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1 | INTRODUCTION

Persisting challenges in achieving functional biomaterial-based con-

structs with sufficient host compatibility have resulted in low success
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Abstract

Colloidal gels assembled from gelatin nanoparticles (GNPs) as particulate building
blocks show strong promise to solve challenges in cell delivery and biofabrication, such
as low cell survival and limited spatial retention. These gels offer evident advantages
to facilitate cell encapsulation, but research on this topic is still limited, which ham-
pers our understanding of the relationship between the physicochemical and biological
properties of cell-laden colloidal gels. Human adipose-derived mesenchymal stem cells
were successfully encapsulated in gelatin colloidal gels and evaluated their mechan-
ical and biological performance over 7 days. The cells dispersed well within the gels
without compromising gel cohesiveness, remained viable, and spread throughout the
gels. Cells partially coated with silica were introduced into these gels, which increased
their storage moduli and decreased their self-healing capacity after 7 days. This find-
ing demonstrates the ability to modulate gel stiffness by incorporating cells partially
coated with silica, without altering the solid content or introducing additional parti-
cles. Our work presents an efficient method for cell encapsulation while preserving
gel integrity, expanding the applicability of colloidal hydrogels for tissue engineering
and bioprinting. Overall, our study contributes to the design of improved cell delivery

systems and biofabrication techniques.
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rates in translating cell-free products to clinical applications.l!! In
the last decade, tissue engineering and bioprinting strategies have
accelerated the progress regarding more integrative approaches to
achieving tissue regeneration by combining cells and biomaterials

as opposed to cell-free engineered structures. This recent trend is
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based on the early integration of cells with biomaterials acting as a
supportive system for cell delivery and guidance during subsequent

regenerative processes without compromising the natural cellular
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organization and function.[?] As such, biomaterials should recapitu-
late the main functionalities of the native extracellular matrix (ECM)
and act as a template facilitating spatial confinement of embedded
cells and orchestration of crucial cellular processes such as migration,
proliferation, and differentiation.

While various types of biomaterials aim to replicate specific fea-
tures of the ECM, hydrogels have gained particular attention due to
their excellent versatility.!3] Hydrogels are 3D polymeric crosslinked
networks that can absorb and retain significant amounts of water,
which enables the integration of cells, biomolecules, and/or biofunc-
tional micro/nanoparticles.[45! Their main potential resides in the
ability to fine-tune both the chemical and physical properties of hydro-
gels, which broadens their applicability and enhances their similarity to
the ECM.

Recently, hydrogels are increasingly considered as bioink formu-
lations for bioprinting and minimally invasive injectable cell delivery
systems.[67] Traditional bulk hydrogels are characterized by limited
nutrient/oxygen diffusion and microporosity, which can be circum-
vented by the incorporation of nutrient and oxygen carriers or through
further structural optimization.m However, the most critical factor
in the formulation and design of these systems entails cell encap-
sulation. Besides ensuring cell survival, proliferation, and migration,
hydrogels should also offer protection to cells against environmen-
tal factors. For example, during minimally invasive delivery/bioprinting
strategies, extrusion processes through narrow needles can compro-
mise cell survival due to the high shear stresses exerted by hydrogels on
cells.[®] Moreover, other factors like temperature, pH, or crosslinking
methods may also negatively affect cell viability.[?] Therefore, hydro-
gel gelation protocols should be considerably modified to enable cell
encapsulation, which stresses the need for novel hydrogel formula-
tions with simplified cell encapsulation opportunities by improving
their injectability and printing resolution.[319] To address this chal-
lenge, two main strategies can be adopted: (i) encapsulation of cells
within colloidal instead of monolithic gels and/or (ii) modifying cells
to enhance their survival, delivering biochemical cues and/or provide
additional protection against high stresses associated with extrusion
through narrow needles.!?]

Colloidal (hydro)gels represent a recently emerging and promising
alternative to traditional bulk/monolithic hydrogels due to their unique
self-healing, shear thinning, and viscoelastic properties.! 1] These gels
are formed through reversible and noncovalent interparticle interac-
tions such as electrostatic or hydrophobic interactions, forming an
arrested network of percolated (nano)particles.!?213] The reversible
bonds between nanoparticles as building blocks ensure that colloidal
gel networks exhibit an adaptable and dynamic nature, which not only
offers an attractive microenvironment for cell and tissue ingrowth
[12.14.15] byt also contributes to their shear-thinning, self-healing, and
viscoelastic properties. As a result, the high shear stresses exerted on
cells during bioink extrusion through narrow needles can be reduced
whereafter the gel quickly recovers, to restore its cohesiveness.

Gelatin colloidal gels have received specific attention owing to
their favorable physiochemical and biological features that can bene-

fit cell and tissue function for a wide range of potential applications

in regenerative medicine. Gelatin, a natural polymer derived from the
denaturation of collagen, is highly biocompatible, less antigenic than
collagen, readily available, and cost-effective. It has a high degree
of biodegradability by enzymes naturally present in the human body
and contains adhesion sequences, such as arginine-glycine-aspartic
(RGD) sequences, which facilitate rapid cell adhesion to gelatin-based
materials. Furthermore, gelatin can be blended with other materi-
als and chemically modified expanding its versatile application in the
biomedical field.[*¢!

Despite the potential benefits of gelatin colloidal gels for cell deliv-
ery systems, only a few studies!'”:18] have explored the feasibility of
incorporating cells into these gels. In fact, most of these studies on
gelatin colloidal gels have primarily focused onin vitro tests where cells
are seeded on top of the gels.[17:19-22] However, the results from these
2D cell cultures do not accurately reflect the behavior of cells encap-
sulated within such colloidal gels. Consequently, they fail to provide a
direct correlation of cell behavior particularly in the context of tissue
engineering, bioprinting applications, and other 3D tissue engineering
approaches such as disease models where cells are an integral part of
the system.[23] Consequently, interactions between cells encapsulated
in gelatin colloidal gels remain poorly understood, although cell encap-
sulation can strongly affect processes such as gelation kinetics and
resulting viscoelastic properties.!’®] Hydrogels can offer functional
advantages, for instance by protecting cells from harsh environmental
conditions such as high shear stresses. However, cells, as another com-
ponent of the 3D systems, can also be modified to (i) further sustain and
improve their survival and viability, (ii) act as a drug delivery system, or
(iii) provide biochemical cues.

Here, we evaluated how the encapsulation of cells in gelatin colloidal
gels impacted cell viability and the mechanical properties of these cell-
laden systems.[?4] Human adipose-derived mesenchymal stem cells
were deliberately selected since they are easily obtainable and pos-
sess regenerative properties similar to other types of mesenchymal
stem cells.[25] Moreover, we encapsulated human adipose-derived
mesenchymal stem cells partially coated with silica in gelatin colloidal
gels to further understand their modulatory potential. The goal was
to explore a novel strategy to modulate the mechanical properties of
the gel without the need for further post-processing steps or increas-
ing the complexity of the system with other building blocks. These cells
partially coated with silica were previously shown to exhibit higher via-
bility when cultured in suspension and a higher degree of protection
during extrusion, thereby enhancing cell survival.l24] Additionally, silica
can be modified to serve as a drug delivery system and provide specific

biochemical cues.

2 | RESULTS AND DISCUSSION
2.1 | Gelatin nanoparticles
Gelatin nanoparticles (GNPs) were produced using a desolvation pro-

cess and subsequently stabilized through glutaraldehyde crosslinking.

The synthesized GNPs were characterized in terms of their size
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FIGURE 1 (A) Scanning electron microscopy of morphology of gelatin nanoparticles (GNPs) (scale bar represents 1 pm). (B) Schematic
representation of the formation of cell-laden gelatin colloidal gels, the molding process and a representation of gelatin colloidal gels and the
inclusion of cells in these systems. (C) Representative graphic of the evaluation of self-healing capacity of gelatin colloidal gels before (phase 1),
during (phase Il) and after (phase Il1) destructive shearing at 1000% strain. (D) Storage modulus of gelatin colloidal gels with or without cells as a
function of cell culturing time. (E) Self-healing capacity of gelatin colloidal gels with or without cells as a function of cell culturing time. All

experiments were performed in triplicate (n = 3).

(hydrodynamic and dry), surface charge, and morphology. As shown
in Figure 1A, GNPs presented a spherical morphology and dry size
of 163 + 17 nm. The hydrodynamic size of GNPs, as determined by
dynamic light scattering (DLS), was 322 + 6 nm with a narrow size
distribution as evidenced by their low polydispersity index (PDI) value
(0.026). The larger hydrodynamic size of GNPs relative to their dry size
was attributed to the highly hydrophilic nature of gelatin. In addition,
the resulting GNPs showed an almost neutral net surface charge of
1.32+0.14mVatpH=74.

2.2 | Gelatin colloidal gel formation with or
without cells

The GNPs as prepared using the method described in Section 4.2 were
first used to evaluate their gel-forming capacity. These preliminary cell-
free tests confirmed that cohesive gels could be formed, which is a
crucial prerequisite for long-term in vitro cell culture studies at pro-
longed incubation times. To produce cell-laden colloidal hydrogels, we

developed a novel protocol that enabled the incorporation of cells into
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gelatin colloidal (Figure 1B). The first step involved preconditioning dry
and sterile GNPs in a medium to allow for full swelling of the nanopar-
ticles, thereby ensuring a favorable microenvironment for optimal cell
encapsulation into the colloidal gels. The solid content of the GNPs gels
in this initial step was 10 w/v%, yielding a gel that displayed elastic,
solid-like behavior.[2¢]

Encapsulation of cells into colloidal gels requires a careful combi-
natorial approach to optimize various design parameters which affect
the biofunctionality of the final cell-laden system. For instance, low cell
concentrations typically result in enhanced cell survival and prolifer-
ation, but are not relevant for in vivo applications, whereas high cell
concentrations can lead to cell oversaturation and hypoxia, which ulti-
mately result in failure of the cell-laden construct.[2”! To determine the
most appropriate cell concentration for our gelatin colloidal gels, we
evaluated the storage modulus and self-healing capacity of gelatin col-
loidal gels containing three different cell concentrations (0.5, 1, and
2 x 108 cells mL~1). As shown in Figure S1, both storage moduli and
self-healing properties of the gelatin colloidal gels did not depend on
the cell concentrations. Therefore, we selected the highest cell con-
centration (i.e., 2 x 106 cells mL~1 of gel) for further investigations of
the cellular response upon encapsulation of stem cells inside gelatin
colloidal gels. No significant differences were observed between the
storage modulus (gels with cells: 2.61 + 0.15 kPa vs. gels without cells:
2.36 +0.50 kPa) and self-healing capacity (gel with cells: 59 + 3% vs. gel
without cells: 57 + 3%) of gels with or without cells (Figure 1C). These
results indicate that the encapsulation of cells did not negatively affect

the mechanical properties in the resulting cell-laden system.

2.3 | Cell encapsulation in gelatin colloidal gels

Cellular processes such as migration and proliferation can induce
local deformations in the gels by exerting stresses ranging from 0.1
to 10 kPa.l2] Therefore, to investigate how the encapsulated cells
interacted with their surrounding microenvironment and affected the
viscoelastic properties of gels during long-term cell culture, rheo-
logical analysis was conducted over a period of up to 7 days post-
encapsulation. As shown in Figure 1D the storage modulus of cell-laden
gels did not significantly change over 7 days and remained constant in
the range between 2 and 3 kPa. Although the absolute values showed
a considerable decrease in the self-healing capacity of gels with cells
after 7 days of cell culture (from 60% to 40%), these values were
not statistically significant (Figure 1E). Since colloidal gels composed
of chemically crosslinked GNPs hardly degrade in vitro, these col-
loidal gels preserved their integrity over longer time periods, thereby
allowing cells to reorganize themselves within the gels.

Live/Dead staining revealed that encapsulated cells were viable dur-
ing the entire culturing period of 7 days and dead cells were hardly
observed (Figure 2A,B). To evaluate the functionality of encapsulated
cells within the gels, we performed an AlamarBlue assay to measure
their metabolic activity and quantified cell proliferation by analyzing
the total DNA content after culturing for up to 7 days. The metabolic

activity of the encapsulated cells continuously increased over 7 days

of culture (Figure 2C). Moreover, the total amount of DNA at day 7
was statistically higher than day 3, but statistically similar to day 1
(Figure 2D).

Wang et al. previously developed an injectable gel containing cells
and assessed their viability in vitro and in vivo.['”! However, in their
in vitro study, the cells were seeded on top of gels of different solid
content to identify the optimal formulation for cell-laden gels. In their
study, mesenchymal stem cells demonstrated proliferation starting
from day 4, which further increased with higher gelatin solid content.
In contrast, our study did not observe an increase in cell proliferation,
although these cells became metabolically more active in our gels over
the course of 7 days. These contrasting results may be attributed to
the changes in cell behavior caused by their encapsulation inside a 3D
system.

Generally, it should be mentioned here that the majority of cell via-
bility studies!17:1%.20] on gelatin colloidal gels seeded cells on top of
the gels. This method creates a similar environment to a 2D substrate
where cells adhere and proliferate rather quickly without facing spatial
restrictions characteristic for 3D cell cultures, such as limited access
to nutrients and oxygen and stiff extracellular matrices which decel-
erate cell migration. As a result, the outcomes of currently available
cell culture studies on colloidal gels are not directly comparable to our
study, which specifically focused on the encapsulation of cells within
the colloidal gel matrix.

Our study focused on the encapsulation of cells within a 3D gelatin
colloidal gel system, which comes along with a broad range of factors
that can influence cell behavior. These factors include the selection of
material, mechanical properties of the gels, the encapsulation method,
nutrient and oxygen availability, gel porosity, and the ability of cells to
remodel their microenvironment. These factors can potentially affect
cell functions such as their migration, proliferation, or viability. For
instance, when comparing cells seeded on top of 10% GelMA gels to
cells encapsulated in similar gels, it was observed that the seeded cells
were able to proliferate and survive over 7 days!?8] In contrast, the
encapsulated cells showed continuous survival but decreased viability
at longer incubation times.[2]

The spatial distribution and morphology of cells encapsulated in the
gelatin colloidal gels were further studied through histological analy-
sis and confocal microscopy. Histological sections were mainly used to
analyze the spatial distribution of encapsulated cells, whereas confocal
microscopy allowed to analyze the morphology of encapsulated cells at
higher resolution. F-actin staining was used to visualize the cytoskele-
ton of stem cells (as a measure for cell spreading) embedded within
the colloidal gel after 7 days of culture. Histological analysis and confo-
cal imaging (Figure 3) confirmed that the encapsulated stem cells were
homogeneously distributed throughout the entire gel, while the stem
cells adopted a more spread-out morphology compared to day 1 as
observed using both imaging techniques. Immunofluorescence imag-
ing of actin suggested that cell migration may have occurred, as the
cell distribution displayed heterogeneity characterized by cell-rich and
cell-poor areas (Figure S2).

Based on the above-described results it can be concluded that

the protocol presented herein allows to fabricate cell-laden gelatin
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FIGURE 2 Live/Dead assay of cell-laden gelatin colloidal gels containing cells (live cells are displayed in green, dead cells are displayed in red,
scale bar corresponds to 200 um) of day 1 (A) and day 7 (B). (C) Metabolic activity of cells encapsulated in gelatin colloidal gels. (D) Proliferation of
cells encapsulated in gelatin colloidal gels. Statistical significances are represented by asterisks (****corresponds to p < 0.0001), with n = 4.

colloidal gels containing homogeneously dispersed gels. Initial rheolog-
ical properties were not negatively affected by the cell encapsulation,
while 3D-encapsulated cells adopted a spread morphology reminis-
cent of 2D-cultured adherent cells and more heterogeneous spatial
distribution after 7 days of culture. This spreading and migration
behavior might have caused the decreased self-healing capacity of
cell-laden gels after 7 days of culture (Figure 1E), since the resulting
local areas of high cell density and low particle density did not con-
tribute to the self-healing of gelatin colloidal gels enabled by reversible
interparticle bonds. Overall, our results showed that encapsulation of
cells in gelatin colloidal gels ensures their viability, metabolic activity,
and proliferation for up to 7 days of culturing.

To evaluate if the cell-laden gel presented above can indeed act as
a delivery vehicle for cells, a simple extrusion assay was performed.
The results demonstrated that cells retain their viability after extru-
sion through narrow needles (25 G), although the cell concentration
decreased upon gel extrusion (Figure S3). This reduction in cell con-
centration can most likely be explained by filter-pressing since the
extrusion of the cell-laden gel was accompanied by the initial extru-
sion of an aqueous phase of lower viscosity.[3°! Although cell viability
was not negatively affected by gel extrusion, the reliability of bioinks
and cell delivery system can be compromised by filter-pressing.[31! In
future work, the influence of filter pressing on cell delivery should

be investigated by fine-tuning the stability of the colloidal networks,

for example, by varying the concentration, size, and charge of the
GNPs to minimize filter pressing.!2¢-3] Our findings showcase that the
gelatin colloidal gels can be effectively used as cell delivery vehicles
without compromising the initial viscoelastic properties of these col-
loidal gels. The cell-encapsulated method described herein was simple
and straightforward without the need for any crosslinking during/after
cell encapsulation, resulting in a homogeneous distribution of cells
throughout the gel matrix.

2.4 | Encapsulation of cells partially coated with
silica in gelatin colloidal gels

Numerous studies have already shown that the mechanical proper-
ties of hydrogels can be improved by the incorporation of inorganic
(nano)particles, which typically enhance the stiffness of the resulting
composite hydrogels.[19:20.32]

Typically, increasing the stiffness of hydrogels can promote
osteogenic and chondrogenic differentiation, yet it may also negatively
impact other cellular functions.[ 1! Recent findings indicate a reduction
in the formation of endothelial cell networks within gelatin colloidal
gels as stiffness increases.'8! This decrease could be attributed to
the higher solid content, potentially altering the properties of gel by

reducing self-healing ability and reducing network dynamicity. While
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FIGURE 3 F-actin staining using histology of cells cultured for 1 (A) and 7 (B) days in gelatin colloidal gels (scale bar corresponds to 100 pm).
F-actin (brown) and gelatin colloidal gel (gray). Red arrows point to actin filaments of cells showing the difference in elongation between day 1 and
day 7. F-actin staining using immunofluorescence of cells cultured for 1 (C) and 7 (D) days in gelatin colloidal gels (scale bar corresponds to 50 um).
F-actin (red), nucleus (blue). Yellow arrows point to the actin filament of cells.

incorporating additional building blocks may successfully enhance the
mechanical properties of colloidal gels, the processes required for
such incorporation(e.g. high-speed centrifugation) can also negatively
affect cell survival. Therefore, we explored the feasibility of encapsu-
lating cells with protective inorganic coatings to enhance the overall
mechanical integrity of the resulting cell-laden system.

To this end, we prepared human-derived adipose mesenchymal stem
cells partially covered with a silica layer (SiCells). These cells were
previously shown to be protected by these coatings when cultured in
suspension, without any available surface to adhere.[24] The encap-
sulation of cells partially coated with silica in gelatin colloidal gels
(Gels + SiCells) resulted in a doubling of storage modulus after day 7
(Figure 4A) (day 1: 1.38 + 0.67 kPa vs. day 7: 3.85 + 0.19 kPa), while
the self-healing capacity of the resulting cell-laden gels also dropped
after 7 days to about 40% in a manner similar to silica-free cell-laden
gels (Figure 4B). Live/Dead assay showed that cells were viable inside
the gelatin colloidal gels by day 1 (Figure 4C) and day 7 (Figure 4D). Cell
metabolic activity increased significantly from day 3 to day 7, while the
total amount of DNA showed a slightly increasing trend, but the dif-

ferences between various time points were not statistically significant

(Figure 4E,F, respectively). The absolute values for metabolic activity
and cell proliferation were lower in comparison to silica-free systems,
which could be caused by the silica interaction with the different assays
and/or an initial lower number of encapsulated cells partially coated
with silica. F-actin staining in both histological sections (Figure 4G,H
and Figure S4), as well as immunofluorescence images (Figure 41,J),
show that cells were spatially distributed and spread out in a manner
similar to silica-free cell-laden gels, thereby confirming that the silica
coatings did not negatively affect cell distribution and spreading.

In vitro studies of cell-laden gels are crucial to understanding differ-
ences in cell behavior when cultured inside or on top of gels. Generally,
cell confinement by surrounding materials can induce contrasting
results compared to cells seeded on top of materials, depending
on a variety of factors such as the physicochemical properties of
the biomaterial itself, the specific cell type, or the intended applica-
tion. Although encapsulation of cells in gelatin colloidal systems was

d,[1718] the behavior of cells in these systems is still

recently achieve
poorly understood. In this work, we encapsulate cells both pristine and
modified in gelatin colloidal systems in an effective and simple man-

ner with cells achieving a homogeneous distribution throughout the
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FIGURE 4 (A) Storage modulus of gelatin colloidal gels containing cells partially coated with silica as a function of cell culturing time. (B)
Self-healing capacity of gelatin colloidal gels with cells partially coated with silica as a function of cell culturing time. Statistical significance with ***
with p =0.0002, n = 3; Live/Dead assay of cell-laden gelatin colloidal gels (live cells are displayed in green, dead cells are displayed in red, scale bar
corresponds to 200 um) of day 1 (C) and day 7 (D). (E) Metabolic activity and (F) DNA gquantification of silica-coated cells encapsulated in gelatin
colloidal gels n = 4; F-actin staining using histology of cells partially coated with silica cultured for 1 (G) and 7 (H) days in gelatin colloidal gels (scale
bar corresponds to 100 um). F-actin (brown), gelatin colloidal gel (gray), and silica (blue). Red arrows point to actin filaments of cells showing the
difference in spreading between day 1 and day 7. F-actin staining using immunofluorescence of cells cultured for 1 (I) and 7 (J) days in gelatin
colloidal gels (scale bar corresponds to 50 um). F-actin (red), nucleus (blue), and silica (green). Yellow arrows point to the actin filament of cells.
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gel. Cell-laden gels were cohesive after cell inclusion, which is crucial
for applications like bioprinting, although their self-healing capacity
reduced with increasing cell culturing time. Compared to gels loaded
with pristine cells, the encapsulation of cells partially coated with sil-
ica enhanced the storage modulus of the resulting cell-laden gels after
7 days in culture. During these 7 days of culture, cells were able to
adapt and spread inside the gels, which boosted their metabolic activ-
ity although proliferation remained stable. We attribute this delayed
mechanical reinforcement of colloidal gels using cells partially coated
with silica to spreading of these cells over time, thereby expanding
their interaction area with the surrounding matrix. Initially, the local
effects of silica coating did not significantly impact the overall mechan-
ical properties of hydrogels, stressing that the mere addition of silica
to the colloidal gel did not automatically result in reinforcement of
these cell-laden colloidal gels. However, after 7 days, these cell-laden
gels behave differently from a mechanical perspective, as cells reor-
ganize within the gel. These cells partially coated with silica act as
fillers, temporally modulating mechanical properties - an important
factor given the direct responsiveness of cells to the stiffness of the
surrounding matrix.[18] Apparently, the cells partially coated with sil-
icainduced areinforcing mechanism with prolonged cell culturing time,
which we attribute to enhanced physico-chemical interaction between
the silica-coated cells and the surrounding colloidal gel matrix, thereby
increasing the resistance of the cell-laden gels to mechanical deforma-
tion. As such, the silica-coated cells enhanced the cohesion of the gels
by a cellular crosslinking mechanism. Future studies should focus on
devising protocols that explore cell-material interactions and hydro-
gel properties across different scales of deformation. The mechanics
of hydrogels appear to vary with deformation mode and scale, empha-
sizing the need to introduce cells early and comprehend their evolving
behavior over time.[33!]

Importantly, our cellular gel reinforcing strategy avoids additional
incorporation of separate inorganic particles that inevitably increase
the complexity of the system, which could negatively affect cell via-
bility. These cells partially coated with silica can be used as fillers or
cell-protecting agents during extrusion through narrow syringes but
also to functionalize silica with different molecules or functional groups
to facilitate drug delivery applications or biochemically modulate the
behavior of cells.[34]

Overall, cell-laden colloidal gels offer a promising alternative to
commonly used bioink systems and other cell culture matrices without
requiring post-treatments like potentially toxic chemical cross-linking.
Due to their much smaller particle size than microgels, nanogels (as
building blocks for colloidal gels) exhibit a higher specific surface area,
which allows for (i) more interaction with cells at the nanoscale and
(ii) formation of more cohesive colloidal gels as compared to gels com-
posed of larger microgels.[31] Additionally, the ability to functionalize
different building blocks allows to adjust the mechanical properties of
the system according to the functional characteristics of the ECM of
different human tissues, which underlines the strong potential of these
systems for areas such as tissue engineering, regenerative medicine,
and development of advanced disease models. However, a knowledge

gap in fundamental understanding of cell-material interactions still

exists for these novel biomaterials. Therefore, long-term in vitro and
in vivo studies should be performed to enhance our understanding of
cellular behavior as a function of the viscoelastic properties of these
systems depending on parameters such as gelatin solid content or
nanoparticle surface charge. In addition, future studies should be con-
ducted on the bioprinting ability of this colloidal gel system to unleash
their potential for tissue engineering and cell delivery applications.

3 | CONCLUSION

In conclusion, this study confirms the strong potential of gelatin col-
loidal gels as a promising solution to solve challenges in cell delivery
and biofabrication. The attractive self-healing and viscoelastic prop-
erties of these gels facilitate successful encapsulation of viable and
metabolically active stem cells. By encapsulation of stem cells within
gelatin colloidal gels, we achieved a homogeneous distribution of cells
throughout the gel matrix and conducted a comprehensive evaluation
of their cellular behavior and their effect on the viscoelastic properties
of the resulting cell-laden gels. The encapsulated cells demonstrated
high viability and seamlessly adapted to the gel matrix without sig-
nificant alterations to their viscoelastic properties. Furthermore, the
incorporation of cells partially coated with silica into the gel structure
resulted in increased stiffness after 7 days of culture. These cells par-
tially coated with silica offer an innovative approach to modulate the
functional properties of colloidal gels, without the need to incorporate
additional inorganic reinforcing particles. As such, these cells partially
coated with silica hold potential as fillers to modulate the mechanical
properties of cell-laden gels. Moreover, the opportunity to functional-
ize these silica coatings with various biomolecules or functional groups
creates exciting new prospects for drug delivery applications and cell
modulation. In summary, this study contributes to our understanding
of cell-material interactions within 3D colloidal gels, thereby contribut-
ing to the advancement and practical application of colloidal gels in

biomedicine.

4 | EXPERIMENTAL SECTION

41 | Materials

Gelatin type A (Bloom number 285) was kindly provided by Rous-
selot (Ghent, Belgium). Glutaraldehyde (25 wt% aqueous solution)
was purchased from Acros. Tetraethyl orthosilicate (TEOS, reagent
grade, 98%), fluorescein isothiocyanate (FITC), Alcian Blue 8GX
certified biological stain (AB), hydrochloric acid 37% (HCI), N-
2-hydroxyethylpiperazine-N'—2-ethanesulfonic acid (HEPES), hema-
toxylin, eosin, formaldehyde, and PBS were purchased from Merck. (3-
Aminopropyl) triethoxysilane (APTES, 99%) was acquired from Enzy-
matic S.A. Dulbecco’s phosphate-buffered saline (DPBS) powder with-
out calcium/magnesium for cell culture was obtained from Corning.
Ethanol absolute (EtOH) and acetone were acquired from Boom. All

other chemicals were reagent grade and used without any purification.
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4.2 | Gelatin nanoparticle synthesis

GNPs were produced by a two-step desolvation method which was
previously described in detail.[3>3¢] The first desolvation step was
applied to remove low molecular weight gelatin. Briefly, 25 g of gelatin
was dissolved in 500 mL of demineralized water (dH,O) under stir-
ring (500 rpm) at 50°C. Then, 500 mL of acetone was rapidly added
to the gelatin solution under vigorous stirring (1000 rpm). After 3 min,
the mixture was left at room temperature (RT) for 15 min to pre-
cipitate the high-molecular-weight gelatin. The supernatant was then
discarded, and the remaining high molecular weight gelatin was dis-
solved in 450 mL of demineralized water and freeze-dried for 48 h.
For the second step of desolvation, 2.5 g of the freeze-dried gelatin
was dissolved in 50 mL of dH,O. Subsequently, the pH of the solution
was adjusted to 2.5 using hydrochloric acid (6 M). Afterward, 120 mL
of acetone was added dropwise at an injection rate of 8.0 mL min~!
under stirring (1000 rpm) at 40°C. To stabilize the GNPs, 316 uL of glu-
taraldehyde solution was added and left overnight under stirring at RT.
The nanoparticle crosslinking reaction was stopped by adding 100 mL
of glycine (100 mM) under stirring for 30 min. Afterward, the GNPs
were collected by centrifugation (16,800 rcf, 40 min) and washed three
times by redispersion in dH,O. The collected GNPs were dispersed in
an acetone/water mixture (30/70 v/v%), frozen with liquid nitrogen,

and freeze-dried for 3 days.

4.3 | Gelatin nanoparticle characterization

The hydrodynamic diameter of GNPs dispersed in water was deter-
mined by DLS using a Malvern Zetasizer Nano-Z at 25°C, setting a
minimum of 10 and a maximum of 100 runs per measurement. The zeta
potential of GNPs was determined using the same instrument by means
of laser doppler velocimetry. The GNPs were collected after wash-
ing and redispersed in 5 mM HEPES buffer (pH 7.4). The nanoparticle
morphology and size in dry state were studied using a Field Emission
Scanning Electron Microscope (FE-SEM; Sigma 300, Zeiss, Germany).
Dried nanoparticles were placed on a double-stick carbon tape fol-
lowed by coating with an electroconductive chromium layer with a
thickness of around 10 nm. The average size and size distribution of
nanoparticles were determined by measuring the diameter of at least
100 particles using ImageJ software.

44 | Cell culture

Human adipose mesenchymal stem cells (hASCs, passages between
P6 and P7) were isolated from subcutaneous adipose tissue obtained
by liposuction, following informed consent and patient anonymization,
according to good practices standards. The retrieval and transporta-
tion of the samples to the laboratory facilities were performed under a
cooperation agreement between Compass Research Group and Hospi-
tal da Luz of Aveiro, after approval of the Competent Ethics Committee
(CEC), handled by the guidelines approved by the CEC. hASCs were

cultured in 175 cm? T-flasks with a-MEM supplemented with sodium
bicarbonate, 10 v/v% fetal bovine serum (FBS), and 1 v/v% antibi-
otic (penicillin/streptomycin) (a-MEM) at 37°C under a humidified air
atmosphere of 5% CO,. Cells were detached at 80% of confluency
using trypsin-EDTA (Thermo Fischer Scientific) treatment for 5 min at
37°C.

4.5 | Partial silica coating of hASCs

The protocol to partially coat hASCs with silica was described in a pre-
vious report.[24] hASCs were seeded in a tissue culture dish (@ 100 mm,
Sarstedt) with a cell density of 1 x 106 cells per dish. To produce the sil-
ica layer, the cell medium was discarded, and hASCs were washed with
a-MEM FBS-free with 1% antibiotic. The protocol to achieve a partial
coating in the part of the cell membrane consists in two main steps,
first the primer step and then the silicification step. In the primer step,
5 mL of 0.5 mg mL~1 chitosan-carnitine (CHT-CAR) in PBS (previously
heated at 37°C) was added to each culture dish. After 10 min of incu-
bation at 37°C, 5% of CO,, the CHT-CAR solution was discarded and
another washing step with FBS-free a-MEM was performed.

Prior to the silicification step, 1 M of TEOS was hydrolyzed in 1 mM
of aqueous HCl solution for 24 h under magnetic stirring at 30°C. 1 M
of APTES was hydrolyzed in 1 mM of aqueous HCl solution at RT under
magnetic stirring for 24 h. APTES was diluted in a 1:1 ratio of ethanol
(EtOH) with other reagents for specific assays. FITC (1 mg mL~1 in
EtOH) was used for immunofluorescence assays and Alcian Blue (AB,
1 mg mL~1 in EtOH) was used for cell integrity assays, rheology, via-
bility, and histology. In the silicification step, the following solution
was prepared for each tissue-cultured dish: 4.75 mL FBS-free a-MEM,
62.5 pL of TEQOS, and 187.5 pyL of APTES. The solution was left to
incubate for 20 min at 37°C, 5% of CO,, and then discarded. Subse-
quently, hASCs were washed twice with FBS-free a-MEM and then
supplemented a-MEM was added to incubate the cells until further use.

4.6 | Preparation of gelatin colloidal gels

A predetermined amount of GNPs was subjected to UV-light steril-
ization for 30 min. Gelatin colloidal gels were prepared by dispersing
20 mg of freeze-dried GNPs in 2 mL of a-MEM whereafter the gels
were left overnight in a 2 mL Eppendorf tube at 4°C. Then, the mix-
ture was centrifuged (12,000 rcf, 10 min) to remove the excess medium,
obtaining a homogeneous 10 w/v% hydrogel. For cell encapsulation in
gelatin colloidal gels, first cells were harvested and added to Eppen-
dorf tubes at three different cell concentrations, that is, 0.5, 1 and 2 x
106 cells mL~1. These cell suspensions were then concentrated in 50 pL
of a-MEM, added to the 10 w/v% gelatin colloidal gel, and thoroughly
mixed with a pipet tip and 5 s of vortexing at high speed, yielding a final
solid gelatin content of the resulting cell-laden gelatin colloidal gels of
8 w/v%. To ensure the production of gels with same size and shape for
the various assays, we mold the gels in polydimethylsiloxane (PDMS)

rings. Acellular controls were prepared following the same procedure
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but without adding cells. Gels were left at 37°C in a water bath until
further use.

4.7 | Rheological analysis

For rheological analysis, the viscoelastic parameters of gelatin colloidal
gels with or without cells were assessed 4 h as well as 1, 3, and 7
days after cell encapsulation. Briefly, gels were transferred into PDMS
rings and then incubated in a-MEM, under 5% CO, at 37°C. Then, the
gels were transferred to the Peltier plate of the rheometer without
the PDMS rings previous to each measure. Rheological properties of
colloidal gels were evaluated using an AR2000 Advanced Rheometer
(TA Instruments) with a flat steel plate geometry (8 mm diameter) at a
gap distance of 500 um at 37°C. To avoid evaporation during measure-
ments, the geometry was sealed with silicon oil. Time sweeps (5 min
at 0.5% strain and an oscillatory frequency of 1 Hz) were performed
to determine the storage modulus (G’) and loss modulus (G”) of both
cell-free and cell-laden gelatin colloidal gels. The self-healing capacity
of these gels was defined as their ability to recover from mechanical
damage (e.g. by applying destructive shearing). For this purpose, three
consecutive steps were performed including a time sweep for 1 min at
0.5% strain and a frequency of 1 Hz, (i) a strain sweep from 0.1% to
1000% strain at a frequency of 1 Hz and (ii) a time sweep for 5 min at
0.5% strain and a frequency of 1 Hz. The self-healing capacity of the
gels was subsequently quantified by dividing the recovery (%) of the
storage modulus (G’) of the gels after the strain sweep relative to their
initial G’ prior to the strain sweep. All experiments were performed in
triplicate (n = 3).

4.8 | Biochemical assays for cellular metabolic
activity, viability, and proliferation

All biochemical assays were performed at predetermined time points
of 1, 3, and 7 days after cell encapsulation for both cell-free con-
trols and cell-laden gels (n = 4). Sample preparation was performed as
described in Section 4.6 and molded in PDMS rings with a diameter
of 4 mm and a height of 2 mm. To evaluate the viability of encapsu-
lated cells, cell-laden gels were transferred into an Ibidi 8-well plate
and incubated at 37°C under a humidified air atmosphere of 5% CO,.
Live/Dead staining was performed after incubation of cell-laden gels
and controls in a mixture of 4 pL of Calcein AM (1 mg mL~1) and 2 pL
of propidium iodide (PI) (1 mg.mL~1) in 1 mL of PBS at 37°C for 40 min
protected from light. Afterward, the different gels were analyzed using
fluoresce microscopy using an Axio Imager 2 (Zeiss, Germany), and the
acquired images were further processed in Zeiss Zen Blue software.
For quantification of cellular metabolic activity, cell-laden gels were
kept in 48 well-plates in an incubator at 37°C, 95% relative humid-
ity under a humidified air atmosphere containing 5% CO,. At each
time point (day 1, 3, 7), the culture medium was removed, and 400 pL
of 10 v/v% AlamarBlue reagent was added and incubated for 6 h at

37°C. Then, the supernatant was transferred into a 96 well-plate, and

the fluorescence intensity was measured in a multimodal microplate
reader (Gen 5 software, Synergy HTX, BioTek Instrument, USA) with
an excitation wavelength of 530/25 nm and emission wavelength of
590/25 nm. Afterward, each well was washed two times with PBS to
remove the Alamar blue reagent whereafter 400 uL of fresh media was
added and the plate was incubated until the next time point. Gels with-
out cells were considered as blanks, and their fluorescent intensity was
subtracted from the experimental samples. Total dsDNA quantification
was performed as a measure of cellular proliferation using the assay kit
Quant-iT PicoGreen (Life Technologies). Cell-laden gels were prepared
as described in Section 4.6 and then transferred into 48-well plates. At
each time interval (days 1, 3, and 7), the medium was removed, and gels
were washed with dPBS and transferred into 1.5 mL Eppendorf tubes.
Samples were frozen at —80°C at least overnight. To digest the gelatin-
based colloidal gels, 500 pL of proteinase K (100 pg mL~1 in 50 mM
Tris-HCIl and 3 mM CaCl2, pH = 7.8) was added to each Eppendorf
containing samples followed by mixing in a ThermoMixer C (Eppen-
dorf) for 30 min (56°C, 1000 rpm). After complete digestion, the DNA
content of gels was quantified as a measure of cellular proliferation
according to the specifications of the assay kit. A standard curve for
DNA analysis was generated using the provided dsDNA solution. After
10 min of incubation at RT, the fluorescent intensity of the samples
was measured at an excitation wavelength of 485/20 nm and emission
wavelength of 528/20 nm using a microplate reader (Gen 5 software,
Synergy HTX, Biotek Instruments, USA).

4.9 | Histological analysis

Histological analysis of cell-laden gelatin colloidal gels was performed
to evaluate the distribution and morphology of the cells inside the
colloidal gels at different time points. Cell-laden colloidal gels were
retrieved after 1, 3, and 7 days of culture, subsequently fixed in 4%
formaldehyde in PBS for 24 h at temperature, and further processed
in a tissue processor (TP1020, Leica). After paraffin embedding, sam-
ples were cut into 5 mm sections using a microtome (RM2165, Leica).
Sections were melted to microscopy slides (Thermo Fisher Scientific),
deparaffinized, and rehydrated before staining. To check the presence
of actin filaments in the structure, different sections of histological
samples were processed for actin staining. Briefly, after the deparaf-
finization process, endogenous peroxidases were inactivated with
hydrogen peroxide (H,O,, 3% v/v in methanol) for 20 min, followed
by antigen retrieval using sodium citrate buffer (pH = 6.0) heated up
to 70°C for 10 min. After cooling down until 37°C, non-specific bind-
ing was blocked with normal donkey serum (NDS, 10% v/v in PBS with
glycine for 20 min). The sections were incubated with mouse mono-
clonal beta-Actin (MoAB-Actin, ab6276 from Abcam, 1:8000 in 2% v/v
NDS) and incubated at 4°C overnight. The second antibody (DaMBio
1:5000 in 2% NDS with glycine) was added for 1 h at RT, and the
stain was revealed with a 3, 3’-diaminobenzidine (DAB) solution. After-
ward, the sections were counterstained with hematoxylin and mounted
in Dibutylphthalate Polystyrene Xylene (DPX), a mounting medium

to preserve before microscopic analysis. All histological slides were
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scanned using the Pannoramic 1000 digitalization system at 20x mag-
nification, and the images were processed using CaseViewer software
version 2.3 (3DHISTECH,).

410 | Cytoskeletal F-Actin imaging

Samples were collected after 1, 3, and 7 days of culture, and sub-
sequently fixed with 4% formaldehyde in PBS at RT for 2 h. After
thorough washing with PBS, these samples were stained with 1:100
Flash Phalloidin FITC (Biolegend): PBS for 1 h at RT followed by staining
with 1:1000 DAPI (1 mg mL=%, Thermo Fischer): PBS for 30 min at RT.
Samples were visualized by laser confocal scanning microscopy (LCSM)
(LSM 900, Carl Zeiss, Germany) and the acquired images were further

analyzed using Zeiss Zen Blue software.

411 | Gel extrusion assay

Cell-laden gels were prepared according to the method described in
Section 4.6, and subsequently loaded into a 1 mL syringe tube using a
spatula. Then, using a 1 mL syringe equipped with a 25 G needle and
using a flow rate of 20 mL.h~1, cell-laden gelatin colloidal gels were
extruded and incubated with Live/Dead solution for 30 min at 37°C.
The viability was then assessed through fluorescence microscopy using
an Axio Imager 2 (Zeiss, Germany), and the acquired images were

further processed in Zeiss Zen Blue software.

412 | Statistical analysis

Statistical analysis was carried out by performing a Two-way ANOVA
followed by a Tukey post hoc test (GraphPad Prism v6.0). The results
are presented as average + standard deviation for rheological assays
(n = 3) and biological assays (n = 4). A p-value < 0.05 was interpreted
as statistically significant and indicated with an asterisk symbol in the
figures (*).
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