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Few studies are reported on immunomodulatory potential of non-mulberry (Antheraea mylitta) silk
fibroin (SF) combined with polyurethane (PU) in diabetic wound healing. In this study, PU/SF
(Antheraea mylitta) scaffolds were fabricated by blending and immobilization techniques. Effective SF
dosage was determined and incorporated according to minimum inhibitory concentrations against
wound associated bacterial strains while fabricating scaffold. Dermal fibroblast NIH3T3 cells were seeded
on epidermal growth factor (EGF) treated and untreated PU/SF scaffolds, fabricated by blending and
immobilization techniques. Fibroblast seeded PU/SF scaffolds were investigated for anti-inflammatory
response in wound recovering potential comparing with Acticoat™ in third degree burn of streptozotocin
induced diabetic rats. At 16th, 24th days, promising healing was achieved with faster granulation,
enhanced collagenization, patterned re-epithelialization by EGF treated cellular immobilized PU/SF in
normal, hyperglycemic burn. Biomarkers of different healing stages, CD31 (haemostasis), Ki67 (prolifer-
ative), alpha-sma, COL IIl (maturation) were examined. Since hyperglycemic burn is characterized by
inflated pro-inflammatory cytokines, serum, tissue IL-6,8,10 were recorded, which revealed timely
restoration of inflated IL-6,8 and protection against IL-10 elevation by cellular immobilized PU/SF com-
pared to Acticoat™ (p < 0.05), control (p < 0.01). E-cadherin (gap junction protein), MMP 9 response sug-
gested anti-inflammatory role of PU/SF on accelerated healing of thermal injury as potent dermal
substitute.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Impaired wound healing is concomitant with diabetes with
complex patho- physiological phenomenon and the prolonged
inflammation along with increased oxidative stress impairs healing
process in diabetes. In 2015, 170 million deaths were caused due to
diabetes, among which 20.8 million was in USA [1], and this data
are projected to be double by 2030 [2]. Around 25% diabetic popu-
lations shall suffer from diabetic foot ulcers in coming decades,
which will necessitate efficient diabetic wound management spec-
ulated by World Health Organization (WHO) [3,4]. Non-fatal
chronic burn injury is a global public health crisis leading to mor-
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bidity. Acute thermal injuries requiring medical treatment affect
nearly half a million Americans each year, with approximately
40,000 hospitalizations and 3400 deaths annually [5]. People of
lower middle socioeconomic countries are at higher risk like sixty
seven percent burn cases are witnessed in Africa and South-East
Asia reg-ions [6]. Therefore, diabetic burn wound management is
a craving issue which should include blood sugar control, removal
of wound exudate and dead tissue, early resuscitation, wound exci-
sion and coverage, infection management and proper choice of
wound dressings is required in the fight against burn mortality.
Topical dressings research for third degree full thickness burn is
overall poor as each category of dressings has individual merits
and demerits. Non-adhesive dressings are inexpensive, well toler-
ated; foam and alginate dressings are absorbent thus effective for
heavily exuding wounds. Dressings containing inidine and silver
aid in managing wound infection whereas occlusive dressings
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should be avoided for infected wounds. Most of dressings require
frequent change to reduce maceration for faster healing. Unfortu-
nately, none of these stimulate all the four phases of healing pro-
cess for burn wound repair. Dressing choice should be guided by
wound characteristics, exact requirements and cost effectiveness.
Grafting is popular alternative to third degree burn patients, but
failure due to graft rejection is still challenging to effective diabetic
burn wound healing. Thus, popularity of tissue engineered graft is
gaining importance gradually. Trends in such wound treatments
are exploiting disinfectants including application of epidermal
growth factor (EGF)-containing formulations around lesions area
[7,8]. Therefore, this study explored the potential of EGF incorpo-
rated tissue engineered scaffold. Specific regulatory markers play
pivotal role in upregulation or downregulation of healing response
in each phase.

Polyurethane (PU) has already been used as wound healing
agent in commercial dressings like Tegaderm™, Bioclusive™ [9-
11] due to high biocompatibility, appreciable swelling ability, cell
adhesive nature, nonimmunogenic and appreciable mechanical
strength. Additionally, non-mulberry silk fibroin (SF) is reported
as efficient wound healing agent as they have antimicrobial prop-
erty and offer enriched Arginine, Glycine and Aspartate (RGD
sequences), facilitating binding to integrin receptors of cell mem-
brane, which provides functional advantage of mediating cell-
material interactions for wound repair being responsible for extra-
cellular matrix components (ECM) synthesis [12]. Earlier studies
showed mulberry (Bombyx mori) silk fibroin coated polyurethane
matrix has greater affinity to fibroblast cell adhesion and prolifer-
ation [13], and it did not elicit any assayable amount of three main
proinflammatory cytokines, namely interleukin-18 (IL-1pB), tumor
necrosis factor-alpha (TNF-a), and transforming growth factor-p1
(TGF-p1) when human fibroblasts cultured on PU scaffolds [14].
Independent studies reveal antimicrobial potential of mulberry
Bombyx mori and non-mulberry Antheraea mylitta silk fibroin [15]
and Antheraea mylitta variety SF are richer in RGD sequences com-
pared to Bombyx mori variety [16] and customized PU scaffold
architecture helped to release SF from matrix. Antheraea mylitta
SF was chosen in optimum dose of effective inhibitory concentra-
tion to combat with microbial invasion that could be beneficial
for eliminating burn associated infection and a novel effective
route of surface immobilization of SF onto PU microporous scaffold
has been proposed. As in diabetic patients, wound healing process
is delayed; this study aims to investigate diabetic burn wound
healing efficiency of PU/SF hybrid mats, applied topically on strep-
tozotocin induced diabetic wistar rats a long with its immunomod-
ulatory effects followed by biochemical parameters. Synergistic
effect of PU and SF protein (Antheraea mylitta), is not reported on
hyperglycemic burn wound healing and no study is available on
prospective immune-modulatory role of PU/SF (Antheraea mylitta),
or biological insight on alteration in inflammatory response [17] by
topical application of PU/SF on diabetic burn have not been inves-
tigated so far. In our earlier studies, exploiting standard strategies
of blending, Isophorone diisocyanate (IPDI) based PU was
employed for scaffold fabrication with precise pore size suitable
for fibroblast and keratinocytes proliferation and dose determined
SF (Antheraea mylitta), was immobilized on surface functionalized
porous PU scaffold for topical application.

Wound healing involves complex mechanism with independent
stages of hemostasis, inflammatory, proliferative and maturation -
remodelling phases. Relative delay in chronic hyperglycemic
wound is attributed by lack of periodic activation of cascading
molecules due to inflammation which triggers sequential recruit-
ment of inflammatory cells, neovascularization and re-
epithelialization [18]. Specific regulatory markers play pivotal role
in upregulation or downregulation of healing response in each
phase. Relative response of representative signature markers from

each healing phase i.e. angiogenesis promoting CD31, proinflam-
matory cytokines like IL-6, IL-8 and IL-10 response in inflammatory
phase, keratinocytic migration indicative Ki67 accumulation in pro-
liferative phase [19], alpha sma, COL Il expression in maturation
phase was investigated. In context of wound re-epithelialization,
cell adhesion and gap junction mediating cell surface protein E-
cadherin is of prime importance for retaining cytoskeletal integrity
of epithelium and controlling cellular polarity, differentiation,
growth, and migration of cells [20]. Thus expression pattern of E-
cadherin was also studied in both hyperglycemic and non-
hyperglycemic wound. PU/SF scaffolds have shown appreciable
antimicrobial efficiency as evidenced by treating with E. coli, S. aur-
eus, P. aeruginosa and K. pneumonia etc. Moreover, it is advanta-
geous as occasional requirement of dressing change is attributed
by its high absorbent nature whereas, Acticoat™ required a manda-
tory dressing replacement at 3 days interval in wet condition. This
study provides convincing experimental evidence that immobilized
non-mulberry SF (Antheraea mylitta) with PU mutually served as an
attenuating factor of burn associated proinflammatory cytokines
contributing to hyperglycemic burn wound healing process which
suggests this may be used to treat burn patients with diabetes.

2. Experimental
2.1. Silk fibroin (SF) isolation

Non-mulberry silkworm (A. mylitta) silk fibroin was isolated fol-
lowing the earlier described protocol [21]. Well grown non-
mulberry silkworm (A. mylitta) larvae fifth instar stage was pro-
cured and silk glands were thoroughly washed with de-ionized
water to remove debris. First silk glands were dissected, and fibroin
protein was squeezed out from the glands manually. SF protein
was dissolved in aqueous solution of 1% w/v sodium dodecyl sul-
fate (SDS) buffer, 5 mM EDTA, and 10 mM Tris (pH 8.0) in stirring
condition. SDS was utmost removed by dialyzing SF solution using
cellulose membrane-based dialysis cassette (MW 12.4 KDa) exten-
sively upto 48 h against Milli Q water at 4 °C. Dialyzed SF within
dialysis membrane (MW 3.5 KDa) was concentrated in polyethy-
lene glycol at room temperature for 1h. Reconstituted SF was
stored at 4 °C.

2.2. Determination of minimal inhibitory concentration (MIC) of SF for
dose selection

The minimum inhibitory concentration (MIC) was determined
following the method described by Bhowmick et al [22] against
Escherechia coli (ATCC 25922), Staphylococcus aureus (ATCC 6538),
Pseudomonus. aeruginosa (ATCC 15442), Klebsiella pneumoniae
(ATCC 6538) obtained from microbial repository of MTCC, IMTECH,
Chandigarh, India. In brief, all the strains were cultured on Leuria
broth at 37 °C for 24 h, and appropriate dilutions were made from
the fresh liquid cultures to get final bacterial cell concentration of
108 CFU/ml to begin with MIC experiment respectively. Bacterial
cell count was based on the absorbance value of 0.1 OD at 600 cor-
responding to 108 cells/ml. The concentration of SF chosen for all
the four strains were adjusted from 4 mg/ml to 8 mg/ml. The lower
cut off 4 mg/ml was preselected based on random dose selection
ranging from 200 pg/ml to 4 mg/ml. For first screening, ranging
from 200 pg/ml to 3.8 mg/ml, 250 pl of adjusted bacterial solution
(CFU~108) along with 250 ul of different concentration of SF
(200 pg/ml to 4 mg/ml) were added to 48 well plate and incubated
at 37° C upto 72 h. During this entire period, optical density at
600 nm was recorded at various time points to obtain the growth
curve and rapid growth was found below the doses of 3.8 mg/ml.
Therefore, second screening range was considered from 4 mg/ml
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to 8 mg/ml following the same procedure described as above and
final determined minimal inhibitory SF concentration was consid-
ered for incorporating into all the different variety of scaffolds.

2.3. Preparation of PU/SF microporous matrices by blending and
immobilization employing surface aminolysis technique

Isophorone diisocyanate (IPDI, TCI, MW. 222.29) was dissolved
in Dimethyl sulphoxide (20 ml) and Polyethylene glycol (PEG,
MERK, MW. 400) was added with continuous stirring for 45 min
at 120 °C. The molar ratio of IPDI and PEG 400, i.e. (diisocyanate,
NCO: polyol, OH) was taken as 2:1 to ensure complete reaction
between free NCO and OH groups. Dibutylitin dilaurate (DBTDL,
Sigma Aldrich) was added dropwise as catalyst followed by addi-
tion of 2-propanol to reaction mixture [23]. This reaction could
take place for 1 h to block the free isocyanate groups. Regenerated
SF solution (8 ml) was mixed into it and Genipin (Sigma Aldrich,
1 ml) was used as a cross-linker to facilitate the polymer synthesis.
After silk protein was completely dissolved, a blended viscous yel-
lowish solution was obtained. Therefore, polymer was crystallized
at —80° C for 27 h and followed by lyophilizing at —80° C for 48 h.
The matrix obtained was vaccum dried under room temperature
and stored in desiccator for further use.

Likewise, IPDI based scaffold was fabricated as described with-
out SF by lyophilization. The lyophilized matrix was vaccum dried
under room temperature and subjected to surface modification
[24]. Scaffolds were immersed in 7 wt% 1,6-hexane diamine solu-
tion (60 mg/ml) in 2-propanol for 10 to 15 min at 37 °C to amino-
lyze the matrix followed by extensive washing with distilled water
for 24 h to remove free unbound 1,6-hexane diamine from scaffold
surface. Then the membrane was dried overnight, incubated in
Glutaraldehyde solution (1.5% (w/v)) for 3 h at room temperature
to convert surface exposed amino groups into aldehyde groups.
This was followed by extensive rinsing with large amount of deion-
ized water to make the surface Glutaraldehyde free. SF (8 mg/ml as
calculated highest MIC value) was immobilized on PU scaffold sur-
face by incubating the modified PU scaffolds in SF protein for 48 h
at 4 °C (Fig. 2f). Scaffolds were washed with PBS thrice to remove
unbound or loosely bound SF and debris, which ensured the pres-
ence of only immobilized SF on the scaffold surface.

2.4. Characterization of PU/SF scaffold

Scanning electron microscopy was performed to investigate
surface morphology of the scaffolds and to confirm the presence
of interconnected pores. Interconnected pores facilitate the fibrob-
last cells to proliferate well in scaffold architecture. Scaffolds were
fractured in liquid nitrogen for cross-sectional analysis followed by
platinum coating and images were captured with a JEOL MAKE
(UK) MODEL-JSM 6360 scanning electron microscope at an acceler-
ating voltage of 20 KV.

Atomic force microscopic (AFM) studies evaluated the surface
roughness and microstructure of the scaffold varieties including
their three-dimensional structures. Herein, vacuum dried PU/SF
scaffolds were placed on the holder with the aid of carbon coated
tape and scanned under tapping mode using AFM (Multiview
3000, Nanonix Imaging Limited, Israel).

Water uptake study was performed to evaluate the phosphate
buffer saline (PBS, pH 7.4) retaining capacity of the scaffold matrix
[25]. The scaffolds were tailored into square shape of 4 cm? area
and dry weight were measured. Dried and pre-weighed scaffolds
were immersed in PBS and water. After specific intervals, swollen
scaffolds were taken out of water and PBS and wet weight were
recorded after wiping surface gently over blotting paper. This study
was performed upto 24 h and degree of water uptake was calcu-
lated as per the following equation:

maximum wet weight — initial dried weight

Percent water uptake = — - :
p initial dried weight

% 100(%)
(1)

2.5. Recombinant rat specific epidermal growth factor (rEGF) loading
into PU/SF matrix and mathematical modelling of SF and rEGF release

profile

Rat specific recombinant epidermal growth factor (SRP3238,
Sigma Aldrich, recombinant, expressed in E. coli, >98% (SDS-
PAGE), >98% (HPLC) vial was centrifuged before reconstitution.
Reconstitution was done to 100 pug/ml concentration in millipore
water containing 0.1% bovine serum albumin (BSA, 100 pg/ml).
Reconstituted rat rEGF was incorporated into scaffolds at 20 pg/
ml concentration.

Herein the scaffolds were immersed into PBS at 37 °C and
cumulative percent SF release at different time intervals were cal-
culated [26] and then it was compared with different kinetic
models.

Rat specific rEGF incorporated scaffolds were immersed into
PBS and allowed to elute rEGF. Cumulative SF and rEGF release pro-
file were calculated by Equation no 3, where M, is the amount of
rEGF released at time t and M is the theoretical value of rEGF,
loaded in scaffold. The release kinetics of SF and rEGF from immo-
bilized and blended PU/SF in PBS were studied by release kinetic
theories like Higuchi kinetics, Korsmeyer-Peppas kinetic models
using Egs. (3) and (4) respectively, where M/M is the fraction of
release in time t and M is amount of release at time t, n is diffusion
exponent which recognizes its fickian or non-fickian nature of
release pattern; n < 0.5 indicates fickian and 0.5 < n < 1 represents
non-fickian mechanism.

Percent SF or rEGF release = % x 100 (2)
% =Kxtn (3)
Mt =k x vVt (4)

2.6. In vitro NIH3T3 cell line maintenance on PU/SF scaffold

3 cm discs of EGF treated and untreated PU/SF scaffolds were
sterilized at 1.5 Ib/ inch? pressure, 121° C for 20 min. Mouse fore-
skin fibroblast (NIH3T3) cells growth to confluency was performed
in a controlled atmosphere (Leishmen Sanghai CO, Incubator 37° C,
5% CO0;) using Dulbecco’s Modified Eagle’s Medium (DMEM, Hi-
Media, India), supplemented with 10% Fetal Bovine Serum (FBS,
Hi-Media, India) and Penicillin-streptomycin antibiotic solution
(Hi-Media, India). Confluent monolayers were propagated by
trypsinization (0.25% Trypsin and 0.02% EDTA, Hi- Media, India)
and re-plated at 72 h. EGF treated and untreated PU/SF scaffolds
were pre-incubated in complete media in the six well microtitre
plate overnight. At third passage of cell maintenance, cells were
seeded on the preincubated EGF treated and untreated PU/SF scaf-
folds at seeding density of 2 x 10° cells/well followed by incuba-
tion upto 24 h. These NIH3T3 cell seeded, EGF treated and
untreated PU/SF scaffolds were applied at the burn wound site.

2.7. In vivo wound healing

2.7.1. Diabetic burn wound model development

The animal protocol was performed following approval of Insti-
tutional animal ethics committee (vide letter no: AEC/
PHARM/1702/22/2017). A standard full thickness burn wound
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model was established for evaluating efficiency of blended and
immobilized varieties scaffolds compared to commercial treat-
ment Acticoat™ (Smith & Nephew, Inc.) as wound dressing in rat
model (Rattus norvegicus). The experimental animals were divided
into two groups i.e. diabetic and non-diabetic. Acticoat™ was
replaced at every three days in wet condition as per manufacturer’s
instruction whereas PU/SF scaffolds treatments were changed at
10-11 days interval in dry condition. For induction of diabetes,
Streptozotocin at 50 mg/kg body weight was intravenously
injected to tail vein of the animals [27] and after 3 days of Strepto-
zotocin (Table 4) administration, burn model was developed.

The rats were anesthetized by xylazine hydrochloride
(12mgkg! body weight) and ketamine hydrochloride
(65 mg kg~! body weight). A dedicated sterile red-hot metallic
bar was held in contact with the shaved animal’s dorsal skin for
12 s, following standard procedure for producing third-degree
burn. Twenty percent dorsal body surface was burnt where surface
was calculated by Meeh'’s formula A = 10 x W23, where: A = area in
cm? and W = weight in grams. NIH3T3 cell seeded, EGF treated and
untreated PU/SF scaffolds and Acticoat™ were applied at the burn
wound. Animals were placed in aseptic and optimized lighting
conditions (12 h light/dark photoperiod), at 25 °C. Wounded areas
were washed thrice with seventy percent ethanol every day to
maintain aseptic condition at the wound site. Wounded animals
were euthanized at different interval to collect blood by direct
heart puncture. Collected blood was centrifuged at 3000 rpm for
20 min and serum was separated and stored in liquid nitrogen.
The healed tissue of wounded area was collected at those intervals
for all the groups stored at —20 °C for biochemical estimations.

2.7.2. Wound healing index and tensile strength of regenerated skin
The burnt wound site in each group was photographed at differ-
ent intervals (Oth, 3rd, 7th, 14th, 21st days) for diabetic and normal
wound. Lesion area was measured (mm?) using Image ] software
(NIH, USA) and wound closure index was calculated following Eq.

(5).

Percent wound closure(%)
_ (initial wound area at Oth day—wound area at nth day) x 100
- initial wound area at Oth day

(5)

The healed skin was excised 3 weeks post burn from each
group, ultimate tensile strength (UTS) and Young’s Modulus of
regenerated skin were evaluated in wet condition from initial
breaking point in stress-strain curve obtained from Universal Test-
ing Machine (UTM; Instron 4204, UK), under 100 N load cell. The
wound strength was calculated as following Eq. (6):

UTS of normal unwounded skin
UTS of wounded skin
x 100 (6)

Wound strength(%) =

2.7.3. Haemocompatibility and blood platelet adhesion study on PU/SF
scaffold

In order to investigate the interaction between the blood cells
and IPDI based PU/SF matrices, the haemolysis was analyzed by
direct blood contact following earlier described method [28].
Briefly, anti-coagulated rat’s blood was diluted with normal saline
solution (8 ml blood and 10 ml N-saline) and N-saline (10 ml) was
considered as positive control. The samples were incubated for
72 h at 37 °C in CMF-PBS (calcium and magnesium free Phosphate
Buffered Saline). Fresh blood obtained by vein puncture in vacuum
tubes containing sodium citrate (3.8%) in a ratio of 9:1 was used.
Positive and negative controls were prepared by mixing 1 ml
whole blood with 7 ml distilled water and CMF-PBS, 1 ml whole

blood was kept as blank. The scaffolds were incubated for 3 h at
37 °C in the citrated blood, with slight agitation every 30 min.
Afterwards, the scaffolds were removed, blood was centrifuged at
2000 rpm for 15 min, plasma separated, and following second cen-
trifugation, the poor platelet plasma was isolated. After another
centrifugation, supernatant was mixed with Drabkin reagent and
the optical density was read at 546 nm. The hemolytic activity
was calculated by direct contact method, according to ASTM F
756-00 standard. The formula used to calculate the hemolytic
index is given in Eq. (7).

[OD test—OD negative control] x 100
OD positive control — OD negative control]

)

In order to investigate whether the blood platelets were suscep-
tible to adhesion towards scaffold, resulting into platelet rupture or
not, platelet adhesion study was performed following Chouhan
et al. protocol [29].

Percent haemolysis =

2.7.4. Wound tissue hydroxyproline, hexosamine, elastin content
estimation

In order to characterize regenerated full thickness skin, the
deposited extra cellular matrix quantity had been estimated. The
excised tissue was collected at different time intervals (day 7, 14
and 21) and stored at —80 °C to restore its ECM components. Tis-
sues (100 mg) under —20 °C was thawed and chopped under ice
cold condition [30]. Total tissue hydroxyproline, hexosamine and
elastin content was estimated following the earlier described
method [31-33].

2.7.5. Western blotting

All crude protein samples were analyzed on the protein slab gel
(10%) using standard protocol (Laemmli 1979). Treated and control
tissue were grinded with liquid nitrogen and lysed with precooled
RIPA buffer (100 ul) and Protease inhibitor cocktail mix at 4 °C for
30 min followed by centrifugation at 13,000 rpm at 4 °C for 10 min.
Supernatant was mixed with bromophenol blue, heated for 5 min
at 95° C and subjected to SDS-PAGE with 10 percent running gel
for 2 h [64]. Total protein was transferred to PVDF membrane using
Amersham ECL semi dry blotting apparatus (GE Healthcare Life
Sciences, USA) for 150 min followed by blocking with 5% BSA for
2 h and washed with TBST (Tris buffer saline with Tween 20) buf-
fer. PVDF membrane was incubated with primary anti rat E-
cadherin antibody (Elabscience, China) overnight at 4 °C followed
by incubating it in secondary horseradish peroxidase conjugated
IgG antibody (Elabscience, China) for 2h. Then signals were
detected following manufacturer’s protocol using Excellent chemi-
luminescence kit (Elabscience, China).

2.7.6. Gelatin zymography

The expressions of MMP 9 in the tissue samples were studied by
Gelatin Zymography. The 7 days treated, and control protein sam-
ples were loaded in individual wells of the protein slab gel (10%)
and ran as per the standard protocol (Laemmli 1979) containing
15 mg/ml gelatin in resolving gel. After electrophoresis, gelatin
zymography was performed following the protocol [34] to detect
the presence of MMP 9 in all the tissue.

2.7.7. Pro-inflammatory cytokine analysis

Serum was collected, and wound tissue from all treatments
including control groups were excised starting from 6 h to 14 days
at different time points of postburn, homogenized in 10% PBS (pH
7.4) at 4° C. IL-6, IL-8, IL-10 levels, both of serum and tissue homo-
genate were quantified for the different intervals following manu-
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facturer’s protocol of rat specific IL-6, IL-10 ELISA kit (Elabscience,
China) and IL-8 (Raybiotek, China).

2.7.8. Histomorphological analysis

Tissue sections were stained with H & E & Masson'’s trichome
(MT) for histological examination of both kind of wounds over
entire healing progression upto 21 days to justify the healing abil-
ity of all the four dressings varieties including Acticoat™ at differ-
ent intervals. H & E and MT staining images were taken by
considering 5 fields per specimen under bright field microscope
(LEICA DM 2000) with image analysis software QWIN software
Version 3.0. The healing information with different groups of treat-
ment was scored on a scoring system based on few parameters
[35] which are tabulated in Table 2.

2.7.9. Immunohistochemical staining

The tissue sections (8 um) were subjected to immunostaining
with anti-rat CD31 (Abcam, ab182981), anti-rat COL III (Abcam,
ab6310), anti-rat Ki-67 (Abcam, ab16667), anti-rat alpha smooth
muscle actin antibodies (Invitrogen, 1 A4 (asm-1). The sections
were incubated with labeled secondary antibody, immunohisto-
chemical study was performed following manufacturer’s protocol
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of DAKO Envision Plus kit, for visualizing the antibody expression
at different wound healing stages.

2.8. Statistical analysis

All the experiments were conducted in triplicate to get statisti-
cally significant result. All the data are expressed as mean * stan-
dard deviation. Level of significance was evaluated at *p < 0.05 to
be significant, **p <0.01 to be moderately significant and
***p < 0.001 to be highly significant by one-way analysis of vari-
ance (ANOVA) using Tukey’s post hoc test in Origin Pro. 9.0 analy-
sis software.

3. Results
3.1. Minimal inhibitory concentration and dose selection of SF

Since antimicrobial property of mulberry SF already reported
against a series of gram positive and gram-negative bacteria, this
property was exploited to inhibit the microbial load at the wound
bed. Though antimicrobial property of SF is known against Escher-
ichia coli, Staphylococcus aureus, Pseudomonus. aeruginosa, Klebsiella
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Fig. 1. a. Growth curve of al. gram positive and a2. gram negative bacteria against various concentration of SF to determine minimal inhibitory concentration. Y-error bars
represent standard deviation b. images of (b1) blended (b2) immobilized PU/SF scaffold c. Cumulative percent release of SF and rat specific rEGF in PBS, Release kinetics in d.
Korsmeyer Peppas and e. Higuchi model of SF and rat specific rEGF from PU/SF blended and PU/SF immobilized scaffolds f. Schematic of scaffold fabrication process.
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Fig. 1 (continued)

pneumoniae but its MIC has not been reported yet for these bacte-
rial strains. In order to prevent bacterial infection at wound site,
MIC of SF to these strains was determined to fix the desired con-
centration of SF to be incorporated into the scaffolds. Microbial
load is often associated at the wound site, therefore wound dress-
ing has an inherent antimicrobial potential not to adhere a wide
range of microbes at the site, otherwise it will threaten the pace
of healing progression [36]. Thus, it had been strategized that scaf-
folds must have antimicrobial activity not to exploit in vitro drug
incorporation. Therefore, microbial resistivity of SF concentration
was verified for individual strains. The antimicrobial property is
attributed by synergistic effect of SF, and the hydrophobic interac-
tion between PU and SF. Thus, at first 4 mg/ml SF concentration
was chosen to investigate the microbial growth inhibitory effect
to all four strains by measuring the ODggo values, but none was
inhibited by this lower concentration. A little higher concentration
was investigated for the purpose. Scaffold containing 4.8 mg/ml of
SF was able to inhibit the E. coli population only whilst this concen-
tration was inadequate to stop the growth of S. aureus and P. aerug-
inosa, K. pneumoniae as shown in Fig. 1(a.1) and Fig. 1(a.2)

respectively. Then with random screening of the SF concentration
it was found that 5.6 mg/ml SF inhibited all S. aureus growth con-
sistently even at 72 h (Fig. 1(a.1)). Though this concentration could
not inhibit the growth of other gram-negative strain. Therefore,
increasing SF concentration in scaffold, it was observed that
6.4 mg/ml SF was capable to combat the P. aeruginosa growth com-
pletely upto 72 h but was still unable to inhibit growth of K. pneu-
monia (Fig. 1(a2)). In each of the growth curve, three different
phases were observed, i.e. lag phase, exponential phase and a pla-
teau. It was capable to inhibit complete growth of K. pneumonia at
8 mg/ml, which may be considered as minimum inhibitory concen-
tration to inhibit all the gram-negative stains completely even after
72 h. Thus, this dose of 8 mg/ml was finally selected for scaffold
fabrication for further use.

3.2. Characterization of PU/SF scaffold

Images of blended and immobilized PU/SF scaffolds have been
depicted in Fig. 1b1 and b2 respectively. Gross morphology of the
blended PU/SF scaffold is very rough and unorganized due to ran-



S. Sen et al./International Journal of Biological Macromolecules 143 (2020) 1009-1032

1015

- & Isopropanol Genipin Non-mulberry
R % Silk fibroin
' Blended PU/SF
scaffold
PEG T B,
tirei “m ‘ B GTQ%Q Z§ i ; .‘;;“ P
ﬂ? ;
120°C
IPDI
in Lyophilization Nor :
o Non-mulberr
DiEE at -80°C silk fibroin |
v
Glutarald hyd@
1,6- 3
Hexanediamine
Surface Incubation
Aminolysis washing at 4°C :
with DI Immobilized

Polyetherurethane
scaffold

(f)

PU/SF scaffold

Fig. 1 (continued)

dom blending of PU and SF at high temperature, whereas immobi-
lized PU/SF scaffold has smoother appearance due to immobiliza-
tion of SF onto PU scaffold.

Cross sectional and top views of SEM images of blended (Fig. 2a.
A-C) and immobilized (Fig. 2a. D-F) type PU/SF scaffolds showed
interconnected porous architecture of the moiety. The ideal pore
size for fibroblast and keratinocytic infiltration is 11 um [37,38].
Subsequently the pore size found in the range of
22.248 +6.818 um and 16.102 + 4.802 um for blended and immo-
bilized PU/SF scaffolds respectively. This might be presumed that
NIH3T3 cells (15 um) would be seeded on the obtained intercon-
nected pores. The immobilized type scaffold had rougher surface
and tortuous morphology compared to that of blended variety. It
may be caused by the treatment with 1,6-hexanediamine followed
by glutaraldehyde what have caused the surface roughness. It is
presumed that rougher the surface; greater is cellular attachment
hence proliferation towards the graft. However, the exact estimate
of surface roughness has been measured in atomic force micro-
scopy for both the varieties.

AFM micrographs revealed appreciable surface roughness rep-
resented by pine like structures of the scaffolds, which is delivered
by the peaks and valleys of the surface (Fig. 2b). Higher the differ-
ence between average height and valleys, more is the surface
roughness. RMS roughness and Avg roughness are 534 pum,
425 um and 464.3 pm, 377.7 um respectively for blended and
immobilized scaffolds (Table 1). Valleys are -4.181pum,
—3.974 ym and peaks are 3.819 um and 4.014 pm. This troughs
and crests aided to surface roughness enabling improved cell
attachment and adhesion. Since in blended scaffolds SF is almost
uniformly spread in inner architecture of PU linked by covalent
bonding. Thus, SF and PU are lying at different three-dimensional
planes causing more surface irregularities compared to that of
immobilized one. Consequently, both RMS and Avg roughness is
higher for blended scaffolds.

Water uptake is an essential property of wound dressing as it is
important to absorb fluids in wound bed to fasten healing progres-

sion. Due to improved hydrophilicity of immobilized scaffold upon
SF grafting, its water retaining capacity was also improved com-
pared to that of blended type (Fig. 2c). The polar groups like —COO
and —NH, interacted more with protic solvent water, resulting in
greater water retention within porous matrix whereas due to
strong covalent binding of SF and PU in blended variety, SF being
strongly bound inside the matrix, not much exposed to surface
causing lesser interaction with water showing lesser water reten-
tion within the scaffold. In each case, PBS is preferred over water
by both type matrices as PBS is an ionic solvent due to presence
of salts. lonic salts interact more with the scaffolds resulting in
higher PBS uptake. Fluid uptake was 48 + 1.7% and 46 + 1.3% for
blended PU/SF in PBS and water respectively, whereas 60 + 1.2%,
55 +1.1% for immobilized PU/SF in PBS and water respectively at
24 h. Though water uptake result in PBS of immobilized PU/SF is
not significant upto first 6 h, but it was statistically significant with
blended at p < 0.05 and p < 0.01 level from 9 to 24 h (Fig. 2¢). In
both scaffolds a steep increase in retention was found with time
which may be due gradual imbibition of fluids by the surface pores.

3.3. SF and recombinant rat specific epidermal growth factor (rEGF)
release profile

SF and rEGF release study were observed to investigate the
release of entrapped SF from blended and immobilized type scaf-
folds. In cumulative release of SF in PBS (Fig. 1c), SF release was
nearly equal from both blended and immobilized scaffolds but
rEGF release was slightly higher by blended PU/SF over immobi-
lized PU/SF. Cumulative SF release from both variety of PU/SF scaf-
fold showed almost similar pattern in PBS (Fig. 1c). Immobilized
PU/SF had steady increase in SF release in PBS upto 1.67 mg/ml
in 15h study whereas blended PU/SF showed initial sudden
increase ranging at 8-11th h but gradually decreased after 11 h
releasing maximum 0.7 mg/ml, followed by continuous release of
0.2 mg/ml from 11 h onwards to 15 h. Albeit the total SF amount
released in PBS was comparatively higher in both variety PU/SF
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Fig. 2. (a) Scaffold morphology in Scanning electron microscopy at Blended PU/SF (A-C) 300x, 500x and 1000x magnification and Immobilized PU/SF (D-F), Scale bar (b) 3D
AFM micrographs showing surface roughness of (b1.) blended PU/SF, (b2.) immobilized PU/SF (c) Water uptake profile of different scaffolds (d) Wound closure response in
(d1) normal and (d2) diabetic wound by PU/SF blended (with and without EGF) and PU/SF immobilized (with and without EGF), and ActicoatTM treated wounds. Y-error bar

indicates standard deviation (n > 3).

and the overall release from blended scaffold showed less and
became constant after a period. Immobilized PU/SF has surface
bound SF moiety which could be easily fetched by hydrogen bonds
of surrounding water molecules when immersed in PBS. SF release
by immobilized PU/SF was faster in PBS as PBS contains more ions
which helps to fetch SF molecule, evident from the slope of linear
fit curve (Fig. 1c). In contrast, since blended PU/SF had less avail-
able surface bound SF due to blending fabrication process, and
mostly SF was present in core of the matrix, SF release was rela-
tively lower for blended scaffold.

Overall release behavior of both SF and rEGF followed probable
Fickian or Non Fickian kinetics. Thus, Korsmeyer-Peppas model
and Higuchi model were applied on cumulative PBS release profiles
of both SF and rEGF (Fig. 1d and e). In Korsmeyer and Peppas
kinetic model (Fig. 1d), for immobilized PU/SF, adjusted regression
(R?) values were R%=0.9681, 0.9835 for rEGF and SF respectively

and for blended PU/SF, R? = 0.9556, 0.9842 for rEGF and SF respec-
tively. Likewise, Residual sum of square (RSS) were RSS = 0.158 and
1.118 for rEGF and SF from immobilized PU/SF and RSS = 0.175 and
0.281 for rEGF and SF from blended PU/SF respectively. In Higuchi
kinetic model, (Fig. 1e) adjusted regression was R% = 0.9502, 0.9258
for rEGF and SF from immobilized PU/SF and R? = 0.9457, 0.8767
for rEGF and SF from blended PU/SF respectively. Residual sum of
square (RSS) were RSS =0.0395 and 0.058, for rEGF and SF from
immobilized PU/SF and RSS = 0.0637 and 0.0612 for blended PU/
SF respectively. Therefore, Korsmeyer and Peppas model was
selected as best fit model, for both SF and EGF release by two vari-
eties of PU/SF, as evidenced by greater adjusted regression (R?) val-
ues and higher residual sum of squares (RSS) values in Korsmeyer
and Peppas model for all the cases compared to Higuchi model. The
diffusion exponent value for SF release (n=1.75+0.066 for
blended PU/SF and n=2.0571+0.13 for immobilized PU/SF);
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Fig. 2 (continued)

Table 1
Surface parameters studied in atomic force microscopy.
Sample RMS roughness Avg roughness Mean ht Median ht Projected area Surface area Valley Peak
(wm) (nm) (wm) (nm) (nm?) (wm?) (wm) (wm)
Immobilize d PU/  464.3 377.7 1.615 1.725 100 113 -1.615 687
SF
Blended PU/SF 534 425 1.389 1.357 225 276.9 -1.389 2.539
whereas  diffusion exponent value for EGF release, surface absorbed SF, along with combined effect of rEGF and high

(n=1.354+0.052 for blended PU/SF, 0.92 + 0.05 for immobilized
PU/SF) was calculated from linear plot of standard curve in the best
fit Korsmeyer and Peppas Model.

3.4. Wound closure index

Gross wound healing images (Fig. 7) and rate of wound closure
(Fig. 2d) by different treatment groups were applied upto 16 and
24 days for normal and diabetic burn respectively. At 16 days, Acti-
coat™ and rEGF incorporated PU/SF immobilized scaffold
responded the best showing maximum healing percentage of
96 £ 3.1% and 97 + 4.1% respectively at 16 days. For this treatment,

fluid retention capacity undoubtedly contributed the best healing
efficiency. Healing rate at 16 day were 77 +3% for blended,
61 +5% for control, 87 +3.6 for immobilized, 88%+7 for rEGF
loaded blended, (Fig.2d.1) whereas rEGF incorporated PU/SF
immobilized scaffold healed completely leaving no scar behind
with the secondary features of hair growth. All the treatments
except the control group maintained a dry wound bed, attracting
no microbial load at the wound site without changing the dressing
more than twice, while Acticoat™ was changed at every 3 days
interval. In diabetic wound, wound closure observed as 25 + 0.9%
for control, 70 + 6%, 63 + 3%,71 + 2.7% and 82 + 2.5% by rEGF loaded
immobilized PU/SF, rEGF loaded blended PU/SF, Acticoat™, PU/SF
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immobilized, 79+2.1% PU/SF blended dressings respectively
(Fig. 2d.2).

3.5. Wound tissue strength, blood platelet adhesion and
haemocompatibility

Evaluation of wound dressings are also characterized by regen-
erated tissue strength. Poor tissue strength and Youngs modulus
were obtained by control wound tissue which was reported by ear-
lier study (Fig.3a and b) [39,40]. Though Acticoat™ regenerated
normal skin from full thickness burn after 3 weeks but wound
strength and Youngs modulus were prominently the highest in
regenerated skin repaired by rEGF containing PU/SF immobilized
scaffolds (Fig. 3a and b) for both diabetic and nondiabetic wounds.
Youngs modulus values of rEGF containing blended PU/SF and
immobilized PU/SF treated tissue were significant (p < 0.05)
between diabetic and normal wound tissue whilst wound strength
of control, immobilized PU/SF and Acticoat™ treated tissues were
significant (p < 0.05) between diabetic and normal wound tissue.
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Since blood platelet adhesion enables to clot the hemorrhage
effectively, it is a desirable quality for a wound dressing to adhere
much platelets onto it. Since at various pH, amino acids from RGD
sequences of non-mulberry SF dissociates, it is highly expected
that ionizable groups from dissociated SF will bind to blood plate-
lets by electrostatic interaction [41]. Blood platelet adhesion deter-
mines the heameostatic balancing capability of wound dressing
scaffolds. Lactate dehydrogenase (LDH) activity is the indicator of
blood platelet survival, adhered onto the scaffold. In our findings,
every treatment including Acticoat™, showed significant higher
LDH reactivity indicating enhanced percentage of blood platelet
survival over that of surgical gauge as control. LDH reactivity
attributed by rEGF containing immobilized PU/SF scaffold was
the highest 5.1 mili unit/ml, which was statistically significant
with control and blended PU/SF (p <0.01), significant with
blended with EGF group (p < 0.05) respectively (Fig. 3. ¢). It is
prominent that EGF is playing crucial role in the platelet survival
as rEGF loaded both blended and immobilized dressings promoted
more viable platelet adhesion, even more than commercial
Acticoat™.
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Fig. 3. (a) Young’s Modulus of healed tissues by various treatments compared to normal unwounded skin (b) Wound strength of regenerated tissue by different treatments
taking wound strength of unwounded skin as 100%. (c) LDH activity of adhered platelets on different scaffolds, representing haemostatic activity of composite scaffolds,
control and ActicoatTM. (d) Percent Haemolysis of different composite scaffolds (*p < 0.05, **p < 0.01).
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Haemocompatibility study was performed to evaluate its hemo-
lytic tendency as wound dressing. In full thickness burn injury,
wound dressing is exposed to open body fluids due to rupture of
epidermis or dermis and even comes to blood contact. Hence
haemocompatibility was well desired. However, Hemolytic per-
centage was found to be 1.123% and 1.096% for PU/SF blended
and PU/SF immobilized scaffolds respectively and percent hemoly-
sis was found to be 1.32% and 1.35% for rEGF incorporated blended
PU/SF and immobilized PU/SF respectively (Fig. 3d) which lies in
the non-hemolytic range of 0-2% [42]. It corroborated that rEGF
did not contribute to any hemolytic effect. It can be inferred both
the scaffolds are quite safe for considering as wound dressing
material from haemocompatibility aspect.
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3.6. Extracellular matrix development

Quantitative examination of ECM deposition of hydroxyproline,
elastin and hexosamine was done to find out the role of various PU/
SF based microporous dressings during wound healing process.
Hydroxyproline was quantified for at every 1 week of post wound-
ing. In non-diabetic wound, hydroxyproline level exhibited by rEGF
containing immobilized mats and Acticoat™ treated wound after
7 days were statistically significant (p < 0.05) with rEGF deprived
blended and immobilized PU/SF treated wounds, control, and rEGF
containing blended PU/SF (Fig.4a). At day 7 in diabetic burn,
hydroxyproline level exhibited by rEGF loaded immobilized PU/
SF was statistically significant with blended PU/SF without rEGF
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(p <0.001), and significant with immobilized PU/SF without rEGF
(p < 0.05), and rEGF containing blended PU/SF (p < 0.001) (Fig. 4b).
In contrast, at 10th day of diabetic postburn, hydroxyproline
released by two immobilized variety (with and without rEGF) were
significant with Acticoat™ treated wound (Fig. 4 b) values were sta-
tistically significant (p < 0.05, p < 0.01) with control and blended
one. By 2nd week, the data by rEGF loaded immobilized mats is
significant (p < 0.05) with only PU/SF blended and immobilized
varieties. In diabetic, at 14th day rEGF incorporated immobilized
and Acticoat™ treated wound were significant (p < 0.001) with
control and blended, blended with rEGF and only immobilized
groups were significant with control (p <0.01) respectively.
Hydroxyproline release was the highest by Acticoat™ treated
wound at all the intervals, but at second week, this quantity was
almost equal to rEGF loaded immobilized PU/SF, differing from
Acticoat™ treated wound by 100 pg only. At 7th day post burn,
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every group is statistically significant (p < 0.05) with each other,
whereas, at 10th day, rEGF loaded immobilized PU/SF provided
the highest secretion of hydroxyproline, which was also statisti-
cally significant (p <0.001) with control, blended and blended
with rEGF treatment (p < 0.01) groups and significant values with
Acticoat™ (p < 0.05) treated wounds. rEGF loaded immobilized and
Acticoat™ showed a prominent and significant increase in hydrox-
yproline deposition and this data is significant (p < 0.05) with con-
trol, blended and immobilized treated wounds. This similar
performance of rEGF loaded immobilized PU/SF and Acticoat™ at
14 days, reveals that they have equal healing potential. In normal
burn control wound, tissue hexosamine was of lowest concentra-
tion upto 14th day and highest and slightly greater in rEGF incor-
porated immobilized scaffold than that of Acticoat treated wound
(Fig. 4c). This provides an insight that during repair process, this
bioactive scaffold composition had encouraged sufficiently to most

b
#40 ] —=— Control
200 - —&— PU/SF blended
—&— PU/SF blended with EGF
180 ~ —¥— PU/SF immobilized
160 ] —&— PU/SF immobilized with EGF
—4— Acticoat
140 -
120
100 -
80 |
60 |
40 -
20
—r
0 4 6 8 10 12 14
Time (Days)
—&— Control
125 -

—&— PU/SF blended

—&— PU/SF immobilized

—%— PU/SF blended with EGF
—&— PU/SF immobilized with EGF
—4— Acticoat

120

-

-

(3]
1

110 4

105

-

<] o

w o
| 1

©
o
1 1

0
(3]

Time (day)

d
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Fig. 5 (continued)

robust ECM deposition with effective cell-material interactions.
Correlating with the fact that ECM component like hydroxyproline
was deposited in a similar kinetics at biological milieu. In normal
burn, by 14th day, rEGF loaded immobilized scaffold and Acticoat™
treated wound reached highest Elastin which was statistically sig-
nificant at p < 0.001 level with control and p < 0.05 level with only
immobilized, only blended treatments (Fig. 4e). Strikingly, in dia-
betic model with nearly similar results, Elastin secretion by immo-
bilized with rEGF and Acticoat™ was significant (p < 0.001) and
(p < 0.05) with blended, blended with rEGF and immobilized one
(Fig. 4f). Consistent increase with least standard deviation of rEGF
loaded immobilized PU/SF at all intervals suggests its highest effi-
ciency among all the groups. For Hexosamine, 20.9 mg is the stan-
dard value of skin tissue hexosamine in normal rat [43]. For all the
treatment groups in burn model, there is a similar elevation from

7th to 10th day indicating that all the treatment groups were effec-
tive enough. However, the most efficiency was exhibited by the
rEGF loaded immobilized variety at both 10th and 14th day.

3.7. Characterization of inflammatory cytokine analysis

In chronic nonhealing burn, oxidative stress causes sudden ele-
vation in inflammatory cytokines and immunoglobulins like IL-6,
IL-8, IL-10 [44]. Tissue IL-6 values were 88.7 mg/dl and 57.3 mg/
dl and serum IL-6 values were 3.4 mg/dl and 21.58 mg/dl as
obtained in nondiabetic and diabetic unburnt normal skin (sham)
tissue. This tentatively matches with the earlier reported study
[45]. Tissue IL-10 values were 100 pg/ml for nondiabetic and
600-630 pg/ml for diabetic unburnt skin (sham) respectively.
Serum IL-10 values were obtained 6 pg/ml and 90 pg/ml for nondi-
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Fig. 5 (continued)

abetic and diabetic unburnt animal’s serum (sham) by ELISA. After
burn, raised serum IL-6 level was restored by 2 weeks by control
(surgical gauge treated groups), but when they were treated with
different PU/SF scaffolds and Acticoat™, their normal level of IL-6
were restored faster (Fig. 7) than control (surgical gauge treated
groups). This recovery by PU/SF mats was faster in non-diabetic
burn than that of hyperglycemic burn. In contrast, serum IL-10
level was abruptly increased by control groups within one day of
burn, whereas this increase was characteristically controlled by
immobilized and blended PU/SF from beginning. Though the scaf-
fold treated group also showed sudden increase of serum and tis-
sue IL-10 level, but gradually they restored to normal range
within one week, while control and Acticoat™ treated groups were
unable to restore to normal range within a week.

The serum IL-6 value at 3 h post burn by control wounds in nor-
mal burn raised to 123 pg/ml and 164 pg/ml respectively (Fig. 5
(a)). In hyperglycemic burn, the serum IL-6 values were recorded
as 96 pg/ml, 102 pg/ml, 85 pg/ml, 76 pg/ml, 98 pg/ml at 3 h post-

burn in rEGF loaded blended, blended, immobilized, rEGF loaded
immobilized PU/SF treated and Acticoat™ treated wounds respec-
tively (Fig.5(b)). In normal burn, though serum IL-6 values
between different groups were statistically not significant
(p <0.05) with each other but tissue IL-6 values of rEGF loaded
matrices were significant with control (p < 0.1). In diabetic group,
lowest serum IL-6 level, (111 pg/ml, at 3 h) was observed by immo-
bilized PU/SF (Fig. 5(b)), while IL-6 values were 143 pg/ml and
138 pg/ml by Acticoat™ and rEGF incorporated immobilized PU/
SF treated wounds respectively. Blended PU/SF without rEGF was
122 £ 23 pg/ml at 3 h in diabetic burn indicating rEGF might not
have significant role in restoring the serum IL-6 level. In hyper-
glycemia, rEGF had played profuse role in tissue cytokine restora-
tion more than that of serum. This hypothesis complied with the
results of tissue IL-6 level (Fig. 5(g) and (h)) in diabetic burn. In
wound tissue, IL-6 restoration at 48 h by rEGF incorporated immo-
bilized and blended PU/SF composite scaffolds (221 + 23 pg/ml)
were much prominent (Fig. 5(h)) compared to the response by
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rEGF deprived groups, Acticoat™ (313 + 18 pg/ml) treated wound
and control (563 + 30 pg/ml) in diabetic group. In contrast, diabetic
serum IL-6 levels responded differently at 48 h; rEGF deprived
immobilized group restored highest (35 + 5 pg/ml), compared to
rEGF loaded immobilized PU/SF (525 pg/ml), control
(82 +12 pg/ml) and Acticoat™ (58 + 8 pg/ml) respectively (Fig.5
(b)). At 14 days, diabetic serum IL-6 level was retained to 22 pg/
ml, 46 pg/ml, 64 pg/ml by rEGF deprived immobilized PU/SF group,
Acticoat™ and control respectively (Fig. 5(b)). However, normal
serum IL-6 level was restored back to 29 pg/ml by Acticoat,
15 pg/ml by rEGF loaded PU/SF treatment, 44 pg/ml by control
(Fig. 5(a)) respectively. Overall it was interpreted that serum IL-6
restored back earlier compared to that of tissue IL-6 due to wound
vicinity affected the tissue greater extent. In nondiabetic burn,
increase in serum IL-6 due to oxidative stress was resisted by rEGF
loaded blended and immobilized PU/SF groups (Fig. 5(a)). Serum
IL-6 and IL-10 profile was similar in diabetic wound, as in both
cases, rEGF treated groups was less efficient compared to rEGF
deprived groups. Likewise, at 2 days diabetic post-burn, serum
IL-10 level, exhibited by control, Acticoat™ and rEGF deprived
immobilized PU/SF groups were 110+ 7.6 pg/ml, 116 + 4.3 pg/ml
and 98 + 3.1 pg/ml (Fig. 5(d)). Increase in tissue IL-10 level was
highly resisted by both immobilized groups at greater extent than
Acticoat treatment in non-diabetic wound (Fig.5(i)). This
enhanced restoration of IL-6 level and strong resistance to eleva-
tion of IL-10 level by PU/SF mats have a definite correlation with
its antioxidant potential. Diabetic tissue IL-10 level was restored
maximum by blended group followed by rEGF loaded blended
and immobilized and Acticoat treated groups (Fig. 5(j)). Likewise,
IL-8 profile both in tissue and serum were elevated in diabetic burn
compared to normal but faster restoration was confirmed by both
the rEGF treated and untreated PU/SF immobilized groups in dia-
betes with respect to control (Fig. 5(e), (f), (k), and (1)).

3.8. Western blotting and zymography

Crude protein samples and expression of E-cadherin was exam-
ined for both normal and diabetic wounds after 14 days of treat-
ment groups and control by protein slab gel electrophoresis and
western blotting, respectively (Fig. 6(a) and (b)). In normal wound,
E-cadherin expression was gradually increasing from PU/SF
blended to rEGF incorporated immobilized PU/SF and Acticoat
which also complied with gross wound healing results. Among
the groups, control tissue did not express E-cadherin at all in either
case of diabetic or normal wound of 14 days postburn whereas in
PU/SF blended, PU/SF immobilized, rEGF containing blended PU/
SF and rEGF containing immobilized PU/SF treated tissues had
shown gradual significant expression. rEGF loaded treatments
showed markedly higher E-cadherin expression in normal wound.
However, in diabetic wound, this finding reversed as the intensity
of expression by rEGF loaded blended PU/SF and rEGF loaded
immobilized scaffolds were lesser compared to rEGF deprived
groups (Fig. 6(b)). This reflected, rEGF deprived PU/SF treatment
groups expressed more E-cadherin in diabetic burn and rEGF con-
taining PU/SF groups expressed higher level of E-cadherin in nor-
mal burn. However overall E-cadherin expression was more
prominent in nondiabetic wound as compared to diabetic wound
[46]. In contrast to E-cadherin expression in western blot, MMP 9
was more intensely found in rEGF loaded PU/SF groups both in nor-
mal and diabetic burn compared to rEGF deprived PU/SF groups in
zymographic study (Fig. 6(c)). This reverse response in diabetic
burn by EGF incorporated PU/SF groups resulting in lesser expres-
sion of E-Cadherin in western blot and intense expression of MMP
9 in zymography could be attributed to the fact that EGF enhances
matrix metalloproteinase (MMP 9) level which is responsible for
raising the matrix degrading proteases [47]. This rise in MMP 9
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Fig. 6. (a). Fold change of E-cadherin protein expression following western blot of
control and four dressings treated wound samples. (b) Representative western blot
image of E-cadherin protein expression. (c) Expression of MMP9 in gelatin
zymography in diabetic and normal wound tissue treated by control, different
scaffold groups and Acticoat in diabetic and non-diabetic wounds.

in turn lowers E-cadherin expression intensity [48]. Gelatin
zymography analysis of granulation tissue showed enhanced
MMP-9 expression by all the treatment groups as compared with
controls. During onset of maturation phase of wound healing,
MMP-9 plays crucial role in remodeling extracellular matrix and
collagenization. Gelatin zymography revealed more intense
expression of MMP-9 in EGF-treated PU/SF group, specially immo-
bilized PU/SF groups, suggesting that these treatment groups
might be aiding maximum in matrix remodeling phase.

3.9. Histomorphology evaluation

The ultimate phase of wound healing is maturation phase
which involves re-modelling of matrix components evident in his-
tological study. H & E staining exhibited gradual typical cellular
accumulation tendencies at four basic different stages of wound
healing, i.e. hemostasis, inflammatory, proliferative and matura-
tion phases. H & E response of each treatments including control
and Acticoat™ treated diabetic and nondiabetic wounds were
scored at every time points based on different parameters of
wound [Tables 2 and 3]. In diabetic groups at 3rd day, complete
dermal rupture was observed (Fig. 8A(a)-(f)) and at 7th day, fat
cells embedded with multiple nucleus, lymphocytic infiltration
and onset of granulation tissue was predominantly observed in
rEGF deprived blended PU/SF (Fig. 8A(h)), rEGF deprived immobi-
lized PU/SF (Fig. 8A(i)) treated groups exhibiting highest scoring
whereas escher formation, prevalence of necrosis and lesser gran-
ulation tissue was seen at 7th day control (Fig. 8A(g)), blended and
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Table 2
Parameters of wound scoring at different healing stages from 3 days to 21 days post
burn.

Scores  Parameters

0-1 There was loss of dermal component, lot of necrotic tissue,
lymphocytic infiltration hyperemia in hypoderm

1-2 There was necrotic tissue, inflammatory cells and onset of new blood
vessel formation and fibroblasts

2-3 There was fibroblast proliferation, accumulation of collagen, new
blood vessel formation and inflammatory cells

3-4 There was proliferation of fibroblast, accumulation of collagen, new
blood vessel appearance, few inflammatory cells and newly formed
epithelial tissue

4-5 There was marked epithelialization and scar tissue formation

5-6 There was complete epithelialization, regeneration of hair follicles,

sebaceous gland and scar tissue of the burn

immobilized with rEGF containing group (Fig. 8A(j) and (k)) and
Acticoat™ (Fig. 8A(1)) treated groups indicating slower healing rate
where proliferation phase was yet to begin. At 10 days post
wounding, though Acicoat™ treated groups showed response of
proliferation phase (Fig. 8A(n)-(r)) but PU/SF scaffold treated
groups depicted well-formed matrix of dermal structures and dif-
ferent strata of epidermal layers along with budding of collagens
and angiogenic points. Wound contraction was evident as thin
epithelial layer progressing towards central wound area was quite
prominent at 18th day in rEGF deprived blended and immobilized
PU/SF scaffold (Fig. 8A(t) and (u)) treatments, whereas onset of epi-
dermal stratification was observed by rEGF containing blended
(Fig. 8A(v)) and rEGF containing immobilized PU/SF (Fig. 8A(w))
groups at day 21. Wounds were devoid of epidermis at 21st day
in control ((Fig. 8A(s)) and incomplete epidermis formation by
Acticoat™ treatment (Fig. 8A(x)) evidenced delayed diabetic wound
healing.

Like diabetic group, nondiabetic control also showed complete
dermal rupture (Fig. 8B(a)-(f)) in all the groups at 3 days, but in
all treatment groups, including Acticoat™, onset of necrotic tissue,
inflammatory cells and fibroblasts accumulation were started from
3 days (Fig. 8B(b)-(f)), scored between 1.3 and 2.3. At 7th day, few
inflammatory cells were seen in control (Fig. 8B(g)) and almost no
inflammatory cells like macrophage, dendritic cells etc. was visible
in rEGF incorporated PU/SF varieties and Acticoat treated groups
(Fig. 8B(j)-(1)). In no groups, acute inflammation was observed
indicating nontoxic nature of the patches. Granulation tissue
started emerging in the wound within 7 days post injury by all four
treatments including Acticoat™ (Fig. 8B(h)-(k) and (1)). In 7 days,
cardinal sign of healing, i.e. onset of neovascularization and accu-
mulation of collagen were more pronounced in rEGF loaded
blended (Fig. 8B(j)), rEGF loaded immobilized groups (Fig. 8B(k))
and Acticoat™ (Fig. 8B(l1)) treated groups compared to control
(Fig. 8B(g)) and either of rEGF deprived PU/SF varieties (Fig. 8B
(h) and (i)). Inflammatory cells were absent but fibroblast and ker-
atinocyte recruitment, scar formation prevailed at 10 days in all
the blended and immobilized groups including Acticoat™ (Fig. 8B

Table 3

(n)-(q) and (r)) For rEGF loaded treatments (Fig. 8B(p) and (q))
and Acticoat™ (Fig. 8B(r)) treated groups, partial re-
epithelialization started with well patterned reconstructed dermis
in different stratum with developed epithelial lining in contrast to
control (Fig. 8B(m)) where it was yet to restore the epidermis. At
14th day, rEGF deprived immobilized group (Fig. 8B(u)) (score
5.3), rEGF loaded blended (Fig. 8B(v)) (score 5.4) and rEGF loaded
immobilized PU/SF (Fig. 8B(w)) treated wound (score 5.6), Acti-
coat™ treated wound (Fig. 8B(x)) (score 5.2) showed typical sec-
ondary features like sebaceous gland, hair follicle, nerves and
sweat gland formation. Collagenization orientation and re-
epithelialization alignment of Acticoat™ treated wound resulted
in comparative less scoring than that of rEGF loaded immobilized
PU/SF groups. In terms of considerable fibroblast recruitment,
decreasing macrophages and neutrophil population, granulation
tissue and aligned re-epithelialization, rEGF loaded cellular PU/SF
immobilized matrix scored highest at 14 days in normal wound
and cellular PU/SF immobilized matrix without rEGF scored the
highest at 21 days for hyperglycemic wound [49].

MT staining revealed collagen deposition in separate pattern in
each treatment for diabetic and nondiabetic groups. The pattern of
mature (Fig. 9B(t)-(w)) tissue clearly indicated thicker collagen
accumulation in immobilized, rEGF incorporated blended and rEGF
incorporated immobilized PU/SF hybrid mats treated wounds evi-
denced by dispersed blue stain when compared to blended PU/SF
without rEGF (Fig. 9B(t)), control (Fig. 9B(s)), and Acticoat™ treated
wound (Fig. 9A (x)) in nondiabetic wound. This implies rEGF
loaded blended and rEGF loaded immobilized PU/SF treatment
helped to restore the dermal architecture by faster re-
epithelialization and higher recruitment of fibroblasts. These find-
ings also corroborated the enhanced deposition of hydroxyproline
at 14 days which supported promising ECM development. In con-
trast, in diabetic wound control, blended PU/SF and Acticoat™ trea-
ted wounds resulted in immature, shattered, thin, and scanty
collagen fibers lining in hyperglycemic wound at 21 days. Though
rEGF loaded treatments scored less in H&E staining in diabetic
wound, but mature collagenization might be contributed by the
stimulatory effect of rEGF.

3.10. Immunohistochemical evaluation

The tissue sections were investigated by immunohistochemical
studies for observing the characteristic marker expression of
hemostatic stage (anti-smooth muscle actin), neovascularization
(anti-CD31), proliferative phase (anti-Ki67), maturation phase
(anti-Col III) of wound healing. Onset of neovascularization was
supported by expression of angiogenic marker CD31 at day 7 post
wounding. EGF loaded immobilized PU/SF and EGF loaded blended
PU/SF group (Fig. 10A(b) and (c)) showed highest expression of
CD31 and alignment of thinner blood vessels leading to granula-
tion tissue development. Successful neovascularization in all treat-
ment groups may be partially credited to microporous
interconnected architecture of scaffold which indirectly con-

Scores of control, PU/Sf blended and immobilized (with and without EGF; four treatment groups) scaffolds, Acticoat in normal and hyperglycemic wound at at different healing

stages from 3 days to 21 days post burn.

Groups Scores of non-diabetic groups Scores of diabetic groups
3 day 7 day 10 day 14 day 3 days 7 days 10 days 21 days

Control 0.5 1 2 35 0 1.1 1.8 2
Blended PU/SF 1.4 1.9 31 5.1 13 1.3 2.5 3
Immobilized PU/SF 1.6 2.4 4.2 5.3 1.7 1.9 24 3.9
Blended PU/SF with EGF 1.7 2.7 4.2 5.4 1.1 2.2 4 5.1
Immobilized PU/SF with EGF 1.8 2.8 51 5.6 13 24 4.7 53
Acticoat™ treated 23 2.8 5.0 52 1.6 3.2 4.9 53
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Fig. 7A. Optical images of gradual wound healing response of different treatments, control and Acticoat™ as positive control at different intervals of post burn in normal

wound.

tributed to granulation and epithelial repair by promoting blood
vessel formation [50,51]. In diabetic wound, EGF incorporated
blended and immobilized PU/SF groups including Acticoat
(Fig. 10B(b), (c), and (f)) CD-31 presented with highly immature
tortuous and densely packed vessels for control groups whereas
EGF deprived immobilized PU/SF group (Fig. 10B(d) and (e))
revealed thinner blood vessel development. The keratinocytic infil-
tration was quantified by anti-Ki-67 (nucleus) antibody at 7 days
post wounding. Significant differences were exhibited by basal ker-
atinocytes in EGF incorporated immobilized PU/SF and Acticoat™
treated nondiabetic wounds (Fig. 10A(n), (0), and (r)). In control
group, magnitude of Ki-67 was mostly found in basal part of epi-
dermis. An increase in prevalence of Ki-67+ epidermal cells were
observed among tissue treated by EGF containing immobilized
PU/SF and EGF deprived blended and immobilized PU/SF groups
in diabetic burn (Fig. 10B(0), (p), and (q)). Unlike other histochem-
ical response of diabetic wound tissue, proliferative response was
greater by EGF containing immobilized PU/SF treated wound

(Fig. 10B(0)). Magnitude of keratinocytic infiltration differed by
Acticoat treated groups between diabetic and nondiabetic wound
significantly (Figs. 10A(r) and 10B(r)). At 14 days post burn, most
of the EGF containing blended PU/SF and EGF deprived immobi-
lized PU/SF treated normal wound exhibited deep fete ridges
(Fig. 10A(n) and (q)). Number of Ki-67 expressing cells were signif-
icantly less in Acticoat treated (Fig. 10B(r)) and EGF-treated dia-
betic wound (Fig. 10B(n) and (o)) sites. Non-diabetic groups
retained greater Ki67+ cells as compared to all respective treat-
ment groups in diabetic wound (Figs. 10A(m)-(r), 10B(m)-(r)). Epi-
dermis of wound tissue, treated by rEGF containing PU/SF showed
distinctively different patterns of Ki-67 reactivity compared to epi-
dermis of wound tissue, treated by rEGF deprived PU/SF and Acti-
coat™ groups in both diabetic and nondiabetic wound. Epidermis
was found parakeratotic and characterized by higher magnitude
of Ki-67 expressing cells in basal layer for both type of immobilized
PU/SF (with and without rEGF) treated wounds (Fig. 10B(0) and
(q)). Most significantly, Ki-67 abundance was not limited to basal
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wound.

part, but it was evident in the supra-basal layer in treatment
groups of normal wounds (Fig. 10A(h), (i), and (k)). On the con-
trary, Ki-67 expression was relatively less abundant and precisely
confined in single basal region in the epidermis of wound sites
treated by blended PU/SF and Acticoat™ (Fig. 10A(p) and (r)). These
findings suggest that both EGF incorporated and EGF deprived
immobilized PU/SF dressings induce early persistent proliferative
response on epidermal remodelling compared to the other groups.
After 14 days, re-epithelialization was confirmed by anti-Col III
antibodies in EGF treated PU/SF and Acticoat™ treated groups
(Fig. 10A(h), (i), and (1)) as clear stratified epithelial layer formation
was evident in nondiabetic groups. A thin epithelium formation
was ensured by little expression of anti-Col III in rEGF deprived
blended and immobilized PU/SF treated wounds (Fig. 10A(j) and
(k)). In diabetic wound control, anti-Col III expression was almost
absent (Fig. 10B(g)) showing poor epithelialization in H & E stain-
ing. In hyperglycemic condition, though Col Il expression pre-

vailed more in rEGF deprived PU/SF groups treated wounds
(Fig. 10B(j) and (k)) but rEGF incorporated PU/SF treated tissue
(Fig. 10B(h) and (i)) also showed higher deposition of Col III than
that of Acticoat treated wound which was further supported by
MT staining. At 10 days post burn, cytoplasmic staining of extracel-
lular matrix was characterized by anti-alpha sma antibody for
myofibroblast differentiation [52]. Tubular complexes that were
detected by anti- alpha sma antibody in the ECM of epidermis at
the margin of nondiabetic wound, prevailed in wound tissues trea-
ted by rEGF loaded blended PU/SF, rEGF loaded immobilized PU/SF
and Acticoat (Fig. 10A(t), (u), and (x)). Anti-alpha sma was detected
in very well pattern in basal epidermal layer by rEGF loaded immo-
bilized PU/SF and rEGF loaded blended PU/SF groups compared to
Acticoat™ treated groups. This banding pattern suggested smooth
muscle actin expression by rEGF loaded immobilized PU/SF was
caused by synergistic effect of enhanced SF and rEGF release from
immobilized matrix. This strong appearance of alpha sma was
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Table 4
Blood glucose levels in different groups after administration of streptozotocin (STZ) injection (n = 6). Values are expressed as mean + S.E.
Days
Group Day 0 (STZ injected) Day 3 Post STZ Day 3 Postburn Day 7 Postburn Day 14 Postburn Day 21 Postburn
(mg/dl) administration (mg/dl) (mg/dl) (mg/dl) (mg/dl) (mg/dl)
Control 95.07 +8 540+ 15 450 +34 250+23 290+9 221+48
Blended 86+18 530+22 480 +42 412+32 341+12 225+12
Immobil ized 106 £ 38 510+ 26 435+33 393+53 330+34 223+43
Blended | bilized
Immobilized . mmobilize .
Days Control Blended with EGF with EGF  Acticoat™

a b

10

14

Fig. 8A. Represents H&E staining of nondiabetic control (a, g, m, n), blended (b, h, n, t), immobilized (c, i, o, u), blended with EGF (d, j, p, v), immobilized with EGF (e, k, q, w),
Acticoat (f, 1, r, x) after 3, 7, 14, 21 days post- wounding at 10x magnification. Scale bar 200 pm.

characteristically reduced in diabetic wounds with no specific
organization (Fig. 10B(s)-(x)). It could be anticipated that apopto-
sis during the healing process might have caused impaired repair
process as endothelial cells, fibroblasts and pericytes undergone
premature death before they could carry out their normal healing
functions [53]. However, in hyperglycemic wound, rEGF deprived
PU/SF groups still exhibited alpha sma in well pattern within gran-
ulation tissue (Fig. 10B(v) and (w)) indicating absence of rEGF, low-
ered the rate of apoptosis. In the diabetic control wounds, staining
of fibroblasts and macrophages adjacent to the wound was appar-
ent. In contrast, smooth muscle actin expression was relatively
profuse in Acticoat™ and rEGF incorporated PU/SF treated groups
compared to other groups (Fig. 10A(x), (t), and (u)) of normal burn.
Except control and blended PU/SF, binding of highly cationic
smooth muscle actin to components of the ECM such as gly-
cosaminoglycans may also prolong the local activity of the healing
factors at the wound.

4. Discussion

SF immobilized IPDI based PU scaffold proved its surface poten-
tial as an efficient wound dressing patch. When PU/SF scaffold

modified with rEGF, it exhibited twofold enhanced performance
compared to bare one. Mulberry SF-based scaffolds though have
been reported earlier to show promising outcome for ECM devel-
opment but when mulberry SF protein dosage is preselected based
on effective anti-bactericidal concentrations, incorporated with
rEGF and combined with highly biocompatible, degradable, high
swellable and tailorable IPDI based PU, it exploits the combinato-
rial potential of PU, SF. Moreover, rEGF incorporation and NIH3T3
cell seeding on PU/SF scaffold aid in comparative faster healing
progression in hyperglycemic wound. Though SF is mainly com-
prised of hydrophobic amino acids (glycine and alanine) and ser-
ine, its structural orientation improves hydrophilicity which
reduces contact angles of the PU/SF scaffold surface, facilitating
higher affinity to cell proliferation. Growth factors like rEGF and
fibroblast growth factor (FGF) are obvious to regulate different
key factors of wound healing in all stages [54], therefore rEGF
release assisted in healing progression. SF and rEGF release
required no external drug or antimicrobial, anti-inflammatory
agent or antioxidant molecules to restore the oxidative damage
or elevated inflammatory mediators. Infection free dry wound
bed is of paramount importance at exuding wound, blood platelet
adhesion and thrombogenicity [55], appreciable fluid retention
capacity, immuno-modulatory role towards inflated oxidative
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Fig. 8B. Represents H&E staining of diabetic control (a, g, m, n), blended (b, h, n, t), immobil ized (c, i, o, u), blended with EGF (d, j, p, v), immobilized with EGF (e, k, q, w),
Acticoat (f, 1, r, x), after 3, 7, 14, 21 days post- wounding at 10x magnification. Scale bar 200 pm.
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Fig. 9A. Represents Masson'’s trichome staining of nondiabetic control (a, g, m, n), blended (b, h, n, t), immobilized (c, i, o, u), blended with EGF (d, j, p, v), immobilized with
EGF (e, k, q, w), Acticoat (f, 1, r, X) in normal burn wound after 3, 7, 14, 21 days post-wounding at 10x magnification. Scale bar 200 pum.
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Fig. 9B. Represents Masson'’s trichome staining of control (a, g, m, n), blended (b, h, n, t), immobilized (c, i, o, u), blended with EGF (d, j, p, v), immobilized with EGF (e, k, q, w),
Acticoat (f, 1, r, x) in diabetic condition of burn wound after 3, 7, 14, 21 days post-wounding at 10x magnification. Scale bar 200 pm.

stress made PU/non-mulberry SF hybrid scaffolds superior over
commercial Acticoat™. Another advantageous side includes that
PU/SF topical treatment required to replace at 10-11 days whereas
Acticoat™ required mandatory change after 3 days in wet condition
as indicated in manufacturer’s protocol.

Full thickness scarless ninety percent affected area of hyper-
glycemic wound was healed within 24 days and nondiabetic burn
was healed by 16 days (Fig. 7(A) and (B)) with NIH3T3 cell seeded
immobilized PU/SF matrix leaving no scar and regenerated skin
had equally comparable mechanical strength (Fig.3(a) and (b))
with that of unburnt skin indicating good quality regeneration of
epidermis. Wound healing was achieved with very prospective fea-
ture of restoration of elevated serum and tissue inflammatory cyto-
kine IL-6, IL-8 and IL-10 level showing cushioning effect against
oxidative stress of third degree burn. A marked difference was
observed in tissue IL-6, IL-8 and IL-10 quantity as interleukin val-
ues raised to the highest in control group followed by blended
PU/SF groups, Acticoat™ and least for rEGF treated immobilized
PU/SF scaffolds in descending order at 48 h of post non-diabetic
burn. On the contrary, rEGF deprived immobilized PU/SF treated
group provided closest interleukin values to that of sham (unburnt
rat skin) at 48 h diabetic postburn complying with the efficiency of
immobilized PU/SF scaffold and it corroborates that rEGF did not
play significant role in pro-inflammatory cytokine restoration. At
2nd week of post burn, rEGF containing immobilized PU/SF treated
group provided lesser values of serum IL-6, IL-8 and IL-10 level,
compared to that of Acticoat™ treated group in non-diabetic burn
suggesting its superiority in terms of tight regulation of inflamma-
tory cytokines which might have caused due to potential shock

absorbance from oxidative stress of third degree burn. The reactive
oxygen and nitrogen species scavenging properties of PU/SF com-
posites could have removed the reactive free radicals, which could
be responsible for sudden elevation of IL-6, IL-8 and IL-10. Though
detailed insight of free radical scavenging ability of mulberry SF is
not available yet, however, it might be attributed by underlying
antioxidant properties of SF that had contributed to inhibition of
proinflammatory cytokines as they are usually triggered by reac-
tive oxygen species. The anticipated antioxidant activity of SF
could be due to prevalence of hydroxyl amino acids like serine
and threonine imparting remarkable amount of hydroxyl groups
of such amino acids that could chelate trace elements causing
the radical scavenging. It is further supported SF acts as a powerful
inhibitor against hydrogen peroxide damage in keratinocytes and
fibroblasts as it suppressed proinflammatory cytokine (IL-6, IL-
10) response. Active NIH3T3 (at 3rd day culture in scaffold) cells
in diabetic wound had attenuated intervening effects on excess
collagenization; which had reduced inflammatory molecules pro-
duction [56].

Serum IL-6, IL-10 level in diabetic wound where cytokine
restoration by both EGF loaded blended and immobilized PU/SF
groups was lesser compared to EGF deprived blended and immobi-
lized variety (Fig. 5(b) and (d)) and it was reverse for tissue IL-6
and IL-10 (Fig. 5(f) and (h)). MMPs have certain correlation with
inflammatory cytokines [57]. Tissue, serum IL-10 and IL-6 showed
positive correlation with MMP-9, that EGF loaded treatment
groups expressed more MMP 9 and restored tissue IL-10 and IL-6
faster. However, statistically significant conflicting serum IL-6
kinetic profile with MMP 9 in diabetic group could be due to eval-
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Control PU/SFb/EGF PU/SFi/EGF PU/SFb | PU/SFi ’ Acticoat™

CD31

Col ITI

--Ki67

Alpha-Sma

Fig. 10A. Representative IHC images of anti-CD31 stained histological sections on day 7; anti-Ki67 on day 7; anti-Col IIl on day 14 and anti-apha sma on 10 day after initial
nondiabetic burn wound. Anti-CD31, anti-alpha sma images were taken at 20x (Scale bar 100 um), and anti-Ki67 and anti-COL III images were taken at 10x (Scale bar
200 um) magnification.

PU/SFb
T

Acticoat™

7

Control

Alpha-Sma

Fig. 10B. Representative IHC images of anti-CD31 stained histologic al sections on day 7; anti-Ki67 on day 7; anti-Col IIl on day 14 and anti-apha sma on 10 day after initial
diabetic burn wound. Anti-CD31, anti-alpha sma images were taken at 20x (Scale bar 100 pm), and anti-Ki67 and anti-COL IIl images were taken at 10x (Scale bar 200 um)

magnification.
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uation of MMP 9 was done from wound tissue homogenate. MMP 9
plays pivotal role in cell migration and invasion [58] and EGF
administration has implication in MMP 9 activation through EGFR
(Epidermal growth factor receptor) [59]. In earlier studies it was
demonstrated EGF and TGF-B1 synergistically stimulate cell migra-
tion through increased MMP-9 function and increased extracellu-
lar signal-regulated kinase ERK1/2 activation. Extracellular
signal-controlled kinase (ERK) signals demonstrate ERK1/2 activa-
tion is strongly induced by EGF [60]. Overall, it is evident that com-
bined role of SF and EGF, mediated the alleviation of burn-induced
oxidative damage by restoring the elevated pro-inflammatory
cytokines (IL-6, IL-8, IL-10) secreted by leukocytes and macro-
phages through regulation of MMP 9. In epithelial cells, EGF is
involved in tuning E-cadherin/B-actin complex as well [61]. Since
it was reported E-cadherin protein expression reverses in presence
of EGF stimulation and EGFR regulates E-cadherin expression and
its complex formation [62], thus higher accumulation of gap junc-
tion establishing protein E-cadherin (Fig. 6(b)) by PU/SF blended
(without rEGF) and immobilized (without rEGF) treatment groups
could be justified.

Histological scoring results complied with the findings of pro-
inflammatory cytokines response. Treatment groups with rEGF,
scored less in diabetic wound closure and IL-6, IL-8 and IL-10 level
restoration by rEGF incorporated groups was also lesser than rEGF
deprived immobilized groups. In nondiabetic wound, at 10th day,
immobilized PU/SF and rEGF loaded blended PU/SF scored (4.2)
equally giving insight that synergistic effect of rEGF and SF release
from PU/SF blended was equally competitive to higher release rate
of SF alone from immobilized PU/SF scaffolds. Likewise, in diabetic
wound, at 3rd day, blended PU/SF and rEGF loaded immobilized
PU/SF scored equally (1.6). This could be substantiated that com-
bined effect of SF and rEGF release from immobilized variety
negated the effect of slower releasing effect of SF from blended
one. Thus, it could be inferred that intervening effect of rEGF,
released from rEGF loaded immobilized PU/SF suppressed the
effect of higher SF release from the same scaffold. rEGF loaded
immobilized PU/SF. Remodelling in maturation phase imparts
functionality to healed tissue where isotropic alignment of colla-
gen fibers yielded to functional tissue regeneration which was
obtained in rEGF loaded NIH3T3 cell seeded immobilized PU/SF
and NIH3T3 cell seeded immobilized PU/SF scaffolds for normal
and diabetic wound respectively. In contrast, systemic orientation
of collagen fibers allowed less-functional scar regeneration which
is relevant to 21 days MT staining of Acticoat treated tissue [63].
Excess scar formation induces lack of skin functionality; causing
inability to develop secondary features like skin appendages like
hair, sebaceous glands and protruding nerve endings [24]|where
control (Fig. 8B(s)), blended, EGF loaded blended PU/SF (Fig. 8B(t)
and (v)) and Acticoat (Fig. 8B(x)), showed the shortcoming in con-
trast to occurrence of essential skin appendages in HE and MT
staining of NIH3T3 loaded immobilized PU/SF treated group recon-
firmed superiority in diabetic wound at 21 days. Hence it may be
presumed that rEGF administration did not much effect in diabetic
healing, but cellular immobilized PU/SF group significantly con-
tributed to both type healing progression as it attracted more
NIH3T3 cells and this is justified because loaded fibroblasts are
enriched source of cytokines and essential growth factors which
together with substantial amount of released SF performed the
best [27].

Immunohistochemical staining confirmed signature protein
expression at different phases like onset of neovascularization
and hemostatic activity were confirmed by expression of alpha
smooth muscle actin at 10th day followed by angiogenesis
observed by CD31 at 7th day, proliferative feature by accumulation
of Ki67 at 7th day and maturation phase by COL III at 14th day.
Morphometric studies of smooth muscle actin staining were pre-

dominantly extracellular, within the fibrin clot and in the ECM of
dermis suggests that most of the smooth muscle actin present in
the wound was released from de-granulating platelets and bound
to ECM mainly. CD-31 stained endothelial cells, macrophage, plate-
lets, reflected greater orientation of vascularity coming closer to
normal subcutaneous vessel architecture, vascular architecture
dictates nutritive blood flow in PU/SF blended and immobilized
groups whereas chaotic vessel arrangement reflects the impaired
blood flow in control. In epidermal layer at immediate vicinity to
wound region, dense population of Ki 67 positive basal cells found
in Acticoat™ and immobilized PU/SF as wave-like pattern in non-
diabetic wound with advancing distance from wound edges. Ki67
positive fibroblasts decrease markedly with advancing distance
from wound edge reflects fibroblast cells localized in dermis adja-
cent to burnt area could be responsible for granulation tissue
development [27]. The tubular shapes, and number of Col III cells
significantly increased relative in number in the treatment groups
compared to control (Fig. 10A(t), (n), (w), and (x)). In hyper-
glycemic group, number of alpha sma positive cells were dramati-
cally lower in all the groups except the rEGF loaded groups
(Fig. 10B(t) and (u)). In all the phases, characteristic markers
responded coherently by rEGF incorporated groups and rEGF
deprived immobilized groups. Therefore, it is well interpreted that
NIH3T3 seeded SF in the route of immobilization on PU with or
without rEGF has reinforced its healing potential in an advancing
approach both in diabetic and normal burn wound, thus it can be
considered as full thickness dermal substitute for future applica-
tions in diabetic burn.

5. Conclusion

Controlling blood sugar levels, wound infection have significant
impact on the healing process. Thus, consistent blood sugar level
was maintained throughout the experiment to assert the efficiency
of different treatment groups on hyperglycemic wound healing.
The outcome of the study reflects, immobilized fabrication route
has greater potential to release both SF and rEGF synergistically,
thus successfully healed diabetic wound at 16 days avoiding
microbial load at wound bed. Irrespective of the role of rEGF;
immobilized PU/SF scaffold variety has shown greater healing pro-
spect compared to blended variety in either type of wound. Since
wound matrix degradation is overly high in diabetes, role of
MMP9 in ECM degradation and correlation with E-cadherin expres-
sion for all the scaffold treatment has been corroborated in western
blot and gelatin zymographic results. Immunomodulatory
response of rEGF containing immobilized treatment groups were
nearly restored back to that of unburnt skin. Due to anti-
inflammatory scaffolds can find application as drug carrier in dis-
ease model studies. While fabricating, if scaffolds are optimized
with a different pore size, it can attract a multiple cell lineage. Such
investigation with PU/SF composite scaffold would be useful for
other tissue engineering applications.
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