Analyser, v1.5 SkyScan) and to build the 3D models
(ANT 3D creator, v2.4, SkyScan) for the MMW 1%Chi 100Chi:0Alg condition. Three samples were tested
for each condition. Due to dimension specificities, the controls produced in 96 well plates and the chips
with 3 scaffolds from the same condition (MMW 1%Chi 100Chi:0Alg) were acquired with a pixel size of
11.3 um. The chips with 9 different scaffolds (either LMW or MMW chips) were acquired with a pixel
size of 19.1 um.

6.6.5. Surface modification: Fn adsorption on the 3D porous scaffolds

The effect of pre-adsorption of Fn in the scaffold samples disposed in the chips was also investigated.
Fn (Millipore) was labelled with Alexa Fluor 488 (eBioscience), according to the manufacturer’s
instructions. Solutions of Fn in phosphate buffer saline (PBS) of 10 pg/mL, 100 ug/mL and 1mg/mL
were prepared. Droplets of 0.5 ul of each solution were dispensed in each scaffold of the array and kept
at 37°C during 30 minutes. The whole platform was then washed in distilled water three times during
30 minutes. The scaffolds in the platform with adsorbed Fn, as well as controls consisting of the
scaffolds in contact with PBS without Fn, were then observed in a reflected/transmitted light microscope
(Zeiss) in red filter fluorescence mode. All scaffolds images were acquired using a constant exposure

time.
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6.6.6. /n vitro cell testing

Cell expansion and cell culture

A fibroblast cell line (L929) and a osteoblast-like cell line (SaOs-2) were used as well established cell
lines for preliminary cytocompatibility studies. Cells were expanded in basal medium consisting of alpha-
MEM medium (Gibco, UK) supplemented with 10% heat-inactivated fetal bovine serum (FBS;
BiochromAG, Germany) and 1% antibiotic/antimycotic solution (final concentration of penicillin 100
units/mL and streptomycin 100 mg/mL; Gibco, UK). Cells were cultured at 370C in an atmosphere of
5% CO2. The entire chips were placed in a 6-well plate with 5 mL of complete cell culture medium
(DMEM). All seeded samples and controls were incubated for 24 hours in order to evaluate the cell

metabolic activity and quantify the cell number on the different materials combinations.

Cell behavior analysis: conventional chip-destructive testing

After 24 hours of cell culture, the scaffolds were removed from the platform. The cells metabolic activity
was determined using the CellTiter 96®AQueous One Solution Cell Proliferation Assay (Promega, USA),
a MTS reduction test, according to the instructions of the manufacturer. The absorbance was measured
at 490 nm in a plate reader (SynergieHT, Bio-Tek, USA). Samples were characterized in triplicate.

Cell number was quantified by the total amount of double-stranded DNA (dsDNA), along the culturing
time. Quantification was performed using the QuantiT™ Pico-Green dsDNA Assay Kit (Invitrogen™,
Molecular Probes™, Oregon, USA), according to the instructions of the manufacturer. Briefly, cells in the
construct were lysed by osmotic and thermal shock and the supernatant was used for the dsDNA
guantification assay. The fluorescence of the dye was measured at an excitation wavelength of 485/20
nm and at an emission wavelength of 528/20 nm, in a plate reader (Synergie HT, Bio-Tek, USA). The
dsDNA concentration for each sample was calculated using a standard curve (dsDNA concentration
ranging from 0.0 to 1.5 mg/mL) relating quantity of dsDNA and fluorescence intensity. Samples were

characterized in triplicate.

Cell behavior analysis: image-based analysis

After 24 hours of cell culture, cell mortality was evaluated by a non-destructive assay. After washing the
samples with PBS, the samples were incubated with 5 uL of propidium iodide 1 ug/mL solution in each
spot. All samples were incubated for 30 minutes at 37°C.

Cell quantification was performed by staining the cells nuclei with 4’,6-diamidino-2-phenylindole (DAPI,

diluted 1000x). In both cases, fluorescence microscopy was used for image analyses on WCIF Image J
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software, using 18 images of 200x200 pixel2 per sample acquired with the same magnification (50x).

The same threshold criterions were used in all images.
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6.8.  SUPPORTING INFORMATION

The numerical values obtained on-chip from mechanical, porosity and cell quantification are represented

with their respective standard deviations in the following figu
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Figure 6.S1 — Numerical values obtained on-chip by dynamic mechanical analysis (DMA) at the frequency1Hz

and porosity value obtained by UCT for scaffolds. These values are represented in Figures 6.5A and 6.5E,

respectively, as intensity maps.
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Figure 6.S2 - Number of L929 cells obtained by image analysis of the cell nuclei staining with DAPI and dsDNA
concentrations obtained by chip-destructive analysis. These values are represented in the paper in Figures 6.7A1

and 6.7A2, respectively, as intensity maps.
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Figure 6.S3 — Number of L929 and SaOs-2 cells obtained on-chip by image analysis of cell nuclei staining with

DAPI. These values are represented in the paper in Figure 6.8B as intensity maps.
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CHAPTER 7. COMBINATORIAL STUDY OF NANOCOMPOSITE HYDROGELS: ON-CHIP
MECHANICAL/VISCOELASTIC AND PRE-OSTEOBLASTS INTERACTIONS

CHARACTERIZATION®

7.1. ABSTRACT
Nanocomposite hydrogels were prepared in a combinatorial way with chitosan, bioglass
nanoparticles (BG-NP) and distinct amounts of crosslinker (genipin), in a total of 30
formulations. Such miniaturized hydrogels were prepared by dispensing the precursor solutions
in wettable spots previously patterned onto superhydrophobic surfaces. The chips were used
as platforms to analyze the biomaterials on-chip both for mechanical/viscoelastic and cell-
biomaterials interactions. We adapted a mechanical dynamic analyzer (DMA) in order to
perform the in-situ totally unconfined solid-state rheological characterization of biomaterials
under physiological-like conditions. We concluded that the viscoelastic properties of the
hydrogels are dependent on the three factors studied. Besides influencing biomaterials’
mechanical properties, bioglass fillers also confer bioactivity. We immersed the chips with 20
distinct biomaterials formulations in a cell suspension of MC3T3-E1 pre-osteoblasts and
quantified - using image analysis compatible with the maintenance of the integrity of the chip -
selective cell adhesion after 1 day of cell culture, as well as cell proliferation and cell
morphology at day 3. Linear regression studies showed that for the range of conditions studied
herein, neither cell adhesion nor proliferation depended directly on the biomaterials
mechanical/viscoelastic properties. Rather, cell proliferation was favoured in the presence of
an intermediate amount of BGNP (12.5% w/w) for all c hitosan/genipin conditions, especially in
softer hydrogels (2% (w/v) chitosan, 2.5% (w/w) genipin). This hit-spotted condition also
favoured cell spreading. Interestingly, the elastic modulus measured for this formulation meets
the values reported for the granulation tissue occurring during bone regeneration, where
fibroblasts lay producing collagen. We believe that this approach will facilitate the totally on-
chip rapid and complete study of miniaturized biomaterials, in order to get more adequate

formulations to be used in tissue engineering or other biomedical applications.

¢ This chapter was based on the publication: Oliveira MB, Luz GM, Mano JF. A combinatorial study of nanocomposite
hydrogels: on-chip mechanical/viscoelastic and pre-osteoblast interaction characterization. Journal of Materials Chemistry B.

2014;2:5627-38.
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7.2 INTRODUCTION

Bone is the main structural tissue of the skeletal system as it carries major loads in vertebrate animals.
It is constituted by a ceramic composite whose components are primarily collagen (organic component)
and hydroxyapatite (inorganic component) [1,2]. Through the actions of remodelling by cells, bone's
composite structure repairs fatigue damage and continuously adapts to changes in mechanical usage.
While it is essentially brittle, bone has a degree of significant elasticity contributed by its organic
components [3].

In the development of biomaterials for bone regeneration an adequate balance of chemical and physical
properties is of great importance. Chemical cues were reported to direct biological responses such as
cell adhesion, differentiation and matrix production by processes of osteoinduction and osteoconduction
[4]. Physical properties, namely mechanical properties, were reported to be responsible for the success
of the integration of the implant in the native bone during the early stages of the regeneration process
and were also proved to modulate cell response through mechanisms of mechanosensing [5,6].
Polymer-based nanocomposites emerged as a promising route to mimic complex natural structures
[7,8]. Namely, composites based on biodegradable polymers containing bioactive ceramics or glasses
were reported to be effective in preserving the structural and biological functions of damaged hard
tissues as they mimic more closely the natural system in comparison to polymers or ceramics taken
separately [7,8].

Herein, we perform a combinatorial study in order to optimize formulations of a three-factor hydrogel
system targeting bone regeneration applications constituted by: polymer-based

nanocomposites based in a chitosan (Chi) scaffolds prepared from 3 distinct concentrations, with
addition of bioactive glass nanoparticles (BG-NP) in 5 different amounts and crosslinked with two distinct
amounts of genipin,. As an organic part of the system we used Chi, a natural polysaccharide obtained
from the desacetylation of chitin, that is arguably the most widely used biopolymer for biomedical
applications [9-12]. The use of nature-derived polymers has been widely proposed for tissue
regeneration purposes, as in general such polymers are similar to macromolecules present in the
biological environment and produce degradation products that are recognizable and metabolically
processed by the body [9]. The structure of Chi has structural similarity to glycosaminoglycans, making
it a potential candidate for connective tissue engineering. Its biological properties include non-cytotoxicity
and biodegradability to harmless products [10].

Nanosized glass/ceramic bioactive fillers have been incorporated in polymeric matrixes in order to

obtain biomaterials with increased elastic modulus [13-15]. It has also been previously reported that,
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besides conferring higher stiffness to polymeric materials, the incorporation of BG-NP in certain
conditions did not compromise the strength of the biomaterial [16]. Furthermore, their chemical
interaction with surrounding bone tissue i7 vivo promotes osteointegration by the formation of a calcium
phosphate layer in the interface, increasing bone-bonding [17-21]. The ionic release from bioactive
glasses may stimulate gene expression, promoting osteoinduction [22]. Nanocomposites with BG-NP
with alginate were suggested as biocompatible materials for periodontal regeneration, as well as
mixtures of BG-NP nanoparticles with beta-chitin [23,24]. Caridade et al. showed that the Young
modulus of Chi/BG-NP membranes was higher than the one of pure Chi membranes, for a particular
formulation presented in that study [25]. Dynamic mechanical analysis (DMA) scans also showed
increased storage modulus (£7) of Chi membranes upon incorporation of BG-NPs [26]. Besides affecting
mechanical properties, the incorporation of BG-NPs in Chi was already proven to be successful in
conferring bioactivity to the composite, as a calcium phosphate layer was formed /7 vitro upon
immersion in a simulated body fluid [26,27].

A key property that researchers commonly seek to modulate in biomaterials is stiffness, as it affects
biomaterials’ integration in the tissue after implantation, and it was also proven to modulate osteobla st-
like cells response [5]. In the case of polymeric biomaterials, the increase in stiffness has been achieved
by the variation of polymers’ molecular weight and polymer concentration in the hydrogel [28,29]
crosslinking degree or by the blending with other polymers with higher elastic modulus [30].

Although mechanical characterization of biomaterials is of utter importance to understand their potential
of integration in tissues after implantations and eventual mechanisms of mechanosensing, few works
have been developed so far to increase the throughput of such methods. The most common high-
throughput approach to assess biomaterials’ stiffness is by nanoindentation, mainly applied in thin films
[31]. Tweedie ef al [32] synthesized 576 polyacrylate compositions and subsequently tested them on-
chip by depth-sensing indentation. The modulus obtained for the copolymers was not always an
expected value from the volume fraction and modulus of its pure constituents, as microstructural and
phase changes influenced the stiffness. Simon ef a/. [33] also used nanoindentation to study a gradient
library of poly(L-lactic acid) and poly(D,-actic acid). Stafford ef a/. [34] developed a method to obtain
the elastic modulus of polymer films from the buckling wavelength of bilayers consisting of a stiff, thin
polymer film with known thickness, coated onto a relatively softsubstrate.

Regarding nano-/micro-indentation, these methods are limited to linear, isotropic materials and cannot
be used in porous or anisotropic millimetric-sized structures, as they do not provide information on bulk

properties of materials. Problems associated with the "pile-up" or "sink-in' of the material on the edges
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of the indent during the indentation were also described, as they have been widely reported to increase
the values of the elastic modulus artificially [35].

Although stiffness of biomaterials is commonly discussed, living tissues show a viscoelastic nature.
Living tissues like skin, cartilage and bone are viscoelastic, and thus exhibit time-dependent mechanical
response and energy-dissipation ability [31,35]. Recently, the effect of energy dissipation ability of
scaffolds was proven to affect chondrogenic expression of ephiphyseal chondro-progenitor cells upon
cyclic stimulation [36]. As such, the combined study of materials stiffness as well as damping properties
is certainly valuable for the full characterization of biomaterials’ performance. Dynamic mechanical
analysis (DMA) equipments allow for a sensitive and complementary non-destructive characterization of
mechanical/viscoelastic properties of materials. DMA equipments also enable testing the materials’
properties in wet or physiological-ike conditions [37], in a closer environment to the /7 vivo conditions.
Moreover, this technique allows measuring the bulk properties of hydrogels and other three-dimensional
materials, while nanoindentation characterization is mainly adequate to the study of thin films.

In this work we developed an on-chip methodology to assess mechanical and viscoelastic properties of
biomaterials in physiological-like conditions, by adapting a dynamic mechanical analyzer. With the
proposed method, a high number of conditions can be studied while the total amount of material used
in the experiment is decreased, when compared to the conventional techniques for biomaterials study
[29]. Such method not only allows for a faster data collection but also result in less expensive and
resource-saving experimentation [38-42].

We performed on-chip cell-biomaterials interaction studies to discover the mostly predominant effects
affecting pre-osteoblasts response in the formulations developed herein. We aimed hit-spotting
formulations favorable for cell attachment and growth, and eventually correlate these features with

materials’ properties.

7.3. RESULTS AND DISCUSSION

7.3.1. Preparation of on<chip samples

Miniaturized Chi/BG-NP hydrogels were prepared in a chip consisting of a polystyrene superhydrophobic
surface patterned with hydrophilic spots. The materials’ precursors were dispensed in the hydrophilic
spots and the surrounding superhydrophobicity prevented their spreading, as shown previously for
studies with cell-laden hydrogels and porous scaffolds for tissue engineering in vitro biomaterials-cells

interactions assessment.29,40 The materials used herein were based on a Chi matrix crosslinked with
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genipin, in a reaction carried out in water-saturated atmosphere, preventing the evaporation of the water
contained in the precursor Chi solution. While compared with traditional methods for hydrogels
preparation — e.g. the use of 96 well plates to prepare hydrogel disks - this procedure allowed a saving

of 33 fold of volume of material.

7.3.2. Onchip Dynamic Mechanical Analysis

We assessed the mechanical and viscoelastic properties of 30 biomaterials prepared in a combinatorial
manner, as represented in Figure 7.1B. We varied 3 distinct factors: polymer concentration used to
prepare the hydrogel, concentration of crosslinker used to prepare the matrix and addition of bioglass
nanoparticles to the structure. We used a DMA to assess the storage modulus, £’ - that gives a
measure of the stiffness of the materials — and the loss factor, fan 6 - that gives a measure of the
damping ability of the materials. Such tests were performed on-chip, by using an adequate adaptor that
allowed measuring the properties of miniaturized samples. We inserted a stainless steel cylinder in the
upper fixed part of the DMA equipment and attached the chip in a gutter that allowed the samples to be
moved two-dimensionally, as indicated in Figure 7.1A. The conditions used in the tests were adjusted in
order to mimic the physiological environment regarding temperature, wetting conditions and pH; the
assays were carried out at 37°C in physiological buffered saline (PBS).

In order to compare materials accurately, taking in consideration their different mass and density, as
well as eventual different swelling properties under physiological environment, the density of the
samples was measured after immersion in PBS at 37°C until equilibration. Figure 7.2 depicts an Ashby
plot, where the density values obtained for each sample are counterpoised with the £”measured for the
samples at 1 Hz. We observed that materials’ density was dependent not only on the total dry mass of
the materials, but also on the swelling of each formulation. The highest densities were registered for
3%Chi2.5%genipin conditions, while 4%Chi2.5%genipin groups showed lowest densities. The percentage
of Chi (% w/v) refers to the mass of chitosan in the hydrogel; percentage of genipin and BG-NP (% w/w

of Chi) refer to their mass relatively to the total mass of chitosan in the hydrogel.
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Figure 7.1. — A. Schematic representation of the adaptation performed to the original DMA equipment, where a
probe was attached to the upper fixed part of the measuring system, in order to contact each hydrogel on the
chip individually. The gutter fixed in the lower part of the DMA equipment allowed the chips to be moved two-
dimensionally, in the x and y axes. B. Experimental design used to process the hydrogels with combined
compositions (30 formulations) on the chips. NP are the bioglass nanoparticles incorporated on the hydrogels

(BG-NP).
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Figure 7.2. — Ashby plot obtained by the measurement of the storage modulus (£) at 1 Hz and density of the

distinct biomaterial formulations (upon swelling in PBS at 37°C). The nomenclature of the biomaterials in this
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plot is given by Chi concentration (2, 3 or 4, corresponding to 2%, 3% and 4% (w/v)), genipin concentration (A for
2.5% (w/w of Chi) and B for 12.5% (w/w of Chi)) and percentage of BG-NP incorporated in the matrix (0, 6.25,
12.5, 25 or 50% (w/w of Chi)).

As density did not vary linearly with the total dry mass of the materials and the effect was also
determined by the swelling capability of the hydrogels, the most accurate way to compare the hydrogels’
properties was by determining their specific modulus at 1 Hz, given by E " /density. Results are shown in
Figure 7.3A. The significant differences between conditions and sets of conditions are indicated
according to the bars in Figure 7.3 and in Figure 7.4.

Regarding studies dealing with the effect of the incorporation of bioglass and ceramic nanoparticles in
polymeric matrixes, it was previously reported that, in certain conditions, they lead to an increase in
materials’ stiffness [13-15,43-46]. It is also know that high amounts of these materials may lead to the
formation of brittle structures, as they introduce breaking points in the polymeric structure. Nonetheless,
such studies are limited to very low numbers of formulations, and further study in order to tailor and
fully understand the role of the incorporation of such nanoparticles in polymeric matrixes is needed.
Caridade et al. proved that the incorporation of nano-sized bioactive particles in Chi membranes shows
advantages over conventional (micron-sized) bioactive glasses, as a result of the larger surface area
obtained with the incorporation of bioglass nanoparticles; Chi/BG-NP composite membranes presented
higher £”values in tensile mechanical tests, as well as enhanced bioactivity [24]. Herein, we observed
(Figure 7.3A) that the specific storage modulus of the samples crosslinked

with 2.5% (w/w of Chi) genipin increased significantly with the incorporation of 50 % (w/w of Chi) BG-NP
comparing to all other conditions prepared both with 2% (w/v) and 4% (w/v) of Chi. In the condition 3%
(w/v) Chi, only the formulations with 50% (w/w of Chi) BG-NP and 0% (w/w of Chi) BG-NP showed
significant differences. Regarding hydrogels crosslinked with 12.5% (w/w of Chi) genipin, in 2% (w/v)
Chi samples the addition of 50% (w/w of Chi) BG-NP led to a significant increase of the specific modulus
compared to samples containing 0%, 6.25% and 12.5% (w/w of chi) BG-NP. For hydrogels prepared with
3% (w/v) Chi, 50%, 25% and 12.5% (w/w of Chi) BG-NP led to a significant increase in the samples’
specific modulus, when compared to the samples that did not contain BG-NP. In the samples prepared
with 4% (w/v) Chi and crosslinked with 12.5% (w/w of Chi) genipin, the addition of BG-NP did not lead

to a significant increase in the specific modulus value.
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Figure 7.3. — A Specific storage modulus of the biomaterials studied on-chip (given as £7density). B. Loss factor
(fan 8) of the biomaterials studied on-chip (given by E"* (loss modulus)/E" (storage modulus). In both plots the
nomenclature refers to the genipin concentration (A for 2.5% (w/w of Chi) and B for 12.5% (w/w of Chi)) and
percentage of BG-NP incorporated in the matrix (0, 6.25, 12.5, 25 or 50% (w/w of Chi)). Significant differences
(considered for p<0.05, by one-way ANOVA followed by Tukey’s post test) between hydrogels with fixed Chi and
genipin concentrations, but different BG-NP amounts, are given by the colored bars on the top of the plot

columns. Significant differences regarding the factors “Chi concentration” and “genipin concentration” can be

found in Figure 7.4.
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Figure 7.4. — Conditions regarding significant differences (by two-way ANOVA followed by Bonferroni's post test)

observed for A the specific modulus and B. #rn 6 values measured on-chip for the factors “Chi concentration”

Wk k%N kkk N

and “genipin concentration”. , , and “ns” refers to significant differences for p<0.05, p<0.01,

p<0.001 and non significant differences, respectively.

The independent effect of polymer concentration in the hydrogel system was also studied. It was
previously reported that increasing polymer concentrations usually lead to stiffer hydrogels [29] due to
the lower amount of water entrapped in the hydrogel. We observed significant differences in specific
storage modulus between all samples of 2% (w/v) Chi and 4% (w/v) Chi, regardless of the amount of
crosslinker used (Figure 7.4), where the higher concentration of Chi led to higher specific storage
modulus values. The same happened for 3% (w/v) Chi and 4% (w/v) Chi samples crosslinked with
12.5% (w/w of Chi) genipin (Figure 7.4). Differences between 2% (w/v) Chi and 3% (w/v) Chi samples

were observed mainly in samples containing higher levels of BG-NP (Figure 7.3A and Figure 7.4).
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The use of distinct concentrations of genipin — 2.5% or 12.5% (w/w of Chi) was expected to lead to
different stiffness of the hydrogels due to the establishment of covalent bonds between amine groups of
the Chi molecules. Significant differences in specific modulus values while using distinct crosslinker
concentrations were observed in the 2% (w/v) Chi formulations, namely in the conditions containing
more than 12.5% (w/w of Chi) of BG-NP. For 4% (w/v) Chi formulations, we observed significant
differences in specific modulus of materials in conditions with the incorporation of 6.25% and 12.5%
(w/w of Chi) BG-NP.

The frequency scans of some selected conditions are represented in Figure 7.5A. The hydrogels, either
with the incorporation of the highest amount of BG-NP (50% (w/w of Chi)) or without any addition of BG-
NP showed, in general, constant specific storage modulus up to frequencies of 10 Hz. A slight increase
in £’ values with increasing frequency was observed mostly in the lower Chi concentration formulations
(2% (w/v) Chi). This may be explained by the effect of the water entrapment in the hydrogel structure
and low compressibility of water, as previously suggested for similar phenomena [47].

In order to be aware of the relative effect of each factor in the whole system regarding specific storage
modulus values, we performed factorial analysis. Expert-Design® (Stat-Ease, Inc.) software was used to
produce a model based in the evolution of the specific storage modulus with the variation of the three
factors varied in this approach. This was performed to evaluate the contribution of each factor to specific
modulus values and also to detect eventual combined contribution of factors. Factors were considered
as ordinal categorical, i.e. the factors were labelled in an ordinal scale as, e.g., lowest, low, medium,
high and highest. By treating the average results of specific modulus in the software, a model with an
insignificant lack of fit was obtained (R? value of 0.89 and F-value of 12.33 characterized the model as
significant with 99.5% confidence). All the independent factors studied in this experiment — “Chi”
(concentration of Chi, studied with 3 levels), “BG-NP" (concentration of BG-NP, studied with 5 levels)
and “G” (concentration of genipin, studied with 2 levels) - affected significantly the model (Table 7.1).
Quantitatively, the estimated effect of a given main effect or interaction and its rank relative to other
main effects and interactions is given via least squares estimation. We observed that the factor affecting
specific storage modulus with a higher relevance was Chi concentration (66% effect). The incorporation
of BG-NP was the second most influencing factor (14% effect), followed by the effect of the amount of
genipin added to the hydrogels (9% effect). The combined effect of Chi concentration and genipin
concentration (3% effect) was also significant, as expected, since the crosslinking kinetics is expected to
depend on the amount of free amines in the polymer (higher in higher concentrations of Chi) and in the

amount of genipin molecules (higher in the highest concentration of genipin). Nanoparticles
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concentration effect did not show any combined effect with any other factor. This suggests that an
eventual phenomenon of complexation of the BG-NP (negatively charged, as evaluated by zeta potential
measurement) [48] with the free Chi molecules prior and during the crosslinking reaction had no

significant influence in the final stiffness of the structures.
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Figure 7.5. — Frequency dependent scans of the (A) specific storage modulus and (B) loss factor of the
biomaterials studied on-chip, for the conditions 2% (w/v) Chi and 4% (w/v) Chi without any BGNP or with the
maximum amounts tested (50% (w/w of Chi) of BG-NP). The nomenclature in the plots is given by Chi

concentration (2 or 4% (w/v)), genipin concentration (2.5 or 12.5% (w/w of Chi)) and BG-NP concentration (O or
50% (w/w of Chi)).
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Table 7.1. - Percentage effect of the individual and combined factors affecting the specific storage modulus of

the biomaterials measured on-chip.

Factor Effect on Specific| Effect on loss
Modulus (%) factor (%)
Chi 66.1 -
BG-NP 14.1 21.3
G 9.1 -
Chi/G 3.2 29.9
Chi/BG-NP - 13.7
Residual and non-
significant factors 75 27.5

Regarding damping properties, it was previously reported that in specific formulations #an & exhibited
higher values for Chi/BG-NP than for Chi membranes [24,46]. This could be the result of the larger area
covered by the interface between the polymeric matrix and the particles for the former composite, that
could contribute more for the dissipation of mechanical energy. We herein observed that the loss factor
values for the hydrogels increased significantly in 4% (w/v) Chi 12.5% (w/w of Chi) genipin condition for
formulations with higher BG-NP amount, namely for 25% (w/w of Chi) BG-NP condition. For the other
formulations, with fixed Chi and crosslinker concentrations, the addition of BG-NP to the hydrogels did
not affect significantly the loss factor values (Figure 7.3B). However, as indicated in Figure 7.4B, we
observed that only in the presence of BG-NP significant differences in the damping ability of the
hydrogels - prepared both with 2.5% and 12.5% (w/w of Chi) of genipin - were observed with the
variation of Chi concentration. Also, in the comparison of the loss factors of the hydrogels prepared with
the same Chi concentration, but with distinct genipin amounts, we observed that only hydrogels with
incorporation of 12.5% and 25% (w/w of Chi) of BG-NP showed significant differences in fan & values.
Interestingly, in general, the loss factor values registered for the hydrogels developed herein are in a
close range to the native values measured in native bone, ranging from 0.02 to 0.10 [49,50]. Those
were namely registered in all conditions prepared with 2.5% genipin, and 2% (w/v) Chi and 3% (w/v) Chi
prepared with 12.5% (w/w of Chi) genipin.

The fan & values were, in general, constant while exposed to distinct frequencies (Figure 7.5B). It was
also previously reported that, upon mineralization, the damping properties of Chi/BG-NP membranes
were not significantly altered [26], which indicates that the hydrogels would keep their energy
dissipation properties after implantation in a bone defect.

By treating the average values of fan & with Expert-Design® Software (Stat-Ease, Inc.) in a similar way
as previously performed for the values of £°, we obtained a model with an insignificant lack of fit (R of

0.76 and F-value of 6.87, with an interval of confidence of 99.8%). We observed that the main factor
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affecting fan & of the biomaterials studied herein was the amount of BG-NP, with an effect of 21.3%. The
other individual effects, namely the amount of Chi and concentration of genipin, were not significant to
the model. Moreover, the results were significantly affected by the combined action of Chi and genipin
(effect of 29.9%), as well as by the interaction of Chi with BG-NP (effect of 13.7%), as shown in Table
7.1.

7.3.3. Control study with conventional sized hydrogels and comparison with nanoindentation results

Control studies were performed with hydrogels prepared on chips with round hydrophilic patterns with 8
mm width, in order to have a size commonly used in biomaterials’ studies and compatible with DMA
measuring without any equipment modifications. After crosslinking, the samples were removed from the
chips and measured. Four conditions were studied, including formulations with distinct chitosan
concentrations (2% w/v and 3% w/v), absence and 25% (w/w) of BG-NP and distinct genipin amounts
(2.5% and 12.5% w/w). Values of stiffness in the same order of magnitude were obtained for the
samples prepared conventionally and on-chip (Figure 7.6). However, samples measured on-chip showed
- especially for samples containing BG-NP - lower values than the ones obtained for samples without any
incorporated BG-NP. Although the tendencies and order of magnitude of the £’values observed from the
on-chip analysis were the same as the ones obtained by conventional use of DMA, results suggest that
the output of on-chip measurements on miniaturized samples must be carefully analyzed, as in certain
conditions results may be slightly higher than the value obtained for a conventionally-sized hydrogel,

probably due to size effect-related phenomena.
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Figure 7.6. - Storage modulus at 1 Hz measured for the on-chip samples and control samples consisting of

conventional sized hydrogels. Those were hydrogels prepared in the form of cylinder with approximately 8 mm
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diameter x 2 mm height). The nomenclature in the plots is given by Chi concentration (2 or 3% (w/v)), genipin

concentration (2.5 or 12.5% (w/w of Chi)) and BGNP concentration (0 or 25% (w/w of Chi)).

As nanoindentation is the most commonly applied method to study biomaterials’ mechanical behavior in
a high-throughput manner,[32-34] we performed such tests in some of the materials of the chips.
However, we were only able to perform them in dry state. As such, the absolute values of reduced
modulus (£7, Table 7.2) and £”were not amenable to be compared due to the distinct hydrations states
of the samples. We analysed the accuracy of the measurements in the isotropic (formulations with 100%
chitosan; 0% BG-NP) and anisotropic samples (composed by chitosan and BG-NP). We tested 3
points/samples, with 50 pum of distance. In the samples with 0%BG-NP, we observed a standard
deviation (S.D.) of less than 1% of the measured £r value. However, in samples containing 25%BG-NP,
this value increased to 10% to 14%, as the difference of £r measured in distinct points of the samples
increased. With a 50%BG-NP sample (5 points studied in the same sample) we observed a S.D. of 92%
of the £rvalue. This variation in the same sample corroborates that nanoindentation is not an adequate

tool to study anisotropic samples, such as the composite hydrogels developed herein.

7.3.4. Pre-osteoblasts selective adhesion and proliferation on-chip

We prepared chips with 20 formulations (all formulations with 2% w/v Chi and 4% w/v Chi) from the
initial ones studied by DMA analysis. We seeded a cell suspension in the chips with a density of 1x10¢
cells/mL, in order to promote a selective adhesion of the cells to the surface of the hydrogels. The
number of adhered cells after 1 day of cell culture per hydrogel, quantified by cell nuclei image analysis
(ImageJ, NIH), is depicted in Figure 7.7A. We observed higher cell number after 1 day of cell culture in
the conditions 2%Chi2.5%G50NP, 4%Chi2.5%G12.5%NP, 4%Chi2.5%G50%NP, 4%Chi12.5%G12.5%NP
and 4%Chil2.5%G25%NP. We performed factorial analysis to all results of cell adhesion performed on-
chip. However, we found no correlations between individual factors (Chi concentration, BG-NP
concentration or genipin amount) and the number of adhered cells. By performing linear and polynomial
regressions to the array of results against £’and specific £”values, we also did not find any correlation.
This result was surprising, as mechanosensing phenomenon has been reported before for MC3T3-E1
cells [41,52]. Nonetheless, the order of magnitude of materials’ stiffness at which previous studies were

performed [41,52] were lower than the ones studied herein.
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Table 7.2. - Analysis of 4 distinct formulations on-chip with a nanoindenter. Each sample was measured in 3
distinct spots (**5 distinct spots), separated by 50 um. £ris the average of the reduced modulus measured in
different points of the same sample. S.D. is the standard deviation observed inside the same sample, considering
the measurement of the 3 distinct spots of the sample. “Average £/ is the average of the £rmeasured in 3
distinct samples. s.e.m. is the standard error of the mean, considering the average values measured for 3 distinct
samples. The cunes where the values of £rwere taken from can be consulted in Supporting Information (Figures

7.51 - 7.54).

Formulation Sample Er (GPa)* S.D. % S.D. Average Er (GPa) S.E.M.
#1 431 0.36
2%C12.5%G25NP #2 3.53 0.33 9.9910.6 3.66 0.35
#3 3.14 0.38
#1 3.56 0.34
4%C2.5%G25NP #2 3.96 0.93 14.4+9.5 376 0.16
#3 3.42 0.35
#1 2.81 0.014
4%C2.5%GONP #2 2.89 0.031 0.81+0.3 321 0.38
#3 3.93 0.034
4%C2.5%G50NP** #1 5.05 4.66 92.28

As cell number at day 1 was compared with fan & values, a second order polynomial correlation with a
R=0.45 (plot as Supporting Information, Figure 7.S5) was found. Although the correlation was weak, it
suggests that the adhesion of MC3T3-E1 cells to these materials in this range of values depends non-
linearly on the damping of the materials, with specific formulations for optimized cell adhesion.

After 3 days of cell culture, a clear tendency in cell number on the hydrogels was observed.
Formulations with 6.25% (w/w) and 12.5% (w/w) of BG-NP showed higher number of cells (Figure
7.7B). While performing factorial analysis to the whole array of results, no significant effect of any of the
factors was found. Linear and polynomial regressions outputs against £, specific £”and fan & also did
not show any strong correlation between these properties and the number of cells in the hydrogels after
3 days of cell culture.

Regarding cell proliferation occurring between day 1 and day 3 (Figure 7.7C), it was observed that its
highest value (150%) was hit spotted for the condition 2%Chi2.5%G12.5%NP (Figure 7.7C). Moreover, all
conditions containing 12.5% BG-NP were the only that, regardless of the biomaterials’ formulation,

guaranteed positive proliferation ratio for the cells (Figure 7.7C).
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Interestingly, the condition providing a higher cell proliferation was also the one where cells showed a
more spread morphology, as shown by F-actin staining analysis (using ImageJ software, NIH, USA),
used for cell area quantification (Figure 7.7D). This was also depicted in scanning electron microscopy

micrographs (Figure 7.8).

7.3.5. Biological relevance of the results

During bone healing after a fracture, the extent to which the injured bone regains stability and strength
depends on the mechanical properties of the callus, a dynamic tissue formed during the healing
process. In the regenerative step of such complex process, the granulation tissues formed during a
primary inflammatory phase is converted into hyaline cartilage (chondroid tissue), which performs a role
as a mechanical stabilizer of the fracture. After this stage, it was proven that the strength of callus is
increased as mineralization of the tissue occurs [53-54]. Indentation modulus obtained for studied
callus showed values of 0.61-1.27 MPa (median = 0.99 MPa) to the granulation tissue, 1.39-4.42
MPa (median = 2.89 MPa) to the chondroid tissue and 26.92-1010.00 MPa (median = 132.00 MPa)
for the mineralized tissue, depending on the time of mineralization allowed to occur [55].

By varying the formulation of the composite hydrogels developed in this study, we were able to obtain
materials storage modulus in the range of the chondroid tissue and more reinforced transition tissue
structures. Specifically, conditions where crosslinking occurred with 12.5% genipin for all Chi
concentrations, or 3% Chi formulations prepared with 2.5% genipin (ranging from approximately 2 to 6
MPa) were in the range of the modulus measured for chondroid tissue (Figure 7.2). In the case of 4%
Chi formulations crosslinked with 12.5% genipin, the average storage modulus values (ranging from
approximately 7 to 14 MPa) are higher than the range indicated for chondroid tissue, suggesting that
they may be in the range of mineralized tissue in its early form, which may allow for a better
stabilization of the hydrogels upon implantation in a bone defect. Moreover, Chi/BG-NP composites
previously shown to be able to mineralize after some hours in the presence of simulated body fluid [26].
As such, the development of the mechanical properties and inorganic phase in these materials would be
expected to be similar to the one occurring during the natural healing process, but in an accelerated and
stronger manner, as the acellular mineralization of such materials occurs fast, as well as an increase of
their stiffness (in membranes, an increase for 20 MPa in non-mineralized samples to 90 MPa for
samples immersed in simulated body fluid for 14 hours was observed) [26].

The specific formulation of the biomaterials developed herein that promoted the highest cell proliferation

rate along with a spread morphology for pre-osteoblasts — 2%Chi2.5%G12.5%NP - showed a storage
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modulus of 240 kPa. This value is in the range of values measured for granulation tissue [56]. MC3T3-
E1l cells are pre-osteoblasts with a fibroblast-like phenotype. Moreover, the ECM of granulation tissue is
known to be secreted and modified by fibroblast cells, which may explain the preference of

undifferentiated MC3T3-E1 cells for this material [57].
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Figure 7.7. - (A) Cell number present in each formulation on-chip after 1 day of cell culture, after fixation. (B) Cell
number present in each formulation on-chip after 3 days of cell culture, after fixation. The number of cell was
quantified by the number of nuclei present in each hydrogel, by analysis of DAPI staining using ImageJ software
(NIH, USA). (C) Cell proliferation ratio, from day 1 to day 3, calculated considering the average values shown on
(A) and (B). (D) Average cell area in each formulation of the chip. The area occupied by each cell was calculated
the analysis of cell F-actin staining in each biomaterial formulation using ImageJ software (NIH, USA). All values

represent mean + standard deviation.
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Figure 7.8. - Scanning electron microscopy micrographs of representative areas of all formulation studied for

MC3T3-E1 response after 3 days of cell culture.

7.4. EXPERIMENTAL SECTION

7.4.1. Development of the superhydrophobic chips

Polystyrene flaks were cut from commercially available Petri dishes (Corner). Stickers of polyvinyl
chloride (PVC) (Oracal® 614) were cut in a squared-shaped shape with 2x2 mmz in an A4 sheet in a
typography service using a CNC laser cutting machine. Arrays of 30 squared-shaped stickers separated
by 2 mm were printed in the polystyrene flaks. The polystyrene surfaces were then treated using a
phase-separation method, as described by Oliveira et al.10,13 and dried under a flow of nitrogen.
Tetrahydrofuran (THF) was purchased from Fluka and absolute ethanol from Panreac. The stickers were

removed after the drying of the surfaces.

7.4.2. Preparation of BG-nanoparticles

To prepare the BG-NPs a protocol based on previous work was followed [18,58]. The procedure to
obtain nanoparticles with the composition SiO.:Ca0:P.0s (mol.%) = 55:40:5 consisted of sequential
reagent dissolution that resulted in hydrolysis and polycondensation reactions. TEOS (99.90% pure) was
used as the silicon precursor, ammonium phosphate dibasic as the phosphorus precursor, calcium
nitrate tetrahydrate (99%) as the calcium precursor, citric acid monohydrate (99-100%) to promote

hydrolysis, absolute ethanol, ammonium hydroxide (maximum 33% NH3) as the gelling agent and
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polyethylene glycol 20,000 (PEG) as the surfactant. The BG-NPs were sintered at 700°C for 5 h to

obtain spherical particles with sizes below 50 nm.

7.4.3. Development of the hydrogels

Solutions of low molecular weight Chi (Sigma; molecular weight of 50-190 kDa, as referred by the
supplier; degree of deacetylation 75-85%) were prepared in acetic acid (2% v/v) in concentrations of 2%
(w/v), 3% (w/v) and 4% (w/v). Parts of these solutions were mixed with BG-NP in amounts of 0%, 6.25%,
12.5%, 25% and 50% relatively to the Chi total mass in the solution (w/w of Chi). An amount of 4 ul of
each solution was dropped in each hydrophilic well. Amounts of 2 pl of genipin in concentrations of
either 2.5% or 12.5% (in a 10 ethanol/90 water mixture), relatively to the total mass of Chi in the well,
were dropped on the top of each droplet of Chi/BG-NP. The crosslinking reaction occurred during 4
hours at 37°C in a humidity saturated environment. The chips were then immersed in ethanol in order

to clean the genipin residues, and afterwards in PBS at 37°C for 1 hour.

7.4.4. Determination of the density of the biomaterials
The density of the biomaterials was determined by weighting each hydrogel after 1 hour of immersion in
PBS at 37°C, and by measuring its dimensions in the same conditions, in order to calculate the

hydrogels’ volume. Density was calculated by weight/volume.

7.4.5. Onchip mechanical and viscoelastic characterization of the biomaterials

The viscoelastic measurements of the scaffolds were performed using a TRITEC8000B DMA from Triton
Technology (UK), equipped with the compressive mode, in PBS at 37°C. A steel cylindrical probe of 3.8
mm of diameter was especially fabricated to perform non-destructive compression tests to the individual
scaffolds in the chip. This piece was inserted in the fixed upper plate of the DMA equipment. The
superhydrophobic platform containing the scaffolds was fixed in the down plate of the DMA equipment
in a gutter previously assembled in this part of the apparatus, which allowed the platform to move two-
dimensionally (Figure 7.1A). In each assay, the individual scaffolds were vertically aligned with the
cylindrical steel probe.

The DMA spectra were obtained during a frequency scan between 0.1 and 10 Hz. The experiments
were performed under constant strain amplitude, corresponding to approximately 1% of the original

height of the sample. At least four samples were used for each condition.
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7.4.6. Assessment of dynamic mechanical/viscoelastic properties of “bulk” conventional sized
hydrogels: a control study

Control samples were prepared using chips with round hydrophilic spots with 8 mm width. The
prepared solutions were dispensed in each well in individual volumes of 100 pl. In control samples
produced by conventional means, the applied strain amplitude was of 30 um. A small preload was
applied to each sample to ensure that the entire scaffold surface was in contact with the compression

plates before testing. At least three samples were used for each condition.

7.4.7. Nanoindentation

Nanoindentation tests were carried out at room temperature using air-dried samples. A Berkovich
diamond indenter was used. A loading rate of 0.01mN/s was applied until a maximum load of 10 mN
was reached. Three to five indentations were made in random locations on each side of the air-dried

hydrogels.

7.4.8. Cell studies: MC3T3-E1 pre-osteoblasts adhesion, proliferation and morphology analysis

Cell culture and expansion

A pre-osteoblast cell line (MC3T3-E1, ATCC) was used to study cells-biomaterials interaction on-chip.
Cells were expanded in basal medium consisting of alpha-MEM (Gibco, UK) supplemented with 10%
heat-inactivated fetal bovine serum (BiochromAG, Germany) and 1% antibiotic/antimycotic solution
(penicillin 100 units/mL and streptomycin 100 mg/mL; Gibco, UK). Cells were grown in 150 cm?2
tissue culture flasks and incubated at 37 °C in a humidified air atmosphere of 5% CO.. Every 3-4 days,
fresh medium was added. At 90% of confluence, cells grown in tissue culture flasks were washed with
PBS and subsequently detached by a chemical procedure with 0.05% trypsin-EDTA solution for 5 min at
37 °C in a humidified air atmosphere of 5% CO.. To inactivate the trypsin effect, cell culture medium
was added. The cells were then centrifuged at 300 g and 25 °C for 5 min and the medium was
decanted. A cell suspension with a density of 1x10¢ cells/mL was prepared. Prior to the contact with cell
suspension, the platforms were sterilized with ethanol 70% (v/v) for 2 hours, rinsed with sterile

phosphate buffered saline (PBS) 3 times. The chips were put in contact with 5 mL of cell suspension.

Cell analysis onchip
Cell quantification was performed after washing the whole chips with PBS and fixing the cells with

formalin, after 1 and 3 days of cell culture. Cells’ nuclei were stained with 4',6-diamidino-2-phenylindole
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(DAPI, Sigma, diluted 1000x). F-actin was stained with phalloidin-tetramethyl rhodamine isothiocyanate
(Sigma, diluted 1000x). Cell number was quantified through cell nuclei counting using particle analysis
of ImageJ software (NIH). Cell area was calculated by particle analysis of the F-actin staining. Each
condition was analyzed in quadruplicate. All results are represented by average + S.D..

Cells" morphology was assessed with more detail by scanning electron microscopy (JEOL JSM-6010LYV).
The whole chips were assessed after dehydration using sequential ethanol immersions, from 30% to

90%, followed by air drying and sputtering of the samples with a gold layer.

7.4.9. Statistical and factorial analysis

All data is presented as mean + S.D. for triplicate sets. The data obtained for £” and fan 6 at the
frequency of 1 Hz was analyzed by two-way analysis of variance (ANOVA) test, followed by Bonferroni's
postest for p<0.05, for the factors “genipin concentration” and “polymer concentration”. The
differences between distinct BG-NP amounts in the hydrogels with fixed amounts of Chi and genipin
were tested by one-way ANOVA, followed by Tukey's post test with significance for p<0.05.

Regarding factorial analysis, specific storage modulus data obtained at 1 Hz was analyzed in the Design-
Expert 7 software. The factors were considered as categorical ordinal and the model was not adjusted to

any transformation. Data regarding single factors effect and combined interference was demanded.

7.5. CONCLUSIONS

We developed an on-chip strategy based on superhydrophobic chips and on the adaptation of a DMA to
test the mechanical and viscoelastic properties of miniaturized hydrogels. Those were produced in a
combinatorial and resource-saving logic to be used as biomaterials for bone tissue engineering. Factorial
analysis was performed to independently study the effect of the concentration of the polymer used as
the main matrix in the hydrogels (Chi), as well as the effect of the addition of two distinct relative
amounts of crosslinker (genipin). We also assessed the effect of addition of BG-NP in the mechanical
and viscoelastic properties of the material formulations. Storage modulus, as well as specific storage
modulus of hydrogels, was mostly affected by Chi concentration, as higher concentrations led to higher
modulus. The addition of BG-NP was the second most relevant effect to the system; addition of such
nanoparticles in amounts higher than 12.5% (w/w of Chi) — namely 25% and 50% (w/w of Chi) - led, in
general, to significant increase in the storage modulus and specific storage modulus of the hydrogels.
The concentration of genipin used to crosslink Chi also affected the storage modulus of the hydrogels,

although in a lower extent than the previously referred factors. The interaction of this factor with Chi
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concentration also affected the storage modulus outcomes in the hydrogels. Regarding the loss factor of
the hydrogels, formulations where values were maintained in the range of the native bone tissue were
obtained.

The response of MC3T3-E1 pre-osteoblast cell line was also assessed on-chip. Such cells showed
selective preferential adhesion to specific conditions on the chip. Their proliferation and spreading was
increased mainly in formulations with lower amount of chitosan (2% w/v), with intermediate
concentrations of BG-NP, especially 12.5% (w/w) BG-NP, with an £’value of 240 kPa and a fan & value
of 0.10.
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7.7. SUPPORTING INFORMATION
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Figure 7.S1 - Load/displacement curve obtained with nanoindentation performed on-chip in dry conditions for

the formulation 2%Chi12.5%G25NP, in three distinct points of three distinct samples.
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Figure 7.52 - Load/displacement curve obtained with nanoindentation performed on-chip in dry conditions for

the formulation 4%Chi2.5%G25NP, in three distinct points of three distinct samples.
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Figure 7.S3 - Load/displacement curve obtained with nanoindentation performed on-chip in dry conditions for

the formulation 4%Chi2.5%GONP, in three distinct points of three distinct samples.
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Figure 7.54 - Load/displacement curve obtained with nanoindentation performed on-chip in dry conditions for

the formulation 4%Chi2.5%G50NP, in five distinct points a single sample.
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Figure 7.S5 - Average values of 217 6 measured on-chip and respective cell number adhered to each formulation

after 1 day of cell culture, and respective polynomial fitting.
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CHAPTER 8. /V V/VO HIGH-CONTENT EVALUATION OF THREE-DIMENSIONAL SCAFFOLDS

BIOCOMPATIBILITY’

8.1. ABSTRACT

While developing tissue engineering strategies, inflammatory response caused by biomaterials is an
unavoidable aspect to be taken in consideration, as it may be an early limiting step of tissue
regeneration approaches. We demonstrate the application of flat and flexible films exhibiting patterned
high-contrast wettability regions as implantable platforms for the high-content /7 vivo study of
inflammatory response caused by biomaterials. Screening biomaterials by using high-throughput
platforms is a powerful method to detect hit spots with promising properties and to exclude
uninteresting conditions for targeted applications. High-content analysis of biomaterials has been mostly
restricted to /n vitro tests where crucial information is lost, as /7 vivo environment is highly complex.
Conventional biomaterials implantation requires the use of high numbers of animals, leading to ethical
questions and costly experimentation. Biomaterials’ inflammatory response has also been highly
neglected in high-throughput studies. We designed an array of 36 combinations of biomaterials based in
an initial library of four polyssacharides. Biomaterials were dispensed onto biomimetic
superhydrophobic platforms with wettable regions and processed as freeze-dried three-dimensional
scaffolds with a high control of the array configuration. These chips were afterwards implanted
subcutaneously in Wistar rats. Lymphocyte recruitment and activated macrophages were studied on-
chip, by performing immunocytochemistry in the miniaturized biomaterials after 24 hours and 7 days of
implantation. Histological cuts of the surrounding tissue of the implants were also analyzed. Localized
and independent inflammatory responses were detected. The integration of this data with control data
proved that these chips are robust platforms for the rapid screening of early-stage /i vivo biomaterials’

response.

"This chapter was based on the publication: Oliveira MB, Ribeiro MP, Miguel SP, Neto Al, Coutinho P, Correia IJ, et al. /n Vivo High-Content
Evaluation of Three-Dimensional Scaffolds Biocompatibility. Tissue Eng Part C Methods (in press). doi: 10.1089/ten.tec.2013.0738
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8.2. INTRODUCTION

The choice of biocompatible materials in the development of tissue engineering strategies is crucial, as
the lack of adequate immune response caused by biomaterials is one of the most common causes of
failure of implants due to tissue damage and chronic response [1,2]. Although inflammatory response is
commonly responsible for implants failure, it was also reported to contribute for the triggering of tissue
regeneration. It is known that altered levels of TNF-a, IL-1 and other proinflammatory molecules have a
major effect on the healing of bone fractures [3]. Inflammation is required in neural regeneration for
enhancing the proliferation of neural progenitors and neurogenesis, [4] and has also a necessary
involvement in salamanders’ limb regeneration, a process dependent on the presence of macrophages
[5]. Regeneration using mesenchymal stem cells was also proven to be dependent on recipient T
lymphocytes, through the interferon gamma (IFN-y)-induced downregulation of Runx-2 and enhancement
of tumor necrosis factor alpha (TNF-0) signaling in cells [6]. In order to discover optimized formulations
of biomaterials for tissue regeneration it is important to screen different and high numbers of
combinations of materials. In this complex process, one of the key aspects to take in consideration is the
inflammatory response caused by such materials, and its role in implant rejection or as regeneration
adjuvants.

High-content approaches to study cells-biomaterials interactions have allowed collecting large amounts
of data about single and combined molecular interactions affecting tissue regeneration. The ultimate
goal of these approaches is to perform assays in a resource- and time-saving manner [7,8]. Biomaterials
with beneficial properties for stem cells culture [10-15] and bacterial attachment prevention [16] were
spotted using micro-array methods [17]. Over time arrayed platforms for high-content studies matured
from platforms that allowed studying cells-2D materials interactions to platforms compatible with cell
encapsulation in hydrogels, allowing for a closer /n vivolike approach. These studies were carried out in
in vitro environment. As such, information was lost on inflammatory response of these materials, as well
as other phenomena resulting from the complexity of the /n vivo environment. The lack of established
methods for /n vivo combinatorial analysis led us to develop the method described herein.

Hereby, we propose the implantation of superhydrophobic flexible and flat platforms with patterned
arrays of wettable regions where combinations of biomaterials are dispensed and processed as
independent porous scaffolds. These chips are used to study foreign body response in localized spots in
a high-throughput manner [18.20]. Similar platforms were used in wviro for the study of protein-cells

interactions in 2D environment, celldaden 3D hydrogelsand 3D scaffolds [19-21]. We hypothesize that
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the miniaturized size of the patterned biomaterials and the gap maintained between them would be
sufficient to observe distinct inflammatory cells recruitment, while allowing for isolated responses in
each spot. Moreover, the low cell adhesion reported in superhydrophobic surfaces would improve the
independency between spots [18-22]. For the proof-of-concept, we designed an array of 36 combinations
of biomaterials from a small library of four materials: chitosan (Chi), alginate (Alg) and two
carrageenans: k-carrageenan (k-Carr) and wcarrageenan (-Carr), the later having a higher number of
sulfate groups. We aimed to study the effect of distinct anionic surfaces combined with Chi, as they
were reported to promote higher levels of macrophages and adherent lymphocytes, compared to
materials with distinct chemical features [23]. The individual inflammatory response of Chi[24] and Alg
[25] applied as biomaterials was previously investigated. For carrageenans, inflammatory response in
the form of implantable biomaterials is still poorly described. However, carrageenan solutions with high
number of sulfate groups (1-Carr and A-carrageenan) are widely used to trigger inflammation for /n vivo
studies [26]. Our proposed methodology has the potential to be adapted to diversified combinations of
biomaterials, allowing saving high numbers of animals. The direct application of the method would result
in an important ethical achievement, along with the consequent optimization of costs adjacent to animal

experimentation.

8.3. MATERIALS AND METHODS

8.3.1. Superhydrophobic surfaces with wettable transparent spots

Polystyrene films (ST311190, Goodfellow) were cut in 4 x 4 cm? squares. 6x6 arrays of polyvinyl stickers
(Oracal) were patterned in the surfaces. The arrays were constituted by squares of 4 mmz, separated by
2 mm in all sides (Figure 8.1). The surfaces were treated by a phase-separation method, as described
elsewhere [27]. Briefly, a solution of commercial grade polystyrene in THF (Sigma) (70 mg/mL) and
ethanol absolute (in proportions of 2:1.3) was poured onto the polystyrene films. The solution was then
removed and the surfaces were immersed in ethanol absolute. After one minute under immersion, the
surfaces were let to dry at room temperature. The stickers were then totally removed and the whole
surface washed with pure ethanol to remove possible traces of the stickers' glue. The chips were
afterwards cut in 4 geometrically equal squares with 9 biomaterials per square (3x3 array) for

implantation.
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Figure 8.1. - Image of a part of an array of patterns on the chip with A) protective stickers and B) after removing
the protective stickers, with transparent wettable spots. C) Scanning electron microscopy image of
superhydrophobic domain of the chip. D) Representative profile of a water droplet on the superhydrophobic
domain of the chip (contact angle of 156.2°+0.3). E) Representative profile of water droplet on the non-treated

part of the chip - wettable region (contact angle of 90.5°+4.7).

8.3.2. Biomaterials array deposition

Our experimental design consisted in a matrix of 36 combinations of biomaterials. The processing of
biomaterials followed two steps: firstly, we prepared freeze-dried genipin-crosslinked scaffolds, with
distinct concentrations of Chi (“A”, in Figure 8.2D,E) in acetic acid (2% v/v) solution: 1%, 1.5% and 2%
(w/v). We previously proved that these Chi concentrations are adequate for the preparation of porous
scaffolds on such chips [21]. Nine scaffolds of each concentration were prepared in the chips (Figure
8.2D). After freeze-drying the Chi structures, solutions of other polymers (labeled “polymer B”) were
dispensed on the top of these porous scaffolds in distinct concentrations (Figure 8.2E).

Medium molecular weight Chi (ref. 448877, batch MKBJ9698V, Sigma), with 75% to 85% of
desacetylation, was purified according to a re-precipitation method. A solution of crosslinker was
prepared with 4% (w/v) genipin (Comercial Rafer, S.L.) in distilled water and ethanol (90:10 v/v). The
Chi scaffolds were prepared by pipetting 4 ul of Chi solutions and 2 pl of genipin in each wettable spot
of the chip. One additional condition of 1.5% (w/v) of Chi was added to the array, where the volume of
Chi dispensed in the wettable regions was 6 pl. This condition is referred as “1.5%+". Crosslinking
occurred at 37°C in water saturated environment. Afterwards, the chips were frozen at -20 °C for 2
hours and -80°C overnight. Freeze drying occurred at -80°C, 0.3 bar. Polymers B (Figure 8.2E) were
added afterwards to the Chi freeze-dried scaffolds in amounts of 2 ul. Polymers B were Alg (ref.

W201502, Sigma), k-Carr (ref. 22048, Sigma) and Carr (ref. 22045, Sigma), in concentrations of 2%
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(H), 1% (M) and 0.5% (L) (w/v). They were used as received. They were crosslinked with KCI for k-Carr
(UJMGS) or CaCl. (VWR) for 1-Carr and Alg, both at concentration 1M. The chips were again frozen at -
20°C for 2 hours and -80°C overnight. Freeze-drying occurred at -80°C, 0.03 bar.
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Figure 8.2. — A) Preparation of superhydrophobic patterned chips using removable stickers B) allowing to imprint
complex geometrical wettable features surrounded by superhydrophobic domains (step 1 refers to the stickers in
the polystyrene untreated film; step 2 shows the superhydrophobic polystyrene chip where the protecting sticker
is being removed so the wettable area is exposed). Liquid precursors can be dispensed in wettable regions with
distinct sizes and shapes B) (see examples delimited by dashed lines) and with different volumes C). D) Setup
used to prepare the implanted chips, where Chi (“A”) was patterned in distinct concentrations (1%, 1.5%, 2% and
1.5+%) and separated by different distances (d1, d2), as described in Results section. E) Biomaterials (“B”) were
added to the previously freeze-dried Chi scaffolds in distinct dilutions (H, M, L for lower, medium and highest
dilution factor of polymer “B"), in order to obtain chips with distinct combinations of biomaterials. The implanted

chips with 9 scaffolds were cut from the previous chip with 36 scaffolds.

8.3.3. Control samples

Onchip controls: Onchip control samples were processed in an equivalent manner to the standard
chips. Biomaterials were dispensed in a randomized configuration, indicated in Table 8.S1, in
Supporting Information.

Implantable plugs: Two random conditions were selected from the array of biomaterials: Chil% t
Carr2%H and Chil% Alg2%H. Plugs with 5 mm diameter x 3 mm height of these conditions were
processed in commercially available 96 well plates. A volume of 200 pl of Chi solutions was dropped in
each well, followed by 100 pul of genipin solution, in the same proportions and concentrations used for
on-chip experiments. The well plate was then placed at 37°C for 3 hours, while the crosslinking reaction

took place. The samples were then frozen and freeze-dried, in the same conditions as the on-chip ones.
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The solutions of polymer B were dispensed on the top of the previously prepared Chi sponges according
to the proportions used on-chip, and then crosslinked with 50 pl of the crosslinking solutions. Freeze-
drying was repeated. The samples were washed and sterilized using the same procedure of on-chip
samples.

Sterilization of the chips and control plugs: The chips with the scaffolds in their final stage of processing
were immersed in ethanol 70% (Panreac) for 30 minutes. Before implantation, they were washed with
sterile physiological buffer solution (PBS, Fluka) for 15 minutes, three times. The same procedure was

performed for the plugs implants prepared without the superhydrophobic film, and to the empty chips.

8.3.4. Implantation of the chips and control samples in Wistar rats

The 36 spot chips were cut in 4 parts (with 9 miniaturized scaffolds per part), the chips boarders were
cut with rounded shape as close to the scaffolds as possible, and a mark was made on each chip, in
order to identify of the relative position of the biomaterials after explantation. The chips were then
implanted subcutaneously in Wistar rats for 24 hours and 7 days with the configuration indicated in
Figure 8.2D,E.

To perform the /n vivo assays a total of 27 Wistar rats (8-10 weeks old) weighing between 150-200 g,
were used. The project was conducted in accordance with the international guidelines set for animal
research. This study was conducted in the animal research facility of the University of Beira Interior.
Housing and animal care were provided according to procedures set for animal research. Animals were
individually anesthetized with an intra-peritoneal injection of ketamine (40 mg/kg) and xylazine (5
mg/kg). Subsequently, each animal was immobilized and the dorsum was shaved, washed and
disinfected with ethanol (96%). To perform chip implantation, a 1.5-2 cm skin incision was done in four
different sites of animal dorsum (Figure 8.3A). The animals were divided in several groups. The first
group corresponded to animals where the 4 different chips (with Chi in the different concentration: 1%,
1.5%, 2% and 1.5+%) were implanted (n > 4). All biomaterials faced the muscle side of the cut. Four
chips with random configuration of the spotted biomaterials (as indicated in Table 8.S1, Supporting
Information) were implanted in rats (n=3). The second group was similar to the first group; however, in
these animals the chip with the condition “1.5+%" was substituted by a chip without any spotted
biomaterials (empty chip) (n=2). Control groups were set as one group with 2 empty chips implanted
(n=2). One biomaterial plug was implanted by animal (n=2) to be explanted after 24 hours and 7 days of

implantation. Subsequently to samples implantation, the skin flaps were sutured. During the study
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animals were kept in separate cages and fed with commercial rat food and water ad /ibitum. Animals

were sacrificed by CO: asphyxiation after 24 hours and 7 days.

A /4
.

N : 5
? 2
s 1

I—b ﬂScore attribution

Cell
quantification

Acquisition

Figure 8.3. — A) Dorsal view of an animal after the implantation of the four chips in the used configuration. B)
Tissue surrounding the chip after 7 days of implantation. C) Example of a histological cut performed to explanted
tissue around the chip. D) Removal of one chip after 1 day of implantation. E) Explanted chip after 24 hours of
implantation. F) Image of immunocytochemistry performed to lymphocytes in one of the conditions of the chip

after 24 hours of implantation.

8.3.5. Immunocytochemistry

After the explants of the 4 chips in each animal, the chips were fixed and kept in paraformaldehyde
(Figure 8.3E). The explanted chips were incubated with primary antibodies CD25 (AbD Serotec) (specific
for IL-2 produced by lymphocytes) or CD163 (AbD Serotec) (specific for macrophages) in concentration
of 1:100 overnight, at 4°C. Non-specific binding was blocked by incubation with 3% bovine serum
albumin (BSA) solution in PBS for 30 min, at room temperature. After 1 h of incubation with
AlexaFluor488 (Alfagene) for CD25, or AlexaFluor594 (Alfagene) for CD163, both at a concentration of
1:250, in BSA 1%, at room temperature, the cells were washed in PBS and counterstained with DAPI
(Invitrogen) nuclear staining. The presence of surface markers was analyzed using an Axioplan Imager
Z1 fluorescence microscope (Zeiss). Images in a total height of 500 um were acquired in 20 layers of
25 um. The images used for the analysis were the ones corresponding to the final stacking of the 20

layers.

8.3.6. Histological analysis
Tissue specimens were obtained from the implantation area by sharp dissection at 24 hours and 7 days,
and then fixed with paraformaldehyde and paraffin embedded. In order to obtain a full analysis of all

materials present in the chips, different perpendicular sections to the chip were obtained from the tissue
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in contact with different samples. Histological cuts were performed in the first 2 mm of the tissue in
contact with the chip, followed for 4 mm cuts. A 3 um section obtained from each paraffin block was

stained with hematoxylin and eosin (H&E).

8.3.7. Lymphocytes quantification

Images acquired by microscopy (Axiovision, Zeiss) with a 50x magnification were cut in 4 equal images.
Using ImageJ (NIH) software the background caused by the natural fluorescence of natural polymer in
each image was removed or minimized. Automatic nuclei counter (ITCN, Imagel, NIH) was used to
quantify the lymphocytes. Images with the green staining were analyzed considering cells with 6 um of
diameter and a separation dependent on the density of cells, varying from 2 to 6 um. Representative
images of the steps performed for the cell quantification can be consulted in Figure 8.S1, in Supporting

Information.

8.3.8. Score attribution for histological cuts and macrophages immunocytochemistry

For histological sections, scoring was attributed to each part of the histological cuts (divided according to
Figure 8.3C) according to the following scale: 0 - absence of inflammatory cells; 1 - presence of
lymphocytes and polymorphonuclear (PMN) cells; 2 - higher presence of lymphocytes and PMN, and low
amount of macrophages; 3 - higher presence of lymphocytes; 4 - high concentration of macrophages
and presence of lymphocytes; 5 - very high density of macrophages; 6 — vascularization with very high
concentration of macrophages. Images of on-chip macrophages were scored (0-6) according to the
relative amount of macrophages in the scaffold, where O corresponded to the lowest relative amount,

and 6 to the highest relative amount.

8.3.9. Generation of intensity maps

The color attributed to each spot of the intensity maps corresponded to the average values of the studied
variables (e.g. quantified cell number or attributed score). Numerical values and respective standard
deviations can be consulted in Figures 8.52-8.S7, in Supporting Information. The colors of the intensity
maps were generated with Microsoft Office Excel (Microsoft®) according to the following criteria: lower
value corresponded to turquoise blue and higher value to bright red. The middle color was allocated to
the 50% value of the distribution of the maximum and minimum values registered in the groups of
values analyzed. This attribution was performed according to groups of results presented in the same

figure or section of figures.
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8.3.10. Factorial analysis

Exploratory factor analysis is a technique within factor analysis statistic methods used to uncover the
underlying structure of sets of variables. Three-factor analysis was performed using the Design of
Experiments DesignExpert7 Software (Stat-Ease, Inc.). Response surface models were generated for the
analyzed conditions and the contribution of each factor was then quantified. The three factors
considered were: concentration of Chi in the scaffold (%Chi, factor A), type of polymer “B” (polymer,
factor B) and dilution of polymer B (dilution, factor C). The variables were considered as numerical, for
factor A and factor C, and nominal for factor B. Three levels were considered for factor A: 1%, 1.5% and
2%. Three levels were considered for factor B: Alg, k-Carr and +Carr. Factor C was analyzed also
considering three levels: H - for lower dilution factor (i.e. higher concentration of polymer B: 2%), M -
for intermediate dilution factor (concentration of polymer B: 1%) and L - for higher dilution factor
(concentration of polymer B: 0.5%). For histology scores analysis, the Chi concentration 1.5% was
isolated, so a three-factor analysis was performed considering a new factor: the volume of Chi dispensed
(factor D): 4 (1.5%Chi) or 6 pl (1.5%+Chi).

We developed three distinct surface response models for each time point: 24 hours and 7 days after
implantation. Each model was developed according to the quantified number of lymphocytes, scores
attributed to on-chip macrophages, and to each part of the histological cuts performed to the tissue
collected around the chips. The results were analyzed by the software by “sequential model sum of
squares” in order to select the highest order polynomial where terms were significant and the results
were not aliased. For most of the models, response surface 2Fl models were suggested and furtheron
generated. For lymphocytes and macrophages quantifications after 24 hours of implantation, main effect
models were generated. Results were then analyzed by ANOVA. Each model allowed concluding about
the percentage contribution of each factor. The effect of each factor as well as combined effect of factors

were also analyzed.

8.3.11. Statistical analysis

Two-way ANOVA with Bonferroni post test was performed to the results of standard chips (main
experiment), resulting from the implantation in the first group of animals, considering the results of
lymphocyte quantification and scoring of macrophages on-chip, as well as of histology images. Three

distinct variables were considered: effect of polymer B, effect of dilution of polymer B and effect of Chi

244



Section Ill. Chapter 8 —/n vivo high-content evaluation of 3D scaffolds biocompatibility

concentration. The results of significant differences can be consulted in Table 8.S2, in Supporting

Information.

8.4. RESULTS AND DISCUSSION

We implanted 36 miniaturized combinations of biomaterials in single animals using chips based on
extreme water repellency (Figures 8.1, 8.2 and 8.3) with patterned arrays of wettable regions (Figure 8.1,
8.2A-C and Figure 8.2D,E) where combinations of biomaterials (Figure 8.2D,E) were dispensed and
processed as independent porous scaffolds (Figure 8.3E). The chips are versatile, allowing patterning a
high diversity of shapes, sizes (Figure 8.2A,B) and amounts of biomaterials (Figure 8.2C), processed by
several techniques and with the possibility of showing anisotropic features and distinct and geometrical
configurations between them (Figure 8.2B). These chips - where the surface of biomaterials is totally
exposed to the /n vivo environment (Figure 8.3E) - were used to study foreign body response in localized
spots in a high-throughput manner. The liquid biomaterial precursors were strongly restricted in the
wettable regions due to the high contrast of surface tensions (Figure 8.2A-C) [18-20]. Superhydrophobic
surfaces prepared by phase separation methods showed low cell adhesion, [18] including substrates
prepared using polystyrene [22]. Therefore we expect that the scaffolds spots could be maintained
relatively isolated from each other, avoiding cell passage between spots and minimizing the interaction of
the platform with the /7 vivo milieu.

All biomaterials patterned in the chips remained attached to the wettable regions of the chip after 24
hours of implantation (an example of an explanted chip can be observed in Figure 8.3E). After 7 days of
implantation, a small percentage of the scaffolds was integrated in the animals muscle, as the majority
of the scaffolds remained attached to the chip. The response to biomaterials that remained attached to
the chip was studied by immunocytochemistry along with the histological cuts performed to tissue
surrounding the chip.

From here on, the set of polymers added to the Chi scaffolds — Alg, k-Carr or 1-Carr - will be labeled as
polymer B, and the dilution of such polymers will be indicated as H (indicating the lowest dilution; 2%
w/v polymer concentration), M (indicating an intermediate dilution; 1% w/v polymer concentration) and

L (indicating the highest dilution; 0.5% w/v polymer concentration).

8.4.1. Analysis of onchip immunocytochemistry
After being explanted, scaffolds were analyzed on-chip by immunocytochemistry, both for lymphocytes

and macrophages presence. The lymphocytes were labeled with a green secondary antibody, and
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macrophages with a red one. Figure 8.4 depicts representative examples of fluorescence microscopy
performed to the chips where the presence of both cell types can be seen after 24 hours and 7 days of
implantation. Lymphocytes present on each formulation were quantified by image analysis using ImageJ
software; the procedure is explained in Figure 8.S1 (Supporting Information). The presence of
macrophages in each formulation was evaluated according to a score explained previously in the
Materials and Methods section. After the quantification of lymphocytes and score attribution to
macrophages presence in each condition, an intensity map was built (Figure 8.6). By color analysis of
the maps in Figure 8.6, all conditions on-chip can be rapidly compared in terms of average mean values
obtained for lymphocytes quantification and macrophages scores. The numerical values with respective
standard deviations can be found in Figures 8.52-8.S7 (Supporting Information). Further on, the results
will also be reported and discussed taking in consideration the statistical analysis of such results. Both
on-chip data and histological sections results were analyzed with two-way ANOVA with Bonferroni post-
test. For the on-chip data obtained from the quantification of immunocytochemistry images, analysis
was performed to all combinations of the ionic networks with both 1% Chi and 2% Chi. All conditions
from the histological examination were analyzed for statistical significance (results in Table 8.S2,
Supporting Information).

After 24 hours of implantation, the presence of lymphocytes in the scaffolds was very similar in all
conditions containing -Carr; no significant differences were observed between any of these conditions.
The effect of dilution factor of polymer B was observed between H and M, H and L, as well as M and L,
mainly for Alg-containing conditions, where L led to lower lymphocytes number than M, and those to
lower scores than H conditions. Conditions containing 1-Carr were significantly different from both
conditions containing k-Carr and Alg, and k-Carr conditions were different from those containing Alg. -
Carr conditions showed higher lymphocytes numbers, followed by k-Carr and Alg. For k-Carr and Alg-
containing conditions, significant differences were registered with 1% Chi and 2% Chi. Higher
concentration of Chi (2%) was responsible for higher concentration of lymphocytes. Lymphocytes have
been shown to adhere to surfaces /n vitro [28]. In lymphocyte/macrophage co-cultures, lymphocytes
have been observed to associate with macrophages and foreign body giant cells [1]. Regarding the
presence of macrophages in the biomaterials after 24 hours of implantation, no significant differences

were observed between the conditions.
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(i) 1% Chi 2% Chi (i) 1% Chi 2% Chi

-Carr

24 HOURS  k-Carr
Alg

-Carr

DAY 7 k-Carr

Alg

Figure 8.4. - A) i. Immunocytochemistry pictures of macrophages (in red) in each scaffold of the chips. ii.
Magnified pictures of conditions D1 1%Chi 1-Carr H (left) and D1 1%Chi k-Carr L (right) where the morphology of
the lymphocytes can be observed. B) i. Immunocytochemistry pictures of lymphocytes (in green) and staining of
the nucleus (DAPI, in blue) present in each scaffold of the chips. ii. Magnified pictures of conditions D7 2%Chi 1-
Carr H (left) and D7 1%Chi k-Carr M (right), where the morphology of the macrophages can be observed. Some

macrophages are indicated with white arrows. Scale bar = 50 um.

We observed a transient presence of lymphocytes after 24 hours of implantation. The evolution of
inflammatory response until day 7 was also monitored by analysis of different inflammatory cells present
in the distinct biomaterials. Lymphocytes registered a transition from 24 hours to 7 days: their amount
decreased significantly in all conditions, mainly in the ones containing Alg, where their presence was
almost inexistent (Figure 8.6A). Their presence was also very low in k-Carr containing conditions.
Increasing concentrations of Chi in the substrate scaffold led to higher number of lymphocytes attached
to the biomaterials, namely in the 2% k-Carr condition and in -Carr conditions. We also observed that
the lymphocytes withdrawal gave place to the increase of macrophages in the biomaterial. Lymphocytes

were previously reported to be transiently present at the implant site [23]. They have been shown to
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interact with monocytes and macrophages resulting in mutual effects on each other in terms of
activation and enhanced inflammatory responses. The conditions with more concentration of
macrophages were the ones with k-Carr and -Carr. These results were consistent with the dilution of
polymer B present in the combinatorial biomaterials, since H and M materials showed higher amount of

macrophages than those with dilution factor L.

8.4.2. Analysis of histological cuts

After collecting the chips from the animals, the tissue that surrounded each chip was also collected for
histological analysis. The analysis of the tissues was performed by the attribution of histological scores
to three different parts of the histological cuts (performed in the tissue perpendicularly to the chip
position during implantation), exemplified in Figure 8.3C. Figure 8.5 shows representative images of the
parts of the histological parts that were in contact/closer to each biomaterial patterned on the chips.
The scoring scale is explained in the Materials and Methods section. An intensity map with colors
corresponding to the ranking of the average values attributed to each region of the histological cuts can
be observed in Figure 8.5B. Average scores values, standard deviations and significant differences
between all conditions can be found in Supporting Information (Figures 8.S2, 8.S3 and Table 8.S2).
According to the general tendencies observed in Figure 8.6B, after 24 hours of implantation higher
histology scores were attributed to the conditions containing 1-Carr and k-Carr, when compared to the
ones containing Alg. Biomaterials conditions with lower dilution factor (H) were significantly different
between Carr and Alg, and k-Carr and Alg. We did not observe any significant differences between
biomaterials containing -Carr and k-Carr. The increase of dilution factors of the polymer B (from H to L)
led to a decrease in the general tendencies of histology scores in all conditions, regardless of polymer B.
The majority of statistical differences were observed while comparing H with L dilution factors.
Conditions containing k-Carr as polymer B were the ones more sensitive to changes in the dilution factor

from Hto M (intermediate dilution
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2% CHI 1.5+% CHI

-Carr

24 HOURS kcarr B
Alg

-Carr I

DAY 7 k-Carr

Figure 8.5. - i. Pictures of histological sections of 2% Chi and 1.5%+ Chi conditions. ii. Magnification of the
condition 2% -Carr in 2% Chi scaffold (image framed in i). The presence of higher amount of blood vessels
(indicated by black arrows) can be observed in this condition. Scale bars =50 um. The nomenclatures H, M, and
L correspond to high, medium and low dilution factors of polymer B, respectively. More detailed information on

cell type identification can be observed in Figure 8.9.
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Figure 8.6. — Intensity map, according to the color gradient (right), with colors attributed to average values
obtained for A) the quantification of lymphocytes (Lymph.), macrophages (Macro.) and B) for scores attributed to

histological analysis, after 24 hours and 7 days of implantation.

factor) and M to L. The presence of distinct polymers B in the biomaterials combinations also led to
differences in the histology scores, namely in the H dilution condition. Statistical differences were found
between biomaterials containing -Carr/k-Carr and biomaterials containing Alg. No statistical differences
between materials with +-Carr and k-Carr were observed.

After 7 days of implantation significant differences between H and M dilution factors were observed in
biomaterials containing -Carr. Materials with M dilution factor were attributed with lower histological
scores. No other correlations between the dilution factors were observed. In several dilution conditions
and Chi concentration biomaterials containing +-Carr were attributed with higher scores than the ones
with k-Carr and Alg. No statistically relevant differences between materials containing k-Carr or Alg were

found.

8.4.3. Factorial analysis
We developed three distinct factorial analysis models for each time point: 24 hours and 7 days after

implantation. Each model was developed according to the quantified number of lymphocytes (obtained
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from microscopy images as the ones represented in Figure 8.4B), scores attributed to macrophages
analyzed on-chip (attributed to microscopy images as the ones represented in Figure 8.4A), or to the
histological scores attributed to each part of the histological cuts (as the ones represented in Figure 8.5)
performed to the tissue collected around the chips. The analysis was performed considering the average
values for each of these parameters (as represented in Figure 8.6). Each model allowed concluding
about the percentage contribution of each factor affecting the results. For the models generated from
the data collected on 24 hours time point, histology scores allowed obtaining a robust surface response
model (with 99.9% of confidence), where not only the main effects but the effect of interacting factors
could be analyzed. The contribution of each factor and interactions between factors for each time point
can be seen in Figure 8.7.

For lymphocytes and macrophages analyses after 24 hours of implantation, the model was not
significant in order to analyze the effects of combined factors, so a model analyzing only the main
effects was applied. For the case of histological scores, all individual factors contributed significantly to
the variation of inflammatory phenomena. The main effect contributing was the dilution of polymer B
(factor C, in Figure 8.7), with 63% of contribution, followed by the type of polymer B (factor B), with 17%
of contribution. Regarding the analysis of lymphocytes after 24 hours of implantation, the only factor
considered relevant to the results was the type of polymer B present in the biomaterials. For
macrophage scores, both percentage of Chi (factor A) and type of polymer B (factor B) were considered
significant for the surface response model.

After 7 days of implantation, data obtained both from on-chip and histological scores analysis allowed
obtaining robust models, with 99.9% of confidence. All individual factors showed a significant effect in
the histological scores attributed to the distinct biomaterials. The individual factor with more relevance
was the dilution of polymer B (factor C), with 48% of contribution to the model. The effect of Chi
percentage of the substrate porous scaffold (factor A) contributed with 6%, and the dilution of polymer B
(factor B), with 34%. Moreover BC interactions were also considered as statistically relevant, although
with less impact than individual factors. Regarding on-chip analysis, lymphocytes number was affected
mainly by factor A (27%) and B (46%), while macrophages score was affected by factors B (48%) and C
(31%).
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Figure 8.7. - Contribution of the effect (%) of each factor and combination of factors in the surface response
models. Data to generate the surface response models was obtained for lymphocyte, macrophage and
histological scores evaluation with distinct biomaterials after 24 hours and 7 days of implantation. A) Models
considering factor A as %Chi and B) models considering factor A as volume of Chi for the 1.5% and 1.5+%
conditions. Significant effects are labeled with “*”. The total value of the addition of factor contribution is not

100%, as the values attributed to residues of the model are not shown herein.

Regarding the factorial analysis performed to the histological scores of conditions 1.5%Chi and 1.5%+Chi
- which is a condition where the scaffolds were not prepared from 4 uL volume of chitosan, but from a
higher volume of 6 L - (Figure 8.7B), the main effects affecting the inflammatory response observed
after 24 hours of implantation were the type of polymer B (with 21% of contribution) and the dilution of
polymer B (with 55% of contribution). In this time point, all factors and combined effects were
statistically relevant for the scores attributed. After 7 days of implantation, the main effects contributing
for the attributed scores of the histology images were the type of polymer B in the biomaterials (43%), as
well as the volume of Chi (factor D) used in the Chi scaffold (32%). Except for the interaction DC, all

factors and combined effects were significantly relevant for the developed surface response model.

8.4.4. Correlation between on-chip and histology results
For 24 hours of implantation, the results obtained for on-chip analysis and histology analysis were not

directly correlated. This may be explained by the lack of robustness of the models obtained for on-chip
cell analysis (for macrophages analysis, a low value for predicted Rz - 0.20 — was obtained). Moreover,

after 24 hours of implantation cells involved in inflammatory response may have not reached the

252



Section Ill. Chapter 8 —/n vivo high-content evaluation of 3D scaffolds biocompatibility

material, and may still be migrating to the materials. Histology showed that, in fact, lymphocytes along
with PMN and some macrophages were present in the tissue around the biomaterials (Figure 8.5).

After 7 days of implantation, the effect of the factors on-chip and obtained from the analysis of
histological scores were easily correlated (Figure 8.7). The effects obtained for the histological analysis
were similar to the combined analysis of the effect of both lymphocytes and macrophages. Therefore,
after 7 days of implantation, the results can probably be directly obtained from on-chip image-based
methods, without the loss of any important information. This is an important outcome of the method
that permits assessing information on biomaterials/tissues interaction in a high-throughput form,

without the need of time-consuming histology analysis.

8.4.5. General analysis of biomaterials’ inflammatory response

Regarding the general response from the explanted chips no fibrotic capsule or macroscopic signs of
inflammation were observed (Figure 8.3D). The histology analysis performed to the tissue around the
chips (Figure 8.10C) suggests that the reaction observed in each chip is totally independent between the
four implanted chips. Moreover, animals showed a normal behavior during the implantation period.

Chi crosslinked with genipin was used as the base material for all biomaterials studied in this approach.
Chi inflammatory response was previously described for the mice model [29]. In this work, histological
assessment indicated marked neutrophil accumulation within the implant and antibody-specific analysis
showed a very low incidence of Chi-specific reactions [24]. It was then described as a relatively inert
biomaterial that does not elicit a chronic immune response. The inflammatory response to Alg
crosslinked with CaCl. was previously reported with contradictory conclusions. Some studies described it
as a material with high immunogenicity [30] as after 14 days of its implantation fibroblasts began to
secrete collagen and macrophages were still present in the tissue [25]. However, in other studies it has
been described as a material with no specific inflammation or reactive granuloma formation [31].
Carrageenans biocompatibility has been questioned in the literature [32,33]. Carrageenan is used to
induce paw edema in the rat and mouse and induces IL-8 production through distinct Bcl10 pathway in
normal human colonic epithelial cells [32,33].

We concluded that the presence of Chi in the combinatorial conditions explored in this approach
produces a concentration-dependent effect. Porous Chi scaffolds with concentration of 2% led generally
to significantly higher inflammatory responses than the ones with 1% or 1.5% (Table 8.S2). However, the
major effect observed with Chi scaffolds was not their concentration, but the volume of solution used to

process the biomaterials. In the conditions 1.5%+Chi (prepared with 6 uL of Chi, instead of 4 L, as in
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other conditions) the amount of polymer B was maintained. Regardless of the type of polymer B added
to the Chi scaffold, the 1.5%+ Chi condition led to higher inflammatory responses regarding histology
analysis. We believe that the increase in inflammation with the volume of Chi solution used to prepare
the scaffold would be related with the higher biomaterial surface area exposed to the animal tissue. For
this, we consider that the total surface exposure of the scaffolds is a major advantage of the system
proposed herein, as it allows studying biomaterial volume-dependent phenomena.

Alg was the polymer present in the studied array of materials that led to lower inflammatory responses.
k-Carr led to a slightly higher response, in most conditions not significantly different from Alg. Such
polymers showed concentration-dependent effects on inflammatory response. -Carr was the material
that showed a higher inflammatory response. This effect was concentration-dependent: 2% Chi was the
condition that triggered higher inflammatory responses. This fact, along with the lower inflammatory
response observed in k-Carr samples, suggests that the inflammatory response triggered by +-Carr is
related to its higher amount of sulfate groups.

Another interesting feature observed in scaffolds containing 1-Carr in all concentrations was the higher
amount of blood vessels present in the tissue sections that surrounded the biomaterial after 7 days of
implantation (Figure 8.511). The method could be probably extended to studies of crossed effects of

inflammation, vascularization and regeneration of tissues.

8.4.6. Validation of the method

Chips with scaffolds disposed in re-arranged positions randomly were generated (as indicated in Table
8.S1); on-chip immunocytochemistry images can be seen in Figures 8.S8 and 8.S9, in Supporting
Information). This allowed confirming that the obtained results were not dependent on the relative
position of the scaffolds in the chips evidencing the independence of the tissue reaction to the
biomaterials with respect to their relative location (Figures 8.8A and 8.8B), both for histological analysis

and immunocytochemistry results.
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Figure 8.8. - A) Intensity maps of the scores attributed to histological analysis of the tissue surrounding the

-Carr
k-Carr
Alg

implanted control chips with biomaterials in a random configuration, according to Table 8.S1. The results
obtained according to the configuration of the chip (randomized chip), the same results ordered according to the
order of the conventional chips (ordered randomized chip) and the results obtained in the normal chips (main
experiment chip), for the same conditions (1%Chi, 24 hours of implantation). B) On-chip analysis of the results
obtained for lymphocyte analysis (left) and macrophages scores (right) after 24 hours of implantation, for 1% Chi

conditions. The conditions in “Randomized chips” are the ones as indicated in Table 8.S1.

Implantation of single scaffolds with conventional size was carried out in order to compare the response
observed with the implant of 4 chips with distinct biomaterials in a single animal with two randomly
chosen conditions. This step of validation of the method consisted in the direct implantation of 2 distinct
biomaterials without using the superhydrophobic platform, with the size of conventionally implanted
plugs in tissue engineering field (5 mm diameter x 3 mm height). This was performed in single animals,
i.e. one plug/animal. Results regarding implantation of biomaterial plugs can be seen in Figure 8.9. We
observed that the adherence of lymphocytes to the scaffold containing +Carr was higher and more
evenly distributed than to the one containing Alg. Images of histology sections showed that for 24 hours
of implantation PMN cells were prevalent around the biomaterial in the Alg-containing scaffolds. For
scaffolds containing Carr, the presence of PMN cells was similar to the Alg-containing scaffolds.
However, the presence of lymphocytes was detected around the implanted material (blue arrows for
lymphocytes and green arrows indicating the material, Figure 8.9). After 7 days of cell culture, in the Alg-
containing scaffold the presence of PMN cells (orange arrows, Figure 8.9) was still prevalent. In the
scaffold -Carr, histology showed macrophages adhered to the biomaterial (black arrows, Figure 8.9).

These results were consistent with the results observed on-chip, both for on-chip lymphocyte analysis
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and histology analysis. After 24 hours of implantation, the amount of lymphocytes detected on-chip was
lower for Algcontaining scaffolds, compared to the ones with +-Carr. The amount of macrophages after
24 hours of implantation on both conditions studied on-chip was not significantly different. After 7 days
of implantation, the amount of macrophages adhered to the scaffolds containing +-Carr was clearly
higher than in the ones containing Alg, as was corroborated by the plugs results. As such, we conclude
that the results obtained for on-chip analysis with miniaturized scaffolds was coherent with the
implantation of single plugs without the superhydrophobic film.

Polystyrene chips without biomaterials were also implanted in the rats. We verified that general cell
adhesion to the superhydrophobic side of the chip was much lower than to the wettable domains on
both time points (see DAPI blue staining of cell nuclei). Regarding the adhered cells, we could see that
after 24 hours of implantation, the lymphocyte adhesion on the wettable spots occurred, while in the
superhydrophobic domains of the chip was almost totally avoided. After 7 days of implantation, no
macrophages were detected in the superhydrophobic domain of the chips (Figure 8.10A). Histological
analysis (Figure 8.10B) showed that inflammatory response observed after 24 hours (Figure 8.10B1) of
implantation was very mild. The presence of a low amount of PMN cells was registered very close to the
site of implantation. After 7 days of implantation (Figure 8.10B2), the inflammatory response seemed to
increase slightly around the chips. The cells present around the chip were PMN, along with some
lymphocytes and macrophages. Also in the empty chips implanted in one animal along with 3 chips with
biomaterials with the conditions 1% Chi, 1.5% Chi and 2% Chi the observed inflammatory re sponse was
very mild. After 24 hours (Figure 8.10C1) of implantation a low presence of macrophages and PMN cells
was observed.

After 7 days of implantation (Figure 8.10C2) a very low presence of inflammatory cells was registered.
This suggests that the water repellence that characterizes these surfaces and its propensity to decrease
protein adhesion [29] lowers the tissue response in the superhydrophobic sites. The lower surface
contact between the tissue and the materials was previously reported to decrease inflammatory
response [33]. Along with the previously described control results these observations strengthen the

idea that the response between patterned biomaterials will be independent from spot to spot in the chip.

256



Section Ill. Chapter 8 —/n vivo high-content evaluation of 3D scaffolds biocompatibility

1%ChiAlg H 1%Chi -Carr H

24 hours

&) p - ‘) e, - : & .
S C AR AN .
] ! _e vl . > o

< Lt ocy SR S Wy h
N ‘? ' ¢ T 3;""c'v, 4A F s :

» - N : :

T,

| ¢' ‘l . s

;. 3 .

LY g .e‘

| o G A %
s P '*' '. d . %’-
o 35V Ay~ 6

/11;\&‘/ > 1

LT AR
: .

Figure 8.9. - Results obtained from the analysis of implanted scaffold plugs with conventional sizes (5mm x
3mm). Lymphocyte immunocytochemistry images (upper line images). Images of histology sections (middle and
lower lines images) after 24 hours and 7 days of implantation. Blue arrows indicate lymphocytes and green
arrows indicate the biomaterial. PMN cells are indicated with orange arrows and the scaffold is indicated with

black arrows, for 7 days images. Scale bars in histological cuts figures = 200 um.
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Figure 8.10. - A) Immunocytochemistry images for lymphocytes (after 24 hours of implantation) and
macrophages (after 7 days of implantation) of empty chips, without any biomaterials spotted in the wettable
regions. Two identical chips were implanted by animal. B) Histological (H&E staining) sections of the tissue
surrounding a chip (without any biomaterial spotted in the wettable regions). Two identical chips were implanted
by animal. C) - Histological (H&E staining) sections of the tissue surrounding empty chips (without any
biomaterial spotted in the wettable regions). These chips were implanted along with 3 chips with biomaterials with

the conditions 1% Chi, 1.5% Chiand 2% Chi. We observed that after 24 hours and 7 days of implantation.

8.4.7. Significance of the method

High-throughput methods are increasing and expanding their areas of application, allowing rapidly
answering complex questions in the field of biomaterials. We demonstrated the possibility of performing
high-throughput /7 vivo analysis of inflammatory response to distinct biomaterials using affordable
superhydrophobic patterned thin and flat surfaces. We validated the method by distributing the arrays of
biomaterials randomly and by comparing the results from implanting conventional-size biomaterial plugs
in individual animals. This approach allowed studying new combinations of biomaterials and assessing
their inflammation-triggering potential. The patterning of biomaterials in the proposed platforms allowed
having biomaterials with total surface exposure, to maximize the contact with the /7 vivo environment.
We saw that a combined analysis of on-chip and histology observation leads to an accurate evaluation of
the materials’ performance. Moreover, after 7 days of implantation the on-chip analysis was
correspondent to the histology scores attribution. This may allow, in the future, shortening the time of
results analysis, working solely with on-chip results that can be assessed rapidly through direct image
analysis. This method allows reducing the number of animals while screening biomaterials for

inflammatory response.
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This work demonstrated the feasibility of the method by analyzing different combinations of a few
polyssacharides, a class of natural materials widely used in biomedical application [35]. These studies
could be easily extended to many combinations of other materials and may be complemented with long-
term regeneration studies, where the combined effect of inflammation may be beneficial for the
vascularization and regeneration of the implants. In such studies, biomaterials that promote an ideal
balance of inflammatory cells recruitment in order to promote tissue regeneration and do not induce the
rejection of the biomaterial by the host would be hit-spotted. Biomaterials with distinct shapes and
anisotropic features may also be patterned and implanted, and the performance of the materials in both
sides of the chips may also be studied to assess the response of distinct tissues in contact with two
faces of the film. Moreover, we foresee the development of new chips with distinct flexibility and
stiffness. Those would be useful not only as subcutaneous implants but also to be used in other
anatomic sites where tissues require adaptation of the shape of the chip, such as cardiac, vascular

tissue or bone.

8.5. CONCLUSION

We demonstrated the application of superhydrophobic chips patterned with wettable regions as
implantable platforms for the high-content /7 vivo study of inflammatory response caused by
biomaterials. We tested 36 combinations of biomaterials in the form of freeze-dried three-dimensional
scaffolds simultaneously in one animal. The integration of the data obtained from the on-chip
lymphocyte and macrophages analyses, as well as histological analysis of the surrounding tissue, with
control data showed the applicability of these chips as platforms for the rapid screening of /in vivo
biomaterials’ response. We believe that in the future such methodology may be applied in distinct

approaches regarding, for example, complex multivariable tissue regeneration studies.
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8.7. SUPPORTING INFORMATION
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Figure 8.S1 - Sequential steps for the quantification of lymphocytes from microscopy images. The original image
is treated in order to have the lowest background from natural polymers as possible. It is then inverted and
converted to 8-bit image. The size of the cells and mean distance expected between them is inserted in the ITCN

software, and an output image is generated with red dots in the spots counted as cells.

Note 1: The quantification of macrophages was not performed by the method indicated in Figure 8.S1. The shape
of macrophages varies during the time of implantations, while lymphocytes are kept as round cells. Moreover, the
natural polymers background in most of the polymeric combinations made the application of image techniques
for the quantification of such cells difficult. As such, we attributed a score system for the quantification of

macrophages on-chip, as indicated in the manuscript.
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histology score

Figure 8.S2 - Histology scores attributed to the histology cuts performed to the tissue around the implanted chips
after 24 hours of implantation (average value + S.D., n>4). The conditions are abbreviated according to: A — Alg,
k — k-Carr, 1 - 1-Carr. The percentage of Chi is indicated with 1, 1.5, 2 and 1.5+, for 1%, 1.5%, 2% and 1.5+%,

respectively. The dilutions of polymer B are indicated according to the nomenclature adopted in the manuscript.

histology score

Figure 8.S3 - Histology scores attributed to the histology cuts performed to the tissue around the implanted chips
after 7 days of implantation (average value + S.D., n>4). The conditions are abbreviated accordingto: A — Alg, k —
k-Carr, 1 - -Carr. The percentage of Chi is indicated with 1, 1.5, 2 and 1.5+, for 1%, 1.5%, 2% and 1.5+%,

respectively. The dilutions of polymer B are indicated according to the nomenclature adopted in the manuscript.

261



Section Ill. Chapter 8 —/n vivo high-content evaluation of 3D scaffolds biocompatibility

350

number of lymphocytes

Figure 8.54 - Quantification of lymphocytes on-chip (cells/100x100 pixel?) after 24 hours of implantation. Bars
indicate the cell number average value + S.D. (n>4). The conditions are abbreviated according to: A — Alg, k — k-
Carr, 1 - -Carr. The percentage of Chi is indicated with 1, 1.5, 2 and 1.5+, for 1%, 1.5%, 2% and 1.5+%,

respectively. The dilutions of polymer B are indicated according to the nomenclature adopted in the manuscript.
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Figure 8.S5 - Quantification of lymphocytes on-chip (cells/100x100 pixel?) after 7 days of implantation. Bars
indicate the cell number average value + S.D. (n>4). The conditions are abbreviated according to: A - Alg, k - k-

Carr, 1 - Carr. The percentage of Chi is indicated with 1, 1.5, 2 and 1.5+, for 1%, 1.5%, 2% and 1.5+%,

respectively. The dilutions of polymer B are indicated according to the nomenclature adopted in the manuscript.
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Figure 8.56 - Score attributed to on-chip immunocytochemistry images of macrophages after 24 hours of
implantation. Bars indicate the score average value + S.D. (n>4). The conditions are abbreviated according to: A
- Alg, k — k-Carr, 1 - -Carr. The percentage of Chi is indicated with 1, 1.5, 2 and 1.5+, for 1%, 1.5%, 2% and
1.5+%, respectively. The dilutions of polymer B are indicated according to the nomenclature adopted in the

manuscript.
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Figure 8.S7 - Score attributed to on-chip immunocytochemistry images of macrophages after 7 days of
implantation. Bars indicate the score average value + S.D. (n>4). The conditions are abbreviated according to: A
- Alg, k — k-Carr, 1 - -Carr. The percentage of Chi is indicated with 1, 1.5, 2 and 1.5+, for 1%, 1.5%, 2% and
1.5+%, respectively. The dilutions of polymer B are indicated according to the nomenclature adopted in the

manuscript.
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k-Carr «-Carr
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Figure 8.88 - Lymphocytes immunocytochemistry images (in green) from a control chip (1% Chi) after 24 hours
of implantation. The biomaterials conditions were disposed in the chip randomly, according to the configuration in
Table 8.S1. Results regarding lymphocytes quantification in control chips and comparison with normal chips can

be found in Figure 8.8., in the manuscript.
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k-Carr -Carr
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Figure 8.S9 - Macrophages immunocytochemistry images (in red) from a control chip after 24 hours of
implantation, where the biomaterials conditions in the chip were disposed randomly, according to the

configuration in Table 8.S1. Results regarding macrophages scoring in control chips and comparison with normal

chips can be found in Figure 8.8., in the manuscript.

Note 2. The color distribution on the intensity maps was generated using Microsoft Office Excel (Microsoft®)
according to the following criteria: lower value is turquoise and higher value is red. The middle intensity color is

allocated to the 50% value of the distribution of the maximum and minimum values registered in the groups of
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values analyzed. This attribution was performed according to groups of results presented in the same figure or

section of figures.

Table 8.S1 - a. Configuration of the chip implanted during the main experiment. b. Configuration of the control

chip with randomly generated positions of the biomaterials. All conditions were prepared from 1% Chi.

a b
«-CarrH  -CarrM  -CarrlL -CarrM  k-CarrH AlgH
k-CarrH  k-CarrM  k-CarrlL Alg M t-CarrH  k-CarrlL
AlgH Alg M Alg L t-CarrL  k-CarrM Alg L

Table 8.52 - Statistically relevant differences (considered for p<0.05) between on-chip conditions according to
twoway ANOVA with Bonferroni post-test. “X” indicated the inexistence of statistically significant differences
between conditions. The conditions are abbreviated accordingto: A — Alg, k — k-Carr, 1 - -Carr. The percentage of

Chi is indicated with 1, 1.5, 2 and 1.5+, for 1%, 1.5%, 2% and 1.5+%, respectively. The dilutions of polymer B are

indicated according to the nomenclature adopted in the manuscript.

24 hours Day 7
Histology Lymph. Macro. Histology Lymph. Macro.
Hvs M 1.5+ k1, k1.5 [ A1, AL5 X X A2 X
ul 1.5 12
! ' ' 1,11.5
Hvs L W15+, k1, A2 Al, Al.5, A2 X i, A2 X
Mvs L k1.5 k1, Al, A2 X X X X
+Carr vs kCarr X X X 1.5+H, 1.5+L |12, k2, A2 X
Carr vs Alg 154 1H, 2H, 1M, X 1H, 1.5H, 2, a2 1H, 1.5H,
1.5M, 2L 1.5+M 2H, 1.5+H
1H, 2H, 1M,
k-Carr vs Alg 1H 1.5M, 2L X X X X
1%Chivs 1.5% Chi | X X X X X X
1%Chi vs 2%Chi X 2[‘ KM, KL, AM, X X tH, kH, AH, 1L [ X
1%Chivs 1.5%+Chi | X X X X X WM
1.5%Chivs 2%Chi | X X X X X X
1.5%Chi Vs
1.5%+Chi X X X X X M
2%Chivs 1.5%+Chi [ X X X X X X
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CHAPTER 9. ON-CHIP ASSESSMENT OF THE PROTEIN-RELEASE PROFILE FROM 3D

HYDROGEL ARRAYS?®

9.1. ABSTRACT

As the formation of healthy tissue and the treatment of several diseases is often dependent on an
effective and prolonged action of bioactive agents, the delivery of molecules for therapeutic or induction
purposes in a tissue is a common procedure. The correct administration of those agents is often
dependent on tailored delivery mechanisms from hydrogel or polymeric matrices. To the best of our
knowledge, methods for the high-throughput monitoring of bioactive agents delivery are nonexistent. The
methods for the /n wifro monitoring of molecules release are resource spending and laborious. As a
simplifying alternative to these methods we propose the imprinting of superhydrophobic biomimetic
surfaces with ring-shaped transparent spots with concentric superhydrophobic millimetric regions to be
used as bioactive agents release study platforms. We designed an array where polymeric precursors
mixed with a growth-factor model protein labeled with a fluorescent tag could be dispensed in the
concentric highly repellent regions and crosslinked afterwards, generating a polymeric protein-loaded
sphere. The ring-shaped region was then filled with a physiological-like fluid that covered the polymeric
sphere. The acquisition of sequential images of each spot over time using microscopy methods allowed
monitoring easily the protein release by image-based fluorescence quantification. As the platform is
easily adaptable and amenable for future automation in order to mimic standardized organs dynamics,
we concluded that the device shows applicability for rapid and efficient /n vifro bioactive agents release

studies.

¢This chapter was based on the publication: Oliveira MB, Mano JF. On-Chip Assessment of the Protein-Release Profile from 3D Hydrogel
Arrays. Anal Chem. 2013;85:2391-6.
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9.2. INTRODUCTION

The success of tissue engineering, gene therapy and drug delivery strategies is often dependent on the
effective delivery of bioactive molecules /n vivo [1-3]. In /n wvitro situations - both when cells are cultured
in 2D or in 3D milieus - controlled delivery may only be beneficial for the saving of high amounts of
expensive molecules during the cell culture period. In an /n vivo situation, the systematic delivery of
these factors is usually of low profit since low amount or no molecule can reach the implant site.
Besides being costly, the systematic delivery of factors may be dangerous for the patient, since as some
of these factors are necessary for tissue formation, they are toxic for other tissues [4]. As such, before
implantation, the study of the delivery rate of bioactive molecules from biomaterials and the assurance
of the desirable release rate is a crucial step in the development of these constructs.

Hydrogels are often used as space-filling agents in tissue engineering strategies. Nonetheless, their
application as bioactive molecules stabilizers and delivery agents, as well as carriers of cells capable of
producing such molecules, has been of increasing interest [5,6]. This strategy helps in stabilizing such
molecules and enables their localized delivery, avoiding the administration of high doses, enzymatic
degradation and nonspecific uptake by other tissues. By tailoring polymers properties and by choosing
specific combinations of materials — whose behavior may be difficult to predict - the release behavior of
the hydrogel/active molecule system can be modulated in order to satisfy the requirements of different
strategies [7]. These can rely in hydrogels as drug delivery systems, gene therapy vehicles or tissue
engineering constructs with bioactive molecules, among others [8-11].

One of the most efficient hydrogel forms for molecules delivery is as micro- and milli-range particles,
which show high surface area and enable a fast response to environmental stimuli [12]. The methods
chosen for the processing of particles determine their shape, mean size and distribution, porosity,
topography and drug entrapment efficiency [13]. Most particles processing methods involve the use of
organic solvents, high temperature and allow for low encapsulation efficiency. Moreover, most methods
lead to the partial loss of bioactive molecule to a liquid medium and, consequently, the complete
encapsulation is unachieved. In order to solve this limitation, Song ef a/.[10] developed a method based
on the properties of superhydrophobic surfaces with similar properties to the Lotus leaf. In this method,
liquid polymeric droplets containing bioactive molecules were dispensed as spheres and hardened as
hydrogel structures under mild conditions in a solid/air interface [14,15]. This method was also used to

produce particles used as cell carriers and scaffolds-precursors in constructs formed by cells and beads

[10,16].
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Regarding the /n vifro actual methods for assessing bioactive molecules release from biomaterial
matrices, they mostly rely in laboring and resource/space-wasting methods to obtain a cumulative
release profile [13]. For the automation of this type of assays, complex and large mechanical systems
would be needed. High performance liquid chromatography (HPLC) also holds popularity in quantifying
drugs by directly reading their characteristic UV absorbance, refractive index, electrical conductivity or
fluorescence emission upon elution from a proper HPLC column. HPLC thus lacks the real-time
monitoring capability and suffers from high operational costs, lengthy training requirement and usually
lack of a universal sensitive detector. The use of high-throughput platforms for the monitoring of
biomolecules-cells interactions has been widely used [17-20]. However, to the best of our knowledge,
high-throughput array methodologies are herein proposed for the first time aiming to be applied in
studies of biomolecules release from biomaterial matrices.

Polystyrene superhydrophobic surfaces were not only proposed to produce drug-loaded particles with
high encapsulation efficiency, but also to be used as high-throughput platforms for 2D and 3D tissue
engineering constructs analysis [14,15]. These platforms consist of superhydrophobic surfaces in which
wettable regions were patterned by exposure to UV/ozone irradiation through a photomask.
Combinations of biomaterials were dispensed in the arrays of wettable spots in the form of adsorbed
proteins and hydrogels. Cell behavior in these materials could be studied using validated image-based
methodologies, relying usually in fluorescence quantification.

Quantification methods using image-acquired fluorescence were proposed in studies regarding the
dynamic measurement of the height and volume of cells [21]: this study was based in the negative
staining where a fluorescent non-cell-permeant dye was added to the extracellular medium. Since the
fluorescent signal is dependent on the thickness of the emitting layer, the decrease of fluorescent signal
in respect to the background was higher as the cell’s height increased. The calibration curve for that
study was performed using microfabricated patterns with steps and the obtained results were validated
by comparison with atomic force microscopy (AFM) measurements. An opposite concept was used to
measure the osmotic water permeability of cells. The method was based on confocal recording of the
fluorescence intensity emitted by calcein-loaded adherent cells during osmotic shock. Permeability was
calculated as a function of the time constant in the fluorescence intensity change, the cell surface-to-
volume ratio and the fractional content of the osmotically active cell volume [22]. Fluorescence
polarization was conjugated with a droplet-based microfluidics device for the rapid analysis of protein-
protein interactions [23] and fluorescenttagged molecules were also used as a qualitative indicator of

the dispersion of fluorescent molecules in hydrogels [24]. Nonetheless, quantification and calibration of
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images in fluorescence microscopy are considered methods to be performed carefully taking in
consideration the wide variety of factors that may introduce error to the final results [25].

We herein propose a chip up-scalable for high-throughput analysis based on wettability contrast with
ring-shaped hydrophilic transparent regions positioned in an array. A superhydrophobic circle was
maintained concentrically to these wettable regions, so the hydrogels were processed as protein-loaded
spheres with minimum protein loss. A combinatorial system of fluorescein isothiocyanate labelled bovine
serum albumin (BSA-FITC) — a commonly used growth-factor model - encapsulated in alginate
hydrogels was designed for the proof-of-concept. lonically crosslinked alginate was used as the hydrogel
matrix since it is relatively noncytotoxic, nondegradable and can be gelled under mild conditions [26].
Moreover, the release profile of bioactive molecules can be easily modeled in these hydrogels by
changing parameters such as polymer source, concentration, crosslinking method, molecular weight
and initial amount of loaded bioactive agent [3,27,28]. BSA-FITC release from alginate hydrogels was

monitored by resource, space and labor-saving image-based methods.

9.3. EXPERIMENTAL SECTION

9.3.1. Development of polystyrene superhydrophobic surfaces with ring-shaped transparent patterns
Polystyrene flaks in the form of 3x3 cm squares were cut from commercially available Pefri dishes
(Corner). Stickers of polyvinyl chloride (PVC) (Oracal® 614) were cut in a ring-shaped shape with 5 mm of
outer diameter and 2 mm of inner diameter in an A4 sheet in a typography service using a CNC laser
cutting machine. Arrays of 3x3 ring-shaped stickers separated by 2 mm were printed in the polystyrene
flaks.

The polystyrene surfaces were then treated using a phase-separation method, as described elsewhere
[10,13] and dried under a flow of nitrogen. Tetrahydrofuran (THF) was purchased from Fluka and ethanol

absolute from Panreac. The stickers were removed after the drying of the surfaces.

9.3.2. Design of the combinatorial hydrogel matrix

We designed an array of combinatorial conditions for protein-release aiming to control two variables: the
concentration of the polymer that constitutes the hydrogel matrix and the concentration of the protein
initially encapsulated in the hydrogel matrix. We used alginate sodium salt compatible with cell
encapsulation (Sigma) as hydrogel matrix material and BSA-FITC (Sigma) as the protein model, since it

is well-known as a model for proteins release studies.
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Solutions of 1%, 1.5% and 2% (w/v) of alginate were prepared using distilled water. Each of these
solutions was divided in three equal parts and, to each portion, amounts of BSA-FITC in concentrations
of 0.1 mg/mL, 0.5 mg/mL and 1 mg/mL were added. A total of 9 combinatorial hydrogel precursors
mixed with BSA-FITC were prepared.

9.3.3. Deposition of combinatorial hydrogel microparticles in the chips and set-up for the protein-
release studies
An amount of 2 uL of each liquid precursor was dropped in each concentric superhydrophobic spot
inside the ring-shaped wettable spot. To fix the polymeric droplets, an indentation was previously made
in the center of the superhydrophobic circle using a 22G needle. Each droplet was then crosslinked with
0.8 pL of 10 M CaCl.during 10 minutes in a water saturated environment. After the crosslinking reaction
an amount of 40 uL of PBS was dropped in the ring-shaped hydrophilic spot, covering the particle. The
maximum amount of loaded BSA-FITC — 1 mg/mL per particle — leads to a maximum proportion of
0.05 mg/mL of protein in PBS in case of total protein release to the 40 L of medium (PBS). This value

is lower than the limit solubility provided by the supplier (around 0.1 mg/mL in water).

9.3.4. Image acquisition and calibration curves

Images of each spot were acquired before the addition of PBS to the wettable regions and then
sequentially after the addition of the PBS to each ring-shaped wettable spot. After studying the
evaporation of PBS in each spot at room temperature (20°C), we concluded that there was an average
evaporation of 20% of the total volume after 30 minutes. As such, we added 2.7 ul of PBS to each spot
every 10 minutes. The final images consisted of the stacking of 28 layers acquired every 25 um on the
particle z axis; those were acquired using the microscope Axiovision Rel. 4.8 program (Zeiss). The
images were composed of whole particles and some surrounding area. The images were acquired every
5 minutes until 30 minutes of protein release. After an interval of 30 minutes, images were also
collected at 60 minutes after the addition of PBS to the particles.

The exposure time of the fluorescence lamp of the reflected/transmitted light microscope (Zeiss) was
maintained in each experiment. Calibration curves with pre-defined concentrations from 1 mg/mL to
0.025 mg/mL of BSA-FITC were performed. Droplets of 2 uL of alginate solutions with the distinct
amounts BSA-FITC and crosslinked with CaCl. were dispensed in superhydrophobic surfaces. Calibration

curves were performed with the three distinct concentrations of alginate.
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9.3.5. Fluorescence quantification

All acquired images were treated as grey-scale images. Fixed areas of each image were collected and
the grey mean intensity of each previously stacked image was measured using the ImageJ software
(NIH, USA). These values were then adjusted to the calibration curve and the protein release profiles

were calculated.

9.3.6. Control test: validation of the on-chip tests

In order to perform control tests we produced several particles of each combinatorial condition using a
superhydrophobic surface. These particles were produced with the same properties as the particles
used for the chip assay. We placed two particles in each well of a commercially available white opaque
96-well plate. Each well was used to study one specific time point. We then added 80 L of PBS to each
well and carefully removed the particles from each well in the intended time point. These time-points
corresponded to the time-points in which the images were collected in the chip. The control tests were
performed for the 3 formulations containing 0.5 mg/mL BSA-FITC in 1% (w/v), 1.5% (w/v) and 2% (w/v)
of alginate.

We measured the fluorescence in each well in a microplate reader (Synergie HT, Bio-Tek) at an excitation
wavelength of 485/20 nm and at an emission wavelength of 528/20 nm. The values were then

adjusted to a calibration curve which contained concentration values from 0.005 mg/mL to 1 mg/mL of

BSA-FITC in PBS.

9.3.7. Statistical Analysis

All data is presented as mean + standard deviation (S.D.) for triplicate sets. Data obtained for the time
points 5 minutes and 10 minutes (burst release analysis) and for 60 minutes (final acquired release
value) was analyzed by one-way analysis of variance (ANOVA) test, followed by Tukey's pos-test for
p<0.05. The adopted nomenclature was the following: o - 1% alginate vs 1.5% alginate; B - 1% alginte vs
2% alginate; y - 1.5% alginate vs 2% alginate; * - 0.5 mg/mL BSA-FITC vs 1 mg/mL BSA-FITC (in 1%
alginate; # - 0.1 mg/mL BSA-FITC vs 0.5 mg/mL BSA-FITC (in 1.5% alginate); § - 0.1 mg/mL BSA-FITC
vs 1 mg/mL BSA-FITC (in 1.5% alginate). The repetition of symbols refers to: single symbol - p<0.05;
double symbol: p<0.01; triple symbol: p<0.001.
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9.4, RESULTS AND DISCUSSION

By developing transparent and wettable patterns on polystyrene superhydrophobic surfaces we created a
platform that allowed producing alginate beads loaded with BSA-FITC. The protein release profiles could
be studied using images acquired in real-time. High encapsulation efficiency was achieved since this
technique uses the superhydrophobicity of treated polystyrene surfaces — which were previously used to
high efficient molecules encapsulation in polymeric matrices [13] and in highthroughput strategies
[14,15] - in order to produce loaded particles in an air-solid interface. Wettable spots were patterned in
the superhydrophobic surfaces and combinatorial conditions of particles were dispensed in the same
platform (Figure 9.1A1,2 and Figure 9.2A), using the array for an increased-throughput rapid analysis
(Figure 9.1B2).
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Figure 9.1. - A) Schematic representation of the superhydrophobic platform patterned with ring-shaped
transparent spots with alginate crosslinked particles dispensed in each concentric superhydrophobic (SH) area.
Details of the processing of the particles regarding the dispensing of the (Al) polymeric precursors and (A2)
crosslinking of the particle in the chip. B) Schematic representation of the superhydrophobic platform patterned
with ring-shaped transparent spot with alginate crosslinked particles after the dispensing of PBS in each wettable
region and exposure to reflected fluorescent light in each individual spot. Details of the (B1) dispensing of the
physiological-ike fluid in the wettable region and (B2) of the particles’ analysis by fluorescent light microscopy:

the fluorescent light targets the particle and emission of light from the particles occurs.

The use of polystyrene superhydrophobic surfaces allows for the rapid generation of non-expensive
platforms for combined studies. The platforms are prepared in a time frame of less than 2 hours and
can be easily stored since they are totally flat. Moreover, the high contrast of wettability between the

transparent region and the surroundings allow dispensing high volumes of physiological-like solutions in
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the transparent regions, corresponding to semi-drops higher than a semi-sphere (Figure 9.1B1 and
Figure 9.2B). This allows having volumes compatible with the full dissolution of the encapsulated agent
in a stable and robust platform. The high stability of the liquid droplets facilitates the transport and
manipulation of the entire chip. Moreover, it permits to vary individually the liquid volumes dispensed
along time, such as performing the extraction and addition of precise volumes of liquids in the spots.
The phase separation treatment introduces permanently micro- and nano-roughness in the initially
smooth polystyrene, avoiding the chemical modification of the material. Due to the merely physical
modification of the surface, the cytocompatibility of the platform is kept [15], which opens the possibility
of their future application in complex studies involving cells and controlled release of bioactive agents.
The stickers used to protect polystyrene from the phase-separation treatment were cut from
commercially available PVC adhesive sheets in an inexpensive process.

A total of nine conditions of polymeric matrix properties/protein concentration were studied
simultaneously in the same array platform for the proof of concept of the functionality of this system. A
two-factor array was developed by combining conditions of polymer concentration for the production of
polymeric spheres with the amount of protein mixed with the polymer. The polymeric matrix chosen for
the tests was alginate, which can easily be hardened by the addition of divalent ions under mild
conditions, shows low toxicity and is readily available [26]. BSA-FITC was used as a model molecule,
since this protein shows a similar molecular weight of those of growth factors, whose controlled delivery
is often desired in tissue engineering strategies, and also of other proteins with therapeutic action.

In order to monitor the release of protein from the alginate matrices, sequential images of whole
particles were acquired from each particle in the distinct array spots every time point (Figure 9.2E). The
number of layers acquired per image and fluorescent light exposure time of the lamp are parameters
that determine the time that the analysis of each spot will take. As such, they must be optimized
according to the number of samples to be analyzed and the time point interval intended to be studied.
Usually the acquisition of fluorescent-tagged molecules distributed in hydrogels is used for qualitative
analysis of the distribution and amount of bioactive agents in biomaterials [3]. We acquired images of
the particles with some surrounding area (see Figure 9.2C) and observed the distribution of BSA-FITC
over time in the alginate beads (Figure 9.2F). Calibration curves were prepared using a series of alginate
beads prepared on superhydrophobic surfaces and crosslinked with CaCl. containing distinct BSA-FITC
contents (Figure 9.2D). The volumes of such beads are the same as the ones dispensed in the chip, as
the fluorescence intensity value is dependent on the height of the emitting sample [21]. In each

repetition of the assays a new calibration curve was performed due to the possible wear of the lamp and
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re-adjustments of the fluorescent light exposure time. An example of a calibration curve can be observed
in Figure 9.2D; the measured values allowed to perform a linear fitting with a R2=0.985.

Although in this proof-of-concept the quantification method used to analyze the protein release profiles is
image-based fluorescence quantification, we believe that the platforms proposed herein may be adapted
to other types of image-based quantification methods. Since the wettable area of the chip is transparent,
quantification methods based in the amount of molecules released to the medium could be used,
instead of the method proposed herein that relies in the quantification of the remaining molecule inside
the hydrogel structure. As such, the versatility of the platforms would be broader if absorbance-based

methods were adapted by exposing the chip to visible or UV light.
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Figure 9.2. — A) Picture of the superhydrophobic polystyrene surface after the removal of the PVC
stickers; B) Picture of the superhydrophobic polystyrene surface after the dispensing of the particles and
PBS C) Microscope image of BSA-FITC-loaded alginate particles under green fluorescent light exposure;
D) Example of a fluorescence intensity/BSA-FITC concentration calibration curve; E) Microscope images
of a region in the lower left part of the particles prepared with 2% alginate with concentrations of 0.1, 0.5

and 1 mg/mL of BSA-FITC during the protein release experiment time points; F) Surface plots obtained
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by ImageJ software of 2% alginate 0.5 mg/mL BSA-FITC condition in distinct time points of the protein

release experiment and respective intensity map of the fluorescence intensities in a 0-255 pixel scale.

The release profiles of BSA-FITC measured directly on the chip are shown in Figure 9.3. The effect of
alginate concentration was one of the studied varying factors. Higher alginate concentrations were
expected to create tighter polymeric networks in which the protein would be entrapped [7]. As expected,
2% alginate hydrogels promoted significantly slower BSA-FITC release and less amount of released
protein after 60 minutes in PBS, for all loading conditions. For the lower amount of encapsulated BSA-
FITC, 1.5% alginate hydrogels led to slower burst release of protein, compared to the 1% alginate

condition (Figure 9.3).
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Figure 9.3. — BSA-FITC release profiles from alginate particles of the A) 0.1 mg/mL BSAFITC condition, B) 0.5
mg/mL BSA-FITC condition, C) 1 mg/mL BSA-FITC condition performed by image-based analysis.

The concentration gradient is the driving force for protein diffusion. High BSA-FITC concentration
gradient between the hydrogel surface and the release medium during the very early stage of contact
was expected to lead to a higher initial burst release and fast release rate [7]. After 60 minutes of
protein release no significant differences in the total amount of release protein could be observed.
Nonetheless, regarding burst release, in some conditions the effect of protein concentration gradient
was statistically significant: in 1.5% alginate hydrogels, the burst release in 1 mg/mL BSA-FITC loading
condition was faster than in 0.1 mg/mL and 0.5 mg/mL loading conditions (Figure 9.3A,B,C). Also, in
the 1% alginate hydrogels, 1 mg/mL BSA-FITC condition led to faster burst release than 0.5 mg/mL
BSA-FITC loading condition.
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Figure 9.4. - BSA-FITC release profiles from alginate particles of the 0.5 mg/mL BSA-FITC condition in

experiments performed by A) image-based analysis and B) conventional on-plate control test.

Besides allowing the quantification of protein inside the particles, the proposed method can also be
used to performa general overview of the distribution of the protein and its amount in the particles over
time taking in consideration the fluorescence intensity in the surface plot generated by the Imagel
software (Figure 9.2F).

In order to validate the method, alginate particles of 1%, 1.5% and 2% alginate with 0.5 mg/mL of loaded
BSA-FITC were prepared in superhydrophobic surfaces. Particles of each condition were placed in
opaque white wells. Two particles were placed in each well, which corresponded to a different time point
to be studied. PBS was added to each well and the particles were removed carefully from the well after
each time point. The fluorescence in each well was then measured and adjusted to a calibration curve
(Figure 9.4B). Results obtained by both methods showed similar tendencies in the release kinetics of
BSA-FITC from the alginate matrices (Figure 9.4A,B).

The demand for more efficient and functional delivery vehicles has been increasing, as new biomaterials
systems conjugated with bioactive molecules show more complexity and advanced properties [29]. We
believe the herein proposed platforms may be of great usefulness in the preliminary and fast study of
biomaterials-bioactive molecules interactions and release kinetics studies. In principle, these platforms
are compatible with most types of biomaterials/molecules release systems: either the molecules’
release driving force is the diffusion gradient, the biomaterial swelling, degradation or response to some
stimulus [30,31]. With the discovery of RNA interference, gene therapy for the treatment of diseases has
been a widely studied subject and nanomaterials were proposed as nanocarriers for its effective cell
delivery.2 We believe our platforms may be, as well, used in the study of internalization of nanocarriers

by cells in 3D tissues, by combining their use with confocal microscopy analysis.
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The easy accessibility of the polymeric particles and of the medium insights the possibility of studying of
bioactive molecule release kinetics from biomaterial matrices in changing conditions along time. For
example, pH or ionic concentration of the release media may be altered easily during the release study
by simply adding drops of solutions to the medium. For future applications with increased reliability, the
platform shows the potential to be adapted to dynamic conditions and maintenance of medium diffusion
conditions according to standard rules by introducing rotating movements using, for example, orbital
shakers with controlled rotation frequency and exchanging physiological medium during experiment time

by, for example, using microarray tips.

9.5. CONCLUSION

We used superhydrophobic surfaces for the development of an innovative high-throughput device for
molecules’ release assessment. We patterned transparent regions in polystyrene flakes and treated the
regions out of the patterns with a phase separation method to make their wettability extremely low.
Using a method of production of particles that allows for the nearly total encapsulation of biomolecules
in a polymeric matrix, we generated an array of combinatorial alginate hydrogels with encapsulated BSA -
FITC in distinct amounts. Using the fluorescent properties of the FITC-labeled BSA, we could study the
release profiles of the BSA-FITC from the alginate matrices in the chip by image-analysis methods. The
effect of alginate concentration and BSA-FITC loading in the particles could be observed. These results
were coherent with the protein release profiles obtained by a conventional method in similar conditions.
As such, we conclude that the use of the developed chip for combinatorial high-throughput studies of

molecules release is validated.
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CHAPTER 10. SUPERHYDROPHOBIC CHIPS FOR CELL SPHEROIDS HIGH-THROUGHPUT

GENERATION AND DRUG SCREENING®

10.1. ABSTRACT

We suggest the use of biomimetic superhydrophobic patterned chips produced by a bench-top methodology
as low-cost and waste-free platforms for the production of arrays of cell spheroids/microtissues by the
hanging drop methodology. Cell spheroids have a wide range of applications in biotechnology fields. For
drug screening, they allow studying 3D models in structures resembling real living tissues/tumors. In tissue
engineering, they are suggested as building blocks of bottom-up fabricated tissues. We used the wettability
contrast of the chips to fix cell suspension droplets in the wettable regions and evaluated on-chip drug
screening in 3D environment. Cell suspensions were patterned in the wettable spots by three distinct
methods: (1) by pipetting the cell suspension directly in each individual spot, (2) by the continuous dragging
of a cell suspension on the chip, and (3) by dipping the whole chip in a cell suspension. These methods
allowed working with distinct throughputs and degrees of precision. The platforms were robust and we were
able to have static or dynamic environments in each droplet. The access to cell culture media for exchange
or addition/removal of components was versatile and opened the possibility of using each spot of the chip
as a mini-bioreactor. The platforms’ design allowed for samples visualization and high-content image-based
analysis on-chip. The combinatorial analysis capability of this technology was validated by following the

effect of doxorubicin at different concentrations on spheroids formed using L929 and Sa0s-2 cells.

s Oliveira MB, Neto Al, Correia CR, Rial-Hermida MI, AlvarezLorenzo C, Mano JF. Superhydrophobic Chips for Cell Spheroids High-Throughput
Generation and Drug Screening. Acs Appl Mater Inter. 2014;6:9488-95.
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10.2. INTRODUCTION

High-throughput studies in biotechnology areas such as drug screening and tissue engineering have been
carried out mainly in two-dimensional (2D) environment. Such models are routinely used for evaluating the
effectiveness and safety of libraries of drugs and other bioactive or potentially therapeutic molecules.
However, biological phenomena in living organisms clearly take place in three-dimensional (3D)
environments. In 2D techniques, cell-to-plastic interactions prevail rather than the crucial cell-to-cell and cell-
to-extracellular matrix (ECM) interactions that form the basis for normal cell function. Tissue culture
polystyrene is an unnaturally stiff substrate compared to the softer mechanical environment that cells
experience in vivo. The stiffness of the substrates used for cell growth is well known to alter cell function. For
example, mesenchymal stem cells differentiation can be directed into certain lineages simply by altering the
stiffness of the substrates they were cultured on [1]. In nature cells lie in a 3D configuration organized in the
self-secreted microenvironment, the ECM, both in organs and tumor masses. In this milieu, cells interact in
a totally natural manner, without the intervention of foreign factors, such as biomaterials. The demand for
studies using organotypic models is increasing, in order to improve the relevance of the findings achieved in
these areas of study.

The use of cell spheroids has been suggested as a potential link to bridge the gap between monolayer
cultures and animal model studies [2-6]. A solution to create organotypic models is the /n wiro construction
of cell spheroids. Multicellular tumor spheroids were described as ‘spherically symmetric aggregates of
cells analogous to tissues, with no artificial substrate for cell attachment’. Such cell structures resemble
tumors /n vivo in many ways. It is known that the expression of antigens, pH and oxygen gradients within the
spheroid, as well as penetration rate of growth factors and distribution of proliferating/quiescent cells within
the spheroid is similar to those of a real tumor [7,8]. Resembling the /7 vivo environment, in those
micromasses cells tend to attach each other in an organized structure constituted by cells in combination
with ECM. Some types of spheroids are grown in order to mimic tumor models: the living spheroid structure
contains a necrotic core, similarly to the native tumors [9]. As such, the accessibility of cytotoxic agents into
the spheroids may be limited by hypoxia and poor vascularization wit hin the microregions of the cultures [10]
as occurs in solid tumors [11-13]. Cell growth in 3D organization has been reported to induce significant
variations in the bioenergetics of osteosarcoma cells (MG-63) [14]. In the cancer research field, cell

spheroids have been widely applied as /in vifro systems to investigate specific microenvironment factors
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associated with tumor therapy, such as the mechanism of action of chemotherapy, radiotherapy, [15,16] and
drug toxicity [17]. Cell spheroids are also useful as models for the development of complex microtissues and
can also be used as building blocks of larger tissues [18-20].

Several methods to produce cell spheroids can be found in literature [5]. The hanging drop technique is an
advantageous method since it can be applied to distinct cell types, it enables the control of the spheroid size
control, and the micromass is exposed to low shear stress [21]. The cells are pulled to the concave bottom
of a hanging droplet by gravity effect, and tend to start the natural organization by cell-cell attachment and
production of ECM. To make spheroids by the hanging drop technique, usually volumes of about 20-30 plL
of a cell suspension are pipetted onto the inside lid of a tissue culture plate [22]. Advances into high
throughput production of spheroids using the hanging drop method have been made, producing up to 384
spheroids in a single array [23]. However, the platforms developed in that previous work were fabricated by
injection molding, requiring specific processing machinery.

Herein, we suggest the use of superhydrophobic surfaces patterned with wettable regions as platforms
produced by a bench-top methodology for the affordable and scale-up production and analysis of cell
spheroids/microtissues by the hanging drop technique. Platforms based on wettability contrast were
previously used for the high-content study of cells-biomaterials interactions [24-26]. In such studies, the
patterning of wettable regions in superhydrophobic polystyrene and poly(lactic acid) was performed by
exposure to UV/Ozone or plasma gas [27,28]. In both cases, the wettability of the patterns was controlled by
the time of exposure of the superhydrophobic surfaces to the UV/Ozone or plasma treatments through a
photomask. More recently, instead of patterning wettable regions in the polystyrene surfaces after the phase-
separation treatment that leads to their superhydrophobicity, the authors suggested the protection of
untreated commercial polystyrene with poly(vinyl chloride) (PVC) stickers, followed by the phase separation
treatment of the polymeric surface [29]. The area protected by the stickers remained with the original
contact angle of untreated polystyrene, as the surroundings were treated in order to be superhydrophobic.
The patterning of wettable regions in other superhydrophobic polymeric surfaces was also reported for
biotechnology applications. Accardo ef al reported the production of poly(methyl methacrylate)
superhydrophobic surfaces by lithography and plasma etching for the X-ray scattering of protein solutions
drying in surfaces with distinct topographies [30]. Such surfaces were more recently used for droplet mixing
controlled by electrowetting, with great avoidance of contact between the droplets and the surface [31]. We

adapted polystyrene superhydrophobic platforms - with transparent wettable regions and the hanging drop
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surface totally exposed to the external media allowing its facilitated manipulation - as high-throughput
screening platforms for drug testing and on-chip high-content cell response analysis by microscopy. In this
approach, cell spheroids were produced by three methods, with distinct throughput abilities and adaptable
to the needs of the user: (1) by manual pipetting of cell suspensions in each wettable regions, (2) by
dragging a cell suspension on the chip and (3) by dipping the whole chip in a cell suspension.

For the proof-of-<concept we dispensed cell suspensions of distinct cell types (L929 and SaOs-2) with
different cell densities in the array of wettable regions of the chips. After the formation of cell spheroids, we
tested the effect of a cytostatic agent used in clinical practice (doxorubicin - Dox), also dispensed in a
combinatorial way in each individual spot of the chip. By on-chip microscopy analysis we proved the
suitability of such platforms for direct drug screening using tumor-like models. The presence of transparent
patterns in the chips allowed monitoring spheroids formation in real-time without the need of any staining,
simply by using transmitted light microscopy. Moreover, the platforms were robust allowing for successive
tilting, as the droplets do not slip from the wettable spot. We also proved that besides working directly in the
wettable spots by pipetting, it was possible to perforate the superhydrophobic surfaces and feed/remove
media from the spots by holes where needles were inserted. With this in mind, we also showed the
compatibility of this easily prepared and versatile system with dynamic media exchange and possible
configurations that may allow in the future, for example, controlling the delivery of molecules over time, or to

use each spot as a mini-bioreactor.

10.3. MATERIALS AND METHODS

10.3.1. Superhydrophobic chips for manual pipetting technique (methodology (1))

Polystyrene flakes were cut from commercially available polystyrene plates (Corning). PVC stickers (Oracal,
USA) were glued in the polystyrene surface in the form of an array of 1x1 mm? squares separated by 4 mm.
Tetrahydrofuran (THF) was from Fluka (p.a.>99.5%) and ethanol absolute from Panreac. The surfaces were
modified according to a phase separation protocol described elsewhere [32]. The wettability of the surfaces
was evaluated by contact angle (CA) measurements in an OCA15+ goniometer (DataPhysics, Germany)
using the sessile drop method. The stickers were then removed from the surface of the chip. The protected

regions remained untreated and, consequently, wettable and transparent (Figure 10.1A,B). Prior to the

289



Section lll. Chapter 10 — Superhydrophabic Chips for Cell Spheroids High-Throughput Generation and Drug Screening

contact with cell suspension, the platforms were sterilized with ethanol 70% (v/v) for 2 hours, rinsed with

sterile phosphate buffered saline (PBS) 3 times and let to dry at room temperature.

10.3.2. Cell expansion and cell culture

A fibroblast (L929) and an osteosarcoma cell line (SaOs-2) were used for spheroids formation and drug
screening studies. Cells were expanded in basal medium consisting of DMEM (Gibco, UK) supplemented
with 10% heat-inactivated fetal bovine serum (BiochromAG, Germany) and 1% antibiotic/antimycotic solution
(penicillin 100 units/mL and streptomycin 100 mg/mL; Gibco, UK). Cells were grown in 150 cm? tissue
culture flasks and incubated at 37 °C in a humidified air atmosphere of 5% CO.. Every 3-4 days, fresh
medium was added. At 90% of confluence, cells grown in tissue culture flasks were washed with PBS and
subsequently detached by a chemical procedure with 0.05% trypsin-EDTA solution for 5 min at 37 °C in a
humidified air atmosphere of 5% CO.. To inactivate the trypsin effect, cell culture medium was added. The
cells were then centrifuged at 300 g and 25 °C for 5 min and the medium was decanted. Cell suspensions

with distinct densities were prepared.

10.3.3. Spheroids formation for drug screening

The chips were fixed to the lids of tissue culture plates using commercially available tape. The lower part of
the plate was filled with sterile PBS, so the environment was saturated with water, in order to avoid the cell
suspension droplets evaporation. A volume of 5 ul of cell suspensions of 4x10¢ and 8x10¢ cells/mL was
dispensed in each wettable spot of the chip, as indicated in Figure 10.2. Each condition was processed in
triplicate in each chip. The spheroids were let to form during 24 hours, after turning the platforms 180°, by
closing the tissue culture plate with the lid where the platform was fixed with tape. We were able to monitor
the spheroids by transmitted light microscopy (Axio Imager Z1m, Zeiss), as the visible light was able to pass

through the polystyrene transparent window in the chip.

10.3.4. Drug screening: studies with doxorubicin
After 24 hours of cell culture for spheroid formation, a volume of 1 ul of solutions of doxorubicin in water
was added to each spot in the concentrations of 0, 0.1, 1, 10 uM (based on concentrations previously used)

[33]. As live/dead microscopy images from fluorescence microscopy showed a high resistance from L929
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cells to these drug concentrations (Figure 10.S1, Supporting Information), a new experiment was carried

out with these cells with 0, 1, 10 and 100 ug/mL of Dox (based on concentrations previously used) [34].

10.3.5. Fluorescence microscopy and confocal microscopy

For fluorescence reflected light microscopy as well as for confocal microscopy, live dead staining was carried
out using calcein AM and propidium iodide. A volume of 2 ul of solution of PBS with 10% (v/v) of each
reagent was added to the spheroids, after 3 pl of the culture medium (from a fotal volume of 5 ul) was
removed from the spots. The samples were left to incubate at 37°C during 30 minutes, and then washed 3
times with 3 pl of PBS. Spheroids diameter quantification was carried out using ImageJ software (NIH,

USA).

10.3.6. Viability study: image quantification

Confocal microscopy images were used to determine cell viability. As such, we could determine the number
of viable cells in each stack, even if the distribution of dead cells was not uniform in the spheroid. We used
the particle analysis application of ImageJ software and analyzed the multimages (multitiff) in the form of
images stacks. The total number of cells in the analyzed spheroids was assumed to be the sum of cells

counted in all stacks. Cell viability was determined as:

U viability (%) = 2 live cells 100%
cert VDY W)= 5 (live cells + dead cells) - ’

10.3.7. Superhydrophobic chips for higher-throughput techniques and respective spheroids formation

We treated the polystyrene chips with the PVC stickers, prepared as previously described for manual
pipetting, with a layer of WX2100™ (Cytonix, USA), an air-cured fluoro-urethane alkyd, according to the
manufacturer’s indications. This product has been previously used for cell studies without any report of
cytotoxic effect [35]. For these studies, we used chips with stickers with 3x3 mmz?, separated by 3 mm. The
surfaces were then let dry for 48 hours. We then removed the stickers.

For the method (2) - as indicated in Figure 10.3A,B — we used a L929 cell line cell suspension with a
density of 1x107 cells/mL. We dragged the cell suspension with a speed of approximately 1 wettable

spot/second. To measure the average volume of cell suspension fixed in each wettable spot, we used a
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micropipette and removed the medium from each individual spot. The chips were turned 180°, as for
method (1), and the spheroids were let to form during 24 and 72 hours. Live dead staining was carried out
using calcein AM and propidium iodide, as described for method (1). The spheroids were then observed
using reflected light fluorescence microscopy (Axio Imager Z1m, Zeiss), and their diameter was quantified
using ImageJ software (NIH, USA).

For the method (3) - as indicated in Figure 10.3A,B — we used a L929 cell suspension with a density of
5x10¢ cells/mL. We dipped the whole chip in cell suspension during 5 seconds. After removing the chip, we
tilted it so the remaining cell suspension was removed from the superhydrophobic part of the chip. To
measure the average volume of cell suspension fixed in each wettable spot, we used a micropipette and
removed the medium from each individual spot. The chips were turned 180°, as in method (1), and the
spheroids were let to form during 24 hours. Live dead staining was carried out in the same conditions as for
method (1). The spheroids were then observed using reflected light fluorescence microscopy (Axio Imager

Z1m, Zeiss), and their diameter was quantified using ImageJ software (NIH, USA).

10.3.8. Increasing the versatility of the superhydrophobic patterned chips: improving the access to cell
culture medium

Polystyrene surfaces prepared for drug screening studies (method (1)) were perforated both in the center of

the transparent spot (configuration D, Figure 10.2) or at 1 mm from the border of the transparent squares

(configurations E and F, Figure 10.2), using a 27G needle for perforation. The needle tips were cut in order

to be straight. They were introduced in the chip spot from the upper surface of the chip, as indicated in

Figure 10.2, for medium exchange and circulation. We performed and tested the three configurations shown

in Figure 10.2E-G. The liquid flows were adjusted to 60 ul/min using a peristaltic pump.

10.3.9. Statistical Analysis
All cell spheroids diameter and cell viability quantification results were analyzed by one-way ANOVA with

Tukey's post-test using GraphPad Prism software.
10.4. RESULTS AND DISCUSSION

By using the wettability contrast of the superhydrophobic patterned chip, we dispensed droplets of cell

suspensions and kept them restricted and fixed in the wettable spot due to the difference in surface tension
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compared with the superhydrophobic surrounding regions (Figure 10.1A). It was previously shown that
protein adsorption in the wettable regions of the chips is higher than in the superhydrophobic parts.
Moreover, cell adhesion and proliferation were, as well, diminished in the superhydrophobic parts of chips
constituted by different polymers. Such results were observed for fibroblast and osteoblast-like cell lines in
polystyrene, bone marrow stem cells in poly(lactic acid), NIH 3T3 fibroblasts in poly(methyl methacrylate),
polyether ether ketone and poly-1,8- octanediol-co-citric acid surfaces, as well as for HEK 293 cells in

poly(butyl methacrylate- co-ethylene dimethacrylate) surfaces [26.27,37-39].

Figure 10.1. - Pictures of the chips with the cell suspensions turned (A) upside and (B) tilted down. (C) Transmitted
light microscopy image of a spheroid, observed from the top of the chip, through the transparent spot (as indicated in

the schematic representation).

10.4.1. Patterning of cell suspensions in the chips

Cell suspensions were patterned in the wettable spots by manual pipetting of the cell suspension in each
individual wettable pattern (Figure 10.2, describing method (1)), dragging of a cell suspension in the array
(Figure 10.3A,B, method (2)) or dipping of the whole platform in the cell suspension (Figure 10.3A,B,
method (3)). The working principle behind all strategies is the wettability contrast in the chips, where the cell
suspensions remain attached to the wettable spots and are repelled from the superhydrophobic regions due
to its self-cleaning properties. However, their diversity allows choosing a higher-throughput and time-saving
method for microtissues preparation - in the case of methods (2) and (3) -, or higher degree of control of the
composition of each individual spot, in the case of method (1). The methods may also be combined. For

example, cell spheroids may be prepared by method (2) - if distinct types of spheroids are needed in
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replicate in the chips -, or by method (3) - if we aim to produce or study a single type of cell spheroid.
Afterwards, distinct drug formulations or other components may be dispensed in each individual spot by

pippeting (method (1)).

B
A C Hanging drop D
Monitoring +Dox (24 h)
Cell 180° spheroid growth On-chip
—_— by transmission ;
WEttable suspension m%croscopy 24h SpheIrO'.dS
reglEn region (transparent spot) —> analysis
I/O
([ o ([

Figure 10.2. — Schematic representation of the procedure for the production of spheroids in (A) superhydrophobic
surfaces patterned with wettable transparent spots (water droplet profiles on the superhydrophobic region - left, and
wettable region - right). (B) Addition of a cell suspension into the wettable spots of a superhydrophobic patterned chip
by pipetting (method (1)). (C) Turning of the platform 180° to create a hanging-drop setup. The spheroids were let to
form for 24 hours. (D) Dox was added to each well in combinatorial logic. The addition of Dox to the spots was
performed by pipetting after tilting the chips (around 110°). However, the system was also adapted in order to avoid
moving the platform, which may disturb the normal formation of the spheroids. We modified the system by making
small holes (represented in dashed lines), in order to achieve multiple configurations with the same platform. The
medium was reached by a needle tip (represented in black lines, inside the holes). (E) We perforated the inner part of
the wettable regions of the array, in order to add and remove medium directly from the spot. (F) In another
configuration, in order to avoid evaporation and contamination of the medium, we drilled the superhydrophobic region
of the chip, 1 mm away from the wettable spot. As such, we accessed the medium laterally. (G) The number of holes
in the system could be increased, and their position could be changed. For example, we created a two-entrance

system, with an inlet (I) and an outlet (O), so the medium had a dynamic composition over time (configuration F).

We observed that the chip could be rotated and tilted several times without any movement of the droplets
(Figure 10.1B). This proved that the handling of the chip, medium exchange and drug delivery to the droplet

could be carried out easily, by simply tilting the culture plate lid, as shown in method (1). The
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superhydrophilic-superhydrophobic interactions in polystyrene superhydrophobic surfaces patterned with
superhydrophilic channels were previously shown to be stable and resistant even to dynamic environment
inside the channels. On the other hand, hydrophobic-superhydrophilic interactions in polystyrene did not
allow restricting the liquid in the wettable patterns [32].

For method (2), using a micropipette to drag the cell suspension at an approximated rate of 1 wettable
spot/second, we observed that the volume fixed in each spot ranged from 6 pl to 7 pl. Cell spheroids were
obtained from a cell suspension of L929 (cell line generated from mice muscle fibroblasts), with a density of
1x107 cells/mL. After 24 hours of cell culture we obtained spheroids with mean sizes of 520.0+48 um
(n=20), and after 72 hours of cell culture with 800.3+18 um (n=20). As observed by the standard deviation
of the spheroids size, a low size distribution was obtained using this approach. For method (3), we used
chips with the same dimensions and immersed them for 5 seconds. We observed that after dipping the
volume of medium in each individual spot was also in the range of 6-7 pl. The cell suspension was in a
concentration of 5x10s cells/mL. After 24 hours of cell culture, we obtained spheroids with an average size
of 205.6+26 pum (n=20). With this method, the number of spheroids obtained in 5 seconds is solely

dependent on the number of wettable regions on the chip.
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Superhydrophobic b
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Figure 10.3. - Schematic representation of the higher throughput methodologies (described as method (2) and

— Cell suspension
droplet

method (3) in the text). A. In both methodologies the superhydrophobic chip based on wettability contrast is used. B.
In methodology (2) a cell suspension is dragged through chip, and the droplets are fixed in the wettable spots due to
the wettability contrast. In methodology (3) the whole chip is immersed in a cell suspension. When the chip is
removed from the cell suspension, droplets are fixed in the wettable regions and the remaining liquid is repelled from

the superhydrophobic parts of the surface due to its self-cleaning properties. C. A chip with droplets of cell culture
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medium is obtained and then turned 180° for the formation of cell spheroids, in the same way as in methodology (1).

Live/dead stainingimage of a cell spheroid obtained using the methodology (3).

As the wettable spots of the chips were transparent, the formation of spheroids was amenable to be
monitored using transmitted light microscopy (Figure 10.1C), avoiding any cell staining or labeling using
toxic labels. It also prevented excessive manipulation/opening of the lid, consequently decreasing the risk of

contamination of the whole setup (Figure 10.2).

10.4.2. On-<chip cell-drug interactions tests

For the proof of concept of drug screening assays, L929 cells were firstly dispensed at distinct densities in
the wettable spots (Figure 10.4A). After 24 hours of incubation, we concluded that the densities that allowed
forming cell spheroids were 4x10¢ and 8x10¢ cells/mL (Figure 10.4A). Using these conditions we produced
spheroids of two cell types: L929 and Sa0s-2 (cell line generated from a human osteosarcoma). Spheroids
diameter was dependent on both cell number and cell type. For both cell types, after 48 hours of incubation
8x10s cells/mL suspensions led to the formation of larger spheroids. Moreover, Sa0Os-2 spheroids were

smaller than the ones constituted by L929 cells (Figure 10.4B).

A cells/ul B

spheroid diameter (um)

Figure 10.4. — (A) Confocal assembly microscopy images of the cells after 24 hours in the hanging drop system,
dispensed in the wettable spots by manual pipetting. We observed that the conditions 4x10° and 8x10¢ cells/mL were

the most favorable for spheroid formation. Scale bar = 200 um. (B) Average diameter of the spheroids after 48 hours

I i n

of cell culture, without the addition of any drug. The symbol indicates significant differences for p<0.05.

The cell culture media was maintained static during spheroid formation time (24 hours). Afterwards, a
cytostatic agent commonly used in clinical practice - Dox — was added in increasing doses. The influence of

cell type, cell density of the suspension used to form the spheroid and drug concentration on cells viability
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was evaluated. Fluorescence microscopy pictures of live/dead staining of the spheroids are shown in Figure
10.S1 (Supporting Information). Confocal microscopy stack images were used for an accurate cell number-
based quantification; images resulting from the assembly of the stacks can be seen in Figure 10.5. For the
firstly used Dox concentrations (0.1, 1 and 10 uM), SaOs-2 cells showed concentration-dependent cell
viability. With increasing Dox concentration, the area corresponding to red cells (stained with propidium
iodide) increased (Figure 10.S1, Supporting Information). However, we observed that for such
concentrations the viability of L929 was maintained up to 48 hours (Figure 10.S1, Supporting Information).
A decrease in L929 viability was only observed after 72 hours of exposure to Dox. It was previously
described that Dox does not kill L929 cells at concentrations that profoundly reduce clonogenic survival (5
ug/mL), corresponding to the range of concentrations used firstly in the work presented herein. Instead, the
cell and nuclear volume progressively increase for at least 1 week following drug exposure leading to the
production of characteristic giant cells. The increase in nuclear volume results from a continued DNA
synthesis and increase in chromosome number without entry into mitosis [40]. As such, we performed the
assays with higher concentrations, effective on L929 viability decrease, according to values reported
elsewhere [28]. On the other hand, Dox was found to induce reactive oxygen species formation,
mitochondrial membrane depolarization, mitochondrial cytochrome ¢ release, caspase-3 activation, and
apoptosis in SaOs-2 cells. As such, these cells are well known as highly sensitive to Dox, even at low
concentrations [41].

We increased the amount of Dox added to L929 cell spheroids in the order of a million times, compared to
the originally used concentrations, and kept the values of the concentration used for SaOs-2. Then the
percentage of living cells in the spheroids was quantified by analyzing the stacks of confocal microscopy
images, with live/dead staining (Figure 10.5). Even with 10s-fold higher concentration of Dox (1, 10 and 100
ug/mL), L929 cells were still significantly more resistant to this cytostatic than SaOs-2 cells. SaOs-2 cells
viability showed a concentration-dependent behavior (Figure 10.6). For both cells types, 8x10¢ cells/mL
spheroids showed lower viability than 4x10¢ cells/mL spheroids, even without the addition of Dox (Figure
10.6). This may be explained by the necrotic core formed in the 8x10¢ cells/mL spheroids after 24 hours of
cell culture (Figure 10.6), as they are much more compact than the 4x10¢ cells/mL spheroids: for a cell
number twice as high, the diameter of the spheroids showed to be similar to the ones formed from the
4x10¢ cells/mL suspension. This fact probably limited oxygen and nutrients diffusion to the center of the cell

mass.
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Figure 10.5. - Confocal microscopy assembled images of the cell spheroids formed by L929 and SaOs-2 cells, with
live (green)/dead (red) staining (calcein AM/propidium iodide).

10.4.3. Adaptation of the chips for dynamic cell environment

We adapted the chips in order to open the possibility of having dynamic cell environments where, for
example, physiological-like drug delivery conditions and clearance properties could be mimicked. Three
different possible configurations were tested. The first one (depicted in Figure 10.2E) consisted of holes in
the middle part of the wettable regions of the chips, allowing exchanging medium in a direct manner by the
introduction of a needle. However, such design may increase the evaporation of the medium from the spots
and also increase contamination risk due to cell medium exposure to the outer environment. The second
approach (shown in Figure 10.2F) consisted of a hole equivalent to the one of the configuration in Figure
10.2E, with the exception that the drilling was performed in the superhydrophobic part of the chip, 1 mm
away from the border of the wettable spots. Such configuration also allows expanding the number of inlets to
the system, as shown in the third configuration (depicted in Figure 10.2G), where one of the holes is used

as an inlet, and the second hole is used as an outlet. This configuration allows several approaches, such as
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recirculation of medium, physiological clearance mimetics, controlled drug delivery to the system, among
others. We adjusted the flow of the inlets to 60 ul/min and were able to fill independently each well without
having to turn the chip upsides. We additionally tested the system by filling and emptying the wettable spot

with a red colorant.

1929 SaOs-2
100 - ‘ 100 - V772 4000 cells
[ 8000 cells
80{ | ’/ 80-
< 7
S l
o 60
© V7
o
o 40
o B
> [amames
20 %
0- Eaan

Dox 0 Dox 1 Dox 10 Dox 100 Dox 0 Dox 0.1 Dox Dox 10

Figure 10.6. — Quantification of viable cells by image analysis for L929 and SaOs-2 spheroids. The black lines indicate
significant differences between distinct Dox concentrations for 4x10¢ cells/mL conditions, while red lines indicate
significant differences between distinct Dox concentrations for 8x10¢ cells/mL conditions. Blue lines indicate
significant differences between spheroids prepared using cell suspensions with distinct cell densities, but exposed to

the same Dox concentration. Statistically differences were considered for p<0.05.

10.4.4. Advantages of the method and future perspectives

In resume, superhydrophobic surfaces patterned with wettable regions are herein proposed as chips for the
high-throughput generation and image acquisition of cell spheroids. We were able to pattern cell
suspensions with precision in wettable spots by three distinct methods, with distinct throughputs. The
superhydrophobic/wettable contrast in the chips allowed having stable droplets, whose volume was
amenable to be varied by varying the size of the wettable spots. Due to the transparency of the wettable
spots where cell suspensions were dropped, the platform is compatible with reflected light microscopy as
well as transmitted light microscopy. The number of spheroids to be prepared was totally controlled by

cutting the flexible polystyrene platform with a specific number of wettable regions, making the technique
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waste-free. The platform was totally two-dimensional, facilitating sterilization process and eventual re-use.
After immersion in 70% ethanol (v/v) and drying at room temperature the chips remained
superhydrophobic. Moreover, the boarders of the wettable patterns designed in the chips remained defined,
allowing re-using the platforms.

We studied the effect of the addition of a cytostatic drug in different concentrations on the viability of two
distinct cell types cultured in the form of spheroids. The platform is versatile as it allowed working with
distinct types of cells, drug solutions and stainings. In future studies, it may be adapted for the study of
complex heterotypical spheroids, composed by two or more cell types, in contact with distinct drugs,
mixtures of drugs and agents released into the medium in a controlled fashion. We also proved that these
chips are amenable to be adapted to bioreactor logic, where the flow of medium in each spot could be
controlled independently. Clearance and renovation of solutions may be easily achieved by this method.

The transparent window may also be useful in the future to monitor tissue formation and organization using
cells transfected with fluorescent molecules. For example, the formation of Janus-like structures may be
studied. Moreover, the ideal conditions that lead to the self-assembly of tissues mimicking their natural

behavior /n vivo, namely their vascularization, may also be evaluated using these platforms [42,43].

10.5. CONCLUSIONS

Superhydrophobic surfaces patterned with wettable spots were successfully used as improved and versatile
platforms for high-throughput spheroids formation and drug screening in such Jn vitroconstructed tissues.
These affordable chips are easy to design and can be produced by a bench-top strategy. They are totally
cytocompatible and allow working in contamination-preventing visualization conditions. We proved that they
are robust and adequate for combinatorial high-throughput drug screening tests. Moreover, we were able to
modify them as mini-bioreactors with several configurations that may be used to distinct applications needs,
with distinct behaviors in each spot. We believe these platforms may find application in future works

regarding not only drug screening but also microtissues formation for tissue engineering purposes.
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CHAPTER 11. CONCLUSIONS AND FUTURE PERSPECTIVES.

The development of arrays of miniaturized biomaterials evoked the perspective for an efficient and rapid
discovery of materials for implantation, namely aiming to be used in tissue regeneration strategies. During
the last decade, such systems have seen significant development to meet specific needs of TE
development, where the importance of reproducing biological niche-like 3D environments has been widely
reported.

This thesis aimed at validating flat polystyrene superhydrophobic surfaces patterned with wettable regions
as platforms for the highthroughput study of miniaturized 3D biomaterials and systems for
TE/biotechnology purposes. The first experimental work presented in this thesis — Chapter 5 - proved the
first hypothesis of this thesis: the wettability contrast-based platforms are adequate tools for the on-chip
high-throughput analysis of 3D biomaterials. Alginate-based semi-interpenetrated networks - where other
natural polymers were mixed with alginate/cells mixtures — were successfully patterned in the wettable
spots of the chips. The hydrogels were kept stable in the hydrophilic spots for 24 hours. Microscopy
techniques for on-chip and non-destructive study of cell number and viability were successfully validated. In
the same work, the on-chip chemical analysis of each spot with combinatorial formulations of biomaterials
was also implemented.

The second experimental work carried out in this thesis - described in Chapter 6 - allowed introducing a
novel concept in the field of high-throughput analysis of biomaterials: the on-chip assessment of cells-3D
porous scaffolds interactions. CellHaden hydrogels, used in Chapter 5, are currently the most common way
of performing combinatorial studies of cells-biomaterials interactions in a 3D environment. However, some
biomaterials are not amenable to be processed in the mild conditions that allow cell encapsulation.
Moreover, modulation of porous scaffolds’ porosity, pore size and degree of interconnectivity not only
influence cell seeding efficiency and migration, but were also reported to influence cellular response.
Although in a straightforward approach one would accept that the concept of high-throughput ideally relies
in the maximum miniaturization of each individual unit in the arrays, due to the micrometric size of cells,
biomaterials must have a representative size, allowing their encapsulation or seeding of cell suspensions. As

such, the miniaturization of the samples in Chapter 6 took in consideration the minimum size required for a

309



Section IV. Chapter 11 - Conclusions and Future Pespectives

successful design of porous scaffolds, i.e. a pore size that allows cells to be seeded and migrate. Such
pores belong to a scaffold with a significant number of pores, i.e. with a significant size that allows the
structure to be interconnected. Interestingly, arrays of dried porous scaffolds may be an interesting way of
commercializing biomaterials sets in ready-to-use, off-the-shelf platforms for cell-biomaterials tests. Still in
Chapter 6, DMA and uCT techniques were adapted and validated to study biomaterials on-chip, under dry
conditions, in a high-throughput manner. In the case of DMA equipment, a specially designed piece was
added to the original equipment, and a gutter was used to fix the samples and allow their 2D displacement.

In Chapter 7, the concept developed on Chapter 6 for in-situ on-chip DMA of biomaterials was expanded to
be used in physiologicalHike conditions, i.e. with the biomaterials arrays immersed in PBS at 37°C. In this
work, a concrete application of the biomaterials was set for bone tissue regeneration strategies. Chitosan
was used as a polymeric matrix to form nanocomposites with bioactive glass nanoparticles. The
combinatorial formulations were later chemically crosslinked on-chip using genipin in two distinct
concentrations. A suspension of pre-osteoblasts MC3T3-E1 cells, considered as a reliable model for bone
studies, was added to the arrays, so selective cellular adhesion to each spot was studied. Moreover, the
proliferation and morphology of the cells growing in each biomaterial were evaluated by microscopy and
image analysis techniques previously optimized in Chapters 5 and 6. As the amount of varying factors,
respective number of levels of each factor and number of responses to be studied were higher in this work
than in previous the previous chapters, factorial analysis using Surface Response Models was used. The use
of design of experiments and factorial analysis software was later transposed to Chapter 8.

Another aim of this thesis was increasing the degree of biological complexity of the environment surrounding
the arrays of biomaterials on the chips. One particular and complex aspect that is often neglected while
testing biomaterials /n vitro is the effect of inflammatory response caused by the biomaterial upon
implantation. However, immunomodulation is determinant for biomaterials integration on the tissue and it
actively intervenes in crucial aspects for biomaterials successful integration and performance. Moreover,
conventional biomaterials implantation often requires the use of high numbers of animals. The implantation
a high number of biomaterials in a single animal would be a major ethical breakthrough in the area of
biomaterials development. In Chapter 8 polystyrene superhydrophobic patterned chips with 36 biomaterials
were implanted subcutaneously in Wistar rats. Biomaterials were all constituted by chitosan crosslinked with
genipin in the form of a porous sponge, where ionic hydrogels of alginate and carrageenans were added.

The hypothesis was that the different inflammatory responses caused by distinct biomaterials combinatorial
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formulations would be identified in each scaffold by analyzing the presence of inflammatory cells on-chip,
such as T lymphocytes and activated macrophages. In fact, such results were able to generate conclusive
and reproducible data after 24 hours and 7 days of implantation. The results were also in agreement with
the scores attributed to the histological sections cut around the tissue where the chips were implanted. All
results were validated by using chips in which biomaterials were randomly disposed, so effects of possible
crosstalk between biomaterials spots were excluded. Hydrogels with conventional dimensions were also
implanted individually as controls. Although the hypothesis of this work was proved, the control over
biomaterials degradation and respective debris’ migration in long term studies may be one of the main
challenges of this approach. Despite such concerns, this approach opens the possibility of making
combinatorial high-throughput studies for tissue regeneration in the complex /n vivo environment
considering important phenomena as immunomodulation and /77 vivo clearance conditions.

The successful application of a TE strategy is not always dependent solely on direct cells-biomaterials
interactions. Some tissue defects require the prolonged exposure to bioactive molecules in order to fully
regenerate. Moreover, in some cases there is also a need for delivery of drugs to the defect site in order to
e.g., decrease inflammatory response or avoid infections. The correct administration of such agents is often
dependent on a tailored delivery mechanism from polymeric matrices, whose role is usually to act
simultaneously as a biomaterials sustaining cell growth. During the development of this thesis, to the best of
our knowledge, methods for the high-throughput monitoring of bioactive agents delivery from biomaterials
were nonexistent. In Chapter 9, a simplifying alternative to the conventional drug release profile assessment
methods was suggested. Superhydrophobic biomimetic surfaces were imprinted with ring-shaped
transparent spots with concentric superhydrophobic millimetric regions to be used as bioactive agents
release study platforms. An array where polymeric precursors (sodium alginate) mixed with a growth-factor
model protein (BSA) labeled with a fluorescent tag was designed, so such mixtures could be dispensed in
the concentric highly repellent regions and crosslinked afterwards, generating a polymeric protein-loaded
sphere. The ring-shaped region was then filled with PBS that covered the polymeric sphere. The acquisition
of sequential images of each spot over time using fluorescence microscopy allowed monitoring the protein
release by image-based fluorescence quantification. Future perspectives for this approach may include the
adaptation of the system to mimic standardized organs dynamics in the spots and to be used in a wider

range of bioactive agents release studies.
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The last work developed in this thesis aimed at exploring another approach in biotechnology that does not
use biomaterials, and where fully cellular microtissues function as /7 vitro disease models or as building
blocks for organ printing strategies. Cell suspensions of two distinct cell lines were patterned in the wettable
spots of the chips, which were later turned 180° for cell culture, generating a robust hanging-drop setup.
The cellular spheroids generated in this approach were used as tumor-like disease models and their
sensitivity for different concentrations of doxorubicin was tested on-chip. Image analysis was used to analyze
cell death in the cellular models. By using a different treatment than the phase-separation one used from
Chapter 5 to 9 to make polystyrene surfaces superhydrophobic, cell suspensions were amenable to be
patterned in the wettable spots not only by manual pipetting, but also by dragging the cell suspension
through the chip. Each patterning method allowed working with distinct throughputs and degrees of
precision. The platforms were able to comprise static or dynamic environments in each droplet, opening the
possibility to be used as mini-bioreactors for shear stress stimulation or for cellular exposure to dynamic
molecular compositions overtime.

Several advantages are drawn from the use of superhydrophobic surfaces as chips for high-throughput
analysis. They allow dispensing biomaterials in totally flat platforms, making their physicochemical
characterization easier as compared to commercially available plates or other types of chips where samples
are surrounded by walls. In superhydrophobic chips the samples are totally exposed to the e nvironment and
unconfined, allowing easy passage of irradiation through the biomaterials, easy reaching of probes to the
miniaturized biomaterials and testing in unconfined conditions. Moreover, the total flatness of the surfaces
allows their storage in a space-saving manner, allowing a configuration similar to a “deck of cards”. The cost
of production of the superhydrophobic chips is low, and the technology is amenable to easily being scaled-
up. One aspect that makes this technology versatile is the easy patterning of wettable spots with different
shapes, sizes, disposition, contact angles and even anisotropy inside the spots. Moreover, the high contrast
of wettability allows having biomaterials with different sizes simply by varying its volume to be dispensed in
the wettable spot. Another useful aspect of this technology is that the chips may be prepared with specific
sizes and shapes, or their size/shapes may be tailored after preparation, to meet the needs of existing
imaging and analysis technology. The flexibility of the polystyrene film can also vary, in order to fullfil the
requirements of specific applications, such as /7 vivo implantation, where the platform must adapt to the

shape of the implantation site.
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In conclusion, it can be stated that superhydrophobic platforms patterned with wettable spots used in this
thesis proved to be compatible with the study of 3D biomaterials-cells /7 vitro interactions, as well as /n vivo
high-throughput biomaterials testing. They also opened the possibility of testing on-chip other important
parameters in TE strategies, such as bioactive molecules delivery profiles and drug activity in 3D cellular
microtissues, functioning as relevant tissue models. The knowledge gathered in this thesis improved the
applications of high-throughput platforms for TE studies, and opened several perspectives that may be
developed in future work, namely for the use of porous scaffolds in high-throughput strategies, the on-chip
complete physicochemical characterization of biomaterials and their assessment in the /7 vivo complex

environment.
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