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(implant) and H — Host tissue. High tissue ingrowth and graft
remodelling was observed for PVAAA and PVAPR mats
after 2 weeks, which attested their improved biocompatibility
and graft take ability as compared to PVA and PVABM.
Yellow arrows represent blood vessels, indicating
angiogenesis in PVAAA and PVAPR within 6 weeks.
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representing (A) Gross images of wounds in rabbit showing
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closure percentage determined by calculating the area of
wounds on particular time-point using Image J software. (C)
Granulation tissue score of wounds on day 7. (D) Epidermal
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by PVAAA and PVAPR mats, (*p < 0.05, **p < 0.01).
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compared to PVABM. (C, D) Wound healing on day 14
showed complete re-epithelialization by PVAAA and
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towards wound, as marked by black arrows. (E and F) Skin
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depicted by thickness of epithelial layer of skin (black
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40X magnified images are 400 um and 100 pm respectively
for all the images.

(A-E) Elastin fibres stained by Weigert’s Resorcin—Fuschin
method in the dermal region of regenerated skin by various
treatments on day 21 post-wounding. (F) Quantification of
elastin on day 7, day 14 and day 21 revealed significantly
higher elastin secretion in PVAAA and PVAPR treated
wounds than other treatments, (*p < 0.05, **p <0.01).

(A-E) Collagen fibres stained by Masson’s trichrome method
in the dermal region of regenerated skin by various treatments
on day 21. (F) Quantification of hydroxyproline on day 7, day
14 and day 21 revealed significantly higher collagen
deposition in the treated wounds in comparison with control
group, (*p <0.05, **p <0.01).

(A-E) Reticulin fibres stained by Gridley’s silver
impregnation method in the basement membrane region of
regenerated skin by various treatments as observed on day 21.

(A) FESEM images of various functionalized nanofibrous
mats representing morphology of nanofibres. (B) In vitro
scratch assay on cell monolayers depicting effect of various
bioactive molecules on the cell migration.

Quantification of cell migration as recovery of scratch by (A)
HDF cells and (B) HaCaT cells in the presence of various
bioactive molecules.

(A, B and C) Release profile of EGF, bFGF and LL-37 from
the nanofibrous mats showing sustained growth factor release
for 3 days respectively. (D) LDH activity of adhered platelets
on various nanofibrous mats, representing superior
haemostatic activity of silk-based mats compared to
conventionally used surgical gauze (control), (*p < 0.05, **p
<0.01).
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(A) In vitro anti-bacterial activity of functionalized
nanofibrous mats against skin infecting bacteria. (B) In vitro
anti-biofilm activity of mats showing inhibition of biofilm
formation by LL-37 antimicrobial peptide; whereas non-
functionalized mats formed biofilm within 24 h. (C) Anti-
bacterial activity of mats under in vivo conditions as
determined by the wound exudate study representing number
of colonies in the wounds of diabetic rabbits, (*p < 0.05, **p
<0.01).

(A) Wound healing assay under in vivo conditions showing
gross wound images under various treatments in both healthy
and diabetic rabbit model, depicting rapid wound closure by
PVAAA and PVAPR samples. (B, C) Wound healing
efficacy of various nanofibrous mats represented by wound
closure percentage in healthy rabbits and diabetic rabbits
respectively as determined by calculating the area of wounds
using ImageJ software, (*p < 0.05, **p < 0.01).

(A) Histological study (H & E stain) of wounds on day 7, 14
and 21 post wound creation in diabetic rabbit model shows:
early development of healthy granulation tissue on day 7 in
PVABM, PVAAA and PVAPR treated wounds (black arrows
= blood vessels); re-epithelialization in PVAAA and PVAPR
treated wounds on day 14, exhibiting growing epithelial
tongue (yellow arrows) and complete epidermal and dermal
regeneration on day 21, depicting mature dermal matrix. (B)
Extent of angiogenesis on day 7 (red arrows = endothelial
cells immunostained by anti-CD31 antibody). (C)
Immunostaining against pancytokeratin marker revealing
normal morphology of epithelial cells on day 21 under
hyperglycaemic conditions.

(A-E) Gene expression of various MMPs and collagen
components in the wounds, showing ECM remodelling
during the wound repair process in diabetic rabbit model (*p
<0.05, **p <0.01).

(A, B) IHC images showing distribution of collagen type |
and collagen type Il in the healed tissue on day 21
respectively. (C-E) Stained ECM components — collagen
(MT), reticulin and elastin fibres deposited in the healed skin
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tissue on day 21; deposition of mature elastin fibres (blue
arrows) could be visible only in the healed tissue treated with
PVAAA and PVAPR.

(A, B) Quantification of ECM components: hydroxyproline
and elastin on day 7, day 14 and day 21 post wounding (*p <
0.05, **p <0.01).

(A) Determination of mechanical tensile strength of healed
skin tissue by measuring the wound break strength on day 28
(i) skin samples before measuring the mechanical strength,
(if) samples at wound break point showing re-occurrence of
wounds and (iii) morphology of samples after stretching. (B)
Wound break strength of healed tissues measured by taking
UTS of intact unwounded skin as 100 %. (C) Young’s
Modulus of healed tissues by various treatments compared to
normal unwounded skin (*p < 0.05, **p < 0.01).

Quick adhesion study on various silk coatings using (A)
HaCaT cells and (B) HDFn cells stained with crystal violet.
(i) Macrographs at 10X magnification demonstrate density of
cells after 1 h adhesion to various silk coatings. Scale bar
represents 100 um. (ii) Schematic representation of cell
(green) attachment to pristine SF coatings (beige) and FN-
4RC (blue) coated SF coatings. The RGD loop present in FN-
4RC promotes cell binding.

Effect of FN-4RC coated SF on the proliferation and viability
of (A, B) HaCaT and (C, D) HDFn cells, seeded at 3500/cm?
density. (i) Alamar blue viability assay graphs of cells
cultured on silk coatings for 7 days, ** represents p < 0.01.
HP represents the uncoated wells. Micrographs of live
(green)/dead (red) stained cells after culture for 7 days on (ii)
pristine SF coatings and (iii) FN-4RC coated SF coatings.
Scale bar represents 1000 pm.

Antibacterial assay on nanofibrous SF mats coated with 4RC
conjugated with Mag or Lac cationic peptides. (A) Schematic
representation shows the function of Mag-4RC or Lac-4RC
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that had been assembled onto SF nanofibrous mats. (B) Anti-
biofilm assay using crystal violet staining shows significantly
less biofilm formation on the spider silk coated SF mats
compared to uncoated mats, p <0.01. (C, D) Growth curve of
bacteria inoculated at 1 x 108 CFU depicts significantly lower
bacterial growth on the spider silk coated SF mats compared
to uncoated mats; p <0.01. Spider silk conjugated with AMPs
slowed down the bacterial growth. The positive controls,
antibiotic drugs Gentamicin and Ampicillin (500 pg/mL),
showed significantly lower bacterial growth than the AMP-
silk coated SF mats, p <0.01.

Two weeks-cell culture study on SF nanofibrous mats coated
with FN-4RC. Alamar blue viability assay graphs depict
difference in the proliferation of (A) HDFn and (B) HaCaT
seeded at 10000/cm? density on FN-4RC coated and uncoated
SF mats. AaSF/FN-4RC mats demonstrated highest
proliferation of both cell types compared to other mats on day
1,3and 7, p<0.01. Morphological examination of (C) HDFn
and (D) HaCaT on various mats after 3 days of culture.
Cytoskeleton (f-actin) was stained with AlexaFluor
Phalloidin (in green) and nucleus was stained with DAPI (in
blue). Scale bar represents 100 pm.

Live/dead assay of (A) HDFn and (B) HaCaT seeded at
10000/cm? density after 7 days of culture on FN-4RC coated
and uncoated SF mats. Scale bar represents 100 pum.

Morphology of (A) HDFn and (B) HaCaT cells cultured on
SF mats for 14 days. Cytoskeleton was stained with
AlexaFluor Phalloidin showing f-actin (in green) and nuclei
were stained with DAPI (in blue). Scale bar represents 100

pm.

Effect of FGF-4RC in combination of FN-4RC on HUVEC
cells. (A) Alamar blue viability assay graph depicts
guantitative measurement of the cell population adhered on
coated and uncoated SF mats after 48 h culture of HUVECs
in medium without supplemented growth factors and low
serum (0.5 %). Combined coating of FN-4RC and FGF-4RC
showed almost 4-fold higher cell activity in comparison to
only FGF-4RC coating. (B, C) Morphology of HUVEC
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Figure 5.1.
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cultured on coated and uncoated mats after 48 h culture,
captured at 20X and 10X (inset) magnification. Cytoskeleton
(f-actin) was stained with AlexaFluor Phalloidin (in green)
and nuclei were stained with DAPI (in blue). Scale bar
represents 100 pm.

(A) Schematic representation of the development of a skin
graft by co-culturing various cell types on SF scaffolds coated
with FN-4RC. (A.i) The co-cultured scaffolds (HDFn:
HDMEC 10: 1) were maintained in immersed conditions,
seeded with HaCaT (5 times density with respect to HDFn)
on top at day 7; air-liquid interface conditions were provided
from day 9 to day 21. (A.ii) Co-cultured scaffolds without
subsequent HaCaT seeding and maintained in submerged
conditions for 21 days were used as control. (B) Alamar blue
viability assay performed on the (B.i) Bilayered scaffolds and
(B.ii) Control scaffolds depicted cell proliferation for a period
of 21 days.

H & E stained lateral sections of coated and uncoated SF
scaffolds after 14 days of culture, showing distribution of
cells all over the scaffolds in the co-cultured conditions. FN-
4RC coated SF scaffolds demonstrated higher cell density in
comparison to pristine SF scaffolds. Scale bar represents 100

um.

Immunostainings on cross-sections of co-cultured scaffolds
depicts prominent cytokeratin markers: keratin 5, keratin 10
and Involucrin (in green) in the coated scaffolds. (A) FN-4RC
coated AaSF scaffolds showed more prominent and even
keratinization in comparison to (B) BmSF counterpart. 1gG
represents isotype control. Counterstaining of nuclei was
performed with DAPI (in blue). Scale bar represents 100 pum.

Schematic representation of the experimental design
depicting: (A) The methodology to fabricate bioactive silk
dressings and (B) The strategy of treating cutaneous wounds
in a diabetic rabbit model using silk dressings; diabetes
condition was established for 28 days prior to wounding,
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dressing was changed every 3™ day till day 12, and groups
were terminated on day 7, 14 and 21 as represented by (T) in
the image.

(A) Representative gross images of wounds showing wound
morphology by different treatments at various time-points
during the course of diabetic wound healing; Scale bar
represents 10 mm. (B) Graphical representation of wound
area at various time-points calculated using Image J software
demonstrating wound closure rate by different treatments, **
represents p <0.01.

Histological analysis of H and E stained sections of wounded
tissues, depicting extent of healing by various treatments in
diabetic wounds. (A) Granulation tissue development in the
wounds treated by silk mats at early stage (day 7). (B)
Commencement of re-epithelialization in the wounds treated
with spider silk coated silk mats, shown by growing epithelial
tongue (highlighted by green arrows). (C) Regeneration of
mature dermal and epidermal layers in all wounds, except the
untreated wounds. Images at 4X (scale bar represents 1000
pm) magnification represent histology of cross section of
wound tissue; 20X images (scale bar represents 200 pum) of
the selected portion represent magnified view of the section.

Examination of angiogenesis in variously treated diabetic
wounds. (A) Immunostaining using CD31 marker on day 7.
Red colour depicts CD31 and blue colour depicts nuclei
stained with Hoechst 33342 (scale bar represents 200 pm).
(B) Quantification of number of blood vessels in the stained
sections demonstrate significantly higher vessel density in the
wounds treated with spider silk coated mats in comparison to
that of uncoated mat and control groups, ** represents p <
0.01.

Immunohistochemistry assay of tissue sections using (A) CK
10 and (B) CK 14 markers demonstrates morphology of
epithelial cells on day 14 and 21 under hyperglycaemic
conditions of diabetic wounds (scale bar represents 100 um).
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Gene expression study of (a) collagen type | and (b) collagen
type I 11l in the wound tissue shows extracellular matrix
remodelling during the healing process on (i) day 7, (ii) day
14 and (iii) day 21 in the diabetic wounds. The graphs
represent fold change with respect to the commercially used
DD dressing group, ** represents p < 0.01.

Immunohistochemistry assay showing distribution of (A)
Collagen type I and (B) Collagen type Il in the regenerated
skin tissues in the diabetic model on day 21; Images at 10 x
(scale bar represents 400 pm) magnification represent
histomorphology of cross section of wound tissue; 40 x
images (scale bar represents 100 pm) of the selected portion
represent magnified view of collagen fibers.

Schematic representation shows: (A) Image of the
functionalized silk scaffold, (B) Ilustration of the third
degree burn wound model obtained using a customized
metallic heating block and (C) Experimental set-up depicting
treatment of full thickness wounds via one-step grafting
procedure. The silk scaffolds were grafted using skin staples
post 48 h of burn infliction. Groups were terminated on day
7, 14 and 21 as represented by (T) for wound healing
examination.

Histological study of the full-length wound biopsies
demonstrates wound creation and successful grafting of
scaffolds by H and E staining. (A) Wound cavity formed after
the debridement of necrotic burn skin; the cavity shows
removal of full-thickness burn skin after the biopsy. The
magnified image shows visible adipose layer (marked as ‘A’)
and muscle layer of panniculus carnosus (PC). (B, C) The
images depict histology of wound tissue treated silk scaffold
on day 7 post-grafting; an upper layer of scaffold (marked as
‘S’) well-integrated with the neo-tissue is clearly visible.
Granulation tissue (marked as ‘G”) developed in the place of
wound cavity is also clearly visible underneath the scaffold
layer. The magnified images reveal high infiltration of host
cells and tissue ingrowth in the implanted scaffolds. Images
at 4X magnification represent histomorphology of cross
section of full-length wounded tissue (scale bar represents
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1000 pum); images at 20X images represent magnified view
of the selected portion as highlighted in yellow box (scale bar
represents 200 um).

(A) Graphical representation of the wound area at various
time-points calculated using Image J software, demonstrating
significantly faster wound healing by AaSF-FN treatment, **
represents p <0.01. (B) Gross morphology of wounds grafted
with silk scaffolds and commercial dressing Duoderm (DD)
at various time-points during the course of healing; scale bar
represents 10 mm. (C) The inset shows morphology of
scaffolds over the wounds and development of regenerated
skin visible after removal of scaffolds on day 10.

Histological analysis of wounded tissues depicting the extent
of healing by various treatments using H and E stain. (A)
Granulation tissue development in the treated wounds at an
early stage (day 7). (B) Commencement of re-
epithelialization in the wounds treated with AaSF-FN
scaffold, demonstrating efficacy of FN-4RC coating in the
development of epithelial layer (day 14). (C) Regeneration of
mature dermal and epidermal layers in all the treatments
except the untreated wounds (day 21). Images at 4X
magnification represent histomorphology of cross section of
wound tissue (scale bar represents 1000 pm); 20X images of
the selected portion represent magnified view of the section
highlighted in black box (scale bar represents 200 um).

Examination of angiogenesis in the wounds. (A)
Immunostaining using VWF marker on day 7. Red colour
depicts VWF and blue colour depicts nuclei stained with
Hoechst 33342 (scale bar represents 200 um). (B)
Quantification of number of blood vessels in the stained
sections demonstrates significantly higher vessel density in
the wounds treated with spider silk coated silk scaffolds
(AaSF-FN) in comparison to that of other groups, **
represents p < 0.01.

Immunohistochemistry assay of tissue sections using (A) CK
10 and (B) CK 14 markers demonstrates morphology of
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epithelial cells in the epidermal layer of regenerated skin on
day 14 and 21 (scale bar represents 100 pm).

Gene expression study of (A) Collagen type | and (B)
Collagen type Il in the wounds shows extracellular matrix
remodelling during the healing process in burn wounds. Fold
change represents expression of particular gene in all the
treated wounds with respect to untreated wounds (taken as
control), **p < 0.01. Immunohistochemistry assay showing
distribution of (C) Collagen type I and (D) Collagen type IlI
in the regenerated skin tissue on day 21; Images at 10X (scale
bar represents 400 pm) magnification  represent
histomorphology of cross section of wound tissue; 40X
images (scale bar represents 100 pm) of the selected portion
represent magnified view of collagen fibres and bundles.

Schematic representation shows development of in situ
forming SF blend hydrogel at 37 °C for wound healing
applications. (B) Representative images of SF blend solution
(i) soon after blending AaSF and BmSF proteins, (ii) during
pre-gelation state and (iii) post gelation. (C, D) Images of SF
hydrogel depicting its application in the form of an injectable
gel and pre-formed matrix respectively.

(A) FESEM image representing porous architecture of SF
hydrogel matrix. (B, C) XRD and FTIR-ATR spectra of
pristine AaSF, pristine BmSF and the blend SF matrices
respectively, suggesting conformational changes in the blend
SF matrix. (D) Dehydration study of SF hydrogel in
comparison to Col gel demonstrating water loss with respect
to time.

(A) Gelation characterization of the SF blend hydrogel as
determined by optical density measurement at 25 °C and 37
°C; pristine AaSF and BmSF solutions showed constant O.D.
in contrast to varied O.D. exhibited by the blend SF solution.
(B) Rheology property of the SF blend solution (AaSF +
BmSF =3 % w/v blend) displaying storage modulus (G’) and
loss modulus (G”) in time sweep test: Gel behaviour of SF
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blend was demonstrated by the change in moduli at gelation
time tger = 480 s at 37 °C. (C) Frequency sweep measurement
and (D) Strain sweep of the pre-formed 3 % SF hydrogel
showing linear viscoelasticity of the matrix up to 10 % strain.

(A) Rheology behaviour of the SF blend solution (AaSF +
BmSF; 3 % w/v blend) displaying storage modulus (G’) and
loss modulus (G”) in time sweep test demonstrating change
in moduli at the gelation time. (B) Pristine AaSF and BmSF
solutions demonstrated constant moduli at 37 °C, suggesting
no gelation in their pure form. (C) Time sweep test of 6 % SF
blend displaying higher storage modulus than loss modulus
indicated instant gelation similar to collagen (Col) gel.

(A) Time sweep test on varying the concentration of AaSF
and BmSF in SF blend depicts concentration dependent
gelation time. (B) Storage modulus of SF hydrogels at various
SF concentrations in comparison to Col gel. (C) Compression
test depicting stress - strain curve of pre-formed SF hydrogel
depicting compressive modulus of SF hydrogel (D) Cyclic
compression test on the SF hydrogel showing matrix stability
examined for 15 cycles.

(A) Histological analysis by H & E staining of
subcutaneously implanted SF hydrogel examined after 4
weeks of implantation, showing in vivo biodegradability
under the subcutaneous pocket of mice. (B) Magnified image
depicts intersection area of SF and host tissue, suggesting
infiltration of host cells in the SF hydrogel and void area. ‘SF’
represents silk fibroin hydrogel present in the subcutaneous
pocket of mice and ‘H’ represents host tissue.

(A) In vitro degradation behaviour of SF and Col hydrogels
in both proteolytic and non-proteolytic solutions for 14 days.
(B) Proliferation rate of HDF cells encapsulated in SF and Col
hydrogels as determined by dsDNA content quantification
assay. (C) Image of HDF encapsulated hydrogels showing
contraction of Col gels after 14 days of culture. (D)
Morphology of HDF cultured on top of the hydrogels stained
with Rhodamine Phalloidin and Hoechst 33342. (E)
Migration of HaCaT cells from agarose gels towards SF or
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Col gels as determined by the gel drop migration assay for 3
days. Scale bar represents 400 pm.

HDF cells tagged with cytotracker-FITC encapsulated in the
SF hydrogel on day 1 and 3, suggesting proliferation of cells
when encapsulated in the hydrogel.

Wound healing profile of SF and Col hydrogels representing:
(A) Gross images of wounds implanted with respective
hydrogel on excised 3™ degree burn wounds, showing extent
of wound healing with respect to time. (B) Histology analysis
of healed skin biopsies on day 7, 14 and 21 by MT stain: (i)
Section of full wound biopsy observed at 4X magnification,
(ii and iii) images at 10X and 20X magnification respectively
(highlighted in yellow box). (C) Percentage of wound area as
determined by Image J software.

Histological analysis of healed skin biopsies on day 7, 14 and
21 by H & E stain depicting wound morphology at various
stages of wound healing. (i) Section of full wound biopsy
observed at 4X magnification, (ii and iii) Images at 10X and
20X magnification respectively represents the magnified
portion of central wound area (highlighted in yellow box).

(A) Immunostaining for vVWF marker in the wound area
demonstrating vascular ingrowth in the SF and Col gel treated
wounds on day 7. Inset image depicts magnified blood vessel
from the same image; red depicts VWF positive endothelial
cells and blue depicts nuclei stained with Hoechst 33342. (B)
Quantification of VWEF stained blood vessels in the wounds
showing vessel density on day 7. (C) Immunostaining for
CD68 marker in the wound area depicting macrophage
population in the tissue in response to SF and Col hydrogel
grafts on day 7, 14 and 21. Green depicts CD68 positive
macrophage cells and blue depicts nuclei stained with
Hoechst 33342. (D-F) Relative gene expression of CDG68,
TNF-a and CD163 demonstrating fold change expression of
the respective genes by taking the untreated group as control.

Immunohistochemistry of (A) Collagen type | and (B)
Collagen type Il in the wounds depicting distribution of
respective collagen fibres in the regenerated skin tissues
supported by SF and Col hydrogels: (i) section of central
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Figure 6.13.

Figure 6.14.
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wound portion at 4X magnification and (ii) 40X magnified
area (highlighted in yellow box of image i) representing
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Introduction and Literature Review

1.1. Introduction

The skin, also known as protective barrier, is the largest organ of our body [1, 2]. It plays
multiple roles in protecting the body against external environment, pathogens and
mechanical disturbances [2-4]. The skin is composed of three layers: epidermis, dermis
and hypodermis as shown in the schematic diagram (Figure 1.1.). The three-layered skin
structure plays a vital role in protecting the body against any mechanical damage [5].
The outermost thin layer is epidermis, which is highly cellular and mainly composed of
keratinocytes and melanocytes. The basal cell layers of mammalian epidermis maintain
homeostasis. It also consists of skin appendages such as hair follicles, sweat and
sebaceous glands. The middle layer is dermis, which acts as a connective tissue and
constitutes the bulk of the skin. It is mainly composed of fibroblasts, extracellular matrix
(ECM) components such as collagen, glycosaminoglycans (GAGs) with some elastin
and blood capillaries [1, 5]. Fibroblasts represent the major cell type in the dermis, which
secrete ECM components and remodelling enzymes (such as proteases and collagenases)
that accounts for most of the skin's biomechanics and resilience. The well vascularized
hypodermis represents the final layer underneath the dermis, which is mainly composed
of adipose tissue contributing towards thermoregulatory and mechanical properties of
the skin, and acts as a cushion between the skin and other skeletal structures [1, 4, 5].

Damage to the skin due to cutaneous wounds results in fatal consequences,
leading to significant imbalance in physiological activities of internal organs [6, 7].
Dermal wounds represent a major healthcare problem owing to an increasing number of
trauma and pathophysiological conditions. Substantial imbalance in physiological
activities due to prolonged open wounds may cause significant disability or even death.
In addition, increased widespread presence of non-communicable diseases such as
diabetes, vascular diseases and obesity also contribute to the rising number of diabetic
ulcers, venous ulcers, pressure ulcers and chronic wounds [7, 8]. Cutaneous wounds are
broadly categorized as superficial, partial-thickness and full-thickness wounds
depending on the depth of tissue injury [5, 8]. The full-thickness wounds, often caused
by trauma or wound chronicity, impose a great threat, because such wounds lose the

ability of self-repair and may lead to substantial organ failure in the absence of surgical
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interventions [8]. Burn injuries and chronic wounds affect more than 11 million and 6.5
million people respectively every year, leaving millions of patients with disability,
distress and discomfort [7, 9, 10]. Diabetic foot ulcer (DFU) is a major complication for
diabetic patients and more than 85 % of the patients suffering from chronic ulcers end
up in limb amputation surgeries [10-12]. Burn injuries have contributed to almost
180,000 deaths (as of 2018) according to the world health organization (WHO) [9]. The
annual expenses on wound care may go beyond $ 22.4 billion by 2024, which was $ 14
billion in 2015 [9]. Despite a variety of available treatments, wound healing is still a

great challenge due to poor clinical outcomes.

Hair Shaft

EpidermisJ
Basement
Membrane
Dermis —
L= i \ , & ‘Sweat
Hypodermis al { Gland Duct

Hair'Bnge Blood Capillary

Figure 1.1. Diagram of a three-dimensional (3D) structure of the skin representing three
layers, namely, epidermis, dermis and hypodermis. The anatomy of skin constitutes of
various important structures like blood capillaries, sweat gland ducts and hair shafts
that play major roles in protecting the body against external environment.

Superficial or epidermal injuries include typical sunburns or scalds, characterized
by minor pain and erythema [13]. The regeneration of epidermal wounds is rapid and
without any scarring, as there is no excessive ECM deposition. In addition, there is no
requirement of surgical treatments because only the skin epidermis is affected. In
contrast, superficial partial-thickness wounds, which include thermal trauma or burns,
are characterized by epidermal blistering and severe pain. These wounds also affect
superficial parts of the dermis in addition to the epidermis. Herein, healing is carried out
by re-epithelialization of the wound boundaries through cell migration from the marginal
dermal regions [13]. The epithelial regeneration is also performed by the residual hair
follicles and sweat glands, which contain a reservoir of stem cells having self-renewal

capability [14]. Furthermore, deep partial-thickness and full-thickness injuries (for
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instance third degree burns) involve greater damage to the dermis with loss of skin
appendages and complete destruction of regenerative elements of the epithelium. These
wounds are healed by epithelialization from the wound edges through contraction, which
leads to severe cosmetic deformities due to excessive scarring and functional defects [13,
15]. However, larger full-thickness skin defects (> 4 cm in diameter) lack the ability of
self-epithelialization and fail to heal, thereby requiring surgical interventions [1, 16].
Other types of full thickness wounds occur due to pathophysiological conditions such as
diabetes. The patients suffering from diabetes often develop chronic cutaneous wounds
due to neuropathy and abnormal cellular activity [12]. Unlike acute wounds, which are
healed by the self-repair mechanism of skin tissue, chronic wounds fail to heal by
themselves [8]. Diabetic wounds are difficult to manage owing to an extreme level of
wound chronicity, hyperglycaemia and bacterial colonization, which progress with time
unless treated in an efficient way [8, 12]. The complex and dynamic process of natural
wound healing process flops in chronic wounds due to cell senescence and persistent
inflammation. Therefore, wound repair and regeneration is an intense area of research,
requiring clinical interventions to treat millions of patients suffering from various types

of cutaneous wounds.

Towards this goal, extensive research is being carried out by taking advantage of
the emerging concept of tissue engineering and functional biomaterials [8]. Skin tissue
engineering is a complex process involving appropriate choice of biomaterial, cell
selection and designing of suitable platform in order to mimic the structural and
functional properties of skin [8, 17]. The current ‘gold standard’ treatment is considered
as split-thickness skin grafting (STSG), which is composed of autologous epidermis with
some part of the dermis [18]. However, autologous STSG approach suffers from
problems like unavailability of donor skin site, high cost, inconsistent engraftment and
secondary donor site wounds [1, 3]. Therefore, several other alternative treatments have
been adopted that utilize various technological methods to fabricate artificial matrices or
constructs. These matrices act as a template to cover the wounds or serve as a bioartificial
skin graft to fill the wound cavity. In this context, various biomaterials have been
explored that have inherent regenerative properties to accelerate the wound healing
process [19, 20]. In the last 25 years, with the worldwide advancement in material
development and tremendous demand for skin-replacement products, many natural and

synthetic biopolymers have been examined for wound repair and regeneration [19, 20].
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The major properties required for wound dressing materials are biocompatibility, non-
toxicity, biodegradability and ideal mechanical properties to recapitulate the properties
of native skin tissue [7]. In addition, biomaterials based wound dressings and artificial
skin grafts provide protection against wound infection and prevent loss of fluid/moisture
from the wound surface. Numerous natural biomaterials explored in this field are
cellulose, collagen, chitosan, fibrin, gelatin, silk fibroin, silk sericin and hyaluronic acid
[8, 19, 20]. Synthetic polymers like poly(vinyl alcohol) (PVA), poly(glycolic acid)
(PGA), poly(lactic acid) (PLA), poly(e-caprolactone) (PCL), nylon and silicone have

also significantly contributed in the development of wound dressings [21].

Wound healing process is a very well-orchestrated and regulated process,
consisting of series of events such as haemostasis, inflammation, proliferation and ECM
remodelling [6]. The wound healing cascade begins with haemostasis and inflammation.
The proliferation phase comprises of numerous events like granulation tissue
development (formation of provisional ECM), angiogenesis (formation of blood vessels)
and re-epithelialization (formation of epidermal skin layer), resulting in wound
contraction. The final phase constitutes the remodelling event, in which the previously
formed matrix is slowly morphed towards forming either a functional skin or a semi/non-
functional scar tissue [6]. With the help of a wound dressing or artificial skin graft acting
as a platform over wounds, the healing rate is accelerated towards tissue regeneration
pathway [8]. Herein, we have explored affordable silk biomaterials to develop bioactive
wound dressings and artificial skin grafts to bridge the gap between number of patients

and available wound care regimens.

Application of silk in healing the cutaneous wounds commenced decades ago in
the form of silk sutures [22]. Silk fibres, directly isolated from the cocoons were used as
sutures in the ancient times. Silk is a protein biopolymer that is produced by a variety of
insects such as silkworms, flies, spiders, mites and scorpions [22]. All the varieties of
silk fibres differ from species to species due to significant changes in their amino acid
sequences. Being a versatile biopolymer, silk has been hugely explored in the
applications of tissue engineering and regenerative medicine [23]. Silk has been
considered as a biomaterial since decades and has been widely explored in the fields of
drug delivery, organs re-construction and wound healing applications [22, 23]. Silk
extracted from domesticated mulberry silkworm, Bombyx mori, has been the most
extensively studied variety of silk since few decades [23]. However, limited study is
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available on the potential of non-mulberry silk varieties such as Antheraea assama and
Philosamia ricini that are available in the North East regions of India [24]. Non-mulberry
silk possesses inherent Arginine, Glycine and Aspartate (RGD) motifs in the protein
sequence, facilitating binding to the integrin receptors of cells [24]. This may provide
functional advantage of mediating cell-material interactions for wound repair and
regeneration. Therefore, in the present thesis work, we aim to explore the potential of
silk from various other varieties and harness their regenerative properties towards

developing wound dressings and artificial constructs for skin regeneration.

Apart from providing a physical support, the platform of artificial constructs or
wound dressing should also offer cell conducive properties to aid rapid recruitment of
host cells and stimulate the wound milieu towards skin regeneration [8, 25]. Such
materials confer a physical connection between cells and material, and also mediate
biochemical signals controlling cell growth, proliferation and migration [8, 26]. Silk
biomaterial holds extraordinary properties for drug delivery applications and has been
utilized as a cargo to deliver drugs, biomolecules and growth factors at a slow and
sustained rate [27]. Taking advantage of this property of silk, we have applied several
strategies to functionalize the silk matrices with growth factors, antibacterial molecules,
bioactive compounds and bioactive materials in order to trigger the wound healing
process. Our aim is to develop acellular wound dressings and tissue-engineered
constructs, which mimic the attributes of wound provisional matrix by functionalizing

the silk biomaterials.

Herein, the thesis presents possible strategies to develop various types of silk-
based constructs such as nanofibrous matrices, microporous scaffolds and hydrogels for
wound-specific treatments. Furthermore, we have explored two approaches to fabricate
functionalized wound dressings: 1) functionalization of silk matrices that are embedded
with bioactive compounds, which act as a cargo to slowly deliver the additives at wound
site and 2) binding of bioactive molecules or its functional mimics that remain adhered
to the silk matrices. In the first approach, we have used growth factors, antibiotic drug
and antimicrobial peptides as the additives, which are released from the silk matrices at
a slow and sustained rate. In the second approach, we have used functionalized spider
silk fusion proteins that are physically adsorbed to the silkworm silk matrices due to
inherent interaction between the two silk types. Both the approaches help in accelerating
the wound healing process. Based on this rationale, the functionalized nanofibrous
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wound dressings have been examined for their healing efficacy in diabetic rabbit model.
Furthermore, functionalized porous silk scaffolds have been explored for its healing
efficacy in treating full-thickness burn wounds via one-step grafting procedure. In the
final objective, we have developed a unique strategy to fabricate in situ forming silk
hydrogel for the treatment of third degree burn wounds in comparison to the well
explored collagen biomaterial. The detailed studies are organized in various chapters to
be followed after an extensive review of literature pertinent to the current research area.
In the literature review, we critically appraise the research efforts concerned with the
technologies using various biomaterials, growth factors, cells and fabrication strategies.
We also touch upon the most recent advances in wound healing applications using silk
as a biomaterial, describing various properties of silk that make it a potential candidate
for fabricating wound dressing and artificial grafts. Finally, we lay down our research
work in this area, showcasing our efforts to develop bioactive silk matrices for skin
regeneration towards improved wound healing technology through the following

chapters.
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1.2. Review of Literature
1.2.1. Wound healing and skin repair: an overview

Wound healing process is a very well-regulated process consisting of series of events
such as haemostasis, inflammation, proliferation and extracellular matrix remodelling as
illustrated in the image (Figure 1.2.) [6, 28]. The four healing phases involve interactions
between various types of cells, bioactive factors and a supporting platform, which is
usually the natural ECM secreted by cells. The wound healing cascade begins with
haemostasis and inflammation. This stage involves recruitment of blood platelets and
immune cells to control loss of blood and clearing of pathogens. The initially recruited
immune cells play a major role in secreting chemokines and growth factors, which attract
other cells and thereby lead the healing process to its next phase of proliferation [28].
The proliferation phase comprises of numerous events like formation of provisional
matrix, blood vessels and re-epithelialization, resulting in wound contraction. This
particular phase is regulated through crosstalk between various cells, mainly
macrophages, fibroblasts, endothelial cells and keratinocytes [28]. The final phase
constitutes remodelling event, in which the previously formed matrix is slowly modified
into a more resilient tissue through activity of numerous matrix metalloproteases
(MMPs) and new ECM components [28].

Wound healing stages
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Figure 1.2. Schematic illustration showing three main phases of the wound healing
process and major events associated with each stage.
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This normal healing process gets severely dysregulated in case of
pathophysiological conditions. Majority of severe wounds are associated with accidents
or disease conditions like diabetes. Large trauma wounds due to burns or accidents result
in loss of majority of skin tissue and thus fail to heal [15]. In case of non-healing wounds,
for example DFU, the healing process gets obstructed due to persistent inflammation at
the very initial phase and gradually turns to be chronic, leading to failure in healing [12].
Depending on the type of chronic wounds (like pressure sores, venous ulcers or diabetic
wounds), the process may get hindered during any of the four stages. In case of large
burn wounds, natural healing is affected due to significant loss of skin tissue or failure
to develop a provisional ECM matrix as a result of tissue necrosis [1, 7]. In case of normal
wounds, which possess self-repair potential, the healing cascade runs normally as
described above without any failure. Herein, a fibrin clot is formed at the wound-site that

acts as a natural provisional matrix for cellular recruitment [26].

The fibrin clot is composed of fibrin matrix, which sequesters growth factors and
supports cell adhesion, migration and proliferation through its cell binding motifs [26,
28]. The fibrin clot also helps in slow and sustained release of sequestered growth factors
and cytokines during the complete course of healing [8, 26]. Thus, the natural wound
milieu consists of fibrin clot platform having cell adhesive sites, instructive biochemical
cues, growth factors and various types of cells. Therefore, in order to treat non-healing
and large wounds, the biomimetic approach is considered outstanding, wherein the
microenvironment of normal wound is imitated with the help of bioactive matrices.
However, mimicking the natural wound milieu is very challenging and requires
interdisciplinary approaches in terms of biomaterials, bioactive molecules and structural
framework of the constructs. The most successful strategy to treat the non-healing
wounds is to provide an artificial matrix in the form of wound dressing or skin graft,
which serves as a provisional matrix or supporting platform, and thereby aid in the
healing process [17].

Significant improvement in the development of bioactive templates and pro-
regenerative matrices has been going on because such matrices trigger the key events of
natural healing cascade and help in the regeneration of functional skin tissue [29].
Furthermore, depending on the type of functionalization of matrix, a definite stage or
event of healing process can be stimulated by certain biomolecules like specific growth
factors, cytokines, chemokines and cell adhesive peptides. The regenerative cues
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provided by such biomolecules are fine orchestra of signalling molecules, which along
with the structural framework of scaffolds, help in accelerating the healing process [30].
Another approach for skin regeneration therapeutics lies in the structural engineering of
scaffolds or hydrogels. Numerous construct designs like woven/non-woven mat,
nanofibrous matrices, microporous scaffolds, bilayer or trilayer constructs, hydrogel
lattices, injectable gels, microspheres and 3D bioprinted grafts have been employed for
wound healing applications [31, 32]. Herein, we have briefly reviewed scaffold
fabrication approaches, various biomaterials and functionalization strategies to fabricate

tissue-engineered skin and bioactive wound dressings.
1.2.2. Basic requirements of constructs for wound healing applications

A range of biomaterials and advanced fabrication strategies have led to the development
of plethora of scaffolds for wound healing applications. The basic properties required for
making such matrices are — biocompatibility, non-immunogenicity, non-toxicity,
biodegradability, good mechanical stability, moisture retention property, adequate water
vapour transmission rate (WVTR) and adequate porosity with well-connected pores to
support exchange of nutrients and gases [32-34]. The scaffolds should promote ingrowth
of fibrovascular tissue and angiogenesis, integrate well into the wound bed, prevent
infection, avoid maceration, prevent skin contracture and scarring [32-34]. Moreover,
the artificial skin construct in the form of a final scalable product should also be cost-
effective and off-the-shelf available with longer shelf-life [1]. Some of the major
properties of matrices for wound healing applications are discussed in details in the

following sections:
1.2.2.1. Scaffold architecture and strategies for construct design

Tissue engineering aims at repair and regeneration of damaged tissues by constructing
artificial grafts, which closely mimic the anatomy and physiology of the native organ
[35, 36]. Hence, it is essential to achieve the similar structure, chemical make-up,
mechanical properties, adequate porosity and interconnecting pores while fabricating the
scaffolds. Considering the biomimetic approach, different scaffold fabrication strategies
have been applied to match the layered and fibrous architecture of skin since decades
[32, 33]. Integra, the most studied biosynthetic artificial skin was developed for the first
time in early 1980s by Burke and Yannas, who adopted the biomimetic approach by

fabricating a bilayered acellular construct [37]. Integra constitutes of porous scaffold
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made up of bovine collagen and GAGs serving as a dermal substitute, which has been
covered with semipermeable polysiloxane (silicone) layer mimicking the barrier
properties of epidermal layer [37]. Since then, advancement in the biomanufacturing
techniques has led to the development of a variety of scaffolds like foams, hydrogels,
microporous sponge, nanofibrous matrices and microfibrous scaffolds using a variety of

natural and synthetic biomaterials [8, 34].

A scaffold is a 3D supporting framework that serves as a platform for cellular
localization, adhesion, migration, proliferation and differentiation, which ultimately
guides the development of new functional tissue [32, 38]. The conventional fabrication
methodologies for 3D scaffold involve freeze drying, phase separation, self-assembly,
particle leaching, decellularization and chemical crosslinking [31]. The advanced
fabrication methodologies involve photopolymerization processes, electrospinning,
microfluidic assembly, 3D bioprinting and extrusion-based techniques such as 3D fibre
deposition [39-41]. The scaffold architecture should not only mimic the porous and
fibrous architecture of dermal component but should also support the development of
epithelial layer with its primary characteristics like — (1) stratification of keratinocytes,
(2) polarization of cells, (3) contact with the basement membrane and (4) effective barrier

properties [42].

The natural structural hierarchy of skin has also been precisely reproduced by
applying micro-, nano- and macro-fabrication technologies. In this context,
electrospinning has attracted substantial interest in the technological and
healthcare sectors in recent years [43]. This technique enables easy fabrication of
nanofibrous mats in large scale. Electrospun nanofibrous matrices using various natural
and synthetic materials have become advantageous over microfibrous or microporous
scaffolds as the size of nanofibres can be tuned to mimic the size of natural fibres present
in the ECM of skin [40, 43]. Moreover, the unique features like larger surface area to
volume ratio, more interconnected pores, reproducibility and easy fabrication
methodology have encouraged the use of electrospun matrices in the field of skin
regeneration and therapeutics [40, 43]. The nano-range architecture provided by the
electrospun mat bestows improved cellular adhesion and migration, and are considered
as excellent cell recruiters because the nanoscale dimensions of nanofibres help in cell
binding and thus aid in their migration towards wound site [40, 43]. Moreover,
incorporation of bioactive molecules becomes easier in the nanofibrous wound dressings
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owing to the facile technology of electrospinning [44]. The bioactive molecules like
growth factors provide an adequate niche required to communicate with the surrounding
tissue and relay signals back to the cells growing in the scaffold [7]. Such smart matrices
have gained much attention in this field in recent times. Building a 3D construct is not
enough for tissue regeneration; developing a cell instructive microenvironment is the
current aim of tissue engineers [8]. In this regard, such types of scaffolds are currently
being fabricated, which are capable of maintaining a crosstalk between cells and ECM

focusing on the ‘‘dynamic reciprocity’’ occurring between them.

Furthermore, particular design of a scaffold also depicts its application for a
specific type of wound. For example, electrospun nanofibrous matrices have largely been
utilized in the form of a wound dressing and rarely as dermal replacement due to
limitations in cell migration within the construct [45, 46]. Dermal replacements are
mostly used in the form of hydrogel lattice or microporous scaffolds, which could be
permanently applied at the wound site either via one-step or two-step grafting surgeries
[3, 17, 47]. The microporous network or hydrogel environment helps in migration of
cells within the construct and thereby aid tissue ingrowth; hence, such constructs could
be permanently implanted [1, 17, 48]. However, it should meet the essential
characteristics like its integration to the wound bed, vascularization or graft take
capacity, biodegradability, immune-compatibility and most importantly its capability to
repair the wound defect while supporting the remodelling events that would occur

throughout a patient’s life.

Artificial templates for skin regeneration commenced with the development of
thin cell sheets. The optimized cell culture conditions have facilitated lab-grown cell
sheets of autologous origin to treat partial thickness skin wounds [49, 50]. However, the
cell sheets can be applied only on the epidermal and split-thickness wounds and not on
full-thickness wounds. This led to the development of porous scaffolds and hydrogels,
which can be applied as an artificial template over full-thickness cutaneous wounds [8].
The microporous scaffolds have been considered suitable for fabricating tissue
engineered skin grafts, especially in case of dermal replacements [1]. The pore size may
vary from 20 to 500 pum depending on the biomaterials used and fabrication methods like
freeze-drying, particle leaching or others [51]. The most significant feature of
microporous matrices is interconnectivity among pores, which provide a 3D
microenvironment for cellular migration and ingrowth [47, 52, 53]. Matrices with pores
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in micro range furnish spatial distribution of cells throughout the construct and thus
coordinate numerous cell fate processes, including a myriad of signals for angiogenesis
and graft take [53].

Furthermore, the architecture of natural ECM with components like collagen or
fibrin appear as a hydrated gel-like matrix with intricate fibrillar architecture [54]. From
the structural perspective, hydrogels closely mimic the native ECM structure [48, 54,
55]. The skin extracellular microenvironment, which surrounds cells, is a highly hydrated
network due to presence of GAGs chains. Hydrogels are hydrophilic lattices of polymeric
network or protein fibrils interwoven within a hydrated network due to chemical or
physical crosslinking [55, 56]. Hydrogel made up of various biomaterials also hold
excellent potential in skin regeneration and wound healing applications. In the progress
of strategies for wound repair and regeneration, in situ forming hydrogels and injectable

systems have largely been explored in the last few years [56, 57].

For example, thermosensitive gels and pH responsive gels behave as a solution,
but forms a hydrogel at near-physiologic conditions like 37 °C and physiological pH
[58]. This may facilitate in situ crosslinking within the biopolymer and also with native
wound edge tissue. Another advantage of this strategy is that it is easy to apply and does
not require additional glue or sutures because gels take the exact shape of wound defect.
Such injectable systems have also been used for cell delivery applications [58]. This
demonstrates future possibility of delivering autologous stem cells or autologous tissue
specific cells in the gel, which crosslinks at the wound site and forms a cellular matrix
immediately. All these examples demonstrate that the scaffold architecture should be
considered as one of the important factors for wound healing applications. Overall, the
platform of a wound dressing or skin graft assists in healing the wounds at a faster rate
in addition to the inherent healing process as illustrated in the schematic image (Figure
1.3)).
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Figure 1.3. Schematic image depicting the concept of wound healing process assisted by
a dressing material or skin graft.

1.2.2.2. Biocompatibility

Biocompatibility is the ability to support cellular localization, proliferation and normal
cellular activities like molecular signalling, differentiation and ECM secretion without
eliciting local or systemic immunogenic response or adverse effects to the host [59, 60].
To assess the biocompatibility of artificial grafts, undesirable effects like inflammation,
cytotoxicity,  genotoxicity, carcinogenicity, immunogenicity, = mutagenicity,
thrombogenicity and fibrosis overgrowth should be thoroughly verified and examined
under both in vitro and in vivo conditions [59, 60]. Bioengineered skin grafts must show
favourable biocompatibility and non-immunogenicity for quicker graft take by the host,
which is investigated by examining the integration of graft with the wound bed tissue
[54, 60]. The signature characteristics of graft take are determined by angiogenesis,
ingrowth of fibrovascular tissue and vascular anastomosis [54]. New biomaterials are
often tested in vivo by implanting them subcutaneously in animal models prior to their
examination for wound healing applications [61]. Biocompatibility of materials is
confirmed if they provoke minimal or mild early inflammation; negligible fibrosis,
support tissue ingrowth and vascularization [60]. Examination of presence of
macrophages, giant immune cells and their quantification further reveal immune
response of the host body against materials [62]. Such studies are often carried out for
several months to examine their effect for prolonged time period. In addition, the
preparatory steps play major roles in deciding the biocompatibility of scaffolds. Green

synthesis of constructs is highly appreciable owing to the minimal or negligible toxic
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effect on the environment. For instance, methods using aqueous based solvents should
be preferred over harsh organic chemicals. Similarly, sterilization methods may

contribute to the immunogenicity of grafts and hence should be thoroughly optimized.
1.2.2.3. Biodegradability

Biodegradability is the ability of materials to degrade into harmless and non-toxic
substances with time under both in vitro and in vivo conditions [62]. The degraded
products are often resorbed by the host system and if the degradation rate matches with
the resorption rate, it is termed as bioresorbable property [63]. Biodegradability is also
related with biocompatibility because the products of degradation process should not
evoke immune response in the host; the degraded products should be non-toxic, non-
immunogenic, easy to metabolize and easy to eliminate from the host system [62, 63]. A
variety of degradable natural and synthetic materials have been used for wound healing
applications, which can be degraded enzymatically or hydrolysed by themselves without
producing harmful degradation products. The biodegradable scaffolds should not
degrade at a much faster or slower rate, as it may result in reduced mechanical properties
or reduced tissue regeneration ability. Hence, materials with tunable degradation rate
provide functional advantage to the scaffold as they can match the degradation rate and
thereby create space for new tissue by the deposition of cell-mediated ECM components
[64]. Such matrices are also called as smart matrices because they enable the turnover of
an artificial graft into a biological matrix with time, thereby serving the true purpose of
tissue engineering by restoring the structure and function of damaged tissue.

1.2.2.4. Mechanical properties

The mechanical strength of tissue is closely related to its functional performance and
signifies a crucial role in the development of skin. The dermal layer of skin is composed
of a complex architecture of enzymatically cross-linked ECM (collagen and elastin
fibres) that provides biomechanical properties and elasticity [65]. The mechanically
inferior skin substitutes may lead to skin contraction, fibrosis, and scarring with failed
skin repair [5]. Therefore, a coherent approach should be considered for both the
designing and testing of the mechanical properties of skin substitutes. In addition, the
mechanical properties of scaffolds also regulate many cellular behaviours such as cell-
matrix interactions, cellular phenotype, differentiation, and vascularization [66]. Soft

hydrogels made up of biomaterials such as collagen and fibrin often suffer from matrix
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contraction due to low mechanical strength [67, 68]. Contraction mechanism of collagen
gels is a well-known phenomenon, and therefore strategies to prevent the contraction
have been applied by increasing the mechanical strength via chemical or physical
crosslinking in various reports [69-71]. In an earlier study, researchers have
demonstrated improved mechanical properties in collagen scaffolds through crosslinking
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) [72]. The
cross-linked, mechanically stable matrices showed a reduced rate of contraction during
the culture period and wound healing process. Such techniques are useful in modulating

the bulk properties of certain biomaterials.

In this context, other biomaterials can be explored with relatively high
mechanical strength. For example, unlike collagen, silk possesses higher mechanical
strength and does not contract; thus, the graft contracture loophole often caused by
collagen-based constructs can be circumvented by using mechanically strong
biomaterials [73]. Another commonly used method to improve the bulk properties of
matrices is to use composite materials by blending mechanically strong synthetic or
natural biopolymers [74]. Therefore, various techniques such as blending, chemical
crosslinking, functionalization with bioactive molecules and co-polymerization have
been employed for the improvement of mechanics of developed matrices [74, 75]. For
instance, silk-collagen composite hydrogels were fabricated for developing artificial skin
tissue, which were soft gels as well as contained sufficient mechanical strength to prevent
matrix contraction [76]. Hence, mechanical properties also hold equal importance while

fabricating a suitable construct and needs to be optimized as per the requirement.

1.2.3. Biomaterials for wound healing applications

A wide variety of polymeric matrices are routinely utilized in skin tissue engineering,
wound healing and other therapeutic applications, which hold important properties of
biocompatibility, biosorption ability and biodegradability [20, 21, 25]. A list of some
representative natural and synthetic polymers being utilized in this field is presented in
Table 1.1. Among different polymers, synthetic polymers are generally much easier to
tailor in terms of mechanical, degradation and other properties [21, 56]. However, lack
of cell-recognition signals and production of acidic degradation products limit its
utilization in therapeutic reconstruction of tissues. In tissue engineering approach, natural

polymeric matrices are generally well adapted and tolerated within the host body
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compared to other surgical procedures due to presence of intrinsic biological cues/cell
binding motifs, biocompatibility and biodegradation properties [20, 22, 26]. Herein, we
have discussed different polymers (natural and polymeric) being utilized for wound
healing applications.

Table 1.1. List of some representative polymeric biomaterials utilized for wound
healing applications.

Type of  Biomaterial Form Findings References
polymer
Natural Reinforced Augmentation of early [77-79]
scaffolds, gels, cutaneous wound
electrospun  healing, improved rate
dressings of wound healing
Membrane, Acceleration of re-
wound epithelization of
dressings, wounds and improved [80-82]
bilayered graft  neo-vascularization
Bio-inspired  Improved biostability, [83-85]
bi-layered nanofibrillar wound
hydrogels, dressings, promotion
Nano- of stem cell delivery
membrane and wound healing
Hyaluronic Hydrogel Cytokine release and [86, 87]
based system, growth factors
nanofibrous delivery; improved
mats wound healing
Fibrin glue Suspension, Improved wound [88, 89]
gel, membrane  closure and faster re-
epithelialization
Silk fibroin Dermal Improved re- [47,90-92]

substitutes,
electrospun
and bi-layered
dressings

epithelialization,
wound closure,
biological functions

TH-2133_ 136106012
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Synthetic PCL Electrospun Improved healing of [93]
dressings chronic wounds
Polyurethane  Nanofibrous Improved wound [94, 95]
mats, healing and re-
membranes epithelialization in
diabetic wounds
Polyglycolic Nanofibrous Improvement of full- [96, 97]
acid/poly mesh, knitted  thickness diabetic foot
lactic acid membrane ulcers
Poly(lactic- Electrospun Treatment of full- [98, 99]
co-glycolic ~ mesh, Sutures  thickness diabetic foot
acid ulcers
PVA Electrospun Enhancement of [74, 100]

wound wound repair in a full-
dressings, thickness dermal
membranes defect model

1.2.3.1. Collagen

Collagen is a naturally derived structural protein present in the skin and is also
abundantly present in the body in various forms [5, 67, 101]. Being a major component
of native skin, collagen is the most preferable natural biomaterial for skin tissue
engineering [5, 17, 33]. Development of artificial skin began with the fabrication of
Integra, which contains collagen type | [37]. Since then, collagen has been exploited in
different forms such as hydrogel, sponge, film, sheet, lattice, nanofibrous mat or gels for
the development of advanced bioengineered constructs [102-104]. A large number of
collagen-based dressings or matrices have been widely utilized as a temporary covering
for ulcers and burns. In initial studies, either anchored or floating collagen gels were
introduced as a dermal-substitutes for investigating the effect of cellular force on
collagen contraction and wound contraction [105]. Afterwards, several other collagen-
based skin substitutes starting from acellular dermis, cellular epidermis/dermis, to
bilayered skin equivalents have been developed for wound healing and tissue engineering

of skin [1]. Many of the collagen based matrices have been commercially used such as
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Promogram®, Johnson & Johnson, and Puraply®, Royce Medical under various clinical

conditions and showed favourable results [105, 106].

Pre-vascularized bioengineered 3D graft using collagen type | has recently been
developed, where capillary-like networks were observed in the skin substitute on co-
culturing endothelial and fibroblast cells in the collagen gel [54]. A fully functional 3D
integumentary system has recently been developed using collagen gel drop where iPSCs
embryoid bodies were grown, showing regeneration of sebaceous glands and hair
regeneration with proper hair eruption and hair cycles in the mice model [107]. Several
research groups have utilized collagen lattice, which was fabricated by condensation of
collagen solution populated with fibroblasts to mimic the in vivo dermal layer [78, 79].
However, collagen lattices showed significant matrix contraction, which in turn led to
the chemical modification of the material to reduce contraction rate [108]. Regardless of
the inherent biocompatibility property of collagen, the collagen-based lattices were found
to be mechanically weak as they suffered from rapid degradation and matrix contraction.
Therefore, in order to increase the biostability, mechanical properties and also to prevent
wound contraction during wound healing process, collagen matrices have been modified
by cross linking treatment or by combining other natural or synthetic polymers [105, 108,
109].

1.2.3.2. Gelatin

Gelatin is the hydrolysed form of collagen, which is relatively cost-effective and less
antigenic compared to collagen due to its denatured form [110]. Gelatin has been used in
various formats and blends for skin tissue engineering applications owing to its
biodegradability, biocompatibility and easy processing properties [110-112]. The easy
gelation property of gelatin has been exploited to develop a bilayered skin graft, where
tissue engineered ECM served as dermal layer and growth factor loaded gelatin
hydrogels served as epidermal layer [81]. Gelatin microparticles were utilized as
implantable cell carriers for skin regeneration. Porous gelatin particles in the form of
microparticle complex loaded with cultured cells and growth factors were developed to
repair dermal defects and skin regeneration [81]. Electrospun gelatin nanofibres in the
form of dual drug delivery system exhibited accelerated wound healing, earlier neo-
vascularization, collagen deposition and re-epithelialization of deep burn wounds [80].

Gelatin based artificial constructs also exhibited improved wound healing and enhanced
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granulation tissue formation in the formats of scaffolds and films [110, 111]. In another
study, gelatin membrane encapsulated with usnic acid-loaded liposomes demonstrated
ameliorated healing of full thickness burn wounds in a porcine model [82]. Furthermore,
a combination of gelatin scaffolds with moist wound-healing nursing intervention has
demonstrated improved wound healing in phase Il bedsore, thereby depicting the

beneficial properties of gelatin [113].
1.2.3.3. Chitosan

Chitosan is an amino polysaccharide derived by deacetylation of chitin obtained from
insects’ exoskeletons [114, 115]. Chitosan is also a preferred biomaterial for skin tissue
engineering owing to its potential to be moulded into a variety of formats with varied
biological properties by simply changing the degree of acetylation [114, 115]. The easy
processing and fabrication methods have led to the development of chitosan-based
sponges, hydrogels, films, and nanofibres [83, 114, 116]. Chitosan based matrices have
been widely explored for the development of wound dressings, as it is a good haemostatic
agent, and it also has bacteriostatic and fungistatic activities; thereby leading to enhanced
wound healing rate [117]. Being positively charged and biocompatible, it also facilitates
easy incorporation of bioactive molecules and triggers proliferation rate of various cells
[118]. A bilayered structure composed of chitosan film on top of collagen sponge was
developed as skin substitute with antibacterial activity [119]. In another study, chitosan
based hydrogel filled with Dulbecco’s modified eagle medium (DMEM)/F12 (medium-
Az-CH-LA) showed early angiogenesis and improved healing of full-thickness burn
wounds [120]. Blended nanofibrous mats of chitosan/poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) also exhibited faster wound healing in another study [121].
However, chitosan suffers from a drawback of rapid degradation in acidic environment,
which is often observed during wound healing process [122]. In order to overcome this,
various crosslinking treatments were introduced for enhancement of structural stability
of chitosan [123]. In addition, development of blended matrices of chitosan with one or
more polymers were escalated recently to balance its benefit and shortcomings [114, 119,
121].
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1.2.3.4. Hyaluronic acid

Hyaluronic acid is a natural ECM component of skin and thus has been widely utilized
for the development of artificial skin grafts [124]. Some of the commercially available
grafts are Hyalomatrix, Hyaff (Fidia Advanced Biopolymers), Laserskin® (cultured
epidermal graft) and Hyalograft 3D (dermal graft) [1, 124, 125]. It promotes enhanced
proliferation of keratinocytes and fibroblasts, and it is effective as both dermal and
epidermal substitutes [126]. Improved granulation tissue formation and vascularization
was also observed in the wounds treated with hyaluronic acid-coated artificial skin
constructs as compared to non-coated artificial constructs [126]. Transdermal delivery
of essential proteins and growth factors has been successfully achieved using hyaluronic
acid for therapeutic applications to treat skin diseases [127]. It can be applied topically
and has also been used in dermal filler injectable system for the treatment of skin
disorders [128]. Hyaluronic acid matrices incorporated with various drugs and bioactive
molecules have been developed for sustained drug delivery applications. In a recent
study, hydrogels containing DNA-polyethylenimine (PEI) polyplexes were developed
using hyaluronic acid for sustained delivery [87]. In another study, hyaluronic acid cross-
linked with heparin was formulated into a tunable hydrogel system for long-term release
of amniotic fluid-derived stem cells-secreted cytokines and growth factors [86].
However, therapeutic potential of hyaluronic acid is limited due to the low availability

of material.
1.2.3.5. Fibrin

Fibrin glues and fibronectin are the natural proteins present in the blood clot of acute
wounds and serve as cell attracting sites due to the presence of RGD tripeptide sequence
[26]. The natural blood clot acts as a provisional matrix made up of fibronectin fibres
and recruit cells towards the wound for healing purpose [26]. Hence, artificial constructs
containing fibrin material have been developed in various forms such as suspension, gel,
sheet or membrane for faster wound closure and faster re-epithelialization [8, 129]. The
RGD sequences present in fibrin attract blood platelets and has also been utilized as glue
for promoting haemostasis [129]. Large sheets of keratinocytes grown on fibrin sealants

have been used as autologous grafts for epidermal skin substitutes [1, 129].
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Fibrin based commercially available skin constructs like BioSeed-S,
AcuDress, Allox and Cyzact are currently under investigation for skin tissue engineering
applications on a larger scale [1]. Combination of fibrin glue and fibronectin has
demonstrated enhanced migration of fibroblast and keratinocytes, leading to accelerated
wound healing [129]. The endogenous fibrin clots have been proven to sequester VEGF
and thereby promote angiogenesis by slowly releasing the growth factors during the
initial phase of wound healing [8, 26]. This property of sequestering growth factors by
binding them and protecting them from proteases has been exploited to develop fibrin
based artificial matrices as a sustainable growth factor delivery vehicle for enhancing the
wound healing rate [8, 26, 116]. Autologous cell delivery system using fibrin glue and
cell-fibrin complex have been developed to deliver autologous keratinocytes, fibroblasts
and mesenchymal stem cells directly at the wound site [116]. In another study, matrices
of fibrin glue cultured with allogeneic bone marrow mesenchymal stem cells (BMSCs)
were developed, which showed promoted skin repair and regeneration in wounded rat
model [102]. Despite its good biological efficacy, the material is highly expensive and
requires high volume of blood for its isolation, leading to heavy expenses on the

treatments.

1.2.3.6. Silk fibroin

Silk, a natural biopolymer is a well-known suture material and has been used for
incisional wound healing since centuries. It is increasingly recognized as a potential
material for biomedical and tissue engineering applications since last few decades [22,
23]. Silk holds essential biomaterial properties like haemostasis, biocompatibility,
tunable degradability and tunable tensile properties [22, 23, 91]. Silk cocoon contains
two kinds of proteins — silk fibroin (SF), which is the fibrous protein component of
cocoon and silk sericin (SS), which is the glue-like protein, responsible for sticking the
silk fibres with each other [22]. SF and SS have been individually explored for the
development of artificial tissue constructs in various formats like scaffolds, nanofibrous
mats, films, hydrogels and fibres [22, 23, 130, 131]. Silk based bioengineered constructs
have shown better wound healing properties in various formats in comparison with
commercially available products under in vivo conditions [23]. For example, silk lamellar
scaffolds and electrospun mats demonstrated better wound healing than Tegaderm; silk
films healed the wounds quicker than Duro Active; SF applied as gel dressing showed

improved wound healing as compared to Cutinova hydro dressing [23, 91, 132, 133]. In

23
TH-2133_ 136106012



Review of Literature Chapter 1

a recent study, silk scaffolds containing silk fibres have been fabricated, which mimicked
the fibrous dermal layer of natural skin [134]. Nanofibrous SF scaffolds cultured with
mesenchymal stem cells (MSCs) and epidermal stem cells (ESCs) also showed earlier
re-epithelization, regeneration of the skin appendages and ECM secretion in a recent
study [135]. A detailed review of literature on silk based wound dressing and healing

applications has been described in the later sections.

1.2.3.7. Synthetic polymers

In search of new biomaterials and functional skin substitutes, a wide variety of synthetic
polymers have been developed and explored for wound healing and skin tissue
engineering applications. Material properties like mechanical strength, degradability,
geometrics and architecture can be easily modulated in case of synthetic matrices [21,
25, 136]. Other benefits of using synthetic polymers for scaffold fabrication are better
handling, reproducibility, uniformity, no batch to batch variation, no chance of disease
transmission, easy processing and inexpensiveness [21, 25, 136, 137]. Silicone is the
most extensively used synthetic material for skin tissue engineering [137, 138]. Other
polymers like PVA, PLA, PCL, poly(ethylene glycol) (PEG), polyglycolide (PGA),
poly(lactic co-glycolic acid) (PLGA) and polyurethane have been widely explored alone
or in blends with natural biomaterials [25, 137, 139].

Polyurethane based matrices like Tegaderm™ (3M Health Care) and OpSite
(Smith & Nephew) are commercially available wound dressings [1, 21]. In another study,
dressing made up of polyurethane foam containing epidermal growth factor (EGF)
demonstrated accelerated wound healing and early re-epithelialization, along with the
formation of skin appendages in diabetic animal model [140]. TransCyte® and
Biobrane™ are commercially available grafts, which contain nylon mesh and have been
used as a temporary covering for treating deeper wounds [1, 141]. Dermagraft®
(Advanced Tissue Sciences) has gained much attention for treating full thickness DFU
owing to its faster wound healing properties [96, 97]. It is made up of knitted PGA/PLA
mesh pre-seeded with human neonatal fibroblasts [96, 97]. The allogenic fibroblasts
cultured in the Dermagraft promote faster healing by secreting various ECM components
in the wounds [96, 97]. Although researchers have demonstrated appreciable
epithelialization of keratinocytes using synthetic polymer based matrices, but currently

there is no successful epidermal graft or skin substitutes available using synthetic
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polymers due to lack of biological cues and tissue compatibility [142]. Therefore,
synthetic polymers are generally utilized in combination with natural polymers for
development of skin substitutes such as temporary wound dressings, epidermal grafts, or
partial-thickness skin substitutes.

1.2.4. Cells and growth factors utilized for skin regeneration therapeutics

A tremendous change in the field of skin tissue engineering and wound healing emerged
with the development of cellular and bioactive constructs (also known as smart
scaffolds), which overcome the drawbacks of acellular grafts conventionally used before.
Cells and growth factors, being the essential components of skin have major roles in
wound repair [7, 8]. Presence of senescent cells and proteases in the wound
microenvironment of chronic wounds delay the healing process and can be easily treated
by re-establishing the cellular and growth factor pool using the cultured skin grafts [7, 8,
12]. For instance, cultured skin substitute using collagen-GAG scaffolds showed
comparable results with split thickness autografts for treating full thickness burns
demonstrating significance of cellular artificial constructs [143]. Scaffolds delivering
growth factors and cells have been found to be highly effective in stimulating the wound
healing pathway as compared to acellular constructs [91, 144]. Hence, advanced
strategies have been developed by combining cells and growth factors to biomaterials for
activating interactions between them to quickly restore the damaged tissue. The
following sub-sections describe the significance of various cells and growth factors that

have been utilized for wound healing applications.
1.2.4.1. Cells

Application of pre-cultured cellular grafts has become a common therapeutic strategy to
quickly repair, restore and regenerate the skin [145, 146]. Among 20 different cell types
present in the skin, only fibroblast and keratinocytes have been cultured in the
commercially available artificial skin grafts at present [34, 143, 147]. However, culture
of other cells like endothelial cells, melanocytes, hair follicular stem cells, adipose
derived stem cell and BMSCs have also been recently started in advanced pre-clinical
practices for skin regeneration applications [54, 148-150]. Currently, the commercial
skin grafts developed using various strategies are available with pre-cultured autologous

or allogeneic keratinocytes and fibroblasts. Keratinocytes were the first among all cell
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types, which were cultured in vitro to form epidermal sheets and have been commercially

available as graftable epidermis since decades [1, 143].

The epidermal-sheet forming ability of Kkeratinocytes evolved numerous
strategies to develop large sheets of epidermis from a very small biopsy punch (1 - 3
cm?) and thus minimized the donor-site morbidity by quickly re-epithelializing the
wounds [151, 152]. This unique feature of keratinocytes to form a stratified epithelium
layer in vitro has been exploited by many commercially available epidermal grafts like
cultured epidermal autografts, Epicel, Epidex, Laserskin, Bioseed-S, Cryoskin, Myskin
[1, 152]. Delivery of proliferating autologous keratinocytes to the wound bed by spraying
the cells has also been in practice (cell spray) to improve the healing of chronic cutaneous
ulcers and partial thickness wounds [153]. Thus, epidermal constructs using various
natural and synthetic polymers have been developed, which effectively deliver pre-
confluent keratinocytes or cultured epithelial cell sheets to quickly heal the epithelial and
partial thickness wounds [143, 145]. Next, fibroblasts are considered as the wound
healers due to their role in secreting ECM fibres to form granulation tissue and their high
proliferation capacity [154, 155]. Fibroblasts are the most important mesenchymal cell
type, which are also responsible for secreting a variety of growth factors and matrix
modulation [156]. Dermal and bilayered constructs pre-seeded with fibroblasts are
commercially available such as Dermagraft, TransCyte, OrCel, Apligraf and Theraskin
[1, 143]. Commercially available cell seeded grafts are listed below (Table 1.2.).
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Table 1.2. List of some representative commercially available skin grafts using
keratinocytes and fibroblasts [1, 34, 157].

Cell type Commercial Properties Applications
forms
Autologous EpiDex Confluent cell sheet on a Cutaneous ulcers
keratinocytes silicone membrane using like DFU, venous
keratinocytes and pressure sores
Epicel Cultured epidermal sheets ~ Cutaneous chronic

Laserskin or

of keratinocytes delivered ulcers

using petroleum gauze

Scaffold of hyaluronic acid Chronic wounds

vivoderm membrane with confluent
cell sheet of keratinocytes
MySkin Epidermal keratinocytes Chronic wounds;
cultured on silicone layer split-thickness
burns and donor
graft sites
Cell spray ~ Sub-confluent suspension of  Partial thickness
keratinocytes delivery by burns
spraying
Autologous Bioseed-S Allogenic fibrin sealant burns, venous
fibroblast scaffold cultured with ulcers and
keratinocytes isolated from  replacement of oral
oral mucosa mucosa
Hyalograft Hyaluronic acid membrane Feet ulcers and
3D scaffold cultured with deep burns
autologous fibroblast
Autologous TissueTech Cultured fibroblast and Chronic wounds
fibroblastand  (Hyalograft  keratinocytes on hyaluronic
keratinocytes 3D + acid membrane
Laserskin)
PolyActive PEO/PBT synthetic scaffold Split thickness

cultured with autologous wounds

fibroblast and keratinocytes

TH-2133_ 136106012

27



Review of Literature

Chapter 1

Allogenic Cryoskin Monolayer of keratinocytes  Burns, donor graft
keratinocytes cultured on silicon matrix sites and venous
kept in frozen condition ulcers
Allogenic Dermagraft Polyglactin mesh cultured DFU, burns and
fibroblasts with allogenic neonatal dystrophic
fibroblast epidermolysis
bullosa full
thickness wounds
ICX-SKN Collagen matrix with Partial thickness
neonatal foreskin fibroblast wounds
TransCyte Silicon film, nylon mesh, Partial/full
porcine dermal collagen thickness burns,
cultured with allogenic donor graft sites or
neonatal fibroblast over meshed
autografts
Allogenic OrCel Lyophilized bovine collagen DFU, burns,
keratinocytes type | sponge cultured with  venous ulcers and
and fibroblast neonatal foreskin fibroblast recessive
and keratinocytes dystrophic
epidermolysis
bullosa and skin
graft donor sites
Apligraf Bovine collagen sponge DFU and venous

cultured with allogenic
neonatal fibroblast and
keratinocytes

leg ulcers

Furthermore, stem cells found in the bulge region of hair follicles (hair follicle
stem cells) was a ground-breaking discovery in the recent times [158]. These stem cells
have the potential of forming skin equivalents and de novo generation of hair follicles,
which made hair regeneration possible in the artificial skin [158, 159]. Bioengineered
skin using other types of stem cells like BMSCs, adipose derived mesenchymal stem
cells (ADMSCs) and induced pluripotent stem cells (iPSCs) have also shown the
potential of making skin equivalent [160-162]. Patients having severe burns, chronic and
infected wounds treated with collagen sponge impregnated with autologous MSCs

showed accelerated healing along with dermal repair and less scarring [163]. Hence,
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cellular constructs cultured with stem cells have the potential of differentiating to almost
all the cell types and form a biomimetic skin; however, the clinical application of stem
cells is still not encouraged due to loopholes in the certain properties of stem cells, which
might lead to cancer growth [164]. Research has been going on to populate the scaffolds
with various cell types and mature the tissue in co-culture conditions. For example, co-
culture of fibroblasts and endothelial cells has been well-established to fabricate a pre-
vascularized artificial skin [54]. This may circumvent the major drawback behind the
delayed graft take due to absence of blood vessels in the skin grafts. Prevascularized skin
grafts have higher “graft take” rate as the capillaries present in the wound bed anastomose
easily with the pre-existing capillaries. Easy exchange of nutrients and oxygen is another
factor describing need of prevascularized grafts [54]. However, these strategies have still
not come out of the research laboratories and needs clinical trials before reaching to the

patients.
1.2.4.2. Growth factors

Growth factors are biologically active proteins secreted by many kinds of cells and
perform functions via signalling pathways after binding with specific receptors [7].
Numerous growth factors are involved in wound healing pathways and play major roles
in the proliferation and migration of various cells [7, 165]. Upon skin wounding, various
types of cells secrete growth factors, which create a growth factor pool in the wound
microenvironment to trigger cells for initiating the wound healing process. Therefore,
biomimetic approach for skin tissue engineering and wound dressings has led to the
development of artificial constructs delivering essential growth factors in their active
state [165]. Various natural and synthetic polymers have been used to conjugate growth
factors, capable of releasing them at a sustainable rate for the development of effective
matrices [166].

Different approaches of providing similar active and stable growth factor pool in
the bioengineered construct have been taken, which mainly include immobilization or
adsorption of growth factors within the scaffolds [166]. Among all growth factors, EGF
plays major roles in wound healing pathways by stimulating cell migration and cell
proliferation; it also induces fibroblasts to express ECM components and has remodelling
effect on collagen type | fibres [140, 167]. For instance, increment in the ECM tensile

strength (200 %) was found in murine cutaneous wounds treated with liposome-
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encapsulated EGF [167]. Heberprot-P, a product containing EGF, originally registered
in the Republic of Cuba and later on by 15 more countries has been serving more than
100,000 patients with chronic wounds [168]. Betacellulin, a member of EGF family has
also been found to regulate epidermal homeostasis, wound angiogenesis, hair follicle
morphogenesis and hair cycle induction [169]. Basic fibroblast growth factor (bFGF) is
also actively involved in wound healing and demonstrated comparable results like EGF
[170]. FGF have major roles in wound healing and showed neovascularization, epithelial
morphogenesis, granulation tissue formation and increased dermo-epidermal
proliferation in wounds [109, 170]. Fiblast Spray (Kaken Pharmaceutical Co. Ltd.,
Tokyo, Japan), which contains genetically recombinant bFGF showed accelerated

wound healing rate in second degree burn wounds and approved for clinical use in Japan
[71.

Apart from EGF and bFGF, there are several reports on application of other types
of growth factors as well. For example, vascular endothelial growth factor (VEGF) carry
out neovascularization by stimulating migration and proliferation of endothelial cells and
is secreted by platelets, fibroblasts, keratinocytes and macrophages during the wound
healing process [7, 171, 172]. Platelet derived growth factor (PDGF) is the only growth
factor, which got approval by Food and drug administration (FDA) in its recombinant
form to be used for treating diabetic ulcers [8]. Regranex, a gel dressing containing
recombinant PDGF has been used to treat diabetic foot ulcers by topical application
[173]. Transforming growth factor- 1 (TGF- B1) acts in an autocrine manner with
fibroblasts and is responsible for the production of ECM components along with wound
contraction promotion by differentiating the fibroblasts to myofibroblast [174].
Keratinocyte growth factor (KGF) plays a major role in repairing the growing epidermis
and promotes re-epithelialization [175]. Hepatocyte growth factor (HGF) is mainly
secreted by fibroblasts during wound healing and has mitogenic effect on keratinocytes
and VEGF secretion [176]. Insulin like growth factor (IGF) also has mitogenic effect on
keratinocytes, induces angiogenesis and is highly secreted by fibroblasts in the wound
bed to accelerate wound healing [177]. Placenta growth factor (PIGF), also known to be
related to VEGF, has role in neovascularization during wound healing [178].
Angiopoietin-related growth factor (AGF), which belongs to angiopoietin-like protein
family binds to oy integrins through RGD peptide, and stimulate Kkeratinocytes

proliferation and angiogenesis [179]. Nerve growth factor (NGF) and granulocyte-
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macrophage colony stimulating factor (GM-CSF) are secreted by keratinocytes in skin
and stimulate proliferation of keratinocytes in an autocrine manner to aid in rapid re-
epithelialization [180, 181]. There are many advantages of growth factors as listed below
(Table 1.3.) and thus, wound healing can be accelerated by providing adequate growth

factors through bioengineered matrices.

Table 1.3. List of growth factors involved in the wound healing process.

Growth Functions Formulations Applicati  Refer-
factor ons ences
EGF Keratinocytes migration and Liposomes, Chronic  [7, 166,
proliferation, fibroblast microspheres, wounds, 167,
proliferation (granulation nanospheres, partial 182,
tissue formation during nanoparticles, thickness  183]
wound healing), endothelial sponge, film, wounds
cell migration and cytokine hydrogel,
production nanofibres
FGF Recruitment of fibroblasts, Nanofibres, fibrin DFU, [109,
keratinocytes and endothelial  hydrogel, chitosan  pressure 118,
cells; granulation tissue hydrogel/film, ulcers 166,
formation and matrix collagen matrix, 170]
remodelling gelatin sponge
PDGF Chemoattractant for immune Hydrogel DFU, [9, 184,
cells and fibroblasts; pressure 185]
stimulation macrophages ulcers
VEGF Endothelial cell migration Alginate DFU [172]
and proliferation; microspheres

vascularisation and lymph
angiogenesis

IGF Fibroblast proliferation; Liposomes DFU [177,
keratinocytes migration and 186]
proliferation

TGF-B1 Fibroblast migration and Collagen sponge DFU [187]
proliferation; granulation
tissue formation and
increased collagen synthesis.
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1.2.5. Smart technologies and cellular based emerging approaches for skin

therapeutics
1.2.5.1. Portable electrospinning technology

Electrospinning has attracted substantial interest in the technological and
healthcare sectors in recent years. This technique has enabled easy fabrication of
nanofibrous mats in large scale [43]. The latest technology further developed improvised
electrospinning instrument by miniaturizing its size and led to the development of
handheld electrospinning device [188]. A portable instrument with broad range polymer
specificity is easy to use and reduce wound edema or pain. In a study, a portable handheld
electrohydrodynamic multi-needle spray gun was developed for practical day-to-day
applications using the frame of Dremel glue gun [189]. The glue gun was modified into
a multi-needle electrospray gun. Different variations of similar handheld electrospinning
apparatus were also developed, which were battery operated by further minimizing the
size [46, 190]. The new device weighed only 120 g and could electrospun various
polymers such as poly(vinyl pyrrolidone) (PVP), PCL, polystyrene, PLA and
poly(vinylidene fluoride) (PVDF). In situ deposition of a nanofibrous dressing directly
on the cutaneous wounds demonstrate advanced healthcare system. The approach can
also be utilized to fabricate patient-specific dressings by incorporating particular drugs
or molecules in the electrospinning solution [46, 190]. Such an equipment if used in first
aid or in emergency cases can generate wound patches at the injury site to stop wound
bleeding and provide instant dressing. Portable electrospinning equipment could be a
temporary solution in case of emergencies; however, in case of large size wound defects,
the acellular nanofibrous patch face drawback in long-term treatment. Similar to portable
electrospinning, the handheld cell spray and bioprinting techniques developed recently

could be an effective solution to deliver living autologous cells over the wounds.
1.2.5.2. Spray based approach

Of critical importance for large-sized cutaneous wounds, cell spray system has also
emerged in recent years. Cell spray system has been developed long back using Badger
100G airbrush and demonstrated successful delivery of bovine dermal fibroblast with
more than 50 % cell viability [191]. Viability of cells post-spray is an important concern

since direct spraying may induce cellular damage. The problem was resolved by the
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aerosol delivery method with encouraging outcomes. In a recent study, researchers have
optimized calculations for non-cultured autologous skin cell-spray grafting [192]. The
calculation was performed by considering variables like yield of donor site skin tissue,
cell density, distribution area, spray volume and the percentage of surface coverage. The
mathematical approach demonstrated possible ratios of 1:80 to 1:100 (donor site area:
treatment area); thereby revealing significant improvement over the conventional mesh
grafting technique [192]. In a comparative study against fibrin membrane transfer
system, aerosol cell spray was found to be effective with pre-confluent keratinocytes
[193]. Cell suspension experienced various types of stress conditions like

hydrostatic, shear or elongation stress when sprayed directly onto a wound [193].

Although aerosol-based cell spray technique has shown huge potential in re-
epithelialization of superficial wounds, the technique is further improved using
biopolymers for severe cutaneous injuries. Recent work on the delivery of
human keratinocytes using microcarriers and compressed collagen demonstrates the
excellent utilization of spray technique [194]. Support of biomaterial based microcarriers
could further improve cell viability, a major concern in direct cell spraying due to lack
of cell-adhesion in the suspension conditions. Gelatin microcarriers provided cell
adhesion sites and thereby increased the overall distribution of cells in the keratinocyte
cell therapy while maintaining the clinically-relevant time-frame [194]. Such examples
of customized cell spray equipment paves way for next generation smart system for

efficient delivery of autologous skin cells for wound healing applications.
1.2.5.3. Portable 3D skin printer

Technical advancement in recent years has led to the development of handheld skin
printer to be applied for in situ formation of skin tissues at the wound site. The
remarkable work by Hakimi et al represented development of a portable 3D bioprinter
(weight < 0.8 kg) that enabled bioprinting of skin tissue sheets using a microfluidic
cartridge [41]. The study illustrated in situ formation of skin sheets in the porcine and
murine wound models as a direct treatment using skin specific cells in the bioink. Such
portable 3D printers can be revolutionary in the current healthcare market as patients do
not have to wait for the laboratory grown cellular skin grafts. This technology can also
be used for emergency cases like burn trauma cases and can be carried in ambulances for
immediate treatment in real time.
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1.2.5.4. Immunomodulation and vascularization based approach

Principal goals in wound management include vascularization in the regenerated tissue
to achieve rapid wound healing and skin regeneration. Many pioneering approaches have
utilized cellular and molecular biology for the development of pre-vascularized skin
grafts over the past decade [54, 195]. During the course of development of advanced
cellular therapies, a greater comprehension of basic biology has been considered by the
researchers in recent years. Targeting immune system for enhanced angiogenesis has
recently been explored leading to significant advances in wound healing therapy [196,
197]. This approach stands apart from the orthodox approach of using only endothelial
cells in making vascularized grafts. Clearly, immune system has a major role in the
healing process because inflammation is the very initial phase of wound healing [197].
The early immune response delivers signals to the subsequent phases through cytokines
and chemokines. The crosstalk between immune cells and endothelial cells plays a major
role in the rate of healing process, showing their interdependence during the tissue repair.
Macrophages deliver a continuing supply of cytokines essential for cell growth and
angiogenesis; and newly formed blood vessels carry oxygen and nutrients necessary for
cell metabolism [198]. The chemokines secreted by macrophages have also been shown
to induce migration of endothelial under in vitro conditions [199]. This interplay between
immune system and vascularization has recently been exploited in various strategies to
increase the wound healing rate and develop pre-vascularized skin grafts. These strides
have ultimately led to advancements in skin regeneration. Therefore, tailoring the
immune response or modulating the behaviour of immune cells may impart major

breakthroughs in wound repair and skin tissue engineering.

Formation of blood vessels in the wounded tissue during healing process is a
common phenomenon and is known as angiogenesis [200]. In this process, new vessels
sprout from existing vessels to establish the supply of oxygen and nutrients to the newly
formed tissue at the injured site. Vascularization is a complex process requiring
interaction between various cells, the ECM and numerous growth factors [200].
However, in certain pathophysiological conditions like diabetic wounds or large burn
wounds, this natural angiogenesis process is severely obstructed. Artificially developed
implants on such wounds often fail to develop vascularized network and clinical

outcomes remain poor. To cope with this problem, fabrication of pre-vascularized skin
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grafts has been a recent area of research where the bioengineered tissue is already well
developed with a vascular network. Several strategies have been explored with the aim
of developing pre-vascularized constructs using cellular therapy, growth factor delivery,

and use of bioactive materials.

Co-culture system has been the most explored and highly efficient strategy for
developing pre-vascularized grafts so far. Endothelial cells, which make wall of the
blood capillaries, have cellular crosstalk with fibroblast cells. Co-culture of both the cells
has been very successful in bioengineering the vascularized dermo-epidermal skin grafts
[54]. Human dermal microvascular endothelial cells (HDMECs) when co-cultured with
human dermal fibroblasts (HDF) in 3D hydrogels developed vasculature networks within
3 weeks [54]. It was also shown that HDMECs when cultured alone in the hydrogels
failed to develop capillary like structures proving the significance of co-culture system.
Marino et al went one step ahead by developing skin grafts with lymph vessels along
with blood vessel network. The tissue engineered skin grafts containing blood and lymph
vessels when transplanted on wounds of nude rats demonstrated connections with
existing vessels and formed functional skin layers. The bioengineered grafts also drained
the wound fluid away through pre-formed vessels thereby helping in accelerated wound
healing [54].

In another study, researchers used growth factor therapy by encapsulating a
cocktail of growth factors along with endothelial colony forming cells to develop
vascularized grafts [201]. The growth factor cocktail consisted of recombinant human
VEGF165, bFGF, angiopoietin-1, tumour necrosis factor alpha (TNF-a) in the constructs
demonstrated accelerated diabetic wound healing [201]. Another recent emerging
approach in the fabrication of vascularized grafts is culturing stromal vascular fraction
(SVF), which is a cocktail of cells that can be obtained from adipose tissue through
enzymatic digestion or mechanical dissociation [202, 203]. The popularity of SVF in
wound healing is gaining momentum as it seems to contain all components that not only
take care of the underpinned properties of accelerated scar-less wound healing, but can
also be valuable in terms of providing vascularization. This can in turn enormously
contribute towards better graft acceptance for full thickness skin grafts and wound patch.
Fabrication of SVF based pre-vascularized grafts and their integration with host skin
demonstrate the benefits of SVF application in healing critical wounds [204]. Overall, it
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is seldom in nature that most desired components for therapy are found in a well-balanced
cluster. SVF seems to be such a component, which if harnessed properly can be an

ingenious approach towards regeneration therapy.
1.2.6. An update on clinical trials

The clinical implementation of technology is necessary to validate proof of concept and
pre-clinical studies performed in animal models. Clinical study not only reveals the
treatment outcomes, but also unfolds the basic information like cost of treatment, patient
safety and risks involved during the particular treatment. Efficacy of wound dressings
and skin grafts have been constantly under evaluation through the regulated clinical trials
on patients in multiple clinical set-ups over a period of 5-10 years [3]. The aim of clinical
study is to transfer the technology from bench to bedside for harnessing the emerging
wound management strategies and realistic advancements over the conventional
methods. Clinicians and scientists are nowadays applying mathematical calculations,
statistical methods and resource expenditure assessment to demonstrate the results in a
more realistic and accurate manner. Herein, we try to summarize the outcomes of some

recent trial reports on the bioengineered skin grafts.

Clinical practices have evolved in the past few years by taking trial deigns, patient
population, accurate wound measurements and specialized tools into consideration.
Integra, the well-explored acellular bioengineered skin graft has been constantly under
frequent clinical trials since last 3 decades. In a recent clinical trial on severely wounded
military soldiers, Integra was found to be highly successful in the management of
complex and devastating wounds with a success rate of 78 to 86 % [205]. Integra is also
commonly used as a positive control in clinical trials of novel constructs like
CellonexTM (a viscose cellulose sponge), which revealed comparable healing efficacy
of the cellulose based construct in a recent study [206]. In a comparative study with
Integra, Hyalomatrix demonstrated better cell regulation, ECM production and
stimulation activity; whereas, Integra showed dermal regeneration with more elastic,

physical and mechanical properties [207].

Another well-studied commercially available dermal substitute is Dermagraft,
which is made up of polyglactin mesh seeded with HDF [208]. It serves as a

cryopreserved cellular dermal substitute for chronic wounds and has been found to be
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very effective in treating DFU and venous leg ulcers [3, 208]. Successful clinical trials
on various well-established artificially developed living cellular grafts like Apligraf,
CEA and Orcel reveal their safety and efficacy [3, 49]. Grafts made up of decellularized
tissues include Epifix (dehydrated human amnion/chorion membrane), Grafix (placental
allograft) and Neox [209, 210]. Their clinical trial on extreme diabetic foot ulcers not
only revealed their safety, but also their cost effectivity and efficient treatment. Recent
report on the clinical trial of a fibrin patch containing concentrated leukocytes and blood
platelets revealed excellent outcomes in treating DFU and also its feasibility in clinical
practice [211]. Application of cadaveric dermal allografts on trauma wounds has been a
common practice since centuries. Although allogenic in nature, skin allografts are still
considered as a good option for treating a variety of wounds ranging from chronic
wounds to burn and trauma injuries. In a recent comparative study, Theraskin
(cryopreserved human skin allograft) proved to be cost effective (42.2 % decrease in
cost) in comparison to the bioengineered skin Apligraf with no significant differences in

the healing outcomes [212].

Although many novel types of constructs and dressing materials have been
developed in the past 2-3 decades, only a handful of products have undergone clinical
trials. Prospective and retrospective analysis of clinical trials of the commercially
available acellular and cellular skin grafts provide a clear picture of their utility. Such
studies have side by side improved our understanding of the pathophysiology of hard to
heal wounds like chronic wounds and burn injuries. The clinical trials done so far thus
represent encouraging results in the field of wound healing and could motivate the

experts to conduct such studies on emerging techniques and novel bioengineered grafts.
1.2.7. Exploring silk as a potential biomaterial for wound healing applications

Silk is a protein biopolymer that is produced by a variety of insects such as silkworms,
flies, spiders, mites and scorpions [22]. Silk produced from silkworms and spiders has
been widely studied and explored for various biomedical applications [22, 23]. Silk is a
broad term and often referred as protein fibres spun by insects; however, it varies from
species to species and function to function [24]. Silkworms develop silk cocoons by
spinning silk fibres, which provide them shelter during their period of metamorphism
[24]. Spiders produce silk fibres to develop webs, capture preys and for their movements
[213]. All the varieties of silk fibres differ from species to species due to significant
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changes in their amino acid sequence [24, 213]. For instance, different silkworm
varieties, broadly categorized as mulberry and non-mulberry silkworms produce silk

fibres with different composition having variation in their amino acid sequences [214].

Silks also vary in their structure and physical properties owing to the variation in
composition [24, 214]. Being a versatile biopolymer, silk has been hugely explored in
the applications of tissue engineering and regenerative medicine [22, 24, 213]. SF
extracted from domesticated silkworm, B. mori, has been the most extensively studied
variety of silk since few decades [22, 23]. It has been completely characterized in terms
of physical properties, chemical composition and biological properties [215]. Herein, we
focus on the fibrous types of silk biomaterials such as silkworm SF protein and spider
silk fibres to understand their structural and biological properties, which make them one
of the sought-after materials in the field of biomedical engineering. Various types of
sources of silk biomaterials and structures generated out of the material are represented
as below (Figure 1.4.). The following sub-sections provide a detailed literature on the
various types of silk biomaterials, their properties and applications in wound repair and

regeneration.

Sources of natural silk

Figure 1.4. Schematic image showing various natural sources of silk protein and
structures made up of various silk biomaterials.
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1.2.7.1. Silk types, chemistry, structure and properties

There are many varieties of silkworms and based on their feeding habits, they are broadly
classified into two: mulberry and non-mulberry silkworms [24]. The host plants that give
shelter and food to the silkworms are considered as key players behind their classification
[24]. Silkworms that feed on the mulberry leaves are mulberry silkworms, for example
Bombyx mori. Other varieties that do not feed on mulberry leaves are categorized under
non-mulberry silkworms. There are numerous non-mulberry silkworm varieties world-
wide; for example, A. assama (Indian Muga silk), A. mylitta (Indian Tasar silk), A. pernyi
(Chinese Oak Tussah silk), A. yamamai (Japanese silk) and P. ricini (Indian Eri silk)
[24]. The major differences in the protein sequence are responsible for variations in the
physical, chemical and biological properties of different silk proteins. Silk, known for its
regenerative properties has been found to aid many events throughout the wound healing
process (Table 1.4.). Besides the silkworm SF, spider silk is also discussed in the
following sections to provide a clear picture on the available fibrous silk proteins and

their application in skin tissue engineering.

1.2.7.1.1 Mulberry silk

B. mori silk fibroin (BmSF), also known as mulberry silk, include two polypeptide
chains: a heavy chain of 391.367 kDa and a light chain of 25 kDa. BmSF also contains a
glycoprotein known as P25 [216]. Assembly of H-chains, L-chains and P25 is in the ratio
of 6:6: 1, which is also considered as a signature of BmSF protein [216]. The SF protein
remains in a-helix and random coil conformation in the silk glands of silkworms, which
transforms to mechanically strong silk fibres or threads during spinning [216]. Stability
of silk fibres at the time of construction of silk cocoons is due to transition of the SF
protein from random coils to B-sheet conformation [217]. These B-sheet structures are
majorly formed due to the presence of repetitive stretches of (GAGAGS)s in the protein
sequence [218]. The fibroin heavy chain of silk is the structural protein complex that
consists of long crystallizable hydrophobic domains along with amorphous hydrophilic
domains. The packed [B-sheet structures of the crystallizable domains in SF play
significant roles in manipulating the properties of the protein [218]. The hydrophobic
repetitive domains of glycine-alanine repeats contribute to more than 50 % of total
fibroin and thus confer crystallinity to the overall protein structure [22, 218]. The

39
TH-2133_ 136106012



Review of Literature Chapter 1

crystalline structures of silk are majorly responsible for their high mechanical strength

and structural properties that make this natural material unique [22, 27, 218].

Isolation of SF from cocoons involves sequential procedure of degumming and
dissolving the silk fibres in organic solvents or ionic liquids to obtain the liquid state of
SF protein [215]. Degumming is performed to remove the sericin component by boiling
the silk cocoons in aqueous solution of 0.02 M sodium carbonate (Na2CO3). Dissolution
of degummed silk fibres has been well established in the chaotropic lithium bromide
(LiBr) solution. The SF fibres get easily dissolved in 9.3 M LiBr at 60 °C, which upon
subsequent dialysis against water yields aqueous silk solution [215]. The obtained
aqueous silk solution can be easily modulated in various types of designs by tuning the
B-sheet formation induced by numerous well-established physical and chemical
methods. For instance, changes in solution conditions like fibroin concentration, pH,
temperature, solution aging, ionic strength or blending with other polymers lead to
permanent crosslinking within the protein chains and cause an overall increase in f-sheet
content in the SF, which lead to fabrication of stable structures [219-221]. Physical
methods of B-sheet induction include mechanical shear (vortexing), sonication and
electric field, which result in enhanced physical permanent crosslinking [222-
224]. Being a bulk material, it has been well-explored in constructing scaffolds of various
size and shapes, thereby making it a versatile biomaterial for tissue engineering

applications.
1.2.7.1.2. Non-mulberry silk

Non-mulberry silk fibroin (NMSF) consists of a heavy chain and lacks both the L-chain
and P25 glycoprotein unlike BmSF [24, 214]. This marks the prime difference in the
composition of BmSF and NMSF proteins. Further, differences in the protein sequence
of fibroin heavy chains signify their important characteristics. Unlike BmSF, which
consists of GAGAGS repeats, NMSF consists of repeats of polyalanine (AA)n and
polyglycine (GG)n blocks [24]. For example, A. assama silk fibroin (AaSF) protein
consists of two main motifs, namely, polyalanine motifs (Alanine content 44.5 %) and
polyglycine motifs (Glycine content 30.1 %) [214]. The polyalanine blocks contribute to
the main crystalline core of AaSF; whereas, in BmSF, glycine rich blocks are responsible
for crystallinity of protein. Another major difference in between BmSF and AaSF is the
amount of arginine content (R-motif). Consisting of 17 R-motifs, AaSF is rich in Arg
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content among all reported H-fibroins [214]. A/G/R-motifs present in AaSF together
represent hydrophobic and hydrophilic regions of the protein that has been responsible

for a wide variety of applications.

Presence of RGD tripeptide in AaSF, a well explored cell binding motif has
provided additional advantage to the silk in tissue engineering applications [214].
Similarly, other non-mulberry silk varieties also differ from BmSF and possess
extraordinary properties owing to the variations in the protein sequence. Silkworms of
Antheraea genus (such as A. assama, A. mylitta, A. pernyi) share similarities in silk
fibroin protein like presence of dominating polyalanine blocks, RGD tripeptide and high
arginine content [24]. P. ricini NMSF also contains polyalanine blocks as the repeating
unit and is speculated to contain RGD motif in the peptide sequence [24]. A. assama
NMSF is highly explored in the field of biomedical engineering owing to its known
protein sequence. Like BmSF, induction of B-sheets in the NMSF based constructs is
also performed by treating them with ethanol or vapours of water and ethanol [225, 226].
Variation in the protein sequence of NMSF is another major reason for discrepancies in
the protein dissolution methods in comparison to BmSF. The dissolution method of
BmSF from silk cocoons has been well established using 9.3 M LiBr as the degummed
B. mori silk fibres readily dissolve in the aqueous solution of LiBr [215]. However, the
same method is not feasible for silk fibres of non-mulberry silkworm cocoons. It is
speculated that due to the presence of hydrophobic core of A-motifs and excessive
hydrogen bonding among the alternated hydrophilic sequences, the NMSF fibres do not
dissolve in chaotropic reagent like LiBr. The ionic solvent systems like LiBr disrupt the
intermolecular hydrogen bonding of fibroin chains, thereby dispersing the fibroin
polypeptides for proper dissolution. This readily works for B. mori silk fibres; however,
this solvent fails to completely dissolve non-mulberry silk fibres and result in
significantly lower yield. Therefore, researchers have sorted to an alternative method as
invented by Mandal and Kundu, 2008 [227].

SF isolated from silk glands of mature silkworms is easy to solubilize in
surfactant like sodium dodecyl sulphate (SDS). Silkworms extrude the raw form of SF
from their silk glands while spinning cocoons. The protein changes its conformation from
a-helix to B-sheets during the spinning process. Therefore, the silk fibres present in silk
cocoons contain high amount of stable p-sheets, which make the fibres difficult to
dissolve. By dissolving the raw form of SF isolated directly from the glands, is an easy
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and versatile method [227]. This method works for a wide variety of NMSF like A.
mylitta, A. assama and P. ricini [226]. Non-mulberry silks have outperformed mulberry
silk fibres (BmSF) in terms of mechanical properties [226]. The crystallinity of A-motifs
present in NMSF is much higher and requires higher energy to break than that of
(GAGA)N repeats of BmSF [214, 228]. For example, the B-nanocrystal formed by short
polyalanines repeats present in the spider silk fibres of Nephila clavipes confer high
mechanical strength along with high elasticity to the fibres [228]. Similarly, A. assama
silk possessing polyalanine repeats holds outstanding tensile strength because of stronger
polyalanine crystals [214]. A. assama silk showed 40 % elongation at break, which was
found to be comparable with N. clavipes spider silk fibres (40 %); however, B. mori silk
showed only 15 % elongation at break, thereby revealing lower mechanical strength in
comparison to non-mulberry silk [214]. The polyalanine blocks offer a unique property
of stretching ability to non-mulberry silk that lacks in the mulberry silk. Conclusively,
the unique polypeptides of NMSF and their (intra/inter)molecular structural

organizations are cumulatively responsible for various extraordinary properties.
1.2.7.1.3. Spider silk

Varieties of spider silk proteins are produced by a single insect depending on its
particular movements and functions like dragline, orb web or cocoon construction [229].
The chemistry and structure of different silk proteins slightly vary depending on its
function. The unique physical properties of spider silk have led to an increased interest
in harbouring the protein for various biomedical applications [229]. Dragline silk is the
most studied and highly explored spider silk variety owing to the unique tensile and light-
weight properties [229]. Spiders store the soluble form of dragline silk in the sac of their
major ampullate glands and spontaneously form silk fibres through the duct during their
spontaneous movements [230]. The spider silk is composed of assembly of spidroins,
which contains crystalline repetitive regions along with non-repetitive N-terminal and C-
terminal domains [230]. Spider silk protein is rich in glycine and alanine blocks in its
repetitive region similar to silkworm silk fibroin protein; however, the overall protein

sequence is quite different from silkworm silk fibroin [230].

Another feature of spider silk is its high elasticity due to the presence of short
repeats of semi-amorphous regions like GPGXX (B-spirals or B-turns) and GGX (helix)
in the non-crystalline regions [229]. The B-sheet crystalline regions serve as connecting
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links to the amorphous chains and form a network structure, thereby maintaining the
tensile and elastic properties of spider silk. Dragline silk of N. clavipes is the most studied
spider silk variety and it consists of two spidroins, namely, major ampullate spidroin |
(MaSpl) and major ampullate spidroin Il (MaSpll) [229]. The dragline silks share
structural similarities with other dragline silks, consisting of non-repetitive N/C terminals
and a repetitive central domain of glycine rich or polyalanine blocks that makes its core
region [231]. However, they differ in the number of hydrophobic domains and presence
of proline residues in their protein sequence, which lead to variations in their physical
properties. Similar to N. clavipes, another variety of dragline silk is produced by spider
Araneus diadematus [231]. This spider produces ADF-3 and ADF-4, which are
analogous MaSpl and MaSpll proteins in the context of structural and functional

properties [231].

Harvesting large numbers of spiders is difficult in comparison to silkworms. In
addition, the yield obtained from spiders ranges from 12 — 137 m, which is far lesser than
that of a single silkworm (600 — 900 m) [229, 232]. Therefore, researchers have resorted
to exploit the recombinant DNA technology for production of recombinant spider silk
[233]. Technological advancements in genetic engineering have enabled the integration
of spider silk encoding genes and successful expression of spider silks through a range
of host systems. Numerous varieties of recombinant spider silks have been generated
over the years that mimic the native structural and functional properties of dragline silk
produced from spiders like N. clavipes, A. diadematus and Euprosthenops australis [213,
233]. For example, MaSpl and MaSpll of N. clavipes, ADF-3 and ADF-4 dragline silks
of A. diadematus and 4RepCT (4RC) partial dragline silk of E. australis [213, 229, 231].
Till date, recombinant spider silk production from micro-organisms like E. coli bacteria
is the most exploited host organism owing to the simple bacterial system, easy
purification process and relatively high yield [213]. However, recombinant spider silks
have been produced from a wide variety of host systems like potato, tobacco, mammary

glands of mice and goats [213].

Mammalian cell systems have also been efficient in the expression of
recombinant spidroins [234]. The method of producing recombinant spider silk holds
another advantage of synthesizing silk containing additional bioactive domain in the
protein sequence and thereby obtaining desired functionalized spider silk biomaterials
[213, 233]. Successful production of recombinant spider silk conjugated with human
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bioactive peptides like cell binding RGD peptide, growth factor peptides and
antimicrobial domains are perfect examples of this technology [235-237]. This smart
strategy of making functionalized spider silk demonstrated possible modulation of silk
protein at post-production level. Therefore, recombinant spider silk holds great potential

in tissue engineering applications.

Table 1.4. List of silk materials used for cutaneous wound healing applications.

Material Wound Response References
format model
Silk film Full- Improved healing response than [132]
thickness in ~ Duoactive dressing and comparable
nude mice results with AlloaskD.
Silk film Full- Faster healing and better skin [238]
thickness in regeneration in comparison to
rabbit and commercially available Suprathel
porcine and Sidaiyi dressings.
Porous silk Full- Better healing outcomes and dermal [239]
scaffold thickness regeneration in comparison to PVA
wound in rat scaffold.
Aligned Full- Vascularization, tissue ingrowth, [240]
Nanofibrous thickness improved cell migration with rapid
hydrogel wound in rat  wound closure in comparison to non-
matrix aligned nanofibrous scaffolds.
Silkworm Full- Faster wound healing than Mepitel [241]
cocoon sol-  thickness in wound dressing. Reconstruction of
gel film rabbit intact epidermal layer.
Silk elastin Full- Better healing outcomes in [242]
like protein thickness comparison with conventional
(SELP) chronicand  product carboxymethyl cellulose gel.
hydrogel  acute wounds SELP hydrogel demonstrated higher
inmice and  epithelialization rates in comparison
guinea pigs with Granugel.
Silk based  Burn wound Reduced expression level of pro- [243]
nanofibrous in rat inflammatory cytokine in
mat comparison to the medical gauze.

TH-2133_ 136106012

44



Review of Literature Chapter 1
Silk based  Pressure sore  Silk xerogel promoted sore-healing [244]
xerogel in mice without scarring.
Powdered Second The powder showed good [245]
A. pernyi degree burn biocompatibility and promoted re-
silk rat epithelization on burn wound.
Silk film, Full- Silk matrices showed faster wound [91]
nanofibre thickness healing rate with minimal scarring in
and lamellar ~ wound in comparison to commercially
porous film mice available Tegaderm™ controls.
Native Full- Improved healing outcomes in [246]
spider silk thickness in comparison to standard control
fibres rabbit groups (Vaseline and phenytoin)
Native Full- Neovascularization in the bundles of [247]
spider silk  thicknessin  spider silk matrix, migration of cells
fibres sheep on spider silk fibres.

1.2.7.2. Biological properties of silk biomaterials and their application in skin

regeneration

Silk has been considered as a biomaterial since decades and has been widely explored in
the fields of drug release, engineering of artificial organs or tissues and wound healing
[90, 248, 249]. Being a biocompatible and non-immunogenic material, BmSF silk-based
scaffolds have been approved by the FDA for biomedical applications [23]. Easy
processability of the SF to mould into various shapes is an additional advantage of this
material that makes it a suitable candidate for fabricating wide varieties of structural
constructs. The bulk SF biopolymer is easy to transform into numerous types of
constructs like thin films, hydrogels, porous scaffolds, nanofibrous mats, nanoparticles
and injectable systems [47, 90, 91, 217, 248, 250, 251]. If we look deeply into the wound
healing process supported by a silk-based matrix, we find that the platform of silk is
involved in every major step of healing process. Commencing with the first phase of
wound repair, silk holds excellent property to bind with blood platelets and fibrinogen
protein, thereby aiding the healing process from the very first event of haemostasis [252,

253]. The entrapped fibrinogen and platelet cells in the silk matrix act as a reservoir of
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secreted growth factors and cytokines, which keep on releasing at a slow and sustained

rate, thereby help in migration of cells from wound edges towards the cavity [253].

Next, it has been proven that BmSF stimulate cell migration through upregulation
and phosphorylation of c-Jun that lead to activation of various signalling pathways [254].
Therefore, silk matrix plays the most important role of cell migration during the wound
healing process. Other additional factors that enhances the cell migration process are
presence of bioactive sites in the amino acid sequence of various types of fibroin proteins.
For example, NMSF silk varieties like AaSF possesses well-established RGD cell
binding tripeptide [24]. In another recent study, it has been proven that BmSF activates
nuclear factor kappa enhancer binding protein (NF-kB) signalling pathway to promote
the wound healing process [255]. Thus, influence of silk on the cell migration process
leads to accelerated wound healing process. This ultimately influence a lot of main events
associated with cell migration process, like neovascularization (by migration of
endothelial cells), granulation tissue development (by migration and proliferation of
fibroblasts) and re-epithelialization (by migration of keratinocytes) and other unknown
events by migration of numerous other cells [90]. Therefore, silk is an excellent choice
of biomaterial for wound healing applications. In order to harness the regenerative
properties of silk, various strategies have been applied to fabricate wound dressings using
silk as a biomaterial (discussed in details in later chapters).

Silk has been used as sutures, tissue scaffolds, and drug delivery agents since
decades [22, 90, 249]. Both physical and biological properties of silk material are easily
manipulated simply by structural re-adjustments. Apart from the biocompatible
properties of silk as a biomaterial, it holds extraordinary properties for drug delivery
applications [249]. The bulk material of SF has been utilized as a cargo, which delivers
drugs, biomolecules and growth factors at a slow and sustained rate [249, 256]. This
property of silk has been extensively exploited for wound healing applications as the
silk-based matrix can be easily functionalized with antibiotics or growth factors to be
delivered at the wound site [91]. In addition to the drug delivery applications, silk also
helps in stabilization of biomolecules and preserve the bioactivity of drugs/molecules for
longer time [256]. For example, antibiotics like penicillin and tetracycline incorporated
in silk films demonstrated higher stability in comparison to their storage in solution and

powder form [257]. In another study, silk microneedle arrays containing tetracycline
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demonstrated sustained release and preserved bioactivity of the antibiotic against

Staphylococcus aureus, the most commonly found bacteria in the infected wounds [258].

Drug entrapment and stabilization within silk biomaterial depend on various
factors like hydrophobic/hydrophilic interactions, electrostatic interactions or hydrogen
bonding [256]. The aqueous solution of silk is generated by dissolving silk fibres in LiBr
solution. This process breaks the highly stable hydrogen bonds in the 3-sheet structures
of fibroin fibres and silk in its solution form is obtained [215]. While fabricating
constructs using aqueous solution of silk, the hydrogen bonds are re-formed and the
stable B-sheet structures render stability to the structure of silk construct [259]. For
functionalization, drug or biomolecules are directly added in the silk solution and
thereafter the solution is processed into particular type of construct [27]. For example,
during the fabrication of a thin film, drug loaded silk solution upon air-drying lead to

reformation of the hydrogen bonds and entrapment of drugs or biomolecules [257].

In a study, drug release mechanism from silk films was examined by loading the
films with different molecular weight fluorescein isothiocyanate (FITC)-dextrans
ranging from 4 to 40 kDa [260]. The study revealed that the diffusion mechanism was
the major factor for sustained release rate as determined by the Peppas equation [260].
Therefore, silk matrices can be considered as a potential drug delivery material for slow
and sustained release of drugs and bioactive molecules. Overall, the results of the current
literature on silk based matrices demonstrate that the silk is a promising material and can
be used as a wound dressing platform for healing applications. Exploring other varieties
of this material and fabricating various types of matrices might reveal their unique
properties towards tissue regeneration therapeutics. Summarizing the review of
literature, we hypothesize the wound healing process assisted by a dressing platform as
represented in the schematic image (Figure 1.5.). Further, keeping in mind the above-
mentioned research using silk as a biomaterial, we target to explore other varieties of silk
in wound healing applications and develop novel strategies to contribute in this particular
field.

47
TH-2133_ 136106012



Review of Literature Chapter 1

1. Physical support 2. Antimicrobial activity
» Act as a provisional matrix. * Functionalization of wound dressing by broad
» Porous/fibrous/hydrogel structures help in range antibiotic drugs.
enhanced cell recruitment and tissue ingrowth. » Slow and sustained release of antimicrobial
* Protect from microbial penetration. compounds or recombinant peptides.
* Maintain moist environment. » Materials functionalized with antimicrobial
~ Functions of Bioactive peptides.
3. Growth Factor Stimulation Drrsitll;:;ﬁgf: g?aft 4. ECM regulation
» Stimulate various types = Stimulate fibroblast cells
of cells for growth, proliferation and migration. for regulated deposition of ECM components.
» Matrices can be functionalized to provide » Regulate differentiation of fibroblast to
sustained delivery of growth factors. myofibroblasts and deposition of collagen type IIl.
» Single or dual growth factor delivery can be done * Regulate the orientation of collagen fibers.
depending on the wound type. » Matrix remodeling (Col I/Col Il ratio) via MMPs.

Figure 1.5. lllustrative representation demonstrating functions of bioactive constructs
and how such matrices may trigger the key events of wound healing process for skin
regeneration applications.
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MOTIVATION AND OBJECTIVES OF THE PRESENT
INVESTIGATION

Skin wounds represent a major healthcare problem owing to an increasing number of
trauma and pathophysiological cases like burns and diabetic wounds. Such conditions
hamper the normal self-healing process of skin and their treatment has been a foremost
clinical challenge since decades. Based on the literature of currently used highly
expensive treatments, there is a significant demand of affordable technology to bridge
the gap between the need and the availability. Silk, being a natural biomaterial possessing
inherent regenerative properties holds immense potential towards the development of
cost-effective and efficient treatments. In the course of developing strategies for wound
repair and regeneration, our main aim is to develop pro-regenerative matrices using
inexpensive silk biomaterials. Our research focusses on harnessing the regenerative
properties of numerous types of available silk biomaterials to aid wound healing through
various strategies. The origin of the present research work and the salient motivating

factors are as follows:

1. Current therapeutic approaches for treating cutaneous wounds include natural
biomaterials like collagen, fibrin and allogenic cadaveric grafts. However, these
materials are human origin, leading to low-availability and high cost. Materials
obtained from xenogeneic sources like bovine or porcine suffer from disease
transmission, short shelf-life, immune response and graft rejections. The gold
standard approach of applying autologous split-thickness skin grafts depends on
the availability of healthy skin left in the patient and faces a major drawback of
secondary donor-site wounds. Based on these loopholes, there is an urgent need
of affordable alternative therapeutic approaches, which are available off-the-shelf
and holds efficient wound healing properties.

2. Fabrication of bioactive wound dressings that possess inherent biological cues to
stimulate the cells residing at wounded tissue happens to be a promising strategy
for treating chronic wounds. Bioactivity rendered by topical application of
growth factors might be fruitful, however, the proteolytic wound milieu of

chronic wounds is prone to degenerate the active peptides and demands high
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amount of such molecules for topical application. Therefore, efficient delivery of
stable growth factors through biomaterials, which act as a cargo is beneficial in
reducing the dose amount and sustained release of biomolecules. Considering the
natural wound milieu, the instructive biochemical cues can be recapitulated in the
developed matrices by incorporating materials containing cell adhesive peptides
and bioactive molecules such as growth factors and antibacterial compounds.

3. Silk biomaterial, well-known for its application in the form of sutures to treat
incisional wounds, holds immense potential in skin regeneration therapeutics.
Furthermore, there are numerous varieties of silk biomaterials, which needs to be
explored. This motivated us to explore various other varieties of silk ranging from
silkworm SF to recombinant spider silk proteins. Among the silkworm SF
varieties, unlike mulberry B. mori silk, non-mulberry silk possesses inherent cell
binding motifs, which attracted us to further explore this particular silk variety in
wound healing applications.

4. Silk is a fibrous structural protein and thereby is easy to formulate into various
types of constructs such as woven/non-woven mat, porous scaffold, hydrogel,
thin films and nanofibrous mats. Along with structural properties, silk possesses
extraordinary  properties like  biocompatibility, non-immunogenicity,
biodegradability and high mechanical strength. The abundant bioresources of silk
materials and inexpensiveness provide further advantage in using this material
over other biomaterials in the field of regenerative medicine.

5. Fabrication of wound dressing not only requires biological properties but also
demands ideal physical properties like porous architecture to allow cell
migration, moisture retention properties to keep the wound bed moist, integral
stability and suitable mechanical properties to prevent disruption of wounded
tissue. Giving equal importance to the physical parameters along with biological
properties, silk biomaterial is selected for fabrication of matrices for wound
healing applications.

6. Surgical interventions for skin grafting prefer one-step grafting procedures for
efficient clinical outcomes. In this context, acellular porous scaffolds and in situ
forming hydrogel matrices are gaining much attention for treating full-thickness
wounds, especially burn injuries. Artificial graft in the form of a porous scaffolds
and in situ forming hydrogel can be easily applied at the wound site via one-step

grafting surgery. Furthermore, fabrication of hydrogel using cross-linker free
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approach is desirable to avoid side effects of chemical based crosslinking agents.
Using materials that hold self-assembly properties like silk, provide additional
advantage in facile hydrogel fabrication strategies. Silk matrices in the form of
wound dressing and artificial grafts are effective and inexpensive, which hold

great potential for wound repair and regeneration.

In the light of enormous scope of exploring various silk biomaterials and unravelling the
regenerative properties of different silk proteins, we have utilized various strategies to
develop silk-based matrices. With the aim to fabricate bioactive wound dressing and
bioartificial skin grafts for wound healing applications. We analysed our different

hypothetical strategies through the following objectives:

Objectives:
1. Development of silk based nanofibrous dressings for wound healing applications.

2. Functionalization of silk based nanofibrous dressings for treating diabetic
wounds.

3. Development of functionalized bioactive materials using silk-silk interactions
between silkworm silk fibroin and recombinant spider silk variants.

4. Investigation of recombinant spider silk coated silk based constructs in treating
chronic diabetic wounds and full-thickness burns.

5. Development of in situ forming silk hydrogel for treating full thickness burn

wounds.
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Chapter 2

Development of silk based nanofibrous dressings for

wound healing applications

This chapter discusses the fabrication methodology of nanofibrous mats using three types
of SF varieties through electrospinning technique. The work focuses on the physico-
chemical characterization of the mats and demonstrates the efficacy of non-mulberry silk

dressings for scarless wound healing.

Growth factor
delivery

Electrospinning

SF + PVA +
Bioactive
molecules

The work embodied in this chapter is published:

Chouhan D, Chakraborty B, Nandi SK, Mandal BB. Role of non-mulberry silk fibroin
in deposition and regulation of extracellular matrix towards accelerated wound healing.
Acta Biomaterialia 2017; 48: 157-74.

77
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ABSTRACT

Bombyx mori silk fibroin (BmSF) as a biopolymer, has been extensively explored in
wound healing applications. However, limited study is available on the potential of silk
fibroin (SF) from non-mulberry (Antheraea assama and Philosamia ricini) silk variety.
Herein, we have developed non-mulberry SF (NMSF) based electrospun mats as
potential wound dressing, which can also be functionalized with bioactive molecules like
epidermal growth factor (EGF) and ciprofloxacin antibiotic drug. The NMSF based mats
exhibited essential properties of wound dressing like biocompatibility, high water
retention capacity (440 %), water vapour transmission rate (~2330 gm2day™), high
elasticity (~2.6 MPa), sustained drug release and antibacterial activity. Functionalized
NMSF mats enhanced the proliferation of human dermal fibroblasts and HaCaT cells in
vitro as compared to non-functionalized mats (p < 0.01) showing effective delivery of
EGF. Extensive in vivo wound healing assessment demonstrated accelerated wound
healing, enhanced re-epithelialization, highly vascularized granulation tissue and higher
wound maturity as compared to BmSF based mats. NMSF mats treated wounds showed
regulated deposition of mature elastin, collagen and reticulin fibres in the extracellular
matrix of skin. Finally, presence of skin appendages and isotropic collagen fibres in the

regenerated skin demonstrated scar-less healing and aesthetic wound repair.
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2.1. Introduction

Skin protects the internal organs from various foreign elements, pathogens and
mechanical stress [7]. Breaching of skin may lead to physiological imbalance of the
body, often resulting in fatal consequences. More than 6.5 million people are suffering
from chronic cutaneous wounds such as diabetic foot ulcers, venous ulcers, pressure
sores and traumatic injuries [7]. Wound healing is a complex process comprising four
sequential phases — haemostasis, inflammation, cell proliferation and tissue remodelling
[261]. Obstruction in any phase of the healing pathway may lead to complications like
wound chronicity or fibrosis [12]. There is a necessity of bioactive wound dressing,
which not only accelerates the healing process but also regulates the extracellular matrix
(ECM) deposition to avoid further scarring complicacies. Hence, efficient wound
dressing, which aims to improvise all the four phases of wound healing is the ultimate

need for aesthetic wound repair.

Electrospinning technique holds immense potential in the wound healing
applications, as it not only facilitates the easy incorporation of bioactive molecules but
also closely mimics the nanofibrous structure of natural ECM, thereby providing a 3D
environment for better cell recruitment [43, 262]. Over the past decades, extensive
research endeavours have been directed towards the development of nanofibrous mats
using various synthetic and natural polymers. The most explored biopolymers in wound
dressing applications are collagen, chitosan, silk fibroin, hyaluronic acid, cellulose,
alginate, dextran, elastin, poly(vinyl alcohol) (PVA), poly(ethylene glycol) (PEG),
poly(lactic co-glycolic acid) (PLGA), polylactic acid (PLA), poly(caprolactone) (PCL)
and silicone [25, 263]. Current strategies to develop dressing materials focus only on the
accelerating healing events to quickly seal the wound. However, scar-less skin
regeneration is not addressed by most of the products [264]. Achieving regulated ECM
deposition by tuning the fibroblast response using functional wound healing substrate
needs to be explored more [265]. The current study focuses on fabricating bioactive

wound dressings and their role in the regulated deposition of ECM towards wound repair.

Among the various biomaterials reported till date, silk fibroin (SF) from mulberry
silkworm B. mori has been proven to be an accepted material for biomedical applications
due to its biocompatibility, biodegradability, low immunogenicity, material versatility,
cost-effectiveness, easy processing and tensile properties [22]. In the present study, we
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explored the potential of silk from non-mulberry varieties, namely, A. assama silk fibroin
(AaSF) and P. ricini silk fibroin (PrSF). Non-mulberry silk fibroin (NMSF) possesses
inherent Arginine, Glycine and Aspartate (RGD) motifs in the protein sequence,
facilitating binding to the integrin receptors of cells [214]. This provides functional

advantage of mediating cell-material interactions for wound repair.

To fabricate NMSF based electrospun mats, PVA (a non-protein polymer) was
used as the blending material, because the proteolytic rich environment of chronic
wounds demands a stable wound dressing [266]. Blend of PVA and BmSF has been
previously used in the format of membranes, manifesting the efficacy of the blend for
wound dressing applications [100]. In the present study, blends of PVA with three
different types of SF were electrospun using aqueous solvent, which were also
functionalized with epidermal growth factor (EGF) and ciprofloxacin (CIP) to re-
establish the growth factor pool in wound microenvironment and prevent infection
respectively [166, 267]. The present study focuses on the assessment of essential physical
properties and functional advantage of the novel material for wound healing applications.
Four different functionalized mats were prepared: one pristine mat of only PVA and three
hybrid mats from the blends of PVA with three varieties of SF for comparative study.
We have also looked into the substrate’s ability to accelerate the in vivo wound healing
process and potential to regulate the deposition of collagen, elastin and reticulin fibres
that majorly constitute the ECM of skin.

2.2. Materials and methods
2.2.1. Preparation of silk fibroin solutions

BmSF was isolated from the silk cocoons as described in the standard protocol [215].
Briefly, B. mori cocoons were degummed twice for 15 min in boiling water using 0.02
M sodium carbonate (Merck, India). The dried silk fibres were dissolved in 9.3 M lithium
bromide solution (Sigma Aldrich, USA) at 60 °C for 4 h and subsequently dialyzed
against distilled water using a MWCO 12 kDa cellulose dialysis membrane (Sigma
Aldrich, USA) for 3 days at room temperature (RT) to obtain aqueous BmSF solution.
NMSF silk solutions, namely, AaSF and PrSF were extracted from the silk glands of 5%
instar matured larvae of A. assama and P. ricini silkworms respectively according to

previously described protocol [227]. Briefly, the fibroin protein was extruded out from
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the glands using forceps and was subsequently dissolved in 1 % (w/v) aqueous sodium
dodecyl sulphate (SDS) (Himedia, India) solution. The protein solution was further
dialyzed against distilled water using a 12 kDa cellulose dialysis membrane for 4 h at 4
°C to obtain pure AaSF and PrSF aqueous solutions. Isolation procedure of SF from the
three silk varieties was completely aqueous and further fabrication steps also involved

all-aqueous procedures bringing green synthesis of the nanofibrous mats.
2.2.2. Fabrication of functionalized nanofibrous mats using electrospinning

PVA (1,700-1,800 degree of polymerization and 98-99 mol % hydrolysis) was procured
from LobaChemie Pvt. Ltd., India. PVA stock solution (13 % wi/v) was prepared by
dissolving PVA granules in lukewarm de-ionized water at 40-50 °C for 6 h with constant
stirring. PVA aqueous solution was then blended separately with the three different
aqueous solutions of SF (3 % w/v) (BmSF, AaSF and PrSF) in the ratio of 4:1 (PVA: SF;
w/w) to make hybrid mats. Pristine nanofibrous mat of PVA was fabricated using 8 %
PVA (w/v) solution. Viscosities of pristine PVA solutions and blend solutions were
measured using a viscometer (Fungi Lab, Visco Basic Plus) with the spindle calibrated
at 0 cP for water, rotating with a speed of 100 rpm. The four types of nanofibrous mats
were electrospun using electrospinning machine (E-spin nanotech, India). Briefly, the
solution was filled in a syringe and spilled with a flow rate of 0.800 £ 0.100 mL/h via a
21-gauge blunt needle. Rotating drum collector (at a rotating speed of 500 rpm) was
placed at a distance of 15 cm from the needle, while the voltage was kept at 25 + 3 kV.
Four different mats were prepared under the similar electrospinning parameters: one
pristine mat of only PVA solution (PVA) and three hybrid mats from the blends of PVA
and SF: PVA + B.mori (PVABM), PVA + A. assama (PVAAA) and PVA + P. ricini
(PVAPR).

To fabricate functionalized nanofibrous mats, human recombinant EGF
(expressed in E. coli) (Sigma Aldrich, USA) was mixed in the spinning solution prior to
electrospinning. The final concentration of EGF in all the solutions was 1 pg/mL. B-sheet
in the hybrid silk mats were induced by slightly modifying the solvent vapour method
[268]. For this, mats were kept in a vacuum desiccator saturated with 70 % ethanol
vapours for 6 h. The average thickness (300 um) was kept constant for all the mats by
spinning 12 mL solution. For the evaluation of preliminary antibacterial assessment, the

nanofibrous mats were coated with ciprofloxacin hydrochloride monohydrate (Himedia,
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India, MW 385.82 Da). Drug incorporation was done by coating onto the processed mats
instead of co-spinning to achieve higher burst release. The mats (6 mm diameter) were
coated with 50 pL of CIP solution (30 mg/mL), by which a total amount of 1.5 mg CIP
was adsorbed on each sample. Coating of CIP was performed in 5 cycles by adding 10

pL of drug solution and drying after every one hour.
2.2.3. Physico-chemical characterization of nanofibrous mats

Morphology and size of nanofibres were investigated using field emission scanning
electron microscopy (FESEM; Zeiss, sigma). Image J software (Wayne Rasband,
National Institute of Health, USA) was used to determine the diameter of nanofibres by
measuring 100 randomly selected nanofibres from the magnified images. The surface
topography and roughness of the nanofibres were assessed using atomic force
microscopy (AFM; Agilent, Model 5500 series, non-contact mode) with silicon
cantilever having a spring constant of 42 N/m at a resonance frequency of 320 kHz. AFM
images were further analysed by WSxM software. The functional groups and chemical
bonds of SF and PVA in the nanofibrous mats were analysed by Fourier transform
infrared spectroscopy (FTIR; Perkin Elmer spectrum two spectrometer). All spectra were
obtained in the range of 4004000 cm™* with a resolution of 8 cm™ by taking 32 scans
per spectra under ambient conditions. Tensile properties of nanofibrous mats were
determined by following American society for testing and materials (ASTM) D-638
standard using Universal Testing Machine (UTM, Zwick Z010, Germany) equipped with
a 500 Newton load cell operated at a crosshead speed of 20 mm/min. Rectangular
specimens (10 x 100 mm) were taken for tensile testing. Ultimate tensile strength (UTS),
Young’s modulus (YM) and elongation at break (%) were estimated from the stress
versus strain plots obtained for each sample. The results were reported as average +

standard deviation (n=5).

In vitro degradation analysis of electrospun mats was carried out by evaluating
the digestion of mats using protease X1V (Sigma Aldrich, USA) with an activity of 2 U
mL-t at 37 °C for 14 days. For comparative study, we examined the degradation profile
of nanofibrous mats by taking phosphate buffer saline (PBS, pH 7.4) solution without
protease as control. Briefly, the samples were cut into 10x10 cm? size and put into
protease solution as well as in control solution (only PBS). The samples were replenished
with fresh protease solution after every 3 days so as to retain the activity of protease. The
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dry weight of mats was measured using an electronic balance (Sartorious, AG Germany).
Degradation profile was plotted by calculating the change in mass using the standard

formula —
Percent mass remaining = (mass at time t / initial mass) x 100 ....................... (2.1)

Morphology of nanofibrous mats after in vitro proteolytic treatment was
examined by FESEM. Integral stability of the nanofibrous mats was examined by
calculating the amount of protein released from the mats using Bradford assay for 28
days under in vitro conditions. The hybrid mats (10 x 10 cm?) were incubated in 10 mL
of PBS containing 0.05 % sodium azide (pH 7.4) at 37 °C. Solutions from incubated
samples were then collected at specific time points (0, 1, 3, 7, 14, 21 and 28 days), mixed
with Bradford reagent and absorbance of the mixture was recorded at 595 nm. To
examine the amount of released protein, each type of sample was compared with the
standard plots of respective SF solutions. The results were reported as average + standard

deviation (n=4).
2.2.4. Drug release profile and antibacterial action

The drug released from CIP coated nanofibrous mats was quantified by submerging them
in 1 mL PBS (pH 7.4) at 37 °C. 100 uL of releasate was taken out and replaced with 100
pL of fresh PBS at pre-specified time-points (viz., 1, 3, 12, 24, 48 and 72 h). Released
percentage of CIP was determined by measuring absorbance of the releasate at 270 nm
using a microplate reader (Tecan Infinite Pro M200) and comparing the concentration
with the standard curve of CIP. Cumulative drug release behaviour was calculated for 3

days using the following formula —

Dug release (%) = (My/M) X 100 .......ccooiriiiii e (2.2.)

Where Mtwas the amount of drug released at time t and M was the theoretical value of

drug present in the nanofibrous mat.

Antibacterial action of CIP coated nanofibrous mats was checked against four
types of skin infecting bacteria obtained from Microbial Type Culture Collection and
Gene Bank (MTCC, IMTECH, India). Staphylococcus aureus MTCC 3160,
Staphylococcus epidermidis MTCC 435, Escherichia coli MTCC 40 and Pseudomonas
aeruginosa MTCC 1688 were cultured for susceptibility test [269]. Uniform spreading
of 100 uL microbial culture with cell density 6.4 x 102 cells/mL was carried out on
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solidified nutrient agar (Himedia, India). CIP coated nanofibrous mats (6 mm) were
subsequently placed on the cultured bacterial plates and incubated at 37 °C. Zone of

inhibition was observed on the bacterial plates after 24 h.
2.2.5. Invitro swelling studies, dehydration rate and water vapour transmission rate

Swelling capacity or water gain (%) of all the nanofibrous mats was analysed by
comparing the weights of dry and swollen samples at different time points. Nanofibrous
mats (10 x 10 cm?) were incubated in 10 mL of PBS (pH 7.4) at 37 °C and weight of wet
sample was measured at pre-defined time-points till saturation level was attained.

Swelling ratio was calculated using the formula —

Water gain (%) = {(mass of swollen mat — mass of dry mat)/mass of dry mat} x 100

After the saturation was attained, swollen mats were kept in an incubator at 37
°C. At pre-determined time points, weight of wet mats was examined till they were
completely dry to measure the rate of water loss. Percentage water loss was calculated
using the same formula as used for swelling ratio. Dehydration rate was calculated by
determining the slope of the curve plotted for water loss (%) vs. time. Water vapour
transmission rate (WVTR) measurements were performed using PERMATRAN-WR
Model 1/50 (Mocon, USA) by following the ASTM standard E398-03. Circular
electrospun mats were placed in between two aluminium foil cards with small holes and
a total exposure area of 18 cm?. A driving force of 80 % relative humidity (RH) was
applied by setting 100 % RH in the wet chamber and 20 % in the dry chamber. The
experiment was carried out at a temperature of 37.8 °C for more than 150 cycles to obtain
the WVTR value. Four samples were carried out for each group for all the experiments.

2.2.6. Release profile of epidermal growth factor

The amount of active EGF released in PBS solution was determined using enzyme-linked
immunosorbent assay (ELISA) kit specific for human EGF (Sigma Aldrich, USA,
sensitivity < 1 pg/mL). Briefly, nanofibrous mats weighing 50 mg each were soaked in
5 mL PBS and placed in an incubator at 37 °C and 95 % RH. 100 pL of PBS containing
EGF releasate was taken out at different time points (1, 12, 24 and 72 h) and replaced
with 100 pL of fresh PBS so as to maintain the volume. ELISA assay was conducted

following the manufacturer’s protocol. Cumulative percentage release was plotted for
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each sample (n=4) against time. Cumulative EGF release (%) was calculated using the

formula —

% EGF release = (My/M) X 100 .....c.oniiriniiieeie e (2.4.)

Where M was the amount of EGF released at time t and M was the theoretical value of
EGF present in the nanofibrous mat. Four samples were taken for each group.

2.2.7. In vitro cell culture on nanofibrous mats

Primary human dermal fibroblasts (HDF) (Himedia, India) at passage number 4 and
human keratinocyte cell line (HaCaT cells procured from NCCS, India) were cultured
separately on the four types of mats in static culture conditions. Briefly, both the cells
were maintained in an incubator at 37 °C, 95 % RH and 5 % CO; using high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, USA) containing 10 % Fetal
bovine serum (FBS; Gibco), 3.7 g/L NaHCOs3 (Himedia, India) and 1 % antibiotics. The
four types of mats were UV-sterilized for 20 min and conditioned overnight in media
prior to cell seeding. Circular mats (diameter 2 cm) were used for proliferation assay
carried out in a 12-well cell culture plate. Cells were seeded at a density of 1 x 10* cells
per sample. Fresh medium was replenished every alternate day. Tissue culture plate
(TCP) was taken as control and culture conditions were kept similar for further

experiments.
2.2.8. Cell proliferation on functionalized nanofibrous mats

Cell proliferation of HDF cells and HaCaT cells was analysed by quantifying the
reduction of alamar blue dye (Invitrogen, USA) at specified time-points. Briefly, the
spent media was taken out from the culture, alamar dye (diluted 1:10 in complete DMEM
medium) was added to the culture and kept in an incubator at 37 °C and 5 % CO for 3
h. Absorbance at 570 nm and 600 nm were taken using a microplate reader to quantify
the dye-reduction performed by live cells. Alamar blue assay was performed on both the
sets of nanofibrous mats i.e., mats functionalized with EGF and non-functionalized mats
to check the activity of EGF on cells. Four samples were carried out for each group for

both the experiments.
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2.2.9. Viability and morphology of cells on nanofibrous mats

Viability of both HDF and HaCaT cells cultured on the functionalized nanofibrous mats
was investigated by live/dead assay after 7 days of culture. Cultured mats were carefully
washed twice with sterile PBS before the addition of live/dead solution. Green
fluorescence (Aexem ~495 Nm/~515 nm) was produced by the live cells treated with
Calcein AM (2 mM) dye (Sigma Aldrich, USA) due to active esterase activity; whereas
dead cells were visible in red fluorescence (Aexem ~495 NM/~635 nm) due to binding of
ethidium homodimer-1 (4 mM) dye (Sigma Aldrich, USA) with nucleic acids in the
damaged cells. Imaging was done using fluorescent microscope (EVOS FL cell imaging

system).

Morphology of cells was visualized using Rhodamine Phalloidin (Invitrogen,
USA) and Hoechst 33342 (Invitrogen, USA) fluorescent dyes, which stain actin
filaments of cytoplasm and nucleus respectively. After 7 days of culture, media was taken
out and the cultured mats were gently washed with sterile PBS. Cells cultured on
nanofibrous mats were fixed with 10 % neutral buffer formalin (NBF) overnight,
subsequently permeabilized with 0.1 % Triton X-100 (Sigma Aldrich, USA) and blocked
with 1 % bovine serum albumin (BSA, Sigma Aldrich, USA) prior to staining. Imaging
was done under red and blue filters of fluorescence microscope and overlaid images were

produced.
2.2.10. In vitro cytocompatibility of nanofibrous mats

MTT assay was carried out to examine the cytocompatibility of HDF and HaCaT cells
on PVA, PVABM, PVAAA and PVAPR. Separate cultures were prepared for different
time points (1, 7 and 14 days). Briefly, the cultured mats were incubated with 1:10 ratio
of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) reagent
(Sigma, USA) and serum-free DMEM medium for 4 h at 37 °C and 5 % CO.. Post
removal of the media containing MTT, dimethyl sulfoxide (DMSO; Sigma, USA) was
added to dissolve the purple formazan crystals. Absorbance was measured at 570 nm
using multiplate reader and cell proliferation index was calculated by comparing the
optical density (O.D.) obtained at desired time points relative to the O.D. obtained on
day 1. This experiment was carried out only on the non-functionalized mats in order to

examine the biocompatibility of different silk matrices.
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2.2.11. In vivo tissue response against the nanofibrous mats in mice

Following acclimatization, twenty-four Swiss albino mice, each weighing 30-35 g of
either sex, were taken in two groups for two time points (2 and 6 weeks). Prior to
operation, all the mice were anaesthetized by inhalant isoflurane along with 1-3 %
oxygen using a precision vapourizer. The operative regions were wiped with 70 %
ethanol and 5 mm incisions were made in the subcutaneous pocket of lateral side of
thoraco-lumber region of mice. Sterile nanofibrous mats (1 x 1 cm?) were implanted and
incisions were closed using non-absorbable nylon suture stitches. All the mice were kept
in separate cages and monitored daily. The animals were sacrificed after 2 weeks and 6
weeks post cervical dislocation and implanted samples with small portion of surrounding
tissues were carefully peeled off for histological examination. The implants were fixed
with 10 % NBF, dehydrated through a series of graded ethanol, embedded in paraffin
and sliced with a microtome (Leica, RM2235, Germany) to obtain sections of 5 pum
thickness. All the sections were stained with haematoxylin and eosin (H & E) and were
observed under bright field microscope to assess the cellular response of the host to the
implants. The images were then semi-quantified according to the 4-grade criteria given
in International Organization for Standardization (1SO)-10993-6 as listed (Table 2.1.).
This experiment was also carried out only on the non-functionalized mats in order to

examine the tissue response against different silk-based matrices in vivo.

Table 2.1. The scoring system used for examining the biological response against
subcutaneously implanted materials as per 1ISO-10993-6.

Respons Score  Scorel Score 2 Score 3 Score 4
e 0
Immune 0 Rare, 1-5  5-10 per field Heavy Packed
cell per field infiltrate
infiltrati
on
Fibrosis 0 Narrow Moderately Thick band  Extensive band
band thick band
Neovasc 0 Minimal Fully grown Broad band  Extensive band
ularisati capillary few blood of capillaries of many
on like capillaries with with capillaries with
structures supporting supporting supporting
fibroblastic fibroblastic fibroblastic
structures structures structures
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Tissue 0 Minimal Moderate Fibroblast Extensive
or fibroblast fibroblast invasion with fibroblast
cellular invasion invasion moderate invasion with
ingrowth graft extensive graft

remodelling remodelling

2.2.12. In vivo wound healing assessment of nanofibrous mats in rabbit model

All the animal experiments were performed in accordance with "Principles of laboratory
animal care” from the Institutional Animal Ethical Committee, West Bengal University
of Animal and Fishery Sciences, West Bengal, India (Permit No. Pharma/IAEC/136
dated 30.6.2014). Twenty-four adult New Zealand white rabbits each weighing 1.2 — 1.5
kg of either sex were randomized into two groups in three time points (7, 14 and 21 days),
consisting of 4 animals per group in each time point. Surgeries were performed under
aseptic conditions after giving intramuscular anaesthesia using xylazine hydrochloride
(6 mg/kg) (Xylaxin®, Indian Immunologicals, India) and ketamine hydrochloride (33
mg/kg) (Ketalar®, Parke-Davis, India). Dorsal surface of mid thoraco-lumbar region was
shaved, wiped with 70 % ethanol and three full-thickness skin wounds (6 mm diameter)
were created using 6 mm biopsy punch in each animal. The full-thickness wounds
covered with functionalized mats in the form of nanofibrous dressing patch were termed
as the treated wounds. The wounds covered with surgical gauze bandage were termed as
the control. Dressing patches were replaced with fresh ones after every three days till 14
days post-wounding and animals were regularly monitored. No haemorrhage or
abnormality was found during the operation or post-operation. The progress of wound
healing was evaluated by periodic monitoring of the rabbits. Digital photographs were
taken on day 4, 7, 14 and 21 to evaluate wound closure rate. Rate of wound healing was
calculated by measuring the size of wounds through analysis of the photographs using

image J software. Following formula was used —

Wound area (%) = ATA X 100 .....ooiiiii e (2.5)

Where A: was the area of wound at time (t) and A was the initial wound area.
Accordingly, wound closure rate was determined by considering the area of wound
closed with respect to time. Four animals were taken for each group and average value

was plotted.
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2.2.13. Histopathological examination

Tissues from the wound bed were excised on post-wounding days 7, 14 and 21 for
histological examination. Briefly, tissue samples were preserved in 10 % NBF,
dehydrated with series of graded ethanol and embedded in paraffin to get sections of 5
um thickness. Slides containing sections were then stained with H & E for general
morphological observations. Masson’s trichrome staining method was applied to stain
collagen fibres, Gridley’s modification of the silver impregnation method was applied to
stain reticulin fibres and Weigert’s Resorcin—Fuschin method was applied to stain elastin
fibres according to manufacturer’s protocol [270-272]. Images were taken by observing

at least 10 fields per section under bright field microscope.
2.2.14. Skin maturity quantification

H & E stained histologic sections were assessed on day 21 post-treatment according to
previously published methods [184, 273]. Specific 4-grade criteria for dermal
differentiation, epithelial maturation and skin appendage regeneration were used to
quantify the skin maturity level. Thickness of epidermis after 21 days post injury was
analysed by Image J software from the histological sections. Scoring of granulation tissue
on day 7 was done to assess the degree of proliferation by modifying the previously
published protocol to 4-grade criteria based on histological results [184, 273]. Scoring
was based as underneath: Score 1 = no granulation tissue formation; score 2 = thin,
immature granulation with few fibroblasts and dominated by inflammatory cells; score
3 = moderately thick granulation tissue with few neovascularization regions, fibroblasts
infiltration and minimal collagen deposition. Score 4 = thick, vascularized granulation

tissue with extensive collagen deposition dominated by fibroblast cells.
2.2.15. Quantitative evaluation of elastin and hydroxyproline in wounds

The tissue samples from wound bed were excised on post-wounding days 7, 14 and 21
and stored at - 80 °C. All the samples were analysed altogether after 21 days in order to
quantify the content of elastin and hydroxyproline in the tissues. Elastin and
hydroxyproline secretions were quantified using rabbit elastin ELISA kit (Mybiosource,
USA) and hydroxyproline assay kit (Sigma Aldrich, USA) respectively according to

manufacturer’s protocol. Tissue samples from 4 animals were taken for each group.
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2.2.16. Scar tissue assessment

Formation of scar tissue from different treatments was evaluated by visually and
histologically examining the regenerated skin. Investigation of scar formation was
carried out by considering three key-points: 1. Shape of the wounds post-injury by visual
observation — deformed or elongated shape suggests scarring [91]; 2. Histological
observation of development of skin appendages in the regenerated skin — scar tissues are
devoid of skin appendages [273]; 3. Histological observation of deposition and
orientation pattern of collagen bundles — Secretion of collagen is abnormally high and
collagen bundles are tightly packed with minimal inter-collagen gaps in parallel fashion
in the scar tissue [274].

2.2.17. Statistical analysis

All experiments were carried out for n = 4 samples unless otherwise specified. Data were
expressed as mean * standard deviation and analysed using statistical software OriginPro
8 (Originlab Corporation, USA) at both significant (*» < 0.05) and highly significant
(**p <0.01) levels. One-way analysis of variance (ANOVA) was performed to compare
between groups and within groups to measure the significance level followed by Tukey’s
test. Histological examination was performed by capturing at least 10 fields per section

and images were analysed using Image J software.
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2.3. Results
2.3.1. Fabrication and physico-chemical characterization of nanofibrous mats

Nanofibrous mats of PVA and SF blends were successfully fabricated by the
electrospinning technique. Viscosities of the three varieties of SF protein solutions
ranged between 10 and 20 cP, posing difficulty in electrospinning. Hence, SF solutions
were blended with highly viscous PVA solution in a ratio of 4:1 PVA: SF; (w/w) to bring

about optimum viscosity required for electrospinning (Table 2.2.).

Table 2.2. Table showing viscosity of aqueous solutions of PVA, various SF proteins
and respective blends.

Solution type Viscosity (cP)
PVA (13 %) 1764.5 + 56
PVA (8 %) 2445 + 37
B. mori (3 %) 105+2.4
A. assama (3 %) 19.1+3.9
P. ricini (3 %) 16.5+4.2
PVA + B. mori 218.5+ 32
PVA + A. assama 256.5+41
PVA + P. ricini 234.2 £29

Nanofibres of hybrid mats (PVABM, PVAAA and PVAPR) and pure PVA mats
were continuous, smooth, bead-less and randomly oriented as shown by the FESEM
images (Figure 2.1.A). The mats showed highly porous network along with
interconnected voids. The morphology and size of nanofibres were not much affected by
their treatment with ethanol vapours, as can be seen by the FESEM images before and
after the treatment. Among all, nanofibres of PVABM and PVA had tighter distribution
of fibre sizes (Figure 2.1.B) and their average diameters were 157.69 + 21.53 nm and
193.91 + 15.84 nm respectively. The distinguishing feature of PVAAA and PVAPR was
non-uniformity in fibre diameter, showing wider distribution of fibre sizes ranging from
50 to 300 nm with average diameter of 179.59 £+ 49.41 nm and 172.52 + 52.07 nm
respectively. PVAAA and PVAPR had two distinct populations in fibre distribution, 100
nm/170 nm; 140 nm/190 nm respectively (Figure 2.1.B).
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The FTIR spectrum for PVA mat showed a broad spectral band from 3600-3200
cm corresponding to the O-H stretching, the peak at 2890 cm™ assigned to C-H
stretching vibrations from alkyl groups, sharp intense peak at 1627 cm™ assigned to the
C=0 stretching vibrations resulting from the residual vinyl acetate group and sharp peak
at 1085 cm™ corresponding to the C-O stretching vibration (Figure 2.1.C) [275]. Hybrid
mats containing both PVA and SF showed differences in few peaks along with the
overlapping peaks of PVA. Broadening of band at 3600-3000 cm™ in the spectra revealed
more stretching of —OH bonds. Emergence of weak peak shouldering the 2890 cm™
corresponded to the —OH stretching of —COOH side chain groups of SF, indicating
possible interaction of carboxylic groups with hydroxyl groups to form ester linkages
[276]. The peak broadening noticed at 1085 cm™, may be attributed to this (C-O-C) ester
bond formed, confirming blending and subsequent crosslinking of the PVA-silk
matrices. The hybrid mats also showed the characteristic fingerprint regions of SF, as
observed from 1627 cm™ to 1286 cm™; the band at 1627 cm™ was associated with the
C=0 stretching vibrations relating to the B-sheet conformational backbone (amide 1), the
band at 1450 cm™ was indicative of N-H bending vibrations (amide I1), while the weak
band at 1286 cm™* was associated with amide-111, resulting from C-N and N-H coordinate
displacements. Slight change in the amide | peak of PVABM mat suggested
characteristic differences as compared to PVAAA and PVAPR, which might be due to
different stretching of amide | bond because of the changes in amino acid composition
and hence differences in the B-sheet conformation (Figure 2.1.C). Other peaks were
more or less similar in all the three types of hybrid mats. Further, AFM images revealed
highly rough nano-topography of the nanofibrous mats with high rms roughness — PVA
(288 + 47 nm), PVABM (272.9 + 52 nm), PVAAA (296.19 + 61 nm) and PVAPR (289.1
+ 54 nm) (Figure 2.2.A).
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Figure 2.1. (A) FESEM images representing morphology of nanofibres before and after
treatment with 70 % ethanol vapours. (B) Quantification of fibre diameter showing size
distribution of nanofibres among various nanofibrous mats. (C) FTIR spectra of
nanofibrous mats showing characteristic peaks of PVA and SF. a-1 = amide | (1627 cm’
D, a-11 = amide-11 (1450 cm™) and a-111 = amide 111 (1286 cm™) signify amide peaks
associated with SF.

2.3.2. Mechanical properties

Tensile testing of the PVA-SF hybrid mats revealed their resilient and elastic nature
suggesting their potential to be used as wound dressing (Figure 2.2.B). PVA polymer,
being well-known for its elastic nature showed the highest tensile strength among all
mats. UTS of PVA, PVABM, PVAAA and PVAPR was 24 + 1.83 MPa, 13 + 2.35 MPa,
15.35 + 0.8 MPa and 13.32 + 1.7 MPa respectively (Figure 2.2.C). Modulation in the
mechanical properties of PVA was clearly observed by blending SF protein. YM of PVA
was 3.58 £ 0.17 MPa, which was significantly higher than that of the hybrid mats, p <
0.01 (Figure 2.2.D). There was no significant difference in the UTS and YM among all
hybrid mats, however PVAAA and PVAPR exhibited broad plastic region in the stress
vs. strain curve, depicting higher elongation at break (Figure 2.2.E). Elongation at break
of PVAAA (316.12 + 33.24 %) and PVAPR (293.62 + 18.33 %) was significantly higher
than that of PVA (248.37 + 19 %) and PVABM (210.12 £ 24.83 %), p <0.01. Our results
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were in lines parallel to previous observations attesting higher elongation at break of
PrSF and AaSF fibres compared to BmSF fibres [214, 277].
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Figure 2.2. (A) AFM images showing nanotopology of nanofibrous mats. (B, C, D and
E) Tensile testing of nanofibrous mats showing curve of stress vs. strain, ultimate tensile
strength, Young's modulus and elongation at break respectively, (*p <0.05, **p <0.01).

2.3.3. In vitro degradation and integral stability

Gradual degradation of hybrid mats with respect to time was obvious by the proteolytic
treatment (Figure 2.3.). Hybrid mats containing SF protein showed highly significant
mass loss (30-35 %) after 14 days as compared to PVA mat, which did not degrade in
the artificial proteolytic environment created by protease XIV, p < 0.01. There was
significant difference in the degradation profile of mats treated with and without protease
XIV after 14 days, p < 0.01. However, no significant difference was observed in the
degradation profile among hybrid mats containing different SF proteins. Broken
morphology of nanofibres and bigger porous structure of the degraded mats were clearly
demonstrated by the FESEM images after 14 days of protease treatment. Mats were
highly stable in PBS solution as demonstrated by the negligible mass change over a

period of 14 days in control solution (PBS). In addition, SF protein did not leach out
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from the hybrid mats due to stable p—sheet structure induced by 70 % ethanol vapours.
Stability of the mats against hydrolytic degradation was confirmed by the Bradford assay,
which did not show significant protein release from the mats.
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Figure 2.3. (A) In vitro degradation behaviour of nanofibrous mats in both proteolytic
and non-proteolytic solutions for a period of 14 days, (*p <0.05, **p <0.01). (B) Protein
release profile leached out from mats observed over 28 days, which showed that the SF
protein did not leach out from the hybrid mats as confirmed by the Bradford assay. (C)
FESEM images showing morphology of nanofibres after 14 days under in vitro protease
treatment.

2.3.4. Antibiotic drug release and antibacterial activity

The nanofibrous mats coated with CIP showed burst release of 60 % within the initial 6
h when submerged in PBS (Figure 2.4.A). There was no significant difference in the
drug release profile among all mats owing to the weak interactions between the drug and
the surface of the mats. 50-70 % of the drug was released within 18 to 24 h showing high
drug release. The release behaviour of the drug was quite linear between 24 to 72 h.
Antibacterial activity against E. coli, S. aureus, P, aeruginosa and S. epidermidis was
evidenced through the zone of inhibition (Figure 2.4.B). There was no significant
difference in the zone of inhibition derived from all the four types of antibiotic coated

mats owing to equivalent drug release profile.
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2.3.5. Invitro swelling studies, dehydration rate and water vapour transmission rate

All the nanofibrous mats demonstrated high swelling capacity required for wound
healing applications (Figure 2.4.C). Swelling ratio of PVAAA and PVAPR ranged from
430-470 %, which was significantly lesser as compared to both PVA (540 %) and
PVABM (645 %) mats, p < 0.01. Within 15-30 min, all the mats got swollen up to a
range of 300-500 %, proving high water retention capacity. Dehydration rate of PVAAA
(0.024 £ 0.0022 g/min) and PVAPR (0.023 £ 0.0018 g/min) was found significantly
lesser than that of PVA (0.036 + 0.0027 g/min) and PVABM (0.031 = 0.0029 g/min).
This study also disclosed slow dehydrating property of NMSF based mats (Figure
2.4.D). Moisture retention capacity of the nanofibrous mats was also corroborated by the
high WVTR values (Figure 2.4.E). WVTR of various mats were as follows: PVA — 2526
g m2day?, PVABM — 2468 g m2day?, PVAAA — 2329 g m?day* and PVAPR — 2333
g m?day?’. WVTR of different mats were found to be in the desired range for wound

dressing applications [278].
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Figure 2.4. (A) Drug release profile from mats for 3 days. (B) Anti-bacterial activity of
mats loaded with CIP drug against four skin infecting bacteria as determined by the disc
diffusion method. (C) Swelling behaviour of mats determined by the amount of water
uptake with respect to time, (*p < 0.05, **p < 0.01). (D) Dehydration rate of mats
showing profile of water loss with respect to time. (E) Water vapour transmission rate of
mats showing appropriate WVTR for wound dressing applications.
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2.3.6. In vitro release profile of EGF and proliferation of cells on functionalized mats

Nanofibrous mats showed sustained release of EGF as observed for 3 days (Figure
2.5.A). Initial burst release of EGF was observed after an hour in all the four types of
mats. Initial burst release from PVA and PVABM was 12.04 + 1.45 % and 15.83 + 1.04
% respectively. PVAAA and PVAPR mats demonstrated significantly higher initial burst
release (20.24 + 1.50 % and 19.99 £ 1.75 % respectively) than that of other mats, p <
0.01. EGF was released continuously till 24 h, after which plateau region was observed
at 72 h. EGF release was significantly higher from PVAAA and PVAPR than from PVA
and PVABM at all the time points, p <0.01. PVAAA and PVAPR released 34.71 + 1.67
% and 31.85 = 2.02 % EGF respectively after 72 h. This was significantly higher than
the amount of EGF released from PVA (17.90 + 1.65 %) and PVABM (26.62 + 1.65%),
p <0.01.

The higher cell proliferation on EGF impregnated mats vouched for the
functionality of EGF released from the respective mats (Figure 2.5.B,C). Alamar blue
assay was used to assess the proliferation of HDF and HaCaT cells. Appearance of a
plateau phase on day 21 obscured the interpretation of the difference in the cell
proliferation between functionalized and non-functionalized mats (Figure A2.1.).
Hence, proliferation data on day 7 was chosen to figure out this difference. Significantly
higher cell proliferation of HaCaT was found on the EGF incorporated hybrid mats
(PVABM, PVAAA and PVAPR) as compared to the corresponding non-functionalized
mats on day 7, p <0.01. HDF cells also showed significantly higher cell proliferation on
the EGF incorporated PVAAA and PVAPR compared their non-functionalized
counterpart, p <0.01. Higher proliferation of HDF and HaCaT cells on the functionalized
mats ascertained sustained release of EGF from the PVAAA and PVAPR mats.
However, no significant difference was observed for the proliferation of HDF cells on
the EGF incorporated PVABM and PVA mats relative to their non-functionalized mat.
Functionalized PVABM showed significantly higher cell proliferation as compared to
functionalized PVA mat, p <0.01. The experiment also revealed significantly higher cell
proliferation on PVAAA and PVAPR as compared to PVA and PVABM at all time-
points after day 7, p < 0.01. High proliferation of skin cells on the novel NMSF based
blends not only established the latter’s cytocompatibility, but also vouched for their

aptness for wound healing applications.
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Figure 2.5. (A) Release profile of EGF by submerging the mats in PBS at 37 °C as
determined by ELISA. (B, C) Proliferation profile of HaCaT and HDF cells on blank
nanofibrous mats as well as on EGF-functionalized mats respectively over a period of 7
days, (*p <0.05, **p <0.01).

2.3.7. Morphology and viability of cells on nanofibrous mats

Spread-out morphologies were depicted by both HDF and HaCaT cells on PVAAA and
PVAPR mats. This was in resemblance to the fully extended morphology as seen on
TCP, providing clue of higher cell adhesion (Figure 2.6.A). Cells cultured on PVABM
formed clumps of elongated HDF, suggesting lower cell adherence as compared to
NMSF based mats, which did not show clump formation of cells. Protrusions of
elongated HDF cells were clearly visible on PVAAA and PVAPR. Cell density after day
7 could also be visualized through the microscopic images. PVAAA and PVAPR showed
higher cell density than PVABM and PVA. Round and clumped cells on PVA mat
suggested poor adhesion and consequently a low cell population. Live/dead assay
depicted viability of cells on the mats (Figure 2.6.B). PVAAA and PVAPR were shown
to be fully loaded with live cells; while comparatively low cell density was observed on
PVABM and PVA.
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Cell morphology

Live/Dead staining

Figure 2.6. (A) Morphology of HDF and HaCaT cells cultured on various mats, where
nuclei were stained with Hoechst dye and actin filaments of cytoplasm were stained with
Rhodamine Phalloidin. (B) Live-dead assay of HDF and HaCaT cells: live cells (green)
were stained with Calcein AM dye and dead cells (red) were stained with Ethidium
Homodimer.

2.3.8. In vitro cytocompatibility of the nanofibrous mats

MTT assay was carried out to analyse cell proliferation index of HDF and HaCaT cells
cultured on the non-functionalized nanofibrous mats. Cell proliferation index was the
highest in PVAAA and PVAPR mats and lowest in P\VA mat among all samples (Figure
2.7.A,B). Significantly higher proliferation of both HDF and HaCaT cells were observed
in PVAAA and PVAPR as compared to PVABM, p < 0.01. There was no significant
difference between the proliferation index of control (TCP), PVAAA and PVAPR, which

further corroborated enhanced cytocompatibility of the NMSF based mats.
2.3.9. In vivo tissue response of subcutaneously implanted nanofibrous mats in mice

Histological examination of the subcutaneously implanted mats in mice for the period of
6 weeks revealed biocompatibility of respective materials (Figure 2.7.C). The four types
of mats were analysed on the basis of H & E stained microscopic images, semi-quantified
according to the 1SO-10993-6. As observed by the H & E stained sections, cluster of
cells at the interface of PVA mat and host tissue was observed after 2 weeks, which is a
characteristic feature of immune cells, suggesting early immune response elicited by the
host [64]. Slightly milder immune response was shown for PVABM implant, as similar

type of cell invasion was observed at the host-implant interface after 2 weeks (Table

78
TH-2133_ 136106012



Results Chapter 2

2.3.). Macrophages and multinucleated giant cells have this distinct property of attacking
foreign material by forming cell cluster at the host-implant interface, which is easily
detectable by H & E staining [64, 279]. Such type of immune reaction was not observed
for PVAAA and PVAPR after 2 weeks time period, suggesting very mild or undetectable
immune response within 2 weeks periods. Further, the implants of PVAAA and PVAPR
showed early tissue ingrowth (2 weeks), which were signs of early graft acceptance.
Presence of early tissue ingrowth in the implants was majorly due to more fibroblast
invasion, initiating the graft remodelling of PVAAA and PVAPR within 2 weeks [64,
279]. Tissue ingrowth was observed after 6 weeks in the implants PVA and PVABM,
which showed delayed graft acceptance by the host system. Few blood vessels with
supportive fibroblastic structures were observed only for PVAAA and PVAPR. The
microscopic images at 6 weeks showed remarkable difference in terms of implant
morphology, which was attributed to the graft remodelling done by fibroblast invasion
and cellular ingrowth. Early graft take of PVAAA and PVAPR was thus validated by
neovascularisation, cellular ingrowth and early graft remodelling, which demonstrated
biocompatibility of the material.
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Figure 2.7. (A, B) Proliferation index of HDF and HaCaT cells on various nanofibrous
mats after 1, 7 and 14 days of cell seeding, as determined by MTT assay. Mats containing
NMSF have significant difference with mulberry SF blend and PVA, (*p <0.05, **p <
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0.01). (C) Histological analysis of subcutaneously implanted mats by H & E staining
after 2 and 6 weeks. Green arrows represent cells trying to invade into the graft at the
host-implant interface, where M — Mats (implant) and H — Host tissue. High tissue
ingrowth and graft remodelling was observed for PVAAA and PVAPR mats after 2
weeks, which attested their improved biocompatibility and graft take ability as compared
to PVA and PVABM. Yellow arrows represent blood vessels, indicating angiogenesis in
PVAAA and PVAPR within 6 weeks.

Table 2.3. Table showing biological response against subcutaneously implanted
nanofibrous mats assessed by semi-quantification of histological microscopic images
(1SO-10993-6).

Response PVA PVABM | PVAAA | PVAPR
Immune cell 2 1 0 0
infiltration
Fibrosis 0 0 0 0
Neovascularization 0 0 2 2
Tissue/cellular 2 2 3 3
ingrowth

2.3.10. In vivo wound healing activity of nanofibrous mats

Nanofibrous mats (in the form of dressing patch) were applied on full thickness wounds
of rabbit model to demonstrate the wound healing activity of various silk-based mats.
Gross morphology of wounds treated with various mats are depicted in the images
(Figure 2.8.). Quantitative measurement of wound area showed different healing profile
among various treatments. There was a significant difference in the size of wounds
among wounds treated with various nanofibrous mats and control group (surgical gauze).
Wound size of control group was similar on day 0 and day 4, suggesting 0 % wound
contraction; whereas, the wounds treated with nanofibrous mats began contracting on
day 4. Treatment with the dressing patch of PVAAA and PVAPR resulted in 80-88 %
wound contraction on day 7. The corresponding values for PVABM, PVA and control
were 67.51 + 3.77 %, 54 £ 4.01 % and 31.81 + 3.05 % respectively. Higher wound
contraction was found for PVAAA and PVAPR than other groups at all the time points

with significant difference, p <0.01.

80
TH-2133_ 136106012



Results Chapter 2

Histological examination of the entire wound healing process was performed
over a period of 21 days to reveal the healing activity of various dressing patch (Figure
2.9.). Nanofibrous mats supported the establishment of haemostasis in the wounds as
indicated by the absence of blood cells on day 7 in contrast to the control wounds.
Presence of necrotic tissue and less wound contraction till day 7 demonstrated prolonged
inflammatory phase of wounds in the control group. Granulation tissue was developed
in the wounds within 7 days of injury by all the three hybrid mats and was scored as
depicted in Figure 2.8.C. Presence of necrotic tissue and absence of granulation tissue
on day 7 depicted moderate inflammation in PVA treated wounds, as the proliferation
phase did not begin within 7 days. Hence, PVA treated wounds scored ~2 for granulation
tissue. Granulation tissue formed by PVABM patch scored low as compared to PVAAA
and PVAPR treatments due to relatively thinner granulation tissue and lesser number of
blood vessels. Very thick granulation tissue with mature collagen fibres and high number
of blood vessels was observed in PVAAA and PVAPR treated wounds on day 7,
demonstrating early proliferative stage of wounds and hence scored the highest. A thin
epithelial layer completely sealing the wounds was clearly visible in the wounds treated
with PVAAA and PVAPR on day 14 (Figure 2.9.). The sections depicted a well-formed
matrix of dermal structures and different strata of epidermal layers along with budding

of collagen fibres and angiogenic points.

Thin epithelial tongue progressing towards the central wound portion was visible
on day 14 by PVABM treatment, whereas PVA treated and control wounds were devoid
of epidermis on day 14 and demonstrated delayed wound healing. Wounds treated with
PVAAA and PVAPR exhibited complete skin regeneration with appendages on the
rabbit skin and no sign of wound history on day 21. Epithelial layer regenerated in
PVAAA and PVAPR treated wounds on day 21 was significantly thicker than other
groups, p < 0.01 (Figure 2.8.D). Overall, wound maturity was scored on the basis of
dermal and epidermal regeneration by various treatments as shown in the graph (Figure
2.8.E). PVABM presented lower re-epithelialization than PVAAA and PVAPR, but
scored higher than PVA and control. Tissue remodelling of healed tissue by PVAAA and
PVAPR was validated by the presence of well-formed collagen bundles, skin sebaceous
glands, hair follicles, nerve endings and blood vessels on day 21 and hence scored the
highest for dermal differentiation and skin appendage formation. PVABM closed the

wounds completely by 21 days but appearance of mature collagen bundles and skin
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appendages was significantly lower than PVAAA and PVAPR treatments, p < 0.01.
Presence of eschar on wounds till day 14 clearly demonstrated slow healing by PVA and
control treatments. PVA mat also failed to regenerate skin appendages and mature
collagen fibres by 21 days and hence were scored the lowest, p <0.01.
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Figure 2.8. Wound healing profile of the various nanofibrous mats representing (A)
Gross images of wounds in rabbit showing extent of wound healing on days 4, 7, 14 and
21. (B) Wound closure percentage determined by calculating the area of wounds on
particular time-point using Image J software. (C) Granulation tissue score of wounds on
day 7. (D) Epidermal thickness of healed wounds on day 21. Control samples used in the
study was surgical gauze bandage. (E) Histology analysis scores of wounds on day 21 in
terms of dermal differentiation, re-epithelialization and regeneration of skin
appendages, which together represented high wound maturity by PVAAA and PVAPR
mats, (*p <0.05, **p <0.01).
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Figure 2.9. H & E stained sections of wounds on day 7, 14 and 21 by various samples
displaying (A, B) Extent of granulation tissue developed by different treatments: absence
of the tissue and presence of necrotic tissue on day 7 in control and PVA treated wounds
(hash = blood cells). Hybrid mats (PVA-SF) showed development of healthy granulation
tissue; among them PVAAA and PVAPR treated wounds developed thicker tissue and
more blood vessels as depicted by yellow arrows compared to PVABM. (C, D) Wound
healing on day 14 showed complete re-epithelialization by PVAAA and PVAPR, but
absence of epithelial layer on PVA and control treated wounds. PVABM showed
epithelial tongue growing towards wound, as marked by black arrows. (E and F) Skin
regeneration observed in both dermal and epidermal layers on day 21: Dermal
regeneration was depicted by mature collagen bundles and skin appendages; epidermal
regeneration was depicted by thickness of epithelial layer of skin (black arrowheads =
epithelial layer, asterisks = hair shafts surrounded by hair follicles, white arrows =
sebaceous glands, blue arrow = nerve ending). Scale bars of 10X and 40X magnified
images are 400 um and 100 pum respectively for all the images.

2.3.11. Investigation of extracellular matrix deposition

Deposition of elastin and collagen fibres was examined qualitatively and quantitatively
to find out the role of various SF based nanofibrous mats in instructing the ECM
deposition during the wound healing process. Morphology of elastin fibres secreted in

the regenerated skin was demonstrated by staining the elastin fibres with Weigert
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Resorcin—Fuschin method after 21 days of treatment (Figure 2.10.A-E). The highest
elastin secretion was observed in the dermal region of wounds treated with PVAAA and
PVAPR, which was obvious due to faster wound healing. Moreover, the elastin fibres
were found to be isotropically orientated, as can be clearly seen in the images. Elastin
fibres appeared mature, robust and thick distributed all over the dermal tissue healed by
NMSF based mats. However, only some young and slender elastin fibres arranged
anisotropically were visible in the dermal tissue healed by PVABM mats. PVA treated
and control wounds depicted only few slender elastin fibres with high anisotropy and
were tightly packed in close association with collagen fibres. Mature elastin fibres were
not visible on day 7 and day 14 as the wound healing was in process; however, mesh of
thin elastin fibrils was observed in the dermal region of wounds treated with PVAAA
and PVAPR on day 14 (Figure A2.2.). Quantitative assessment of elastin fibres done

using ELISA also supported significant higher elastin deposition in the wound-bed
treated with PVAAA and PVAPR, p <0.01 (Figure 2.10.F).

Figure 2.10. (A-E) Elastin fibres stained by Weigert Resorcin—Fuschin method in the
dermal region of regenerated skin by various treatments on day 21 post-wounding. (F)
Quantification of elastin on day 7, day 14 and day 21 revealed significantly higher elastin
secretion in PVAAA and PVAPR treated wounds than other treatments, (*p <0.05, **p
<0.01).

Collagen fibres stained with Masson trichrome in the dermal region of
regenerated skin after 21 days were depicted in stained images (Figure 2.11.A-E).
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Wounds treated with PVABM, PVA and control group showed immature, thin, highly
shattered and scanty collagen fibres. However, wounds treated with PVAAA and
PVAPR depicted mature and thick collagen bundles throughout the dermal region, which
was also responsible for early wound contraction. The collagen bundles were stout, wavy
and thick along with moderate inter-collagen gaps exhibiting scar-less healing. Collagen
fibres produced in the granulation tissue during the proliferative phase of wound healing
(day 7 and day 14) also supported improved healing process in the PVAAA and PVAPR
treated wounds on day 14 (Figure A2.3.).
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Figure 2.11. (A-E) Collagen fibres stained by Masson trichrome method in the dermal
region of regenerated skin by various treatments on day 21. (F) Quantification of
hydroxyproline on day 7, day 14 and day 21 revealed significantly higher collagen
deposition in the treated wounds in comparison with control group, (*p < 0.05, **p <
0.01).

Quantitative assessment of hydroxyproline further revealed significantly higher
secretion in the wounds treated with PVAAA and PVAPR on day 7 (Figure 2.11.F).
However, there was no significant difference in the amount of hydroxyproline produced
in the wound beds treated with different types of dressing patches on day 14 and 21
owing to the remodelling phase after day 14. Equivalent secretion of hydroxyproline by
PVAAA from day 7 to day 21 attested the influence of AASF to regulate collagen
deposition. Sufficient collagen fibres were deposited during the proliferative stage. These
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were further re-oriented and modulated during tissue remodelling, which also prevented

hyper-deposition of collagen bundles and thereby prevented scarring.

In order to further look into the ECM deposition, qualitative inspection of
reticulin fibres was carried out to examine the basement membrane of regenerated skin
on day 21 post-wounding (Figure 2.12.). Distribution of mature reticulin fibres in the
form of whirling threads was found mainly in association with collagenous and
fibroblastic stroma underneath epidermis in the wounds treated with PVAAA and
PVAPR. Due to non-occurrence of re-epithelialization in all the wounds, typical structure
of reticulin fibres were not observed in the tissues on day 7 and day 14 (Figure A2.4.).
But PVAAA and PVAPR treated wounds exhibited good and mature reticulin fibres in
the basement region of regenerated skin, as can be seen on day 21. Whereas, scanty
reticulin fibres appeared in the wounds treated with PVABM and PVA even on day 21.
Control groups were devoid of reticulin fibres in the basement membrane region after 21

days as the wounds were not completely re-epithelialized.

(A). PVABM
)2 ;f‘ﬂ;'}:« 4%

(D). PVA _

Figure 2.12. (A-E) Reticulin fibres stained by Gridley silver impregnation method in the
basement membrane region of regenerated skin by various treatments as observed on
day 21.

2.3.12. Scar tissue assessment
Histological and gross examination of wounds revealed the morphology of healed tissue
after 21 days of treatment. Control and PVA treated wounds were elongated in shape, as
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can be seen by the gross images of wounds (Figure 2.8.A). Interestingly, wounds treated
with hybrid mats retained the round shape representing correct regeneration pattern of
the growing dermal and epidermal tissues. PVAAA and PVAPR supported complete
regeneration of the skin. Skin appendages like sebaceous glands, hair follicles, nerve
endings were absolutely absent, suggesting development of scar tissue for the PVA and
control treatments; whereas hybrid mats showed presence of mature skin appendages by
day 21 (Figure 2.9.). PVAAA and PVAPR exhibited significantly greater number of
skin appendages compared to PVABM, p < 0.01 (Figure 2.8.E). Elastin fibres
interwoven between collagen bundles showed anisotropy in control wounds and the
wounds treated with PVA and PVABM on day 21, representing formation of a scar tissue
(Figure 2.10.). Presence of isotropic and mature collagen bundles with moderate inter-
collagen gaps suggested loosely packed irregular collagen fibres after 21 days, which
provided clues of scar-less healing outcomes by PVAAA and PVAPR (Figure 2.11.).

2.4. Discussion

Promotion of wound healing, repairing of the detrimental wound microenvironment and
alleviation of infection and inflammation are the key parameters to evaluate wound
dressing material [266]. Moreover, for complete repair and regeneration of injured tissue,
it should also stimulate other aspects of wound healing process. Regulation of ECM
deposition is of utmost importance for structural and functional regeneration of skin [6].
Adequate secretion of major ECM components (collagen and elastin) and their
orientation decide the fate of healing tissue [265]. Our approach for aesthetic wound
repair is to use biomimetic and physicomimetic materials, which promote cell-material
interactions and concomitantly regulate the ECM deposition along with accelerated
wound healing. In the present study, we mimicked the tissue matrix both biologically
and physically by fabricating NMSF based electrospun mats functionalized with EGF
and antibiotic. Presence of inherent RGD motifs in biomaterial (also a hallmark feature
of our NMSF based dressing patch) offers functional advantage of cell recruitment to
accelerate the wound healing process [26, 214]. PVA, an FDA approved polymer (GRAS
notice no. GRN 000141) was used as a base material to provide optimum viscosity for
electrospinning (Table 2.2.) and to render structural support in highly proteolytic wound

environment. PVA fetches its application in wound dressing material for its non-toxicity,
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non-immunogenicity, non-carcinogenicity, low cost, water-solubility, durability, high
swelling capacity and high elasticity [100, 275, 280, 281].

The natural ECM architecture was mimicked by PVAAA and PVAPR due to
heterogeneous size distribution of nanofibres (Figure 2.1.A,B). Morphological
differences among the four different mats were due to different stretching force and
uneven evaporation of different solutions. More hydrophilic domains in PVA and
PVABM solutions led to the formation of homogeneously distributed nanofibres due to
same stretching force throughout the solution [226, 281]. Presence of more hydrophobic
domains such as polyalanine stretches (AA)n along with hydrophilic amino acid residues
in the non-mulberry silk fibroin solution imposed varied stretching forces responsible for
heterogeneous size distribution in PVAAA and PVAPR [226]. Heterogeneity in size of
nanofibres ranging from 50 to 300 nm in PVAAA and PVAPR was comparable to the
natural collagen fibrils (10 to 300 nm) present in ECM, which created desired
environment for more cell recruitment [262, 282]. From the FTIR spectra recorded for
various mats (Figure 2.1.C), characteristic bands of both PVA and SF ensured
homogeneity of both the materials throughout the hybrid mats. vO-H stretching showing
broadened band at 3600-3000 cm™ in the spectra of hybrid mats revealed the
intermolecular hydrogen bonding between neighbouring molecules, indicating possible
cross-linking between PVA and SF [281]. Other intermolecular interactions like
hydrogen bonding between hydroxyl groups of PVA with carboxylic groups of SF and
peak broadening at 1085 cm™, suggesting ester bonds that also signified homogenous

blending between both the polymers throughout the mats [276].

The dressing patch should be soft, flexible, comfortable and mechanically strong
enough to prevent further mechanical damage to the injured tissue [283]. The mechanical
properties of biomaterial also influence cellular response, as the cell-matrix interactions
are dependent on the extrinsic shear force and mechanical signalling pathways, which
regulate cellular migration, proliferation and differentiation [262, 284]. A study reported
Y M of stratum corneum layer of human skin to be 2.6 + 0.6 MPa and combined stiffness
of epidermis and stratum corneum to range between 1 and 2 MPa [285]. YM of NMSF
based mats being very close to that of reported value of skin holds great potential to
provide similar biomechanical signals (Figure 2.2.D). The hybrid mats were comprised
of nanofibres of various sizes, due to which they were unable to distribute the force
uniformly and hence exhibited reduced tensile strength. Whereas, higher UTS and YM
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of PVA mat was found owing to the homogenous distribution of force throughout the
mat, as all the nanofibres were of same size, allowing uniform force to all the nanofibres
and thereby strengthening the overall mat. A study showed reduced tensile strength of
PVA-BmSF blended films compared to the PVA films owing to the heterogeneous pore
size and pore distribution in the blended films [100]. Current wound dressings made up
of collagen, elastin, chitosan, PGA and PLA have good biocompatibility but their poor
mechanical properties make them succumb to external forces particularly during wound
contraction [282, 283].

High stretching ability and optimal degradability of a dressing material are critical
aspects to prevent the disruption of wound-bed during wound contraction and retention
of structural integrity to facilitate the barrier functions [92]. Higher elongation at break
point of PVAAA and PVAPR was due to greater unfolding of amorphous random coils
present in non-mulberry SF protein [214]. Resistivity of PVA towards in vitro proteolytic
digestion offered stability to the hybrid mats and allowed slow biodegradation of
nanofibres (Figure 2.3.). A study conducted on biodegradation of PVA proved it a stable
polymer and showed its degradation only by the free radical reactions induced in the
presence of specific bacteria and fungi present in soil [280, 286]. In vivo stability of 2
years has also been reported for PVA hydrogels implanted in rabbits in the form of
artificial meniscus [280]. Protease XIV was chosen in the present study, as it has been
proven to cleave the SF protein non-specifically at multiple locations [47, 287]. More
than 20 % degradation of the hybrid mats after 14 days was due to the proteolytic
digestion of silk fibroin protein, which resulted in broken inter- and intra-molecular
interactions between PVA-SF. Bigger pores and broken fibres revealed structural
modulations of the hybrid mats. The FESEM images were indicative of the plausible

altered morphology of the mats under rich proteolytic environment of chronic wounds.

The NMSF based mats acted as moist dressings due to their high water retention
capacity for longer time period (Figure 2.4.C-E). Hydrated dressings have been shown
to promote wound healing by rapid re-epithelialization and normal ECM deposition due
to enhanced cellular movements in moist microenvironment [266, 288, 289]. In contrast
to dry dressings, moist dressings also contribute to autolytic debridement of wounds by
absorbing wound exudates and rehydrating the dried devitalized tissues [266, 288].
According to a study conducted by Queen et al. (2007), WVTR of injured skin ranged
from 279 to 5138 g m2day depending on the wound type and extent of loss of skin
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[278]. Dressings with very high WVTR (~5000 g m day*) might dry the wound bed
quickly and make it necrotic; while occlusive dressings with very low WVTR (~300 g
m2dayt) might accumulate exudate fluid due to low moisture permeation and make the
wound bed prone to infections. Both the extreme cases delay wound healing process and
hence the mid-range WVTR value (2000 to 2500 g m day*) was recommended for an
ideal wound dressing material [288-290]. The nanofibrous mats in our study showed
WVTR value in the mid-range, further forwarding their candidature as ideal wound
dressing material. The nanofibrous mats were semi-occlusive in nature, as they allowed

gaseous exchange but did not allow fluid drainage.

Trillions of different kinds of micro-organisms present on skin surface constitute
the skin microbiome, which become active pathogens during skin injury and colonize the
wounds [288, 291]. Chronicity of wounds is also associated with bacterial infections
[288]. Hence, antibacterial property of a dressing patch is very crucial to treat infected
wounds. Ciprofloxacin was coated on the nanofibrous mats because of its broad-
spectrum activity against a variety of gram positive, gram negative bacteria and
Methicillin-resistant Staphylococcus aureus (MRSA) [267, 292]. This drug is also
considered as the gold standard for treating skin and eye infections [293]. High burst
release of the drug from mats was easily achieved to kill pathogens at the initial step of
treatment (Figure 2.4.A). Similar trend of drug release behaviour from the antibiotic
coated nanofibrous mats was due to weak interactions between the drug molecules and
processed mats. In vitro antibacterial property of the mats against the four major skin
infecting bacteria for three days ascertained the active state of the drug and antibacterial
properties of the mats (Figure 2.4.B). Thus, the silk based nanofibrous mats
demonstrated essential physical properties of a wound dressing patch like optimal
mechanical properties, slow biodegradability, structural integrity, high swelling capacity,
moderate water vapour permeability, antibacterial activity and sustainable drug delivery
[263, 264].

High proliferation of skin cells (HDF and HaCaT) on the novel NMSF based
blends not only established the latter’s cytocompatibility but also vouched for their
aptness for wound healing applications (Figure 2.5.B,C). Microscopic images also
revealed clumped and spherical morphology of cells, suggesting their incapability to
spread and proliferate on PVA mat (Figure 2.6.). Poor in vitro cell proliferation and in
vivo cell infiltration on PVA mat demonstrated the impact of silk fibroin on cellular
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response. Significantly higher proliferation index of HDF and HaCaT cells on NMSF
based mats validated their biomimetic and physicomimetic features Figure 2.7.A,B)
[294]. Minimal inflammatory response and early tissue ingrowth in the implants showed
in vivo biocompatibility of the NMSF based mats when implanted subcutaneously
(Figure 2.7.C). Minimum immune response against the material is a pre-requisite for
efficient tissue repair. Signs of angiogenesis on PVAAA and PVAPR implants attested
biocompatibility of NMSF based mats and early graft acceptance.

Biological and structural modulations of the implants shown after 6 weeks
revealed their capability of being remodelled by the activity of infiltrated fibroblasts.
Poor fibroblast recruitment on the PVA implant was supported by the low cell
proliferation index (MTT assay). Spread out morphology of cells on PVAAA and
PVAPR mats proposed better cellular adhesion, indicating strong cell-material
interactions owing to the presence of cell-recognition motifs (RGD) present in NMSF
[214]. Greater number of arginine (R) motifs present in non-mulberry silk fibroin might
also be responsible for higher cell adhesion and proliferation [214, 265]. Gupta et al.
(2015) did extensive study on AaSF and categorized the non-polyalanine regions of
AASF into arginine rich ‘R-motifs’ and Glycine rich ‘G-motifs’ [214]. They found out
that the crystalline core of heavy chain of AaSF protein contains 17 R-motifs, which is
the highest number reported till date among all saturniid silk varieties [214]. R-motifs
are relatively very low in BmSF protein compared to AaSF and PrSF (BmSF=0.6%,
AaSF=3.9% and PrSF=3.81%) [214, 295]. Electrostatic attraction between positively
charged guanidine group of R amino acid and negatively charged phosphate group of
cells facilitates cell-material interactions [265]. Guanidine head group of Arg are also
known to mediate hydrogen bonding between the material and lipid-phosphate group of
cell membrane [183]. All these factors could have possibly enhanced the interactions
between cells and the NMSF based mats and thereby, recruitment of more cells to the

wound bed was easily achieved.

Natural ECM is a reservoir of numerous growth factors, which is lost in the highly
proteolytic environment of chronic wounds [296]. Functionalized nanofibres with EGF
(on the surface and trapped inside) re-established the growth factor pool through
sustained release. Sequestration of the EGF within the nanofibrous mats masks the
former’s degradation in the proteolytic environment of chronic wounds [297]. Among
all growth factors, we selected EGF in the present study as a model molecule for
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assessing wound healing of full-thickness excisional wounds in rabbits. However, for
treating specific types of wounds, relevant growth factors may be loaded to develop
wound-specific dressing. For example, platelet derived growth factor (PDGF) and
fibroblast growth factor (FGF) known to treat diabetic chronic wounds can be loaded in
the dressing patch specific for diabetic cutaneous ulcers [184]. EGF is the common
growth factor supplement to treat all types of cutaneous wounds because of its highest
potency to stimulate re-epithelialization and keratinocyte migration [298]. EGF also
plays a major role in granulation tissue formation, wound contraction, cell migration,
cytokine production, collagen secretion, nitric oxide suppression and maintenance of
tensile properties, which altogether help in accelerating the wound healing process [7,
173, 183, 297, 298].

Complete release of EGF was not observed. This might be due to its loss during
electrospinning and further processing of mats [182]. The sequestration within the mats
as mentioned previously might be another hindrance to the complete release of EGF
[182]. Dissimilar release profile of EGF from different mats was indicative of differences
in interactions of the growth factor with the respective material. PVA and PVABM, being
more hydrophilic in nature might exhibit more interactions with hydrophilic EGF [226,
281]. Higher EGF release from PVAAA and PVAPR mats suggested weaker interactions
of EGF with both the blends owing to the hydrophobic nature of NMSF [226]. Diffusion
of EGF from internal nanofibres via nano and micro pores might be responsible for the
sustained release behaviour [182]. Due to differences in the fibre distribution and overall
morphology of nanofibrous mats, release pattern might further be influenced. However,
the observed in vitro release profile of EGF may not represent the actual in vivo picture.
This may be corroborated with the various hydrophobic, electrostatic and non-covalent
interactions in the wound microenvironment. Higher cellular proliferation and
accelerated wound healing process assisted by the NMSF based mats were due to the
synergistic effect of higher EGF release and bio-physicochemical resemblance with
ECM. Comparable results were also seen in the work done by Schneider et. al (2009),
where 3.5 fold higher wound contraction was observed in functionalized silk nanofibrous
mats due to 20-25 % release of EGF over a period of 7 days [182].

Faster wound healing rate by NMSF treatment was clearly demonstrated by the
gross wound images (Figure 2.8.). Sequential examination of the four phases of wound
healing further validated accelerated in vivo wound healing due to NMSF based dressing
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patch (Figure 2.9.). Nanofibrous mats supported the establishment of haemostasis in the
wounds, as indicated by the absence of blood cells in contrast to the control wounds.
Presence of necrotic tissue and less wound contraction till day 7 demonstrated prolonged
inflammatory phase of wounds in the control group. Development of granulation tissue
in the wounds treated with PVAAA and PVAPR demonstrated early proliferative stage
of wounds within 7 days. Early granulation tissue development also signified autolytic
debridement of wound exudates, prevention of tissue necrosis and relatively very short

inflammatory phase, which were not observed.

Timely cell recruitment, cell infiltration, and vascularization during the
proliferation phase is the prerequisite for wound healing [261]. Secretion of various ECM
components in the proliferation phase develops a provisional matrix for recruiting
various cells. Healing of most of the chronic wounds is challenged due to failure to form
the provisional matrix [266]. Fibronectin is the key matrix component that is present in
all the phases of wound healing and plays a major role of cell recruitment [26]. Among
all cell adhering motifs, RGD motifs facilitate cell-matrix adhesion via integrin binding,
stimulate certain intracellular signalling pathways and cell recruitment [299, 300].
Interaction of integrins of fibroblasts, keratinocyte and endothelial cells with the RGD
motifs of fibronectin is involved in wound contraction, re-epithelialization and
angiogenesis respectively [301]. Sutures developed from A. assama fibres also promoted

healing of incisional wounds in rabbit model in a study [302].

Superior cytocompatibility for endothelial cells was also observed for artificial
blood vessels made of non-mulberry silk fibroin protein in a recent study, which further
confirmed enhanced recruitment of endothelial cells by NMSF mats [226]. The NMSF
based mats containing inherent RGD motifs and incorporation of EGF might mimic the
whole mechanism and recruited all types of cells as evidenced by the development of
healthy granulation tissue, early re-epithelialization and more vascularization (Figure
2.9.) [8, 301]. Faster wound closure rate by PVAAA and PVAPR might be attributed to
the synergistic effect of the following factors — (1) unique morphology and topography
of nanofibres mimicking the ECM structure, (2) quick re-establishment of EGF pool by
higher release profile, (3) high Arg content in NMSF and (4) enhanced cell-material
interactions and cell recruitment due to the presence of cell binding ‘RGD’ motifs [214,
282, 300].
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The final phase of wound healing is the tissue remodelling phase, which involves
modulation and re-arrangement of matrix components [303]. Events occurring in this
phase decide the fate of regenerated tissue. Isotropic and loose orientation of collagen
fibres in the ECM lead to regeneration of normal and functional tissue [304]. On the
contrary, excessive and aligned deposition of collagen fibres lead to the formation of
less-functional scar tissue [304]. Scar formation is common after wound healing by
aligned deposition of collagen fibres due to lack of functional support and delayed wound
healing [305]. Scar tissues only provide barrier function to the skin; other skin functions
are lost due to failure to regenerate skin appendages like hair, sebaceous glands and nerve
endings [261]. Presence of all such skin appendages in the histological images of healed
tissue treated by hybrid mats on day 14 and day 21, clearly suggested normal skin
regeneration without scars (Figure 2.9.).

Hypertrophic scar tissues are devoid of elastin fibres and mostly contain packed
collagen fibres [306]. Abundant elastin fibres on day 21 in the dermal matrix attested
scar-less healing by hybrid mats (Figure 2.10.). Random orientation of elastin fibres
(conferring elasticity) help the skin to remain in its normal configuration after being
deformed [306]. Wounds treated with hybrid mats retained the round shape, which also
attested normal deposition and isotropic orientation of collagen fibres as compared to the
elongated shape of wounds treated by PVA mats and control group. Control wounds
demonstrated the lowest elastin content among all the groups. Studies on the anti-scar
properties of EGF reported remodelling effect of EGF on collagen type | and hence it
can be said that presence of EGF during the tissue remodelling process helps in the
degradation of collagen type | and thereby prevents scar formation [307]. Some studies
have also shown that EGF lowers down the expression of transforming growth factor
(TGF-B), which has been found to produce scarring effect in wound healing [305].
Increment in the mechanical strength of skin by EGF has also been reported [75]. Hence,
sustained EGF release from the mats might have also contributed to tissue remodelling

phase.

Equivalent secretion of hydroxyproline by PVAAA from day 7 to day 21 attested
the influence of AASF to regulate collagen deposition (Figure 2.11.). PVAAA and
PVAPR demonstrated high degree of remodelling in reticulin deposition as well (Figure
2.12.). Reticulin fibres are uniform collagen type Il fibrils, which get deposited as
meshwork in association with other types of collagen fibres between the epidermis and
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the basement membrane [308]. Sufficient collagen fibres were deposited during the
proliferative stage. Another study forwarded poly-L-arginine based biomaterials as
instructive substrates for fibroblast-driven collagen orientation and deposition [265].
High Arg content in PVAAA and PVAPR may be projected as a possible reason for
normal ECM deposition and tissue remodelling. Presence or absence of RGD motifs in
fibronectin has been shown to directly influence the amount of ECM synthesis [309].
Normal deposition of mature collagen, reticulin and elastin fibres in PVAAA and
PVAPR treated wounds on day 21 was the distinctive feature of tissue remodelling phase.
The heavy chains of AaSF containing crystalline core of many Arg motifs was capable
of directing the orientation and deposition of ECM fibres. Role of AaSF in guiding the
ECM deposition was clearly noticeable by the normal appearance of collagen, elastin

and reticulin fibres.

Accelerated wound healing process by NMSF based mats was confirmed by
faster wound healing, early re-epithelialization, dermal regeneration, vascularization,
secretion and regulation of ECM constituents like reticulin, collagen and elastin. Among
all the four types of mats, both PVAAA and PVAPR (NMSF based mats) showed better
wound healing, as there were no significant differences between them. The results
indicated that nanofibrous mats containing NMSF are endowed with greater wound
healing potency as compared to the mulberry counterpart. Thus, NMSF based mats hold
immense potential to be used as dressing patch for aesthetic wound repair and skin
regeneration. Study on additional wound models may be required to further check
potential of the dressing patch on various types of chronic wounds. The rabbit model
used in the present work does not perfectly imitate the human system; hence, further
human trials may be conducted to translate the product from the bench to bed-side.
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2.5. Significant findings

The salient findings of this chapter are as follows:

1. Electrospinning technique is a facile approach for fabricating nanofibrous mats,
as it provides benefit in large scale production of various silk fibroin matrices.
The inherent properties of nanofibres such as large surface area to volume ratio,
nanofibrous architecture and semi-occlusive properties offer additional
advantage to such matrices for wound dressing applications.

2. The silk nanofibrous dressings hold ideal physico-chemical properties like
nanoscale surface properties, high swelling capacity, sufficient water vapour
transmission rate, integral stability and necessary mechanical properties. All
these properties benefit the wound healing process.

3. Exploration of other silk varieties in wound healing applications unfolded
regenerative properties of non-mulberry silk category, especially A. assama silk,
which contains inherent cell binding domains and arginine rich cores, which
together promoted accelerated wound repair process.

4. Drug incorporation and release parameters investigated using EGF and
ciprofloxacin antibiotic drug revealed slow and sustained release profile of
bioactive molecules. The study opened up new avenues in drug delivery
applications using nanofibrous patch.

5. In vitro cell culture study on various silk mats demonstrated enhanced cell
attachment and proliferation on the NMSF variety owing to the presence of
inherent RGD sequence. Thus, the mats can be considered as a potential
candidate to be used as an alternative substrate for cell culture matrices.

6. Finally, application of silk mats in the form of wound dressing in acute wounds
illustrated their healing efficacy in vivo. The results revealed accelerated wound
healing and higher wound maturity by NMSF mats as compared to BmSF based
mats. Presence of skin appendages and isotropic collagen fibres in the
regenerated skin demonstrated scar-less healing and aesthetic wound repair

owing to the unique cell interacting peptides present in NMSF.

Our effort on developing silk-based wound dressings by exploring various silk fibroin

varieties resulted in understanding the inherent regenerative properties of silk proteins.

96
TH-2133_ 136106012



Significant findings Chapter 2

The chapter presents a promising strategy to produce nanofibrous silk matrices that can
be fortified with antibacterial properties and growth factor functionalization. In
particular, it would be interesting to validate the scarless healing outcomes in large
animal models like porcine system, which closely mimics the conditions of human
system. In concurrence with this preliminary study, the next chapter illustrates the
potential of the same materials in chronic wound model, thereby validating the

regenerative properties of developed wound dressings for treating diabetic wounds.
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Chapter 3

Functionalization of silk based nanofibrous dressings

for treating diabetic wounds

This chapter explores the potential of various bioactive molecules along with further
elucidating the efficacy of non-mulberry silk in healing chronic diabetic wounds. The
release profile of additive molecules from various silk-based dressings are examined to
understand the delivery mechanism from nanofibrous mats. Further, investigation of key
events like angiogenesis, re-epithelialization and tissue remodelling of wounds are

illustrated in detail.
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The work embodied in this chapter is published:

Chouhan D, Janani G, Chakraborty B, Nandi SK, Mandal BB. Functionalized PVA-silk
blended nanofibrous mats promote diabetic wound healing via regulation of extracellular
matrix and tissue remodelling. Journal of Tissue Engineering and Regenerative Medicine
2018; 12: €1559-e70.
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ABSTRACT

Chronic cutaneous ulcers, a complex pathophysiological diabetic condition, represent a
critical clinical challenge, in the current diabetes mellitus pandemic. Consequently, there
is a compelling need for bioactive dressings, which can trigger healing processes, and
secure quick and complete wound repair. Silk fibroin (SF), a natural protein polymer
from mulberry and non-mulberry silkworms, has properties that support accelerated
wound healing rate. SF from non-mulberry variety possesses additional cell-binding
motifs, which offer added cell material interactions for rapid healing. This study is aimed
to investigate wound healing efficacy of various SF varieties in Alloxan induced diabetic
rabbit model. Dressings using nanofibrous mats were developed, and functionalized with
two types of growth factors and an LL-37 antimicrobial peptide. Non-mulberry SF
(NMSF) based dressings healed the wounds more rapidly, in comparison to the mulberry
Bombyx mori SF (BmSF) counterpart. Post 14 day of operation, wound closure by NMSF
dressing was higher than BmSF dressing (85-90 % vs. 73-77 % respectively; p < 0.01).
Granulation tissue development, angiogenesis and re-epithelialization observed earlier
in NMSF treated wounds, exhibited accelerated wound healing capacity. Investigation
of MMP gene expression, and collagen proteins for 21 days, affirmed higher extent of
tissue remodelling in the healed skin. Furthermore, there was an organized ECM
deposition (collagen type I, type Ill, elastin and reticulin) and higher wound breaking
strength (~ 60 %), compared to 20 % in control group after 4 weeks. These results
validated the potential of NMSF based dressings to influence ECM deposition and tissue

remodelling, even under diabetic conditions.
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3.1. Introduction

Wound healing is a complex dynamic process involving numerous cell types and
bioactive factors. Both these factors, guide four sequential phases of the wound healing
process, namely, haemostasis, inflammation, cell proliferation and tissue remodelling
[8]. Detrimental alterations in any of the wound healing phases often lead to wound
chronicity. Diabetic foot ulcers (DFU) is a perfect example of chronic wounds,
aggravated by their hyperglycaemic environment [12]. A large population is suffering
from diabetes mellitus worldwide, and the number is expected to rise to 439 million by
2030 [310]. The pathological conditions associated with diabetes mellitus severely
impair the normal healing process due to cell senescence, bacterial colonization and
persistent inflammation [12]. Upregulated Matrix Metalloproteinases (MMPS) secretion,
matrix instability and lack of growth factors, further prevent cellular migration. The
hyperglycaemic state of the wound fluid also alters the morphology of keratinocytes, thus

hindering re-epithelialization of wounds [8, 12].

Bioactive factors like growth factors, cytokines and antimicrobial peptides
(AMPs) are normally secreted from a variety of cells, subsequent to skin wounding in
normal physiological conditions [7, 311]. In contrast, chronic wound fluid lacks these
biomolecules, either due to their degradation by higher MMP secretion, or through
failure to recruit cells towards the wound [12, 296]. Among the numerous growth factor,
epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) play major
roles in wound repair, as they stimulate and enhance cell proliferation and migration [7].
AMPs, like LL-37 (the only cathelicidin peptide found in humans), concurrently prevents
pathogenic attacks and stimulates wound healing, by promoting cell migration [311].
Several strategies have been developed to treat hyperglycaemic wounds by targeting
single or multiple pathways. For example, commercially available Regranex gel
containing platelet derived growth factor (PDGF), aims at achieving higher cell

proliferation rate to accelerate healing of chronic wounds [8].

Preventing infections in the diabetic wounds using silver-based dressings is
another concurrent approach [312]. Sustained growth factor delivery via nanofibrous
matrices, is an emerging technique to treat diabetic wounds, where researchers have used
a variety of biomaterials [173]. Unfortunately, as evidenced from poor clinical outcomes,
none of these techniques offer holistic options, that stimulate all the four phases of
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healing process for complete wound repair. The dynamic nature of wound healing
process can be easily modulated through instructive extracellular microenvironment
[303]. The substrate or dressing material, plays a central role in deciding the fate of
wound healing, through cell-material interactions that spatially and temporally direct
cellular behaviour [265, 303]. Hence, natural cues administered by dressing material, are
vital for effective cellular mobilization and recruitment towards the wound bed. Our
approach is to develop wound dressing, using natural biomaterial, which simultaneously

accelerates wound closure rate, and influences cells to remodel the ECM.

Silk fibroin (SF), from both mulberry and non-mulberry varieties, has been
extensively explored in wound healing applications. Its biocompatible, non-
immunogenic, biodegradable and mechanically robust qualities, can be easily tailored to
the desired biological response [22, 23, 313]. SF from non-mulberry silkworms
Antheraea assama (AaSF), and Philosamia ricini (PrSF), possess Arginine, Glycine and
Aspartate (RGD) motifs that act as cell-binding sites; which are absent in mulberry SF
(Bombyx mori) [24]. In our previous study, we observed faster and scar-less healing of
acute wounds by nanofibrous mats made up of NMSF blended with poly(vinyl alcohol)
(PVA) as compared to mulberry SF blend [314]. The present study focuses on the role
of various silk based nanofibrous mats, incorporating EGF, bFGF and LL-37; to evaluate
their competence in healing of diabetic wounds. The four types of functionalized
dressings developed are: PVA, PVABM (PVA +B.mori SF), PVAAA (PVA + A. assama
SF) and PVAPR (PVA + P. ricini SF). Assessing the potential of NMSF based dressings
(PVAAA and PVAPR) for remodelling of tissue during the healing process is central to
our focus. The nanofibrous format was chosen to mimic the natural ECM; the former
acts as a provisional matrix, and a conduit for sustained growth factor delivery in the
healing process. Herein, wound healing efficacy of various nanofibrous dressings was

determined by applying them on cutaneous wounds of Alloxan induced diabetic rabbits.
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3.2. Materials and methods
3.2.1. Preparation of silk fibroin solutions

B. mori silk cocoons were used to isolate silk solution as described in the standard
protocol [215]. Briefly, the pieces of cocoons were degummed twice in boiling water
containing 0.02 M sodium carbonate (Merck, India) for 15 min. The dried silk fibres
were then dissolved in 9.3 M lithium bromide solution (Sigma Aldrich, USA) at 60 °C
for 4 h to obtain B. mori silk fibroin (BmSF) solution. This was subsequently dialyzed
against Mili-Q water using a 12 kDa cellulose dialysis membrane (Sigma Aldrich, USA)
for 3 days. Concentration of aqueous BmSF solution thus obtained was measured by
gravimetric method, and was further diluted to 3 % (w/v) by adding water. SF solutions
from non-mulberry variety were extracted directly from the silk glands of A. assama and
P. ricini silkworms respectively according to previously described protocol [227].
Briefly, the 5" instar larvae were sacrificed and SF protein was extruded out by squeezing
the silk glands using forceps. The SF protein was then dissolved in 1 % (w/v) aqueous
sodium dodecyl sulphate (SDS) (Himedia, India) solution. This was further dialyzed
against distilled water using 12 kDa dialysis membrane for 4 h at 4 °C to get 3 % (w/v)
respective SF solutions.

3.2.2. Fabrication of functionalized nanofibrous mats using electrospinning

Electrospinning instrument (E-spin nanotech, India) was used to fabricate four types of
nanofibrous mats as already mentioned in the previous chapter [314]. Functionalization
of the nanofibrous mats was achieved by the addition of 0.5 pg/mL human recombinant
EGF (Sigma Aldrich, USA), 0.5 pg/mL human recombinant bFGF (Sigma Aldrich,
USA) and 50 pg/mL LL-37 full length human antimicrobial peptide (M.W. 4493.37 Da)
(NeoScientific, USA) to the SF solution prior to blending it with PVA. Similarly, EGF,
bFGF and LL-37 loaded pristine PVA mat was also fabricated by directly mixing the
peptides in 8 % (w/v) PVA solution prior to electrospinning. Concentrations of the three
peptides were kept similar for all the four types of nanofibrous mats: one pristine mat of
only PVA solution (PVA) and three hybrid mats from the blends of PVA and SF — PVA
+ B.mori (PVABM), PVA + A. Assama (PVAAA) and PVA + P. ricini (PVAPR). B-
sheet in the hybrid electrospun mats were induced by keeping them in a vacuum
desiccator saturated with 70 % ethanol vapours for 6 h. Functionalized nanofibrous mats

thus fabricated have been used in all further experiments and referred to as nanofibrous
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mats or mats in the text. Morphology of the nanofibrous mats was observed using field

emission scanning electron microscopy (FESEM; Zeiss, sigma).
3.2.3. Scratch assay

Primary human dermal fibroblast (HDF) (Himedia, India) and human keratinocyte cell
line (HaCaT cells procured from NCCS, India) were accustomed with serum free media
and high glucose (25 nM) conditions for 24 h prior to culturing them in a 24-well tissue
culture plate with a density of 1 x 10° per well. Scratch was created using a 200 uL pipette
tip on the confluent monolayer of cells. Four types of treatments were given separately:
EGF (50 ng/mL), bFGF (50 ng/mL), LL-37 (5 ug/mL) and combination of EGF, bFGF
and LL-37. Healing of scratched wounds was analysed from gross pictures of the cell
migration to the wound after 18 h following the protocol [315]. Cells were fixed with
100 % ethanol and stained with crystal violet dye for better visualization. Gap between
the scratch edges was calculated using image analysis software (Image J, Wayne
Rasband, National Institute of Health, USA). Percentage recovery of scratch was
calculated as the ratio of the difference between the original and the remaining wound

areas versus the original wound area.
3.2.4. Release profile of EGF and bFGF

The amount of active growth factor released in phosphate buffer saline (PBS) solution
was determined using ELISA kit specific for human EGF (Sigma Aldrich, USA and for
bFGF (Abcam, U.K.). Briefly, the mats weighing 50 mg each were soaked in 5 mL PBS.
10 uL of PBS containing growth factor releasate was taken out at different time points
(1, 12, 24 and 72 h) and diluted with 100 puL of fresh PBS. Releasates at different time
points were stored in -20 °C prior to the experiment and ELISA assay was conducted for
all the releasates together following the manufacturer’s protocol. Cumulative growth
factor release was calculated and plotted for each sample (n=4) against time using the

formula:
% Growth factor release = (Mt/M) X 100 ........ccooiiiiiiiiiii e, (3.1)

Where Mt was the amount of growth factor released at time t and M was the theoretical
value of growth factor present in the nanofibrous mat. The results were reported as

average * standard deviation (n=4).
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3.2.5. Blood platelet adhesion on nanofibrous mats

Blood platelet adhesion assay was carried out to examine the haemostatic property of
nanofibrous dressing materials by measuring the lactate dehydrogenase (LDH) activity
of adhered blood platelets onto the mats. Briefly, the platelet rich plasma (PRP) was
isolated by adding 8 U/mL heparin (Sigma-Aldrich, USA) to the whole blood and
centrifuging at 100 g for 20 min at 20 °C. The supernatant containing PRP was collected
carefully and used fresh for further studies. Nanofibrous mats were incubated with 200
pL of PRP for 1 h at RT on an orbital shaker at 60 rpm. The mats incubated with PRP
were washed thrice with phosphate buffer saline (PBS, pH 7.4) solution and incubated
with 1 % Triton-X 100 for 1 h at 37 °C to lyse the adhered platelets. Cell lysate was then
centrifuged at 10,000 rpm at 4 °C and LDH enzyme was quantified from the supernatant
using LDH assay kit (Sigma-Aldrich, USA) following manufacturer’s instructions.
Standard surgical cotton gauze was used as control. The results were reported as average

+ standard deviation (n=4).
3.2.6. Release profile of LL-37

The amount of LL-37 released from nanofibrous mats was measured using the
colourimetric assay of Bradford reagent following the protocol [316]. Mats were
prepared by functionalizing them only with LL-37 peptide in order to prevent error by
the release of growth factor peptide. Briefly, LL-37 functionalized mats were dipped in
PBS and 100 pL of releasate was taken out at pre-defined time points (1, 12, 24 and 72
h). The releasate was mixed with Bradford reagent (Sigma, USA), incubated for 15 min
at 37 °C and absorbance was measured at 595 nm using multiplate reader (Tecan).
Serially diluted solutions of LL-37 ranging from 5 to 50 pug/mL were taken as the
standard solutions. To calculate exact released amount of LL-37 from SF-PVA hybrid
mats, releasates collected from non-functionalized mats were used as blank in order to
exclude the interference of released SF protein of hybrid mats. The release profile was

plotted for each sample (n=4) against time using the same formula as in equation 3.1.

3.2.7. Antibacterial activity and antibiofilm activity of LL-37 loaded nanofibrous

mats — in vitro and in vivo study

Antibacterial action of LL-37 loaded nanofibrous mats was evaluated against skin
infecting bacteria Staphylococcus epidermidis MTCC 435 and Pseudomonas aeruginosa
MTCC 1688 obtained from Microbial Type Culture Collection and Gene Bank (MTCC,
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IMTECH, India). 10 uL of bacterial culture containing bacteria with cell density of 1 x
10° colony forming unit (CFU)/mL was taken, diluted with 1 mL of fresh nutrient broth
(Himedia, India) and cultured for 6 h. The nanofibrous mats (1 cm diameter) were
immersed in 1 mL of bacterial suspension culture and incubated at 37 °C. 100 pL of
bacterial culture was withdrawn at specific time points (1, 3, 6, 12, 18, 24 h) and analysed
spectroscopically at 600 nm using multiplate reader (Tecan Infinite Pro M200).
Ampicillin (500 pg/mL) and Gentamicin (500 pg/mL) were used as the positive control
for the gram positive and gram negative bacteria respectively. To examine the antibiofilm
activity of LL-37, crystal violet staining of biofilms was exhibited following the protocol
[317]. Briefly, overnight cultures (1 x 10° CFU/mL) of S. epidermidis and P. aeroginusa
were inoculated separately on the nanofibrous mats (1 cm diameter) in 24-well plates.
Plates were incubated for 24 h in static condition.

To quantify the biofilm formation, bacteria cultured on the mats were fixed using
100 % ethanol, washed thrice with PBS and stained with 0.1 % crystal violet for 30 min.
Acetic acid (30 %) was then added and incubated for 30 min at RT with shaking. The
collected crystal violet solution was measured by taking absorbance at 595 nm using
multiplate reader (Tecan Infinite Pro M200) and plotted with respect to the biofilm
formed by bacteria cultured on the mats without LL-37 i.e non-functionalized mats.
Results were reported as average * standard deviation (n=4). To examine the effect of
LL-37 loaded nanofibrous mats under in vivo conditions, wound exudates were collected
on day 1, day 3 and day 5 from the wounds treated by different kinds of functionalized
nanofibrous mats and surgical gauze as control. 25 uL. of wound exudate was diluted
with equal amount of PBS and the exudates-PBS mixture were plated onto the nutrient
agar plates, which were subsequently incubated at 37 °C for 24 h. Negative control was
taken as sterile PBS. The colonies grown on each agar plate were counted and plotted as

bar graph. The results were reported as average + standard deviation (n=4).

3.2.8. Induction of hyperglycaemic condition in rabbits for making in vivo diabetic

wound model

All the animal experiments were performed in accordance with ‘Principles of laboratory
animal care” from the Institutional Animal Ethical Committee (IAEC), West Bengal
University of Animal and Fishery Sciences (WBUAFS), West Bengal, India (Permit No.
Pharma/IAEC/136 dated 30.6.2014). Twenty-four New Zealand white rabbits (1.2 - 1.5
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kg) were acclimatized by controlling their 12 h light/dark cycle, temperature and were
given standard diet prior to the study. Twelve out of twenty-four rabbits were taken
separately for diabetic induction. Briefly, subcutaneous injection of Acepromazine (1
mL/kg) was given to sedate the rabbits; hair at the back of ears were shaved off followed
by administration of Alloxan (Sigma-Aldrich, USA) (150 mg/kg) in 30 mL saline at a
rate of 1.5 mL/min via ear vein following the protocol [310]. After the treatment with
Alloxan, rabbits were given water containing glucose (12 g/L) for a period of 48 h and
monitored regularly afterwards. Blood glucose was examined using blood glucose meter
(Accuchek_test advantage meter, Accu-chek advantage Il strips, Roche Diagnostics,
U.K.). Diabetic condition of rabbits was confirmed in the rabbits having constant high
blood glucose level (350 + 16 mg/dL) for a period of at least 4 weeks. Diabetic rabbits
were randomized into three groups for time points (day 7, day 14 and day 21). Each time
point contained four rabbits. Proper aseptic conditions were taken while creating wounds,
hair of mid thoraco-lumbar region of dorsal surface were shaved off and skin was wiped
with 70 % ethanol. Intramuscular anaesthesia of xylazine hydrochloride (6 mg/kg)
(Xylaxin®, Indian Immunologicals, India) and ketamine hydrochloride (33 mg/kg)

(Ketalar®, Parke-Davis, India) was given prior to wounding.

Biopsy punch of diameter 12 mm was used to create full thickness wounds on
dorsal surface and a total number of five wounds were created in each rabbit. Each rabbit
was wounded with a total number of five wounds and the following treatments were
given. Dressing patches were replaced with fresh ones after every three days till 14 days
post-wounding and animals were regularly monitored. One wound taken as control was
treated by surgical gauze and four wounds were treated using four different types of
nanofibrous mats in the form of dressing patch: PVA, PVABM, PVAAA and PVAPR.
Similarly, other twelve normal healthy rabbits (without hyperglycaemic condition) were
also wounded as described above for comparative study. Blood glucose of rabbits with
diabetic condition was found to be 350 £ 16 mg/dL as compared to the healthy rabbits
(143 £ 9 mg/dL) throughout the study. All the animals were regularly monitored and no

abnormality was found during the surgery or post-operation.
3.2.9. In vivo wound healing assessment in rabbit model

The wound closure rate was evaluated by measuring the size of wounds periodically.

Photographs of the wounds were taken on day O, 4, 7, 14, 18 and 21 to measure the
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wound closure rate using Sony digital camera. Image J software was used to analyse the

photographs for measuring the wound size. Following formula was used —
Wound area (%) = AVA X 100 .....oieinii e (3.2)

Where A: was the area of wound at time (t) and A was the initial wound area.
Accordingly, wound closure rate was determined by considering the area of wound
closed with respect to time. The results were reported as average * standard deviation
(n=3).

3.2.10. Histological examination

Histological examination of healing tissue was carried out on day 7, 14 and 21 post-
wounding. Briefly, 10 % neutral buffer formalin (NBF) was used to preserve the tissue
samples, which were then washed with water and dehydrated with series of graded
ethanol prior to embedding in paraffin wax. Sections of 5 um thickness taken on the glass
slides were stained with haematoxylin and eosin (H & E) for general morphological

observations.
3.2.11. Gene expression of MMP 1, MMP 2, MMP 9, Collagen-I and Collagen-111

Real time polymerase chain reaction (RT-PCR) was used to determine expression of
collagen type | (Col-1), collagen type I (Col-IlI), MMP-1, MMP-2, MMP-9 and
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) mRNA transcripts. Tissue
samples collected from wounds on day 7, 14 and 21 were preserved in -20 °C using RNA
later (Sigma Aldrich, USA), subsequently all the tissues were processed altogether.
Briefly, tissues were chopped, treated by TRIzol reagent (Sigma Aldrich, USA) for 30
min and centrifuged at 13,000 rpm for 10 min in 4 °C. The supernatant containing mMRNA
was collected in fresh tubes followed by chloroform treatment and centrifuged at 13,000
rpm for 15 min at 4 °C. Subsequently, the upper aqueous phase containing mRNA was
treated by isopropanol to obtain RNA pellet, which was further dissolved in water. The
isolated equal amount of mRNA was taken to synthesize cDNA using reverse
transcription kit (Applied Biosystems, USA) and PCR equipment (Takara, Japan). Real-
time PCR reactions were performed using SYBR Green PCR Mastermix on a 7500 Fast
Real Time System (Applied Biosystems, USA). Expression of each target gene was
normalized with the Ct value of GAPDH. Primer sequences used are listed in table 3.1.

The results were reported as average + standard deviation (n=3).
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Table 3.1. Primer sequences used for the gene expression study.

Target Forward primers Reverse primers

gene

Rabbit 5'- 5'-

GAPDH TCGGCATTGTGGAGGGGCT TCCCGTTCAGCTCGGGGATG-
C-3° 3

Rabbit 5- 5-TCGCTCCCAGGGTTGCCA

Col-I CCTGGCACCCCAGGTCCTC  TC-3
A-3°

Rabbit 5'- 5'-

Col-111 AAGCCCCAGCAGAAAATT TGGTGGAACAGCAAAAATCA
G-3 -3

Rabbit 5'- 5'-

MMP1 TCAGTTCGTCCTCACTCCAG TTGGTCCACCTGTCATCTTC-3'
-3’

Rabbit 5’- 5’- AAGAATTCCCGTAGAGCT

MMP 2  TTGGATCCTCCTACAGCAGC CTTGAATGC-3’
TGCACCAG-3’

Rabbit 5'- 5'-

MMP9  TGCCAGGAGTACCTGTTCC TGCCACTTGAGGTCACCCTCG
GCTATG-3’ AA-3

3.2.12. Morphological examination of collagen, reticulin and elastin fibres

Tissues from the healed wound portion were taken out on day 21 and 28 post-wounding

and preserved using 10 % NBF. Tissues were washed with water and dehydrated with

series of graded ethanol prior to embedding in paraffin wax. Sections of 5 um thickness

were taken on the glass slides and used for different types of staining. Extracellular

matrix components collagen, elastin, and reticulin were stained using Masson’s

trichrome (MT) staining method, Weigert’s Resorcin—Fuschin method and Gridley’s

modification of the silver impregnation method respectively, according to the

manufacturer’s protocols [270-272].
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3.2.13. Immunofluorescence of CD31 and pancytokeratin markers in the

regenerated skin

Formalin fixed paraffin embedded sections (5 pm thickness) of skin tissue excised from
the wound bed on day 7 and day 21 were analysed by immunofluorescence staining for
CD31, and Pancytokeratin (PanCK) markers. Briefly, sections were rehydrated,
permeabilized with 0.1 % Triton X-100 in PBS for 10 min, and blocked in PBS
containing 1 % BSA for 1 h. The sections were then incubated with monoclonal primary
antibody anti-CD31 and anti-pancytokeratin (Abcam, U.K.), diluted in blocking buffer
(1:300) for 1 h at RT. After washing with PBS, the sections were incubated with FITC
labelled secondary antibody, and counterstained with Hoechst 33342 to mark the nuclei.
Furthermore, the sections were washed 4 to 5 times and mounted. Fluorescence images
were taken using respective green and blue filters of the microscope (EVOS FL, Life
technologies, USA).

3.2.14. Immunohistochemistry of Col-1 and Col-111

Formalin fixed paraffin embedded sections (5 pm thickness) of skin tissue, excised from
the wound bed were analysed by Immunohistochemistry (IHC), to evaluate the extent of
collagen type | and collagen type Il deposition in the regenerated skin, using IHC kit
(Vectastain Elite Universal ABC Kkit, Vectors lab, U.K.). Briefly, sections were
rehydrated and incubated with 0.1 % (v/v) blocking serum for 30 min at RT prior to
applying monoclonal primary antibody (Abcam, U.K.) against Col-I and Col-111 (1:300
dilution). After washing with PBS, the sections were incubated with biotinylated
universal secondary antibody (Vectastain Elite Universal ABC kit, Vectors lab, USA).
The ABC reagent containing avidin-horseradish peroxidase, was then applied to the
sections before exposure to Peroxidase substrate 3,3’- diaminobenzidine (DAB) and
H>0O> to develop a brown reaction product. Furthermore, sections were counterstained
with haematoxylin, dehydrated, cleared, mounted, and images were taken using bright
field microscope (EVOS FL, Life technologies, USA).

3.2.15. Quantitative evaluation of hydroxyproline and elastin in wounds

The excised tissue samples from wound beds were collected at different time points (day
7, 14 and 21), stored at - 80 °C and analysed altogether to quantify the content of ECM
components. Hydroxyproline secretions were quantified using hydroxyproline assay kit

(Sigma Aldrich, USA) according to the manufacturer’s protocol. Elastin was quantified
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using rabbit elastin ELISA kit (Mybiosource, USA) as per manufacturer’s protocol. The

results were reported as average * standard deviation (n=3).
3.2.16. Tensile strength of regenerated skin

Full thickness skin with healed tissue in the central area was excised after 4 weeks post
wounding; tensile strength of the wounds was determined using a Universal Testing
Machine (UTM) (Instron 5944, USA), fitted with 100 N load cell and Bluehill version
3.66 software. Young’s Modulus (YM) was calculated only between the starting point
and initial wound break point. The results were reported as average + standard deviation
(n=3). Ultimate tensile strength (UTS) at the initial wound breaking point was taken as

the wound breaking strength, which was calculated as per the formula —

Wound strength (%) = (UTS of normal unwounded skin/ UTS of wounded skin) x 100

3.2.17. Statistical analysis

All the experiments were carried out for n = 4 samples unless otherwise specified; results
of the in vivo experiments were considered for n=3 animals at each time point. Data were
expressed as mean =+ standard deviation. Data analysis was done using statistical software
OriginPro 8 (Origin lab Corporation, USA) at both significant (* p < 0.05) and highly
significant (** p <0.01) levels. The significance level was measured by comparing the
data between groups and within groups by performing one-way analysis of variance
(ANOVA) followed by Tukey’s test. Microscopic images were analysed using Image J
software and images were observed at least 10 fields per section for histological

examination.

3.3. Results
3.3.1. Morphology of functionalized nanofibrous mats

Functionalized nanofibrous mats of only PVA and hybrid mats of various PVA-SF
blends (PVABM, PVAAA and PVAPR) were successfully fabricated by electrospinning
technique. The nanofibrous dressing developed herein contained EGF, bFGF and LL-37.
Nanofibres of all the four types of functionalized mats were continuous, smooth and

randomly oriented as shown by the FESEM images (Figure 3.1.A). The mats showed
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highly porous network along with interconnected voids. The variation in morphology
and size of nanofibres was dictated by the variety of SF protein as also observed in the

study conducted in chapter 1.
3.3.2. Scratch assay

Migration of HDF and HaCaT cells was assessed by in vitro scratch assay to examine
the effect of EGF, bFGF, LL-37 and combination of all these three bioactive molecules
on wound healing (Figure 3.1.B). Gross images of scratches showed complete wound
healing after 18 h in high glucose media, when treated with the combination dosage (EGF
+ bFGF + LL-37). The faster wound healing is attributed to their synergistic activity on
cell migration as compared to individual treatments. Percentage recovery of scratches
created in monolayers of HDF and HaCaT was almost 100 % under the combination
treatment (Figure 3.2.), which was found to be significantly higher than individual
treatments of EGF, bFGF and LL-37, p <0.01.

3.3.3. Release profile of EGF, bFGF and LL-37

Sustained release of EGF and bFGF from the nanofibrous mats was observed for 3 days
following an initial burst at 1 h (Figure 3.3.A,B). EGF and bFGF was released
continuously till 24 h, after which plateau region was observed till 72 h. Growth factor
release pattern was different for EGF and bFGF, with all the hybrid mats showing higher
release of bFGF as compared to EGF. Initial burst release of EGF from the four types of
mats is as follows: PVA =12 + 1.05 %, PVABM = 14 + 1.24 %, PVAAA =20.19 + 1.16
% and PVAPR =19.5 + 1.9 %. Initial burst release of bFGF from PVAAA and PVAPR
was found to be 23.95 £ 1.67 % and 25.09 + 1.87 %, significantly higher than the EGF
burst release from same mats. PVAAA and PVAPR mats demonstrated significantly
higher growth factor release in comparison to other mats after 72 h, p <0.01. Similarly,
Sustained release of LL-37 from the nanofibrous mats was observed for 3 days, following
an initial burst at 1 h (Figure 3.3.C). Release of LL-37 from nanofibrous mats was also
found to be higher than the minimum inhibitory concentration (MIC) at all the time-
points, which further validated the sustained antibacterial activity of functionalized mats

for a period of 3 days.
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Figure 3.1. (A) FESEM images of various functionalized nanofibrous mats representing
morphology of nanofibres. (B) In vitro scratch assay on cell monolayers depicting effect
of various bioactive molecules on the cell migration.
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Figure 3.2. Quantification of cell migration as recovery of scratch by (A) HDF cells and
(B) HaCaT cells in the presence of various bioactive molecules.

3.3.4. LDH activity

Silk based nanofibrous mats showed haemostatic activity, when examined by quantifying
the LDH activity of adhered platelets (Figure 3.3.D). Commonly used surgical cotton
gauze taken as control, exhibited significantly lower LDH activity as compared to the
silk based mats (p < 0.01); the control thus demonstrated ineffective haemostasis.
PVAAA and PVAPR mats showed higher LDH activity 4.32 £ 0.72 and 4.04 £+ 0.54
milliunits/mL respectively, which was significantly higher than all the other samples,
suggesting higher number of platelets adhered to the NMSF based mats (p <0.01).
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Figure 3.3. (A, B and C) Release profile of EGF, bFGF and LL-37 from the nanofibrous
mats showing sustained growth factor release for 3 days respectively. (D) LDH activity
of adhered platelets on various nanofibrous mats, representing superior haemostatic
activity of silk-based mats compared to conventionally used surgical gauze (control), (*p
<0.05, **p <0.01).

3.3.5. Antibacterial activity and antibiofilm activity of mats

Antibacterial activity of LL-37 loaded nanofibrous mats observed against skin infecting
P. aeruginosa and S. epidermidis bacteria revealed their efficient bacteria killing
properties for 24 h (Figure 3.4.A). High bacterial growth was observed on the non-
functionalized mats, as compared to LL-37 functionalized mats, suggesting efficient
antibacterial property of LL-37 under in vitro conditions. These functionalized mats
clearly inhibited biofilm development, from both the types of bacteria; whereas, bacterial
biofilm developed on the non-functionalized mats was seen within 24 h (Figure 3.4.B).
Lesser number of bacterial colonies in the treated wounds compared to control wounds
was also evident from the wound-exudate study carried under in vivo conditions using
diabetic rabbits (Figure 3.4.C). Control wounds exhibited significantly higher number
of bacterial colonies on day 3 and day 5 showing 500 to 650 bacterial colonies. In

contrast, functionalized nanofibrous mats treated wounds showed significantly lower
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number of colonies, p <0.01; 100 to 150 on day 3 and less than 100 on day 5. The lower
number of colonies observed in the wound-exudate study revealed efficient reduction in
the bacterial growth even in diabetic condition, which supported the potential of LL-37

in significantly lowering the polymicrobial infections.
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Figure 3.4. (A) In vitro anti-bacterial activity of functionalized nanofibrous mats against
skin infecting bacteria. (B) In vitro anti-biofilm activity of mats showing inhibition of
biofilm formation by LL-37 antimicrobial peptide; whereas non-functionalized mats
formed biofilm within 24 h. (C) Anti-bacterial activity of mats under in vivo conditions
as determined by the wound exudate study representing number of colonies in the wounds
of diabetic rabbits, (*p <0.05, **p <0.01).

3.3.6. In vivo wound healing assessment in rabbit model

Wound healing rate was first compared between diabetic and non-diabetic rabbits to
examine the effect of functionalized mats on both acute and chronic wounds. Wounds
created in diabetic rabbits healed at a slower rate as compared to normal rabbits; the
difference was distinctly visible when compared with the images of control wounds
(Figure 3.5.A). Alloxan induced diabetic rabbits showed high blood glucose levels (350
+ 16 mg/dL) as compared to healthy rabbits (143 + 9 mg/dL) throughout the study
(Figure A3.1.). Control wounds showed two-fold wound closure recovery on day 7 in
non-diabetic (30.65 + 2.57 %) compared to diabetic rabbits (18.81 £ 3.05 %), depicting
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wound chronicity in the diabetic model (Figure 3.5.B,C). Among the treated wounds,
PVAAA and PVAPR promoted wound healing at a faster rate in both non-diabetic and
diabetic models, resulting in wound closure within 14 to 18 days. Wound closure by
PVAAA and PVAPR was significantly higher than other treatments on day 7 and day 14
in both the diabetic and non-diabetic rabbits, p < 0.01. Wound closure on day 14 by
PVAAA and PVAPR was 85 to 90 % in diabetic model and 95 to 98 % in non-diabetic
model, which was significantly higher than the rest of the treatments, p <0.01. PVABM
treated wounds healed faster than PVA treated wounds and control wounds; PVABM
achieved 75.28 + 2.08 % and 84.50 * 4.34 % wound closure on day 14 in diabetic and
non-diabetic rabbits, respectively. Similar results have been reported in another study,
where BmSF nanofibrous mats functionalized with EGF healed the wounds of healthy
animals within 14 days.

Non-diabetic model Diabetic model

Control PVA PVABM PVAAA  PVAPR Control PVA  PVABM  PpVAAA PVAPR
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Figure 3.5. (A) Wound healing assay under in vivo conditions showing gross wound
images under various treatments in both healthy and diabetic rabbit model, depicting
rapid wound closure by PVAAA and PVAPR samples. (B, C) Wound healing efficacy of
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various nanofibrous mats represented by wound closure percentage in healthy rabbits
and diabetic rabbits respectively as determined by calculating the area of wounds using
ImageJ software, (*p < 0.05, **p < 0.01).

3.3.7. Histological examination of wounds

Histological study of wound tissues on day 7, 14 and 21 revealed sequential wound
healing process by different treatments in the diabetic rabbits (Figure 3.6.A). On day 7,
a blood clot mass was observed in the control wounds, indicating delayed haemostasis.
PVA treated wounds showed absence of granulation tissue with redness, suggesting
inflammation and tissue necrosis. Conversely, proliferating granulation tissue was
developed in the wounds treated by silk-based dressings. A higher extent of granulation
tissue development, and an increased occurrence of thick collagen bundles, were
distinctly observed in case of PVAAA and PVAPR treated wounds. It is noteworthy that
even under hyperglycaemic conditions, the wounds treated with NMSF based mats
displayed relatively thick and mature granulation tissue all over the wound area;
providing a head start to the healing process.

Greater numbers of blood vessels were observed in the granulation tissue
developed by PVAAA and PVAPR dressing patches as compared to PVABM.
Immunostaining the sections against CD31 marker demonstrated highly vascularized
tissue on day 7 (Figure 3.6.B). This suggested early recruitment of endothelial cells, and
angiogenesis by the NMSF based mats owing to the presence of cell binding peptides
and high bFGF release. On day 14, sections of control wounds exhibited presence of
eschar, demonstrating very slow progression in wound healing process. The growing
epithelial tongue appeared in the wounds treated by PVAAA and PVAPR on day 14, but
not in the other treatments. The healed wounds also displayed a well-formed matrix of
dermal structures. Different strata of epidermal layers along with budding of hair follicles
and sebaceous glands were also visible on day 21, whereas they were not observed in
other treatments. Wound healing events in the non-diabetic rabbits were seen to proceed
at a relatively faster rate compared to diabetic rabbits, with wounds in the former healing
completely in 14 days (Figure A3.2.). Re-epithelialized tissues demonstrated higher
pancytokeratin expression in the wounds treated by silk based dressings (Figure 3.6.C).
Control and PVA treated wounds could not express pancytokeratin as shown by the
absence of green fluorescence in epidermis. In contrast, dressing made up of SF-PVA

blend re-epithelialized the wounds expressing pancytokeratin marker all over the new
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epidermal layer. PVAAA treated wounds also showed cornified layer above epidermis,
suggesting fully grown mature epidermal layer. Herein, the ability to recruit
keratinocytes, and retain normal morphology of epithelial cells, was unequivocal even in

high glucose regimes.
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Figure 3.6. (A) Histological study (H & E stain) of wounds on day 7, 14 and 21 post
wound creation in diabetic rabbit model shows: early development of healthy
granulation tissue on day 7 in PVABM, PVAAA and PVAPR treated wounds (black
arrows = blood vessels); re-epithelialization in PVAAA and PVAPR treated wounds on
day 14, exhibiting growing epithelial tongue (yellow arrows) and complete epidermal
and dermal regeneration on day 21, depicting mature dermal matrix. (B) Extent of
angiogenesis on day 7 (red arrows = endothelial cells immunostained by anti-CD31
antibody). (C) Immunostaining against pancytokeratin marker revealing normal
morphology of epithelial cells on day 21 under hyperglycaemic conditions.

3.3.8. Gene expression of MMP 1, MMP 2, MMP 9, Col-I and Col-I111

Analysis of various MMPs and collagen gene expression was quantified by RT-PCR,
which demonstrated their varied expression associated with ECM turn over with time
(Figure 3.7.). Balanced secretion of various MMPs and ECM components is critical to
the wound healing process. Control wounds showed increasing trend in the gene
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expression of MMP 1 as compared to the other wounds, with the highest value on day
21, p <0.01. While wounds treated with silk based mats showed an initial increment in
the MMP 1 expression till 14 days, but regressed expression on day 21. Expression of
MMP 2 was seen similar in all the wounds at all time points except control wounds on
day 14. MMP 9 expression was relatively lower than MMP 1 but higher than MMP 2 in
all the nanofibrous mats treated wounds till day 14; MMP 9 expression was regressed
many folds on day 21, showing non-chronic condition of wounds at the later stages of
healing. Wounds treated by the nanofibrous mats showed an upregulated expression of
MMP 9 on day 7 suggesting an early inflammatory response, followed by resumption of
normal physiological conditions at later stages. Control wounds showed significantly
higher gene expression of MMP 9 on day 14 and day 21, clearly demonstrating wound
chronicity in the untreated wounds, p <0.01.

On co-relating the gene expressions of MMP 1, 2, 9, Col-I and Col-IIl, the study
revealed greater extent of ECM remodelling by the silk dressings (Figure 3.7.). Collagen
type | expression continued to increase from day 7 to day 21 in all the wounds showing
continuous secretion of Col-1 and progression of wound healing. PVAPR showed
significantly higher secretion of Col-I on day 7 compared to other wounds, p < 0.01.
Higher Col-1 gene expression was observed in the silk mats on day 14, demonstrating
wound healing progression with time compared to PVA treated mats and control, p <
0.01. In contrast, expression of Col-11l was observed to be completely different on day
21, showing significantly higher expression in control and PVA treated wounds in
comparison with other wounds, p <0.01. On correlating the expression of Col-I and Col-
I11, control wounds showed significantly higher gene expression of both types of
collagens on day 21, suggesting collagen secretion in process; whereas nanofibrous mats
treated wounds showed lowered gene expression of Col-111 on day 21 compared to Col
.
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Figure 3.7. (A-E) Gene expression of various MMPs and collagen components in the
wounds, showing ECM remodelling during the wound repair process in diabetic rabbit
model (*p <0.05, **p <0.01).

3.3.9. Immunohistochemistry and assessment of ECM deposition

IHC of dermal sections was carried out in order to further evaluate the distribution of
Col-I and Col-Ill (Figure 3.8.A,B). Wounds treated by silk dressings showed lighter
density of Col-I1l as compared to Col-I, suggesting lower deposition of Col-Ill. In
addition, collagen fibres stained with MT revealed overall collagen secretion in the
dermal matrix formed after 21 days (Figure 3.8.C). Mature, thick collagen bundles with
wavy appearance were visible throughout the dermal region of regenerated skin in the
wounds treated with PVAAA and PVAPR. Distribution of mature collagen bundles was
not observed homogeneously in the wounds treated with PVABM, as can be seen in the
image where the intensity of MT stain was lesser in the central zone as compared to the
peripheral region. Contracted collagen fibres were clearly visible in the dermal region of
wounds treated with PVA mat, suggesting wound healing majorly due to contraction
mechanism. In contrast, control wounds showed immature collagen secretion, depicting

presence of granulation tissue on day 21, demonstrating delayed wound healing process.

Whirling threads of reticulin fibres distributed all over the regenerated skin was
clearly visible in the wounds treated with PVAAA and PVAPR on day 21 (Figure 3.8.D).
Reticulin fibres were arranged as slender threads, suggesting mature development of

reticulin fibres in the regenerated skin. They were arranged in diffused patterns as
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delicate mesh of fine fibrils throughout the wounds. PVABM demonstrated only few
reticulin fibres with lower intensity on day 21. On the contrary, mature reticulin fibres
were not visible in the wounds treated with PVA and control group. Thick and mature
elastin fibres were found in the dermal regions of wounds treated with PVAAA and
PVAPR (Figure 3.8.E). They were mostly found underneath the epidermal layer,
depicting their role in integrating the dermal and epidermal layers. PVABM treated
wounds showed immature thin elastin fibres, suggesting delayed secretion or lesser
intense elastin fibres in the wounds. Visible elastin fibres were not found in the PVA
treated and control wounds. Similar observations on day 28 further validated the mature
deposition of ECM fibres in the regenerated tissue (Figure A3.3.). Controls groups
showed minimum ECM secretion (hydroxyproline and elastin) at all the time points as
compared to the wounds treated with nanofibrous mats (Figure 3.9.).

Among all treatments, ECM secretion was found to be significantly higher in the
wounds treated with PVAAA and PVAPR as compared to other groups on day 14 and
day 21, p <0.01. Time dependant increment in the concentration of hydroxyproline and
elastin suggested progression of wound healing and varied ECM deposition by all the
treatments. Significantly higher elastin secretion was found in PVAAA and PVAPR
treated wounds on day 14 and day 21 compared to PVA, PVABM and control, p <0.01.
Similarly, higher secretion of hydroxyproline was also found in the wounds treated with
PVAAA and PVAPR. There was no significant difference in the amount of
hydroxyproline produced in the wound beds on day 14 and 21, suggesting saturation in
the collagen deposition by 21 days, which indicated remodelling stage of wounds.
Progressively increased secretion of hydroxyproline from day 7 to day 21 in the control,

PVA and PVABM treated wounds indicated proliferative stage of wounds.
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Figure 3.8. (A, B) IHC images showing distribution of collagen type | and collagen type
I11in the healed tissue on day 21 respectively. (C-E) Stained ECM components — collagen
(MT), reticulin and elastin fibres deposited in the healed skin tissue on day 21; deposition
of mature elastin fibres (blue arrows) could be visible only in the healed tissue treated
with PVAAA and PVAPR.
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Figure 3.9. (A, B) Quantification of ECM components: hydroxyproline and elastin on
day 7, day 14 and day 21 post wounding (*p <0.05, **p <0.01).
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3.3.10. Wound breaking strength

Mechanical testing of the regenerated skin revealed strength of the new tissue formed in
the wounds after 4 weeks (Figure 3.10.). Control and PVA treated wounds broke at a
very early stage, giving 1.8 to 2 MPa YM and 20 — 30 % wound strength. The wounds
recreated by stretching of skin during the mechanical testing, were bigger in size, as
evidenced in the gross images. On the contrary, silk-based hybrid mats treatments,
significantly increased the wound strength. PVABM treated wounds showed 2.86 + 0.25
MPa YM and 39.12 + 4.34 % wound strength. PVAAA and PVAPR showed significantly
higher YM and wound strength (5 to 6 MPa YM and 55 to 63 % wound strength),
suggesting faster and improved wound healing within 4 weeks, p <0.01. Gross images
of stretched wounds also revealed that wound breakage occurred at the edge of healed
wound in case of PVAAA. This supported higher wound strength of tissue and wound

was not re-created on applying the force.
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Figure 3.10. (A) Determination of mechanical tensile strength of healed skin tissue by
measuring the wound break strength on day 28 (i) skin samples before measuring the
mechanical strength, (ii) samples at wound break point showing re-occurrence of
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wounds and (iii) morphology of samples after stretching. (B) Wound break strength of
healed tissues measured by taking UTS of intact unwounded skin as 100 %. (C) Young’s
Modulus of healed tissues by various treatments compared to normal unwounded skin
(*p <0.05, **p <0.01).

3.4. Discussion

Development of an efficient bioactive dressing material for wound healing applications
aims at stimulating the healing mechanism by various strategies. Wound dressings should
not only seal open wounds temporarily, but also provide a supportive substrate or matrix
that stimulate cells from nearby tissue towards wound repair. Successful wound healing
involves alleviation of infection, non-persistent inflammation, earlier cell recruitment
and organized ECM deposition for quick wound repair [6]. In our previous work as
described in chapter one, role of NMSF on accelerated healing of acute wounds and
organized ECM deposition in the repaired tissues was observed owing to the cell
interacting material properties [314]. The current study reveals benefits of NMSF based
wound dressing in treating chronic wounds in diabetic conditions. Hyperglycaemic
condition of wound bed impairs cell morphology, obstruct cell migration and de-stabilize
the matrix components [12]. Our approach is to trigger impaired healing mechanism of
diabetic chronic ulcers by providing suitable growth factor microenvironment along with
influencing the ECM deposition during the healing process, leading to complete wound

repair.

Structural advantage of nanofibrous format and incorporation of growth factors
and AMPs were the constant factors for comparative study among various silk based
nanofibrous wound dressings. Nanofibrous architecture of dressing substrate mimics the
natural ECM web, offering nanotopographical cues for enhanced cellular migration and
recruitment in the wound bed (Figure 3.1.). Our previous study also dealt with essential
physico-chemical properties of NMSF based mats for wound dressing applications like
rough surface nanotopology, ideal water vapour transmission rate (~2330 g/m?/day),
high elasticity (~2.6 MPa) and sustained drug release behaviour [314]. The present study
focuses on the healing effect of various nanofibrous mats under hyperglycaemic
conditions in diabetes. EGF, bFGF and LL-37 together showed 100 % recovery of
scratches by both types of cells, demonstrating synergistic role of the cocktail on

accelerating the cell migration (Figure 3.2.). Sustained release of such bioactive
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molecules through our developed wound dressing played crucial roles in rapid wound

re-epithelialization and cell proliferation.

Nanofibrous format of dressing patch provided advantage of sustained growth
factor delivery as compared to the topical application, in which growth factor may get
inactive due to rich proteolytic environment of chronic wounds. Dissimilarity in the
growth factor release patterns among various mats has been attributed to difference in
the SF protein sequences (Figure 3.3.A,B). Electrostatic interaction clearly played a
major role in growth factor release behaviour. The isoelectric point and overall
crystallinity of both mulberry and non-mulberry SF are similar as verified by the protein
sequence and FTIR spectroscopy in previous studies [314, 318]. However, the isoelectric
point of EGF (pl 4.78) and bFGF (pl 9.58) is considerably different. This justifies the
dissimilar release profile from the nanofibrous mats. Higher release of bFGF as
compared with EGF might be because of transient binding and diffusion due to opposite
charge interactions. Similar findings were observed in case of nerve growth factor with
pl 9.3, alike bFGF in another study [318]. However, other factors such as VVan der Waals
forces of interaction and hydrogen bonding may also influence the growth factor release
[256]. The difference in swelling capacity, which corresponded to the hydrophilicity and
hydrophobicity of mulberry and non-mulberry SF, in turn also affected growth factor
release. Hydrophilic nature of EGF and bFGF might induce increased interaction with
relatively more hydrophilic PVABM mat as evidenced by significantly lower growth
factor release. NMSF-based dressings released higher amount of growth factors, which

reinforced its potential as a wound dressing material.

The sequential healing process starting with haemostasis, going through
proliferative phase and ending with tissue remodelling revealed outstanding attributes of
PVAAA and PVAPR in wound healing applications. Open wounds often lead to elevated
bleeding, causing blood loss from the body. Therefore, development of haemostatic
wound dressings that induce rapid blood clotting is very important. More platelet
adhesion on NMSF based mats compared to other mats and surgical gauze demonstrated
their superior haemostatic property (Figure 3.3.D). High LDH activity on PVAAA and
PVAPR mats was due to the presence of cell binding ‘RGD’ sequences, attracting more
platelets. The results were in parallel with another study, where greater amount of platelet
interaction was observed with another non-mulberry SF variety A. mylitta, as compared
to BMSF due to the presence of intrinsic RGD sequences in Am protein [252].
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Bacterial colonization and biofilm development are commonly observed in
diabetic wounds owing to high glucose condition of wound bed, which obstruct the
healing process and aid in wound chronicity [319]. Bioburden on chronic wounds due to
the presence of polymicrobes has been evidenced from many studies, particularly in
diabetes condition [320]. Hence, it is of utmost importance to provide antibacterial
property in the dressing patch used to treat DFU. The nanofibrous mats loaded with LL-
37 exhibited effective antibacterial and antibiofilm activities against P. aeruginosa and
S. epidermidis, which commonly infect DFU (Figure 3.4.). In vivo wound-exudate study
revealed efficient bacterial prevention in the wounds by functionalized nanofibrous mats
even under the hyperglycaemic conditions, supporting potential of LL-37 in eradicating

polymicrobial infections.

The silk based nanofibrous dressing demonstrated accelerated wound healing,
also shown by early development of granulation tissue, angiogenesis and re-
epithelialization (Figure 3.5. and 3.6). Greater extent of angiogenesis shown by higher
number of blood vessels demonstrated highly vascularized wound bed, suggesting early
recruitment of endothelial cells by the NMSF based mats. Wound bed with high glucose
condition is known to alter the normal physiological functions of keratinocytes
hampering re-epithelialization during diabetic conditions [321]. Higher expression of
multiple cytokeratin proteins shown in the re-epithelialized skin treated with silk dressing
proved normal morphology of epithelial cells. On the contrary, control wounds and PVA
treated wounds could not re-epithelialize efficiently within 21 days. Further, balanced
ECM deposition is crucial for wound repair especially in the chronic wounds due to high
MMP concentration, which is responsible for ECM disintegration. Detrimental wound
physiology often leads to impaired ECM secretion, making it hard to heal. Therefore,

balanced secretion of various MMPs and ECM components becomes critical.

On co-relating the gene expressions of MMP 1, 2, 9, Col-1 and Col-I11l, the study
suggested greater extent of ECM remodelling during the wound repair process (Figure
3.7.). Higher MMP 1 expression along with higher Col-1 expression in the wounds
treated with silk dressings, suggested the simultaneous secretion and degradation of Col-
I fibres. MMP 1 is also reported to support re-epithelialization by helping the
keratinocytes to migrate over collagen type | provisional matrix, by degrading and
modulating the collagen fibres [322]. Higher MMP 1 expression on day 7 and day 14
supported faster re-epithelialization in the wounds treated with NMSF mats. Sustained
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increase in the expression of Col-I in all wounds, was a clear indicator of progression in
the wound healing process. The constant expression of MMP 2 in treated wounds,
pointed to its constitutive expression in wounds treated with nanofibrous mats. Higher
MMP 9 expression in control wounds signified prolonged inflammatory condition along
with higher degradation of basement membrane inhibiting re-epithelialization [323].
Higher Col-I1l expression in the wounds treated by silk based dressings on day 7,
signified early beginning of wound repair; since fibroblasts are known to secrete high
amount of Col-Ill, in the early proliferative phase. Lowered expression of Col-1l1 at the
later phases (day 14 and 21) may be explained as collagen turn over, or beginning of

tissue remodelling phase.

Variations in the morphology and amount of ECM fibres deposited in the healed
tissues further revealed the role of different SF based biopolymers on ECM deposition
and tissue remodelling (Figure 3.8.). The guidance provided by biomaterials during
tissue regeneration process influence ECM deposition to a greater extent owing to cell-
material interactions [265]. As discussed above regarding the upregulation and
downregulation of certain MMPs and collagen gene expression during wound healing
process; continuous ECM deposition, degradation, modulation of matrix and MMP-
ECM crosstalk were shown. Higher expression of both MMP 1 and Col-1 was supported
by the unaltered secretion of hydroxyproline in the wounds treated by NMSF dressings
(from day 14 to day 21). It also implied modulation of provisional granulation tissue,
towards a more resistant and mature dermal matrix. Presence of mature and thick
collagen bundles distributed homogeneously in the wounds treated by PVAAA and
PVAPR demonstrated better collagen deposition. Morphology of mature elastin and
reticulin fibres distributed underneath the epidermal layer of regenerated skin signified
role of NMSF in their early regeneration. Higher levels of elastin and hydroxyproline
quantified on day 7 and 14 further supported faster ECM deposition by PVAAA and
PVAPR mats (Figure 3.9.).

The ECM remodelling events further confirmed that the extent and quality of
ECM deposition is directly proportional to their physiological role, which was measured
by their maximum tensile strength (Figure 3.10.). Within 4 weeks, control wounds could
reach only 20 % tensile strength of intact skin, as also observed in another study [324].
In comparison to control and PVA treated wounds, wounds treated with silk dressing
showed higher wound strength, suggesting role of SF in organized secretion of ECM
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components. Gross images of stretched skin also signified some hidden wound strength
properties of different dressings. The wounds recreated on stretching the skin were bigger
and central to the wound area as seen in case of control, PVA and PVABM. On the other
hand, PVAAA treated wound was smaller in area and skin was torn off from the edge of
wound, instead of main central wound zone, thus supporting higher wound strength.
Similar result was found in case of PVAPR. The force required to break the wound
directly measures the effective deposited ECM fibres and crosslinked collagen fibres
present in the healed tissue. Further long-term study on the wound strength could reveal
more aspects of NMSF based mats on their wound healing and ECM deposition
properties. Among silk based nanofibrous mats, NMSF based mats represented potential
wound healing material to be used as a dressing patch for treating chronic diabetic
cutaneous ulcers. Thus, the present study addressed current unmet requirements of

wound dressings for complete wound repair and regeneration.
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3.5. Significant findings

The salient findings of this chapter are as follows:

1. The bioactive dressings thus developed provided vital support in enhancing cell
migration towards the wound bed, even under high glucose environment of
chronic wounds.

2. The combination therapy of EGF, bFGF and LL-37 triggered the healing process
of diabetic wounds through functionalized silk-based nanofibrous mats.

3. Sustained release of bioactive molecules helped in re-establishing the growth
factor pool of chronic wounds, thereby helping in stimulating the cells towards
tissue regeneration.

4. Occurrence of biofilm and bacterial colonization in the diabetic wounds were
effectively avoided by the human antimicrobial peptide incorporated in the
wound dressings.

5. NMSF based dressings demonstrated functional advantage of providing cell-
material interactions, which encouraged early angiogenesis, re-epithelialization
and regulated ECM remodelling, including organized deposition of collagen type
I, collagen type Ill, elastin and reticulin fibres. Greater wound strength of
regenerated skin further supported the influence NMSF based dressings on ECM
deposition.

6. Investigation of all the four phases of wound healing events occurring during the
repair process highlighted NMSF based mats as bonafide dressing material, with

great potential for treating compromised chronic wounds like DFU.

Based on the findings of the present study, it is evident that silk-based dressings provide
vital support in wound repair and regeneration. Further study in other wound models like
venous ulcers or pressure sores will be an interesting proposition to examine healing

efficacy of the developed dressings for treating various other types of chronic wounds.
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Chapter 4

Development of functionalized bioactive materials

using silk-silk interactions between silkworm silk

fibroin and recombinant spider silk variants

This chapter describes the methodology to functionalize silkworm silk matrices using
recombinantly produced spider silk fusion proteins for the fabrication of bioactive
constructs in the form of wound dressings and skin grafts. Herein, variety of SF matrices,
namely, coatings, nanofibrous mats and porous scaffolds are explored in the form of a
bulk material, which are further functionalized, representing successful development of

a potential multifunctional wound dressing material and cellular skin graft.
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ABSTRACT

Silk is considered to be a potential biomaterial for a wide number of biomedical
applications. Silk fibroin (SF) can be retrieved in sufficient quantities from the cocoons
produced by silkworms. While it is easy to formulate into scaffolds with favourable
mechanical properties, the natural SF does not contain bioactive functions. Spider silk
proteins on the other hand, can be produced in fusion with bioactive protein domains,
but the recombinant procedures are expensive and large-scale production is challenging.
Herein, we combined the two types of silk to fabricate affordable, functional tissue
engineered constructs for wound healing applications. To achieve this, nanofibrous mats
and microporous scaffolds made of natural silkworm SF were used as a bulk material,
which were top-coated with the recombinant spider silk protein (4RepCT) in fusion with
a cell-binding motif, antimicrobial peptides and a growth factor. For this, the inherent
silk properties were utilized to form interactions between the two silk types by self-
assembly. The intended function, i.e. improved cell adhesion, antimicrobial activity and
growth factor stimulation, could be demonstrated for the obtained functionalized silk
mats. As a skin prototype, SF scaffolds coated with functionalized silk were co-cultured
with multiple cell types to demonstrate formation of a bi-layered tissue construct with a
keratinized epidermal layer under in vitro conditions. Thus, the encouraging results
supported fabrication of an affordable bioactive SF-spider silk based biomaterial
matrices as potential wound dressings and skin substitutes.
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4.1. Introduction

Skin regeneration is an important challenge due to complexity of different kinds of
wounds as well as costly treatments. Wounds like diabetic foot ulcers, venous ulcers or
pressure sores are chronic wounds, where the healing process stalls due to the
pathophysiological conditions [12, 325]. Around 6.5 million people are suffering from
chronic wounds, with an estimated cost of $ 25 billions [10]. Increasing number of such
cases impose a great demand of effective solutions for healing at low cost. Other
traumatic wounds like full thickness burn wounds and lacerations impose a great threat
due to the significant skin loss and damaged tissue integrity [8]. Use of autografts,
artificial grafts, polymeric dressings, tissue engineered acellular grafts and other
therapeutic approaches have resulted in improved wound healing outcomes [1, 8].
However, the limitations of available grafts and wound dressings necessitate
advancement in the current technology. Another challenge in therapeutic approaches for
treatment of chronic wounds is to combat cellular senescence, bacterial bioburden and
prolonged inflammation [8, 12, 30]. Therefore, there is a great demand of bioactive
wound dressings or grafts, which not only stimulate cells for proliferation but also

provide antibacterial action; and thereby improve the wound healing process.

In this context, fabrication of functionalized scaffolds through various strategies
have emerged in the field of tissue engineering [303]. Due to lack of bioactivity in the
commercially available materials, researchers have resorted to the recombinant DNA
technology to functionalize protein-based materials [326]. As such, functionalized
recombinant spider silk proteins expressed in bacteria holds great potential for the
development of advanced biomaterials [213]. The recombinant partial dragline spider
silk protein 4RepCT (herein denoted as 4RC) is a self-assembling protein derived from
Euprosthenops australis [327, 328]. 4RC is a part taken from the natural spidroin, and
comprises four sequential repeats of poly-alanine/glycine-rich moieties and a non-
repetitive C-terminal domain [327, 328]. Further, 4RC possesses the property to self-

assemble into materials, which are suitable as cell culture matrices [326, 328].

The 4RC protein can be functionalized by means of recombinant DNA
technology, wherein the gene encoding a functional peptide sequence or a fold-
dependent protein domain can be fused to the silk gene [237, 300, 329]. For instance, the
recombinant technology has enabled fusion of functional motifs like antimicrobial
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peptides (AMP-4RC) and a cell adhesion motif from fibronectin (FN-4RC) to the partial
spider silk protein [237, 300]. The 4RC protein has shown promising results for tissue
engineering applications due to mechanical strength, non-immunogenicity and
biocompatibility of the matrices made thereof, and improved bioactivity when
conjugated with functional motifs [213, 235, 237, 300, 326]. However, due to rather
expensive production procedures and limited yields obtained from recombinant
expression systems, spider silk is less suitable as a bulk material for fabricating grafts or
tissue engineered organs in large scale. In order to efficiently develop bioactive grafts,
we resorted to use silk-assembly to combine a bulk of natural silkworm silk fibroin (SF)

with a top-coating of functionalized spider silk fusion proteins.

Silk has been explored in various biomedical applications like tissue engineering
and drug delivery during the last few decades [22, 23, 47, 249]. As an example, silk based
bilayer skin constructs have recently been developed by using SF nanofibrous matrix on
top of decellularized human amniotic membranes, and shown to guide scarless healing
of burn wounds [330]. Improvement of SF based constructs have previously been
performed by mixing or chemical coupling with bioactive compounds like growth
factors, antibiotics or other molecules [91, 331]. Here, we aim to immobilize functional
motifs on SF substrates in a facile and cost-effective manner by coating them with
bioactive spider silk fusion proteins instead. In our recent study, we already explored the
interactions between the recombinant spider silk protein 4RC with silkworm SF and
established a procedure for easy functionalization of the SF substrates with various 4RC
fusion proteins [332]. We could then conclude that 4RC and its functionalized variants
can self-assemble into stable coatings onto the SF substrates. Therefore, through the
present study, we aimed to fabricate multifunctional bioactive silk matrices using silk
assembly, which can be used as potential wound dressing and artificial skin graft. The
combined materials of silkworm SF and spider silk fusion proteins were thus selected to
gain cell-binding, antimicrobial and growth factor activity through the top-coating with

4RC fusion proteins.

This chapter demonstrates fabrication of silk constructs with bioactivity that is of
interest for advanced skin healing. For this, recombinant 4RC proteins fused with a cell-
binding motif from fibronectin (FN), a growth factor (FGF) or cationic peptides with
antimicrobial properties (AMPs), were used. We used two types of silkworm SF to
further look into the development of stable functional grafts. Bombyx mori, the mulberry
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silk variety, which is available world-wide and has been extensively explored as a
biomaterial for tissue engineering applications [23]. Antheraea assama, a non-mulberry
silk variety, which possesses excellent biocompatibility and has great potential in tissue
engineering, although less explored [214]. SF from both silkworm varieties holds
properties like biocompatibility, low immunogenicity, biodegradability and tunable
mechanical strength, which is essential for developing 3D tissue engineered products
[23, 24, 248]. The ease of processability and flexibility also allows fabrication of various
formats like films, sponges, nanofibrous mats, hydrogels, microparticles or nanoparticles
[23, 24, 248, 333]. Herein, we use the formats of thin coating, nanofibrous mats and 3D
porous scaffolds coated with spider silk protein as shown in the macroscopic and
macroscopic images (Figure A4.1. and A4.2.). The results of the study reveal an easy,
efficient and affordable way to develop functionalized constructs for tissue engineering

applications.

4.2. Materials and methods

4.2.1. Preparation of silk fibroin solutions

SF solutions were obtained from B. mori silk cocoons and A. assama silk glands
following the standard protocols [215, 227]. Briefly, B. mori cocoons were cut into small
pieces and subsequently washed using 0.02 M sodium carbonate solution in boiling water
to remove sericin. The degummed silk fibres were dissolved in 9.3 M lithium bromide
(LiBr) solution and incubated at 60 °C for 4 h. The solution was subsequently dialyzed
against water at room temperature (RT) using a cellulose dialysis membrane (12 kDa,

Sigma Aldrich) to obtain an aqueous BmSF solution.

A. assama SF was isolated directly from the silk glands of fifth instar larvae of
A. assama. The obtained silk protein was washed with distilled water thrice prior to its
dissolution in 1 % (w/v) aqueous SDS solution. The debris from the dissolved SF solution
was removed by centrifugation at 5000 rpm for 10 min at 4 °C. The supernatant SF
solution was collected and dialyzed against water using the 12 kDa cellulose dialysis
membrane for 4 h at 4 °C. The concentration of aqueous AaSF and BmSF solutions
obtained after dialysis was measured using gravimetric method. Both SF solutions were

further diluted to the desired concentration by adding water.
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4.2.2. Fabrication of SF coatings, nanofibrous mats and scaffolds

Silk coatings were fabricated using re-constituted SF solutions. The aqueous silk fibroin
solutions (AaSF and BmSF) were initially freeze-dried using lyophilizer Alpha 1-4 LD
plus (Martin Christ Gefriertrocknungsanlagen) and re-constituted back to the aqueous
state at the concentration of 1 mg/mL. The reconstituted SF solution was subsequently
diluted ten folds in 20 mM Tris (hydroxymethyl) aminomethane (Tris) buffer, pH 8.0.
The concentration of final SF solutions used for developing SF coatings was 0.1 mg/mL
in Tris buffer. The SF solutions were poured onto the wells of hydrophobic plates (TC
Plate 96 Well, Suspension, F, Sarstedt) and incubated for 1 h at 37 °C. The remaining

solution was collected and coated wells of the plate were used for cell culture studies.

Nanofibrous mats were prepared by blending the respective SF solutions with
poly(vinyl alcohol) (PVA) using electrospinning method [314]. Two types of
nanofibrous mats were prepared: one blended mat from BmSF + PVA solution (called
as BmSF mat herein) and another from AaSF + PV A solution (called as AaSF mat herein)
described as PVABM and PVAAA respectively in chapter 1. Blend of SF and PVA (1:4
w/w) solution was filled in the syringe and respective nanofibrous mats were fabricated
using electrospinning unit Super ES1 (E-spin nanotech). The instrument parameters for
the fabrication of mats were set as follows: voltage = 25 + 3 kV, flow rate = 0.800 +
0.100 mL/h, tip to collector distance (d) = 15 cm, and rotating speed of drum collector =
500 rpm. The fabricated as spun mats were treated with 70 % ethanol for 2 h for B-sheet
induction. Subsequently, the mats were washed four to five times with sterile water in
order to remove residual ethanol. Further sterilization was carried out on the wet mats

using UV radiation for 20-30 min on each side of the mat prior to cell culture studies.

Silk based microporous scaffolds were fabricated using well-established freeze-
drying technique [334, 335]. Briefly, 300 puL of 2.5 % (w/v) BmSF and AaSF solutions,
respectively, were poured into each well of a 24-well plate. The plates were frozen at -
20 °C overnight and then subjected to freeze dry for 24 h. The freeze-dried scaffolds
obtained as such were treated with 100 % ethanol for 1 h followed by 70 % ethanol for
6 h to induce B-sheets. The treated scaffolds were extensively washed with water four to
five times and were subsequently autoclaved in wet condition for sterilization prior to

use.
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4.2.3. Recombinant spider silk proteins and their coating on SF substrates

Recombinant spider silk proteins were provided from Spiber Technologies AB (Spiber®,
Sweden) and stored frozen in 20 mM Tris buffer, pH 8.0. Four types of recombinant
spider silk proteins have been used in the present study: FN-4RepCT (cell-binding motif
with the sequence CTGRGDSPAC from fibronectin fused to 4RepCT), Mag-4RepCT
(antimicrobial motif with the sequence GIGKFLHSAGKFGKAFVGEIMKS fused to
4RepCT), Lac-4RepCT (antimicrobial motif with the sequence
FKCRRWQWRMKKLG fused to 4RepCT) and FGF-4RepCT (fibroblast growth factor
(FGF2) with the sequence
AAGSITTLPALPEDGGSGAFPPGHFKDPKRLYCKNGGFFLRIHPDGRVDGVREK
SDPHIKLQLQAEERGVVSIKGVCANRYLAMKEDGRLLASKCVTDECFFFERLE

SNNYNTYRSRKYTSWYVALKRTGQYKLGSKTGPGQKAILFLPMSAKS fused to
4RepCT). Proteins were thawed, centrifuged briefly to remove aggregates, and diluted

in 20 mM Tris, pH 8.0 to obtain 0.1 mg/mL solutions.

The spider silk proteins (0.1 mg/mL solutions) were then coated onto the SF
coatings, mats and scaffolds following the below mentioned procedure. Briefly, for the
coatings format, pristine AaSF and BmSF coatings were first developed onto the wells
of hydrophobic plates as mentioned earlier. SF coatings were washed gently with Tris
buffer twice and spider silk solution was added to the wells. After the incubation of 1 h
at 37 °C, the excess spider silk solution was removed and the wells were again washed
three times with Tris buffer before cell seeding. Similarly, coating of spider silk on the
SF mats was also performed. The sterile nanofibrous mats were cut in circular shape to
fit in the well of 24-well plate (Sarstedt, suspension cells). The mats were then made wet
by incubating in sterile PBS for 30 min. Subsequently, PBS was removed and 100 pL of
spider silk solution was added on top of the mats. After incubating them at 37 °C for 1
h, the excess spider silk solution was removed and washed three times with Tris buffer
before cell seeding. For coating the porous SF scaffolds with spider silk, dip coating
method was applied. Briefly, sterile scaffolds (6 mm in diameter) were washed with 20
Tris buffer twice, submerged into the spider silk solution and incubated for 1 h at 37 °C.
The scaffolds were retrieved back from the spider silk solution, placed into transwells in

a 24-well plate and washed with Tris buffer twice prior to culturing cells. All the cell
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culture experiments on SF substrates were performed without prior conditioning with

media.
4.2.4. Cell culture on coatings and cellular assays

Human dermal fibroblasts of neonatal origin (HDFn, passage 6, ECAAC, Salisbury, UK)
and the human keratinocyte cell line HaCaT (Cell line service, Germany) were used for
cellular studies on various silk coatings. Five different types of silk coatings were
developed in the wells of 96-well HP plate. Three coatings of silk varieties were FN-
4RC, AaSF, BmSF. Two dual coatings developed were AaSF/FN-4RC and BmSF/FN-
4RC denoting to coating of FN-4RC on top of AaSF and BmSF coatings. Cells were
harvested with TrypLE Express (Life Technologies) when reaching a confluency of 80
— 90 % for subculture or experiments. DMEM nutrient mixture F12 ham (Sigma)
supplemented with 5 % foetal bovine serum (Sigma), penicillin (100 U/mL), and
streptomycin (100 pg/mL) was used for expanding and maintaining the culture of HDFn
and HaCaT cells. Cells were cultured with a density of 3500/cm? in each well of a 96
well plate and cell adhesion test was performed. Briefly, after 1 h of incubation in cell
incubator, the media was removed gently and the culture was washed with pre-warmed
PBS to remove non-adhered cells. The adhered cells were fixed using 96 % ethanol for
10 min and stained with 0.1 % crystal violet in H2O for 30 min. The wells washed with
water and cell adhesion was observed by taking micrographs at 2X and 10X
magnification in an inverted bright field microscope.

Next, quantification of cell proliferation and viability test was performed by
culturing cells on the coatings for a period of 7 days. Proliferation of cells cultured with
a density of 3500/cm? on various silk coatings was analysed by quantifying the reduction
of Alamar blue (Invitrogen) at specified time-points viz., 0, 2, 4 and 7 days. Briefly, the
spent media was removed from the culture, Alamar blue (diluted 1:10 in fresh medium)
was added and incubated at 37 °C for 2 h. The reduced dye solution was collected back
from the culture and fluorescence intensity of the solution was measured with a
fluorescence plate reader (CLARIOstar, BMG Labtech) using excitation at 544 nm and
emission at 595 nm. The experiment was terminated and cell viability was analysed on
day 7 using live/dead assay (Life technologies). Culture media was removed, washed
gently with PBS and live dead solution Calcein AM (4 uM) and ethidium homodimer (2
M) in complete medium was added. After the incubation for 20-30 min, the live dead
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solution was removed and samples were washed twice with PBS. Live cells appeared
green in colour owing to the active esterase activity upon treatment with Calcein AM
dye. The dead cells were visible in red fluorescence due to binding of
ethidiumhomodimer-1 dye to the DNA of dead and damaged cells. Imaging was done
using an inverted fluorescence microscope (Nikon Eclipse Ti) and whole well images

were taken at 2X magnification using NIS elements BR (Nikon).
4.2.5. Antibacterial and antibiofilm examination of coated SF mats

Lac-4RepCT and Mag-4RepCT spider silk variants were coated on the nanofibrous mats
as described above. Antibacterial action of spider silk coated nanofibrous mats was
evaluated against two skin infecting bacteria Staphylococcus epidermidis (SE) MTCC
435 and Pseudomonas aeruginosa (PA) MTCC 1688 obtained from Microbial Type
Culture Collection and Gene Bank (MTCC, IMTECH, India) in comparison with
uncoated mats. 10 pL of bacterial culture containing bacteria with cell density of 1 x 108
CFU/mL was withdrawn from the individual inoculums, which was further diluted with
990 pL of fresh nutrient broth (Himedia, India) before culturing onto the mats. The
nanofibrous mats immersed in 1 mL of bacterial suspension culture was incubated at 37
°C for 24 h in static condition. 100 uL of bacterial culture was withdrawn at specific time
points (1, 3, 6, 12, 18, 24 h) and analysed spectroscopically at 600 nm using multiplate
reader (TECAN infinite M 200 pro). Ampicillin (500 pg/mL) and Gentamicin (500
ug/mL) were used as the positive control for the gram-positive and gram-negative

bacteria respectively. Samples were taken in triplicates.

The experiment setup used for above experiment was carried further to examine
the anti-biofilm activity of mats using crystal violet staining. The bacterial culture in the
plates previously incubated for 24 h was removed; mats were washed gently with sterile
PBS and 99 % ethanol was added to fix the adhered bacteria or biofilm. The mats were
stained with 0.1 % crystal violet (Himedia, India) for 30 min and rinsed twice. Acetic
acid (30 %) was then added and incubated for 30 min at RT with gentle shaking. The
collected crystal violet solution was measured by taking absorbance at 595 nm using
multiplate reader (TECAN infinite M 200 pro) and plotted with respect to the biofilm

formed by bacteria cultured on uncoated mats.
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4.2.6. Cell culture on FN-4RC coated SF nanofibrous mats and cellular assays

AaSF and BmSF mats coated with FN-4RC denoted as AaSF/FN-4RC and BmSF/FN-
4RC respectively were first examined using HDFn and HaCaT culture. Uncoated AaSF
and BmSF mats were used as controls for the study. Cell seeding was performed as
described earlier with the density of 10000/cm? and culture was maintained for a period
of 14 days. Medium was changed every alternate day. Cell proliferation was quantified
by the reduction of Alamar blue at specified time-points, viz., 1, 3, 7, 10 and 14 days as
described previously. Similar set of experiment was performed and maintained for 7 days
to assess the cell viability by live/dead assay. Further, for morphological observations,
another set of similar experiment was maintained for 3 and 14 days. Briefly, the cultured
cells on various mats were washed with PBS and fixed with 4 % paraformaldehyde.
Blocking with 1 % BSA and permeabilization with 0.1 % Triton X 100 was done prior
to staining. Specific dyes for actin filaments and nuclei used for cell morphological
observations were: Phalloidin-Alexa Flour 488 diluted 1:500 and DAPI 1:1000
respectively. Samples were viewed under a Nikon Eclipse Ti inverted fluorescence
microscope and pictures were taken at 10 X magnification using NIS elements BR
(Nikon). All the experiments described in this section were performed using complete
media (with FBS) in cell incubator at 37 °C with 5 % COz and 95 % humidity.

4.2.7. Cell culture on FGF-4RC coated SF nanofibrous mats and cellular assays

To study the effect of FGF-4RC coating on SF mats, human umbilical vascular
endothelial cells (HUVEC) were used. Six different types of SF mats were developed:
uncoated AaSF, uncoated BmSF; FGF-4RC coated SF mats denoted as AaSF/FGF-4RC
and BmSF/FGF-4RC respectively; and combined coating of FN-4RC and FGF-4RC
proteins denoted as AaSF/FN + FGF-4RC and BmSF/FN + FGF-4RC. HUVECs were
expanded in gelatin coated T-75 flask using specialized media for endothelial cells
(endothelial cell growth medium (C-22010, Promocell containing 2 % fetal bovine
serum, PromoCell GmbH, Germany) prior to cell seeding. After spider silk coating on
SF mats, cells were seeded at the density of 10000 /cm? and maintained in medium
lacking supplemented growth factors and reduced serum (0.5 %) for 48 h in cell
incubator. Difference in the cellular activity among various mats after 48 h of culture
was evaluated using Alamar blue reduction assay. For morphological observation of
HUVEC after 48 h of culture in similar reduced serum (0.5 %) conditions, the cells were
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fixed and stained with Phalloidin-Alexa Flour 488 and DAPI as described in previous

section.
4.2.8. Cell culture in SF scaffolds and development of skin substitute

Co-culture of two or three cell types was carried out in the porous silk scaffolds for
developing in vitro skin construct. HDFn and HaCaT cells were maintained as described
before. Human dermal microvascular endothelial cells (HDMEC, PromoCell GmbH,
Germany) were expanded in gelatin coated T-75 flask using specialized media for
endothelial cells (endothelial cell media, containing 5 % FBS, PromoCell GmbH,
Germany). HDF and HDMEC were co-cultured in the scaffolds with the density of
20000/cm? and 2000/cm? respectively. The transwells were maintained in submerged
conditions and media was changed every alternate day. On the 7"" day of culture, HaCaT
were seeded at the density of 100000/cm? on top of the co-cultured scaffolds. The
transwells were air-lifted on day 2 after seeding HaCaT cells, i.e. 9" day of culture and
then maintained in such a way to provide air-liquid interface to the uppermost layer of
the scaffold. The culture was sustained for 21 days from the beginning; in which air-
liquid interface conditions were maintained for 12 days. The bottom layer was in
submerged condition to provide nutrition to the cells. The media used in the co-culture
study contained DMEM nutrient mixture F12 and endothelial cell media mixed in equal
volume. For control studies, scaffolds were co-cultured with HDF and HDMEC at the
same density without subsequent seeding of HaCaT cells.

4.2.9. Histological and immunofluorescence examination of the co-cultured

scaffolds

The cultured scaffolds were fixed using 4 % paraformaldehyde, stored in 20 % sucrose
solution and 25 pm thick sections were made using cryomicrotome (Leica). Both
transverse cross section and lateral sections were taken. The sections were stained with
haematoxylin and eosin (H & E; Sigma-Aldrich) for general morphological observations
following manufacturer’s protocol prior to antibody staining. Specific marker study was
performed by immunofluorescence using specific antibodies for epidermal layer. The
sections were incubated with 0.1 % Triton X 100 and 1 % BSA for permeabilization and
blocking respectively. Primary antibodies were used at the following concentrations:

mouse IgG1, unconjugated (BioSite, 10 pg/mL), mouse anti human Involucrin (SY5,
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Sigma, 10 pg/mL), rabbit anti human Keratin 5 (BioSite, 1 pg/mL), and rabbit anti
human Keratin 10 (Bio Legend, 5 pg/mL). After 30 min incubation with primary
antibody, the sections were washed with PBS and then secondary antibody (Alexa-Flour
488 goat anti mouse 1gG (Invitrogen, 4 pg/mL) was applied for 30 min. Counterstaining
was done using DAPI and incubated for 10 min. The slides were mounted and images

were taken using Nikon Eclipse Ti inverted fluorescence microscope.
4.2.10. Statistical analysis

All the experiments were carried out for n = 3 samples (replicates) unless otherwise
specified. Data were expressed as mean + standard deviation. Data analysis was done
using statistical software OriginPro 8 (Origin lab Corporation, USA) at both significant
(* p < 0.05) and highly significant (** p < 0.01) level. The significance level was
calculated by comparing the data between groups and within groups by performing one-

way analysis of variance (ANOVA) followed by Tukey’s test.

4.3. Results
4.3.1. Effect of combined silk coatings on skin cells

We first examined the effect of silk proteins on cell adherence by culturing skin cells on
various combined silk coatings through quick adhesion assay. A spider silk protein with
a cell binding motif from fibronectin FN-4RC was coated on top of SF coatings; whereas
pristine SF coatings (AaSF and BmSF) were used as control. The density of HDFn and
HaCaT cultured for 1 h was observed using crystal violet stain (Figure 4.1.). Coating
with FN-4RC resulted in a significant improvement in attachment of HaCaTs for both
types of SF (Figure 4.1.A). In contrast, a clear difference was not visible in case of HDFn
cells among AaSF and AaSF-FN (Figure 4.1.B), which might be due to the presence of
inherent RGD motifs in AaSF that binds to integrins of HDFn quickly. Lack of RGD
sequence in BmSF led to low binding of HDFn cells in comparison to BmSF-FN,

suggesting significance of spider silk coating.
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Figure 4.1. Quick adhesion study on various silk coatings using (A) HaCaT cells and
(B) HDFn cells stained with crystal violet. (i) Macrographs at 10X magnification
demonstrate density of cells after 1 h adhesion to various silk coatings. Scale bar
represents 100 um. (ii) Schematic representation of cell (green) attachment to pristine
SF coatings (beige) and FN-4RC (blue) coated SF coatings. The RGD loop present in
FN-4RC promotes cell binding.

To further investigate the ability of combined silk coatings to support cell growth,
we monitored the cultures with Alamar blue viability assay for 7 days (Figure 4.2.).
Hydrophobic plates intended for suspension cell culture were used throughout the study
to avoid the interference of cell attachment to the plastic. Therefore, barely any cell
proliferation was observed in the uncoated wells. In contrast, the wells coated with AaSF
or BmSF alone, as well as SF coated with FN-4RC, all showed cell viability and
proliferation. For HaCaT cultures, both types of SF coatings covered with FN-4RC
outperformed the pristine AaSF and BmSF coatings, suggesting a high impact of FN-
4RC on cell proliferation. This further validated the results obtained from quick adhesion
study. For HDFn, cultures on pristine BmSF showed significantly lower proliferation
than other groups on day 7, p < 0.01. Except that, there was no significant difference in
the cell proliferation among all the groups. A live dead assay performed after 7 days of

culture further validated higher cell density on FN-4RC coatings at the end time-point.
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Figure 4.2. Effect of FN-4RC coated SF on the proliferation and viability of (A, B)
HaCaT and (C, D) HDFn cells, seeded at 3500/cm? density. (i) Alamar blue viability
assay graphs of cells cultured on silk coatings for 7 days, ** represents p < 0.01. HP
represents the uncoated wells. Micrographs of live (green)/dead (red) stained cells after
culture for 7 days on (ii) pristine SF coatings and (iii) FN-4RC coated SF coatings. Scale
bar represents 1000 pm.

4.3.2. Functionalization of SF mats with antimicrobial peptides conjugated to spider
silk

To prevent bacterial colonization in case of chronic wounds, we further targeted to
functionalize the developed SF mats with antimicrobial activity. For this purpose, we
coated the mats with spider silk fusion proteins containing the cationic AMPs Magainin
I (Mag-4RC) and Lactoferricin (Lac-4RC), respectively. We selected two of the major
skin infecting bacteria, P. aeruginosa and S. epidermidis, to investigate antibacterial
action of SF mats coated with Mag-4RC and Lac-4RC (Figure 4.3.). The anti-biofilm
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action of the coated mats was examined by estimating bacterial adhesion on mats using
crystal violet staining after 24 h of bacterial culture on the mats (Figure 4.3.B). A
significantly higher O.D.sgsnm Observed by crystal violet staining demonstrated almost 5-
fold increase in bacterial population on uncoated mats as compared to the coated mats (p
<0.01).

We further measured bacterial growth to see the effect of AMP-silk on both types
of bacteria growing on coated and uncoated SF mats (Figure 4.3.C,D). Both types of
bacteria continued to grow on the uncoated mats during 12 h. In contrast, the coated mats
(both Mag-4RC and Lac-4RC) were found to be highly efficient in decreasing bacterial
growth (p < 0.01). However, significantly higher O.D.s00nm Was observed for the coated
mats in comparison to the positive control i.e. an antibiotic drug in solution. This
suggested that the AMP-4RC coated SF mats slowed down the bacterial growth but did
not kill the bacterial population completely. In summary, the coating with recombinantly
produced spider silk in fusion with Mag or Lac allowed a facile method to functionalize

SF mats with antibacterial motifs.
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Figure 4.3. Antibacterial assay on nanofibrous SF mats coated with 4RC conjugated
with Mag or Lac cationic peptides. (A) Schematic representation shows the function of
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Mag-4RC or Lac-4RC that had been assembled onto SF nanofibrous mats. (B) Anti-
biofilm assay using crystal violet staining shows significantly less biofilm formation on
the spider silk coated SF mats compared to uncoated mats, p <0.01. (C, D) Growth curve
of bacteria inoculated at 1 x 10° CFU depicts significantly lower bacterial growth on the
spider silk coated SF mats compared to uncoated mats; p < 0.01. Spider silk conjugated
with AMPs slowed down the bacterial growth. The positive controls, antibiotic drugs
Gentamicin and Ampicillin (500 pg/mL), showed significantly lower bacterial growth
than the AMP-silk coated SF mats, p < 0.01.

4.3.3. Functionalization of SF mats with FN-silk

Here, we first used the recombinant spider silk 4RC conjugated with the cell binding
motif from fibronectin FN-4RC to investigate cellular behaviour of fibroblasts and
keratinocytes on the coated mats. Alamar blue viability assay revealed differences in the
proliferation of fibroblasts and keratinocytes when cultured on the SF mats coated with
FN-4RC compared to uncoated SF mats (Figure 4.4.A,B). Significantly higher
proliferation of HaCaT was observed on AaSF/FN-4RC and BmSF/FN-4RC compared
to the respective uncoated mats, suggesting a considerable impact of FN-4RC (p <0.01).
For HDFn cultures, highest proliferation was observed on AaSF/FN-4RC mats from day
1 to day 7 (p < 0.01). In addition, BmSF/FN-4RC showed higher proliferation in
comparison to both uncoated AaSF and BmSF mats up to day 10, suggesting affirmative
bioactivity of FN-4RC coated SF mats (p < 0.01). Higher fluorescence values were
obtained from coated mats, depicting significantly higher cell adhesion already 24 h after
cell seeding (p < 0.01). To further look into it, we examined the morphology of HDFn
and HaCaT after day 3 of culture (Figure 4.4.C,D).

Similar type of extended cell morphology was observed for HDFn on uncoated
AaSF mats, probably due to the RGD sequence present in the AaSF protein. This implies
a higher degree of cell adhesion of HDFn, as observed by the protrusions of cells all
around the mats. In contrast, cells with narrow and constricted cell morphology were
found on uncoated BmSF mats, while extended cells were found on BmSF mats coated
with FN-4RC. Morphological differences of HaCaTs on SF mats on day 3 attested the
variation of cellular behaviour between coated and uncoated SF mats. The results were
also validated by the cell viability test performed on day 7, where coated mats showed a

higher density of live cells in comparison to uncoated mats (Figure 4.5.). After 14 days
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of culture a similar cell density was observed on all the mats, suggesting good

biocompatible properties of all individual silk proteins (Figure 4.6.).
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Figure 4.4. Two weeks-cell culture study on SF nanofibrous mats coated with FN-4RC.
Alamar blue viability assay graphs depict difference in the proliferation of (A) HDFn
and (B) HaCaT seeded at 10000/cm? density on FN-4RC coated and uncoated SF mats.
AaSF/FN-4RC mats demonstrated highest proliferation of both cell types compared to
other mats onday 1, 3 and 7, p < 0.01. Morphological examination of (C) HDFn and (D)
HaCaT on various mats after 3 days of culture. Cytoskeleton (f-actin) was stained with
AlexaFluor Phalloidin (in green) and nucleus was stained with DAPI (in blue). Scale bar
represents 100 um.
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Figure 4.5. Live/dead assay of (A) HDFn and (B) HaCaT seeded at 10000/cm? density
after 7 days of culture on FN-4RC coated and uncoated SF mats. Scale bar represents
100 pm.
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Figure 4.6. Morphology of (A) HDFn and (B) HaCaT cells cultured on SF mats for 14
days. Cytoskeleton was stained with AlexaFluor Phalloidin showing f-actin (in green)
and nuclei were stained with DAPI (in blue). Scale bar represents 100 pum.

4.3.4. Functionalization of SF mats with FGF conjugated spider silk

Next, we coated SF mats with 4RC genetically fused to a fibroblast growth factor FGF-
4RC, to examine the response of endothelial cells. HUVECs were cultured on SF mats
with and without coating with FGF-4RC, in media without supplemented growth factors
and in reduced serum (0.5 %). By quantifying the metabolic activity of adhered cells and
observing morphological differences after 48 h, we investigated the effect of FGF-4RC
coatings on the SF mats. Alamar blue viability assay performed after 48 h showed a

higher cellular activity on the SF mats coated with FGF-4RC compared to uncoated mats
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(p<0.01) (Figure 4.7.A). A significantly higher proliferation of HUVEC on AaSF/FGF-
4RC compared to BmSF/FGF-4RC was also revealed (p < 0.01). Next, to investigate the
effect of a combination of both FN-4RC and FGF-4RC, we coated SF mats with a
mixture of both types of spider silk fusion proteins, and examined their synergistic effect
on HUVEC culture. Combined coatings with FN-4RC and FGF-4RC demonstrated 4-
fold higher adhesion of HUVEC in comparison to AaSF coated with only FGF-4RC.
Morphological observations of HUVEC cultured on the SF mats with combined coatings
indicated enhanced cell activity due to FN-4RC and FGF-4RC (Figure 4.7.B,C). In
comparison to uncoated mats, the coated mats showed a high cell density of HUVECs
with extended cytoskeleton and spread out morphology.
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Figure 4.7. Effect of FGF-4RC in combination of FN-4RC on HUVEC cells. (A) Alamar
blue viability assay graph depicts quantitative measurement of the cell population
adhered on coated and uncoated SF mats after 48 h culture of HUVECs in medium
without supplemented growth factors and low serum (0.5 %). Combined coating of FN-
4RC and FGF-4RC showed almost 4-fold higher cell activity in comparison to only FGF-
4RC coating. (B, C) Morphology of HUVEC cultured on coated and uncoated mats after
48 h culture, captured at 20X and 10X (inset) magnification. Cytoskeleton (f-actin) was
stained with AlexaFluor Phalloidin (in green) and nuclei were stained with DAPI (in
blue). Scale bar represents 100 pm.

4.3.5. Functionalization of SF scaffolds and co-culture of cells into a 3D skin graft

In order to simulate the bilayer structure of skin, we utilized porous architecture of 3D
silk scaffold by co-culturing necessary dermal and epidermal cells in vitro. Dermal bed
was first prepared by co-culturing skin derived HDFn and HDMEC in the FN-4RC
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coated SF scaffolds. After 7 days of co-culture, we further seeded HaCaT on top of the
cultured scaffolds, and provided an air-liquid interface for keratinization and
development of epidermal layer, as represented in the schematic image (Figure 4.8.A).
Cellular proliferation in the co-cultured scaffolds was confirmed using Alamar blue
viability assay (Figure 4.8.B).

The combination of HDFn and HDMEC proliferated well in the co-culture
system, as observed by the control scaffolds where HaCaT cells were not seeded. An
abrupt rise in the growth profile was observed by day 10, was due to the highly
proliferating HaCaT cells, which were seeded at 5 times higher density compared to
HDFn after 7 days of culture. The higher intensity observed on day 10 also demonstrated
that the air-liquid interface provided on the 9" day of culture did not lead to any
substantial cell death or other abnormality. The coated SF scaffolds contained cell
populations densely distributed throughout the scaffolds, in comparison to the low
cellular density found in the uncoated scaffolds (Figure 4.9.). Proliferation of all the
three cell types was higher in AaSF/FN-4RC and BmSF/FN-4RC as compared to pristine
AaSF and BmSF scaffolds, probably due to the cell binding motif from fibronectin
present in FN-4RC.

A HaCaT @ Keratinization in air-liquid interface
seeding on top l
(@) —
Co-culture ——— Air-lifting
of HDFnand | g 0 ¢ on day 9
HDMECin | o & o
SF Scaffold ) ) N )
B
L
i) = 100000
() & (ll)/i Z 30000, —=— AaSF/FN-4RC + HaCaT
g 75000 4 / i 25000+ ' g | O BmSF/EN-RC + HaCaT
: ¥ 3 aSF “aT
§ 3 .g 200004 " / :%** —¥— AaSF + HaCaT
= 2 ~—<— BmSF + HaCaT
£ 50000- 'E 15000 —
3 D e ~—&— AaSF/FN-4RC
5 [ 2 10000 —<— BmSF/FN-4RC
w 25000 ‘2
2 ‘2 5000 AaSF
e = :
= 3 =] a —&— BmSF
= 0 : , : ; Sy, e 0 5 10 15 20 25
0 5 10 15 20 25 ! Time (d)
Time (d) T

Figure 4.8. (A) Schematic representation of the development of a skin graft by co-
culturing various cell types on SF scaffolds coated with FN-4RC. (A.i) The co-cultured
scaffolds (HDFn: HDMEC 10: 1) were maintained in immersed conditions, seeded with
HaCaT (5 times density with respect to HDFn) on top at day 7; air-liquid interface
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conditions were provided from day 9 to day 21. (A.ii) Co-cultured scaffolds without
subsequent HaCaT seeding and maintained in submerged conditions for 21 days were
used as control. (B) Alamar blue viability assay performed on the (B.i) Bilayered
scaffolds and (B.ii) Control scaffolds depicted cell proliferation for a period of 21 days.

AaSF/FN-4RC

A Ry By ¥

Figure 4.9. H & E stained lateral sections of coated and uncoated SF scaffolds after 14
days of culture, showing distribution of cells all over the scaffolds in the co-cultured
conditions. FN-4RC coated SF scaffolds demonstrated higher cell density in comparison
to pristine SF scaffolds. Scale bar represents 100 pm.
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Figure 4.10. Immunostainings on cross-sections of co-cultured scaffolds depicts
prominent cytokeratin markers: keratin 5, keratin 10 and Involucrin (in green) in the
coated scaffolds. (A) FN-4RC coated AaSF scaffolds showed more prominent and even
keratinization in comparison to (B) BmSF counterpart. 1gG represents isotype control.
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Counterstaining of nuclei was performed with DAPI (in blue). Scale bar represents 100
pm.

To investigate keratinization in the co-cultured silk scaffolds, three cytokeratin
markers: Keratin 5 (K5), Keratin 10 (K10) and Involucrin (Inv) were studied (Figure
4.10.). A confluent cell multilayer was clearly visible on top of the AaSF/FN-4RC
scaffolds. The upper layer appeared continuous with few gaps among the cells. Just
beneath this layer, cells appeared with interspaces between the pores of the silk scaffold
and showed dermal like structures with intact pores for further cellular growth and
migration. In contrast, BmSF/FN-4RC scaffolds showed discontinuous epithelial
inclusions or relatively thin epithelial layer. AaSF/FN-4RC scaffolds thus seemed to
provide better structural support compared with BmSF/FN-4RC scaffolds, leading to
higher cell attachment, growth and maturation of keratinocytes on the uppermost layer.
Concurrent mature layers expressing K5, K10 and Inv, thus resembling neo-epidermis,
was apparent in AaSF/FN-4RC scaffolds. Involucrin was clearly visible on the

uppermost layer of AaSF/FN-4RC scaffolds.

4.4. Discussion

Our aim is to fabricate ‘bioactive matrices’ that mediate cell-material interactions and
contains cues for rapid cellular recruitment and stimulation. Such biologically active
systems hold great potential in developing ‘interactive materials’, through which tissue
regeneration can be promoted at a much faster rate. Improvement of tissue engineered
grafts have previously been performed by linking various bioactive compounds to the
grafts via click chemistry, enzyme mediated coupling or chemical reactions in several
studies [336, 337]. Our strategy is to functionalize SF bulk material using spider silk
assembly, without any chemical reaction to avoid the toxicity associated with reagents
and by-products. By coating the silkworm SF matrices with desired functionalized spider
silk fusion protein, we could successfully develop multifunctional wound dressing and

bioactive scaffold.

The quick adhesion assay revealed clear effects of different silk coatings on early
cell attachment (Figure 4.1.). Higher cell density observed on SF coated with FN-4RC
compared to pristine SF coatings revealed that FN-4RC promotes adherence of
fibroblasts and keratinocytes. For HDFn, there was a clear effect of FN-4RC on BmSF

153
TH-2133_ 136106012



Discussion Chapter 4

but no marked difference between pristine AaSF and AaSF/FN-4RC. Here, the adherence
of HDFn onto pristine AaSF was almost as good as on AaSF/FN-4RC, possibly due to
the presence of an inherent RGD motif in the AaSF sequence but lacking in BmSF, as
has been discussed previously. However, culture of HaCaT cells revealed significant
difference in the attachment and proliferation between AaSF and AaSF/FN-4RC,
indicating improved cellular activities due FN-4RC coating over AaSF. The RGD cell
binding motif in FN-4RC is presented in a turn loop, which mimics the natural
conformation present in the full-length fibronectin protein [300]. The results from these
adhesion studies supports previous findings that cells prefer RGD motifs present in a
loop format as in fibronectin rather than the linear RGD present in AaSF [300]. This was
further corroborated by the long-term culture for 7 days, which demonstrated that the SF
coated with FN-4RC showed enhanced cell viability and proliferation (Figure 4.2.). The
difference in the cell density among various coatings was probably due to that FN-4RC
provides a natural integrin-ECM interaction to the cells. The RGD motif found in the
tenth type I11 domain of native fibronectin is the best characterized cell-adhesion ligand,
and binds to almost 50 % of the receptors in the integrin family [300, 338]. Overall, the
functional bioactive motifs from fibronectin was thus efficiently provided to SF bulk

material via spider silk fusion proteins.

Chronic wound care is one of the most challenging tasks in the global healthcare
system. Impaired healing process and bacterial colonization in chronic wounds make
them hard to heal [339]. One way to treat such wounds is to eradicate bacterial infection
and prevent biofilm formation [339]. Keeping this in mind, we aimed to functionalize
the developed SF mats with antimicrobial activity. For this purpose, we coated the mats
with spider silk fusion proteins containing the cationic AMPs Magainin | (Mag-4RC)
and Lactoferricin (Lac-4RC), respectively. Both types of AMP-silk coatings on SF mats
were shown to be capable of inhibiting biofilm development and bacterial growth
(Figure 4.3.). Bacteria residing in the wound biofilms often develop resistance to the
immune system and antibiotic drugs, which in turn aggravate the wound chronicity [263,
339]. Currently, the common strategy to combat infection involves loading of antibiotic
drugs or silver nanoparticles in dressing material [91, 263, 312, 336]. Due to the
emerging increase in resistance towards conventional treatments, novel antibacterial
interventions are needed [340]. AMPs are gaining interest as an alternative to antibiotics,

since they are part of the innate immune system of most multicellular organisms, with
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less propensity of inducing resistance among microbes [340]. AMPs are short cationic
peptides that commonly interact with the outer membrane of microbes causing disruption
and leakage, although various mechanisms have been reported for different AMPs [340,
341]. The natural AMPs found in human system, like LL-37 and defensins, are activated
during infection and promote the wound healing process [311, 316, 342]. Other AMPs,
like Magainin (Mag) and Lactoferricin (Lac), are well known for their antibacterial
activity [343, 344]. Lac is homologous to the natural cleavage product of the mammalian
glycoprotein Lactoferrin, which is a part of the innate immune response [344, 345].
Lactoferrin has been shown to modulate cellular behaviours to favour the wound healing
process [344]. Thus, application of AMPs in treating infected wounds is a new approach

to cope with drug resistance.

Another challenge in treating chronic wounds is to combat cellular senescence
and promote cell migration [12]. Chronic wound physiology is different from that of
acute wound due to multiple factors e.g. lack of growth factors, abnormal cellular
response and obstruction in cell migration [12]. An ideal wound dressing should possess
physical properties like integral stability, swelling capacity for exudate absorption and
moisture retention to create desirable environment favourable for healing process [314].
In addition, if the dressing is made of biomaterials containing cell binding peptides or
growth factor peptides it helps in developing an “interactive matrix” by guiding cell
behaviour through specific cell-material interactions [7, 8, 303]. Considering all these
properties, we used SF based nanofibrous mats with well-studied physical and biological
properties as demonstrated in previous chapters. The SF mats were then functionalized
by a coating of spider silk fusion proteins aimed to improve the cell-interactive
properties. Both types of SF mats coated with FN-4RC showed higher cell proliferation
rate with extended morphology of cells (Figure 4.4.). Cellular proliferation at initial time
points (day 1 to day 3) is highly critical from the wound healing perspective, as it also
depict cellular adherence and growth of cells from the very beginning. The apparent
demarcation on uncoated BmSF mats in terms of cell morphology is probably due to the
lack of cell binding sites, also in line with the lower proliferation of cells. Nevertheless,
extended morphology of spread out cells on the FN-4RC coated mats demonstrates the
bioactivity of FN-silk rendered to the coated SF mats. Similar behaviour was observed

for HaCaT cells as well.
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FGF is an important factor for angiogenesis and granulation tissue development
during the wound healing process [6, 7]. FGF mediated signalling on endothelial cells
results in rapid angiogenesis and is also responsible for up-regulation of ovf3 integrin
[346, 347]. Therefore, next we coated SF mats with FGF-4RC to examine the response
of HUVEC cells. The Alamar blue viability assay performed after 48 h showed higher
cellular activity on the SF mats coated with FGF-4RC compared to uncoated mats,
suggesting positive effect of the spider silk coatings (Figure 4.7.). The RGD motif
derived from fibronectin is known to interact with the integrin receptors present on
endothelial cells and promote cell adherence [300]. The results presented here indicate
that a combination of FGF-4RC and FN-4RC may lead to rapid and augmented
angiogenesis. By examining the behaviour of three of the cell types present during wound
healing, we can confirm that functionally active mats have been achieved. In addition,
we show that functionalization of silk with antimicrobial motifs helps in preventing
biofilm formation and bacterial colonization. Thus, the basis for construction of a multi-
biofunctional ‘silk to heal’ dressing with potential for treating chronic wounds has been
developed.

The observed higher cellular activity on AaSF mats coated with spider silk
compared to BmSF counterpart could be attributed to two factors: 1). Additional RGD
sequences present inherently in the AaSF protein and 2). Higher physical adsorption of
spider silk fusion proteins on AaSF mats, which provide more functional motifs to the
AaSF based substrate [214, 332]. Spider silk fusion proteins tend to self-assemble more
quickly and strongly to AaSF in comparison to BmSF, likely due to amino acid sequence
similarity between AaSF and 4RC. Both these proteins contain long polyalanine blocks,
which attribute to higher silk interaction between AaSF and 4RC, as observed in our
previous study [214, 332]. In contrast, lower interaction of 4RC fused proteins with
BmSF leads to overall lower cell binding sites on BmSF coated mats and hence, attribute
to lower cellular adhesion compared to AaSF coated mats. Thus, bioactivity of the spider
silk fusion proteins was successfully delivered to the bulk SF material even when using

a low concentration (0.01 %) of the functionalized 4RC silk variants.

Scaffold architecture plays a major role in developing artificial grafts not only for
mimicking the native structure, but for also providing structural and mechanical cues to

the cells [334, 348]. For the development of a skin substitute, a porous sponge is more
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suitable in comparison to electrospun mats due to limitations in the pore size provided
by the nanofibrous mats. Skin is a complex structure comprising almost 20 different cell
types and migration of cells within the construct is an important criterion to consider
while developing a skin substitute [34, 143]. Herein, we successfully demonstrated
development of a keratinized bilayer skin construct by co-culturing three cell types in SF
scaffolds coated with functionalized spider silk. The Alamar blue viability assay
validated cellular proliferation in the co-cultured scaffolds (Figure 4.8.). Analysis of H
& E stained lateral sections of the co-cultured scaffolds further validated presence of
high density of cells in the scaffolds (Figure 4.9.). The coated SF scaffolds contained
cell populations densely distributed throughout the scaffolds, in comparison to the low
cellular density found in the uncoated scaffolds, indicating positive effect of coating on
the scaffolds. Further validation of keratinization in the epidermal layer was corroborated
by various cytokeratin markers (Figure 4.10.). The K10 is a late differentiation marker
represented by the suprabasal keratinocytes in the neoepithelium; whereas, K5 is an early
differentiation marker represented by the basal keratinocytes [91, 349]. Involucrin is a
marker of terminally differentiated keratinocytes and cornified epidermis [350]. The
prominent keratinization in AaSF/FN-4RC scaffolds relative to the BmSF counterpart
was probably due to more available RGD motifs and higher adsorption of spider silk in
the AaSF scaffolds. In just 21 days of culture, of which 12 days in air-liquid interface
environment, SF scaffolds coated with spider silk showed promising results for the

development of bilayer skin substitute.

Functionalization of SF scaffolds with spider silk fusion proteins not only
provided bioactivity to the construct but also promoted functional development of a skin
graft. In previous reports, mesh based on native dragline spider has been used for
culturing of keratinocytes and shown to support keratinization of epidermal layer [351].
However, fabrication of such constructs needs a high amount of native spider silk fibres,
which is a major limitation. By coating the bulk SF substrate with a low concentration
(0.01 %) of recombinant spider silk, we circumvented the shortage of spider silk and
could efficiently use the properties of the functionalized spider silk protein. This facile
methodology may reduce the cost of artificial grafts many folds owing to the
inexpensiveness of SF bulk material. Our approach of coating silkworm SF scaffolds
with functionalized 4RC silk via physical adsorption further overcomes the drawbacks

of chemical based crosslinking techniques. The simplistic technique of coating
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functionalized spider silks on the SF substrates might thus be used for construction of
bioactive scaffolds for tissue engineering applications. Functionalization of SF substrates
can also be done as per the requirement using single or many 4RC fusion proteins like
AMP, FN, FGF or a combination of all. Taken together, the various bioactivities of SF
constructs coated with functionalized 4RC will provide the composite material a great
advantage in healing complex cutaneous defects like diabetic foot ulcers or burn wounds.
The encouraging results on both nanofibrous mat and porous scaffold format led to the
development of ‘silk to heal’ bioactive wound dressings and cellular tissue engineered
skin grafts. These tissue-engineered models, especially human skin-equivalents, may
also be used as an alternative to animal testing for laboratories or industries to study the
effect of cosmetic chemicals on skin as a preclinical step at a much affordable cost.
Further investigation of these bioactive constructs may be performed under in vivo

conditions to unfold their healing properties and study cell-material interactions in future.
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4.5. Significant findings
The salient findings of this chapter are as follows:

1. Using silkworm SF as a bulk biomaterial, different formats could be easily
designed such as, coatings, nanofibrous mats and microporous scaffolds. The
inherent silk assembly of recombinant spider silk fusion proteins enabled
chemical-free functionalization, thereby leading to a cost-effective production
process.

2. The bioactive moieties like the cell-binding motif from FN, the growth factor
FGF2 and the AMPs - Lac and Mag were easily applied to SF substrates via
spontaneous silk assembly. This facilitated intended functions of improved cell
adhesion, growth factor stimulation and antibacterial activity to the dressing
material.

3. The coated silk mats provided necessary cues for cellular adhesion and
proliferation, a pre-requisite for a wound dressing material. Culture of fibroblast,
keratinocytes and endothelial cells revealed higher adhesion and proliferation of
all cell types on the coated SF mats. Thus, multi-functional mats with
antibacterial and cell recruiting properties were projected as a potential candidate
for treating complex chronic wounds.

4. Dermo-epidermal grafts developed using co-culture of skin cells on the spider
silk coated SF scaffolds demonstrated bilayer tissue formation with a keratinized
epidermal layer under in vitro conditions.

5. The encouraging results revealed an easy, efficient and affordable way to develop

functionalized constructs for skin regeneration applications.

Considering the large availability and versatility of SF bulk material and the various
bioactivities that can be provided by coating with spider silk fusion proteins, this chapter
reveals a simplistic approach to the fabrication of bioactive dressings and scaffolds as
tissue engineering products. The encouraging outcomes of the study further motivated
us to validate the healing efficacy under in vivo conditions, which have been discussed

in details in the next chapter.
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Chapter 5

Investigation of recombinant spider silk coated silk

based constructs in treating chronic diabetic wounds

and full-thickness burns

This chapter illustrates the potential of bioactive silk constructs developed by combining
silkworm silk and functionalized spider silk fusion proteins in healing complex cutaneous
wounds like diabetic foot ulcers and 3™ degree burn injuries. Two types of constructs,
namely, nanofibrous mats and microporous scaffolds are examined for their wound
healing efficacy using specific animal models. The study validates the potential of
bioactive silk matrices in faster repair of cutaneous wounds as hypothesized in previous

chapter.
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ABSTRACT

Complex cutaneous wounds like diabetic foot ulcers and 3™ degree burn injuries
represent a critical clinical challenge in the current scenario. The substantial increase in
the number of patients suffering from such conditions demands a large-scale and low-
cost strategy in addition to effective treatments. Herein, we investigated the efficacy of
developed bioactive constructs made up of silk biomaterials in treating diabetic and burn
wounds through specific animal models. Nanofibrous mat and microporous scaffold of
Antheraea assama SF (AaSF) were functionalized with recombinant spider silk fusion
proteins through silk-silk interactions to fabricate bioactive matrices for wound healing
applications. The AaSF matrices with a top-coating of functionalized spider silk variants
demonstrated accelerated wound healing properties in comparison to the uncoated
counterpart. In vivo diabetic rabbit model used to examine healing efficiency of
functionalized silk mats revealed excellent skin regeneration in comparison to the
commercially used Duoderm dressing and untreated wounds. Similar results are obtained
with functionalized freeze-dried silk scaffolds when applied on the burn wounds via one-
step grafting in rat animal model. The spider silk coatings demonstrated improved
granulation tissue development, enhanced angiogenesis, early re-epithelialization and
matrix remodelling in both types of studies. The results thus validated the potential of

bioactive silk matrices in faster repair of diabetic and burn wounds.
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5.1. Introduction

Skin, the largest organ of our body, acts as a protective physical barrier against the
outside environment and harmful chemicals or biological agents [352]. Skin injuries
impose a great threat to the health of patients, as the body gets exposed to harsh external
environment and deadly pathogens. Diabetic patients often suffer from chronic cutaneous
wounds due to pathophysiological conditions like neuropathy, and abnormal cellular
activity [12]. Unlike small acute wounds, which are healed by the self-repair mechanism
of skin tissue, chronic wounds fail to heal by themselves and wound chronicity
progresses with time unless treated in an efficient way [8]. In addition, dermal wounds
represent a major healthcare problem owing to an increasing number of trauma and burn
cases. Burn injuries and chronic wounds affect more than 11 million and 6.5 million
people respectively every year, leaving millions of patients with disability, distress and
discomfort [9, 10]. The wound chronicity in case of cutaneous ulcers often ends up with
limb amputation surgeries [19]. Despite a variety of currently available treatments,
healing of complex wounds is still a great challenge due to the poor clinical outcomes
[353]. Towards this goal, we aim to develop bioactive matrices that accelerate the healing

process of various types of severe wounds.

Diabetic wounds are difficult to manage owing to the extreme level of wound
chronicity, hyperglycemia and bacterial infection [12]. Similarly, large trauma wounds
and burn injuries become necrotic and wound healing process obstructs at the very initial
phase [1, 17]. In such conditions, fibroblasts and blood capillaries fail to invade the
wound site, preventing development of a contractile granulation tissue [17]. Cell
migration, angiogenesis and proliferation of connective tissue are the critical
determinants of initial stage of wound healing [28]. In this context, extensive research is
being carried out in the field of tissue engineering to enhance the cell migration and cell
adherence through functional biomaterials [7]. Biomaterials like fibrin, present in the
natural provisional matrix contains fibronectin, which supports cell adhesion, spreading
and proliferation through its cell binding motifs [26, 354]. Such biomaterials are in high
demand that confer physical connection between cells and matrix, and also mediate
biochemical signals controlling cell growth, proliferation and migration. The matrix
should not only provide mechanical support but should also be conducive to rapidly

recruit host cells and thereby guide the tissue regeneration [8]. Development of acellular
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tissue-engineered constructs, which mimic the attributes of wound provisional matrix is

therefore very challenging.

To mimic the cell binding domains of fibronectin, we utilized recombinant spider
silk protein 4RepCT (4RC) by functionalizing it with bioactive domains. 4RC is a partial
dragline silk protein derived from Euprosthenops australis spiders and produced via
Escherichia coli bacterial system with the help of recombinant DNA technology (RDT)
[327, 328]. The spider silk (4RC) protein and its various variants (also known as silk
fusion proteins) have inherent self-assembling property, making them a suitable
component for matrix fabrication [213, 237, 326, 328]. One variant of 4RC utilized in
the present study is FN-4RC, which is the functionalized spider silk containing RGD
loop of fibronectin (FN) and possesses integrin mediated cell binding properties [235,
300]. The FN-4RC is well-explored recombinant spider silk fusion protein and has shown
excellent binding with various cells like fibroblasts, keratinocytes and endothelial cells,
as shown in our previous study (chapter 4) [355]. Further, to combat the bacterial
infections, an antimicrobial motif containing spider silk fusion protein (Lac-4RC) was

applied using similar technology to achieve antibacterial activity of lactoferricin.

To efficiently use the functionalized spider silk proteins, we used them in form
of a thin coating on top a biocompatible bulk substrate made up of silk fibroin (SF)
biomaterial. SF with favorable biocompatibility and biodegradable properties could be
easily functionalized with spider silk fusion proteins owing to the inherent silk-silk
interactions [332, 355]. In our previous chapter, we validated bioactive properties of such
functionalized silk matrices in promoting higher cell adhesion and rapid cellular
recruitment under in vitro conditions. We developed interactive biomaterials by coating
functionalized spider silk proteins on SF bulk platform. Interactions of spider silk
variants with two types of SF proteins, namely, Bombyx mori SF (BmSF) and Antheraea
assama SF (AaSF) were examined in our previous work. The study revealed enhanced
interaction of 4RC variants with the AaSF platform through various physical and
biological assays [332, 355]. The previous observations under in vitro study provided us
evidences about the efficacy of developed constructs under in vivo systems. Therefore,
in the present study, we used only A. assama silk fibroin (AaSF) based matrices as bulk
platform and coated them with spider silk fusion proteins to develop bioactive matrices
for wound healing applications. We selected AaSF based nanofibrous mats and
microporous scaffolds and applied them in the form of wound dressing and bio-artificial
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skin. The nanofibrous mats were developed and characterized for wound dressing
applications, particularly for chronic diabetic wounds. On the other hand, microporous
scaffolds were designed for application in skin grafting, where they could be implanted
through one-step surgery on burn wounds. In this work, we hypothesized that the
functionalized SF matrices in their respective format may have a promising wound
healing impact on both types of wounds, namely, diabetic wounds and third degree burns.
The results of this study validated our hypothesis and provided suitable treatments for
burn injuries and diabetic foot ulcers at an affordable cost.

5.2. Materials and methods
5.2.1. Isolation of Antheraea assama silk fibroin

To isolate AaSF, 5" instar A. assama silkworms procured from local sericulture farms of
Assam in India were sacrificed. AaSF was directly isolated from the silk glands of larva
according to previously described protocol [227]. Protein was carefully extracted out
from the glands using forceps. The isolated silk protein was gently washed multiple times
and then dissolved in 1 % (w/v) sodium dodecyl sulphate (SDS) (Himedia, India)
aqueous solution. Subsequently, the dissolved silk solution was dialyzed against distilled
water using a 12 kDa cellulose dialysis membrane (Sigma-Aldrich, USA) for 4 hat 4 °C
with frequent water change after every hour. The aqueous solution of AaSF thus obtained

was 3 % (w/v) as measured by the gravimetric method.
5.2.2. Fabrication of AaSF nanofibrous mats and microporous scaffolds

Silk based nanofibrous mats were fabricated as previously established [314]. Solutions
of AaSF (3 % wl/v) and poly(vinyl alcohol) (PVA) (13 % wl/v; procured from
LobaChemiePvt. Ltd., India) were blended in equal volume to achieve a ratio of 4:1
(PVA: SF) (w/w) with an optimum viscosity for electrospinning to obtain smooth
nanofibrous mat. Following parameters were applied to the electrospinning instrument
(E-spin nanotech, India) to ensure electrospinning of a AaSF-PVA blend solution:
voltage = 25 + 3 kV, flow rate = 0.800 = 0.100 mL/h, tip to collector distance (d) = 15
cm and rotating speed of drum collector = 500 rpm. Subsequently, $-sheet in the AaSF
electrospun mat was induced by incubating it in 70 % ethanol for 2 h. The nanofibrous

mat thus fabricated was washed four to five times with sterile water to remove residual
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ethanol. To further sterilize, the nanofibrous mat was placed under ultraviolet (UV) lamp

for 20—30 min prior to coating process.

Silk based microporous scaffolds were fabricated as previously established [355].
Microporous scaffolds of AaSF 2.5 % (w/v) were fabricated using freeze drying
technique. Briefly, 300 uL of AaSF solution was poured into each well of a 24-well plate,
kept frozen at - 20 °C for 12 h and then subjected to lyophilization for 24 h. The freeze-
dried AaSF scaffolds thus obtained were immediately treated with ethanol for B-sheet
induction. The scaffolds were incubated in 100 % ethanol for 1 h, followed by 70 %
ethanol for 6 h. Subsequently, the scaffolds were washed with sterile water multiple times

and autoclaved in wet condition for sterilization prior to coating process.

5.2.3. Functionalization of AaSF mats and scaffolds using recombinant spider silk

proteins

Two types of recombinant spider silk fusion proteins were used to coat the SF
nanofibrous mats, namely, FN-4RC (cell-binding motif with the sequence
CTGRGDSPAC from fibronectin fused to 4RepCT) and Lac-4RC (antimicrobial motif
of lactoferrin with the sequence FKCRRWQWRMKKLG fused to 4RepCT). Both the
recombinant spider silk fusion proteins were provided from Spiber Technologies AB,
Sweden. The recombinant proteins were diluted in 20 mM Tris, pH 8.0 to obtain 0.1
mg/mL solutions prior to their coating. Dip coating method was performed wherein the
pre-wet AaSF nanofibrous mats were dipped into spider silk solution and incubated at
37 °C for 1 h. Subsequently, the spider silk solution was removed and matrices were
washed with Tris buffer twice. Similarly, scaffolds were also coated with spider silk
protein using the above-mentioned dip coating method. The scaffolds were coated with
only one type of recombinant spider silk fusion protein i.e. FN-4RC; whereas
nanofibrous mats were coated with both FN-4RC and Lac-4RC. Both the coated mats

and scaffolds were stored in wet conditions at 4 °C prior to applying on the wounds.

5.2.4. In vivo study design in diabetic animal model and treatment with nanofibrous

mat dressing

The animal experiments in diabetic animal model were performed in accordance with
““Principles of laboratory animal care” from the Institutional Animal Ethical Committee,
West Bengal University of Animal and Fishery Sciences, West Bengal, India (Permit
No. Pharma/IAEC/136 dated 30.6.2014). Thirty-six New Zealand white healthy rabbits
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(1.5 — 1.8 kg) were acclimatized one week prior to study. Diabetic conditions were
induced in all the animals using Alloxan based treatment following the standard protocol.
Briefly, Acepromazine (1 mL/kg) was administered subcutaneously in order to sedate
the rabbits and hair at the back of their ears were shaved off. Required dose of Alloxan
in 30 mL saline (Sigma-Aldrich, USA) (150 mg/kg) was subsequently administered at a
rate of 1.5 mL/min via ear vein. Following the Alloxan treatment, rabbits were given
water containing glucose (12 g/L) for a period of 48 h to ensure induction of diabetes
condition. Diabetes disease in the animals was confirmed by checking the blood glucose
using test strips and meter (Accuchek test advantage meter, Accu-chek advantage Il
strips, Roche Diagnostics, U.K.). Alloxan treated rabbits with blood glucose level more
than 300 mg/dL were considered as diabetic or hyperglycaemic animals in comparison
to the normal healthy rabbits (glucose level 120-150 mg/dL). The diabetic condition of
rabbits was monitored for a period of 4 weeks prior to commencing the wound healing
experiment. The animals were then randomized into three groups for time points (day 7,
day 14 and day 21). For anaesthesia, animals were given a cocktail dose of saline
containing xylazine hydrochloride (6 mg/kg) (Xylaxin®, Indian Immunologicals, India)
and ketamine hydrochloride (33 mg/kg) (Ketalar®, Parke-Davis, India) while

performing the experiment.

During the wound creation process, proper aseptic conditions were taken and hair
of mid thoraco-lumbar region of dorsal surface were shaved off. Skin was wiped with 70
% ethanol and full thickness wounds were created using a biopsy punch of 12 mm
diameter. A total number of six wounds were created in each rabbit corresponding to
each treatment: 1) Uncoated AaSF mat, 2) AaSF-FN (mat coated with FN-4RC), 3)
AaSF-Lac (mat coated with Lac-4RC), 4) AaSF-FN-Lac (mat coated with both FN-4RC
and Lac-4RC), 5) Positive control group taken as commercially available Duoderm
wound dressing (DD) and 6) Untreated group (UNT). The Duoderm dressing (ConvaTec
Duoderm extra thin CGF dressing) used in the study was procured from Ortho Care Pvt.
Ltd. through amazon online store (https://www.amazon.com). All the dressing patches
were replaced with fresh ones after every three days till 12 days post-operation. Glucose
level of all the animals was monitored regularly and found to be in the range of 300 to
350 mg/dL throughout the study. No abnormality was found during the surgery or post-

operation and animals were separately placed in individual cages.
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5.2.5. In vivo study design in burn injury model and treatment with microporous

scaffolds

The animal experiments on third degree burn injury model were performed according to
the ethical approval received from ‘Institutional Animal Ethics Committee (IAEC)’,
Guwahati medical college and hospital, Guwahati, Assam, India (CPCSEA under the
“Principles of laboratory animal care approval no. MC/916/2017/4”, Registration No.
351, 3/1/2001). Female wistar rats were procured from National Institute of Nutrition,
Hyderabad, India weighing 200-250 grams each and were 6-7 weeks old. To create third
degree burn model, standard protocol was followed on the rats and animals were
acclimatized for 7-10 days in the animal house prior to experiment [356]. Anaesthesia
condition was given to the animals by administering a cocktail dose of Ketamine (80
mg/kg) and Xyalazine (12 mg/kg) (K-X cocktail) via intraperitoneal route. Third degree
burn injury was inflicted without effecting surrounding and underneath organs using an

instrument set-up following an optimized protocol [356].

An instrument consisting of soldering iron fitted with a cylindrical aluminium
head of 1 cm diameter was used. A variable autotransformer was connected to the
soldering iron to achieve precise control on the temperature of aluminium head. On
setting the output of autotransformer to 120 V, necessary temperature of 80 °C was set,
which was measured by a Type K temperature probe attached to a digital thermometer.
Third degree burn wound was inflicted on each rat by placing head of the device at 90°
angle to the skin for 15 sec. The skin was folded parallel to the supporting platform to
avoid any thermal insult to the deep tissues. Infliction of third-degree burn was validated
by histological examination of burn skin in comparison to normal skin (Figure A5.1.).
The animals were divided into three groups of 3 time-points (day 7, 14 and 21). Each rat
was given only one wound and treatment groups were as follows: 1). Uncoated AaSF
scaffold, 2) AaSF-FN (scaffold coated with FN-4RC), 3) Positive control group taken as
commercially available Duoderm (DD) wound dressing and 4) Untreated group (UNT).
Each group contained four animals (n = 4). The Duoderm dressing (ConvaTec Duoderm
extra thin CGF dressing) used in the study was procured from Amazon online store.
Grafting of scaffolds was performed following clinical practices and established protocol
[48]. The injured burn tissue was excised out using a biopsy punch (1 cm diameter) after
48 h of burn infliction. Wounds were washed with sterile saline following debridement
and scaffolds of wound-specific size were applied. To ensure attachment of scaffolds to
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the wound site, three skin staples were applied, which were subsequently removed after
3 days of application. The wounds with various treatment were also covered with an
occlusive and transparent Tegaderm dressing for protection from infection and
prevention from drying. Total three doses of antibiotic Ceftriaxone (20 mg/Kg) and
analgesic Meloxicam (5 mg/Kg) were given to all the animals via intramuscular route on
every alternate day till day 7. In addition, the top dressings of Tegaderm was changed
and grafted wounds were cleaned after every 2-3 days till 10-11 days. All the animals
were placed in separate cages and monitored daily.

5.2.6. Wound healing estimation

Wound healing efficacy of various treatments was evaluated by measuring the wound
size of diabetic wounds. Photographs of the wounds taken periodically were analysed
using Image J software, which measured the wound diameter and wound area. Following

formula was used to calculate the wound closure:
Wound area (%) = AYA X 100 .....oiiiiiiiie e (5.1)

Where A: was the area of wound at time (t) and A was the wound area at the time of

wound creation.
5.2.7. Histological study

Histological examination was performed by collecting the skin biopsies at pre-defined
time points, viz., day 7, 14 and 21 post-wounding. The biopsies of healing tissues were
washed with sterile saline and preserved using 10 % neutral buffer formalin (NBF;
Sigma-Aldrich USA). Subsequently, the tissue samples were washed with sterile water
4-5 times and dehydrated using a series of graded ethanol. The dehydrated samples were
then embedded in hot paraffin wax and blocks were made. Sections of 5-10 um thickness
were prepared using tissue microtome (Leica) and put on glass slides. The sections were
stained with haematoxylin and eosin (H & E) according to the manufacturer’s protocol.
General morphological observations of wound healing were carried out by microscopic

analysis using bright field microscope (EVOS FL, Life technologies, USA).
5.2.8. Immunofluorescence staining

Similar type of paraffin embedded tissue sections (5-7 um) prepared from skin biopsies

were used for immunofluorescence study. Briefly, the sections were rehydrated using
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series of graded ethanol and permeabilized with 0.1 % Triton X-100 in PBS for 10 min.
Subsequently, blocking was done using 1 % bovine serum albumin (BSA) by incubating
for 1 h. The sections were then incubated with specific primary antibody for 1 h at 37
°C. Angiogenesis in the healed tissues (collected on day 7) was determined by staining
the sections using anti-CD31 (for rabbit samples) and anti-vWF (for rat samples)
procured from Abcam, UK. As secondary antibody, goat anti-rat IgG conjugated with
Phycoerythrin (Sigma-Aldrich, USA) was used. Counter staining of nuclei was done by
Hoechst 33342 (Invitrogen, USA). Images were taken using a fluorescent microscope
(EVOS FL, Life technologies, USA).

5.2.9. Immunohistochemistry assay

The tissue sections made from the skin biopsies were further analysed by IHC.
Evaluation of cytokeratin 10 (CK 10) and cytokeratin 14 (CK 14) was performed using
IHC kit (Vectastain Elite Universal ABC Kkit, Vectors lab, U.K.). The sections were
rehydrated prior to incubating in blocking serum for 30 min at RT. Subsequently, primary
antibodies (anti-CK10 and anti-CK14) were applied on the sections for 1 h at 37 °C. The
sections were then incubated with biotinylated universal secondary antibody. After
washing, the ABC reagent containing avidin-horseradish peroxidase was applied to the
section and incubated for 30 min at RT. Finally, Peroxidase substrate 3,3'-
diaminobenzidine (DAB) reagent was applied, which developed a brown reaction
product. The sections were then counterstained with haematoxylin to stain nuclei and
incubated for 15 min prior to dehydration and mounting. To examine matrix remodelling,
the sections of healed tissues collected on day 21 were analysed following the similar
process using monoclonal primary antibody against collagen type I (Col I) and collagen
type I (Col 1) procured from Abcam, U.K. The images were taken using the bright field

microscope.
5.2.10. Gene expression study

To determine the gene expression of ECM related proteins, skin biopsies were collected
on specific time points, viz., day 7, 14 and 21 and preserved in —20 °C using RNA later®
(Sigma-Aldrich, USA). The tissue was homogenized in TRIzol reagent (Sigma-Aldrich,
USA) and mRNA was isolated following the standard protocol. Briefly, the homogenized
tissues were incubated with TRIzol reagent for 30 min at RT and centrifuged at 13,000

rpm for 10 min in 4 °C. mRNA was collected from the supernatant obtained.
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Subsequently, chloroform was added to the mRNA containing solution and centrifuged
at 13,000 rpm for 15 min at 4 °C. The upper aqueous phase was collected in fresh tube,
which contained mRNA and then treated with isopropanol. The mixture was then
centrifuged again and mRNA pellet was obtained. The mRNA was further dissolved in
RNAase free water and concentration of mMRNA was measured. Complementary DNA
(cDNA) was synthesized using reverse transcription kit (Applied Biosystems, USA) and
PCR equipment (Takara, Japan) according to the manufacturer’s instructions. Real-time
PCR reactions were performed on the obtained cDNA using SYBR Green PCR
Mastermix (Applied Biosystems, USA). Primers listed in Table 5.1. were used for
examining the gene expressions. Rabbit primers were used for diabetic wound samples
and rat primers for burn wound samples. The expression of collagen type I, collagen type
Il and glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) mRNA transcripts was
analysed. The average threshold cycle (Ct) value of a gene of interest (GOI) obtained
after the real time reaction was normalized against that of GAPDH gene. Further,
fold change of GOI transcript levels between the sample groups were compared with
control (untreated group) following the formula: fold change = 224, where AACt =
ACt(sample) - ACt(controy and ACt = Ctcol) - CtcarpH).

Table 5.1. Primer sequences used for the gene expression study.

Target gene Primer Sequence
Rat GAPDH F 5-TGACTCTACCCACGGCAAGTTCAA-3’

R 5'-ACGACATACTCAGCACCAGCATCA-3
Rat Col-I F 5-GCGAAGGCAACAGTCGATTC-3°

R 5-ACTGTCTTGCCCCAAGTTCC-3'
Rat Col-111 F 5-TGATGGGATCCAATGAGGGAGA-3’

R 5-GAGTCTCATGGCCTTGCGTGTTT-3'
Rabbit GAPDH F5-TCGGCATTGTGGAGGGGCTC -3’

R 5-TCCCGTTCAGCTCGGGGATG -3'
Rabbit Col-I F 5’- CCTGGCACCCCAGGTCCTCA -3’

R 5’- TCGCTCCCAGGGTTGCCATC -3’
Rabbit Col-111 F 5'- AAGCCCCAGCAGAAAATTG -3°

R 5'- TGGTGGAACAGCAAAAATCA -3'
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5.2.11. Statistical analysis

All the in vivo experiments were performed for n = 4 animals on each time point.
Quantitative data were expressed as mean * standard deviation as calculated by
Microsoft Excel. Further data analysis was carried out using statistical software Origin
9.0 (Origin lab Corporation, USA) at both significant (* p <0.05) and highly significant
(** p < 0.01) levels. The data between groups and within groups was compared at
significance level by performing one-way analysis of variance (ANOVA) followed by
Tukey’s test. Histological examination of the in vivo explanted samples was performed
by analysing the microscopic images using Image J software and images were captured
at least 5 fields per section.

5.3. Results
5.3.1. Rationale of the study

Development of functionalized matrices using interactions between silkworm SF and
recombinant spider silk fusion proteins has previously been shown in chapter 4. AaSF
matrices decorated with top-coating of spider silk proteins demonstrated increased
attachment, viability and proliferation of various cell types in different formats like
coatings, nanofibrous mats and porous scaffolds under in vitro conditions in our previous
work [355]. Herein, to further investigate the effect of such functionalized matrices in
various wound healing applications under in vivo conditions, we used them as wound
dressings or skin grafts and examined their healing efficacies. This was accomplished by
creating the specific wound models in animal systems and applying the suitable silk
dressing for further treatment.

Two separate wound models, namely, diabetic and burn animal models were used
for different formats of silk matrices. We developed diabetic wound model in rabbit
animals and examined healing efficacy of various coated and non-coated nanofibrous
silk mats when applied as wound dressings (Figure 5.1.). Burn wound model was created
in rat system and healing efficiency of porous scaffolds was investigated when applied
as bioengineered skin grafts through one-step grafting surgery. We performed two
separate studies using different animal models according to the approved ethical

clearances for both. As controls, commercially available dressing Duoderm (DD) was
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used as positive control and untreated wounds (UNT) were taken as negative control in
both the models. Through a comparative study with the uncoated counterpart, the effect
of spider silk coating on AaSF matrices was investigated on the healing outcomes,
making the study first of its kind showing impact of spider silk in skin regeneration.

5.3.2. Wound healing efficacy of AaSF nanofibrous dressings coated with
recombinant spider silk in treating diabetic wounds

Full-thickness back-skin wounds of diabetic rabbits treated with various dressings were
investigated by measuring the wound area through gross wound images (Figure 5.2.).
AaSF nanofibrous mats, uncoated and coated with different types of spider silk fusion
proteins, were applied in the form of primary dressing patch on the wounds and changed
every 3 days. The macroscopic appearances of the wounds demonstrated different
healing profile among various treatments (Figure 5.2.A). Among the treated wounds,
spider silk coated AaSF mats (AaSF-FN, AaSF-Lac and AaSF-FN-Lac) promoted
wound healing at a much faster rate in comparison with the uncoated counterpart and
control group. Quantitative measurement of the wound area showed significant
difference in the size of wounds treated with coated mats in comparison to other groups
at the initial time-points (day 6 and 9) (Figure 5.2.B). Wound area calculation on day 3
also revealed interesting results; AaSF-Lac and AaSF-FN-Lac demonstrated equivalent
healing efficacy with 78 + 4.11 and 77 + 3.52 % remaining wound area respectively.
AaSF-FN showed 93 * 3.82 % remaining wound area, higher than other coated groups
but lower than uncoated AaSF and control groups.

This clearly depicted significance of different spider silk coatings and their
healing profile on diabetic wounds. Among all treatments, AaSF-FN-Lac demonstrated
the fastest healing owing to dual coating of FN-4RC and Lac-4RC fusion proteins, as
wounds were healed within 12-14 days. Treatment with the dressing patch of AaSF-FN
and AaSF-Lac resulted in 15-18 % remaining wound area on day 12. In contrast, the
corresponding values for AaSF, DD and UNT were 24 + 2.09, 69 + 6.45 and 88 + 6.39
% respectively. This also indicated higher wound healing efficacy of uncoated AaSF mat
in comparison to the control groups, validating the regenerative properties of silkworm
SF. Spider silk coating on SF further enhanced the healing profile by providing additional
bioactivity from fibronectin (FN) and lactoferrin (Lac). The results thus indicated
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beneficial effects of bioactivate spider silk fusion proteins in combination with AaSF silk
mat in diabetic wound healing.
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Figure 5.1. Schematic representation of the experimental design depicting: (A) The
methodology to fabricate bioactive silk dressings and (B) The strategy of treating
cutaneous wounds in a diabetic rabbit model using silk dressings; diabetes condition
was established for 28 days prior to wounding, dressing was changed every 3" day till

day 12, and groups were terminated on day 7, 14 and 21 as represented by (T) in the
image.
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Figure 5.2. (A) Representative gross images of wounds showing wound morphology by
different treatments at various time-points during the course of diabetic wound healing;
scale bar represents 10 mm. (B) Graphical representation of wound area at various time-
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points calculated using Image J software demonstrating wound closure rate by different
treatments, ** represents p < 0.01.

5.3.3. Histological examination of diabetic wounds

We further evaluated the extent of wound healing through histological analysis of tissue
sections collected at various time-points (day 7, 14 and 21). The changes in the wounded
tissue were clearly observed in different treatment groups by H & E staining (Figure
5.3.). On day 7 post-operation, a growing granulation tissue filling the wound cavity were
found in the wounds treated with silk dressings, in comparison to the control groups,
where a dried scab mass covered the wounds. Development of thick and mature
granulation tissue was evident in wounds treated with AaSF-FN-Lac mats, showing
vascularized tissue with regular distribution. Wounds treated with AaSF, AaSF-FN and
AaSF-Lac mats developed immature granulation tissue, as depicted by the loose collagen
matrix and small blood capillaries in the tissue (Figure 5.3.A). In contrast, a delayed
onset of healing was observed in the untreated wounds (UNT), as the granulation tissue
was not developed and wounds were covered with dried scab of dead tissue. Wounds
treated with DD dressing demonstrated a thin layer of tissue matrix, thus showing signs

of healing with growing granulation tissue.

On day 14, wounds treated with spider silk coated dressings exhibited moderate
to complete epidermal regeneration; whereas the other groups did not show epidermal
covering, indicating a slow healing rate (Figure 5.3.B). AaSF-FN-Lac promoted
complete re-epithelialization, as the wounds were covered with a thick epidermal layer
when treated with mats coated with both FN and Lac. The other spider silk coated mats
(single coating of FN/Lac) did not show complete re-epithelialization, but a growing
epithelial tongue was clearly observed, as depicted by the green arrows in the images.
This further validated an accelerated wound healing rate by the treatment of spider silk

coated mats.

On day 21, a clear difference in the regenerated skin tissue could be seen among
various treatments by the extent of re-epithelialization and dermal organization. Wounds
treated with AaSF-FN and AaSF-FN-Lac mats demonstrated a well-formed collagen
matrix with structural integrity in the dermal layer (Figure 5.3.C). In comparison,
wounds treated with uncoated AaSF mats and AaSF-Lac showed loose collagen matrix

in the dermal region, indicating remnants of granulation tissue, depicting the wounds in

176
TH-2133_ 136106012



Results Chapter 5

remodelling stage. All the treated wounds were completely re-epithelialized, but not the
untreated (UNT) wounds, where a delayed healing process could be validated. Overall,
the spider silk coating on SF mats resulted in more favourable and accelerated wound
healing, characterized by mature skin regeneration and well-formed epidermal and

dermal layers.

AaSF-FN AaSF-LaC AaSF-FN-Lac

Granulation tissue

assessment on
day 7 (4X)
&
(20 X)

Wound healing
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day 14 (4X)

(20 X)

Re-epithelialization &
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day 21 (4X)
&
(20 X)

Figure 5.3. Histological analysis of H and E stained sections of wounded tissues,
depicting extent of healing by various treatments in diabetic wounds. (A) Granulation
tissue development in the wounds treated by silk mats at early stage (day 7). (B)
Commencement of re-epithelialization in the wounds treated with spider silk coated silk
mats, shown by growing epithelial tongue (highlighted by green arrows). (C)
Regeneration of mature dermal and epidermal layers in all wounds, except the untreated
wounds. Images at 4X (scale bar represents 1000 um) magnification represent histology
of cross section of wound tissue; 20X images (scale bar represents 200 um) of the
selected portion represent magnified view of the section.

5.3.4. Assessment of angiogenesis and re-epithelialization of diabetic wounds

Angiogenic response is the most important step in the healing process, especially in an
initial phase. The newly formed blood capillaries during angiogenesis are the only means
of nutrients and oxygen supply to the growing granulation tissue during the wound
healing process. Early vascular network in the granulation tissue is also considered a
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good sign of healing progression. Therefore, we analysed neo-vascularization in the
regenerated skin tissue on day 7 post-operation by immunohistological staining of wound
sections using CD31 marker of endothelial cells (Figure 5.4.A). Among all treatments,
wounds with AaSF-FN-Lac and AaSF-FN mats showed higher number of blood
capillaries, as also observed in the histological examination presented in figure 5.3,
thereby validating more recruitment of endothelial cells due to presence of the
fibronectin motif in FN-4RC.

Wounds treated with AaSF-Lac mats showed mixed population of blood
capillaries and endothelial cells in the granulation tissue. In wounds treated with
uncoated AaSF mats and DD dressings, a comparatively lower number of blood
capillaries were observed, although their presence demonstrated growing granulation
tissue. In contrast, UNT wounds did not show mature blood capillaries, which might be
due to the absence of granulation tissue, as also observed in H & E images. Quantification
of blood vessels in the granulation tissue further validated the angiogenic potential of
silk mats, especially the ones coated with FN-4RC (Figure 5.4.B). The wounds treated
with spider silk coated mats showed significantly higher vessel density in comparison to
the wounds treated with uncoated AaSF mat and DD dressing, p < 0.01. The study thus
demonstrated that the spider silk coatings enhance neo-vascularization and recruitment
of endothelial cells during the early phase of wound healing.

The H & E images provided clues of early onset of epidermal regeneration in the
wounds treated with spider silk coated dressings; therefore, next we evaluated the keratin
markers (epithelial protein) to further investigate re-epithelialization on day 14 and day
21 using two cytokeratin (CK) markers, namely CK 10 and CK 14 (Figure 5.5.).
Suprabasal expression of CK 10 was clearly observed in the mature epidermis even on
day 14 in the case of wounds treated with AaSF-FN-Lac. Mature epidermis was not
observed by the other types of treatments on day 14. However, higher population of
keratinocytes expressing CK 10 could be observed on the uppermost layer of regenerated
tissue, signifying epidermal layer in its growing stage. On day 21, a mature epidermal
layer with keratinocytes expressing CK 10 in the suprabasal layer could be observed in
wounds treated with AaSF, AaSF-FN, AaSF-Lac and AaSF-FN-Lac mats, suggesting re-
epithelialization with well-structured organization. Similarly, mature epithelial
structures expressing CK 14 were observed on day 21, but not on day 14 in the wounds
treated with silk mats. However, day 14 sections demonstrated epidermal tongue
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containing keratinocytes expressing CK 14 marker in the basal layer of the wounds
treated with silk mats. Such epidermal tongue was not observed in the control groups on

day 14, suggesting a delayed healing profile in both UNT and DD groups.

AaSF

UNT DD
--- N

AaSF-FN AaSF-LaC AaSF-FN-Lac

A

CD 31/Nuclei

Figure 5.4. Examination of angiogenesis in variously treated diabetic wounds. (A)
Immunostaining using CD31 marker on day 7. Red colour depicts CD31 and blue colour
depicts nuclei stained with Hoechst 33342 (scale bar represents 200 um). (B)
Quantification of number of blood vessels in the stained sections demonstrate
significantly higher vessel density in the wounds treated with spider silk coated mats in
comparison to that of uncoated mat and control groups, ** represents p <0.01.

AaSF AaSF-FN AaSF-LaC AaSF-FN-Lac

A UNT DD

Figure 5.5. Immunohistochemistry assay of tissue sections using (A) CK 10 and (B) CK
14 markers demonstrates morphology of epithelial cells on day 14 and 21 under
hyperglycaemic conditions of diabetic wounds (scale bar represents 7100 um).
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5.3.5. ECM remodelling of diabetic wounds during the wound repair process

A balanced deposition of ECM components in the dermal layer is very crucial during the
wound repair process. The dermal matrix continues to remodel from the very beginning
till the final completion of healing. Therefore, there is a need to examine the ECM in
wounds and regenerated skin tissue. A growing dermal matrix typically shows varied
expression of collagen fibres, especially collagen type 1 (Col I) and collagen type 111 (Col
I11). We examined the expression of both types using real time gPCR on day 7, 14 and
21 to evaluate the matrix remodelling stage. In all wounds treated with silk nanofibrous
mats, a higher expression of Col | was observed on day 14, revealing a proliferative stage
of cells in the wounds at this time point (Figure 5.6.A). The mid-stage of a healing
process is highly proliferative, where the fibroblasts secrete high amount of ECM
components including collagen fibres. In contrast, the wounds treated with commercial
Duoderm dressing (DD) demonstrated gradually increasing levels of Col | expression
from day 7 to day 21, indicating that the proliferative stage continued till day 21. A
typical healing process include proliferation in the early stage and collagen turnover in
the later stages of the wound repair process. Such behaviour of matrix remodelling was
observed in wounds treated with silk mats, as the expression of Col | regressed on day
21. A significantly lower expression of Col | on day 21 in comparison to day 14 clearly
indicated that the proliferative stage was overlapped with remodelling phase in the later
phase. This also signified an accelerated rate of wound repair by the AaSF mats and

especially those coated with spider silk.

On further investigating the expression of Col Ill, dermal remodelling was
validated in the wounds treated with silk mats (Figure 5.6.B). In wounds treated with
DD and uncoated AaSF, the expression of Col 111 was found to be significantly higher
on day 14 in comparison to day 7 and 21, p < 0.01. This signified that the wounds began
to contract during the mid-stage (day 14) of the healing process. Collagen Il fibres are
majorly responsible for contraction of the wound matrix. The fibres are secreted by
myofibroblasts and contract the whole matrix, thereby pushing the edges of wound to
come close to each other and seal the wound cavity. Early secretion of Col Il is also a
determinant of accelerated healing process, which was observed in the wounds treated
with spider silk coated AaSF mats (AaSF-FN, AaSF-Lac and AaSF-FN-Lac). Higher
secretion of Col Il in the very initial days (day 7) clearly indicated early onset of wound
repair and highly proliferative stage of cells in the wounds. The expression of Col-III
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regressed at the later phases (day 14 and 21) suggesting possible collagen turn over or
beginning of a tissue remodelling phase. The wounds began to contract on day 7,

validating the accelerated rate of healing, as also observed in the gross wound images.

To further validate the collagen matrix deposition in the regenerated skin, we
examined the tissue sections by IHC using antibody against collagen type | and collagen
type 11l on day 21 biopsies (Figure 5.7.A,B). The dermal regions demonstrated well-
distributed bundles of collagen type | in the wounds treated with AaSF mats
(coated/uncoated), suggesting an influence on organizing the collagen fibres. Moreover,
in the case of AaSF mats coated with spider silk, the organization of collagen bundles
was more or less similar, showing regular deposition of ECM guided by the silk mats. In
contrast, the control groups did not show well-organized deposition of collagen type I.
UNT wounds showed aligned collagen fibres, typical for contraction behaviour of
unaided healing. In wounds treated with DD, the collagen fibres were not aligned;

however, mature collagen bundles were also absent.

On examining the deposition of collagen type Il fibres in the regenerated skin,
random small fibres were observed in the dermal regions of all groups, suggesting a
lower secretion in comparison to collagen type 1. This also demonstrated that the
regenerated dermal matrix was majorly composed of collagen type I, thus showing
typical characteristics of a normal skin tissue. The morphology of collagen type 111 was
more in the reticular fibre form, in contrast to the bundle like structures seen in case of
collagen type I. Deposition of collagen fibres was observed to be homogeneously
distributed all over the dermal regions in all wounds, except for the UNT group. The
UNT group demonstrated higher secretion at the upper dermal surface in comparison to
the lower dermis, suggesting remnants of mature granulation tissue even on day 21, thus
validating a delayed healing profile. Such irregular distribution was not observed in the
wounds treated with AaSF (coated/uncoated variants) mats, suggesting formation of a
mature dermal layer in all the groups due to assistance provided by the silk biomaterial.
The results also indicated modulation of the granulation tissue towards a mature dermal
matrix within 21 days. Overall, the dermal remodelling was found to be similar in all the
wounds treated with silk mats, irrespective of the spider silk coating, which might be
attributed to the role of AaSF in ECM deposition.
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Figure 5.6. Gene expression study of (a) collagen type | and (b) collagen type I 111 in the
wound tissue shows extracellular matrix remodelling during the healing process on (i)
day 7, (i) day 14 and (iii) day 21 in the diabetic wounds. The graphs represent fold
change with respect to the commercially used DD dressing group, ** represents p <0.01.
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Figure 5.7. Immunohistochemistry assay showing distribution of (A) Collagen type I and
(B) Collagen type 11l in the regenerated skin tissues in the diabetic model on day 21;
Images at 10 x (scale bar represents 400 um) magnification represent histomorphology
of cross section of wound tissue; 40 x images (scale bar represents 100 um) of the
selected portion represent magnified view of collagen fibres.
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5.3.6. One-step grafting of acellular silk scaffolds

Implantation of silk scaffolds was performed through a one-step grafting procedure after
48 h of tissue debridement as demonstrated in the schematic image (Figure 5.8.). Both
the types of scaffolds (pristine AaSF and with top-coating of FN-4RC) were grafted at
the injury site using surgical skin staples. The staples helped in holding the scaffolds in
correct position of wound cavity at the time of grafting. Once the scaffolds were
integrated with the adjacent skin tissue, staples were no longer required and were
carefully removed after 3 days post-implantation. The implantation procedure used in
the present study was simple, and did not disturb the wound-bed, to minimize the pain.
This procedure indeed helped in one-step grafting of the scaffolds, which were found to

be firmly attached at the wound-site.

In order to further validate the integration of scaffolds with wound-bed, the
implanted graft site was excised out after 7 days post-implantation using a biopsy punch.
Histological analysis of the implanted site clearly indicated integration of the implanted
scaffolds with the host tissue as visualized by an upper porous layer over the wound-bed
(Figure 5.9.). As a reference, histological analysis of wound cavity post-debridement
was also performed to reveal creation of full-thickness wounds. The remnants of adipose
layer and muscle layer of panniculus carnosus (as observed in the magnified image of
the wound cavity) validated the loss of full-thickness cutaneous layer in the wounded
region. In comparison to the wound cavity, the wounds grafted with acellular silk
scaffolds demonstrated presence of newly developed tissue that filled the wound cavity
within 7 days. In addition, invasion of host cells in the porous scaffolds was evident as
depicted in the magnified images. The neo-tissue was also found infiltrating in the
micropores of silk scaffolds, depicting signs of tissue ingrowth in the scaffolds, thereby

attesting successful implantation of the scaffolds.

5.3.7. Wound healing efficacy of AaSF microporous scaffolds coated with

recombinant spider silk for treating third degree burn wounds

The support of the AaSF bulk material in the form of microporous scaffold was helpful
in covering the wounds and aiding tissue ingrowth at the wound site. Significant
difference in the wound healing rate could be detected at the different time-points as the
scaffold-treated wounds demonstrated faster wound healing in comparison to the control

groups (Figure 5.10.A). Among all treatments, the AaSF-FN scaffolds gave significantly
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faster wound closure rate, showing only 10.5 + 2.48 % remaining wound area on day 14
compared to 19.8 £ 2.18 % by the uncoated AaSF counterpart. In contrast, UNT and DD
showed 42 + 3.29 % and 30.3 + 2.35 % remaining wound area respectively, depicting
delayed wound healing as observed on day 14. This indicated > 2 fold accelerated healing
rate by AaSF-FN scaffold treatment in comparison to control groups. Notably, early
difference in the wound healing profile could not be observed due to presence of intact
scaffold over wounds; however, improved healing was clearly evident in the later phase
of healing. On day 14, significant differences in the healing profile could be observed for
various treatments, depicting faster healing effects of both pristine uncoated AaSF and
functionalized AaSF-FN scaffolds.

The gross wound images also showed accelerated wound healing efficacy owing
to the bioactivity of spider silk fusion protein present in the AaSF-FN scaffolds (Figure
5.10.B). On day 21, AaSF-FN completely healed the wounds, showing no remnants of
tissue eschar or scab. Nevertheless, significant difference was not observed between
pristine AaSF scaffold and DD dressing on day 21, as remaining wound eschar could be
observed on the wounds. On the other hand, UNT wounds showed relatively slower
healing rate and demonstrated significantly higher remaining wound area on day 21 in
comparison to all treatments. The gross morphology of implanted scaffolds also revealed
firm attachment of scaffolds even after removal of staples till day 10. The results can also
be validated by the histological examination of implanted scaffolds as shown in figure
5.9. This signified that once implanted at the wound site, the scaffolds promoted rapid
tissue ingrowth that helped in adherence of the scaffold to the newly developed tissue
matrix of wounds. We observed that the AaSF scaffolds gradually converted into a thin
dry layer over the wounds and were then automatically removed after 10 days post-
implantation. Representative images of the same have been highlighted in the inset,
depicting morphology of dried scaffolds on day 10 and appearance of newly formed skin
underneath the scaffold (Figure 5.10.C).
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Figure 5.8. Schematic representation shows: (A) Image of the functionalized silk
scaffold, (B) Illustration of the third degree burn wound model obtained using a
customized metallic heating block and (C) Experimental set-up depicting treatment of
full thickness wounds via one-step grafting procedure. The silk scaffolds were grafted
using skin staples post 48 h of burn infliction. Groups were terminated on day 7, 14 and
21 as represented by (T) for wound healing examination.
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Figure 5.9. Histological study of the full-length wound biopsies demonstrates wound
creation and successful grafting of scaffolds by H and E staining. (A) Wound cavity
formed after the debridement of necrotic burn skin; the cavity shows removal of full-
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thickness burn skin after the biopsy. The magnified image shows visible adipose layer
(marked as A) and muscle layer of panniculus carnosus (PC). (B, C) The images depict
histology of wound tissue treated silk scaffold on day 7 post-grafting; an upper layer of
scaffold (marked as S) well-integrated with the neo-tissue is clearly visible. Granulation
tissue (marked as G) developed in the place of wound cavity is also clearly visible
underneath the scaffold layer. The magnified images reveal high infiltration of host cells
and tissue ingrowth in the implanted scaffolds. Images at 4X magnification represent
histomorphology of cross section of full-length wounded tissue (scale bar represents
1000 um); images at 20X images represent magnified view of the selected portion as
highlighted in yellow box (scale bar represents 200 pum).
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Figure 5.10. (A) Graphical representation of the wound area at various time-points
calculated using Image J software, demonstrating significantly faster wound healing by
AaSF-FN treatment, ** represents p < 0.01. (B) Gross morphology of wounds grafted
with silk scaffolds and commercial dressing Duoderm (DD) at various time-points during
the course of healing; scale bar represents 10 mm. (C) The inset shows morphology of
scaffolds over the wounds and development of regenerated skin visible after removal of
scaffolds on day 10.
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5.3.8. Histological examination of burn wounds during the treatment

Histological analysis of the tissue specimens collected on day 7, 14 and 21 revealed
timely healing response by the grafted scaffolds (Figure 5.11.). Granulation tissue
assessment on day 7 indicated early healing response in case of treatment with AaSF
scaffolds, as seen by the presence of neotissue ingrowth underneath scaffold layer
(Figure 5.11.A). When closely observing the tissue section of wound matrix treated by
pristine AaSF scaffold, we found gaps in the middle portion of the neomatrix formed
(highlighted by dotted yellow line). Such evident gaps were not found in the wounds
treated with AaSF-FN, suggesting more recruitment of cells leading to uniform
distribution of mature granulation tissue at an early stage of the healing process. The
coating of FN-4RC on top of AaSF scaffold clearly demonstrated better wound healing
efficiency in comparison to uncoated scaffolds. Among the control groups, treatment
with DD dressing demonstrated development of granulation tissue equivalent to
treatment with the pristine AaSF scaffold. However, the UNT group showed delayed
wound healing response, characterized by a very thin tissue layer over the adipose layer
at the wound site. This suggested that in contrast to the treated wounds, granulation tissue

was not developed in the untreated wounds till day 7 post-operation.

On day 14, the arrangement of neotissue appeared well-organized, suggesting
progression in the wound healing in the treated wounds. Untreated wounds showed
granulation tissue development on day 14, which was not formed on day 7, confirming
delayed healing process in the untreated wounds. Among the treated groups, AaSF-FN
scaffolds demonstrated a growing thick epidermal layer on the uppermost surface of
neomatrix, signifying early onset of re-epithelialization (Figure 5.11.B). In contrast,
neither wounds treated with pristine AaSF nor DD dressing did show any thick epidermal
layer. However, complete re-epithelialization was observed on day 21 in all the treated
groups (Figure 5.11.C). Except for the UNT group, all the treated wounds demonstrated
presence of a thick mature epidermal layer. Absence of epidermal layer in the UNT group
further corroborated delayed healing profile of untreated wounds, as also observed in the
gross wound images. AaSF-FN showed well-formed dermal and epidermal structures as
confirmed by the higher magnified images of tissue sections, suggesting improved

healing efficacy owing to presence of the FN-4RC spider silk protein.
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Figure 5.11. Histological analysis of wounded tissues depicting the extent of healing by
various treatments using H and E stain. (A) Granulation tissue development in the
treated wounds at an early stage (day 7). (B) Commencement of re-epithelialization in
the wounds treated with AaSF-FN scaffold, demonstrating efficacy of FN-4RC coating
in the development of epithelial layer (day 14). (C) Regeneration of mature dermal and
epidermal layers in all the treatments except the untreated wounds (day 21). Images at
4X magpnification represent histomorphology of cross section of wound tissue (scale bar
represents 1000 pm); 20X images of the selected portion represent magnified view of the
section highlighted in black box (scale bar represents 200 pum).
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5.3.9. Assessment of angiogenesis and re-epithelialization of burn wounds

Next, we evaluated the angiogenic potential of wvarious treatments by
immunofluorescence staining of wound sections using VWF marker of endothelial cells
(Figure 5.12.A). Among all treatments, AaSF-FN treated wounds showed higher number
of mature blood capillaries in the wound matrix, indicating signs of angiogenesis and
higher recruitment of endothelial cells. The results were consistent with the superior
regenerative response, also observed in the H & E stained sections. Formation of a few
blood vessels were formed in wounds treated with both pristine AaSF scaffold and DD
dressing, depicting presence of growing granulation tissue. However, mature blood
capillaries were not observed in the UNT group, as only few endothelial cells could be
visible in scattered fashion. Quantification of blood vessels further validated the
angiogenic potential of FN-4RC coated scaffolds (Figure 5.12.B). The wounds treated
with AaSF-FN scaffolds showed significantly higher vessel density in comparison to
other groups, p < 0.01. Neo-vascularization, as observed by the blood capillaries in the
granulation tissue, also confirmed angiogenic and healing potential of silk proteins.

We further examined the re-epithelialization of wounds, as it is the most
important event in the wound healing process. We investigated the chief markers of
epidermal layer, namely, CK 10 and CK 14, in the tissue sections collected on day 14
and day 21 through IHC assay (Figure 5.13.). On day 14, CK 10 expression was not
observed in the uppermost layer of wound matrix in any of the groups due to absence of
mature epithelial layer within this period. However, wounds treated with AaSF-FN
demonstrated expression of CK 14 in the growing epithelial tongue on day 14, as
highlighted by a black arrow in the respective image. The same section did not reveal
expression of CK 10. This support our hypothesis that the epidermal layer observed on
the uppermost layer in wounds treated with AaSF-FN was immature and expressed only
CK 14 marker. On day 21, CK 10 expression was manifested in the suprabasal layers of
the epidermal region of wounds treated with AaSF and AaSF-FN scaffolds, indicating

the positive role of silk protein in re-epithelialization.
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Figure 5.12. Examination of angiogenesis in the wounds. (A) Immunostaining using VWF
marker on day 7. Red colour depicts VWF and blue colour depicts nuclei stained with
Hoechst 33342 (scale bar represents 200 um). (B) Quantification of number of blood
vessels in the stained sections demonstrates significantly higher vessel density in the
wounds treated with spider silk coated silk scaffolds (AaSF-FN) in comparison to that of
other groups, ** represents p <0.01.
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Figure 5.13. Immunohistochemistry assay of tissue sections using (A) CK 10 and (B) CK
14 markers demonstrates morphology of epithelial cells in the epidermal layer of
regenerated skin on day 14 and 21 (scale bar represents 100 um).

190
TH-2133_ 136106012



Results Chapter 5

Untreated wounds and those treated with DD did not demonstrate expression of
CK 10 even on day 21, revealing immature epidermal layer still in the growing stage due
to delayed healing. CK 14 expression was observed throughout the epidermal layer in all
the treated wounds, signifying re-epithelialization of the wounds within 21 days of
treatment. Moreover, the IHC images also revealed well-formed epidermal structures
(expressing both CK 10 and CK 14) in wounds treated with AaSF and AaSF-FN,
indicating improved healing efficacy of silk biomaterials in comparison to the control

groups.

5.3.10. Wound remodelling assessment: gene expression study and

immunohistology

Finally, we examined the effect of various treatments on the dermal remodelling by
analysing the expression and deposition of collagen type I and collagen type Il fibres in
the regenerated skin biopsies. The real time gPCR revealed significant remodelling
between collagen fibres in the wound matrix from day 7 to day 21. The expression of
Col 1 on day 7 indicated early healing profile in case of wounds treated with AaSF and
AaSF-FN scaffolds, as the expression was 3-4 fold higher (Figure 5.14.A). In contrast,
the commercial dressing showed only 1.5-fold increment in Col | expression, suggesting
slower healing in comparison to wounds treated with scaffolds. Col I was found to be
upregulated on day 14 and day 21, validating tissue formation in the later stages of
healing process. In wounds treated with AaSF, the expression on Col | was highest on
day 14, confirming ongoing healing stage of the wounds. On the other hand, significantly
lower expression on day 21 demonstrated remodelling stage in the later phase of wound
healing. Similar expression behaviour was observed in the wounds treated with AaSF-
FN. Higher expression of Col | on day 7 and day 14 indicated early granulation tissue
development and tissue ingrowth in the wound cavity, suggesting accelerated wound
healing profile. A significant regression in the Col | expression on day 21 compared to

day 7 and 14 indicated a remodelling stage as the healing process reached the final stage.

The expression study of Col Il indicated similar healing pattern (Figure 5.14.B).
The expression continued to upregulate from day 7 to day 21 in case of DD treatment.
This confirmed the ongoing healing phase of wounds throughout the time-period of 3
weeks. In contrast, wounds treated with silk scaffolds demonstrated initial upregulation
and regression thereafter, indicating a remodelling stage. Expression of Col I11 was found

191
TH-2133_ 136106012



Results Chapter 5

to be significantly higher on day 14 in comparison to day 7 and day 21 in wounds treated
with AaSF scaffold. This clearly showed that the highest secretion of collagen type I11
fibres was during the mid-stage of the healing process, in order to promote wound
contraction. Once the wound contraction was completed, the expression was regressed
on day 21 in the remodelling stage. IHC assay on the tissue section using antibodies
against collagen type | and collagen type 11l proteins depicted morphology of collagen

fibres deposited in the regenerated skin on day 21 (Figure 5.14.C,D).
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Figure 5.14. Gene expression study of (A) Collagen type | and (B) Collagen type Il in
the wounds shows extracellular matrix remodelling during the healing process in burn
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wounds. Fold change represents expression of particular gene in all the treated wounds
with respect to untreated wounds (taken as control), **p < 0.01. Immunohistochemistry
assay showing distribution of (C) Collagen type | and (D) Collagen type Il in the
regenerated skin tissue on day 21; Images at 10X (scale bar represents 400 pum)
magnification represent histomorphology of cross section of wound tissue; 40X images
(scale bar represents 100 um) of the selected portion represent magnified view of
collagen fibres and bundles.

The dermal regions demonstrated well-organized bundles of collagen type I in
the treated wounds. In contrast, untreated wounds did not show well-organized
deposition of collagen type | bundles, which might be due to the incomplete healing of
wounds. Examination of the deposition of collagen type Il fibres in the dermal regions
of regenerated skin suggested interesting results. Notably, wounds treated with AaSF
scaffolds demonstrated collagen type Il fibres on the edges and not in the centre of
wound matrix. This specified the typical behaviour of collagen type 111 fibres in wound
contraction from the edges towards the central wound matrix. Such morphological
observations also revealed that the collagen remodelling was still in the incomplete phase
by day 21 in wounds treated with AaSF. On the other hand, wounds treated with AaSF-
FN demonstrated homogeneously distributed fibres of collagen type Il all over the
dermal regions, suggesting characteristics of mature skin regeneration. The results also
verified modulation of provisional granulation tissue towards a more resistant and mature
dermal matrix within 21 days, revealing final stage of the wound healing process. The
regular deposition of collagen fibres in the wounds treated with silk scaffolds suggested
a role of silk in guiding the ECM deposition during the tissue regeneration process. The
detailed study proved our hypothesis that the functionalized silk scaffolds helped in
accelerating the natural healing pathways characterized by the formation of granulation
tissue by day 7, commencement of re-epithelialization by day 14 and complete skin

regeneration of epidermal and dermal structures by day 21.
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5.4. Discussion

Silkworm silk biomaterial possesses huge potential in wound healing applications owing
to the inherent healing property of SF protein [90]. Despite having the intrinsic
regenerative properties, silkworm silk has been further functionalized with growth
factors or other bioactive factors in order to enhance the healing efficacy in various
previous studies [91, 331]. Another variety of silk is spider silk, which can be
successfully produced using recombinant DNA technology [213]. A significant feature
of 4RC is that it can be easily functionalized with other motifs at genetic level to produce
4RC conjugated with functional peptides like the tripeptide RGD, cationic antimicrobial
peptides, affinity domains, growth factors, and enzymes under near physiological
conditions with maintained bioactivity [236, 237, 300, 329, 332]. Herein, we have
utilized the recombinant spider silk variants FN-4RC and Lac-4RC to develop
multifunctional wound dressings and bioactive scaffolds for the treatment of complex

wounds.

The facile methodology of combining both the silk types allows easy construction
of stable bioactive matrices without additional crosslinking agent as shown in chapter 4.
Results from our previous in vitro cell culture study provided evidences that spider silk
coated matrices performed better in comparison to the uncoated counterparts [355]. The
present study is aimed to evaluate safety and effectiveness of the developed silk
constructs for treating critically severe wounds (Figure 5.1.). The function of bioactive
spider silk coating on wound healing parameters was apparent from the gross wound
images (Figure 5.2.). Dual coating of FN-4RC and Lac-4RC on top of AaSF mat clearly
demonstrated better wound healing efficiency (Figure 5.3.), followed by the single
coating of Lac-4RC and FN-4RC in case of diabetic wounds. Histological study of the
wounded tissues validated the results, as the functionalized matrices helped in the early
angiogenesis and granulation tissue formation by day 7 (Figure 5.4.). Commencement
of re-epithelialization was observed by day 14 in the wounds treated with spider silk
coated mats (Figure 5.5.). Finally, complete skin regeneration of dermal structures as
seen by the morphology of mature collagen fibres was confirmed by day 21 even under
the hyperglycaemic condition of diabetic wounds (Figure 5.7.).

Reinforcing silk scaffolds with enhanced cell binding activity using recombinant
spider silk fusion protein through our facile fabrication process led to the development
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of acellular grafts, which could be successfully implanted via one-step surgery (Figure
5.8. and 5.9.). The coating procedure not only offered functional advantage, but also led
to a cost-effective approach. The silkworm silk used as a bulk material is an inexpensive
material and its functionalization requires a very low concentration (0.01 %) of
recombinant spider silk fusion protein. Our approach thus circumvented the large-scale
production problem associated with low vyield of recombinant spider silk.
Functionalization of silk has previously been done in other studies. For instance, silk
fibroin protein containing additional RGD motifs was produced by transgenic silkworms
for wound healing applications [357]. In another study, spider silk biomaterial
functionalized with fibronectin type Il domains was produced [358]. However,
production of high amount of such recombinant materials to be used as bulk matrix
increase the production cost by many folds.

We also investigated the effect of spider silk coating on AaSF scaffold on the
healing outcomes through a comparative study with the uncoated counterpart to unfold
the beneficial properties of FN-4RC on burn wound healing for the first time (Figure
5.10.). Auto-removal of scaffolds post 10 days of treatment might be attributed to the
development of neo-dermal matrix formed beneath the scaffold, which pushed the outer
scaffold layer after tissue maturation. Another reason might be the higher mechanical
strength and slow biodegradation rate of SF scaffold, which did not contract and remodel
along with the wound contraction process. Instead, the scaffolds acted as a provisional
matrix and supported development of neo-tissue beneath. Higher wound contraction soon
after scaffold removal demonstrated that the scaffolds stimulated cells for faster healing
and promoted tissue ingrowth at a faster rate as also observed in the histological analysis
(Figure 5.11.). In addition, removal of scaffolds in the later phase of healing process did
not lead to any major disturbance in the wound matrix since wound healing cascade was

already stimulated by the scaffolds in the earlier phase.

Fibronectin present in the natural fibrin clot is the most studied protein in wound
healing applications because it plays major role is recruiting cells owing to the presence
of a cell adhesion motif (RGD tripeptide) [8, 26, 354]. The RGD sequence is well
explored in cell binding applications, as it binds to a wide variety of integrins present on
various cells. It plays a major role in wound healing by attracting cells, aiding their
growth, migration and proliferation [8, 26, 354]. Thus, AaSF-FN matrices acted as a
bioactive platform over the wounds and could stimulate the healing at a faster rate.
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Angiogenesis, one of the vital determinants of wound healing progression, indicates
proliferation of connective tissue at the initial stage of the healing process [28, 359].
Coating of FN-4RC on the silk matrices provided a local microenvironment suitable for
cell adhesion and thereby resulted in higher angiogenesis in the AaSF-FN treated wounds
(Figure 5.4. and 5.12.).

Diabetic wounds treated with dual coating AaSF-FN-Lac, demonstrated early
development of an epidermal layer expressing CK 10 and CK 14 markers even on day
14 (Figure 5.5.). This indicated synergistic roles of both FN-4RC and Lac-4RC in
promoting wound re-epithelialization. Accelerated healing of wounds treated with AaSF-
Lac might be attributed to the antimicrobial and healing properties of lactoferrin. In case
of burn wounds, the coating of FN-4RC spider silk stimulated early re-epithelialization
of wounds by recruiting keratinocytes (Figure 5.13.). Notably, expression of CK 14
observed in the epithelial tongue in case of AaSF-FN treated wounds on day 14 revealed
a budding epidermal layer at an early stage. This indicated that FN-4RC played a major
role in re-epithelialization of wounds. The coated silk scaffolds demonstrated enhanced
cell-material interactions and formation of bilayer keratinized skin layer in the in vitro
studies conducted in our previous work [355]. The present study thus highlighted
keratinization potential of FN-4RC coating present in the implanted scaffolds. By
providing artificial cell conducive microenvironments through silk materials, we could

achieve improved healing outcomes in both types of wounds.

Further, regular deposition of collagen fibres in the silk treated wounds
suggested role of silk matrix in guiding the ECM deposition (Figure 5.6. and 5.14.).
This might be attributed to ECM deposition assisted by cell-material interactions. Similar
results were previously obtained in our previous study as shown in chapter 2 and 3, which
demonstrated a role of AaSF in the regulation and deposition of ECM. The dermal layer
of cutaneous system majorly consists of 80 — 85 % collagen type | fibres and 10 — 20 %
collagen type 111 fibres, which collectively provide integral stability and tensile strength
to the skin [360-362]. The secretion of collagen type I11 remains more or less constant in
the intact skin; however, the secretion increases in the wounded skin in order to facilitate
wound contraction with the help of collagen type I11 fibres [362, 363]. Therefore, early
secretion of collagen type 11 fibres is also considered as a sign of wound contraction and
accelerated wound healing process [362]. Further, in case of normal healing process, the
deposition of collagen fibres diminishes with time because persistent secretion of
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collagen fibres is associated with scar or keloid formation [362, 364]. Higher expression
of collagen fibres in the mid-stage (day 14) and lower expression in the later phase of
wound healing (day 21) by silk treatments indicated regulated expression of collagen
fibres. Overall, the results suggest that wounds treated with silk matrices were at a more

advanced stage of healing compared to control groups.

The current gold standard for chronic wounds and large-scale skin replacement
in trauma injuries is autologous split-thickness skin grafting (STSG) [1, 18]. However,
limitations like donor site availability, long term treatments, prolonged hospital stays and
most importantly highly expensive treatments are still limiting the application of STSG
[1, 18]. Artificially developed bioactive wound dressings using inexpensive strategies
thus offer a promising alternative to overcome the limitations associated with current
costly treatments. The bulk material of SF, being a cost-effective material may provide
an additional advantage over the currently used highly-priced products. The encouraging
results by spider silk coated matrices revealed remarkable contribution of both types of
silks in treating hard-to-heal wounds. Overall, the present work demonstrated that the
functionalized silk matrices can be used in the form of a ready-to-use, off-the-shelf
acellular matrices. Thus, our simplistic approach of developing bioactive matrices using
silk biomaterials resulted in possible treatments for chronic diabetic wounds and burn
injuries. The facile approach of using combined spider silk and silkworm silk
biomaterials in treating difficult wounds encourages a conceivable translation from

bench to bedside in future.
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5.5. Significant findings

The salient findings of this chapter are as follows:

1. The in vivo study in two different types of wound models validated the healing
efficiencies of spider silk coated silkworm silk matrices. The engineered matrices
in the form nanofibrous mats and acellular porous grafts demonstrated great
potential in wound healing applications.

2. The silk matrices not only accelerated the wound healing rate but also showed
improved angiogenesis, early re-epithelialization and regulated collagen
synthesis, thereby depicting complete wound repair.

3. Dual coating of FN-4RC and Lac-4RC showed better wound healing efficiency
in comparison to single individual coatings; thus, depicting improved healing
potential of multifunctional dressings.

4. The bioactive silk scaffolds used herein provided a functional niche in the form
of an artificial provisional matrix over the wounds, and stimulated cell migration
and tissue ingrowth towards quick wound repair.

5. The acellular porous silk grafts implanted on full-thickness burn wounds by one-
step grafting procedure revealed temporary graft integration with the host tissue,

which helped in accelerating the healing process and overall skin regeneration.

Despite having an intrinsic regenerative property in the silkworm silk, additional
functionalization with bioactive recombinant spider silk fusion proteins provided
multifunctional assets to the bulk matrices. The encouraging results obtained by the
spider silk coated silkworm AaSF matrices under in vivo conditions provide a research
route of its possible translation from bench to bedside. Our study also paves the way for
further pre-clinical and clinical studies using the fabricated matrices in tissue engineering

and regenerative medicine.
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Chapter 6

Development of in situ forming silk hydrogel for

treating full thickness burn wounds

This chapter describes the methodology of developing an in situ forming hydrogel for
application in full-thickness skin wounds associated with deep burns. The facile
fabrication approach demonstrates cross-linker free gelation mechanism towards a

stable silk hydrogel that provides an instructive and supportive matrix to aid wound

healing.

Hydrophobic Repeats in SF Protein Chains Fl:rsl:::it:n In situ ge|ation of SF
: Amino Acids Sequences blend at the wound
0 56 0 a0 T defect and crosslinking
- oas ﬂ.@ 0'af 00 % with skin tissue

B & \

; e 33\ ?

| \\/\_ = o 39

| / Self .

Assembling Tlsswe

' BmSF AaSF SF Hydrogel ,'(

Third degree InjectabF SF hydrogel in Wound healing and
burn wound hydrogel application cutaneous wound skin regeneration

The work embodied in this chapter is published:
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Materials 2018; e1801092.
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ABSTRACT

Full-thickness skin wounds, associated with deep burns or chronic wounds pose a
major clinical problem. Significant progress has been made in treating such wounds
using autografts, allografts and bioengineered constructs. However, efficient, safe and
affordable skin regeneration therapeutics still remain a major challenge. Herein, we
report the development of in situ forming hydrogel using natural silk fibroin (SF)
biomaterial for treating third degree burn wounds. Blends of SF solutions isolated from
Bombyx mori (BmSF) and Antheraea assama (AaSF) showed inherent self-assembly
between the two types of silk proteins and led to fabrication of stable hydrogel matrix.
Investigation of gelation mechanism revealed inherent crosslinking due to formation of
B-sheet structures as examined by X-ray diffraction and Fourier transform infrared
spectroscopy. Rheological studies demonstrated temperature and concentration
dependent gelation of SF hydrogel, thereby depicting tunable gelation mechanism. In
vitro, SF hydrogel supported proliferation of primary human dermal fibroblasts and
aided active migration of keratinocytes. In vivo, the efficacy and healing mechanism of
SF hydrogel was examined by taking collagen gel as control in third-degree burn rat
model. A 3-week comparative study indicated that SF hydrogel not only promoted
wound healing, but also showed transitions from inflammation to proliferation stage as
observed through the expression of TNF-a and CD163 genes. The in situ forming SF
hydrogel provided an instructive and supportive matrix to the full-thickness wounds,
thereby promoting granulation tissue formation, angiogenesis, re-epithelialization and
tissue remodelling. Thus, SF hydrogel proved to be an effective and inexpensive

formulation towards a potential therapeutic approach for burn wound treatment.
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6.1. Introduction

Burn injuries give rise to complex wounds and may be life threatening to third degree
burn patients [17, 365]. More than 100 million people are affected by burn injuries every
year worldwide according to the World Health Organization (WHO) [365]. If not treated
timely, wound necrosis progresses towards nearby tissue and lead to fatal consequences
[366]. In addition, obstructed blood in the necrotic wounds further hampers the inherent
healing pathway [367]. Treatment of burn wounds is difficult and clinical outcomes are
often poor due to additional complications like scarring and disability in movement [5].
The treatment of burn wounds has largely been centred on the use of autografts or
artificial skin constructs [1, 5]. The standard-of-care for third degree burn wounds is the
application of autologous split-thickness skin grafts (STSGs). However, STSGs suffer
from drawbacks like skin contracture, prolonged hospital stays, secondary donor site
wounds and high expenditure [1, 5]. Therefore, dermal reconstruction or regeneration

with the help of artificial template is pivotal to improve wound healing mechanism.

The existing treatment mostly prefer natural biomaterials over synthetic materials
owing to the former’s better biocompatibility and ability to interact with host tissue [25].
Matrices commonly used for skin engineering are made up of protein polymers such as
collagen or fibrin gels as they form a regenerative template, mimicking the skin
physiology [1, 25]. However, biological effects of collagen-based matrices are
compromised by its poor mechanical properties, leading to faster contraction of the grafts
[67, 68]. In addition, the collagen and fibrin based matrices are costly, creating a huge
gap between need and availability [368, 369]. In 2013, the estimated hospital care cost
incurred in high-income countries was approximately $ 88,000 per burn patient [370].
The cost to heal is indeed an important factor that needs to be considered to bridge the
gap. Therefore, management of burn wounds poses a challenging clinical and economical
problem. This has encouraged the exploration and development of affordable novel
matrices with ideal physical and biological properties [1]. Developing a matrix with
capacity to innately guide cell migration and proliferation while also holding suitable

mechanical properties, remains a big challenge in tissue engineering.

As such, affordable natural biomaterial like silk fibroin (SF) possessing inherent
tissue regeneration property holds great potential in wound healing [90]. According to a
recent study, the underlying mechanism of wound healing by SF protein is regulated by
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the NF-xB signalling pathway [255]. In addition, SF also possesses tunable mechanical
properties to match the desired resilience and elasticity of native tissues [22]. SF supports
cell proliferation and extracellular matrix (ECM) deposition, thus making direct
contribution towards wound repair and tissue regeneration process [238]. SF based
constructs like porous scaffolds, nanofibrous mats and thin films have been highly
explored for treating acute and chronic wounds [23, 90, 238]. The present study deals
with the development of silk based soft hydrogels for treating burn wounds. Hydrogels
have advantages over other formats, as they provide an ideal hydration environment
required for burn wounds [56]. Maintaining tissue hydration in burn wounds is an
essential criterion to facilitate autolytic debridement of necrotic eschar tissue and prevent
wound necrosis [55, 56]. Most important, hydrogels are an ideal physicochemical
mimetic of the skin ECM due to similarities in their hygroscopic nature [55, 56].

Herein, we have developed a silk gel formulation that allows in situ gelation at
37 °C due to self-assembly between two different silk proteins. Two types of silk fibroin
proteins isolated from mulberry silkworm Bombyx mori and non-mulberry silkworm
Antheraea assama were blended in equal ratio to develop SF hydrogel. The inherent self-
assembly property between the two silk types was exploited to generate in situ hydrogel
formulation for treating third degree burn wounds. Our formulation of developing SF
hydrogel does not require any additional cross-linking agent and thereby can be used as
injectable or in situ forming hydrogel in aqueous form. This provided an additional
advantage to the hydrogels to crosslink with ECM of wound edges, thereby preventing
further suture application. In this study, we evaluated efficacy of the unique class of
blended SF hydrogel as a template for skin regeneration through extensive study under
in vivo conditions. We first investigated the gelation kinetics and examined physical
properties of SF hydrogel in order to assess their utility in the context of soft tissue
engineering applications. Next, we studied biocompatibility of the hydrogel under in
vitro conditions followed by its application on third degree burn wounds in vivo. Healing
events during the wound repair by SF hydrogel were thoroughly evaluated by comparing
to those with collagen (Col) gel. The comparable results with Col gel thus demonstrate

efficacy of the in situ forming SF hydrogel for treating burn wounds.
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6.2. Materials and Methods
6.2.1. Isolation and preparation of silk aqueous solutions

SF from A. assama (AaSF) and B. mori (BmSF) were isolated from A. assama silk glands
and B. mori cocoons respectively following the standard protocols [215, 227]. Briefly,
5™ instar larva of A. assama were dissected to obtain silk glands, from which silk protein
was extruded out by squeezing using forceps. The silk protein was washed with distilled
water, subsequently dissolved in 1 % (w/v) sodium dodecyl sulphate (SDS) (Himedia,
India) aqueous solution and dialyzed against water for 4 h at 4 °C. To obtain BmSF, B.
mori cocoons were cut into small pieces, washed and degummed using 0.02 M sodium
carbonate (Merck, India). The dried degummed fibres were subsequently dissolved in
9.3 M LiBr at 60 °C for 4 h. An aqueous solution of BmSF was obtained after dialyzing
the dissolved solution against water using a 12 kDa cellulose dialysis membrane (Sigma
Aldrich, USA) for 3 days at room temperature (RT). BmSF was sterilized by autoclaving
method; whereas sterilization of AaSF was performed under UV irradiation for 40 min.
Isolation procedure of SF from both the silk varieties was completely aqueous and further
fabrication steps also involved all-aqueous procedures bringing green synthesis of the
hydrogel.

6.2.2. Fabrication of silk and collagen hydrogels

Both AaSF (3 % wi/v) and BmSF (3 % wi/v) aqueous solutions were mixed in equal
volume to fabricate SF hydrogel. The blend solution was incubated at 37 °C for 30 min
for self-gelation. Collagen type | isolated from rat tail (ThermoFisher Scientific, USA)
was used for the fabrication of collagen gel according to manufacturer’s protocol.
Briefly, desired concentration of collagen precursor solution was taken and neutralized
to pH 7 using 1 N sodium hydroxide (NaOH). The solution was added with 1/10" part
of 10 X phosphate buffer saline (PBS) and the total volume was adjusted by adding sterile
water to form hydrogel lattice of 2 mg/mL concentration. The whole process was
performed on ice and the final solution was incubated at 37 °C for gelation.

6.2.3. Characterization of silk hydrogel

SF hydrogel thus prepared by blending BmSF and AaSF solutions were photographed in
different shapes to examine their ability to take shapes of specific moulds. Injectable

property of the hydrogel was confirmed by pushing the blend solution in its pre-gelation
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phase through a 5 mL syringe. Internal morphology of the hydrogel was observed using
field-emission scanning electron microscope (FESEM; Sigma 300, Zeiss). For preparing
samples for FESEM analysis, the hydrogel was freeze dried and placed on a stub covered
with carbon tape. The samples were sputter coated with gold for 130 s, and characterized

at an accelerating voltage of 2—4 kV.

Crystallinity induced by self-assembly in the SF hydrogel was analysed by wide
angle X ray diffraction (WAXD) and FTIR. Pristine AaSF (3 % wi/v), pristine BmSF (3
% wi/v) and blend of AaSF and BmSF (3: 3 w/w) solutions were air dried at 37 °C for
analysis. X ray diffraction (XRD; GE Inspection Technologies, 3003 TT) under Cu Ka
radiation was used with a scanning rate of 1° mintin thin film mode. All scans were
extended from 5° to 50° in 260 and were smoothened by taking average of 5 points using
the Origin 8.5 software. The secondary structures of silk proteins were examined using
FTIR spectrophotometer (PerkinElmer BX) in attenuated total reflection (ATR) mode.
For each measurement, 32 scans were taken with the resolution of 4 cm™, and

the wavenumbers ranged from 400 to 4000 cm ™.
6.2.4. Water content analysis and hydration properties of silk hydrogels

Water content analysis or swelling properties were studied by measuring the amount of
absorbed water. The hydrogel made by blending SF solutions (AaSF:BmSF; 3:3 w/w)
were freeze dried using a lyophilizer (Alpha 1-4 LD plus, Martin Christ
Gefriertrocknungsanlagen) prior to the experiment. Swelling behaviour of dried
hydrogels was monitored by immersing the dried hydrogels in PBS at 37 °C for 30 min.
Col gel were taken under similar conditions for comparative study. Water content of

hydrogels was calculated from the following equation:
Water gain (%) = (Mt —Mo)/MoX 100 ........oiiniiiiiiiiiieee e (6.1.)
Where M is the mass of swollen gel at time t, and Mo is the mass of freeze-dried gel.

Following water absorption, the hydrogels were further studied for estimating its
dehydration rate. Weight of the hydrogels immediately after gelation was measured and
subsequently placed in an incubator at 37 °C. Their weights were measured at pre-
defined time-points until found to be completely dry to determine water loss (%) using

the same formula mentioned in equation 1.
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6.2.5. Gelation time estimation

The gelation time (tge1) of SF hydrogel was measured by turbidity measurement method.
SF blend solution (AaSF:BmSF; 3:3 w/w) was taken into wells of 96 well plate and
optical density (O.D.) was measured at 550 nm using multi-plate reader (Tecan
ProM200) at a frequency of 5 min. The experiment was performed independently at 25
°C and 37 °C. The measurements were stopped once a constant reading was obtained and

the initial saturation time point was considered as tgel.
6.2.6. Rheological and mechanical properties

Rheological measurements were conducted on various solutions at different blending
ratio to determine gelation time (tge1) and moduli after gelation using (Modular Compact
Rheometer, MCR 302, Anton-Paar). SF solutions analysed were: pristine AaSF (3 %
wi/v), pristine BmSF (3 % w/v), blend of 3 % AaSF + 3 % BmSF (AB33), blend of 3 %
AaSF + 6 % BmSF (AB36), blend of 6 % AaSF + 3 % BmSF (AB63) and blend of 6 %
AaSF and 6 % BmSF (AB66). The hydrogels were named as AB63, AB33, AB36 and
ABG66, corresponding to the ratio of AaSF to BmSF protein mixtures. The respective SF
solution (750 uL) was loaded under the specific geometry of rheometer and rheological
measurements were performed using two different methods. (1) A time sweep test to
evaluate gelation time and storage modulus post-gelation. This experiment was
conducted independently at both 25 °C and 37 °C to examine temperature dependent
gelation kinetics. The storage modulus (G’) and loss modulus (G”) were calculated with

respect to time during the gelation process.

Hydrogels of concentration higher than 3 % SF were found to be stiff and hence
not suitable for application in wound healing. Therefore, 3 % SF blend from equal
volume of AaSF and BmSF (AB33) was selected as optimum and termed as SF hydrogel
in the subsequent studies. (2) Strain amplitude sweep and frequency sweep tests were
carried on the pre-formed gel of AB33 at 37 °C to obtain the critical strain and visco-
elastic behaviour. The SF hydrogel (3 % blend) was placed between parallel plates and
strain amplitude sweep test was performed with constant frequency of 10 rad/s.
Amplitude oscillatory strains were switched from small strain (y = 1.0 %) to subsequent
large strain (y = 100 %) with 100 s for every strain interval. Frequency sweep test was

performed with 1 % constant strain and a constant frequency of 10 rad/s.
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Compression tests were performed by a uniaxial compression test method using
a universal testing machine (Instron 5944, USA), fitted with 100 N load cell and Bluehill
version 3.66 software. SF hydrogels were made into cylinder shape with diameter of 10
mm and height of 10 mm. Compressive modulus (CM) and ultimate compressive
strength (UCS) were calculated from the stress versus strain plots. Further, based on the
strain measured under compression test, the hydrogels were subjected to cyclic
compression testing to assess their recovery following multiple compression cycles. The
hydrogels were given 15 preloading cycles at 10 % strain (half of the UTS obtained
previously) in order to eliminate artefacts. All testing was conducted at a constant

crosshead speed of 1 mm min™2.
6.2.7. In vivo degradation study under subcutaneous pocket of mice

The experiment was conducted on Swiss (I.B.) mice each weighing 30-35 g after an
acclimatization period of 7 days in animal house. The mice were anaesthetized by
inhalant isoflurane along with 1-3 % oxygen with a precision vapourizer. The operative
regions were wiped with 70 % ethanol prior to the operation. 1 mm incisions were made
in the lateral side of the thoraco-lumbar region of each mice under treatment. Sterile SF
hydrogel (200 pL) was injected subcutaneously and the incisions were closed using non-
absorbable nylon suture stitches. Total 4 mice were taken, kept in separate cages and
sacrificed after 4 weeks post cervical dislocation. The tissues containing the implanted
SF hydrogel and surrounding native tissue were carefully peeled off and stored using 10
% NBF for histological examination. The implants fixed with 10 % NBF were washed
using PBS, dehydrated through a series of graded ethanol, embedded in paraffin and
sliced with a microtome (Leica, RM2235, Germany) to obtain sections of 5-7 pum
thickness. Slides containing sections were then stained with haematoxylin and eosin (H

& E) for general morphological observations.
6.2.8. In vitro degradation studies and integral stability of silk hydrogel

Integral stability and in vitro degradation of SF hydrogel fabricated by SF blend solution
(AaSF: BmSF; 3:3 w/w) were analysed using 2 U/mL Protease X1V solution (from S.
griseus, Sigma-Aldrich, USA). Briefly, SF and Col hydrogels (10 mm diameter, 20 mm
height) were fabricated and their weights were measured prior to freeze drying. The
hydrogels were then placed in 2 mL protease solution at 37 °C for a period of 2 weeks.
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Every 3 days, protease solution was removed; hydrogels were washed twice with PBS
and freeze dried to measure their weight prior to addition of fresh protease solution.
Protease free PBS solution was taken as control to examine integral stability of the
hydrogels. Degradation was calculated as the remaining mass compared to original mass

following the formula:
Percent mass remaining = (mass at time t / initial mass) x 100 ..................... (6.2.)
6.2.9. Cell encapsulation study within hydrogels and cell morphology

Primary human dermal fibroblast (HDF, passage 4 — 5) (Himedia, India) and HaCaT
(keratinocytes cell line procured from NCCS, India) were used in the cellular assays. The
cells were expanded in T-75 flask using high glucose DMEM with 10 % FBS at 37 °C
and 5 % CO,. HDF at a cell density of 5 x 10" cells/mL were used for encapsulation
study. Cells were mixed with solution of AaSF-BmSF blend (3 % wi/w) in its pre-
gelation state and in Col gel. Each well of 24 well plate contained 500 pL of the hydrogel
forming solution containing cells and incubated at 37 °C and 5 % CO; for 30 min.
Subsequently, 500 uL media was added to the hydrogels. Fresh media was replenished
every alternate day. Proliferation of encapsulated cells was assessed by DNA
quantification assay. Briefly, at each time point, cell laden hydrogels from each group
were washed with PBS and homogenized in cell lysis buffer. DNA content was measured
using PicoGreen assay (Molecular Probes) according to the manufacturer’s instructions.
Fluorometric measurement was performed by taking readings at an excitation
wavelength of 480 nm and an emission wavelength of 528 nm using Tecan Infinite

M200. DNA content was calculated by comparing the standard curve.

For morphological observation of cells on top of hydrogels, HDF were seeded at
10,000 cells/cm? density on top of the pre-formed hydrogels and cultured for day 3 and
day 7 separately. The cells were fixed using 10 % neutral buffer formalin (NBF) (Sigma-
Aldrich, USA) and stained with Rhodamine Phalloidin and Hoechst 33342 (Invitrogen,
USA). Samples were permeabilized using 0.1 % Triton X-100 solution for 10 min and
blocked with 1 % bovine serum albumin (BSA) for 30 min prior to staining. Images were

taken using fluorescent microscope (EVOS FL).
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6.2.10. Cell migration study on hydrogels using agarose drop migration assay

Thin coatings of SF and Col gels were fabricated in individual wells of 24 well plate by
adding 150 pL of respective solutions in their pre-gelation state and incubated at 37 °C
for 3 h. To perform agarose drop assay, a pre-warmed 0.5 % agarose drop (20 pL)
containing 5,000 HaCaT cells was gently placed on the centre of SF and Col gels and the
plate was placed at 4 °C for 15 min for agarose solidification. 300 pL of media was
gently added afterwards and incubated at 37 °C cell incubator. The migration of cells
from agarose gel towards SF or Col gels was observed after 24 h and 72 h of culture

using phase contrast microscopy.
6.2.11. In vivo burn injury model and treatment

All animal experiments were performed in accordance with ‘‘Principles of laboratory
animal care approval no. MC/916/2017/4” from the ‘Institutional Animal Ethics
Committee (IAEC)’, Guwahati medical college and hospital, Guwahati, Assam, India
(CPCSEA Registration No. 351, 3/1/2001). Female wistar albino rats of age 6-7 week
old weighing 200-250 grams each were procured from animal house of National Institute
of Nutrition, Hyderabad, India. Animals were acclimatized for 1 week at the animal
house prior to experiment. A cocktail dose of Ketamine (80 mg/kg) and Xyalazine (12
mg/kg) (K-X cocktail) was used for anaesthesia via intraperitoneal (IP) route. To inflict
size specific third degree burn injury without effecting surrounding and underneath
organs, an instrument set-up was designed following an optimized protocol [356].

The instrument was built using a commercially available soldering iron. The head
of the soldering iron was removed and replaced with one cylindrical aluminium head of
1 cm diameter (Figure A6.1.). A Type K temperature probe attached to a digital
thermometer was used to detect the temperature. The set-up was further attached to a
variable autotransformer, leading to a precise control of its temperature. The necessary
temperature of 80 °C was set by the output on the autotransformer to 120 V as also
described in chapter 5. To create burn wounds, head of the device was held at 90° angle
to the skin for 15 sec. Significant thermal insult to the deep tissues was avoided by
folding the skin of rats parallel to the platform. Three different batches for 3 time-points
(day 7, 14 and 21) were taken and each batch contained three treatment groups (collagen,
SF and untreated). Each group contained four animals (n = 4), hence 36 rats were used

for the main study. Each animal was given 1 wound. Following clinical practices, the
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injured tissue was debrided using a biopsy punch (1 cm diameter) after 48 h [48].
Following debridement, wounds were washed with sterile saline and different treatments
were applied. SF gel in its pre-gelation phase (200 pL) was injected in the wounds, which
formed hydrogel in situ after 10 min as shown in the schematic design.

For comparative study, pre-formed Col gel (diameter 1 cm and height 2 mm) was
applied to the wounds. The wounds filled with SF or Col gels were subsequently covered
with an occlusive and transparent Tegaderm dressing to enable hydrogel
placement, protection from infection and prevention from drying. In the untreated group,
also referred as control group, wounds were sealed with only Tegaderm soon after the
excision of necrotic skin. Soft cotton gauze was applied to the whole trunk portion of
rats of all groups using one top-layer of adhesive tape. Antibiotic Ceftriaxone 20 mg/Kg
and analgesic Meloxicam 5 mg/Kg was administered via intra-muscular route on day 1,
3 and 5 to all the animals. Additional dressings (Tegaderm and sterile gauze) applied on
top of the hydrogels were changed three times a week till 14 days. Further, due to low
survival rate and high severity of wounds, the groups containing wounds without any
dressing or intramuscular antibiotic dose were discontinued in the study. As a result,
three groups were finally considered for the study: 1. wounds treated with SF gel covered
with Tegaderm, 2. Wounds treated with Col gel covered with Tegaderm and 3. Untreated
(Unt) wounds covered with Tegaderm (also denoted as control group). The animals of

all the three groups were caged separately and monitored daily.
6.2.12. Wound healing estimation

Wound size was measured by analysing the images of wounds taken on pre-defined time
points. Central diameter of the wounds was calculated using Image J software and

accordingly wound area was measured following the formula:
Wound area (%) = AFA X 100 .....oiiriii (6.3.)
Where A: was the area of wound at time (t) and A was the initial wound area.

Further, microscopic analysis was performed by staining paraffin embedded tissue
sections (5-7 um) prepared from skin biopsies. Haematoxylin and eosin staining (H &
E) and Masson’s Trichrome (MT) staining kit (Sigma-Aldrich, USA) was used according

to the manufacturer’s protocol for general histological observations.
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6.2.13. Immunohistochemical assay

For immunohistochemical (IHC) assay, the sections (5-7 um) were stained for antibodies
against collagen type I (5 ug/mL), collagen type I11 (5 pg/mL), cytokeratin 10 (CK10; 1
pg/mL) and cytokeratin 14 (CK14; 1 pg/mL) purchased from Abcam, U.K. IHC Kit
(Vector Laboratories Inc., CA) was used according to manufacturer’s protocol and 3,3’-
diaminobenzidine (DAB) peroxidase substrate solution was used. Counterstaining was
performed with haematoxylin for nuclei and images were taken using bright field
microscope (Evos FL). For immunofluorescence assay, the tissue sections were blocked
using horse serum and permeabilized using 1 % Triton X prior to applying primary
antibody. Primary antibodies (rabbit anti-rat) were used at the following concentrations:
van Willbrand factor (VWF, 10 pg/mL), CD68 (1 pg/mL) and Involucrin (INV, 4 pg/mL)
procured from Abcam, UK. Secondary antibody used was goat anti-rat IgG (Sigma-
Aldrich, USA) conjugated with Phycoerythrin/FITC. Counter staining was performed
using Hoechst 33342 (Invitrogen, USA) and images were taken using the fluorescent
microscope. For vessel density analysis, 3 different sections stained with anti-vWF were
imaged and at least 5 different locations per slide were considered for quantification in
the whole wound area. Histological images (H & E and IHC of collagen type | and
collagen type I11) were taken and three separate images were merged to visualize full
length sections.

6.2.14. Gene expression study

Skin biopsies taken on day 7, 14 and 21 were preserved in —20 °C using RNA later
(Sigma-Aldrich, USA) and mRNA was isolated after homogenizing the tissue in TRIzol
reagent (Sigma-Aldrich, USA). Complementary DNA (cDNA) was subsequently
synthesized using reverse transcription kit (Applied Biosystems, USA) and PCR
equipment (Takara, Japan according to the manufacturer’s instructions. The expression
of collagen type I, collagen type I11, Tumour Necrosis Factor-o (TNF-a), CD68, CD163
and glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) mRNA transcripts was
analysed by Real-time PCR reactions using SYBR Green PCR Mastermix on a 7500 Fast
Real-Time System (Applied Biosystems, USA). Table 6.1. lists the sequences of rat
primer used in the reaction. The average threshold cycle (Ct) values for a gene of interest
(GOI) were normalized against the average Ct values for GAPDH gene. Fold change of
GOl transcript levels between SF or Col group was compared with untreated wounds
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(control) following the formula: fold change = 224 where AACt = ACtgample) -

AClt(control) and ACt= Ctor - Ct(GApDH)_

Table 6.1. Primer sequences used for the gene expression study.

Target Forward primer Reverse primer
gene

5'- 5'-

Rat TGACTCTACCCACGGCAAGT ACGACATACTCAGCACCA

GAPDH  TCAA-3 GCATCA-3

Rat Col-1 5 5'-
GCGAAGGCAACAGTCGATTC ACTGTCTTGCCCCAAGTTC
-3’ C-3

Rat Col- 5- 5'-

i TGATGGGATCCAATGAGGG GAGTCTCATGGCCTTGCG
AGA-3’ TGTTT-3'

Rat TNF- 5-AACACACGAGACGCT-3’ 5'-

v} TCCAGTGAGTTCCGAAAG

CC-3

Rat CD68 5°- 5’-
CGCATCTTGTACCTGACCCA- TGAGAGAGCCAAGTGGGG
3’ AT-3’

Rat 5'- 5'-

CD163 ACCCACTGAGGTTGGCATTT- TGTAGCTGTGGTCATCCG
3’ TG-3'

6.2.15. Statistical analysis

All the experiments were carried out for n = 4 samples unless otherwise specified. Data

analysis was done using statistical software OriginPro 8 (Origin lab Corporation, USA).

The significance level was measured by comparing the data between groups and within

groups by performing one-way analysis of variance (ANOVA) followed by Tukey’s test.

Significance levels were set at * p < 0.05 and ** p < 0.01. Histological examination was

performed by capturing at least 5 fields per section and images were analysed using

Image J software. Unless otherwise indicated, all graphical data are reported as mean +

standard deviation.
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6.3. Results
6.3.1. Silk hydrogel fabrication and characterization

In situ forming SF hydrogel was readily fabricated by blending two different silk proteins
owing to their inherent self-assembly property (Figure 6.1.A). The intrinsic cross-linking
between A. assama SF (AaSF, 3 % w/v) and B. mori SF (BmSF, 3 % w/v) proteins led
to irreversible gelation. Rapid gelation was observed with steady decrease in
transparency and increase in matrix stiffness. The SF blend solution was visually
transparent with flowing properties at room temperature, which was transformed into an
opaque gel after 15 - 20 min when incubated at 37 °C (Figure 6.1.B and Table 6.2.).
The blend solution could be used as an injectable gel as shown in the representative
image (Figure 6.1.C). The pre-formed hydrogel lattice also appeared as stable matrix,
which could be easily handled using a forcep (Figure 6.1.D). The ultrastructure of freeze-
dried hydrogel matrix revealed porous architecture of the construct as observed under
FESEM image (Figure 6.2.A). The average pore size of the hydrogel matrix was 155 +
60 um, which was suitable for tissue engineering applications. Microporous hydrogel
matrices with similar range of this pore size have been found to be beneficial for cellular
growth, vascularization and wound healing applications as also observed in similar

studies.

Post-gelation crosslinking between AaSF and BmSF in the blend solution was
confirmed by WAXD (Figure 6.2.B). The peaks shown of BmSF, AaSF and blend
matrices were found to be distinct. Sharp peaks at 20 = 12° and 21° were observed for
AaSF; whereas a single broad peak around 20° was observed for BmSF, depicting
amorphous nature of silk fibroin proteins. In contrast, the SF hydrogel matrix made by
blending AaSF and BmSF demonstrated sharp peak at 20° with higher intensity. This
suggested more crystallization as a result of physical crosslinking in the blend between

two silk varieties compared to individual silk proteins.
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Figure 6.1. (A) Schematic representation shows development of in situ forming SF blend
hydrogel at 37 °C for wound healing applications. (B) Representative images of SF blend
solution (i) soon after blending AaSF and BmSF proteins, (ii) during pre-gelation state
and (iii) post gelation. (C, D) Images of SF hydrogel depicting its application in the form
of an injectable gel and pre-formed matrix respectively.

The observation was further validated using FTIR (Figure 6.2.C). BmSF and
AaSF in pristine conditions demonstrated sharp characteristic peaks of amide I, amide 11
and amide 111 at 1645, 1516 and 1230 cm™ respectively. All three characteristic peaks of
the silk fibroin protein were also shown at high intensity in the blend matrix. It is to be
observed that the peak at 1627 cm™* associated with the C=0 stretching vibrations was
sharp in case of blend matrix. This region corresponded to the B-sheet conformational
backbone (amide I) and thus attested presence of -sheet structures formed due to self-
assembling between silk molecules in the blend [371, 372]. Further, the spectral area
from 3000 to 3600 cm™ depicted a broad peak in case of blend hydrogel matrix,
demonstrating higher O—H stretching in the blend [276]. The broader peak of O-H stretch
shown in the blend matrix compared to pristine BmSF and AaSF confirmed highly

crosslinked molecules in SF hydrogel due to hydrogen bonding.
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Table 6.2. Gelation time of various SF solutions in pristine and blended forms at various
concentrations and temperatures.

Sample Concentration Gelation time (tger)

BmSF BmSF concentration: 6 % ~ 14 days at 37°C [219]
(pristine

silk) ~ 40 days at RT [219]

BmSF BmSF concentration: 3 % 15-20 days at 37°C (This
(pristine study)

silk)

25-30 days at RT (This study)

AaSF AaSF concentration: 3 % 2-3 h at 37°C (This study)
(pristine

silk) 5-6 h at RT (This study)
SF blend BmSF:AaSF = 3: 3 480 s at 37°C (This study)

Total SF concentration: 3 % 2350 s at RT (This study)
(wWiw)

Water content analysis further validated the hydrogel characteristics of SF blend
matrix (Figure 6.2.D). Hydrogels are defined as the crosslinked hydrophilic polymers
with a high intrinsic content of water [221]. Presence of hydrophobic [3-sheet structures
(in this case SF) further provides long term stable hydrogel networks [221]. Stable
hydrogel matrix of SF blend might be attributed to the synergistic effects of hydrophobic
interaction and hydrogen bonding between AaSF and BmSF proteins. The freeze-dried
hydrogels absorbed high water content and showed 200 % swelling capacity when placed
in PBS solution. To elucidate the stability of hydrogel networks due to formation of 3-
sheet structures in SF gel, water loss was measured with respect to time. For comparative
study, Col gel was taken, which showed significantly faster dehydration rate. On
incubating under non-humidified chamber at 37 °C, SF hydrogel showed 75 % water
retention in comparison to only 20 % in Col gel after 12 h. After 36 h of study, SF
hydrogel contained 40 % water, significantly higher than that of Col gel, p <0.01. This
also attested the presence of hydrogel networks in SF gel, leading to higher water holding

capacity.
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Figure 6.2. (A) FESEM image representing porous architecture of SF hydrogel matrix.
(B, C) XRD and FTIR-ATR spectra of pristine AaSF, pristine BmSF and the blend SF
matrices respectively, suggesting conformational changes in the blend SF matrix. (D)
Dehydration study of SF hydrogel in comparison to Col gel demonstrating water loss
with respect to time.

6.3.2. Gelation properties

The dynamics of gelation mechanism in the SF blend was determined by calculating the
change in absorbance value at 550 nm with time on comparing with pristine individual
silk solutions (Figure 6.3.A). In contrast to the constant O.D. value of individual silk
proteins (BmSF or AaSF), the blend solution showed varied optical density in an
increasing order. Saturation at a constant high value demonstrated completion of
crosslinking and hence depicted hydrogel fabrication. The study also showed
temperature dependent gelation process. At 37 °C, the gelation time was 20 min;
whereas, it was as found to be 45 min at 25 °C, demonstrating faster crosslinking at 37
°C. Moreover, the pre-gelation time period of SF blend (8-20 min at 37 °C and 25-40
min at 25 °C; highlighted in the box) was sufficient, indicating its application in the

injectable systems.

In order to further investigate the gelation behaviour of SF blend, rheological
study was performed on the blends of BmSF and AaSF (Figure 6.3.B). Blend of BmSF
and AaSF at 1:1 ratio with 3 % (w/v) concentration readily formed hydrogel at 37 °C
after 8 minutes (480 s) suggesting tger = 8 min. In contrast, there was no change in the
modulus and viscosity of the same blend solution at 25 °C even after 20 min; the gel was
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formed after 40 min (Figure 6.4.A). This validated the temperature dependent gelation
kinetics of silk molecules as also observed by measuring O.D. with time. Further, pristine
AaSF and pristine BmSF did not show change in the moduli with respect to time,
suggesting no gelation in the pristine silk solutions (Figure 6.4.B). The storage modulus
(G’) increased dramatically in the SF blend solution and eventually exceeded the loss
modulus (G”) value after 8 min when run at 37 °C, displaying characteristic transition
from a liquid-like state to an elastic gel-like state. Storage modulus (336.42 Pa) was
found to be significantly higher than loss modulus (11.269 Pa) post gelation. Further,
strain sweeps acquired in the pre-formed 3 % SF gel maintained their stability till 10 %
shear strain application. The stability started failing at 50 % shear strain (Figure
6.3.C,D). Constant modulus at frequency from 0.1 to 10 rad/s validated linear visco-
elastic nature in the range of 0 to 10 % shear strain. This demonstrated visco-elastic

behaviour of the gel with potential of withstanding significant shear strain.

Furthermore, time sweep study between various concentrations of silk proteins
showed that gelation time was dependent on the concentration of individual silks (Figure
6.5.A). Blends with higher silk concentration demonstrated shorter gelation time
compared to 3 % SF blend. Blended hydrogel containing higher concentration of either
protein (AB63 and AB36) showed a gelation time of 280 s and 350 s respectively. This
showed quicker hydrogel formation due increased concentration of overall SF blend. The
hydrogels made up 6 % BmSF and 6 % AaSF (AB66) further revealed interesting results
(Figure 6.4.C and 6.5.B). This combination instantly formed a gel and thus the storage
modulus was found to be higher than the loss modulus throughout the complete time
sweep. Similar behaviour was observed in the case of Col gel, which immediately formed
gel and demonstrated higher storage modulus than loss modulus from the initial point.
However, storage modulus of Col was low, which was constant throughout the time. In
addition, silk hydrogel (AB66) made up of 6 % concentration showed time dependent
increment in both storage and loss modulus suggesting shear stress induced hydrogel
stiffness. On comparing the storage modulus at the end time point, SF hydrogel (3 %;
used throughout the study) showed significantly higher storage modulus (336.42 Pa) than
Col gel (~28 Pa), p<0.01 (Figure 6.5.B). The SF hydrogel made by blending 3 % BmSF
and 3 % AaSF in equal volume was therefore selected in the present study owing to their

suitable physical properties in soft tissue engineering applications.
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Compression tests on SF hydrogel (3 % gel selected from the rheological study)
showed a compressive strength of 2960 + 75 Pa and strain of 20 % before eventuating
break down (Figure 6.5.C). Compressive modulus of SF hydrogel was found to be 7367
Pa, suggesting compression properties of soft hydrogels. The cyclic compression of SF
hydrogel observed at 10 % strain also showed complete recovery of the gel after multiple
cycles of compression (Figure 6.5.D). The study showed no change in the compressive
stress from cycle 1 to 15 of loading and unloading. The hydrogel also showed reversible
deformation within 15 cycles, indicating high stability sustainable for a prolonged period
along with flexibility. Such robust physical properties of the hydrogel could also be

comprehended from the ease of manually handling the same with forceps with minimal

breakage.
A Pre-gelation phase for B
1.5- 8-20 min at 37 °C 10"
g o e—— 107
(=4 | 6.“ 1 0y
n I ~
i | ——SF blend at 37°C 0 402
et = 1 1
© I —=+—SF blend at25°C = P
d | —¥— AaSF (3%) at37C -g 1 []'41 \'
1 & e b4 i
(o) | —*+—BmSF (3%)at37C E 10_51 il tge,=4805at 37°C
1
10°%] - G"
= T_4° w0 E 100 0 200 400 600 800 1000
ime (min) Time (s)
C D,
3
107
g g
n w
240? 3 10%
3 =
-} N—
o =}
= §° 10"+
+g'l +GI
10" : : : . o] =—G"
001 041 1 10 100 100 1001 p 70
Sheal’ Strain Y (%) Frequency (radls)

Figure 6.3. (A) Gelation characterization of the SF blend hydrogel as determined by
optical density measurement at 25 °C and 37 °C; pristine AaSF and BmSF solutions
showed constant O.D. in contrast to varied O.D. exhibited by the blend SF solution. (B)
Rheology property of the SF blend solution (AaSF + BmSF = 3 % w/v blend) displaying
storage modulus (G’) and loss modulus (G”) in time sweep test: Gel behaviour of SF
blend was demonstrated by the change in moduli at gelation time tge = 480 s at 37 °C.
(C) Frequency sweep measurement and (D) Strain sweep of the pre-formed 3 % SF
hydrogel showing linear viscoelasticity of the matrix up to 10 % strain.
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Figure 6.4. (A) Rheology behaviour of the SF blend solution (AaSF + BmSF; 3 % w/v
blend) displaying storage modulus (G’) and loss modulus (G”) in time sweep test
demonstrating change in moduli at the gelation time. (B) Pristine AaSF and BmSF
solutions demonstrated constant moduli at 37 °C, suggesting no gelation in their pure
form. (C) Time sweep test of 6 % SF blend displaying higher storage modulus than loss
modulus indicated instant gelation similar to collagen (Col) gel.
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Figure 6.5. (A) Time sweep test on varying the concentration of AaSF and BmSF in SF
blend depicts concentration dependent gelation time. (B) Storage modulus of SF
hydrogels at various SF concentrations in comparison to Col gel. (C) Compression test
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depicting stress - strain curve of pre-formed SF hydrogel depicting compressive modulus
of SF hydrogel (D) Cyclic compression test on the SF hydrogel showing matrix stability
examined for 15 cycles.

6.3.3. Biodegradability and biocompatibility of the silk hydrogel

Biodegradability of SF hydrogel was examined under both in vivo and in vitro conditions.
Histological analysis by H & E staining of subcutaneously implanted SF hydrogel
revealed degradation of the injected hydrogel as examined after 4 weeks of implantation
(Figure 6.6.). Moreover, the experiment not only demonstrated in vivo biodegradability,
but also showed in vivo biocompatibility as depicted by intersection area of SF and host
tissue. The H & E analysis suggested infiltration of host cells in the SF hydrogel along
with void area, suggesting possible biodegradation occurred within 4 weeks of time
period, which also allowed cell recruitment. Biodegradation profile of SF hydrogel was
further determined under in vitro conditions based on the measurable differences in their
weights over a period of 2 weeks (Figure 6.7.A). In the protease free solution, SF
hydrogel showed 97 % and 85 % mass remaining after 7 and 14 days respectively. In
contrast, Col gel retained 75 to 65 % mass after 7 to 14 days, indicating significantly
lower integral stability compared to SF hydrogel, p < 0.01. In the presence of protease,
Col gel showed only 25 % mass retention on day 7 and degraded completely after 10
days; whereas SF showed 70 - 50 % mass retention from day 7 to day 10. Thus, the
biodegradation studies indicated slow degradation rate of SF hydrogel in comparison to

Col gel.
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Figure 6.6. (A) Histological analysis by H & E staining of subcutaneously implanted SF
hydrogel examined after 4 weeks of implantation, showing in vivo biodegradability under
the subcutaneous pocket of mice. (B) Magnified image depicts intersection area of SF
and host tissue, suggesting infiltration of host cells in the SF hydrogel and void area.
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‘SF’ represents silk fibroin hydrogel present in the subcutaneous pocket of mice and ‘H’
represents host tissue.

Next, we examined biocompatibility of SF hydrogel using human dermal
fibroblasts (HDF) under in vitro conditions (Figure 6.7.B). In order to prove its possible
application as an in situ injectable gel system, cells were encapsulated in pre-gel solution
of SF blend and subsequently incubated at 37 °C for gelation. The hydrogels
encapsulated with HDF were examined for total DNA content after 1, 3, 7 and 14 days
and revealed an increase in cellular population with time. Col gel used as a positive
control showed significantly higher DNA content on day 3 and day 7 in comparison to
SF, p <0.01. However, on day 14, SF hydrogel demonstrated higher DNA content in
comparison to Col gel. Interestingly, the Col gel encapsulating HDF showed significant
size reduction, depicting gel contraction behaviour within 7 days (Figure 6.7.C). On the
other hand, SF gel did not show gel contraction and remained intact throughout the

culture conditions.

Higher cell proliferation in SF on day 14 in comparison with Col might be
attributed to the reduced cell proliferation in contracted Col gels. Cell proliferation inside
SF hydrogel was further validated by microscopy, which demonstrated cells
encapsulated in the hydrogel (Figure 6.8.). HDF tagged with cytotracker molecules were
encapsulated in SF gel; higher cell density on day 3 compared to day 1 attested cell
proliferation. Higher cell proliferation inside SF matrix as evidenced here further
demonstrated its application in cell delivery system. In addition, HDF seeded on top
surface of the hydrogels were stained for morphological observations (Figure 6.7.D).
The cells showed extended and spread out morphology as observed on day 3 and 7
suggesting comparable biocompatibility of SF gel with Col gel. To examine migration
of keratinocytes on SF hydrogel, we performed gel drop migration assay using HaCaT
cells encapsulated in agarose gel (Figure 6.7.E). On day 1, the cells resided within the
agarose gel placed on top of SF or Col gels. However, on day 3 of culture, the cells
migrated from agarose gel towards SF and Col coatings, depicting comparable cell

recruitment and cell migration capability of both the materials.
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Figure 6.7. (A) In vitro degradation behaviour of SF and Col hydrogels in both
proteolytic and non-proteolytic solutions for 14 days. (B) Proliferation rate of HDF cells
encapsulated in SF and Col hydrogels as determined by dsDNA content quantification
assay. (C) Image of HDF encapsulated hydrogels showing contraction of Col gels after
14 days of culture. (D) Morphology of HDF cultured on top of the hydrogels stained with
Rhodamine Phalloidin and Hoechst 33342. (E) Migration of HaCaT cells from agarose
gels towards SF or Col gels as determined by the gel drop migration assay for 3 days.
Scale bar represents 400 pum.
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Figure 6.8. HDF cells tagged with cytotracker-FITC encapsulated in the SF hydrogel
on day 1 and 3, suggesting proliferation of cells when encapsulated in the hydrogel.
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6.3.4. In vivo wound healing assessment using third degree burn model

Efficacy of in situ forming SF hydrogel was analysed on debrided third-degree wounds
by injecting the SF blend solution at its pre-gel stage. It also facilitated in situ
crosslinking with the wound edges of native tissue. SF blend solution once injected at
the wound defect formed gel after 10 min and firmly attached to the native tissue as
observed by the histological analysis of injected hydrogel at the wound site after 3 days
of application (Figure A6.2.). A clear demarcation between wound edge and SF hydrogel
was visible, suggesting possible crosslinking between the native tissue and the hydrogel
at the time of in situ gelation stage. In contrast, when a pre-formed SF hydrogel was
applied at the wound defect, it failed to attach to the native tissue and remained separated

to the wound edges.

Application of SF blend solution in its injectable form also prevented an
additional requirement of glues or sutures. Among the three groups: SF, Col and control
(Unt; untreated wounds sealed with Tegaderm dressing), healing of untreated wounds
was significantly delayed. The gross examination of wound images revealed comparable
wound closure by SF and Col treatments (Figure 6.9.A). By day 7, Col hydrogels
appeared to be well integrated within the wound bed and SF hydrogels were observed to
be superficial to the native tissue, acting as a provisional matrix. SF hydrogels remained
firmly attached to the underneath native tissue till day 14. After day 14, dry thin layer of
wound eschar along with portion of remaining hydrogel detached from the wound site
by itself. Underneath the dried mass, neo-epidermis was regenerated and complete

wound closure was observed.

The results were further validated by histological observations through MT
staining (Figure 6.9.B). By day 7, thick granulation tissue was developed in SF and Col
treated wounds, but untreated group did not show granulation tissue development. By
day 14, the difference was found to be more prominent because SF and Col treated
wounds showed substantial re-epithelialized wounds. In contrast, untreated group
showed areas of necrotic tissues and delayed granulation tissue formation on day 14.
Mature collagen bundles were not developed on day 7 and day 14 in SF and Col treated
wounds as demonstrated by the lack of blue stain in the central region. However, on day
21, SF treated wounds represented mature collagen bundles evenly distributed in the
dermis area throughout the section as compared to control wounds. Thus, SF hydrogel
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demonstrated similar rate of wound healing progression with Col gel. Correspondingly,
only 40 % wound area remained open in SF hydrogel treated wounds compared to 80 %
area of untreated wounds on day 14, p < 0.01 (Figure 6.9.C). This revealed 2-fold
accelerated healing rate of SF hydrogel in comparison to untreated wounds. No
significant difference was observed between SF and Col on comparing the wound area.
On examining gross wound closure on day 21, we observed that SF and Col hydrogel-
treated wounds were completely closed, whereas almost 30 % of the wound area
remained open in the untreated wounds. Sequential healing process from day 7 to day 21

was also validated by H & E stained sections (Figure 6.10.).
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Figure 6.9. Wound healing profile of SF and Col hydrogels representing: (A) Gross
images of wounds implanted with respective hydrogel on excised 3™ degree burn
wounds, showing extent of wound healing with respect to time. (B) Histology analysis of
healed skin biopsies on day 7, 14 and 21 by MT stain: (i) Section of full wound biopsy
observed at 4X magnification, (ii and iii) images at 10X and 20X magnification
respectively (highlighted in yellow box). (C) Percentage of wound area as determined by
Image J software.
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Figure 6.10. Histological analysis of healed skin biopsies on day 7, 14 and 21 by H & E
stain depicting wound morphology at various stages of wound healing. (i) Section of full
wound biopsy observed at 4X magnification, (ii and iii) Images at 10X and 20X
magnification respectively represents the magnified portion of central wound area
(highlighted in yellow box).

6.3.5. Angiogenic potential

Consistent with the superior regenerative response, hydrogel treated wounds exhibited
significantly higher angiogenic potential compared to untreated wounds (Figure
6.11.A,B). Immunofluorescence staining for VWF performed on the tissue sections
showed formation of small blood vessels in both SF and Col treated wounds on day 7. In
contrast, untreated group demonstrated lack of blood vessels due to delay in granulation
tissue development. Hydrogel vascularization, quantified as vessel density in the
granulation tissue confirmed angiogenic potential of SF hydrogel. Col gel showed
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significantly higher vessel density in comparison to SF showing superior angiogenic
potential of Col in comparison with SF, p < 0.01. On comparing with untreated group,
SF hydrogel showed 10-fold increment in vessel density, thereby demonstrating superior
healing potential of SF hydrogel when compared with untreated. This also suggested that
although vessel density in SF treated wounds was lower in comparison to Col treated
wounds, vascularized granulation tissue was developed in SF treated wounds when
compared to untreated. This depicts early recruitment of endothelial cells and angiogenic
potential of SF gel.

6.3.6. Immune response to the hydrogels

We next examined immune response of the host tissue towards SF and Col hydrogels
grafted onto the wounds by immunostaining and gene expression study of macrophage
markers. Staining of tissue sections using antibody against CD68, a macrophage marker
revealed an abundance of macrophages throughout the tissue on day 7 (Figure 6.11.C).
This suggested high inflammation during the early phase of healing in SF and Col treated
wounds. However, relatively lower density of CD68 positive cells on day 14 and 21
demonstrated regression of immune response and suppression of the inflammatory phase.
Similar results were obtained from the expression study of CD68 gene (Figure 6.11.D).
The expression of CD68 was significantly higher on day 7 compared to day 14 and day
21 in all the treatments. On comparing between SF and Col treatments, wounds treated
with SF gel showed significantly lower expression of CD68 in comparison to Col on day
7, p < 0.01. This suggested higher immune response towards Col, which might be
attributed to the allogenic collagen type | source. SF gel did not provoke prolonged
immune response during the healing process, demonstrating biocompatibility of the
material. CD68 expression regressed 2.5-fold and 3-fold on day 14 in case of Col and SF
groups respectively. This suggested that the inflammatory phase did not persist,
indicating prominent proliferative phase of the wounds.

This was further validated by gene expression study using pro-inflammatory
(TNF-a) and anti-inflammatory (CD163) markers of macrophages [373]. Gene
expression study of TNF-o and CD163 revealed interesting results (Figure 6.11.E,F).
Higher expression of TNF-o on day 7 suggested higher inflammatory phase at the
beginning of healing process. This might be attributed to the host response against
foreign materials (here SF and Col gel) in addition to the initial inflammatory phase of
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wound healing. Moreover, the regressed expression of TNF-a in SF treated wounds on
day 14 and 21 further proved biocompatibility of SF material. To study more into the
details of immune response towards SF gel, gene expression of CD163 was determined.
CD163 is a marker of M2 type of macrophage, which helps in tissue regeneration and is
also known as anti-inflammatory marker [374, 375]. Significantly higher expression of
CD163 in SF treated wounds was observed on day 21 in comparison to day 7 and day
14, depicting tissue regeneration and promotion in healing. Significant higher expression
of CD163 on day 14 in comparison to day 7 suggested early beginning of regenerative
phase, p < 0.01. Col treatment also showed similar trend of regenerative phase as

observed from the significantly higher CD163 expression on day 21 compared to day 7

and day 14, p <0.01.
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Figure 6.11. (A) Immunostaining for vVWF marker in the wound area demonstrating
vascular ingrowth in the SF and Col gel treated wounds on day 7. Inset image depicts
magnified blood vessel from the same image; red depicts VWF positive endothelial cells
and blue depicts nuclei stained with Hoechst 33342. (B) Quantification of vVWF stained
blood vessels in the wounds showing vessel density on day 7. (C) Immunostaining for
CD68 marker in the wound area depicting macrophage population in the tissue in
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response to SF and Col hydrogel grafts on day 7, 14 and 21. Green depicts CD68 positive
macrophage cells and blue depicts nuclei stained with Hoechst 33342. (D-F) Relative
gene expression of CD68, TNF-a and CD163 demonstrating fold change expression of
the respective genes by taking the untreated group as control.

6.3.7. Wound remodelling assessment: immunohistology and gene expression

studies

Next, we examined the effect of SF hydrogel treatment on dermal remodelling by
analysing regeneration of extracellular matrix composition (collagen type I and collagen
type 111 fibres) in the healed tissues. Increasing collagen type | secretion from day 7 to
day 21 was clearly observed in both SF and Col treated wounds from the IHC images
(Figure 6.12.). On day 14, prominent mature collagen fibres (both type I and type I1I)
were clearly visible in the hydrogel treated wounds in comparison to untreated wounds.
This suggested relatively delayed healing process in the untreated group. Overall, an
increasing secretion of collagen type | was observed from day 7 to day 14 in all the
wounds, indicating wound healing progression. However, the pattern was different for
collagen type Il1. In case of SF treated wounds, highest secretion of collagen type 111 was
observed on day 14 in comparison to day 7 and day 21. This indicated higher secretion
of collagen type 111 by the fibroblast cells in the proliferative phase due to the support of
SF hydrogel. Further, collagen type 111 fibres were observed homogeneously distributed

throughout the lower portion of dermis layer on day 21 in SF treated wounds.

Gene analysis of collagen type | and collagen type Ill also revealed their
significant upregulation and downregulation during different stages of wound healing
(Figure 6.13.). In the Col gel treated wounds, collagen type | expression was 6-fold
higher than untreated (taken as control) on day 7, but the expression regressed to 3.7-fold
on day 14. It further upregulated to almost 9-fold on day 21, suggesting an overall
increment of collagen type | expression from day 7 to 21. In contrast, expression of
collagen type I11 showed reverse pattern in the Col gel treated wounds. The expression
continued to downregulate from day 7 to day 21, suggesting initial upregulation and
regression thereafter. Similarly, SF treated wounds exhibited similar expression of
collagen type | as observed in Col treated wounds. Expression of collagen type I
continued to upregulate from day 7 to day 21 and the expression was 8-fold higher than

control. On day 14, collagen type Ill expression was found to be 5-fold higher than
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control, which regressed on day 21. This suggested that SF-treated wounds were at a
more advanced stage of remodelling.
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Figure 6.12. Immunohistochemistry of (A) Collagen type | and (B) Collagen type I11 in
the wounds depicting distribution of respective collagen fibres in the regenerated skin
tissues supported by SF and Col hydrogels: (i) section of central wound portion at 4X
magnification and (ii) 40X magnified area (highlighted in yellow box of image i)
representing respective collagen fibres and bundles at different time points.
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Figure 6.13. Relative gene expression of (A) Collagen type | and (B) Collagen type IlI
respectively in the wounds treated with SF and Col hydrogels with respect to untreated
group taken as control.
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6.3.8. Re-epithelialization assessment

Re-epithelialization of wounds is the most important event in wound healing process.
Examination of chief markers of epidermal layer performed after 21 days of wound
healing revealed regenerated epidermis (Figure 6.14.). The expression of suprabasal
keratin marker cytokeratin 10 (CK10), basal keratin marker cytokeratin 14 (CK14) and
marker of terminally differentiated keratinocytes Involucrin (INV) were examined by
immunostaining. Both SF and Col treated wounds demonstrated comparable
regeneration of epidermis. Differentiated keratinocytes of regenerated epidermal layers
express CK10 [91]. Expression of CK10 and CK14 at the suprabasal and basal epithelial
layers respectively was clearly visible in both SF and Col treated wounds. In contrast,
untreated wounds did not exhibit cytokeratin expression by day 21, validating delayed
healing conditions. Involucrin appeared mostly in the uppermost stratified layer in SF
and Col treated wounds. In contrast, untreated wounds did not show Involucrin
expression by day 21. The observation suggests that hydrogels could fasten wound

healing by inducing differentiation of keratinocytes.
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Figure 6.14. Immunohistochemistry (IHC) of (A) CK 10 marker in the wounds depicting
suprabasal expression of CK10 in the epidermis on the wounds on day 21. (B) IHC of
CK 14 marker in the wounds depicting its expression in the whole epidermis on the
wounds on day 21. Scale bar represents 200 um. (C) Immunostaining of Involucrin
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marker (a marker of terminally differentiated keratinocytes) in the wounds on day 21
demonstrating mature epidermis in the SF and Col gel treated wounds. Red colour
depicts Involucrin and blue colour depicts nuclei stained with Hoechst 33342. Scale bar
represents 200 pm.

6.4. Discussion

Injectable hydrogel systems based on natural biomaterials provide great advantage in
addressing challenges in surgical interventions [57]. In addition, in situ forming gels that
rapidly cross-link with surrounding tissue have drawn significant attention as potent
healing materials [57]. Shape of wounds can be easily taken up by injectable gels as they
fill irregular shaped wounds and large cavities. By using flexible biomaterials like silk
fibroin, which possesses tunable mechanical strength, hydrogels with varying stiffness
were readily engineered. In the present study, self-assembly property of silk fibroin was
utilized to achieve in situ gelation for application on third degree burn wounds for
improved skin regeneration. Blend of two different silk varieties (AaSF and BmSF)
crosslinked at body temperature (37 °C) led to the fabrication of stable hydrogel matrix
(Figure 6.1.). This natural cross-linking between SF blend is majorly attributed to f-
sheet formation in its structure due to permanent physical entanglements between them
as verified by XRD and FTIR spectra (Figure 6.2.B,C). Stable hydrogel matrix of SF
blend might be attributed to the synergistic effects of hydrophobic interaction and
hydrogen bonding between AaSF and BmSF proteins.

BmSF and AaSF have different amino acid sequence, with variations in the
number of hydrophobic and hydrophilic amino acids. BmSF contains majority of
(GAGAGS)n repeats in the protein sequence, which tend to form B-sheet structure on
applying physical forces like vortexing, sonication or by electrogelation [222-224]. AaSF
protein sequence contains conserved polyalanine blocks alternated with glycine-rich
sequence, depicting stretches of hydrophopic blocks [214]. Temperature dependent self-
gelation of BmSF is a well-known phenomenon as the interactions among protein chains
increases, thereby leading to physical crosslinking [219]. Blending of BmSF with
polymers like poly(ethylene oxide) (PEO) or PEG also drives sol-gel transitions leading
to faster gelation due to movement of water molecules, thus facilitating inter- and
intramolecular interactions [219, 376]. Similarly, blending of BmSF with AaSF induced
such inter- and intramolecular interactions, thus leading to self-gelation of the blend
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solution. We speculated that the difference between hydrophilicity and hydrophobicity
between BmSF and AaSF might attribute to inherent self-assembly between them.
Further, the gelation time was dependent on temperature and concentration (Table 6.2.)

as also observed in previous studies.

Our approach of hydrogel formation by inherent crosslinking between the two
silk types also resulted in crosslinker-free gelation. Temperature and concentration
dependency on the gelation kinetics further demonstrated flexibility of system (Figure
6.3. and 6.4.). On comparing the storage modulus at the end time point, SF hydrogels of
concentration higher than 3 % (AB36, AB63 and AB66) were found to be stiff with very
high storage modulus (Figure 6.5.A,B). Such stiff hydrogels might not be suitable for
soft tissues like skin or in wound healing applications. In contrast, hydrogels with less
than 3 % concentration formed loose matrix, which were not self-supporting and
breaking down easily. Therefore, 3 % SF blend from equal volume of AaSF and BmSF
(AB33) was selected as optimum and termed as SF hydrogel in the subsequent studies.
Silk being a bulk protein, is well-known for its remarkable mechanical properties within
the physiological range for soft tissues [73]. The compressive modulus of SF hydrogel
was found to be suitable for wound healing applications, as this much strength is required
to maintain its shape and structure under prolonged cell culture conditions (Figure
6.5.C,D). Other soft hydrogels such as collagen and fibrin, suffer from contraction and
matrix failure due to low mechanical strength [73]. Thus, the soft mechanical properties
of SF hydrogel might offer favourable physical and biological properties for skin

regeneration applications.

Biodegradability and biocompatibility of SF hydrogel was confirmed by the
subcutaneous implantation for 4 weeks (Figure 6.6.). In addition, SF gel demonstrated
high integral stability in comparison to Col gel as determined by enzymatic degradation
studies (Figure 6.7.A). Higher stability of SF gel might be attributed to higher molecular
weight of SF protein and stable [3-sheet networks in comparison to Col. In addition, SF
gel did not show gel contraction and remained intact throughout the culture conditions
(Figure 6.7.B,C). Hence, cell culture studies on SF hydrogel not only revealed its
cytocompatibility but also demonstrated matrix stability. Contraction mechanism of Col
gel is a well-known phenomenon and therefore strategies to prevent gel contraction have
been applied by increasing the mechanical strength via chemical or physical crosslinking
in previous reports [69-71]. Higher mechanical strength and stability of silk protein thus
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offered beneficial properties to the SF gel. In addition, AaSF protein possesses inherent
RGD motifs, well known for its cell binding activity, thereby aiding in enhanced cellular
proliferation and migration (Figure 6.7.D and 6.8.) [214]. Cell migration is an important
parameter to assess for biomaterials developed for wound healing applications. The cells
residing in wound edges, especially keratinocytes, migrate towards wound site to heal
the wound by taking the support of provisional matrix [28]. Migration of keratinocytes
from agarose gel to SF matrix within 3 days validated the role of SF in cellular

recruitment and migration as observed under in vitro conditions (Figure 6.7.E).

Thermal wounds, especially third-degree burns are complex acute wounds due to
tissue necrosis and loss of full thickness skin. We applied the in situ forming injectable
SF hydrogel to investigate its wound healing attributes. This offered one step grafting
procedure requiring no additional sutures or glue for graft attachment. Wound healing
potential of SF hydrogel was found to be comparable with Col gel, as observed from
gross wound images (Figure 6.9.). Wound healing assessment of SF hydrogel in
comparison with Col gel also provided a proof of concept on its application for tissue
regeneration. Histological analysis by H & E and MT stain demonstrated that SF gel
healed the wounds in a regenerative manner, characterized by rapid development of
granulation tissue by 7 days, early re-epithelialization by 14 days and mature epidermo-
dermal regeneration by 21 days (Figure 6.9.B and 6.10.). Rapid wound closure in SF-
treated burns might also be attributable to a combination of both biological and physical
properties optimum for wound healing. Moist environment provided by the hydrogel
matrix for prolonged time prevents dehydration and thus leads to faster cell migration.
Higher water retention capacity of SF aided in maintaining moisture conditions during
skin regeneration. Higher cellular proliferation in the SF hydrogel matrix assayed under

in vitro conditions validated its effective cell migration property.

In the context of biomaterial-induced healing, vascularization potential and
macrophage response towards the construct are primary concerns. Events like high blood
vessel density in the granulation tissue and high density of CD68 positive macrophages
on day 7 confirmed overlapping inflammatory and proliferation phases during the initial
healing process by SF hydrogel (Figure 6.11.A,B). Angiogenesis at the early phase of
healing process is a determinant of granulation tissue development and beginning of
proliferative stage of wound healing. Both BmSF and AaSF holds great potential in
vascularization as also reported in previous studies. Immunostaining of macrophage
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marker (CDG68) revealed reduction in their density from day 7 to day 21, suggesting
wound healing advancement (Figure 6.11.C). This also demonstrated biocompatibility
property of the SF matrix because there was no aggressive or prolonged immune reaction
by the host. Gene expression analysis from day 7 to 21 further revealed interesting
aspects of macrophages during the wound repair process (Figure 6.11.D). Inflammation
was significantly reduced in the later phases of wound healing, as also observed by low
TNF-a and CD68 expression. Higher expression of TNF- o in SF treated wounds on day
7 and lower expression on day 14 and 21 suggested initial inflammatory phase and
regenerative phase thereafter (Figure 6.11.E). This was further validated by the
expression of CD163, a marker of regenerative macrophages which was lower on day 7
and higher on day 14 and 21 (Figure 6.11.F). This further explained persistent mild
inflammation in Col treated wounds on day 14 because the expression of TNF- o was
higher and CD163 was lower. This might be attributed to the host inflammatory response
towards allogenic collagen source of Col gel. However, the inflammation was reduced
on day 21 owing to the regenerative capacity of Col gel as validated by higher CD163

expression.

Furthermore, wound remodelling by different treatments was assessed by
examining gene expression of collagen type | and collagen type Il in the regenerated
tissue by IHC and gene expression studies (Figure 6.12.). In case of SF treated wounds,
collagen remodelling was clearly observed by higher deposition of collagen type 111 on
day 7 and 14, but lower on day 21. ECM in the regenerate skin was dominated by
collagen type I on day 21, suggesting tissue remodelling at the later stages of wound
repair by SF hydrogel. Such distinct collagen remodelling was not observed in Col gel
treated wounds. However, this might be attributed to the integration of Col gel matrix
with the native tissue and thus collagen type 111 fibres were not clearly visible. However,
gene expression study of collagen type I and type 11 revealed collagen remodelling and
dynamic wound repair process in both SF and Col treated wound (Figure 6.13.). The
major components of dermis include collagen type | (80-85 %) and collagen type I11 (8-
11 %), which together provide tensile strength and integral stability to the skin [360].
This is an important aspect of wound healing as early secretion of collagen type 111 helps
in accelerated repair process. Persistent or higher deposition of collagen type Il is also
associated with scar formation during wound healing [377]. Therefore, suppressed

collagen type Il observed in later wound healing stage (day 21) demonstrated that its
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expression was regulated and did not persist in the later phases. Expression of CK10,
CK14 and Involucrin at the respective layers further validated regeneration of mature
epidermis in SF and Col treated wounds (Figure 6.14.). Early re-epithelialization might
be attributed to the biocompatible property of SF gel, aiding in recruitment and migration
of keratinocytes as also observed under in vitro condition. We could speculate that the
moist hydrogel treatment of SF might further promote rapid re-epithelialization with

mature keratin proteins.

The combination of BmSF and AaSF in SF hydrogel resulted in accelerated
healing with normal wound repair process. Combining our findings obtained from the in
vivo study, SF hydrogel demonstrated enhanced neovascularization and did not provoke
persistent inflammation at the onset of wound healing process, suggesting
biocompatibility of the material. Next, early development of granulation tissue and
guided deposition of collagen type | and type Il by SF matrix showed dynamic tissue
remodelling during the wound repair process. Thus, our study established a unique SF
gel system for treating hard to heal third-degree burns. Our findings report SF hydrogel
as an alternative to current therapeutics for treating dermal injuries at a very low-cost.
The injectable hydrogel system might also be used to deliver cells by encapsulating it
with desired autologous cells. The hydrogel can also be easily functionalized by
incorporating bioactive molecules such as specific drugs, antibiotics or growth factors
for targeted drug delivery applications. Further investigation of the hydrogel matrix
incorporating bioactive molecules or cells may be performed in future to study other

applications.
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6.5. Significant findings

The salient findings of this chapter are as follows:

1. In situ forming hydrogel developed using the facile strategy by blending two
types of SF proteins offered advantages over the use of preformed constructs in
terms of taking shape of wounds, convenience of application, and host tissue
integration.

2. The inherent self-assembly between the two silk proteins resulted in rapid gel
formation without any cross-linker or external physical stimulus as compared to
individual proteins, which failed to form gel. The faster gelation under
physiological like conditions allowed easy encapsulation of viable cells.

3. The long-term moist environment provided by SF hydrogel proved to be
beneficial in accelerating the healing process and enhancing re-epithelialization.

4. The silk hydrogel was biocompatible and acted as a supportive matrix for
regenerating skin tissue with neo-dermis and neo-epithelium.

5. The detailed in vivo study indicates that the silk hydrogel not only promoted
wound healing, but also showed transitions from inflammation to proliferation

stage, an important event during burn wound healing.

In conclusion, this chapter provides details of a biocompatible in situ forming gel system,
which may substantially improve healing quality at an affordable cost. Comparable
results with collagen biomaterial demonstrate the silk hydrogel as an effective and
inexpensive formulation toward a potential therapeutic approach for wound healing
applications. This can pave way for further clinical studies on the same to improve the

treatment of severe burn injuries.
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Full-thickness skin wounds like third degree burns and chronic cutaneous ulcers are
complex wounds that affect a large population due to increasing cases of trauma and
pathophysiological conditions. The limited clinical outcomes and costly treatments are
major drawbacks at present, which has led to an increasing demand of bioactive matrices
that are affordable and available off-the-shelf. To tackle this pressing health problem, we
have developed silk based matrices by exploring and investigating the properties of
various types of silk for wound healing applications. Also, the current fabrication
strategies include application of harsh chemicals or organic solvents for matrix
development, which might lead to undetected toxicity in future. In order to combat such
fabrication related problems, our focus has primarily been on green approach, which do
not include chemical crosslinking and usage of harsh organic solvents. The facile
approaches taken herein as demonstrated in various chapters demonstrate huge potential
in skin regeneration therapeutics. The relevant advancement of the study and the future

prospects associated with it, are briefly enumerated in the following section:

(1) Exploring various varieties of silk fibroin helped in investigating the role of non-
mulberry silk and its potential in wound healing applications for the first time. Further,
functionalization of silk matrices was facilitated through various strategies including
recombinant growth factors and spider silk fusion proteins. The revelation of the in vitro
studies was fascinating, since the non-mulberry silk demonstrated improved cellular
activities in comparison to well-explored mulberry silk. The detailed wound healing
assessment in vivo further revealed extraordinary properties of various silk varieties for
scarless healing and diabetic wound healing. It is foreseen that the silk-based wound
dressings developed herein, might find applications in treating chronic cutaneous ulcers
like diabetic foot ulcers.

(2) Growth factors and antibacterial compounds are important additives for graft
implantation and play crucial roles in tissue regeneration. Functionalized silk-based
matrices developed herein demonstrate efficacy of sustained delivery of such bioactive
molecules and thus, can also be utilized for drug delivery applications or other tissue

regeneration therapeutics.
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(3) The prospect of a crosslinker-free approach for hydrogel fabrication opens immense
avenues in tissue regeneration applications. The silk hydrogel developed herein holds in
situ gelation and injectable properties apart from the regenerative properties, which make

this hydrogel suitable for healing internal injuries through minimally invasive surgeries.

(4) The research work revealed the potential of various silk biomaterials like mulberry
silk, non-mulberry silk and recombinant spider silk fusion proteins in wound healing
applications. Besides this, various types of constructs have been developed to harness
the regenerative properties of silk material. This technology is not only limited with skin
wound healing applications, but it can also be utilized for various tissue engineering

applications and regenerative therapeutics.

(4) In the near future, these silk-based matrices may be assessed for developing cellular
constructs using autologous cells to fabricate laboratory grown living skin equivalents

for patient specific treatments.

(5) The silk-based matrices can also be utilized to develop in vitro viable models for drug
testing, drug screening and other applications. Another prospective application of such
matrices is development of in vitro disease models such as melanoma model to study the
disease pathways and possible treatment pathways. The matrices if cultured with disease
specific human cells might be matured into artificial tissues, mimicking the disease

conditions. Such models are great tools for understanding the disease and its diagnosis.

In summary, silk-based matrices have been successfully developed for wound
healing applications. Various strategies made it possible to harness the regenerative
properties of natural silk biomaterial for treating hard-to-heal wounds. The promising
outcome of the in vitro and in vivo experiments highlights the potential of developed silk
matrices for the treatment of complex wounds like burn injuries and diabetic wounds.
Moreover, this work brings forward the potential of non-mulberry silk and recombinant
spider silk fusion proteins for wound healing applications for the first time. Further
exploration of such biomaterials and the developed matrices have immense prospects in

tissue engineering and regenerative medicine.
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Figure A2.1. (A, B) Proliferation profile of HaCaT and HDF cells on various mats
(blank as well as functionalized) on day 21 respectively. Mats containing NMSF had
significant difference with mulberry SF blend and PVA at p <0.01. Functionalized hybrid
mats showed higher cell proliferation compared to respective blank mats. (*p < 0.05,
**p <0.01).

Control

Figure A2.2. Elastin fibres stained by Weigert Resorcin—Fuschin method in the dermal
region of regenerated skin by various treatments on day 7 and day 14. Scale bar
represents 100 pum.

Figure A2.3. Collagen fibres stained by Masson trichrome method in the dermal region
of regenerated skin by various treatments on day 7 and day 14. Scale bar represents 200
pum. Yellow arrows represent blood vessels.
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Figure A2.4. Reticulin fibres stained by Gridley silver impregnation method in the
dermal region of regenerated skin by various treatments on day 7 and day 14. Scale bar
represents 200 um.
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Figure A3.1. Glucose levels of rabbits before (day 0) and after Alloxan induction (day
1,7, 14 and 21) for making diabetic model.

Control PVA PVABM PVAAA PVAPR

Figure A3.2. Histological study of wound healing process by H & E stained sections on
day 7 and 14 post wound creation in healthy rabbits.
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Control PVA PVABM PVAAA PVAP

o

Figure A3.3. (A) H & E stained sections of healed skin tissue showing matrix
morphology in the dermal region of diabetic rabbits on day 28 post wounding. (B)
Deposition of collagen bundles in wounds by Masson trichrome stain (C, D) Deposition
of reticulin and elastin fibres in the regenerated skin of diabetic rabbits.

Photographs
Coating Mat Scaffold

AaSF with 4RepCT

Coating

AaSF

AaSF with 4RepCT

Figure A4.1. Various formats of AaSF coated with 4RepCT. Photographs of AaSF as (a)
coating (7 mm wide) on a circular coverslip, (b) electrospun mat (12 mm wide), and (c)
microporous scaffold (6 mm wide) with 4RepCT top coating. SEM images of AaSF
coating, electrospun mat, and microporous scaffold alone (d—f) and with 4RepCT top
coating (g—i). Scale bars are 2 um for coatings and mats and 100 um for microporous
scaffolds. (Reproduced with permission from [332] ©2018 American Chemical Society).
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Photographs
Coating Mat Scaffold

BmSF with 4RepCT

Scanning electron microscopy images
Coating Mat Scaffold

BmSF

BmSF with 4RepCT

Figure A4.2. Various formats of BmSF coated with 4RepCT. Photographs of BmSF
coating on a circular cover slip (a), electrospun mat (b), and microporous scaffold (c)
coated with 4RepCT. SEM images of BmSF coatings (d, g), electrospun mats (e, h), and
microporous scaffolds (f, i) alone (d, e, f) and with 4RepCT top-coating (g, h, i). Scale
bars are 2 um for coatings and mats, and 100 um for microporous scaffolds. Areas with
occasional irregularities are shown for top-coated materials (g-i), which were otherwise
similar to materials without top-coatings (d-f). (Reproduced with permission from [332]
©2018 American Chemical Society).

Necrotic burn skin

Figure A5.1. Histological analysis by H & E staining: (A) Normal rat skin showing
intact dermal and epidermal structures and (B) Necrotic burn skin after infliction of third
degree burn on skin.
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A B

After 48 h

Heating block 80 °C for 15 sec

i . ¢

Healing SF hydrogel
injection

Figure A6.1. (A) Image of the instrument designed for inflicting third degree burn on the
rats. (B) Schematic representation depicting methodology of burn wound infliction and
injecting SF hydrogel for wound healing application.

Skin excision

Wound edge ECM SF hydrogel Wound edge ECM SF hydrogel

Figure A6.2. H & E staining of tissue section depicting the interface between wound
edge ECM and SF hydrogel after 3 days of application: (A) A clear demarcation between
wound edge and SF hydrogel is visible in the tissue section. (B) Magnified image of the
intersection between wound edge ECM and SF hydrogel.

275

TH-2133_ 136106012



276

TH-2133_136106012



LIST OF PUBLICATIONS

277
TH-2133_ 136106012



278

TH-2133_136106012



List of Publications

Publications from Ph.D. Thesis:

(A) Journal Publications:

1.

Dimple Chouhan, Tshewuzo-u Lohe, Pavan K. Samudrala, Biman B. Mandal.
“In situ forming silk fibroin hydrogel promotes skin regeneration in full thickness
burn wounds”. Advanced Healthcare Materials, 2018; €1801092.

Dimple Chouhan, Janani Guru, Bijayashree Chakraborty, Samit K. Nandi,
Biman B Mandal. “Functionalized PVA-Silk blended nanofibrous mats promote
diabetic wound healing via regulation of extracellular matrix and tissue
remodeling”. Journal of Tissue Engineering and Regenerative Medicine, 2018;
12: €1559-1570.

Dimple Chouhan, Naresh Thatikonda, Linnea Nileback, Mona Widhe, My
Hedhammar, Biman B. Mandal. “Recombinant spider silk functionalized
silkworm silk matrices as potential bioactive wound dressings and skin
grafts”. ACS Applied Materials and Interfaces, 2018; 10: 23560-23572.

Dimple Chouhan, Bijayashree Chakraborty, Samit K. Nandi, Biman B
Mandal. “Role of non-mulberry silk fibroin in deposition and regulation of
extracellular matrix towards accelerated wound healing”. Acta Biomaterialia,
2017; 48: 157-174.

Nandana Bhardwaj, Dimple Chouhan, Biman B. Mandal. “Tissue engineered
skin and wound healing: current strategies and future directions”. Current
Pharmaceutical Design, 2017; 23: 3455-82.

Dimple Chouhan, Nandana Bhardwaj, Biman B. Mandal. “Emerging and
innovative approaches for wound healing and skin regeneration: current status
and advances” (Revision submitted in Biomaterials).

Dimple Chouhan, Piyali Das, Naresh Thatikonda, Samit K. Nandi, My
Hedhammar, Biman B. Mandal. “Silkworm silk matrices coated with
functionalized spider silk accelerate healing of diabetic wounds” (Revision
submitted in ACS Biomaterials Science & Engineering).

Dimple Chouhan, Tshewuzo-u Lohe, Naresh Thatikonda, VGM Naidu, My
Hedhammar, Biman B. Mandal. “Recombinant spider silk coated silkworm silk

fibroin matrices accelerate healing of third degree burn wounds” (under review).

279

TH-2133_ 136106012



List of publications

Publications from Other Collaborative Research Projects:

1. Dimple Chouhan, Shreya Mehrotra, Omkar Majumder, Biman B.
Mandal. “Magnetic actuator device assisted modulation of cellular behavior and
tuning of drug release on silk platform”. ACS Biomaterials Science &
Engineering, 2019; 5, 92-105.

2. Sween Gilotra, Dimple Chouhan, Nandana Bhardwaj, Samit K. Nandi, Biman
B. Mandal. “Potential of silk sericin based nanofibrous mats for wound dressing
applications”. Materials Science and Engineering C, 2018; 90: 420-432.

3. Linnea Nileback, Dimple Chouhan, Ronnie Jansson, Mona Widhe, Biman B.
Mandal and My Hedhammar. “Silk-silk interactions between silkworm fibroin
and recombinant spider silk fusion proteins enable the construction of bioactive
materials”. ACS Applied Materials and Interfaces, 2017; 9: 31634-44.

4. Shreya Mehrotra, Dimple Chouhan, Rocktotpal Konwarh, Manishekhar Kumar,
Praveen Kumar Jadi, Biman B. Mandal. “A comprehensive review on silk at
nanoscale for regenerative medicine and allied applications”. ACS Biomaterials

Science & Engineering, 2019.

(B) Patents:

1. Biman B. Mandal and Dimple Chouhan, “Silk Hydrogel for Treatment of Burn
Wounds”, Indian patent, Application No. 201831022013.

2. Biman B. Mandal, Yogendra Pratap Singh, Ashutosh Bandyopadhyay, Shreya
Mehrotra, Joseph Christakiran Moses, Bibhas Kumar Bhunia, G. Janani and
Dimple Chouhan, “Development of silk based bioinks for 3D bioprinting and
uses thereof”, Indian patent, Application No. 201831038727.

3. Biman B. Mandal, Dimple Chouhan, Bibrita Bhar, Rajiv Borah, “Silk fibroin —
Aloe vera composite matrices for wound healing, Indian Patent, Application no.
201931004617.

(C) Book Chapter:
1. Nandana Bhardwaj, Dimple Chouhan, Biman B. Mandal, “Functional 3D Tissue
Engineering Scaffolds”. 345-365, 2018. (Book Chapter, Woodhead Publishing).

280
TH-2133_ 136106012



List of publications

(D) Conference Proceedings:

1.

10.

Second position in TE SIG Poster Award in the ‘Annual Meeting of Society for
Biomaterials’ held at Seattle, U.S.A. on the topic “Silk-ECM composite 3D
printed constructs for burn wound healing”, 2019.

First position in Springer Oral Contest in the ‘Advances in Polymer Science and
Technology’ held at Kathmandu, Nepal on the topic “Silk fibroin hydrogel as an
affordable alternative solution for treatment of third degree burn wounds”, 2018.
Best poster award in the Research Conclave 2018, on the topic “Exploring silk
fibroin based nanofibrous matrix as skin substitute material”, IITG, 2018.
Fourth position in ‘Talent Search Contest’ organized by Guwahati Biotech Park,
Topic: “Smart and affordable wound dressings for treatment of chronic diabetic
foot ulcers” in 2018.

Conference paper: Biman B. Mandal, Dimple Chouhan, Naresh Thatikonda,
Linnea Nileback, Mona Widhe, My Hedhammar. “Functionalization of silk
fibroin matrices using recombinant spider silk fusion proteins for developing
bioactive wound dressing”. 5" TERMIS World Congress — 2018 Kyoto, Japan.
Second position in ‘TechExpo Competition’ organized by Techniche, IITG,
Topic: “Silk based affordable grafts and healthcare products” in 2017.

Best poster award in the international conference ‘Biomaterials, Biodiagnostics,
Tissue Engineering, Drug delivery and Regenerative medicine’ (BITERM) on the
topic “Silk fibroin based functionalized nanofibrous mats as potential wound
dressing material” conducted by IIT Delhi, India, 2016.

Conference paper: Dimple Chouhan, Samit K. Nandi, Biman B. Mandal. “Non-
mulberry silk fibroin based smart nanofibrous wound dressing for chronic
cutaneous ulcers”. European cells & materials, 2016; 31:239, TERMIS-EU
Meeting, Uppsala, Sweden.

Second position in ‘Innovation Competition’ organized by Technology
Incubation Centre, IITG, Topic: “Smart silk based nanofibrous wound dressing:
To treat non-healing diabetic foot ulcers” in 2016.

Conference paper: Mimi Adhikary, Prerak Gupta, Manishekhar Kumar, Salma
Jasmine, Nandana Bhardwaj, Dimple Chouhan, Biman B. Mandal.
“Hydroxyapatite-silk fiber-silk fibroin tri-composite scaffolds for bone tissue
engineering”. European cells & materials, 2016; 31:18, TERMIS-EU Meeting,
Uppsala, Sweden.

281

TH-2133_ 136106012



