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Abstract: Attempts to reflect the physiology of organs is quite an intricacy during the tissue
engineering process. An ideal scaffold and its surface topography can address and manipulate
the cell behavior during the regeneration of targeted tissue, affecting the cell growth and
differentiation significantly. Herein, silk fibroin (SF) nanoparticles were incorporated into
poly(L-lactic acid) (PLLA) to prepare composite scaffolds via phase-inversion technique using
supercritical carbon dioxide (SC-CO,). The SF nanoparticle core increased the surface roughness
and hydrophilicity of the PLLA scaffolds, leading to a high affinity for albumin attachment. The
in vitro cytotoxicity test of SF/PLLA scaffolds in L929 mouse fibroblast cells indicated good
biocompatibility. Then, the in vitro interplay between mouse preosteoblast cell (MC3T3-E1)
and various topological structures and biochemical cues were evaluated. The cell adhesion,
proliferation, osteogenic differentiation and their relationship with the structures as well as SF
content were explored. The SF/PLLA weight ratio (2:8) significantly affected the MC3T3-E1
cells by improving the expression of key players in the regulation of bone formation, ie, alkaline
phosphatase (ALP), osteocalcin (OC) and collagen 1 (COL-1). These results suggest not only
the importance of surface topography and biochemical cues but also the potential of applying
SF/PLLA composite scaffolds as biomaterials in bone tissue engineering.

Keywords: super critical fluids, surface topography, bone engineering, cellular adhesion,
alkaline phosphatase

Introduction
Many surgeries usually lead to injuries and tissue/organ defects, which, in turn,
postsurgery result in a risk of disease transmission and high failure rates after
treatment.!? The recovery, replacement or regeneration of the damaged area remains
challenging to surgeons. Promisingly, tissue engineering provides an alternative to
heal injuries and regeneration of tissue/organ.*> Compared to two-dimensional (2D)
implants, three-dimensional (3D) biocompatible scaffolds have more spatial freedom
of cellular growth and support the new tissue formation.®” However, the reflection of
the physiology of organs during tissue engineering process is highly challenging due
to tissue complexity. A biodegradable scaffold can serve as a framework as well as a
temporary carrier before occupancy of new tissue and also modulate various important
cell behaviors.?’ Cells are inherently sensitive to their supporting substrate.!%!?
Interconnected macroporous scaffold network facilitates cell infiltration, growth,
nutrient diffusion and removal of metabolic waste during tissue development.'>'
Recently, construction of surface topography has attracted a great interest in the
development of micrometric to nanometric range in different types of cells.®!>1
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Various kinds of topographies such as grooves, pillars and
pits have been shown to affect cellular alignment, attachment,
proliferation and differentiation.?*> In a way, the N-cadherin
expression and B-catenin signaling activation of MC3T3-E1
cells were affected by the titanium (Ti) surfaces with
micro- and/or nanotopography and the N-cadherin/B-catenin
interaction addressed the indirect mechanotransduction.?
The incorporation of hydroxyapatite (HA) into the poly(L-
lactic acid) (PLLA) scaffold enhanced the cell spreading
and significantly improved the expression of vinculin in
MC3T3-E1 cells.” In addition, the surface roughness of
a nanoconstruct has also been proved to enhance the cell-
matrix interactions and subsequently influence the long-term
function of the cells.?%’

Cell fate determination is also influenced not only by
the surface topography but also by the biochemical cues.
For instance, human mesenchymal stem cells (hMSCs) on
a well-defined surface of microtextures and biochemical
supplements (osteogenic medium) consistently expressed a
high level of osteoblast-specific markers and had a greater
amount of bone matrix.? In addition, the collagen membranes
containing growth differentiation factor 5 significantly
enhanced alkaline phosphatase (ALP) levels and cell pro-
liferation activities without any cytotoxicity in MC3T3-E1
cells.?”? In tissue engineering, the surface topography and
chemical cues of the scaffolds have shown to be effective
regulators of cell-scaffold interactions and cell behaviors. !
The evaluation of these interactions is quite essential for

tissue formation, and the rational design of a scaffold enables
its development.

Indeed, fabrication of porous materials by supercritical
carbon dioxide (SC-CO,) techniques has significant implica-
tions for tissue engineering.’? Recently, we have successfully
constructed PLLA scaffolds with different surface topog-
raphies by phase-inversion technique, using SC-CO, as a
nonsolvent.’33* These scaffolds possessed varied as well as
controllable size pores and resulted in excellent mechanical
properties. Being encouraged by the results, we were
motivated to prepare high-performance tissue engineering
scaffolds utilizing silk fibroin (SF) nanoparticles by solution-
enhanced dispersion using SC-CO, (SEDS) process and sub-
sequently encapsulated them into PLLA to prepare SF/PLLA
composite scaffolds (Figure 1).

PLLA is a US Food and Drug Administration (FDA)-
approved synthetic aliphatic polyester and has been widely
used in tissue engineering.>® The 3D porous structures of
PLLA are essential commodities in the development of tissue
engineering scaffolds. However, owing to its hydrophobic
nature, these structures cannot support cell adhesion. There-
fore, surface modification strategies have been employed
to mimic the natural microenvironment to control cell
growth. 253637

SF is one of the natural fibrous protein polymers pos-
sessing unique surface functional groups, as well as several
attractive properties such as excellent cell compatibility,
adaptable biodegradability, hydrophilicity and cell affinity.*
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Figure | Schematic representation elucidating the sequential steps of the scaffold design.
Abbreviations: AB, ammonium bicarbonate; SEDS, solution-enhanced dispersion using supercritical carbon dioxide; SF, silk fibroin; PLLA, poly(L-lactic acid); NPs,

nanoparticles.
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Moreover, it has been used as a suture material because of
its excellent mechanical properties, and different SF-based
material formats for tissue engineering and regenerative
medicine have been developed.’® Although there have been
a few studies about the use of SF nanoparticles for drug
delivery, none of them have explored the potential of SF to be
modified to improve the surface roughness and hydrophilicity
of the PLLA scaffolds.

In this study, we evaluated the effect of various solvents
namely dioxane, dichloromethane and their mixture used to
prepare scaffolds. In addition, these SF nanoparticle-embedded
scaffolds are intended to improve the surface roughness of
the scaffolds and can serve as a better alternative in tissue
engineering process. Subsequently, the effect of SF:PLLA
ratio packing was also optimized. Furthermore, the effects
ofthe PLLA and SF/PLLA composite scaffolds on adhesion,
proliferation and osteogenic differentiation of MC3T3-El
cells were evaluated. The osteoblast differentiation of the
cells was analyzed by the osteoblast-specific markers (ALP,
osteocalcin [OC] and collagen 1 [COL-1]) to reveal the
underlying implications of SF/PLLA composite scaffolds
for bone tissue engineering in vivo.

Experimental section

Materials

PLLA with an inherent viscosity of 3.5 dL/g (0.1% [w/v]
in chloroform, 25°C) was purchased from the Daigang
Biological Co., Ltd. (Jinan, China). SF powder was purchased
from Xintiansi Biotech Co., Ltd. (Zhejiang, China). Dichlo-
romethane (99.8% purity), 1,4-dioxane (99.8% purity) and
ammonium bicarbonate (AB) were purchased from the
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China);
1,1,1,3,3,3-hexafluoroisopropanol (HFIP, 99.5% purity) was
purchased from Aladdin reagent Co., Ltd (Shanghai, China)
and CO, 0f 99.9% purity was purchased from the Rihong Air
Products Co., Ltd. (Xiamen, China). All other compounds
were of analytical purity.

Methods

Preparation of SF nanoparticles

The SF nanoparticles were prepared by SEDS method as
reported by Zhao et al.** Briefly, 0.5% (w/v) SF solution in
HFIP and SC-CO, were sprayed together through a specially
designed coaxial nozzle to enhance the dispersion effect of the
solution droplets. The SF solution (0.5 mL/min) and SC-CO,
(1,500 L/h, 10 MPa, 35°C) were pumped through the inner and
external routes of the nozzle, respectively. Later, fresh SC-CO,
was used to scour the products for ~30 min in order to remove

the residual organic solvent. During the process of scouring,
the operating conditions of the system were kept constant as
described earlier. After washing, the high-pressure vessel was
slowly depressurized and the product was collected.

Preparation of PLLA and SF/PLLA scaffolds

The PLLA scaffolds were prepared as reported by
Deng et al.** Briefly, the PLLA was dissolved in different
solvents, namely dichloromethane, 1,4-dioxane and
dichloromethane/1,4-dioxane (1:1, v:v), and stirred until
homogenous. AB particles (AB/PLLA [w/w] ratio: 20:1) of
selected size (size range: 300600 um) were added to the
solution and mixed vigorously. The polymer/salt/solvent
paste was cast as samples with a diameter of 15.0 mm and a
height of 5.0 mm and then rapidly placed in the high-pressure
vessel. Subsequently, the SC-CO, (15 MPa, 35°C) was
pumped into the vessel, the mixture was permitted to stand
for 2 h for phase separation, and then a constant flow rate
(~5 g/min) of fresh SC-CO, flushed the samples at a constant
temperature and pressure for another 2 h to remove the
organic solvent. The system was then slowly depressurized,
and the samples were taken out of the vessel. Finally, the
PLLA scaffolds were obtained by using vacuum drying until
the AB particles were completely removed.

Eventually, the composite SF/PLLA scaffolds were pre-
pared by suspending SF nanoparticles in organic solution by
ultrasonic dispersion, and the PLLA solution was added to it.
Then, the mixed solution was cast as samples, according to the
same procedures described earlier (Figure 1). The resultant
SF/PLLA composite scaffolds were further employed for the
morphological characterization.

The surface morphology of the SF nanoparticles was
examined by field emission scanning electron microscopy
(FESEM, S-4800; Hitachi, Tokyo, Japan). The average par-
ticle size and polydispersity index (PDI) of the nanoparticles
were analyzed by dynamic light scattering measurement
using a Zetasizer Nano ZS (ZEN-3600; Malvern, UK).

In vitro cytotoxicity assay

The cytotoxicity tests of PLLA and SF/PLLA scaffolds were
performed using alamarBlue® colorimetric assay (Invitrogen,
Eugene, OR, USA) against mouse fibroblast cell line L929
cells (Shanghai Institute of Biochemistry and Cell Biology,
China), cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, Grand Island, NY, USA), added with 10%
(v/v) fetal bovine serum (FBS; Gibco) and 1% penicillin/
streptomycin (Gibco) at 37°C and 5% CO,. Briefly, L929
cells were seeded into 96-well plates at a density of 5,000
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cells per well. After 24 h of incubation, the medium was
replaced by leach liquors of PLLA or SF/PLLA scaffolds
at different concentrations (0.5, 1.0 and 2.0 mg/mL). The
medium alone and phenol-dispersed medium were set as the
negative and positive controls, respectively. Furthermore,
the reagent solution (10%, v/v) was added to each well and
allowed to stand for 4 h. The fluorescence of alamarBlue

was recorded eventually (A, =570/600 nm).

Ex/Em
Cell culture

Mouse preosteoblast cell line MC3T3-E1 cells (Shanghai
Institute of Biochemistry and Cell Biology, China) were
cultured in Minimal Essential Medium-alpha (a-MEM;
Gibco) containing 10% (v/v) FBS and 1% penicillin/
streptomycin, at 37°C in 5% CO, atmosphere. The culture
medium was replaced every 2-3 days. After 70%—-80% of
confluence, cells were trypsinized and then seeded onto the
scaffolds for the cell-matrix interaction studies. Prior to cell
seeding, scaffolds were sterilized using 75% ethanol over-
night and then rinsed with phosphate-buffered saline (PBS)
three times to remove ethanol. The samples were placed in
the 24-well culture plate and preincubated with the a-MEM
before the experiment.

Cell adhesion and proliferation assay

MC3T3-El1 cells were seeded at a density of 500,000 cells/mL/
well on PLLA and SF/PLLA composite scaffolds. After 4 h of
seeding, the medium was removed, the scaffolds were washed
with PBS twice, and then nonadherent cells were collected
and counted using a hemocytometer. The cell adhesion rate
was calculated by the following equation:

Cell adhesion rate = 1 — (nonadherent cells/seeded cells)

To evaluate cell proliferation on different scaffolds,
100,000 cells/well were seeded on the scaffolds. The medium
was removed and the scaffolds were washed with PBS at
different culture time points of 3, 5 and 7 days. Cell prolif-
eration was determined by alamarBlue test by adding 1 mL
of alamarBlue work reagent to each well and incubated on
an orbital shaker (50 rpm, 37°C, 5% CO,) for another 4 h.
Thereafter, 100 UL of each sample was transferred to
a 96-well culture plate and fluorescence was measured
(A =570/600 nm).

Cell viability assay

The viability of cells in different scaffolds was verified by
assessing the live—dead cells at the end of culture. Specific
stains were used to differentiate them, ie, calcein AM and

propidium iodide (PI) for live and dead cells, respectively. PI
is specific as it can enter only through the damaged membrane.
Briefly, scaffolds were incubated in PBS containing calcein
AM and PI (Sigma, St Louis, MO, USA) for 20 min at 37°C
and then washed twice with PBS. Images showing stained
cells were captured using a laser scanning confocal micro-
scope (LSM710; Zeiss, Oberkochen, Germany).

Osteogenic differentiation assay

To induce in vitro osteogenic differentiation of MC3T3-El
cells, the effect of initial cell seeding density and different
concentrations of dexamethasone in the differentiation
medium was investigated. A total of 1,000 and 10,000 cells
were seeded in 24-well culture plate per well, cultured in an
o-MEM including 10% FBS and 1% penicillin/streptomycin
for 48 h. The medium was then changed to osteoblast dif-
ferentiation medium containing various concentrations of
dexamethasone. Staining of calcium deposits was performed
using Alizarin Red, and evaluation of osteogenesis was
done by visualizing the mineralization of the extracellular
matrix (ECM).

The MC3T3-E1 cell suspensions (30,000 cells/mL) were
seeded on PLLA and SF/PLLA scaffolds. After culturing
for 48 h, cells were treated with osteoblast differentiation
medium containing dexamethasone, B-glycerol phosphate
and ascorbic acid. Cell-specific metabolic activities were
studied after 7, 14 and 21 days by measuring the ALP
activity, OC and COL-1 expression levels. At the end of
the prescribed time periods, the scaffolds were transferred
to a new 24-well plate followed by PBS washes, ruptured
by ultrasound, and the cell lysates were analyzed. The
ALP activity was measured by an ALP activity assay kit
(Jiancheng Ltd., Nanjing, China); OC and COL-1 were
measured using enzyme-linked immunosorbent assay kit
(ELISA; Jiancheng Ltd., Nanjing, China) following the
manufacturer’s instructions.

Statistical analysis

All data were presented as mean + standard deviation (n=3).
The statistical analysis of all the experimental data was
performed using SPSS version 17.0. Analysis of variance
(ANOVA) single factor analysis was conducted at a defined
level of statistical significance as P<<0.05.

Results
Structural morphology of PLLA and

SF/PLLA scaffolds

Herewith, the PLLA scaffolds were prepared using the
reported procedure, which contains both micro- and
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Figure 2 SEM images of the PLLA scaffolds (scale bar, 50 um for all panels) prepared from different organic solutions: (A) dichloromethane, (B) |,4-dioxane and

(C) dichloromethane/|,4-dioxane 1:1 (v:v).

Abbreviations: SEM, scanning electron microscope; PLLA, poly(L-lactic acid); IUE, Institute of Urban Environment.

macro-interconnected pores directed by the porogen, ie,
AB, as shown in Figure 2. The PLLA scaffolds precipi-
tated after various solvent treatments resulted in different
structural properties including pore texture and its size. The
scaffolds in dichloromethane solution resulted in a cellular
structure with a pore size ranging from 2 to 40 um, and
the pore wall was thick and dense (Figure 2A), while the
scaffolds precipitated from the 1,4-dioxane solution repre-
sented a nanofibrous network possessing ~8 um of pore size
(Figure 2B). In addition, the dichloromethane/1,4-dioxane
mixture (1:1 [v:v]) solution was also used, and the scaffolds
showed a homogeneous microcell structure consisting of
nanoscale pores, with the rough inner pore wall (Figure 2C).
These results demonstrated that scaffolds with different
morphologies could be precipitated using different solvents
but the scaffolds obtained by solvent mixture resulted in fine
particle texture, which is more suitable for cell growth.

From the SEM images, as shown in Figure S1, it is evident
that the surface morphology of SF nanoparticles exhibits a
smooth surface and a spherical shape. The average particle
size and the PDI (Mw/Mn) were about 296.5+1.2 nm and
0.151, respectively. SF nanoparticles in the mixture of
dichloromethane and 1,4-dioxane dispersed well in the PLLA
solution, resulting in composite scaffolds (Figure 3). The
microstructure of the composite scaffolds resulted in a change
in surface texture after addition of SF nanoparticles. This also
shows that SF nanoparticles were located on the pore wall
and improved the surface roughness of the scaffolds.

In vitro cytotoxicity study

The toxicity of the PLLA and SF/PLLA scaffolds was tested
by the alamarBlue assay. L929 cells were cultured at different
concentrations of the leach liquors of scaffolds in the medium
for 24 and 48 h. It was observed that most of the cells (>90%)

at each concentration grew well, and the relative growth rate
(relative to the negative control) was over 90% (Figure 4A).
After 48 h, the relative growth rate (Figure 4C) has shown
the high cell viability (>80%) of all the PLLA scaffolds. As
shown in Figure 4B and D, the cytotoxicity of the SF/PLLA
composite scaffolds was inappreciable with a cell relative
growth rate of >80%, indicating no significant cytotoxicity
of SF/PLLA composite scaffolds. The bright field images
of cells (Figure S2) also indicated a consistent phenomenon
that the L929 cells grew normally, well spread and remained
in a fusiform morphology within 48 h. Thus, the PLLA and
SF/PLLA scaffolds resulted in excellent biocompatibility.

Cell adhesion

The cell adhesion rate of MC3T3-E1 on PLLA and SF/PLLA
scaffolds with different topographical morphologies was
also analyzed (Figure 5). After incubating PLLA scaffolds
for 4 h, the MC3T3-E1 cell adhesion rate of mixture group
(dichloromethane/1,4-dioxane) reached 75%, which was
significantly higher than that of the dichloromethane and 1,4-
dioxane group (Figure SA). These data can be correlated with
the scaffold structure that can improve the albumin attach-
ment leading to a higher cell adhesion.*! The cell adhesion rate
of'the SF/PLLA composite scaffolds (Figure 5B) was higher
than the PLLA scaffolds at which SF/PLLA with the optimum
weight ratio of 2:8 resulted in the highest cell adhesion rate
(89%). The addition of SF nanoparticles altered the surface
properties and roughness of PLLA scaffolds and, therefore,
improved the protein adsorption and cell adhesion.

Cell proliferation

The ability of PLLA and SF/PLLA scaffolds to stimulate
proliferation of MC3T3-E1 cells was evaluated by harvesting
and compared at different time points (1, 3 and 7 days).
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IUE 5.0 kV 7.5 mm x5.00 k SE(M)

Figure 3 SEM images of SF/PLLA composite scaffolds (scale bar, 10 um for all panels) with the inset images displaying the magnified view (scale bar, 2 um) prepared by
dichloromethane/|,4-dioxane (I:1, v:v): (A) SF/PLLA (1:9, w/w), (B) SF/PLLA (2:8, w/w) and (C) SF/PLLA (3:7, wiw).
Abbreviations: SEM, scanning electron microscope; SF, silk fibroin; PLLA, poly(L-lactic acid); IUE, Institute of Urban Environment.
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The results showed that the proliferation of MC3T3-E1
cells cultured on scaffolds of mixture group was obviously
increased in comparison with other groups (Figure 6A). The
cell proliferation data (Figure 6B) indicated an increase in
metabolic activity on SF/PLLA (2:8) composite scaffolds.
However, the proliferation was decreased in the SF/PLLA
(3:7) treatment group, indicating the third day of the transition
period. While the cells showed a continuous proliferation on
mixture solution and SF/PLLA (2:8) groups throughout the
entire period of culture. The influence of SF nanoparticles
agglomerates could be the reason for this effect. The scaffolds
have large active surface area in SF/PLLA (2:8), which
promotes extensive cell-material interactions, whereas,
the SF nanoparticles form agglomerates in the composite
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scaffolds at a higher concentration (SF/PLLA, 3:7), which
ultimately hinders the interconnectivity between pores and
limits the space for cell communication with surroundings.
Furthermore, the cell proliferation of the SF/PLLA (1:9)
treatment group resulted in no significant change indicating
that the metabolic activity of cells in this group was stabi-
lized and concentration of SF nanoparticles incorporated
influenced the property of PLLA scaffolds. The LSCM
micrographs of cell viability (Figure 7) further confirmed the
abovementioned results.

Cell viability
Based on the abovementioned results, the optimized formula-
tions, ie, scaffolds, prepared using dichloromethane as well
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Figure 6 Cell proliferation rate analysis of MC3T3-E| cells, showing the cell number after treatment with (A) PLLA scaffolds prepared using different types of solvents,
(B) SF/PLLA composite scaffolds containing different ratios of SF content (*P<<0.05, **P<<0.01).

Abbreviations: PLLA, poly(L-lactic acid); SF, silk fibroin; d, days.

International Journal of Nanomedicine 2017:12

submit your manuscript

1883

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Chen et al

Dove

Figure 7 LSCM micrographs of MC3T3-El cell (scale bars, 50 um for all panels) culture in (A) dichloromethane group for 3 days, (D) dichloromethane group for 7 days,
(B) mixture group for 3 days, (E) mixture group for 7 days, (C) SF/PLLA 2:8 group for 3 days and (F) SF/PLLA 2:8 group for 7 days (live cells are stained green and dead

cells are red).

Abbreviations: LSCM, laser scanning confocal microscope; SF, silk fibroin; PLLA, poly(L-lactic acid).

as a mixture and SF/PLLA 2:8 groups, were subjected to
cell viability measurement based on live—dead assay of
MC3T3-El cells after 3 and 7 days. The fluorescent staining
analyses (Figure 7) demonstrated an increase in bright green
dots representing the uniform and extensive distribution of
live MC3T3-E1 cells on all the scaffolds. This result also
replicates the observations of Figure 6 qualitatively and
represents the highest number of live cells in scaffolds with
SF/PLLA weight ratio 2:8.

Osteogenic differentiation

Growth and differentiation of osteoblasts are further con-
firmed by observing the progression of various markers
responsible for it. MC3T3-El cell seeding density, as well as
different concentrations of dexamethasone, would affect the
results of osteogenic differentiation.* In order to compare the
differentiation potential, the MC3T3-E1 cells were induced
at different concentrations of dexamethasone and cultured
at varying cell seeding density to determine the osteogenic
differentiation pathways. The degree of ECM mineraliza-
tion was measured by staining with Alizarin Red and the
respective bright field images of stained cells are shown
in Figure S3. After 7 days, the staining intensity reached a
maximum in a culture containing 10~ M dexamethasone and
atinitial seeding densities of 10,000 cells/well, which revealed
that a high cell seeding density and low concentrations of
dexamethasone can benefit osteogenic differentiation.

ALP activity

The ALP activity assay was performed on MC3T3-E1 cells
in contact with scaffolds prepared using dichloromethane,
mixture and SF/PLLA scaffolds with a weight ratio of 2:8
on days 7, 14 and 21 after being cocultured in osteogenic
medium. The ALP activity (Figure 8A) increased during the
14-day culture period and decreased later. The highest level
of ALP activity was recorded on day 14 from cells cultured
on the SF/PLLA scaffolds in comparison with other scaf-
folds significantly (~134% more than the mixture group),
however, ALP activity was also increased in the mixture
group (~116% more than the dichloromethane group). This
is evident that the addition of SF showed an increased level
of ALP activity.

OC and COL-I content

The osteogenic potential of MC3T3-E1 cells was assessed
via the quantification of OC and COL-1 expression. The
expression levels of both OC and COL-1 were found to be
upregulated in all the groups after 14 days, and the latter
decreased (Figure 8). Statistical analysis indicated that there
was a significant difference in OC expression between all
groups on day 14, and found that the expression levels of
both OC and COL-1 are significantly higher in cells treated
with SF/PLLA scaffolds (2:8; Figure 8B and C). However,
the levels of COL-1 decreased significantly in the treatment
group (ie, mixture and SF/PLLA [2:8] scaffolds after 14-day
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culture period (Figure 8C). It was found that the addition of
SF showed an increased level of OC and COL-1 expression;
this process of the change in osteoblast-specific markers
(ALP, OC and COL-1) during the stages of differentia-
tion is useful in monitoring the osteoblastic phenotype of
MC3T3-El cells.'*#4

Discussion

Meticulous reflection of organ physiology is a key challenge
during tissue engineering process. Although many approaches
related to this process are being employed to generate various
scaffolds, the applicability is still in infancy due to the lack of
a convenient or feasible surface to manipulate cell behavior
during tissue regeneration. Herewith, we designed the SF
nanoparticle-embedded PLLA scaffolds with altered surface
topographies, corresponding to increased surface ruggedness
and hydrophilicity of polymer to manipulate the cell behavior
during the regeneration of targeted tissue significantly.

The material design outline is discussed in brief. Initially,
SF polymer is processed through SEDS for the precipitation
of nanosize particles. These nanoparticles are dispersed into
either of the solvents and packed along with porogen (AB)
into PLLA and subjected to SC-CO, treatment in a high-
pressure vessel for phase inversion results in SF-embedded
PLLA scaffolds. Furthermore, the porogen is decomposed
via extraction for the generation of interconnected pores with
altered size. The size of pores is controllable and possessed
excellent mechanical properties.

The PLLA scaffolds with different morphologies were
precipitated provided different solvent conditions such
as 1,4-dioxane, dichloromethane and their combination
(1:1 ratio). These solvents influenced significantly and
resulted in altered surface properties evidenced by SEM
observations (Figure 2), possessing dense network with micro
as well as macrosize pores. The scaffolds in dichloromethane
precipitated as microsize pore with thick wall surrounded,
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nanofibrous network with less pore size using dioxane
and the combination of solvent resulted in a homogenous
structure with fine particle texture and adjusted pore size
due to optimized solvent properties, which is more suitable
for cell growth and differentiation.

Indeed, incorporation of SF nanoparticles into the scaf-
folds improved the surface topography. The SF is precipitated
into nanosize particles at an acceptable range in supercritical
conditions provided and is quite feasible for dispersion in
PLLA scaffolds. Out of all solvents used to pack, the mixture
of solvents resulted in good dispersion of nanoparticles
and the microstructure increased the surface roughness.
Subsequently, the particles were intact with the polymer
and located close to the pore wall, which can be helpful to
enhance cell differentiation. Furthermore, we have altered
the compositions of SF and PLLA during packing. Increase
in SF amounts resulted in its improved dispersion ability but
higher amounts of SF in the formulation may result in its
separation during supercritical fluid operation. However, we
have chosen the formulation SF:PLLA (2:8) as optimum scaf-
fold packing as the SF nanoparticles are distributed uniformly
with improved surface roughness, and further experiments
related to cell differentiation are studied.

To evaluate the biocompatibility of the designed scaf-
folds, L929 normal cells were chosen to test the in vitro cyto-
toxicity test. This study demonstrated that cells are extremely
viable in all the treatments, irrespective of SF amounts and
solvents of packing. Later, the cell morphological observa-
tions revealed that they were grown normally in a fusiform
way with no significant changes in morphology. This sign
shows up that the designed scaffolds are biocompatible
and tremendously feasible to take the charge of osteoblast
differentiation.

Furthermore, cell adhesion studies were performed
using MC3T3-E1 cells. The studies revealed that the adhe-
sion rate of cells to scaffolds packed in the solvent mixture
is higher than the control and other treatments, with
scaffold-packed individual solvents showing the optimum.
Similarly, SF incorporation also influenced the adhesion
rate where SF:PLLA (2:8) has shown higher adhesion rate
demonstrating that well-dispersed SF nanoparticles with
optimum surface ruggedness improved the adhesion of cells
immensely. In addition, the SF nanoparticles enhanced the
adhesion rate by improving the hydrophobic nature of PLLA
scaffolds. Subsequently, the scaffolds stimulate the adhered
cells, and this ability was observed by recording the cell
proliferation rate after harvesting the cells at different time
points. As expected, the proliferation rate is significantly

higher after 7 days of incubation with the SF:PLLA (2:8)
scaffolds due to improved metabolic activities of the
adhered cells. These scaffolds possessed higher surface
area that promotes interaction of cell materials extensively.
The increase in SF composition resulted in agglomerates,
which hinder the interconnectivity between pores and limit
space for cell communication with surroundings. At lower
SF amounts, the cell proliferation is halted as the metabolic
activity might be stabilized. LSCM results are in agreement
and confirmed the abovementioned results.

Osteogenic differentiation is one of the key processes of
bone regeneration. Cell seeding density, as well as different
concentrations of dexamethasone, would affect the results of
osteogenic differentiation.*? The differentiation potential was
compared inducing different dexamethasone amounts through
measuring various pathways of differentiation utilizing bio-
chemical cues as markers. ALP is an early-stage marker of
osteogenic differentiation, and its expression may affect the
progression.** The differentiation of MC3T3-E1 cells into
osteoblastic phenotype was quantitatively determined by
ALP activity, so the commencement and complete differ-
entiation were studied via ALP activity. In addition, active
osteoblasts in bone matrices synthesize COL-1 protein
abundantly, which acts as a conductive material to mineral
deposition. It also binds to noncollagenous matrix proteins
that initiate and regulate mineralization.**#” OC is produced
by mature osteoblasts during mineralization and found in
the fully developed mineralized matrix.*® Meanwhile, the
increased levels of OC and COL-1 indicated the concluding
phase of ECM mineralization.?®4 SF nanoparticles
packing in PLLA scaffolds increased the expression of all
osteogenic differentiation markers, ALP, OC and COL-1,
significantly until 14 days of culture, but a decrease was
initiated in the levels of all markers keeping a low expression
of differentiation. Hence, these observations eventually
demonstrated that SF nanoparticles influenced PLLA scaffolds
immensely to make them suitable for osteogenic growth and
tissue differentiation.

Conclusion

This study investigated the potential of PLLA scaffold-
decorated SF nanoparticles with different topological
structures for bone tissue regeneration. The engineered
scaffolds with controlled physical topography and proper
biochemical cues could enable the interaction between
MC3T3-El cells and scaffolds. The interconnected porous
architecture of PLLA scaffolds was beneficial in promoting
cell adhesion, viability and proliferation. Compared with
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PLLA scaffolds, the SF/PLLA composite scaffolds with a
weight ratio of 2:8 exhibited a better capability of inducing a

higher level of osteoblast-specific markers and result in greater

amount of bone matrix. This study demonstrates the potential

advancement toward tissue engineering scaffolds with con-

trolled physical topography and proper biochemical cues for

repairing the damaged tissue.
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Figure S| SEM image of SF nanoparticles prepared by the SEDS process.
Abbreviations: SEM, scanning electron microscope; SF, silk fibroin; SEDS, solution-enhanced dispersion using supercritical carbon dioxide.

Figure S2 Optical micrographs of L929 cells cultured for 48 h (x100), (A) negative control, (B) 1.0 mg/mL, (C) 2.0 mg/mL of the leach liquors of SF/PLLA composite scaffolds
and (D) positive control.
Abbreviations: SF, silk fibroin; PLLA, poly(L-lactic acid).
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Figure S3 Optical images of MC3T3-El mineralization section in different osteoinductive conditions for 7 days (x100).
Notes: 10%, 10* cell seeding density; 107, 1077, 10 dexamethasone concentration.
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