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ABSTRACT

Recently, traditional polymer-based surgical meshes have drawn unwanted attention as a result
of host tissue complications arising from infection, biocompatibility, and mechanical
compatibility. Seeking an alternative solution, we present a hierarchically structured
nanofibrous surgical mesh derived from the naturally woven cocoon of the Japanese giant
silkworm, termed MothMesh. We report that it displays nontoxicity, biocompatibility, suitable
mechanical properties, and porosity while showing no adverse effect in animal trials and even
appears to enhance cell proliferation. Hence, we assert that the use of this natural material may

provide an effective and improved alternative to existing synthetic meshes.

Keywords: Sustainable material; Fibroin; Sericin; Biocompatibility; Surgical mesh; Tissue

engineering



1. INTRODUCTION

Surgical meshes are generally used in skull injuries, tendon repairs, and eye surgeries especially
in hernia, pelvic organ prolapses, and urinary incontinence stress.!* Historically, owing to their
density and lack of elasticity, metal prostheses used to treat these diseases find it challenging to
adapt to soft tissue applications.” However plastic-based meshes such as polypropylene and
polytetrafluoroethylene have provided major advantages thanks to their flexibility, strength,
and lightness, although the biocompatibility issues surrounding plastic meshes have not been
completely resolved.® Furthermore, the use of non-biocompatible synthetic mesh in certain
cases may lead to serious complications such as pain, infection, erosion, inflammation, and
restriction of movement. In order to address the adverse effects of synthetic polymer meshes,
absorbable meshes consisting of polyglycolic acid, polylactic acid, trimethylene carbonate and
poly-4-hydroxybutyrate combinations have been proposed and developed subsequently.” While
these show similar results after implantation to permanent synthetic meshes, they have
relatively short clinical stabilization times after being fully absorbed.® While mesh renewal
increases the risk of local infection that ultimately leads to infectious disease, it is often
necessary to avoid future discomfort. An alternative to metal and synthetic polymer meshes that
attempts to address some of the above shortcomings is looking towards the use of biological
materials.’ In the literature, decellularized meshes have been developed from sources such as
human, sheep, bovine, or pig that contain extracellular tissue matrix.'!" Although biological
meshes provide three-dimensional support and scaffolding for tissue-specific cell proliferation,
signaling, and cell remodeling, they are not perfect; with cost and mechanical properties often
being issues.!*!3 In addition, biological materials are difficult to standardize since they come
from various human or animal tissues, a problem further confounded by variations in

decellularization and other phases of production.'*

Hence the search is on to develop a material that meets the requirements of a surgical mesh;
sustainability, biocompatibility, matched mechanical properties and a porous structure that
enables surgical manipulation and implantation as well as growth and regeneration of host
tissue.'>!® For this purpose, we believe an appropriate solution may be found in bio-based
natural mesh materials. Due to its biological origin, history of use, commercial availability and
biocompatibility, the silk protein produced by the mulberry silkworm, Bombyx mori as it spins
cocoon is the most widely used silk in the medical field."””!® Silk acquired from these moths
consists of two main types of protein; fibroin which forms the fibre and sericin, a gum protein

covering the fibre which serves as a matrix material to bind the fibres together in the cocoon.!”
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Typical biomedical applications of silk utilize the protein components in isolation, with sericin
was extracted by a degumming process and fibroin then being regenerated back into a liquid

prior to reprocessing into a variety of forms.!7-20-26

When regenerated, silk fibers have increased potential for use as biomaterials and particularly
meshes thanks to their relative ease of processing, controllable degradability, high tensile
strength, biocompatibility, soft tissue repair, non-toxicity, low antigenicity and non-
inflammatory properties.?”’*° Previous studies have shown that most of the surgical meshes
designed using silk fibroin protein have been produced by dissolution in LiBr.*'** However,
the mechanical properties (strength and flexibility) of regenerated fibroin fibers are usually
weakened due to the associated damage caused during an unrefined regeneration process and
subsequent loss of the ability for the material to self-assemble into an integrated hierarchical
structure.3*-3¢ Despite considerable effort to overcome these limitations, the mechanical

properties are still yet to match the natural fibre counterparts.'®- 30 36-38

An alternative approach would be to use the material “as spun” from the animal, with minimal
preparation in order to preserve its natural structure and desirable properties. However, the
cocoon structure of the widely known silk-producing moths (e.g. Bombyx mori, Antheraea
pernyi and Samia cynthia) is not suitable for direct use in mesh-based medical applications
because they do not have the desired pore structure.*-** However these few species represent a
miniscule proportion of lepidopteran silk diversity, and upon review it may be possible to find
species that not only spin silk that is biochemically amenable to being a biomaterial, but it’s

gross morphology, the cocoon, is well suited for specific medical applications.

The Japanese Giant Silkworm, Caligula japonica Moore, 1872 (Lepidoptera: Saturniidae) is
generally considered as a pest due to its damage to the walnut tree is naturally distributed in
East Asia, including Korea, Japan, Russia and particularly in China.*!**> C. japonica produces
a long oval-shaped brown net-like cocoon which has undergone very little attention from
researchers and its medical mesh applications are completely unexplored. In this work, we
develop a mesh material from the C. japonica cocoon via a mild chemical process in a single
step. We show how this process retains macro, micro and nano scale structures and undertake,
1) physicochemical, ii1) mechanical, ii1) in vitro and in vivo biocompatibility and toxicity
characterization. We show that this material is well suited for surgical mesh applications could

be developed into an alternative medical mesh.



2. EXPERIMENTAL SECTIONS
2.1. Materials

The cocoons of C. japonica were collected in Kangxian, Gansu province (33° 26’ 33.81" N,
105° 41" 52.10" E) (Figure S1) in June 2019, which is the most important walnut production
area in northwestern China and one of the area’s most seriously damaged by C. japonica. The
cocoons were stored in an insect cage with mesh and put it in a room so that they were exposed
to similar field conditions (23-29 °C, 60—85% RH and natural photoperiod) and emerged as
field populations did from June to September. The cocoon (50 individuals) of C. japonica
containing pupae shell were taken from Jilin Agricultural University, Changchun, Jilin, P.R.
China. Silk proteins (fibroin and sericin) to be used as the control group were isolated from
Bombyx mori cocoons. Bombyx mori cocoons were commercially purchased from Kozabirlik

Bursa, Turkey. All the other chemicals used in the study were obtained from Sigma Aldrich.
2.2. Mesh production

C. japonica cocoons were cut vertically and the pupae shell removed. Cocoons were washed
several times with distilled water to remove any dirt and dust on the surface. Cocoons were then
treated with 0.2M NaOH for 10 min at 80 °C to partially remove sericin and washed with
distilled water until reaching a neutral pH. Cocoon pieces of different sizes (~ 2 x Scm) were
cut and opened planarly between glass slides with pressure and squeezed flat for 1 h before use
(Figure S2). Thicknesses of MothMesh, commercially available polypropylene mesh and Poly
mesh were determined by measurements taken from different parts of the 15 different mesh
samples created. A digital micrometer (0.001 mm) (Mitutoyo, Shanghai, China) was used to
determine the thickness of the meshes. From the 15 different MothMesh samples including
commercially available Polypropylene mesh and Poly mesh, 1 x 1 cm pieces were cut and the

average weight per cm? was calculated.
2.3. Isolation of the sericin and fibroin protein from the mesh

The isolation of sericin and fibroin proteins from C. japonica was performed according to the
method previously published with some modification.** 10 g of mesh material was cut into as
small pieces as possible. It was autoclaved for 30 min at 121 °C by adding 20 mL of distilled
water for each 1g mesh. The solution consisting of a mixture of sericin and fibroin was filtered

with Whatman filter paper. The mesh fibroin was separated by the filtration process. 1: 1 (v/v)
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cold methanol was added to the sericin solution and after incubation at + 4 °C for 30 min, it was
centrifuged at 6000 rpm for 10 min. Sericin pellet and fibroin protein were dried in an oven at
80 °C. B. mori cocoons used as the control group were similarly cut into small pieces and the
same isolation steps were applied. Commercially available sericin and fibroin proteins were

obtained as pure.
2.4. Characterization

Fourier Transform Infrared spectra (FT-IR) of mesh, mesh sericin and mesh fibroin were
obtained using a Perkin Elmer Spectrum Two FT-IR Spectrometer purged with dry air and fitted
with a Universal Attenuated Total Reflectance accessory with an internal reflection diamond
crystal lens across the wavenumber range of 600-4000 cm™ 8 cm™! resolution, 64 scans. FT-IR
spectra of commercial sericin and fibroin were also recorded to interpret functional groups
comparatively. The surface morphologies of mesh, mesh sericin and mesh fibroin including
commercial sericin and fibroin were revealed by Scanning Electron Microscopy (SEM) on a
FEI QUANTA FEG 250 model at 5 kV. The materials were gold-plated using a sputter coater
(Cressington sputter-coated 108 Auto, TED PELLA, INC) for 30 sec before the analysis.
Energy dispersion spectrum (EDS) was obtained at 20 kV and 5000X magnification (EDAX-
Octane Pro). Thermogravimetric analyses (TGA) were performed using a TGA Exstar-
TG/DTA 7300 Instruments. The analysis was carried out under a nitrogen atmosphere (3
mL/min purge rate) at a heating rate of 10 °C/min in the range of 30-900 °C using a platinum
crucible. Further thermal analysis was measured using a SETARAM DSC131Evo differential
scanning calorimeter (Caluire, France). Approximately 5 mg of each sample was placed in a
hermetic aluminum pan and tested between 30 and 550 °C at a heating rate of 5 °C/min under
an argon gas atmosphere. X-Ray Diffraction (Bruker AXS D8 Advance) analyses of all
produced silk protein samples were performed at 40 kV and 30 mA in the scanning angle range

of 10-60° at 26.
Crystallinity of the MothMesh was calculated according to the following formula;
Crhio = [ (I110— Iam) / I110] x 100 (1)

where, Crl = % crystallinity value, /110 = maximum intensity value at 20 and 20° and Ium =

maximum intensity value of the amorphous peak at 26 ,and 13°.



Atomic force microscopy (AFM) has been used for both high-resolution surface topography
imaging and nanomechanical properties (i.e., Young’s modulus and adhesion force). The
measurements were carried out with a CoreAFM (Nanosurf, Switzerland) at ambient conditions
using silicon cantilevers (PPP-NCHR, Nanosensors) with a nominal spring constant of 30 N/m.
The surface topography images were recorded in tapping mode and processed with the scanning
probe microscopy data analysis software package Gwyddion 2.53. To probe adhesion forces
and elastic moduli, maps of 10 x 10 force-distance curves were obtained on 5 um by 5 um
scanned areas at different locations. In total, 644 force-distance curves were recorded with a
maximum applied load of 100 nN to ensure the indentation was lower than 10% of sample
thickness. Each force-distance curve was processed by correcting baseline offset and tilt of the
curves as well as subtracting cantilever bending from the curves with AtomicJ software to
convert force-distance curves to force-indentation curves. From indentation curves, the elastic
moduli were calculated by fitting the Derjaguin-Muller-Toporov (DMT) model** to the
approach part of the curves, while the adhesion forces were calculated as the lowest negative

rupture force recorded when retracting the probe from the sample surface.

Tensile test of the MothMesh were performed using an Instron 5967 tester (Instron, Norwood,
MA, USA). The test was carried out with a cross head speed of 3 mm/min and a load cell was
of 500 N. Eight replicates of each sample of 5 x 50 mm were used to obtained the average

values of tensile strength, Young’s modulus and elastic modulus.
2.5. Cell culture

L.929 mouse fibroblasts (HUKUK, Sap Institute, Ankara, Turkey) were cultured in a humidified
incubator with 5% CO; at 37 °C using Dulbecco's modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), penicillin (100 U/mL) and streptomycin (100
pug/mL). Cells were monitored daily by using an inverted microscope. Passages were performed

twice a week when an 80% of confluence was observed.
2.6. Fluorescence microscope and SEM observation of L929 cells

To further examine the cytocompatibility of the experimental materials, the morphology of
L.929 cells was observed using a fluorescence microscope (Leica DM3000 (filter cubes:
Hoechst 33258, Aex: 352 nm, Aem: 461 nm; fluorescein diacetate, Aex: 490 nm, Aem: 526 nm))
and SEM (FEI QUANTA FEG 250). Before analysis, cells grown onto different materials were



washed with phosphate-buffer saline (PBS), fixed with 4% paraformaldehyde for 30 min of two
image analysis. For fluorescence imaging, the fixed samples were co-stained with fluorescein
diacetate and Hoechst 33258. In addition to SEM observation, experimental materials were
dehydrated with a series of increasing gradient ethanol solutions (20, 50, 70, 90 and 100%
ethanol), and air-dried. Materials were gold-plated before analysis (Cressington sputter-coated

108 Auto, TED PELLA, INC.).

2.7. Determination of cell proliferation with MTT assay and xCELLigence real-time cell

analyzer

Cytotoxicity analysis was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (MTT) assay according to the manufacturer’s recommendations (MTT M5655, Sigma
®). Briefly, by adding 2 x 5 mm sterilized MothMesh materials to 1.929 cells in the logarithmic
phase; and then cells were incubated with these materials for 24, 48 and 72 h. Afterward, cell
viability measurements were performed compared to the control. The experiments were
repeated three times, and data represented as the mean of sixplicate wells + SEM. The detailed

protocol and results of MTT assay has been provided in the Supporting Information.

Cell proliferation analysis was performed with the XCELLigence Real-Time Cell Analysis
instrument (RTCA, ACEA Biosciences, Roche, Germany). Cell culture media (100 ul) was
added each well in the 16-well e-plate (ACEA Biosciences, RTCA, Roche, Germany) for
background measurement. 1.929 cells were seeded at 1 x 10* cells/well in 16-well e-plate. Cell
index (CI) was measured every 15 min for 96 h. After the cells growth period, sterilized test
materials (2 X 5 mm size for mesh material, 1 mg for MothMesh, MothMesh sericin, MothMesh
fibroin, B. mori sericin and fibroin) were added to the 16-well e-plate. The cell index (CI) graph

was taken device using the xCELLigence RTCA software program.
2.8. In vivo biocompatibility assay

The local animal ethical committee of Ataturk University approved the study. A total of 14
male adult albino Wistar rats, weighing 250-270 grams were used in this experiment. For the
surgical procedure animals were anesthetized with ketamine (100 mg/kg) / ksilasine (10 mg/kg)
and the 1x1 cm of the MothMesh material was located in peritoneal cavity of animals. The

same protocol was applied and the MothMesh material was implanted subcutaneously
9



bilaterally below the axilla. Animals were kept under aseptic conditions for the entire duration
of the study. After implantation, the rats were located in their standard cages with free access
to water and food. 21 days after implantation the rats were anesthetized and implanted

MothMesh materials were excised for macroscopic and histopathologic analyses.
2.9. Histopathological analyses

In our study, histopathological examination was performed to determine whether the
MothMesh material would cause a tissue reaction. Tissue samples were embedded in paraffin
after 24 h of follow-up in 10% formalin and sectioned at a Sum thickness for hematoxylin and

eosin (HE) staining to examine the tissue structure.
3. RESULTS AND DISCUSSION
3.1. Mesh production and its assembly

The mesh production from the cocoon of C. japonica and the schematic 3D hierarchy of the
mesh are shown in Figure 1. The cocoon sample was subjected to soft NaOH to remove the
residual and free proteins on the surface (Figures 1 and 2A). Nano-sized fibroin protein fibers
bind to each other with sericin protein to form micro fibers (Figurel, Figure 2B and C). Then,
similarly, the micro fibers bind to each other with sericin protein to form macro fibers (Figure
1 and 2B). As a result, a knitted MothMesh is obtained with a pore diameter ranging from 0.9
to 3.1 mm, mass density of 9.6 + 2.6 mg.cm™, mesh length from 5.1 to 7.3 cm, and the width
from 2.5 to 3.6 cm. The thicknesses of the MothMesh, commercially available Polypropylene
mesh and Poly mesh were measured as 682 + 76 um, 622 + 70 pm and 547 + 42 pm,
respectively. The average weights per cm?> was measured as 7.8 + 3 mg for MothMesh, 12.7 +
0.7 mg for Polypropylene mesh and 6.7 £ 0.4 mg for Poly mesh. All these measurements
demonstrated that the thickness and weight of MothMesh are acceptable when compared to
commercial surgical meshes. The isolation experiment revealed that approximately 71% of the
MothMesh consists of fibroin fibers (Figure 2C) and 29% of the sericin (gum) protein (Figure
2D). Also, the fibroin fibers and sericin protein obtained from B. mori for comparison have

been given in Figure 2E and F.
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The cocoon mesh
is treated with NaOH

Cocoon from
a moth

o The ready-to-use

R Micro fibers attached

to each other by a
sericin protein

@ The single micro fiber.
Thousands of nano fibers
bundled by sericin protein

0 Nano fibers attached
to each other by
sericin protein

e The microfibers

Figure 1. Schematic illustration of the MothMesh production from the cocoons of Caligula
Jjaponica and natural assembly of the MothMesh at macro, micro and nanoscales. The cocoon
was treated with NaOH and the MothMesh material was produced. Both the micro and
nanofibers attached to each other with sericin (gumming) protein. The last image is
representation of the long macro, micro and nano fibers.
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Figure 2. (A) Macro camera, stereo microscope and SEM images showing the flexibility and
strength of the MothMesh including surface morphology with porous structure. (B) SEM
images representing MothMesh fiber microstructure. Micro fibers are attached to each other
with sericin protein and show a strong mechanical property. (C) The SEM images illustrate
nano fibers and their attachment to each other by sericin. (D) SEM images of the isolated sericin
protein from the MothMesh material. (E) SEM images of commercially known fibroin fibers
and (F) sericin isolated from Bombyx mori. Additional images for the MothMesh, MothMesh
sericin, MothMesh fibroin, B. mori sericin and fibroin are provided in the Supporting
Information (Figures S3, 4, 5 and 6).

In comparison to the cocoon for B. mori there are some clear differences in the structure and
appearance of C. japonica cocoons. Firstly while the cocoon of B. mori is white, the cocoon of
C. japonica is brownish-yellowish, most likely a result of natural tanning in these “wild”
silks.**® The same method was used for the separation of fibroin and sericin proteins from B.
mori and C. japonica cocoons, but it appears the fibroin fibers of B. mori become completely
separated (Figure 2E), while the fibroin fibers of C. japonica were partially separated (Figure
2C), suggesting that the additional crosslinking through tanning provided more strength to the

sericin matrix to resist degumming*®, or that the different sericin proteins have different

12



affinities to fibroin*’

or presence of other compounds may render the NaOH degumming
treatment less effective.*® Sericin samples isolated from B. mori and C. japonica cocoons and

cast into films appear similar, both are consisting of a flat smooth surface (Figure 2D and F).
3.2. Physicochemical characterization

FT-IR spectra of MothMesh and the sericin and fibroin proteins that make it up are shown in
Figure 3A. To describe a polypeptide in general, the absorption bands Amide I (1600-1700 cm
", Amide II (1504-1582 cm™) and Amide IIT (1200-1300 cm™) are characteristic.* Amide I
band of MothMesh, MothMesh sericin and MothMesh fibroin were recorded as 1627, 1636 and
1623 cm™, respectively, Amide II band as 1514, 1508 and 1508 cm’!, and Amide III band as
1237, 1230 and 1237 cm’!. Similarly, for commercial sericin purified from B. mori used as
control and its Amide I, Amide II and Amide III bands are 1626, 1520 and 1241 cm’,
respectively. For commercial fibroin purified from B. mori, it was recorded as 1617, 1507 and
1227 ecm’!, respectively. The differences recorded in the peaks may be due to changes in the
conformation of the protein due to the methanol treatment performed during isolation
promoting an increase in B-sheet formation.’® The large peaks around 3270 cm™! are due to the
vibration of O-H groups of intermolecular entrapped water. It was observed that the peaks
determined for MothMesh, MothMesh sericin and MothMesh fibroin were comparable with
both commercial B. mori sericin and fibroin and with the literature.** Amide I band observed
in the range of 1621-1647 cm’! for proteins is characteristic for the secondary structure
antiparallel p-sheet.*?> The bands attributed to Amide I (1627, 1636 and 1623 cm™) for
MothMesh, MothMesh sericin, and MothMesh fibroin revealed the presence of antiparallel -
sheet structures. The presence of B-sheet structure in the MothMesh provides the material with
superior mechanical properties.”>>* All the functional groups and vibration modes for each

material are given in Table S1.
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Figure 3. Characterization of the MothMesh, MothMesh sericin, Bombyx mori sericin,
MothMesh fibroin and B. mori fibroin by (A) FT-IR, (B) XRD, (C) EDS, (D) TGA, (E) DTG,
(F) AFM topography image recorded on a MothMesh. The blue box highlights the location of
a5 mm x 5 mm area where the mechanical property measurements were performed. Histograms
present the distribution of (G) adhesion forces, and (H) Young’s moduli, recorded on three
different locations of the mesh surface, respectively. The inset of (G) shows a representative

force-distance curve used for the analysis of adhesion forces and Young’s moduli.

Crystal structures of MothMesh, MothMesh sericin, MothMesh fibroin and control sericin and
fibroin were revealed by XRD measurements. In the literature, silk protein materials are
categorized by XRD models and peaks at 11.95, 21.40 and 24.02° correspond to a-helix crystal
structure, while those at 9.10, 20.60, 24.60, 29.30 and 30.90° correspond to B-sheet crystal
structure.” According to the XRD analysis, clearly observed peaks were 9.20 and 20.10° for
MothMesh, 9.10 and 20.30° for MothMesh sericin, 9.30 and 20.20° for MothMesh fibroin
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(Figure 3B). These peaks indicate the presence of -sheet conformation in the structure. This
result also supports the FTIR analysis results. The peaks recorded for MothMesh, MothMesh
sericin, and MothMesh fibroin were compatible with B. mori sericin (9.20 and 20.60°) and
fibroin (9.10 and 20.40°) used as controls (Figure 3B). Crystallinity was calculated as 62% for
MothMesh, 63% for MothMesh sericin, 66% for MothMesh fibroin, 63% for B. mori sericin

and 73% for B. mori fibroin.

The elemental compositions and percentages of all the materials were determined by EDS
analysis (Figure 3C). The C content of MothMesh was observed to be higher than all other
proteins. It was noted that N contents of the MothMesh and fibroin samples were higher than
the sericin samples. A slight amount of S was observed in all samples except for mesh fibroin.
The S content in sericin samples is also higher than the other samples. Ca was observed in all
the samples, but more Ca was recorded especially in sericin samples. While Na was observed
in commercial sericin and fibroin samples, it was not observed in sericin and fibroin produced
from MothMesh including MothMesh. Additionally, the presence of Mg in both sericin samples
was also revealed. It has been observed that the elemental profile recorded for sericin and
fibroin produced from MothMesh is compatible with both commercial sericin and fibroin
reported in the literature. More data regarding the elemental analysis results are given in Table

S2.

TG and DTG curves of the MothMesh, MothMesh sericin, B. mori sericin, MothMesh fibroin
and B. mori fibroin are given in Figure 3D, E and Table S3. The maximum decomposition
temperatures of MothMesh, MothMesh sericin, B. mori sericin, MothMesh fibroin and B. mori
fibroin samples were measured as 334 °C, 304 °C, 302 °C, 354 °C and 318 °C, respectively.
The sericin samples showed lower thermal stability than the others. Interestingly, MothMesh
fibroin has been observed to have higher thermal stability than commercially known fibroin. A
remarkable degradation (about 10% of the material mass) occurred at 308 °C in the TG/DTG
curves of MothMesh fibroin and this can be attributed to tightly bonded sericin to the fibroin
fibers. The fibroin samples were obtained by applying the same method to C. japonica and B.
mori cocoons, but TGA analysis clearly demonstrated that C. japonica cocoon had more tightly
attached fibroin nanofibers with the help of sericin. This result shows that the weave structure

and sericin binding of the two cocoons are different.

As a consequence of nanofiber structures of the MothMesh, the surface roughness of the as-

prepared MothMesh material was elucidated as 68 nm from high-resolution surface topography
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images recorded with AFM (Figure 3F). To investigate the influence of the surface roughness,
and sericin protein bonding the fibroin fibers on the adhesion property of MothMesh in
nanoscale, force measurements were performed using AFM by recording maps of 10 x 10 force-
distance curves (total number, n = 644) on 5 um x 5 pm scanned areas (highlighted blue box of
Figure 3F). From the statistical distribution of the measured adhesion forces shown in Figure
3G, the mean adhesion force was found 12 nN. Furthermore, the nanomechanical property of
MothMesh was measured using AFM force-distance spectroscopy. The elastic modulus was
determined as 1 GPa from the overall histogram composed of all modulus values calculated
from maps of force-distance curves (Figure 3H). We hypothesize that the structural alignment
of fibroin fibers bonded by sericin proteins could cause such rigid behavior of MothMesh at the

nanoscale.

Considering its aligned nanofiber structure, when compared with the nanofiber based
commercially available surgical meshes which exhibit a Young’s modulus on the scale of tens
and hundreds of MPa'® at the macroscale, the MothMesh has a tensile strength of 8.4 + 3.5 MPa
with 22.2% * 6.8% elongation and a Young’s modulus of 69.1 + 39.6 MPa at the macroscopic
scale (for details see Supportinng Information (Table S4)). Therefore, with its high strength and
stretchability competing with commercially available surgical meshes, the MothMesh is a great

candidate to be used as a surgical mesh.
3.3. In vitro biocompatibility and cytotoxicity

L.929 mouse fibroblast cells attachment onto MothMesh and MothMesh fibroin was observed
by fluorescence microscope (Figure 4A,B) and SEM (Figure 4D,E and Figure S7), however,
no cell attachment was observed on commercially known fibroin isolated from B. mori (Figure
4C, F). The poor cell attachment on commercial fibroin is reported in the literature and
numerous modification studies have been conducted to increase cell attachment of commercial
fibroin.>®®! The fibroins dissolved in lithium bromide are used to increase cell attachment in
the literature.®> However, in the present study, cell attachment has taken place on the natural
surfaces of MothMesh and MothMesh fibroin samples without any chemical processing (Figure
4A,B,D,E). Here, unlike commercial fibroin, it is thought that the biocompatibility seen in
MothMesh and MothMesh fibroin could be due to the composition of the fibroin proteins,
potentially harboring cell adhesion motifs, such as RGD sequences, that have been previously
observed in “wild” silks.®*%* Sericin is known to induce proliferation and inhibit apoptosis in

mammalian cells and has no adverse effects on the organism.%>® In the present study, the
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cytotoxic effect of MothMesh, MothMesh sericin, MothMesh fibroin, commercial sericin and
fibroin was monitored by MTT assay and real-time x CELLigence system (Figure 4G and Figure
S8). MTT analysis showed that no cytotoxicity was observed in cells incubated with MothMesh
for 24, 48 and 72 h. (Figure S8). According to xCELLigence system analysis results, it has been
observed that MothMesh, MothMesh fibroin and MothMesh sericin have higher cell
proliferation enhancing properties than B. mori fibroin and sericin (Figure 4G). Accordingly,
MothMesh sericin shows the highest proliferative effect, followed by MothMesh and mesh-
derived fibroin. Although B. mori sericin and fibroin had a proliferative effect on the L.929 cell

line, proliferative activity of MothMesh, mesh fibroin and mesh sericin was found to be higher.

Wound healing in surgical repairs is a complex and dynamic process involving a series of steps
such as hemostasis, inflammation, proliferation and remodeling.®” Although there are many
synthetic mesh materials available commercially, repairs performed with these meshes have
several disadvantages, such as inadequate mechanical strength, non-absorbability, chronic
inflammatory response and rigid structures that cause bio-incompatibilities, many of which are
related to the physicochemical nature of the mesh.®*’° Improving biocompatibility is critical
for a mesh to have better integration into the body and a minimal inflammatory response.!'® !
To overcome this problem, biological meshes originating from mammalian (e.g. human, sheep,
bovine or porcine) source tissues have been produced that reveal a robust and functional
extracellular tissue matrix (ECM) that is free of cellular components; however, these materials
present difficulties in terms of cost and standardization.® ’? In this study, for the first time, a
high-strength, flexible and highly biocompatible fibroin and sericin heterocomplex mesh was

developed from the natural silk cocoon of C. japonica, a cost-effective and natural material

produced for centuries with a unique design and precision, with the same standard.
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Figure 4. Imaging of cell growth on different biomaterials and cell proliferation results obtained

by xCELLigence RTCA system. The 1929 cells growing on the mesh material (A) mesh

fibroin, (B) commercial fibroin, (C) after 72 h of culture were stained with DAPI for nuclei

(blue). SEM images of the three biomaterials seeded with L.929 cells and cultured for 72 h (D)

Cells-mesh fibroin, (E) Cells-mesh fibroin, (F) Cells-commercial fibroin. (G) The cytotoxic

effect of different groups treated with materials for 96 h. *,** denotes statistically significant

differences (n =3 per group, p <0.05, p< 0.01; respectively).

Silk fibroin has been seen as an exceptional material in wound healing due to its abundance,

biodegradability, biocompatibility, mechanical strength, signal molecule stabilization ability,

high water and oxygen uptake, and low immunogenicity, and numerous studies of B. mori
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origin have been conducted.”>””> On the other hand, it exhibits strong hydrophilic properties
thanks to the abundance of hydroxyl, carboxyl and amino functional groups in sericin so that it
both maintains the humidity of the environment and helps absorb excess leakage fluids from
wounds. This allows it to be a promising wound dressing material for both cosmetic and
pharmaceutical applications. Various formulations such as sericin-based films, membranes,
hydrogels, porous scaffolds and creams have been reported in the literature.”® It has also been
shown that skin excision wounds treated with sericin cream in the dorsal area of rats healed

faster with lower levels of inflammatory response compared to control.”’

As a result, we have shown that the MothMesh material can promote cell adhesion and
proliferation thanks to the biochemical effect of the fibroin and sericin components in its
structure. This situation indicates that the material has biocompatibility, which may contribute

to minimizing the inflammatory response from the body.
3.4. In vivo biocompability of MothMesh

A foreign body reaction occurs against an exogenous substance that is not specific to the body.’®
Therefore, it is known that when a manufactured surgical material is transferred into the body,
polymorphonuclear leukocyte, macrophage and fibroblast infiltration, chronic inflammatory
reaction and fibrous tissue formation occur as a foreign body reaction up to approximately four
weeks post-implantation as a response at the histological level.”" In our study, necrosis,
fibrosis, foreign body reaction and chronic inflammation cells were not detected in the
histopathological examination of mouse tissue samples following 2 and 3 weeks of MothMesh
implantation (Figure 5). Also, the mouse body tissue accepted the implanted MothMesh
material as its own tissue and primary tissue healing was observed in that area. Accordingly,
no scar formation was observed. When a surgical mesh is implanted and does not have the
proper biocompatibility (either due to the material from which it is made or its structural
design), the body responds by encapsulating the foreign system, resulting in a hard scar
formation that results in poor tissue assembly.!® 7! It is known that bio-incompatibility of the
material causes rejection of implantation due to scar tissue developed by the immunological
system. Considering all the biocompatible properties, the MothMesh will overcome all these

undesirable features of the commercial meshes.
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Figure 5. Macroscopical and microscopical view of MothMesh after 21 days of implantation.
(A) Appearance during dissection (no inflammation or granulation tissue), (B) and (C) macro
appearance after dissection (neovascularisation between mesh squares available) under stereo
microscopy, (D), (E) and (F) microscopic appearance after hematoxylin-eosin staining (limited
amount of inflammatory cells and evident neovascularisation). More images of MothMesh
implanted in the mouse are given in the Figure S9. At the end of 21 days of implantation, it was

observed that the shape of MothMesh taken from the mouse was not deformed (Figure S10).
4. CONCLUSION

In summary, a sustainable surgical mesh was produced from the cocoon structure of the C.
Jjaponica moth. The moth can be cultured easily under laboratory conditions and the processed
cocoon it spins has been introduced as a new material; "MothMesh". Through our analysis we
have probed its hierarchical structure and self-assembly, revealing that MothMesh has all the
properties such as lightness, flexibility, strength and porosity, which place it in good stead to be
developed into a surgical mesh. Furthermore our in-vitro and in-vivo tests confirm the

exceptional biocompability of MothMesh allowing it to address the crucial challenge facing
20



industry. Hence we believe that our approach of conducting a detailed analysis and
understanding of the biodiversity of natural material structure and performance will hopefully
enable a plethora of novel applications to be discovered. Specifically in this case, the silk of C.
Jjaponica may have further applications beyond surgical meshes, such as sensing, drug delivery,

implant technology and smart textiles.
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