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Combining Silk Sericin and Surface Micropatterns in Bacterial
Cellulose Dressings to Control Fibrosis and Enhance Wound
Healing
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Abstract

Bacterial cellulose (BC) is an advantageous wound healing matrix and widely utilized in dressings thanks to its interesting
physical properties. Lacking bioactivity, BC has been subject to modifications for improving its biological properties. It has
been modified with silk sericin (SS) mainly for its antioxidant and mitogenic effects, yielding enhanced wound healing
abilities. Besides, patterned BC exhibited anti-scar behavior, inhibiting the growth of skin fibroblasts. Incorporating surface
microgrooves together with SS in BC, the current study proposes dressings that would improve healing, reduce healing time,
and still achieve reduced fibrosis, by controlling collagen deposition and inducing profitable microgroove-oriented
architecture. In vitro experiments demonstrated an enhanced proliferation of both fibroblast and epithelial cells with
alignment on the microstructured composite samples relative to the unmodified controls. Compared to the unmodified
control where collagen synthesis was rapid and reached the peak value in a relatively short time, on the microstructured
surface a progressive and more contained profile was observed. Thus, the structured composite dressings would accelerate
healing due to an improved cell growth, while preventing the anarchic deposition of collagen responsible for fibrosis and
scar formation through cell orientation.
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1. Introduction

As one of the most vital organs, the skin constitutes the
main protective barrier of the body against microbes and
other harmful elements present in the environment; it also
preserves the balance of electrolytes and water while
regulating body temperature.!) However, it constantly incurs
high risks of damage due to repeated exposures to
potentially harmful assaults, which disrupt the body’s
homeostasis. While altered skin tissue generally initiates a
complex wound healing cascade to repair itself, acute but
major trauma such as burns, or chronic wounds and
surgery-related sequels often involve extensive debilitating
skin losses that degrade the quality of life, with the potential
of causing death."”! To optimize healing, wound dressings
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are thus utilized that possess antimicrobial properties to
prevent infection, and bioactive abilities that enable
interactions with wound cellular actors to activate healing.
Moreover, the ideal wound dressing should keep a clean
wound bed by absorbing exudates while enabling gas
exchange and maintaining a moist environment to limit
dryness and pain."!

Bacterial cellulose (BC) has a nanofibrous and porous
structure, which provides a good water retention ability and
enables oxygen perrneability.[4] It is biocompatible and
presents high tensile strength and flexibility!™ with an overall
great potential for wound healing® though lacking
antimicrobial and bioactive properties.”’ To overcome the latter
and improve BC as a wound dressing, studies have been
conducted on the combination of BC with other materials."™”!

Commonly extracted from silk cocoons, silk sericin (SS)
is a protein with antioxidant, anti-tyrosinase, antimicrobial and
moisturizing properties, all of which are beneficial to skin
repair.!'” Interestingly, studies have shown that SS promotes
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the proliferation of fibroblasts and the production of
collagen, indicating an active involvement in wound
healing.!"""*! Moreover, it has been reported that SS
increases the expression of vascular endothelial growth
factor and promotes wound angiogenesis,m] favoring new
tissue formation. However, due to its inadequate mechanical
properties,' SS is limited as material, often requiring
reinforcement by other polymers for the fabrication of stable
and sustainable biomaterials.

To exploit the advantages of both BC and SS, in a
previous study, we combined these materials for wound
dressing applications. The BC-SS composites showed
promise for wound healing by promoting the proliferation of
fibroblasts while supporting the growth of keratinocytes.“él
Meanwhile, a recent study by Jin et al. reported that
designing the BC surface to present microgrooves inhibits
the proliferation of 1929 cells and reduces the abnormal
deposition of collagen and scar thickness."” Indeed, material
surface topography controls both cell behavior and tissue
function,"™'” and it has been one of the objectives of recent
tissue engineering to restore tissue function by exploiting
biomimicking devices. Hence, emulating the structure and
architecture of the natural extracellular matrix (ECM) in a
tissue-specific manner to promote tissue regeneration has been
the center of numerous studies.”* For wound healing
applications, the target is not only achieving a rapid wound
closure to avoid infection, but also instigating an ECM
formation favorable to reducing fibrosis and scar formation.
Thus, Lu et al.”*! recently reported silk fibroin-based scaffolds
of aligned fibers that improved the overall wound healing
with enhanced cell migration and vascularization as compared
to non-aligned scaffolds, and effectively replicated collagen
architecture found in non-wounded tissue in the rat’s healed
skin. Another study exploited the meshed structure of BC
membrane, upon which crossed grooves structures had been
imprinted using photolithography induce native tissue-like
collagen structure in the rat skin wounds.”" When stripe
structures were formed on the BC membrane during
biosynthesis, inflammation, which is also a hallmark of
scars, was considerably reduced in animal wound healing,
leading to reduced scar sizes.'” **! Hence, we aimed in this
study to capitalize on both topographical cues and
biochemical composition to obtain a biomaterial with
improved biomimicry for enhanced tissue regenerations. We
imparted microgroove structures to BC using poly(dimethyl
siloxane) (PDMS) templates, and then functionalized the
materials with SS to alleviate the cell growth inhibition
reported by Jin et al.'”! with the aim of not only inducing
unwounded-like collagen architecture but further accelerating
wound healing. In vitro studies were carried out to explore the
effects of the proposed dressing samples on the behavior of
fibroblast and epithelial cells, main cellular actors of skin
wound healing. Moreover, the collagen production from
fibroblasts was evaluated to verify the assumption of the
current study. Additionally, the physico-chemical characteristics
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of the samples were also herein included.

2. Materials and methods

2.1 Materials and chemicals

In the current study, following reagents were used:
Acetobacter xylinum (ATCC53582); yeast extract and
peptone (Oxoid Ltd, UK); Bombyx mori cocoons (Ningbo
Industrial Co., Ltd); microfilter (0.2 um pore size, Millex
GP filter); NIH-3T3 (mouse embryonic fibroblast cell line)
and HaCaT (human skin keratinocytes) cell lines (China
Infrastructure of Cell Line Resources); Dulbecco's modified
eagle medium (DMEM, Hyclone); phosphate buffer saline
(PBS, Hyclone); fetal bovine serum (FBS) and penicillin-
streptomycin (Gibco); Cell counting kit-8 (CCKS8, Dojindo);
BCA protein assay kit (Solarbio, Life Technologies); total
collagen assay kit (Quickzyme Biosciences); fluorescein
isothiocyanate labeled phalloidin (FITC-Phalloidin, Yeasen);
Hoechst 33342 (Invitrogen, Life Technologies). All other
reagents were of chemical grade.

2.2 Preparation of bacterial cellulose

Hestrin & Schramm medium for the culture of Acetobacter
xylinum was prepared as described previously.!'” To
produce the control BC with randomly organized fibers
(rBC, 1-2 mm thick), a suspension of the bacteria was
seeded in an autoclave-sterilized medium, the flat surface
of PDMS was deposited in contact of media, and incubated
in static conditions at 30°C for 5-7 days. To obtain the
microstructured BC (mBC), before culture as above,
PDMS templates presenting microgrooves were deposited
on the surface of the medium immediately after bacteria
inoculation, with the micropatterns facing the liquid media
so that to mold the BC fibers upon excretion by the
bacteria (Fig. 1).*) Based on previous studies, the
templates in this study were designed with microgrooves
of 10 pm width."”*”) BC was cleaned as previously
desc[r]iék])ed and autoclaved before storing at 4 °C until
use.

2.3 Extraction of silk sericin and preparation of BC-SS
composites

SS extraction from Bombyx mori cocoons and the
preparation of SS solutions as well as the composites were
performed according to the reported procedures.'®! Briefly,
after obtaining the SS solutions, BC was immersed in the
latter and kept at room temperature for 24 h to obtain the
composite, which was thereafter rinsed in phosphate-
buffered saline (PBS) to remove excess SS (Fig. 1). Different
SS concentrations were prepared (i.e., 1%, 2%, and 3%) to
fabricate respective composites, namely BC-SS1, BC-SS2,
and BC-SS3. For biological studies, SS solutions were
microfilter-sterilized before composite preparation.
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Fig. 1. Preparation of rBC, mBC, SS powder, and BC-SS composites. To generate random BC (rBC), flat surface of poly (dimethyl siloxane)

(PDMS) was deposited on the interface of bacteria inoculated media while to obtain microstructured BC (mBC), PDMS templates presenting

microgrooves were deposited on the surface of the medium with the micropatterns facing the liquid media so that to mold the BC upon excretion

by bacteria. RT = room temperature.

2.4 Physico-chemical characterization of the samples
For characterization tests, samples were prepared and
freeze-dried beforehand. The morphology of the BC
structure and evidence of the incorporation of SS were
visualized under a scanning electron microscope (Nano
SEM 450) on platinum coated samples. To study the
chemical interactions between BC and SS, 64 scans were
accumulated at a 2 cm’' resolution in the range 4000-400
cm’! by Fourier transform infrared (FTIR, vertex 70, Bruker)
spectroscopy. Samples’ crystallinity was assessed by X-ray
diffraction (XRD, PA Nanalytical, EMPYREAN), by scanning
the samples at 2-theta diffraction angles from 10° to 70°.
Mechanical properties were measured by the tensile
testing (Shenzhen Suns Technology Stock Co, Ltd). All
samples (~2 mm thickness) were wet and cut in rectangular
shape (50 mmx8 mm) following the direction of the
microgrooves for mBC. Moreover, the microgrooves were
arranged in the direction of the stretching force during testing.
The crosshead speed of *** mm/min was used for this test. For
each sample, the test was performed on three specimens.

2.5 Swelling test

To determine the ability of different substrates in absorbing
water, gravimetric method was used.*”) Freeze-dried
samples (1.4x1.4 cm?) were weighed (Wi) before immersion
in distilled water and incubation at 37 °C for different
time-points (i.e., 1, 6, 12, 24, 48, and 72 h). At each time
interval, samples were removed from the water, and
weighed again to determine the final swollen weight (Wf)
after the removal of excess water on absorbent paper. Three
replicates were used at each time-point. The swelling ratio
was calculated using formula (1):

Swelling ratio (%) = YT =YD 100 1)

w1
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2.6 Determination of SS release profile

Lyophilized composites (1.4x1.4 sz) were used. Each of
these was immersed in PBS solution (identical volume for
all samples) and incubated at 37 °C under shaking.
Supernatants were collected at 0, 1, 15, 30 min and 1, 12,
24, 48 and 72 h after incubation to measure the amount of
SS released by each composite. Three replicates were
used for each time-point. The cumulative amount of SS
released by each composite was assayed by colorimetry,
using the BCA protein assay kit. Absorbance was
measured in a microplate reader (Multiskan Go, Thermo
scientific) at 562 nm.

2.7 Biocompatibility tests

To evaluate the ability of the materials to support cell
growth and skin regeneration, the viability of NIH-3T3
(mouse embryonic fibroblast cell line) and HaCaT (human
skin keratinocytes) cells on these substrates was tested.
Before and during the tests, the cells were cultured at 37 °C
and 5% CO, humidified atmosphere in DMEM supplemented at
10% with FBS and 1% penicillin/streptomycin. Subculture
was performed at a cell confluence of 80 -90% and after 4 to
7 passages, the cells were seeded on the samples.

Two types of in vitro biocompatibility tests were
performed, assaying cell viability with CCK8. Namely, both
the cytotoxicity of samples’ extracts and the biocompatibility of
the substrates by direct contact with cells were investigated.
To obtain the extracts, the samples (1.4x1.4 cm®) were
immersed in 1 mL of the cell culture media for 24 h at 37 °C;
after which extracts were collected and stored at 4 °C until
use (ISO 10993-5:2009 (E)). After 24-hour culture of 10*
cells (per well) in 96 well plates, the media was replaced
with extracts of respective samples. The viability test was
then performed 1, and 3 days later by replacing the extracts
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with fresh media containing 10% (v/v) of the CCKS reagent.
Following 1-hour incubation in the dark, the absorbance was
measured on supernatant aliquots at 450 nm in a microplate
reader (Multiskan Go, Thermo scientific). Samples were
tested in triplicates.

For the direct contact test, the samples were laid at the
bottom of 24-well plates ensuring by visual control under
microscope that the top structured surface of the mBC
samples was positioned upwards. Cells (6x10* per sample)
were seeded on the top surface of each membrane sample.
After 1, 3 and 5 days culture, the viability test was then
performed by CCKS test as described above. Samples were
tested in triplicates.

2.8 Confocal microscopy

To observe cell morphology and organization, actin filaments
and cell nuclei were stained by FITC-Phalloidin and Hoechst
33342, respectively, and visualized by confocal microscopy
(Olympus fluoview FV100). Cells (10* per membrane) were
grown for 3 and 7 days, respectively, in 96 well plates. For
cell staining, manufacturer’s instructions were followed.
Samples were kept in PBS at 4 °C for 24 hours before
mounting for confocal microscopy.

2.9 Determination of collagen production

To measure collagen production, 6x10° fibroblast cells were
seeded per sample in 24 well plates as described above. Cell
culture medium was replaced every 72 h, with the old one
being collected in eppendorf tubes and stored at -20 °C until
use. After 5 and 7 days culture, respectively, collected
supernatants were mixed right before the test, yielding a
cumulative concentration of the soluble collagen produced
by the cells, which was measured by the total collagen assay
kit. The principle of this test is to measure the total amount
of hydroxyproline present in the supernatant, which
represents the total amount of all types of collagen
synthesized by the cells and released at the surface of
supporting material samples. The test was carried out

__ BC-SS1

following the procedures instructed by the manufacturer.

2.10 Statistical analysis

One-way analysis of variance (ANOVA) was used with
Tukey’s multiple comparison to compare different experimental
groups. All statistical analyses were performed with Origin
Pro 8 software. The statistical significance was obtained at P
<0.05.

3. Results and discussion

3.1 Physico-chemical characterization

3.1.1 SEM, FTIR and XRD of samples

Scanning electron microscopy was performed to verify the
morphology of different samples. In Fig. 2, rBC and mBC
both present fibrous networks with interconnecting pores,
which characterize the BC structure.”® However, the top
surface of mBC presents microgrooves with aligned fibers,
which replicate the line structures of the PDMS templates
used during sample preparation, contrary to rBC where
fibers are randomly arranged throughout the structure.
Interestingly, the line structures in mBC have been shown to
organize and direct the cell layout in that same pattern as
targeted in the current study.!"” Moreover, relative to rBC,
mBC exhibits denser and more compactly packed fibers,
with reduced pores, which are capable of improving the
mechanical properties of BC especially its strength.!*”
Images of the BC-SS composites show the incorporation of
SS which appears on the surface of the BC fibers as a
coating and with particle aggregates. The incorporation of
SS moderately affects the porous structure of BC by filling
pores although not significantly, which could affect the
water absorption ability of BC. Meanwhile, the incorporation
of SS does not affect the surface microstructure of the mBC.
Cross-section images of BC show layers of fibers
superimposed on each other and interconnected by pores,
more organized in mBC than in rBC. Moreover, the bottom
sides are more porous than the top, as reported.!**!

BC-8S82 Cross-section of BC

w—?‘g_

Fig. 2. SEM images. I: mBC, II: 1BC. mBC displays aligned fibers with presence of microgrooves, whereas the fibers of rBC are randomly

arranged. Arrows: indicate the direction from the bottom towards the top surface.
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FTIR analysis was performed and different spectra are
illustrated in Fig. 3a. mBC and rBC present similar spectra,
with typical cellulose bands between 3200 and 3440 cm™
(OH stretching, and inter- and intra- molecular hydrogen
bonds stretching), at 2894 cm™ (C-H stretching for alkanes
and asymmetric CH, stretching), 1639 cm™ (carbonyl
groups of glucose), 1050 cm™ (C-O-C stretching), and 899
em™ (B-glycosidic linkages).m] The mBC spectra exhibits
sharper hydrogen bonds stretching compared to rBC, which
would make it more stable by improving its mechanical
properties; moreover, hydrogen bonds have the advantage of
enabling the entrapment of water molecules, beneficial for
wound dressing applications. As documented,”” the
spectrum of SS presents protein characteristic bands, with
peaks between 1650 and 1620 cm™ (primary amides) and
1540 to 1500 cm™ (secondary amides) representing random

coils, and from 1270 to 1215 cm’ (tertiary amides, PB-sheets).

Another peak centering at 3274 cm™ (free hydroxyl groups
and the vibration of -NH groups) is observed. For different
BC-SS composites, both characteristic peaks of BC and SS
were in the spectra, proving the successful incorporation of
SS into BC. The decreased intensity of the peak relative to
OH groups in BC-SS spectra comparatively to BC spectra,
and merged the peak of the hydrogen bonds of SS (3274
cm’') with that of BC (3350 cm™) indicated the decrease of
these bonds of BC, which can be explained by their
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engagement in hydrogen bonds with other functional groups
of SS such as amides and amine groups.[“’]

To confirm sample crystallinity, XRD was used, Fig. 3b.
The BC exhibits crystalline peaks at 26=14.5° and 20=22.5°,
characteristic of native cellulose and corresponding to the I,
and Ig phases of cellulose crystal planes, respectively.”) The
BC spectra exhibit a third peak between 19° and 20° which
corresponds to its amorphous constituent, thus confirming its
semi-crystalline structure.”"! The intensity of the peak at
20=22.5° in mBC is higher than that in rBC, suggesting the
higher crystallinity of mBC compared to rBC. SS displays a
broad peak from 19° to 29° which indicates its amorphous
nature.”” The BC-SS composites show similar peaks to
pure BC, with the preservation of the crystalline peaks of
BC, suggesting that SS does not affect the BC’s crystallinity.

3.1.2 Swelling ability

Fig. 4a illustrates the swelling ratio of the samples at
different time points. The swelling ratio of mBC is higher
than that of rBC during the first hour. Because of the high
hydrogen bonds in mBC structure, the latter rapidly binds
water molecules and becomes saturated while rBC retains
more water over time by storing it in the pores. The swelling
ratio of pure BC is significantly higher than that of
respective BC-SS composites, and the water absorption
capacity of the latter decreases with increasing the SS
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Fig. 3. Sample characterization by (a) FTIR and (b) XRD. Compared to rBC, mBC exhibits more hydrogen bonds responsible for higher
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crystallinities relatively to the former. These parameters decrease slightly with the incorporation of SS.
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concentration. This agrees with the SEM results which show
the porosity reduction in the composites due to the
incorporation of SS. Moreover, after the first hour and at
equilibrium, rBC-SS composites retain more water than those
of mBC-SS. Nevertheless, all samples have good water
retention, necessary for the removal of wound exudates.

3.1.3 In vitro SS release

Fig. 4b shows SS release in physiological-like conditions at
different time intervals. The maximum amount of SS was
released 6 h after immersion in PBS, facilitated by the
non-covalent interaction between BC and SS. SS release
varied with the concentration of the SS solution utilized for
the composite preparation, with higher SS concentrations
responsible for a higher protein release amount. rBC-SS
composites released more SS than mBC-SS, due to the
higher porosity of rBC which enables higher uptakes of the
SS solution relative to mBC during the sample preparation.
The results show the rapid release of SS within 1 h, which
would be of great importance for cell growth and collagen
synthesis during wound healing.

3.1.4 Mechanical stability

Tensile testing was employed to assess materials’ mechanical
stability. Fig. 4c&d shows the stress-strain curves and
Young’s moduli of the samples, respectively. The stiffness
of mBC was significantly higher than that of rBC, which
can be explained by the denser fiber network of the former
as suggested by the SEM images. This can also be explained
by the higher number of hydrogen bonds in the mBC
structure which make the latter more stable. Conversely, the

elongation at break of rBC was higher than that of mBC.
Thus, the compact and orderly arrangement of fibers in
mBC improved its mechanical strength but moderately
reduced its flexibility compared to rBC.*" In the
composites, the mechanical strength was decreased
compared to pure BC, due to the amorphous nature of SS
which decreased the overall mechanical strength of the
composite matrices.'>**

3.2 Biocompatibility of the materials

To ensure their non-toxicity in wound dressing applications,
the materials were tested for biocompatibility using skin cell
lines including fibroblasts (NIH-3T3) responsible for the
synthesis of collagen (ECM protein participating in the
architecture of new tissue), and keratinocytes (HaCaT)
which make up the first layer of skin (epidermis; ensures the
barrier function of skin). Cell viability was measured in the
presence of sample extracts on one hand (Fig. 5a-b), and
following direct contact of the cells with the samples on the
other (Fig. 5c-d). When extracts were applied, at day 1 the
percentage of viable cells in composites’ extracts was
significantly higher than that of the positive control (routine
culture media) and pure BC, confirming that SS which is
released in the extracts improves the proliferation of
fibroblast and epithelial cells. The cell growth was reduced
on the 3™ day for NIH-3T3 and HaCaT respectively, due to
the saturation of the allocated growth surface. Moreover,
keratinocytes were more viable in the presence of rBC-SS
extracts than in those from mBC-SS, in agreement with the
in vitro SS release profile which shows that rBC-SS releases
more SS than mBC-SS.
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Fig. 4. Physical properties of the materials. (a) Sample swelling behavior; (b) SS release profile from the composites; (c)-(d) Mechanical
properties. Because rBC is more porous, it absorbs more water than mBC; It also uptakes more SS solution during the composite preparation,
leading to a higher SS release from this sample than mBC. Further, mBC displays significantly higher stiffness than rBC.
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Fig. 5. In vitro biocompatibility of samples. (a, b) Cell viability in sample extracts, 10* cells per well of 96 well plates. (c, d) Cell viability on the
biomaterials, 6x10* cells per membrane in 24 well plates. (***) P < 0.001; (**) P < 0.01; (*) P < 0.05. All samples demonstrate the ability to

support cell attachment and growth.

To evaluate the attachment and proliferation of cells on
the materials, the cells were seeded on the latter. The
percentage of viable fibroblasts on mBC was low compared
to those on rBC at days 1 and 3 though with no statistical
difference, due to initially higher cell attachment on rBC. By
contrast, after 5 days, the cell growth was significantly
higher on mBC compared to rBC, indicating the progressive
but higher proliferation rate of fibroblasts on mBC than on
rBC, which may derive from different physical properties of
the samples. Same profile was observed for keratinocytes,
with statistical differences at days 3 and 5. Our result for
day 5 is contrary to that reported by Jin et al.l'’! where
microgrooves of 10 pm width inhibited the proliferation of
L929 even at day 5, probably due to the higher seeding cell
density in our experiments which enhanced cell viability.”*
After 3 and 5 days culture, cell growth on the different
samples was significantly higher than that at day 1, implying
that all samples support the proliferation of both cell types.
Furthermore, the viability of both cell types was
significantly improved on the composites relatively to pure
BC, confirming the extract test results and the bioactivity of
the SS released by the composites. In fact, SS is reported to
improve fibroblast and epithelial cells proliferation through
its mitogenic property, while preserving cell integrity, thanks
to its antioxidant ability.[”] At day 3, the fibroblast viability

74 | Eng. Sci., 2020, 10, 68—77

on BC-SS2 was higher than that on BC-SS1 and BC-SS3,
suggesting an optimal SS concentration around 2%.

In physiological conditions, the proposed samples
release SS that improves the proliferation of fibroblast and
epithelial cells, which would improve tissue regeneration.
Therefore, both rBC-SS and mBC-SS have the potential of
enhancing wound healing. However, mBC appears to be the
best dressing material because it is able to induce fibroblast
cell alignment, ultimately controlling the anarchic
deposition of collagen which could lead to the formation of
fibrosis and scar.

3.3 Effects of the microstructured surface on cell behavior
Uncontrolled cell proliferation and architecture, particularly
of fibroblasts, can lead to anarchic synthesis and deposition
of collagen with the formation of fibrosis during wound
healing."””! Interestingly, these can be controlled by inducing
cell orientation through structuring the surface of the
dressing. Fig. 6 shows the confocal microscope images of
the NIH-3T3 and HaCaT cells grown on the samples and
stained for F-actin. At day 3, fibroblasts were more spread
on the composites compared to pure BC, consistent with the
cell viability results which support that cells are more viable
on the composites than on pure BC. Before day 3, cells were
non-spread as in previous studies, supposedly due to the
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Fig. 6. Confocal images of fibroblasts (A-B) and keratinocytes (C-D) cultured onto scaffolds (10* cells / sample, 96 well plates) for 3 and 7 days
respectively. The cells align on the microgrooves of mBC, while arranging randomly on rBC. Keratinocytes exhibit similar morphologies on
mBC and rBC. Green: actin filaments; blue: nuclei. a: mBC, b: mBC-SS1, ¢: mBC-SS2, d: mBC-SS3, e: rBC, f: rBC-SS1, g: rBC-SS2, h:

rBC-SS3.

surface tension and stiffness of BC.®®) Fibroblasts appeared
to align on mBC, which was confirmed by culturing them
for 7 days. At day 7, they were well aligned on mBC and
mBC-SS according to the orientation of the microgrooves.
By contrast, the cells on rBC and rBC-SS were aggregated
and randomly distributed on the surface of the membrane.
Hence, the line structures on mBC induce fibroblast cell
alignment, corroborating reports that microstructure designs
at the surface of biomaterials define the behavior of the cells
they support, both in terms of morphology and distribution.”*
At day 3, keratinocytes were also non-spread on the samples,
but were denser on the composites. At day 7, they adopted
the aligned pattern on mBC, while still arranged in bulk on
rBC. However, the alignment was not as well defined and
uniform as for fibroblasts, probably due to the strong
adhesion of the epithelial cells to each other and their round
morphology. In conclusion, the microstructured surface of
BC affected the architecture and distribution of the studied
cells and particularly fibroblasts, which is of great
importance for inducing the orderly and uniform deposition
of collagen desired to prevent excessive fibrosis.

3.4 Collagen production from fibroblasts seeded on the
biomaterials

Collagen is an important ECM protein, determinant of the
remodeling stage of wound healing. Fig. 7 shows the level
of soluble collagen released by fibroblasts grown on different
samples at different times. In the presence of BC-SS composites,
the amount of collagen was higher than for pure BC samples.
In fact, SS contains a high level of methionine which
promotes rapid fibroblast growth and collagen production.””!
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Fig. 7. Soluble collagen production by fibroblasts cultured onto the
samples. (***) P <0.001; (**) P <0.01; (*) P <0.05.

At day 5, the level of collagen measured with rBC-SS
composites was significantly higher than that with mBC-SS
composites, while on the 7" day, the difference was not
significant although the trend in collagen production
remained unchanged. Moreover, in rBC-SS samples, the
collagen production at day 5 remained approximately equal
to that at day 7, while with mBC-SS, an increase was
observed between these days. This shows high initial
collagen synthesis in the presence of rBC-SS due to higher
initial cell attachment and higher SS release with these
substrates compared with mBC-SS samples where the
collagen production is rather progressive. Overall, the high
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amount of collagen synthesis at short-term in presence of
rBC-SS may be the result of less controlled proliferation of
fibroblasts with cell agglutination as observed on confocal
images, which would lead to a non-homogeneous deposition
of collagen thus resulting in fibrosis. By contrast, the
progressive synthesis of collagen in the presence of
mBC-SS composites can be explained by a controlled
proliferation of fibroblasts by their alignment along the lines
of mBC, which would induce progressive and homogeneous
deposition of collagen in the direction of the arrangement of
the cells.

4 Conclusions

The mBC-SS and rBC-SS composites as wound dressings
were compared with regard to their bioactivity as well as the
ability to reduce fibrosis and scar formation. mBC and
mBC-SS composites exhibit well-aligned and compact fiber
networks while these fibers are randomly arranged in rBC
and its composites. However, rBC is more porous compared
to mBC, which is beneficial for water absorption. The water
uptake abilities of the composites varied with SS
concentration, but all had good absorptive capacities as
required for dressing application so that to support exudates
removal. In vitro and under physiological conditions, the
BC-SS2 composites which appear to be most optimal for
dressing applications could release sufficient SS in a short
time, which improved the proliferation of fibroblast and
epithelial cells as well as collagen synthesis.

On mBC-SS composites, fibroblasts were aligned
according to the orientation of the microgrooves while
randomly arranged on rBC-SS. As fibroblasts were
responsible for the synthesis of collagen, it was anticipated
that the deposition of the latter would be carried out
according to the alignment of the cells, limiting fibrosis and
scar formation. Keratinocytes had similar morphologies on
both types of composites, with a tendency to be aligned on
mBC-based samples. Overall, mBC-SS composites
represent promising biomaterials for wound dressing
application to guide fibroblast alignment and proliferation,
thus controlling the deposition of collagen and minimizing
fibrosis. Further in vivo studies would help demonstrate the
aligned deposition of collagen, the inherent immunological
response and wound healing outcome in order to confirm
the ability of mBC-SS as wound dressing.
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