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In bone tissue engineering, the development of advanced biomimetic
scaffolds has led to the quest for biomotifs in scaffold design that better
recreate bone matrix structure and composition and hierarchy at different
length scales. In this study, an advanced hierarchical scaffold consisting of silk
fibroin combined with decellularized cell-derived extracellular matrix and
reinforced with carbon nanotubes was developed. The goal of the carbon
nanotubes-reinforced cell-derived matrix-silk fibroin hierarchical scaffolds is
to harvest the individual properties of its constituents to introduce
hierarchical capacity in order to improve standard silk fibroin scaffolds. The
scaffolds were fabricated using enzymatic cross-linking, freeze modeling, and
decellularization methods. The developed scaffolds were assessed for pore
structure and mechanical properties showing satisfying results to be used in
bone regeneration. The developed carbon nanotubes-reinforced cell-derived
matrix-silk fibroin hierarchical scaffolds showed to be bioactive in vitro and
expressed no hemolytic effect. Furthermore, cellular in vitro studies on
human adipose-derived stem cells (hASCs) showed that scaffolds supported
cell proliferation. The hASCs seeded onto these scaffolds evidenced similar
metabolic activity to standard silk fibroin scaffolds but increased ALP activity.
The histological stainings showed cells infiltration into the scaffolds and
visible collagen production. The expression of several osteogenic markers was
investigated, further supporting the osteogenic potential of the developed
carbon nanotubes-reinforced cell-derived matrix-silk fibroin hierarchical
scaffolds. The hemolytic assay demonstrated the hemocompatibility of the
hierarchical scaffolds. Overall, the carbon nanotubes-reinforced cell-derived
matrix-silk fibroin hierarchical scaffolds presented the required architecture
for bone tissue engineering applications.

Introduction

The increasing rate of musculoskeletal pathologies affects
the world population due to ever-higher life expectancy and
aging. Since bone-related diseases dramatically affect
functional and patient quality of life, it is important to develop
improved treatment strategies that promote bone tissue
regeneration.(). Bone tissue engineering solutions based on
advanced scaffolds are a promising strategy and alternative to
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conventional approaches that use autografts, which are
considered the current gold standard for clinical practices.?) In
this reasoning, developing advanced biomimetic scaffolds
mimicking the natural bone tissue in its complex three-
dimensional (3D) structure and composition is a step forward in
biomaterial research and more patient-specific therapeutics.4
Several fabrication techniques have been explored for
engineering hierarchical scaffolds with tuned structure ©),
mechanical properties, and biochemical composition.®) The
type of biomaterial also plays an important role in designing a
hierarchical scaffold and ultimately will dictate the success or
failure of tissue regeneration.”) Silk fibroin is a natural-based
biopolymer whose porosity can be controlled through ice-
templating, allowing the display of anisotropic or hierarchical
structures.(® Furthermore, it can possess synergistic and
advantageous features for bone tissue engineering scaffolding
applications.® Silk fibroin is a widely used material in bone
tissue engineering due to its versatility and interesting natural
properties.(19-12) Nonetheless, its main disadvantage is its poor
mechanical strength for bone tissue engineering
applications.(13) A solution to overcome this problem relies on
the use of carbon nanotubes, which have successfully improved
the mechanical properties of scaffolds systems.(1415)
Introducing important biochemical factors via nanoparticle
delivery is a widely used approach for hierarchical scaffolds.(6.16)
Although effective, it is often a one-dimensional approach
unable to emulate the complex composition of the bone and its
extracellular matrix. The use of decellularized matrices of the
native tissue is of great promise to address this issue since its
biochemical composition provides optimal biological cues.(17.18)

In this study, we aim to develop silk fibroin hierarchical
scaffolds combining silk fibroin, carbon nanotubes, and
decellularized cell-derived extracellular matrix for bone tissue
engineering applications. The carbon nanotubes-reinforced
cell-derived matrix-silk fibroin hierarchical scaffolds were
produced using enzymatic cross-linking, freeze templating, and
decellularization methods. In in vitro studies, human adipose-
derived stem cells were cultured in an osteogenic culture
medium in order to obtain a cell-derived extracellular matrix
with osteogenic properties. Different scaffold formulations
were tested according to their mechanical, structural, and
biological properties. Overall, in this study, a promising
approach towards 3D hierarchical scaffolds was developed for
potential applications in bone tissue engineering.

Materials and methods

Scaffold's production and characterization

Silk fibroin solution production

2| J. Name., 2012, 00, 1-3

Silk derived from the silkworm Bombyx mori in,the form,ef
cocoons was provided by the Portuguese Rs¥oidfich O Paremts
and Friends of Mentally Disabled Citizens (APPACDM, Castelo
Branco, Portugal). Sericin protein was removed from the
cocoons using a 0.02 M boiling sodium carbonate (Sigma
Aldrich, USA) solution for 1 h, followed by a 30 min wash with
boiling distilled water to remove the degumming solution
altogether, obtaining pure silk fibroin (SF). Next, the SF was
dissolved using a 9.3 M lithium bromide (Sigma Aldrich, USA)
solution for 1 h at 70°C. The resulting solution was then
submitted to dialysis in distilled water for 48 h, with regular
water changes, using the benzoylated dialysis tubing (MWCO: 2
kDa) (Sigma Aldrich, USA). SF was concentrated using a 20 wt%
poly (ethylene glycol) (Sigma Aldrich, USA) solution for a
minimum of 6 h. A small amount of SF solution was transferred
to an Eppendorf and placed at 70°C overnight to obtain the dry
weight and calculate the SF solution's final concentration. The
resulting SF solution was stored at 4°C until further use.

Cell-derived ECM production

The human adipose-derived stem cells (hASCs) were
obtained from the isolation of lipoaspirate samples gathered
under a protocol previously established with the Department of
Plastic Surgery of Hospital da Prelada (Porto, Portugal). All
subjects were informed and gave their consent. Next, 3,000
cells per cm2 were seeded into a 150 cm2 T-flask in a-MEM
medium (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco, USA) and 1% antibiotic/antimycotic (AB)
(Gibco, USA), and kept at 37°C in a humidified atmosphere of
5% v/v CO2 in air. Medium changes were performed every 4
days until cells reached 80% of confluence. Afterward, hASCs
were sub-cultured at an initial cell density of 3,000 cells per cm2
in a 150 cm2 T-flask and kept under o-MEM medium
supplemented with 0.05 mM ascorbic acid (FUJIFILM Wako
Pure Chemical Corporation, USA), 10 mM B-Glycerophosphate
(Sigma Aldrich, USA), 100 nM dexamethasone (Sigma Aldrich,
USA), 10% FBS and 1% AB. Cells were cultured for 6 weeks under
a humidified atmosphere of 5% v/v CO2 in air, and the medium
was changed twice a week in order to produce a condensed cell
monolayer with high amounts of ECM.

Decellularization

The decellularization was performed as described in Maia et
al.(9) Briefly, previously obtained condensed cell monolayers
were subjected to six cycles of freezing at -80°C for 12 h
followed by thawing at 37°C until thoroughly defrosted.
Afterward, packed cell monolayers were cut into smaller pieces
with = 3 mm. Then, they were incubated in a solution of 2% (v/v)
Triton X-100 (Sigma Aldrich, USA) with 10% (v/v) AB for 24 h, at
4°C under 200 rpm. To remove Triton X-100 solution,
monolayers were centrifuged at 5,000 rpm for 5 min at 4°C, and
the supernatant was discarded. The condensed cell monolayers
were vortexed and incubated in 0.1% (w/v) of SDS (Sigma
Aldrich, USA) with 10% (v/v) AB for 48 h at 4°C under 200 rpm.
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Condensed cell monolayers were centrifuged at 5,000 rpm for
5 min at 4°C, and the supernatant was discarded. Again, the
structures were vortexed. To remove any trace of detergents,
the monolayers were transferred to ultrapure water and
sonicated for 45 min on ice. The ultrapure water was removed
by centrifugation at 5,000 rpm at 4°C for 5 min, the supernatant
was discarded, and the monolayers vortexed. Condensed cell
monolayers were subjected to the action of 0.006% of DNase
(Thermo Scientific, USA) with 10% AB for 96 h at 4°C and under
200 rpm. Lastly, the DNase solution was removed by
centrifugation at 5,000 rpm at 4°C for 5 min, and the
supernatant was discarded. The resulted decellularized cell-
derived matrix (dCDM) was then frozen and lyophilized for 48
h.

Evaluation of decellularization effectiveness

The decellularization effectiveness was assessed through
visualization of cell nuclei and matrix preservation by histologic
analysis and DNA quantification. The decellularized tissue was
transferred to histological cassettes and fixed with 10% (v/v)
formalin solution (Thermo Scientific, USA). After paraffin
embedding (Microm EC350-1, Thermo Scientific, USA), samples
were processed in a spin tissue processer (Microm STP 120,
Thermo Scientific, USA) and sectioned with 10 um thickness by
a microtome (Spencer 820, American Optical Company, USA).
Standard hematoxylin and eosin (HE; Thermo Scientific, USA)
staining was performed to assess the presence of cell nuclei,
and Masson's trichrome (Bio-Optica staining kit, Italy) was
performed to evaluate the preservation of collagen content.
DNA extraction was achieved using the DNeasy Blood & Tissue
Kit (Qiagen, Germany) according to the manufacturer's
instructions. Similarly, the DNA quantification was performed
using Quant-IT PicoGreen dsDNA Assay Kit 2000 assays (Thermo
Scientific, USA) following the manufacturer's instructions. A
microplate reader (Synergy HT, Bio-Tek, USA) was used to read
the fluorescence intensity at 485/20 nm (excitation) and 530/20
nm (emission). The results were converted into ng/ml through
a standard curve produced with standard dsDNA solutions at
increasing concentrations, ranging from 250 ng/ml to 2,000
ng/ml. Finally, the dsDNA quantification values
normalized by the dCDM dry weight.

were

dCDM solution preparation

The dCDM was dissolved using 1 ml of 0.01 M hydrochloric
acid (Honeywell, USA) and 10 mg pepsin (Fisher Scientific, USA)
per mg of dCDM. The dCDM was placed in the solution under
agitation at 200 rpm at room temperature for 72 h until it was
fully dissolved. After this step, the pH level was adjusted to 7.0
with sodium hydroxide.

Scaffold fabrication

For scaffold fabrication, four different conditions were
prepared, SF scaffolds (SF scaffolds), SF combined with multi-
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walled carbon nanotubes scaffolds (Sigma-Aldrich), (SEACNT
scaffolds), SF combined with dCDM Dstlaffolefsd/ PSF7eiCHNA
scaffolds), and SF combined with dCDM and CNT
(SF/dCDM/CNT scaffolds). For SF scaffolds, horseradish
peroxidase (HRP) (type VI, 0.84 mg/ml) (Sigma Aldrich, USA) and
hydrogen peroxide solution (H,0,, 0.36 wt%; Panreac, Spain)
were added to an 8 wt% SF solution that was diluted with
distilled water. This mixture was then incubated at 37°C for 30
min. To obtain SF/dCDM scaffolds, SF solution was combined
with dCDM solution for a final concentration of 8 wt% SF and 1
mg/ml of dCDM. For the SF/CNT scaffolds, SF was combined
with CNT to an end concentration of 8 wt% SF and 1 mg/ml of
CNT. The SF/dCDM/CNT were fabricated combining SF, dCDM,
and CNT to an end concentration of 8 wt% of SF, 1 mg/ml of
dCDM, and 1 mg/ml of CNT. All scaffolds, SF/dCDM, SF/CNT, and
SF/dCDM/CNT, were fabricated as described to develop SF
scaffolds. In this reasoning, each solution was combined with
HRP (type VI, 0.84 mg/ml) and hydrogen peroxide solution. This
mixture was then incubated at 37°C for 30 min. After the
enzymatic cross-linking, the scaffolds were frozen at - 80°C for
2 h and then freeze-dried for 24 h.

Micro-computed tomography (Micro-CT)

The microarchitecture of the produced scaffolds was
analyzed with a high-resolution micro-CT SkyScan 1272 scanner
(Bruker, USA) with a pixel size of 10 um. Standardized cone-
beam reconstruction software (NRecon v1.4.3, SkyScan) was
used for data sets reconstructions. Binary images with a
dynamic threshold of 22-40 (gray values) were obtained
through segmentation of the sample's representative data set.
Then, the obtained results were used for morphometric analysis
(CT Analyser, v1.5.1.5, SkyScan) and construction of 3D models
(CTVox, v2.4, SkyScan). After 3D reconstruction, different
thresholds were applied to analyze the various components of
the scaffolds.

Dynamic mechanical analysis (DMA)

The viscoelastic measurements were investigated using a
DMA 8000 (PerkinElmer, USA) in the compressive setting. The
scaffolds (n=3) were immersed in phosphate buffer saline (PBS,
Sigma-Aldrich) overnight at 37°C. The geometry of the scaffolds
was measured (with a micrometer of precision), clamped in the
DMA apparatus, and immersed in a PBS bath with the
temperature set to 37°C. After equilibration at 37°C, the DMA
spectra were acquired through a frequency scan ranging from
0.1 to 10 Hz. A constant strain amplitude of 50 um was applied
in each experiment.

Bioactivity test

The in vitro bioactivity evaluation was performed as
described elsewhere.(2 Briefly, scaffolds were soaked for 7 and
14 days in conical tubes containing simulated body fluid
solution (SBF). The SBF solution was prepared under continuous
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agitation of 60 rpm and at 37°C with the following ion
concentrations: Na* 142.0 mM, K* 5.0 mM, Ca?* 2.5 mM, Mg ?*
1.5 mM, Cl ~ 148.8 mM, HPO*~ 1.0 mM, HCO3%~ 4.2 mM, and
S04% 0.5 mM (20). Then the pH was corrected to 7.4, a value
similar to the human blood plasma's pH. After, the scaffolds
were rinsed with distilled water and dried at 37°C overnight.
Then, the scaffolds were analyzed using SEM (JEOL, JSM-
6010LV) and elemental chemical analysis by energy-dispersive
X-ray spectroscopy (EDS).

Cellular in vitro studies

Cell seeding

All scaffolds were sterilized with oxide ethylene before cell
seeding. Previously isolated hASCs were cultured at a density of
3,000 cells per cm2 into a 150 cm2 T-flask in a-MEM medium
supplemented with 10% FBS and 1% AB and maintained at 37°C
under a humidified atmosphere of 5% v/v CO2 in air. Medium
changes were performed every 4 days until cells reached 80%
of confluence. At this point, cells were detached and seeded at
the scaffolds. For that, a drop (30 pl) of 150,000 hASCs in the
medium was seeded on top of SF, SF/dCDM, SF/CNT, and
SF/dCDM/CNT scaffolds. After 1 h at 37°C, the drop was entirely
absorbed by the scaffolds, and 1ml of a-MEM medium with 10%
FBS and 1% AB was added to each well. Cultures were
maintained in 48 non-adherent well plates in order to minimize
cell adhesion to the bottom of the plates. Cultures were kept at
37°Cin a humidified atmosphere of 5% (v/v) CO2 in air.

Metabolic activity

Metabolic activity was evaluated after 1, 14, and 21 days
making use of 20% (v/v) of Alamar Blue reagent (ALAMAR
BLUE®, AbD, UK) in a-MEM culture medium, constructs were
covered to protect from the light and incubated for 3 h at 37°C
with 5% CO, under a humidified atmosphere of 5% (v/v). Then,
into a new 96-well cell culture plate, 100 ul per well of
supernatant were pipetted in triplicate. A microplate reader
(Synergy HT, Bio-Tek, USA) was used to read the fluorescence
intensity at 530/20 nm (excitation) and 590/35 nm (emission).
Alamar Blue in medium served as blank. Values were
normalized with DNA values for each time point.

DNA content

DNA content was evaluated after 1, 14, and 21 days of
culture. Scaffolds were rinsed with PBS followed by adding 1 ml
of ultra-pure water into each well and incubating at 37°C for 1
h. Scaffolds were then stored at —20°C until analysis. Before
DNA quantification, the constructs were placed in an ultrasound
bath for 30 min at 37°C to ensure cell lysis. Quant-IT PicoGreen
dsDNA Assay Kit was employed following the manufacturer's
specifications to quantify dsDNA from cell lysates. A microplate
reader was used to read the fluorescence intensity at 485/20
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nm (excitation) and 530/20 nm (emission), and the,gesults. were
converted through a standard curve obPaihéd Wit 'stdHaard
dsDNA solutions at increasing concentrations, ranging from 250
ng/ml to 2,000 ng/ml.

Histology staining

Samples were collected after 1, 14, and 21 days and
processed for histology. In this sense, constructs were
transferred to histological cassettes and fixed with 10% (v/v)
formalin solution. After paraffin embedding, samples were
processed in a spin tissue processer and sectioned with 10 pm
thickness using a microtome. Standard hematoxylin and eosin
staining was performed using an automatic stainer (Microm
HMS 7740, Thermo Scientific, USA) to assess cell distribution
and collagen deposition by Masson's trichrome.

Scanning Electron Microscopy

Scanning electron microscopy (SEM, JSM-6010 LV, JEOL,
Japan) was used to analyze the microarchitecture of the
scaffolds and observe the cell morphology after the seeding. For
SEM analysis, the scaffolds were sliced into halves, and the
inner surface of the scaffolds was observed. Scaffolds were
fixated in formalin 10% and, before analysis, sputter-coated
with gold using a Leica EM ACE600 coater (Leica Microsystems,
Austria). For the cell-seeded scaffolds, these were fixated in
formalin 10% and rehydrated with a series of ethanol
concentrations (30, 50, 70, 90, and 10% v/v), twice each
concentration for 15 min. Lastly, the scaffolds were placed in
hexamethyldisilazane and left overnight at room temperature
(RT) to dry. Before analysis, the scaffolds were sputter-coated
with gold.

Alkaline phosphatase activity quantification

To quantify ALP activity, cell lysate previously produced was
used. Thus, 80 pl of cell lysate were combined with 20 ul of 1.5
M of Alkaline buffer solution (Sigma-Aldrich) and 100 pl of 4
mg/ml of phosphatase substrate (Sigma-Aldrich, USA). Then
samples were incubated protected from light for 1 h at 37°C.
Reaching this stage, the reaction was halted by adding 100 pl of
0.3 M of NaOH (Panreac AppliChem), and a microplate reader
(Synergy H, Bio-Tek, USA) was used to read the absorbance at
405 nm. The ALP activity per h was determined using a standard
curve obtained from different dilutions of 4-Nitrophenol
(Sigma-Aldrich, USA) solution 10 mM, ranging from 0 to 250 uM
and normalized by the dsDNA quantification values.

RNA Isolation and Real-Time Quantitative
Reverse Transcriptase-Polymerase Chain Reaction
(qRT-PCR)

The total mRNA from the seeded scaffolds was extracted
using the Direct-zolTM RNA MiniPrep kit (Zymo Research, USA),
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following the manufacturer's instructions. Briefly, after 14 and
21 days of culture, the constructs were washed with PBS
solution, immersed in 300 pul of TRI Reagent, and stored at —-80°C
until further use. Samples were thawed at room temperature
and sonicated using an ultrasonic processor (Sonics Materials
VCX-130PB Ultrasonic Processor, USA) to lyse the cells
completely. RNA quantification and purity were evaluated
through NanoDrop ND-1000 spectrophotometer (Nano-Drop
Technologies, USA). Complementary DNA (cDNA) synthesis was
performed following the protocol from the qScriptTM cDNA
synthesis Kit (Quanta Biosciences, USA) using a MiniOpticon
real-time PCR detection system (BioRad, USA). To obtain single-
stranded cDNA through qgScript Reverse Transcriptase (RT), 100
ng of total RNA was used. The cDNA was further used as a
template for the amplification of osteogenic genes (ALP, Runx-
2, Col la, and OPN) (Table 1) using the PerfeCTa SYBR Green
FastMix kit (Quanta Biosciences, USA) according to the
manufacturer's instructions. Forty-five cycles of denaturation
(95°C, 10 s), annealing (temperature specific for each gene, 25
s), and extension (72°C, 30 s) were carried out in a Mastercycler
ep realplex real-time PCR system (Eppendorf, Germany). The
transcript expression data of each sample were normalized to
the housekeeping gene glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) of that sample for each tested time
point. The relative gene expression quantification was
calculated as calibrator the expression levels of hASCs collected
at the time of cell seeding (day 0), according to the Livak
(2-AACt) method.

Sequences
T
Gene

Forward (5°-3") Reverse (5°-3") (°C)
GAPDH ACAGTCAGCCGCATCTTCTT GACAAGCTTCCCGTTCTCAG 58.4
Col Ia. CGAAGACATCCCACCAATCAC | GTCACAGATCACGTCATCCGC 59.6

ALP CTCCTCGGAAGACACTCTG AGACTGCGCCTGGTAGTTG 60
OPN CCCACAGACCCTTCCAAGTA GGGGACAACTGGAGTGAAAA 58.4
Runx-2 TTCAGACCAGCAGCACTC CAGCGTCAACACCATCATTC 58.1

Table 1 - Primer list for osteogenic-related markers.

Cell viability and morphology

The cell viability was assessed by calcein-AM and propidium
iodide (Pl) (Life Technologies, Carlsbad, CA, USA) staining. At
each time point, seeded scaffolds were incubated in 1 pg/ml
calcein-AM and 5 pg/ml Pl prepared in the cultured medium for
30 min in the dark at 37°C in 5% CO, under a humidified
atmosphere of 5% (v/v). Then, samples were immediately
analyzed by confocal microscopy (Leica TCS SP8).

The cell morphology was assessed by F-actin staining. First,
cells were rinsed with PBS, fixed with 10% Neutral Buffered

Formalin  (ThermoFisher Scientific) for 20 min and
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permeabilized for 5 min with 0.1% v/v Triton X;100.($igmas
Aldrich) in PBS. Afterwards, F-actin filamepes WelfEsS3tainelwith
Phalloidin—Tetramethylrhodamine B isothiocyanate (Sigma-
Aldrich, 1:100) and nuclei were counterstained with 1:1000 of
the stock of 4,6-Diamidino-2-phenyindole, dilactate solution
(DAPI, 1mg/mL, Biotium). Samples were analysed by confocal
microscopy (Leica TCS SP8).

Hemolytic assay

To assess the hemolytic activity levels of developed
scaffolds, 5 ml of blood were mixed with 45 ml of PBS. Then, to
obtain the red blood cells, samples were centrifuged (1,000x g,
4°C) for 10 min, and the supernatant was discarded. The
centrifugation step was repeated until obtaining clear PBS
solution, thus indicating that the pellet was clean. Afterward,
the obtained pellet was measured and was combined with PBS
to make a solution of 3% (w/V). At this point, 80 ul of the
previous solution was transferred to a well of a 96-well plate,
and each developed scaffold was placed inside the solution. As
positive control (i.e., 100% red blood cell lysis), 80 ul of Triton
X-100 was added to the solution, while as negative control (i.e.,
0% red blood cell lysis), 80 ul of PBS was added. The plates were
incubated at 37°C for 4 h and afterward centrifuged at 1,000 x
g for 10 min and 4°C. Finally, the supernatant (80 ul) of each well
was pipetted into a new 96-well plate, and the absorbance was
measured at 558 nm. For each sample, three wells were
prepared, and data were normalized with the controls, using
the following equation 1:

Hemolysis (%) = [(AbSsampie - AbSpas)/(AbStriton x-100 - AbSpgs)] x 100
Eq. 1

Statistical analysis

Statistical analyses were carried out using GraphPad Prism
6.07. First, the Shapiro-Wilk test was performed to assess data
normality. Non-parametric Mann-Whitney test was used to
determine the differences in the PCR results. The non-
parametric tests, the Kruskal-Wallis test followed by Dunn's
test, were used to analyze the ALP expression results, metabolic
activity, and cell proliferation. The critical value of statistical
significance was p<0.05. Data are cited as mean * standard
deviation.

Results

Various characterization and biological assays were
performed to assess the viability and cytocompatibility of the
developed scaffolds. The hASCs were cultured onto the four
scaffold formulations: SF, SF/dCDM, SF/CNT, and SF/dCDM/CNT
scaffolds, where SF scaffolds were used as control.

Scaffolds characterization

J. Name., 2013, 00, 1-3 | 5
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Evaluation of decellularization effectiveness

Hematoxylin-eosin and Masson's Trichrome staining were
performed on the decellularized condensed monolayers to
verify the presence of nuclei and collagen, respectively, to
confirm successful decellularization. As it can be observed from
Figure 1, nuclei were successfully removed from dCDM, while
collagen was maintained as compared with control (CTRL), i.e.,
no decellularized matrices. Furthermore, the efficiency of the
decellularization process was confirmed through dsDNA
quantification analysis. Results show that the value of DNA was
inferior to 50 ng/mg of dCDM dry weight, the accepted
threshold for effective decellularization.(2)

A
B
C
= 1500+ *rkk
i | 1
=, l 1
H 10732
£ 1000+
B
[+]
o
E
g 500
e
o 48.1
[
2 0- T
CTRL dCDM

Figure 1 - Characterization of decellularized material. A) CTRL and dCDM stained with
hematoxylin and eosin showing no nuclei present. B) Masson's Trichrome staining was
performed on the CTRL and dCDM, evidencing the collagen content (scale bar: 50 um).
C) dsDNA quantification shows a significant decrease of dsDNA content on dCDM
compared to CTRL, reaching less than 50 ng/mg of dCDM dry weight as postulated
(****p<0.0001).

Scaffold's structure evaluation

Scaffolds composed of SF, SF/dCDM, SF/CNT, and
SF/dCDM/CNT were prepared and characterized using micro-
CT, SEM, and DMA. The micro-CT and SEM were performed to
analyze the porosity and structure of the scaffolds (Figure 2).
The micro-CT analysis showed differences in pore size (Figure 2
A). As seen in Table 2, SF evidenced a mean pore size of 83 £+ 9
um, SF/dCDM a pore size of 135 * 34 um, SF/CNT and
SF/dCDM/CNT a pore size of 63 = 29 um and 112 + 22 um,
respectively. Additionally, the total porosity of SF was 73 + 3%,
of SF/dCDM was 76 * 4%, and SF/CNT and SF/dCDM/CNT

displayed a total porosity of 60 + 3% and 75 + 3%, respectively.
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SF/dCDM and SF/dCDM/CNT presented the highest. total
porosity and largest mean pore size. DOI: 10.1039/D1TB01972D
Images of scaffold structure obtained by micro-CT clearly show
the different pore sizes (Figure 2 A), which corroborates the
values obtained during quantitative analysis (Table 2).
Nevertheless, it is essential to point out that no effect was
observed in the scaffolds' size, all with = 6 mm of diameter
(Figure 2 A insets). Moreover, different densities of the various
constituents of the scaffolds were observed, as depicted in
Figure 2 B. In this sense, it is possible to detect the presence of
dCDM (in blue) since it presents higher density than SF (in
green), as well as the presence of CNT (in blue), being the
formulation with dCDM and CNT the one with more differences
in the density of the scaffold (Figure 2 B). Finally, SEM analysis
evidenced the scaffolds' different porosities in accordance with
the results obtained by micro-CT (Figure 2 C).

SF SF/dCDM SF/CNT  SF/dCDM/CNT

ko

Figure 2 - Micro-CT and SEM analysis of SF, SF/dCDM, SF/CNT, and SF/dCDM/CNT
scaffolds. (A) Micro-CT images showing scaffolds porosity. The inset shows pictures of
the different scaffolds. (B) Visibility of different densities of the materials that form the
scaffolds. (C) SEM images show the topography of scaffolds (scale bar:500 um) and the
respective porosity in higher magnification (scale bar:100 pum).

Table 2 - Micro-CT analysis results. Total porosity (%) and mean pore size (um) for SF,
SF/dCDM, SF/CNT, and SF/dCDM/CNT scaffolds.

Total porosity Mean pore size
Samples (%) (um)
(n=3)

Mean stdev Mean stdev
SF 73 3 83 9
SF/dCDM 76 4 135 34
SF/ICNT 60 3 63 29
SF/dCDM/CNT 75 3 112 22

This journal is © The Royal Society of Chemistry 20xx
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Furthermore, using micro-CT analysis, it was possible to
assess the dispersion and possible aggregation of the CNT. For
that, SF/dCDM scaffolds were used as a baseline, and the
applied threshold was 25-255 for total content and 75/85-255
for differentiation of CNT. As depicted in Figure 3, it was
possible to see low carbon nanotubes aggregation, thus
indicating an adequate homogeneity in the scaffold matrix.

SF/ENT

SF/dCDM/CNT

Figure 3 - Evaluation of carbon nanotube dispersion. Micro-CT analysis of SF/CNT
and SF/dCDM/CNT showing nanotube aggregates (red regions) based on density,
with SF/dCDM serving as the baseline.

DMA was performed to assess the mechanical properties of
the scaffolds. The results showed that conditions containing
dCDM (SF/dCDM and SF/dCDM/CNT scaffolds) possess
approximately ten times lower E' (storage modulus, kPa) values
as compared with SF and SF/CNT scaffolds (Figure 4 A). Tan &
(damping) was also analyzed, showing values below 1.0 that
were constant up to 4 Hz for all conditions, evidencing that
scaffolds' mechanical properties can be situated in the leathery
region, meaning the scaffolds are rigid but flexible (Figure 4 B).
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Figure 4 - DMA analysis. (A) Storage modulus (E'), and (B) Tan delta
(Tand) of SF, SF/dCDM, SF/CNT, and SF/dCDM/CNT scaffolds measured
as a function of frequency. Data are displayed as mean = stdev (n=3).

This journal is © The Royal Society of Chemistry 20xx

rials Chemistry|E

ARTICLE

View Article Online
DOI: 10.1039/D1TB01972D

In vitro bioactivity assessment

Bioactivity was investigated by soaking SF, SF/dCDM,
SF/CNT, and SF/dCDM/CNT scaffolds in SBF at 37°C for 14 days.
To evaluate mineralization formation, EDS was performed, and
SEM images were obtained. For all conditions, mineralization
was verified after 14 days, as depicted in Figure 5. Additionally,
the formation of apatite crystals "cauliflower-like" structures on
all samples were verified, except SF/CNT. The EDS analysis of
SF/dCDM/CNT scaffolds showed higher amounts of calcium (Ca)
and phosphorus (P) than SF/dCDM and SF/CNT scaffolds. When
comparing SF scaffolds and SF/dCDM/CNT scaffolds, despite the
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Figure 5 - In vitro bioactivity of SF, SF/dCDM, SF/CNT and SF/dCDM/CNT
scaffolds. Representative SEM images and EDS analysis at day 14 of: (A) SF;
(B) SF/dCDM; (C) SF/CNT; and (D) SF/dCDM/CNT scaffolds (scale bar: 10 um).

similar values concerning the Ca content, it was observed lower
values on P in SF/dCDM/CNT scaffolds.

Cellular in vitro studies

Metabolic activity

Metabolic activity was analyzed using Alamar Blue assay at
1, 14, and 21 days (Figure 6). The results were normalized using
dsDNA quantification values. It was verified that the cells
remained metabolic active after 21 days in each of the
conditions. On day 1, cells cultured on SF/dCDM/CNT scaffolds
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showed the highest metabolic activity among the four
conditions. The cells cultured on SF/dCDM scaffolds showed the
lowest metabolic activity. On day 14, the metabolic activity of
cells cultured on SF/dCDM, SF/CNT, and SF/dCDM/CNT
scaffolds decreased compared to day 1 while increasing for SF
scaffolds. Nevertheless, cells cultured onto the SF/dCDM/CNT
scaffolds also displayed the highest metabolic activity, and SF
and SF/dCDM had the lowest values. Finally, on day 21, it was
observed that the metabolic activity of cells cultured onto the
SF/dCDM/CNT scaffolds decreased, but an increase in cells
cultured onto the SF scaffolds was observed. When comparing
day 14 and day 21, it was possible to watch a significant rise in
metabolic activity values for SF, SF/dCDM, and SF/CNT cell-

laden scaffolds. Moreover, the results showed that cells
10
Il SF
g 8- 3 . Bl SF/dCDM
9, # # Il SF/CNT
T 6 $ * * B SF/ICDM/CNT
=4 $
£ *s
- IEERY K
g 2_ * % *
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Figure 6 - Metabolic activity of cells seeded on scaffolds. Metabolic activity of hASCs
seeded on SF, SF/dCDM, SF/CNT, and SF/dCDM/CNT scaffolds evaluated using
Alamar Blue assay and normalized by ng of dsDNA. Data is displayed as meanzstdev
(n=9). *-
indicates statistically significant differences when compared with SF at the same
time-point; # - indicates statistically significant differences when compared with
SF/dCDM/CNT at the same time-point; ® - indicates statistically significant
differences when compared with SF/dCDM at the same time-point. ¢ — indicates
statistically significant differences between day 21 and day 14.

indicates statistically significant differences when compared with day 1; $ -

cultured onto SF/CNT scaffolds had significantly higher
metabolic activity than the other three types of scaffolds at day
21.

Cell Proliferation

Cell proliferation was also analyzed, as shown in Figure 7.
For that, dsDNA was quantified at 1, 14, and 21 days of culture.
On day 1, SF/dCDM constructs showed higher rates of cell
proliferation than SF/CNT. On day 14, compared to day 1, a
significant increase in cell proliferation was verified for all four
conditions. Furthermore, SF/dCDM constructs displayed the
highest amount of cell proliferation at this time point, while the
lowest increase was demonstrated in the SF/CNT constructs.
When analyzing the values of cell proliferation at day 21, it
increased significantly in all conditions compared to day 1.
Interestingly, when comparing day 21 and day 14, SF/CNT
constructs displayed a significant increase in cell proliferation
values. On day 21, it was verified that SF/dCDM/CNT samples
presented higher cell proliferation than SF/dCDM and SF/CNT,
but no statistical differences were observed compared with SF.
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Figure 7 - Cell proliferation assessed by dsDNA quantification of hASCs seeded
on SF, SF/dCDM, SF/CNT, and SF/dCDM/CNT. Data is displayed as meantstdev
(n=9). * - indicates statistically significant differences when compared with day 1;

- indicates statistical significant differences when compared with SF/CNT; e -
indicates statistically significant differences when compared to SF/dCDM/CNT; ¢
- indicates statistically significant differences when compared with SF. $ - indicates
statistically significant differences when compared to day 14.

Histology and SEM analysis

Histological analysis was performed on the seeded scaffolds
after 21 days to assess the cell dispersion, morphology, and
collagen production. Masson's Trichrome (TM) was performed
to determine the collagen content on cell-seeded scaffolds.
After 21 days, collagen was observed surrounding the cells for
SF, SF/dCDM, and SF/dCDM/CNT, but no collagen was detected
for SF/CNT conditions. Hematoxylin and eosin (HE) staining was
used to observe cells grown on the scaffolds. The HE staining
showed that after 21 days, cells were visible on the scaffold for
all four conditions with some level of penetration into the
scaffolds (Figure 8, black arrows).

™

SF/dCDM é@%

SF/dCDM/CNT W :

Figure 8 - Histological analysis. Representative images of Masson's Trichrome (TM)
of hASCs cultured on SF, SF/dCDM, SF/CNT, and SF/dCDM/CNT scaffolds at day 1
and 21, staining collagen in blue (scale bar: 50 um). Representative images of
hematoxylin and eosin (HE) staining of hASCs cultured on SF, SF/dCDM, SF/CNT, and
SF/dCDM/CNT scaffolds, on day 1, and 21 (scale bar:50 um; black arrows indicate
stained cells).

To further complement this data, SEM was performed after
21 days. It was possible to observe that the cells adhered and
spread onto the different scaffolds, reaching a high degree of
confluence. Furthermore, a good distribution of cells on the
scaffold surface with some degree of penetration into the
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matrix and consistent cell morphology was also observed

Figure 9 - SEM analysis. Visible cells are covering (A) SF scaffolds, (B) SF/dCDM
scaffolds, (C) SF/CNT scaffolds, and (D) SF/dCDM/CNT scaffolds after 21 days
of culture (scale bar: 10 um).

(Figure 9).
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Figure 10 - Quantification of ALP activity of hASCs seeded onto the SF, SF/dCDM,
SF/CNT, and SF/dCDM/CNT scaffolds for 21 days. Data is displayed as meantstdev
(n=9). * - indicates statistically significant differences when compared to SF; # -
indicates statistic significant differences when compared to SF/CNT; $ - indicates
statistically significant differences when compared to SF/dCDM; ¢ - indicates
statistically significant differences when compared to day 1; e - indicates statistically
significant differences when compared to day 14.

ALP activity quantification

ALP activity was quantified after 1, 14, and 21 days of culture
and normalized by dsDNA (Figure 10). On day 1, SF and
SF/dCDM constructs had significantly lower ALP expression
than SF/CNT and SF/dCDM/CNT constructs. On day 14,
compared to day 1, the values of ALP activity decreased for
SF/dCDM constructs, while the values increased for SF/CNT
constructs. Furthermore, similarly to day 1, SF samples had
significantly lower ALP expression than SF/CNT and
SF/dCDM/CNT, whereas SF/dCDM showed lower expression
than SF/dCDM and SF/dCDM/CNT samples. On day 21,
comparatively to day 1, an expression decreased was observed
for SF, SF/dCDM, and SF/dCDM/CNT constructs. Also,
comparatively to day 14, a decrease in ALP expression for
SF/CNT and SF/dCDM/ CNT constructs was verified. Following
the tendency of the previous time points, the expression of
SF/CNT was higher than the other conditions.
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The differentiation of hASCs seeded onto the scaffolds was

evaluated by quantifying the relative gene expression of
osteogenic-associated markers Col la, Runx-2, OPN, and ALP
(Figure 11). SF/CNT and SF/dCDM/CNT constructs expressed
significantly higher levels of ALP than SF scaffolds at day 14.
Moreover, at day 21, a significant decrease of ALP expression
on SF/dCDM, SF/CNT, and SF/dCDM/CNT constructs was
observed compared to day 14 (Figure 11 A). For Runx-2 gene
expression, SF/CNT and SF/dCDM/CNT constructs showed
significantly higher transcript levels than SF scaffolds at day 14.
When comparing day 14 with day 21, a significant increase of
Runx-2 expression was verified on SF constructs as opposed to
the SF/dCDM/CNT constructs (Figure 11 B). The expression of
Col la at day 14 was significantly higher in tested conditions as
compared to control SF constructs. Moreover, the Col la
transcript levels were significantly higher at day 14 compared to
day 21. SF/dCDM/CNT constructs also showed at day 21
significantly higher Col la expression than that observed for SF
and SF/dCDM constructs (Figure 11 C). Finally, the OPN
transcript levels at day 14 were significantly higher on SF/CNT
constructs than the other tested conditions. On day 21, a
significant increase of OPN gene expression was verified on SF
constructs, which together with SF/CNT constructs showed
significantly higher OPN transcript levels than that observed on
SF/dCDM and SF/dCDM/CNT constructs at the same culture
period (Figure 11 D).

PCR analysis
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Figure 11 - Real-time gRT-PCR analysis for different osteogenic associated genes.
Relative expression of osteogenic-related transcripts, namely (A) ALP, (B) Runx-2, (C) Col
la, and (D) OPN, by the hASCs cultured on SF, SF/dCDM, SF/CNT, and SF/dCDM/CNT
scaffolds for 14 and 21 days. The 2-AACt method was used to calculate the fold changes
in relative gene expression. The significance levels were set to p<0.05 (*), p<0.01 (**),
p<0.001 (***), and p<0.0001 (****).

Cell viability and morphology

After 1, 14, and 21 days of culture, the cell viability and
morphology were evaluated under a fluorescence microscope
(Figure 12). A live/dead assay was performed to assess cell
viability, staining live cells in green and dead cells in red. For all
conditions, cells remained viable along the time of culture, as
depicted in Figure 12. After 21 days, a high number of viable
cells was seen, contrasting with the low number of dead cells.
Additionally, it was possible to observe that cells proliferated
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along the 21 days. To assess the morphology of cells, the
cytoskeleton was stained using Phalloidin (in red), and the
nucleus was stained with DAPI (in blue). As observed from
Figure 12, the cells presented a round shape after 1 day of
culture, but they shifted to a spindle-like form along with the

SF/CNT SF/dCDM/CNT

SF/dCDM

A SF

Day 1

B SF SF/dCDM SF/CNT SF/dCDM/CNT

Figure 12 - Cell viability and morphology. Representative images of viability and
morphology of hASCs cultured on SF scaffolds, SF/, SF/CNT scaffolds, and
SF/dCDM/CNT scaffolds through 21 days. (A) Live/dead imaging showing viable cells
stained in green and dead cells stained in red (scale bar: 50 um), (B) Pictures show
cells' cytoskeleton and nucleus upon stained with Phalloidin (in red) and DAPI (in
blue), respectively (scale bar: 10 um).

culture for all conditions.

Scaffolds hemocompatibility

A hemolytic assay was performed to assess the
hemocompatibility of the scaffolds. For all four different
scaffolds formulations, the obtained value of hemolysis
percentage was 0%, indicating no bursts of blood cells (Figure
13).
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Figure 13 - Results of hemolytic assay. Results of the hemolytic assay on SF, SF/dCDM,

Samples Hemolysis (%)
SF 0
SF/dCDM 0
SF/CNT 0
SF/ACDM/CNT 0
CTRL- 0
CTRL* 100

SF/CNT, and SF/dCDM/CNT scaffolds with PBS acting as a negative control group
(CTRL -) and Triton X-100 as a positive control group (CTRL+).

Discussion

Currently, in bone tissue engineering (BTE), the natural step
forward is developing biomimetic approaches that recapitulate
the native tissues environment, ideal for regeneration of bone
tissue.(22) The existent scaffold approaches do not yet possess
the specificity to mimic the different dimensions of the natural
tissue. Hence, the challenge remains the development of more
efficient hierarchical scaffolds.

SF was combined with dCDM and CNT in the present study
to produce carbon nanotubes-reinforced cell-derived matrix-
silk fibroin hierarchical scaffolds to mimic the bone structure
from macro to nanoscale. These scaffolds were evaluated
regarding their mechanical and structural properties and their
effects on cells behavior, namely viability, proliferation, and
differentiation along the osteoblastic lineage. Firstly, the
efficient decellularization of the dCDM was verified using
hematoxylin and eosin staining to guarantee the absence of
visible nuclei. This verification is of great importance since it
prevents an immunological response and is critical for further
application of the dCDM.(23) Furthermore, Masson's Trichrome
showed apparent preservation of collagen in the dCDM. Several
studies have reported the importance of collagen on cellular
differentiation since it contains several biological cues that can
modulate cells adhesion, proliferation, and differentiation.4
DNA quantification was also performed, demonstrating that the
dsDNA content was below 50 ng/mg of matrix dry weight, the
accepted threshold for effective decellularization.(2)

Another vital aspect of hierarchical scaffold production is its
mechanical and structural properties. A minimum pore size
ranging from 100 um to 150 um has been described as required
for bone formation.?®) Also, scaffolds should ideally possess
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between 60% - 90% of total porosity.26'The scaffold's porosity
analysis showed that CNT appears to have a decreasing effect
on pore size since the SF/CNT scaffolds presented the lowest
pore size (63 + 29 um) and total porosity (60 + 3%). On the other
hand, the incorporation of dCDM seems to increase the pore
size since SF/dCDM and SF/dCDM/CNT present a pore size of
135 + 34 pm and 112 £ 22 um, respectively, countering the
previously described effect of the CNT. The pore size observed
was smaller than verified by Ribeiro et al., who used SF and
HRP/H,0, to fabricate scaffolds using enzymatic cross-linking
and salt leaching. They observed a mean pore size of 361.4
um.?7) This pore size indicates that the chosen processing
method can drastically influence pore size. The one selected for
this work successfully resulted in pores sizes within the
described optimum range for bone formation. In a similar
manner to pore size, total porosity increased with the presence
of dCDM, to 76 + 4% in the case of SF/dCDM and 75 + 3% in the
case of SF/CNT/dCDM. The results are also within the optimum
range and around 10 % superior, as reported by Costa et al. that
observed a 59.1% total porosity for the SF scaffold.(2®) Besides
these observations, micro-CT results also showed that CNT
appears to be adequately dispersed through the scaffolds
matrix. This observation is crucial since CNT are predisposed to
entangle and form agglomerates due to van der Waals forces
between the tubes, and such accumulation may hinder its
application-(29)

Considering the mechanical analysis, although the positive
effect on pore size, the conditions modified with dCDM showed
a much ten times lower storage modulus than SF and SF/CNT
scaffolds. The weaker mechanical properties can be explained
by the presence of collagen in the dCDM, as verified by
Masson's Trichrome, which is widely known to present low
storage modulus.?%31) Furthermore, all scaffolds were elastic,
as evidenced by the tan & (<1) values. Results showed that even
though the porosity of the conditions modified with dCDM s
more suitable for bone regeneration, its incorporation also
results in much weaker mechanical properties. Such mechanical
properties are very different from native bone tissue stiffness
(e.g., = 20 GPa in the case of cortical bone).3? Interestingly,
studies have shown that scaffolds with lower stiffness (< 0.7
kPa) were capable of stimulating cell proliferation and
osteogenic differentiation at a higher level than stiffer scaffolds
(> 5 kPa).3233) Thus, the scaffolds with dCDM are within the limit
of the optimum scaffolds' stiffness values to promote the
differentiation along the osteogenic lineage. Interestingly,
although the mechanical properties enhancing effect of CNT is
well documented 4, the obtained data showed no effect of
CNT on the improvement of stiffness. The low concentration of
CNT used for the scaffold production could explain these
results. Besides, scaffolds were soaked in SBF solution to
evaluate its bioactivity and thus foresee its behavior upon
implanted in an in vivo environment. SF scaffolds showed to be
bioactive as expected since silk bioactivity is well known and
widely studied.®5 The results of SF/dCDM/CNT scaffolds
showed a very similar apatite deposition to that observed for
the SF scaffolds, thus suggesting that the addition of dCDM and
CNT negatively affected the bioactive behavior of scaffolds.
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Journal ofsMaterials ChemistryB

The effect of the developed scaffolds on cells,was stuslied
using hASCs cultured without supplemented ImETRIRLT Rl
in terms of cell adhesion and spreading, metabolic activity, cell
proliferation, ALP activity, and gene expression. Cells seeded on
SF, SF/dCDM, and SF/CNT scaffolds evidenced an increase in
metabolic activity across all time points, in opposition to
SF/dCDM/CNT constructs where the metabolic activity
decreased from day 1 to day 14. Additionally, for
SF/dCDM/CNT, between day 14 and day 21, the stagnation of
metabolic activity is consistent with the stagnated cell
proliferation, which indicates that cells were beginning to
differentiate along the osteoblastic lineage. It is widely
accepted that when cells began to differentiate, they became
less proliferative, as observed between day 14 and day 21.036)
Interestingly, between day 1 and day 14, SF/dCDM evidencing
the highest cell proliferation rate, which could be related to the
presence of dCDM. It is described in the literature that scaffolds
with cell-derived matrices present improved cell proliferation
rates.(3738) Moreover, the lower stiffness of the scaffolds can
result as well in improved cell proliferation.’32 SEM images
showed that the scaffolds were covered entirely in cells with a
high degree of confluence, corroborating that the cells were
proliferating along the time of culture. This was further
evidenced by Phalloidin-DAPI images, where cell elongation and
random cell orientation could be seen. Additionally, the live-
dead analysis showed that scaffolds had no harmful effects on
cells across the 21 days of culture. According to the previous
results, HE staining also evidenced cell adhesion and spread
across the surface with penetration into the scaffold interior.
Furthermore, Masson's Trichrome showed the presence of de
novo collagen in all conditions except SF/CNT, indicating that
cells were capable of producing and secreting their endogenous
collagenous matrix at their pericellular space. These results
suggest that CNT by itself may have a negative effect on
collagen production, which can be countered by the presence
of dCDM. In fact, in conditions containing dCDM, cells could
express collagen even in the presence of CNT. This observation
contradicts the predominant trend on CNT effects on collagen
production described in the literature since multiple studies
have found that CNT positively impacts collagen
production.3%49) Considering this observation, further analysis
will be necessary to comprehend this result better.

Regarding the evaluation of osteogenic differentiation, ALP,
an early marker for osteogenic differentiation and ordinarily
present in high concentrations in growing bone, was
assessed.(*l) ALP activity of cells seeded on SF/CNT and
SF/dCDM/CNT scaffolds expressed the typical peak activity on
day 14 with the subsequent decrease, as expected, suggesting
that cells were differentiating along the osteoblastic lineage.2
Furthermore, it is well known and accepted that a reduction in
ALP expression is associated with differentiation and
mineralization.(? In this reasoning, the higher ALP activity
observed on cells seeded on SF/CNT and SF/dCDM/CNT
scaffolds might suggest more significant osteogenic potential.
Similar results have been found in previous studies showing
enhanced ALP activity in carbon nanotubes-modified
scaffolds.(#3) It is noteworthy that although dCDM had a visibly
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positive effect on cell proliferation, the same was not verified
for ALP activity. This result was not expected since the evidence
found in the literature indicates that cell-derived matrices
positively affect the ALP activity.®”) For so, further investigation
will be needed to clarify such results.

Different osteogenic markers were assessed regarding gene
expression levels, namely ALP, Runx-2, OPN, and Col la. As
expected, the early osteogenic differentiation markers, ALP and
Runx-2, were expressed at day 14, decreasing at day 21.(44.45)
Consistent with ALP activity results, the increased gene
expression profile of ALP and Runx-2 on SF/CNT and
SF/dCDM/CNT suggests that the addition of CNT stimulates
osteogenic cell differentiation. According to these results, other
studies have found that the use of CNT upregulates Runx-2 (46)
and ALP (47) gene expression. In the case of OPN, important in
bone modeling (48) and collagen production (49), SF/CNT and
SF/dCDM/CNT are the only conditions that displayed an early
expression pattern for both markers. Furthermore, on day 14,
SF/CNT showed higher OPN expression than SF/dCDM/CNT,
thus suggesting that cells cultured on SF/dCDM/CNT scaffolds
were further advanced in the differentiation stage. Additionally,
upregulation of OPN expression on conditions with CNT was
also observed.® For Col la, an osteogenic differentiation
marker related to bone formation and bone architecture (50),
the results showed higher expression on SF/dCDM, SF/CNT, and
SF/dCDM/CNT than on pure SF constructs. This result suggests
that the osteogenic potential of these scaffolds is superior as
compared to the control. It is essential to highlight that SF/CNT
and SF/dCDM/CNT constructs presented a significant up-
regulation of all four tested genes comparatively to the pure SF
scaffolds, evidencing the proposed composite materials as
promoters of osteogenic differentiation.

Finally, the hemolytic assay was performed to evaluate
hemoglobin release in the plasma (indication of red blood cell
lysis) on all conditions. According to Testing and Materials, a
material is considered safe when its hemolysis percentage is
under 2%, while a 5% limit is specified by ISO 10 993-5.(51.52)
Results showed no hemolytic effect for any of the scaffolds.
Hence, the findings show that the scaffolds are
hemocompatible, making them suitable for further in vivo
applications.

Conclusions

In this study, novel 3D silk fibroin hierarchical scaffolds were
produced and evaluated according to their mechanical,
structural, and biological properties for bone applications. The
results showed that the combination of CNT and dCDM affected
the SF scaffold's structure and mechanical properties. In this
sense, its combination resulted in the development of an elastic
and bioactive scaffold with pore sizes (= 112 + 22 um), total
porosity (75 + 3%), and stiffness's (= 5 kPa) within the range
described for the stimulation of cell's differentiation along the
osteogenic lineage. Furthermore, carbon nanotubes-reinforced
cell-derived matrix-silk fibroin hierarchical scaffolds showed to
support cells' adhesion, spreading, proliferation, and ultimately,
osteogenic differentiation, as demonstrated by the secretion of

12 | J. Name., 2012, 00, 1-3

collagen, the increase of ALP activity, and the,ingrease.of
osteogenic related genes' expression, nam@ely! NIPIRUARD2LY C1
la and OPN comparing to SF scaffolds. Overall, the developed
carbon nanotubes-reinforced cell-derived matrix-silk fibroin
hierarchical scaffolds showed great potential for applications in
bone tissue engineering.
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