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Abstract

Polylactide-polyglycolide (PLGA) is one of the most attractive polymeric biomaterials used to
fabricate medical devices for drug delivery and tissue engineering applications. Nevertheless,
the utilisation of PLGA in load-bearing applications is restricted due to its inadequate
mechanical properties. This study examines the potential of recombinant silk fibroin (¢éADF4),
a readily producible biomaterial, as a reinforcing agent for PLGA. The PLGA/eADF4
composite membranes were developed using the process of electrospinning. The spinnability
of the electrospinning solutions, as well as the physicochemical, mechanical, and thermal
properties of the composite membranes, were characterized. The addition of eADF4 increased
the viscosity of the electrospinning solutions and enhanced both the mechanical characteristics
and thermal stability of the composites. This study demonstrates that PLGA membranes
reinforced with recombinant spider silk fibroin are non-cytotoxic, significantly enhance cell
migration and wound closure, and do not trigger an inflammatory response, making them ideal
candidates for advanced wound healing applications.
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1. Introduction

The skin, as the body's largest organ, plays a vital role in safeguarding against infections and
preventing excessive water loss. When the skin is compromised by injury, burns, or disease, it
activates repair mechanisms to restore its protective functions. However, in cases of severe
damage, the skin may lose its natural ability to heal, resulting in chronic wounds, scarring, and
loss of function. Wound healing is a complex physiological process, and chronic wounds pose
significant challenges in healthcare, contributing to substantial patient distress and elevated
mortality rates !,

Managing wounds requires innovative and effective treatment strategies, with regenerative
engineering playing a key role in this effort. This rapidly advancing field focuses on developing
biomaterials and scaffolds that facilitate the repair and regeneration of damaged skin tissue. A
critical challenge in skin tissue regenerative engineering is designing scaffolds that provide
adequate mechanical support, closely mimicking the mechanical properties of natural skin to
maintain structural integrity 3. The scaffold must be strong enough to support regenerating
tissue without collapsing, yet flexible enough to avoid stress-shielding, which could impede
proper cell growth and integration with surrounding tissues . Achieving this balance of
mechanical strength and flexibility is essential for the successful regeneration of skin.

Polylactide-polyglycolide (PLGA) is a linear synthetic copolymer composed of lactic acid (LA)
monomers and glycolic acid (GA) monomers at different ratios. With a tuneable
biodegradability, PLGA has been currently mainly used as a delivery vehicle for drugs, proteins
and various other macromolecules such as DNA, RNA and peptides °>. PLGA also has good
biocompatibility and is approved for clinical use in humans by the FDA, which makes PLGA
an ideal candidate for tissue engineering applications. However, the poor mechanical properties
of PLGA have limited its use in load-bearing tissue engineering applications, such as bone
tissue engineering, and artery vascular tissue engineering %7, To improve its mechanical
properties, bioactive glass °, cellulose nanocrystals !°, TiO, nanoparticles !!, hydroxyapatite
microspheres 12, graphene oxide nanoparticles 3, etc. have been investigated as reinforcing
materials for PLGA.

Natural spider silk fibres are increasingly recognized in medical fields for their excellent
biodegradability, biocompatibility, and robust mechanical properties. Its applications span
across various domains, including vascular implants 4, blood vessel sutures ', and cardiac
tissue engineering '6. The mechanical strength of spider silk fibres is remarkable, with a
strength of 1.1 GPa, rivalling that of high-tensile steel at 1.5 GPa and surpassing human bone
strength by nearly sevenfold %10, Additionally, its toughness exceeds many top-tier synthetic
materials, including Kevlar® 7. Therefore, spider silk fibres have been reported to be used as
reinforcing materials. For instance, Bobylev and colleagues incorporated spider silk into
cardiovascular patches, resulting in a significant enhancement of their mechanical properties,
with a 1.8-fold increase in tensile force and a 1.45-fold increase in tensile strength 3. However,
these advancements face a significant challenge: the spider silk fibres used in these studies are
sourced from various natural spiders, which are predominantly cannibalistic and difficult to
farm collectively. This limitation makes the commercial mass production of natural spider silk
fibre-reinforced polymer composites challenging.

Recombinant spider silk protein eADF4 is a genetically engineered spider silk protein produced
in large quantities using Escherichia coli as a host'®. Compared to natural spider silk fibre,
recombinant spider silk proteins eADF4 offer several advantages, including 1) Controlled and
Scalable Production. Unlike natural spider silk, which is challenging to harvest in large
quantities due to the territorial and cannibalistic nature of spiders, eADF4 can be produced
efficiently in microbial systems, ensuring a reliable and scalable supply for industrial and

2

ACS Paragon Plus Environment

Page 2 of 22



Page 3 of 22

oNOYTULT D WN =

ACS Biomaterials Science & Engineering

biomedical applications. 2) Tailored Mechanical Properties. The genetic engineering of eADF4
allows for precise manipulation of its amino acid sequence, enabling the customization of
mechanical properties such as tensile strength, elasticity, and degradation rates to suit specific
needs, which is not possible with natural spider silk. 3) Consistent Quality. Recombinant
production ensures a high level of purity and uniformity in eADF4, free from the variability
found in natural silk fibres, which can be affected by environmental factors and spider species.
This consistency is crucial for applications requiring precise material characteristics. 4) Good
Compatibility. eADF4 retains the biocompatibility of natural spider silk, making it suitable for
a range of biomedical applications, including tissue engineering and drug delivery 292!,

This study explores the potential of eADF4 as a reinforcing agent to enhance the mechanical
properties of PLGA membranes. It delves into a detailed examination of the electrospinnability,
mechanical and thermal properties, as well as the morphology of the electrospun PLGA
membranes reinforced with recombinant spider silk protein eADF4. The PLGA membranes
were evaluated using an in vitro wound model with human keratinocytes to assess their
potential for use in tissue engineering applications. This involved examining their impact on
cell viability, wound closure ability, and potential irritancy, with IL-8 release measured
following both direct and indirect exposure to the membranes.

2. Material and Methods
2.1 Materials

PLGA was obtained from Ashland (Viatel™, Ireland) as a medical grade copolymer with a
lactide and glycolide co-polymer ratio of 50:50 and a molecular weight of Mn 8,500 and Mw
19,100. Hexafluoroisopropanol (HFIP) was purchased from Abcr (Abcr GmbH, Germany).
The recombinant spider silk fibroin eADF4(C16), which consists of 16 repeats of a C module
(sequence: GSSAAAAAAAASGPGGYGPENQGPSGPGGY GPGGP) to mimic the repetitive
core sequence of the European garden spider’s (Araneus diadematus) dragline silk fibroin, was
prepared as previously described 22-23.

2.2 Electrospinning solution preparation

Firstly, the spinnability of the PLGA solution was determined by dissolving PLGA in HFIP at
concentrations of 10, 25, and 50 wt%. The spinning solutions were characterized by dynamic
viscosity and PLGA at 25% wt/v was chosen for further experiments. Secondly, 250 mg PLGA
was dissolved in 0.5 ml HFIP and 0, 1, 5, 10, 20 wt% eADF4 prepared by dissolving 0, 5, 25,
50 and 100 mg eADF4 in 0.5 ml HFIP. Then, the 0.5 ml PLGA solution and 0.5 ml eADF4
solution were mixed to yield a 1 ml electrospinning solution. The composition of the
electrospinning solutions is described in Table 1.

The dynamic viscosity of the spinning solutions was measured by using a TA instruments
HR30 hybrid rheometer. Samples were analysed under shear rates of 1 to 1000 s*! to compare
the viscosity and stress of samples. The axial force applied was constrained to 0.1 = 0.01N.

Table 1: Composition of PLGA/eADF4 electrospinning solutions using HFIP as the solvent

Sample PLGA wt/v% eADF4 wt/v% PLG?; t??DFA‘
PLGA 25 0 N/A
PLGA/eADF4-0.5 25 0.5 1:0.02
PLGA/eADF4-2.5 25 2.5 1:0.1
PLGA/eADF4-5 25 5 1:0.2
PLGA/eADF4-10 25 10 1:0.4
3
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2.3 Membrane preparation

The electrospinning process was performed in a custom-built device, with a chamber humidity
of 26%, at an electrospinning solution flow rate of 0.42 ml/hour through a 21G needle (inner
diameter 0.56 mm), which was positively charged at 16 kV. Fibres were deposited on a metal
plate with a 10 kV negative charge. The distance between the needle and the plate remained at
100 mm. The electrospun membrane was collected after electrospinning for 2 hours.

2.4 Morphology

Scanning electron microscopy (SEM) was performed using a Mira XMU SEM (Tescan™,
Czech Republic) in backscattered electron mode for surface analysis. The accelerating voltages
utilized were 20 kV. Prior to analysis, test samples were placed on an aluminium stub, and the
samples were sputtered with gold using Baltec SCD 005 for 110 s at 0.1 mbar vacuum before
testing. TESCAN EssenceTM software was used to measure the fibre diameter and a number
of 40-50 data was collected from each SEM image, a normality test was performed by plotting
a histogram for a visual indication of normality. In a normal distribution, the histogram should
appear bell-shaped.

2.5 Fourier transfer infrared spectroscopy

Attenuated total reflectance Fourier transform infrared spectroscopy (FTIR) was carried out on
a PerkinElmer Spectrum One (USA) fitted with a universal ATR sampling accessory. All data
was recorded at 21 °C in the spectral range of 650 - 4000 cm™! against the air as background,
utilising a 4 scan per sample cycle at a resolution of 0.5 cm! and a fixed universal compression
force of 70 - 80 N. Subsequent analysis was carried out using Spectrum software.

2.6 Mechanical testing

The mechanical properties of the samples were characterised by tensile tests. Tensile testing
was carried out on a Lloyd TA1 tensometer (Ametek Ltd., West Sussex, UK) using a 20 N load
cell on ASTM standard test specimens at a strain rate of 5 mm/min. Data was recorded using
Nexygen™ software. The tensile tests were carried out in adherence to ASTM D 882. Five
replicates were analysed per group, and prior to testing the thickness of each sample was
measured. The percentage strain at maximum stress, maximum stress, and Young’s Modulus
of each sample were recorded.

2.7 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried out using a PerkinElmer DSC 4000 (USA)
with a nitrogen flow rate of 20 ml/min to prevent oxidation. Calibration of the instrument was
performed using indium as standard. Test specimens weighed between 8 and 12 mg were
measured on a Sartorius scale (MC 210 P, Germany). Samples were crimped in non-perforated
aluminium pans, with an empty crimped aluminium pan used as a reference. The samples were
heated from 10 °C to 90 °C at a rate of 10 °C/min. The glass transition temperature of PLGA
and PLGA/eADF4 composite was recorded.

2.8 Thermogravimetric analysis

The thermal stability of samples was tested using a PerkinElmer Pyris TGA 1 (USA), coupled
with a PerkinElmer Thermal Analysis controller TAC7/DX under a nitrogen atmosphere. The
tests for PLGA and PLGA/eADF4 composite were run from 30 °C to 650 °C, all experiments
were performed at a heating rate of 10 °C/min.

2.9 Culturing of HaCaT cells
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HaCaT cells were grown in high glucose Dulbecco’s modified Eagle’s medium (DMEM)
(Thermofisher Scientific), with the addition of 10% fetal bovine serum (FBS) (ThermoFisher
Scientific), 1% penicillin/streptomycin (ThermoFisher Scientific), and 2 mM L-glutamine
(ThermoFisher Scientific). The cells were maintained in a humidified atmosphere at 37 °C with
5% CO2 in a CO2 incubator. They were cultured in T75 cm? flasks, and the growth medium
was refreshed every 48 to 72 hours. Cell confluence was assesed using light microscopy.
HaCaT cells were sub-cultured by trypsinization at 70% to 80% confluency. For viability
assays, HaCaT cells were seeded at a density of 2.5x10* cells per well in flat-bottom 96-well
plates (Sarstedt). For wound healing assays, HaCaT cells were seeded 4x10° per well in flat-
bottom 24-well plates (Sarstedt).

2.10 Viability Assay

Viability was assessed after 72 hours using the Methyl Thiazolyl Tetrazolium (MTT) assay to
evaluate the cytotoxicity of PLGA and PLGA/eADF4 composite membranes (PLGA/eADF4-
0.5; PLGA/eADF4-2.5; PLGA/eADF4-5; PLGA/eADF4-10) in the context of wound healing.
Experimental groups included these membrane concentrations along with controls: a non-
viable cell control (Triton X-100 treated), an untreated control, and a dimethyl sulfoxide
(DMSO) blank. All groups were tested in six replicates.

PLGA and PLGA/eADF4 composite membranes were prepared with a surface area of 30 cm?,
following ASTM standard 24, and sterilized with 70% isopropyl alcohol (IPA) and phosphate-
buffered saline (PBS). Two exposure methods were tested: direct and indirect. For direct
exposure, cells were incubated in 96-well plates with membranes cut to 6 mm to fit each well.
For indirect exposure, 6 mm membranes were incubated in 100 pL of media for 72 hours, after
which the membrane was removed, and the conditioned media was applied to the cells.

2.11 In Vitro Wound Healing Scratch Assay

HaCaT cells were seeded at a concentration of of 4x10° cells per well in 24-well plates and
incubated at 37°C in a humidified atmosphere with 5% CO2. Once a monolayer was established,
as confirmed by microscopic observation, scratches were made across the diameter of the wells
using a sterile 1000 puL pipette tip. The culture medium was then aspirated, and each well was
washed four times with serum- and additive-free DMEM. Subsequently, the cells were
incubated with composite membranes (12 mm in diameter). Images of the wells were captured
immediately after the scratches were made and at 16-hour intervals over a total period of 64
hours, using an EVOS cell imaging system. Throughout the experiment, the plates were
maintained in a humidified environment with 5% CO2 at 37°C. Wound surface area was
measured using EVOS imaging software, and the closure rate (um?/h) was calculated.

2.12 Assessment of Cell Migration

To assess the potential migration of cells onto the membrane, CellTracker™ Green CMFDA
(5-chloromethylfluorescein diacetate) (Thermo Fisher Scientific, catalog number: C7025) was
used. A stock solution (50 pg of the probe in 20 pl of DMSO) was diluted in 2 ml of PBS, and
the cells were incubated in this medium for 30 minutes at 37°C. Following this incubation, the
cells were transferred into complete DMEM for an additional 30 minutes at 37°C.

2.13 IL-8 ELISA

To assess potential irritancy or inflammatory response, cell supernatants were collected after
72 hours of direct exposure to the membranes. IL-8 cytokine levels were quantified using
specific sandwich enzyme-linked immunosorbent assays (ELISA) (Invitrogen), following the
manufacturer's instructions.
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2.14 Statistical analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) with a Tukey
Post hoc test to determine differences. Differences were considered significant when p < 0.05.
The software used to perform statistical analysis was SPSS (IBM Version 22) for Windows.
All data collected in this study were expressed as mean + standard deviation. A sample size of
5 was used for all experiments.

3. Results and Discussion
3.1 Spinnability of the electrospinning solution

The spinnability of a solution in electrospinning, which refers to its ability to be drawn into
fine fibres, is significantly influenced by the polymer concentration. PLGA 10 wt% displayed
strings of beads, while PLGA 25 wt% and PLGA 50 wt% demonstrated uniform fibres. This is
related to polymer chain entanglements. At the core of electrospinning is the need for polymer
chains to be sufficiently entangled. A higher polymer concentration typically increases the
density of these entanglements. These entanglements are crucial because they provide the
necessary cohesive force to draw the solution into a continuous fibre as it is ejected from the
spinneret. This has been supported by other studies. Tiwari & Venkatraman dissolved PLGA
in DMF/chloroform and reported a concentration range between 4 and 12% for producing
uniform beadless fibres 2°. Zhou et al. dissolved poly(D, L-lactic acid) (PDLLA) in acetone
and reported that uniformed beadless fibres were formed when PDLLA/acetone concentration
(wt/v) reached 7.5% 2. In addition, polymer concentration directly affects the viscosity of the
solution. A higher concentration usually leads to higher viscosity. The right viscosity is
essential for forming a stable jet and preventing bead formation. If the viscosity is too low, the
solution may not form continuous fibres and instead break into droplets. If the viscosity is too
high, the solution may be too thick to be effectively electrospun. The dynamic viscosity
measures revealed that an increase in PLGA concentration increased the viscosity of the PLGA
solution. PLGA 50 wt% outperformed PLGA 10 wt% and PLGA 25 wt% by approximately 6
and 3 folds, respectively (p < 0.05, Figure 1 a). However, high viscosity would result in
difficulty in electrospinning, therefore PLGA 25wt% with medium viscosity and
correspondingly resulting uniform fibres were chosen for further electrospinning solution
formulations. Furthermore, PLGA 50 wt% exhibited a significant shear-thinning behaviour,
compared to PLGA 10 wt% and PLGA 25 wt%, this can be explained that at 50% loading, the
eADF4 in PLGA matrix is high enough to form a structure and entangled network through
intermolecular hydrogen bonds, which responded to applied shear stress and became align and
disentangled under shear stress, causing a decrease in viscosity 2.

PLGA 25 wt% was mixed with eADF4 at concentrations of 0.5, 2.5, 5, and 10 wt%. Dynamic
viscosity measurements revealed that as the eADF4 concentrations increased, the viscosity of
the PLGA/eADF4 dopes significantly increased accordingly (p < 0.05, Figure 1 b). In addition,
all the PLGA/eADF4 dopes displayed decreased viscosity with increasing shear stress, which
indicated the shear-thinning pseudoplastic behaviour of the dopes. Several studies using silk
fibroin dopes reported similar shear-shinning properties 415, It can be explained that the
entangled PLGA polymer chains and eADF4 molecules were loosely packed in suspension; at
low shear rates, the randomly and loosely packed structures exhibited high viscosity; as the
stress increased, the structure became more oriented and stretched, exhibiting a reduced
viscosity.
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16 Figure 1: a) Dynamic viscosity measurements of PLGA solutions p<0.05, b) Dynamic viscosity measurements of PLGA/eADF4
::; mixture solutions. p<0.05, sample size n=35.

19 3.2 Physico-chemical properties of the electrospun PLGA/eADF4 membranes

;? IR spectra of PLGA and PLGA/eADF4 membranes exhibited molecular vibrations of
22 functional groups as illustrated in Figure 2. The characteristic peaks of PLGA include an
23 intense peak at 1750 cm!, which is associated with the stretching vibration of the carbonyl
24 C=0 group, and the bands at 1300 cm™' and 1100 cm™!, which were attributed to C-O and C-
25 O-C groups 8. The amide I band of eADF4 at 1700-1600 cm'! is primarily due to the C=O
;? stretching vibration, amide II band at 1600-1480 cm™! is related to the coupling of the N-H in-
28 plane bending and C-N stretching, amide I band at 1350-1190 cm! is associated to C-N
29 stretching coupled to the in-plane N-H bending, and amino acid side chains are corresponding
30 to the absorption bands at 1480-1350 cm™! and 1190-700 cm! 26

2; Both characteristic peaks of PLGA and eADF4 can be observed in the PLGA/eADF4
33 composites. The peaks at 1654 cm'! and 1546 cm! of eADF4 in Figure 2 are based on the
34 characteristic structure of eADF4, and the intensity of these characteristic peaks increased as
35 eADF4 concentration increased, which confirmed the addition of eADF4 within the composites.
g? The carbonyl C=0 group and C-O-C group of PLGA shifted from 1750 and 1085 cm™'to 1755
38 and 1091 cm! for PLGA/eADF4-10 respectively. These shifts indicated the chemical
39 interactions between PLGA and eADF4. The amide groups in eADF4 contain N-H bonds that
40 can act as hydrogen bond donors, while the carbonyl oxygen in the ester groups of PLGA can
41 act as a hydrogen bond acceptor. When these two components are blended, the hydrogen from
42 the amide N-H group can form a hydrogen bond with the oxygen of the C=0O group in PLGA.
43 This hydrogen bonding interaction stabilizes the carbonyl group, slightly lowering the electron
2‘; density around the carbonyl carbon and oxygen. As a result, the energy required for the C=0
46 stretching vibration increases, causing a slight shift to a higher wavenumber (from 1750 cm™
47 to 1755 cm™). The C-O-C group in the ester linkage is also susceptible to hydrogen bonding,
48 though it primarily contributes to dipole-dipole interactions due to its polar nature. The oxygen
49 atoms in the C-O-C group can engage in hydrogen bonding with the N-H groups in eADF4, or
50 they can participate in dipole-dipole interactions with the nearby amide groups of eADF4.
g; These interactions can similarly affect the electronic environment, making the C-O-C bond
=3 slightly more rigid or stabilized, leading to a shift to a higher wavenumber as observed 2% 3.
54

55

56

57

58

59

60
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Figure 2: FTIR spectra of PLGA, eADF4, and PLGA/eADF4 composite membranes. The PLGA/eADF4 composite membranes
exhibited the characteristic peaks of both PLGA (1750 cm™ for the C=0 group) and eADF4 (1700-1600 cm™! for the amide
group). The intensity of the characteristic groups of eADF4 increased as the content of eADF4 increased.

The morphology of PLGA and PLGA/eADF4 composites was analysed using SEM, as
depicted in Figure 3. There is a clear trend of increasing fibre diameter with the increasing
content of eADF4 in the composite. Fibre diameters of PLGA, PLGA/eADF4-0.5,
PLGA/eADF4-2.5, PLGA/eADF4-5, and PLGA/eADF4-10 were measured to be 0.35 + 0.099
um, 0.33 £ 0.1 pm, 0.55 £ 0.21 um, 1.04 £ 0.64 um, and 2.18 &+ 1.48 um respectively. There
was no significant difference between PLGA and PLGA/eADF4-0.5 (p=1), and PLGA and
PLGA/eADF4-2.5 (p=0.812). As the eADF4 concentration was increased, the fibre diameter
was increased, and there was a significant difference between PLGA and PLGA/eADF4-5
(p=0.007), PLGA and PLGA/eADF4-10 (P<0.001). The explanation could be that eADF4,
being a protein-based polymer, increased the viscosity of the PLGA solution when added. An
increase in the viscosity of the polymer solution led to a corresponding increase in resistance
to flow, resulting in the production of thicker fibres. Furthermore, the incorporation of eADF4
into the solution leads to an augmentation of polymer chain entanglements, hence facilitating
the creation of uninterrupted fibres during the electrospinning process. Similar results were
reported by Boncu et al., they dissolved PLGA in HFIP and observed that an increase in
polymer concentration led to an increase in the viscosity of the solution, resulting in the
formation of fibres with larger diameters 3!. Furthermore, Meng et al. observed a similar
relationship between polymer content and fibre diameter. They electrospun PLGA/chitosan
solutions and reported that the increase in chitosan content increased the viscosity of the
solution and resulted in fibre with a thicker diameter 32. The findings of this study are consistent
with the existing literature.
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Figure 3: SEM images of PLGA and PLGA/eADF4 membranes, and fibre diameters were measured. a and a’) PLGA 0.35 +
0.099 um, b and b’) PLGA/eADF4-0.5 0.33 + 0.1 um, ¢ and c¢’) PLGA/eADF4-2.5 0.55 + 0.21 um, d and d’) PLGA/eADF4-5
1.04 + 0.64 um, e and e’) PLGA/eADF4-10 2.18 + 1.48 um. There was no significant difference between PLGA and
PLGA/eADF4-0.5 (p=1), PLGA and PLGA/eADF4-2.5 (p=0.812), as eADF4 concentration was increased further, the fibre
diameter was increased, there was a significant difference between PLGA and PLGA/eADF4-5 (p=0.007), PLGA and
PLGA/eADF4-10 (P<0.001).

3.3 Mechanical properties

The tensile testing results of PLGA/eADF4 membranes are listed in Table 1. There is a clear
trend of increasing tensile strength and Young’s modulus, along with decreasing ductility
(strain at break), as the content of eADF4 in the composite increases. The maximum tensile
stress exhibited a significant increase, rising from 1.27 + 0.8 MPa for PLGA to 3.73 + 0.6 MPa
for PLGA/eADF4-2.5 (p <0.005). The Young’s modulus also exhibited a significant increase
from 28.42 + 4.4 MPa for PLGA to 44.21 + 6.7 MPa for PLGA/eADF4-0.5, 86.7 + 13.4 MPa
for PLGA/eADF4-2.5, 71.02 + 5.7 MPa for PLGA/eADF4-5, 80.52 + 13.5 MPa for
PLGA/eADF4-10 (p < 0.01 for all comparison). However, the strain at break was decreased
from 14.24 + 0.2% for PLGA to 10 £ 0.1% for PLGA/eADF4-0.5 (p = 0.043), 4.1 £ 0.4% for
PLGA/eADF4-2.5 (p = 0.004), 2.2 + 0.02% for PLGA/eADF4-5 (p =0.011), 1.1 £ 0.01% for
PLGA/eADF4-10 (p =0.01).

Table 1: Tensile testing results of PLGA and PLGA/eADF4 electrospun membranes (* indicated significance P<0.05).

Membrane Ma;;tllr.glsénlvt[eplgslle Youngl\;PI::dulus Strain at breaking%*
PLGA 1.27+0.8* 28.42+4.4 14.24+0.2
PLGA/eADF4-0.5 1.51+0.4 44.21+6.7 10.0£0.1
PLGA/eADF4-2.5 3.73+0.0% 86.7+13.4 4.1+0.4
PLGA/eADF4-5 1.65+0.2 71.02+5.7 2.2+0.02
PLGA/eADF4-10 0.86+0.2 80.52+13.5 1.1£0.01
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Figure 4: Stress-strain curves of PLGA and PLGA/eADF4 electrospun membranes. a) The full scale of the stress-strain curves.
b) The focused section of the stress-strain curves. The maximum tensile stress was significantly increased from 1.27 + 0.8 for
PLGA to 3.73 + 0.6 for PLGA/eADF4-2.5, Young’s modulus was significantly increased from 28.42 + 4.4 MPa for PLGA to
44.21 £ 6.7 MPa for PLGA/eADF4-0.5, 86.7 + 13.4 MPa for PLGA/eADF4-2.5, 71.02 + 5.7 MPa for PLGA/eADF4-5, 80.52
+ 13.5 MPa for PLGA/eADF4-10 (P<0.05), sample size n=>35.

The observed increase in stress and Young's modulus, along with the decrease in ductility in
the PLGA/eADF4 composites, can be explained by several key mechanisms related to the
material properties and interactions between PLGA and eADF4: 1) Reinforcement effect of
eADF4. eADF4, a protein with a highly ordered B-sheet secondary structure, acts as a
reinforcing agent within the PLGA matrix. The crystalline regions of eADF4 contribute to the
rigidity and stiffness of the composite material, which is evidenced by the increased maximum
tensile stress and Young's modulus observed in the PLGA/eADF4-2.5 sample. The presence
of eADF4 enhances the load-bearing capacity of the composite, leading to an overall increase
in the mechanical strength of the material. The highest tensile stress was recorded at 3.73 £ 0.6
MPa for the PLGA/eADF4-2.5 composite, which represents a significant improvement over
the pure PLGA matrix. 2) Load bearing capacity. The addition of eADF4 enhances the
composite's ability to distribute applied stress more evenly across the material. This is
particularly true for the tensile stress, where the eADF4 protein structures are capable of
bearing a significant portion of the applied load, reducing the strain on the PLGA matrix and
thereby increasing the material's tensile strength and Young's modulus. 3) Interfacial bonding
and load shifting. The interaction between PLGA and eADF4 is crucial for effective stress
transfer within the composite. The observed improvements in tensile stress and Young’s
modulus suggest strong interfacial bonding between the PLGA and eADF4 components. This
bonding facilitates the efficient transfer of stress from the softer PLGA matrix to the stiffer
eADF4 structures, thereby enhancing the overall mechanical performance of the composite. As
the eADF4 content increases, the ability of the composite to transfer load from the PLGA
matrix to the eADF4 structures improves, contributing to the increased stiffness and strength
observed in the composite. 4) Restriction of polymer chain mobility. The addition of eADF4
restricts the mobility of PLGA polymer chains. The rigid eADF4 structures limit the ability of
the PLGA chains to move and deform, leading to a decrease in the material's ductility. This is
evidenced by the significant reduction in elongation at maximum stress, which dropped from
14.24 + 0.2% in pure PLGA to just 1.1 £ 0.01% in the PLGA/eADF4-10 composite 3. This
change in mechanical properties was also reported by Venkatesan et al. They utilized silk
fibroin to reinforce polycinylalcohol and polyvinyl pyrrolidone composites. The tensile
strength and Young’s modulus increased, and the elongation at break reduced significantly
when the silk fibroin was added. They gave a similar explanation in stress transfer mechanism
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and polymer chain mobility restriction 3*. Similarly, Gao et al. reported increased Elastic
modulus and reduced elongation with PLLA/silk fibroin composite 3. Zhao et al. found that
incorporating 30% spider silk fibroin into PDLLA significantly enhanced its tensile strength
from 1.8 MPa to 3.7 MPa 2°. The findings of this study are consistent with the literature.

It is worth noting that the tensile strength of the composite material increased to a maximum
of 3.73 £ 0.6 MPa with the addition of 2.5% eADF4, after which it decreased with further
increases in the eADF4 content. This trend suggests an optimal concentration of eADF4 where
the reinforcing effects are maximized. Beyond this optimal concentration, the tensile strength
decreases, which can be attributed to the aggregation of eADF4 fibres and possible phase
separation, leading to poor dispersion within the PLGA matrix. This phenomenon has been
observed and reported in several studies. Noishiki et al. studied silk fibroin and microcrystalline
cellulose composites and reported that the Young’s modulus of the composites showed a linear
dependence on the increasing cellulose content, while the tensile strength showed a maximum
at an optimal concentration of cellulose?!.

3.4 Thermal stability

The thermal stability of the PLGA/eADF4 composite membranes was studied since the thermal
stability study not only provides information for potential further thermal processes but also
provides intrinsic properties of the material. The used PLGA is a copolymer with a lactide and
glycolide co-polymer ratio of 50:50, therefore the glass transition temperature (T,) is around
40 — 60 °C 3. From the DSC thermograms of PLGA and PLGA/eADF4 composites in Figure
Sa, it can be seen that for PLGA/eADF4 composites with lower concentrations of eADF4 (0.5%,
2.5%, and 5%), the DSC curves show no significant shift in the T,. This suggests that at these
lower concentrations, the eADF4 does not substantially interact with the PLGA matrix to alter
the T,. The polymer matrix likely maintains its original chain dynamics, with eADF4 acting as
a relatively passive filler. The DSC curve for PLGA/eADF4-10 shows a significant shift in T,
to 56°C. This substantial shift suggests that at this higher concentration, eADF4 has a more
pronounced interaction with the PLGA matrix. This is because a high concentration of eADF4
hindered the PLGA polymer chain mobility, thus requiring more energy for the PLGA chain
to move. A similar increase in T, with the addition of silk fibroin was reported in a study of
silk fibroin-reinforced polycinylalcohol and polyvinyl pyrrolidone composites 33, and a study
in PLLA/silk fibroin composites 3. PLGA is an amorphous material that doesn’t show
crystallization and doesn’t have a melting temperature. However, silk can affect the
crystallization and melting behaviour of semicrystalline polymers. A study in spider silk
reinforced polycaprolactone (PCL) composites reported that the addition of 15 - 55 wt% spider
silks increased the crystallization and melting temperatures of PCL, due to the nucleation effect
of the spider silks ¥7. In addition, the intensity of the T, peak was reduced as eADF4 added,
this maybe explained by 1) Dilution effect. As eADF4 is added, the relative proportion of
PLGA in the composite decreases. Since the T, peak corresponds primarily to the PLGA
matrix, its intensity might reduce simply because there is less PLGA to contribute to the
thermal signal. This dilution effect on the T, of polymer blends has been reported widely % 3%
40, 2) Phase separation. When phase separation occurs at higher concentrations of eADF4, there
may be regions within the material where PLGA is less affected by thermal transitions,
reducing the overall intensity of the observed T,. Phase-separated domains of eADF4 may not
contribute to the T, in the same way as the more homogeneous PLGA matrix. The effect of
phase separation on T, has been also widely reported 4! 42- 43,

TGA curves of PLGA and PLGA/eADF4 composites in Figure 5b exhibited two
decomposition steps. The first decomposition step at 80 - 150 °C was due to the loss of water
from the samples, and the second decomposition step at 290 - 500 °C was related to the polymer
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structure degradation and breakdown of C-C bonds in the polymer backbone. It is revealed that
a small amount of eADF4 at 0.5wt% didn’t affect the onset degradation temperature of PLGA
significantly, but as the eADF4 content increased, onset degradation temperature was
increased, from 294°C for PLGA to 325°C, 324°C, and 332°C for PLGA/eADF4-2.5,
PLGA/eADF4-5, PLGA/eADF4-10, respectively. The improved thermal stability of the
PLGA/eADF4 composites is attributed to the high thermal stability of silk, which interacted
with the PLGA polymer matrix and acted as a barrier for better heat insulation. Similarly, Gao
et al. reported that the addition of 0.02 wt% silk fibroin in PLLA composite increased the initial
thermal decomposition temperature of PLLA from 263 °C to 302 °C, and they attributed this
effect to a substantial rise in the elastic modulus *°. Sheik and Nagaraja reported that the
addition of silk fibroin (3 - 15 wt%) significantly improved the thermal stability of the
polycinylalcohol and polyvinyl pyrrolidone composites, and they explained with the high
melting temperature of silk 3. However, opposing results were reported in a study of silk
fibroin-reinforced polyurethane composites, and the authors explained it by the phase
separation with very high silk fibre contents (25, 50, 75, 90 wt%) in the composites 4. The
compatibility of composites is crucial, if the composite components are not compatible with
each other, the properties of the composites would be deteriorated.

26
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E_ |\ —— PLGA/eADF4-5
= 80 ——PLGA/eADF4-10
25
S =
a e 60 \
= 3\‘ 60
(e} £
E g
g 247 = 40
2
K=l
= 20
O 23
T
04
T T T T T T T T T T T T T 1
0 20 40 60 80 100 0 100 200 300 400 500 600 700 800

Temperature 'C Temperature 'C

Figure 5: a) DSC curves and b) TGA curves of PLGA and PLGA/eADF4 composites. The T, of PLGA increased from 48 °C
to 56 °C for PLGA/eADF4-10, and the onset degradation temperature was increased from 294°C for PLGA to 325°C, 324°C,
and 332°C for PLGA/eADF4-2.5, PLGA/eADF4-5, PLGA/eADF4-10, respectively. The incorporation of eADF4 improved the
thermal stability of the PLGA/eADF4 composite membranes, sample size n=>5.

3.5 Cell culture

HaCaT cells, a human keratinocyte cell line, were used in these assays to model the behaviour
of skin cells during wound healing, as they closely mimic the regenerative and migratory
properties of human epidermal cells. These assays were used to evaluate the biocompatibility,
wound healing potential, and inflammatory response of PLGA and PLGA/eADF4 composite
membranes, essential factors in developing effective materials for skin tissue regeneration.

In Figure 6, the analysis of HaCaT cell viability under both direct and indirect exposure to
composite membranes demonstrated that all tested PLGA/ADF composites maintained cell
viability comparable to the control group and did not exhibit any significant cytotoxic effects.
This suggests that the composite membranes are biocompatible and do not adversely affect cell
viability.
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Figure 6: Comparative analysis of HaCaT cell viability under direct and indirect exposure of composite membranes
determined by MTT assay. Statistical significance compared to the control group was assessed using the Mann-Whitney U
test, with significance indicated by asterisks (***p < 0.001). Triton X-100 was the only treatment that demonstrated a
statistically significant reduction in viability in both direct and indirect exposure conditions, sample size n=3.

The results depicted in Figure 7 from the wound healing assay demonstrate the migratory
behaviour of HaCaT cells in response to various composite membranes. The initial scratch,
with a width of 1000 um, acts as a baseline to measure wound closure after 68 hours. The
PLGA membrane (Panel C) demonstrated the most significant reduction in scratch width, down
to 50 um, suggesting that this composite significantly enhances cell migration. In contrast, the
control sample (Panel B) showed a moderate reduction in scratch width to 350 um, while the
PLGA/eADF4-10 membrane (Panel D) resulted in a relatively larger scratch width of 400 pm,
indicating slower cell migration compared to the control and PLGA. The PLGA/eADF4-5
(Panel E) and PLGA/eADF4-2.5 (Panel F) composites exhibited more effective migration than
the control, with scratch widths of 300 um and 250 um, respectively, suggesting that these
formulations also support wound healing, not as effective as PLGA alon. The PLGA/eADF4-
0.5 membrane (Panel G) showed similar results to the control, with a scratch width of 350 pum,
indicating no significant enhancement or reduction in cell migration. These findings
demonstrate the potential of PLGA and PLGA/eADF4 (5 and 2.5) composites in promoting
wound healing.
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Figure 7: Microscopic Analysis of Wound Healing Assay: Fluorescence Imaging of HaCaT Cells Stained with CellTracker™
Green CMFDA. Panel A shows the initial scratch at time 0, with a width of 1000 um. Panels B through G display images taken
68 hours post-scratch, demonstrating the migration of HaCaT cells in the presence of the composite membranes. Panel B
shows the control, where the scratch width was reduced to 350 um. Panel C depicts the PLGA sample with a reduced scratch
width of 50 um. Panel D illustrates the PLGA/eADF4-10 membrane with a width of 400 um, while Panel E shows
PLGA/eADF4-5 with a width of 300 um. In Panel F, the PLGA/eADF4-2.5 membrane resulted in a scratch width of 250 um,
andPanel G demonstrates the PLGA/eADF4-0.5 membrane with a width of 350 um, sample size n=35.

Figure 8 presents the scratch assay closure rates over four time points—16, 32, 48, and 64 hours

statistically comparing the control group to samples treated with various composite membranes.

The data indicate that at the earlier time points (16 and 32 hours), there were no statistically
significant differences in closure rates among the different treatments, suggesting similar levels
of cell migration across all groups during the initial phases of wound healing.

However, at the 48-hour time point, a significant increase in closure rate was observed for the
PLGA-treated samples, with a highly significant difference (***p < 0.001) compared to the
control. Suggesting like the date in figure 7 that PLGA enhances cell migration.

At 64 hours, a significant reduction in closure rate was noted for the PLGA/eADF4-0.5 treated
samples (*p < 0.05), indicating that while this composite initially supports cell migration, its
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effectiveness may decrease over time compared to the control. The other composites did not
show significant differences in closure rates at this time point.
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Figure 8: Scratch Assay Closure Rates at 16, 32, 48, and 64 Hours. The graphs demonstrate the closure rates (um%h) of
control and membrane-treated samples over different time points. Statistical significance was determined using t-tests, with
*** indicating p < 0.001 and * indicating p < 0.05. At 48 hours, PLGA showed a highly significant difference (**). At 64
hours, PLGA/eADF4-0.5 showed a significant difference (*). No significant differences were observed for other samples at 16
and 32 hours, sample size n=>5.

Figure 9 shows the measurement of scratch diameter in HaCaT cells 68 hours post-scratch
across various treatment groups, compared to the initial scratch width at TO. Results indicate
that all treatment groups resulted in a statistically significant reduction in scratch width relative
to the initial width (TO), confirming effective wound closure across all samples which is to be
expected. The most significant reduction in scratch diameter was observed in the PLGA-treated
group. This finding suggests that PLGA significantly promotes cell migration and wound
closure more effectively than the other composite treatments. Other treatment groups, including
those with PLGA/eADF4 composites, also showed significant reductions in scratch width.
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Figure 9: Scratch Assay of HaCaT Cells: Measurement of Scratch Diameter at 68 Hours Post-Scratch Across Different
Samples. A paired t-test was conducted to evaluate the significance of the difference between T0 and each treatment group.
Statistically significant reductions in scratch width compared to T0 are indicated by the following symbols: *** for p < 0.001,
** for p < 0.01, and * for p < 0.05. All treatment groups showed significant reductions in scratch width compared to T0,
highest significance observed in the PLGA group (¥**), sample size n=35.

Figure 10 illustrates the secretion of IL-8 an inflammatory chemokine secreted from HaCaT
cells, measured by ELISA, following both direct and indirect exposure to various composite
membranes. The results show that SDS (0.01%), used as a positive control irritant, was the
only treatment that significantly increased IL-8 levels compared to the control group This
indicates an expected inflammatory response triggered by SDS.

In contrast, all the composite membrane samples, including PLGA and PLGA/eADF4 variants,
did not induce a significant increase in IL-8 secretion, maintaining levels comparable to the
control group. This suggests that these materials do not provoke an inflammatory response in
HaCaT cells, highlighting their potential biocompatibility and suitability for applications where
it is important not initiate further inflammation particularly in wound healing.

These findings demonstrate that PLGA and certain PLGA/eADF4 composites are non-
cytotoxic, effectively promote cell migration and wound closure, and do not induce an
inflammatory response, making them promising candidates for enhancing wound healing in
regenerative applications.
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Figure 10 : IL-8 Secretion in HaCaT cells determined by ELISA following direct and dndirect exposure to composite
membranes. Statistical significance compared to the control group was assessed using the Mann-Whitney U test, with
significance indicated by asterisks (***p < 0.001). SDS (0.01%) a positive control irrirant was the only treatment that
demonstrated a statistically significant increase in IL-8 in HaCaT cells compared to controls, sample size n=35.

Over all, the results indicate that PLGA and PLGA/eADF4 composites are promising
candidates for enhancing wound healing in regenerative applications. The biocompatibility,
promotion of cell migration, and absence of inflammatory responses underscore their potential
in developing advanced wound care materials. The use of eADF4 is particularly intriguing due
to its bioactive properties. As a recombinant spider silk protein, eADF4 offers unique benefits
such as excellent mechanical strength, elasticity, and a favourable interaction with cells, all of
which are crucial for the successful integration of scaffolds in tissue engineering 444346 The
ability of eADF4 to modulate cell behaviour, possibly through its influence on cell adhesion,
proliferation, and migration, suggests that it could play a key role in optimizing the wound
healing process. Moreover, the absence of significant inflammatory responses in the presence
of PLGA/eADF4 composites is particularly promising, as inflammation can hinder the healing
process and lead to chronic wounds. This biocompatibility ensures that the materials will not
exacerbate existing injuries or introduce new complications, making them suitable for long-
term applications in wound care.

Future studies should focus on exploring the long-term effects of PLGA/eADF4 composites in
vivo to better understand their performance in a more complex biological environment.
Investigating the underlying mechanisms through which eADF4 modulates cell behaviour will
be crucial in refining these materials. Such studies could reveal new insights into how eADF4
influences cellular responses, potentially leading to the development of even more effective
regenerative scaffolds tailored to specific wound healing needs. Additionally, exploring the
potential for customizing the mechanical and degradation properties of these composites could
further enhance their effectiveness. By fine-tuning the balance between mechanical support
and biodegradability, it may be possible to develop scaffolds that not only facilitate rapid
wound closure but also seamlessly integrate with the body's natural healing processes,
ultimately leading to improved outcomes for patients.
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4. Conclusion

This study addressed the limitations of PLGA in load-bearing applications in tissue engineering
due to its poor mechanical properties. PLGA and recombinant silk fibroin eADF4 at
concentrations of 0.5, 2.5, 5, and 10 wt% were dissolved in HFIP, mixed with 25 wt% PLGA
solution and electrospun. With the rise in eADF4 concentration, there was a notable increase
in the viscosity of the PLGA/eADF4 solutions, resulting in the production of thicker fibres
during the electrospinning process. By incorporating eADF4, the stiffness of PLGA was
enhanced, but the ductility was reduced. Furthermore, integrating eADF4 improved the
thermal stability of PLGA with elevated glass transition and onset degradation temperatures.
The excellent cytocompatibility of the PLGA/eADF4 membranes indicates their promising
potential for use in wound healing application.
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