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ARTICLE INFO ABSTRACT

Keywords:
Diabetic wound

Diabetic wound (DW) is the most devastating complication resulting in significant mortality and morbidity in
diabetic patients. The standard treatment of DW care fails to address the prerequisites of treating DW owing to its
multifactorial pathophysiology. Henceforth, developing a single treatment strategy to handle all the loopholes
may effectively manage DW. The objective of the current study was to formulate Human beta defensin-2 (HBD-2)
loaded Poly (lactic-co-glycolic acid) (PLGA) nanoparticle impregnated in collagen/chitosan (COL-CS) composite
scaffolds for the accelerated healing of DW. Upon investigation, the developed biodegradable crosslinked scaffold
possesses low matrix degradation, optimum porosity, and sustained drug release than the non-crosslinked
scaffold. In vitro studies revealed that the HBD-2 COL-CS scaffold was biocompatible and accelerated cell
migration and angiogenesis. The HBD-2 COL-CS scaffold showed significant antimicrobial activity in S. aureus, E.
coli, and P. aeruginosa. The in vivo studies revealed that the HBD-2 COL-CS treated group accelerated healing
compared to those in COL-CS and control groups. The ELISA results indicated a significant decrease in MMP-9,
TNF-a, MPO, NAG, and NO with an increase in IL-10 in HBD-2 COL-CS treated group. The accelerated healing in
HBD-2 COL-CS treated group might be due to the synergistic effects of PLGA (collagen synthesis and deposition
and positive angiogenic effect), HBD-2 (anti-inflammatory, antibacterial, positive angiogenic effect, cell prolif-
eration, and migration), COL (established wound healer and stabilizer) and CS (antibacterial, controlled drug
release).

Human beta defensin-2
Poly (lactic-co-glycolic acid)
Nanoparticles

Scaffold

1. Introduction

Diabetes Mellitus (DM) is a chronic metabolic condition character-
ized by progressive and perseverance decline of tolerance to glucose.
Both impaired insulin secretion and insulin resistance contribute to the
development of DM [1]. Though DM is well managed in due course, it
causes several primary complications, such as peripheral neuropathy,
vasculopathy, immunopathy, nephropathy, etc., creating a high risk of
secondary complications [2]. Among these, diabetic wound (DW) is
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considered a significant life-threatening concern due to exaggerated
inflammatory phase, infections, and loss of ability for tissue regenera-
tion. When proper medical attention is not taken, DW may become
chronic and eventually lead to gangrene resulting in specific organ
amputation.

Patient education, wound debridement, pressure offloading, surgery,
hyperbaric oxygen therapy, cell-based therapies, infection control, etc.,
are the standard care treatments [3,4]. However, most of these treat-
ment strategies failed to address all the prerequisites because of the
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multifactorial pathophysiology (Immunopathy, Peripheral neuropathy,
Macro, and Microvascular diseases). Further, the cost associated with
these treatments is very high. Hence, developing a single treatment
strategy (multi-mechanism-based products) to plug all the loopholes
may benefit treating DW.

Physiologically, the decreased expression of growth factors, rapid
matrix degradation due to increased inflammatory cytokines, and
chronic infections alter the molecular environment of DW. This altered
environment eventually develops a proinflammatory state causing
impaired healing of wounds [5,6]. Hence, local treatment with
anti-inflammatory agents and antimicrobials can restore cutaneous ho-
meostasis and have better-wound recovery. However, resistance has
already been developed with the existing antibiotics.

Antimicrobial peptides (AMPs) are a class of short peptides and are a
part of the innate immune system capable of fighting against infections.
AMPs have been presented as a potential new antimicrobial class, partly
due to their lower susceptibility to bacterial resistance evolution. This
might be due to their method of action and pharmacodynamic proper-
ties, which differ considerably from traditional antibiotics [7]. Human
beta defensin-2 (HBD-2) is an antimicrobial peptide capable of fighting
against various infections caused by bacteria, viruses, fungi, and para-
sites. Recent literature suggests that apart from the antimicrobial ac-
tivity, HBD-2 also possesses anti-inflammatory [8], cell proliferation,
migration [9], and angiogenic properties [9], essential for accelerated
wound healing [10]. Reports suggest that though HBD-2 is produced in
DW, their levels are inappropriate for promoting accelerated wound
healing in DM conditions [11]. Thus, increasing the levels of HBD-2
endogenously or exogenously can potentiate faster healing. Hence,
owing to its multiple roles, a novel topical formulation of HBD-2 is
required to manage DW.

PLGA, the copolymer of lactic and glycolic acids, is a widely used
biodegradable polymer in bioengineering [12]. Many studies reported
the use of PLGA as a potential drug delivery carrier in wound healing
because of its high biocompatibility and ability to stimulate prolifera-
tion, migration, and angiogenesis [13]. Owing to its advantages, in the
current study, we have chosen PLGA as a carrier for HBD-2.

In recent years, COL has gained special attention in biomaterial en-
gineering because of its prevalence in the living system. It helps main-
tain structural integrity and mechanical support to tissues [14].
Physically, COL has a mesh-like structure that accepts a wide range of
components/drugs. Besides, it also provides greater porosity, perme-
ability, absorbability, and biocompatibility [15]. All these qualities help
in controlled drug release. In addition, COL has a few biological prop-
erties that regulate shape, bio-adhesion, cell motility, and differentiation
[16]. Despite its natural benefits, the major lacuna is its structural and
mechanical instability. Evidence states that to avoid these constraints,
physical or chemical crosslinking with a copolymer may be helpful [16].

CS is a biocompatible, bioabsorbable natural polymer similar to
glycosaminoglycan [17]. CS-based research has expanded in biomedical
sectors because of its function in wound healing, skin regeneration,
activation of growth factors, and antibacterial properties [18]. CS is also
capable of forming a porous framework with a large number of inter-
connected pores up on freeze drying. When applied topically, the porous
framework helps liquid absorption and gaseous exchange [19]. Alone,
CS loses the capability to control the release of medicament and imparts
brittleness to the encapsulated dosage forms. Therefore, CS has been
blended with other bio-polymers to avoid these limitations, as suggested
by the reports [20,21]. Further, a study by Urena-Saborio et al., 2018
demonstrated the combining effect of CS with COL in the context of
enhanced thermal stability, mechanical strength, and biodegradation
[22].

With the brief, the current study aims to develop a topical formula-
tion of HBD-2 to combat the chronic conditions of DW. Initially, the
HBD-2 has loaded into poly (lactic-co-glycolic acid) (PLGA) nano-
particles (NPS). These NPs were further impregnated into collagen-
chitosan (COL-CS) acellular dermal matrix to potentiate wound
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healing in DM conditions.
2. Methodology
2.1. Materials and equipment

Recombinant HBD-2 was purchased from Abcam, India. PLGA
(50:50) (M,y 12000-1,20,000 g/mol) was purchased from Nomisma
Healthcare, India. Dichloromethane (DCM) was purchased from Merck,
India. Polyvinyl alcohol (PVA) (M, ~1,25,000 g/mol), 2-(N-morpho-
lino) ethane sulfonic acid (MES), and N-Hydroxysuccinimide (NHS)
were purchased from Sigma Aldrich, India. Collagen (COL) and Chitosan
(CS) were purchased from Sisco Research Laboratories, India. 3-dime-
thylamino propyl 3-ethyl carbodiimide (EDC) was purchased from
Avra Synthesis, India.

2.2. Preparation of HBD-2 PLGA-NPs

HBD-2 is loaded into the PLGA NPs by the physical entrapment
method. Initially, an organic.

phase was prepared by dissolving PLGA (50:50) in DCM. Later, an
aqueous phase was prepared by dissolving the HBD-2 in 10 mM acetic
acid. The organic phase and aqueous phase were mixed and subjected to
homogenization to obtain W/O emulsion. Further, the W/O emulsion
was added dropwise into an aqueous phase containing PVA under
continuous stirring at 2000 rpm to obtain W/O/W emulsion. The W/OQ/
W emulsion is subjected to high-speed homogenization for particle size
reduction. Finally, the emulsion containing reduced particle size was
stirred for 12 h to obtain spherical-shaped PLGA-NPs. Solvent evapo-
ration under reduced pressure was performed to obtain purified HBD-2-
loaded PLGA-NPs.

2.3. Experimental design

To determine the effect of the operating parameters on the size of the
particles (Y1) and the entrapment efficiency (Y2), response surface
methodology-based Central Composite Design (CCD) (Design Expert
Software Ver.12.0.3.0, Stat-Ease, Inc) was employed. PLGA, PVA con-
centration, and homogenization speed were selected as the independent
variables for nanoparticle preparation and designated as X1-X3,
respectively. Particle size and entrapment efficiency were represented
as dependent variables and defined as Y1 and Y2, respectively. The
PLGA (X1) ranged from 10 to 30 mg/mL, the PVA (X2) ranged from
0.3% to 0.9% w/v, and the homogenization speed (X3) ranged from
4000 to 7000 rpm (Table 1).

2.4. Characterization of HBD-2 PLGA-NPs

2.4.1. Particle size and zeta potential determination
The average particle size and zeta potential (ZP) of the prepared
HBD-2 PLGA-NPs were determined using Anton Paar; Light sizer 500,

Table 1
Independent and dependent variables.
Factors Levels
-Alpha Low Medium  High +Alpha
- O +1)
Independent variables
X1 = PLGA (mg/mL) 3.18207 10 20 30 36.8179
X2 = PVA (% w/v) 0.0954622 0.3 0.6 0.9 1.10454
X3 = Homogenization 2977.31 4000 5500 7000 8022.69

speed (rpm)

Dependent variables Constraints
Y1 =Particle size (nm) Minimum
Y2 =Entrapment Maximum

efficiency (%)
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which works on the dynamic light scattering technique and employs
c¢cmPALS technology. Further, the Polydispersity index (PDI) was also
computed to determine the broadness of the particle size distribution
[23,24]. The displayed results are the average value + SD.

2.4.2. Determination of entrapment efficiency (EE)

The centrifugation technique was employed to assess the entrapment
efficiency (EE) of HBD-

2 in PLGA-NPs. Briefly, the preformed formulation was subjected to
cold centrifugation (15,000 rpm; 4°C; Model: R8c with a loading ca-
pacity of 300 mL; Remi equipment’s Ltd, India) for 15 min. The super-
natant was diluted, and absorbance was recorded at 230 nm using HPLC
[25]. EE% was calculated using the below equation:

EE% = Quantityof entrappeddrug | Totalquantityof drug x 100

2.4.3. Optimization of HBD-2 PLGA-NPs using CCD

Response surface analysis was performed to analyze the resulting
data. Desirability values were determined using Design-Expert
Ver.12.0.3.0, Stat-Ease, Inc software to achieve optimal HBD-2 PLGA-
NPs. The desirability function was used to find the best HBD-2 PLGA-NPs
formulation with the minimum particle size and maximum entrapment
efficiency. For comparing the produced HBD-2 PLGA-NPs formulas, the
computed desirability values were used as distinguishing parameters.
The recommended optimum HBD-2 PLGA-NPs were made, assessed, and
compared with the software’s anticipated responses to demonstrate the
model’s effectiveness. Furthermore, a placebo (PLGA-NPs) was created
using the same production technique and the same components of the
optimized HBD-2 PLGA-NPs, without HBD-2 for comparison.

2.4.4. Morphology determination using scanning electron microscopy
(SEM)

Scanning electron microscopy (SEM) (FE-SEM; Snorkel objective
lens; Hitachi S-4800; India) was used to determine the morphology of
HBD-2 PLGA-NPs. The preformed formulation was diluted with water,
spread over a glass sample holder, and dried over a vacuum. The dried
sample was coated with gold and examined using SEM at a 30 s run time
[26].

2.5. Preparation of composite scaffold impregnated with HBD-2 PLGA-
NPs

Scaffolds were formulated using the freeze-drying method. Chitosan
(CS) solution (0.5% w/v).

was prepared in 1% v/v acetic acid. Collagen (COL) solution (1% w/
v) was prepared in deionized water, and pH (Digital pH meter, Eutech
Cyberscan pH510, India) was adjusted to 5.8 using 0.1 M HCl to ensure
uniform solubilization. Both the solutions were subjected to overnight
stirring at 2000 rpm. HBD-2 PLGA-NPs were added to the overnight
stirred CS solution and subjected to another 0.5 h of stirring to obtain
uniform dispersion. The prepared dispersion was slowly added to
overnight stirred COL solution and subjected to another 0.5 h of stirring
to get a homogenized mixture. Further, the mixture was sonicated (Bath
sonicator, RK 100 H; Bandelin, Germany) to remove entrapped bubbles.
Then, the mixture was transferred into spherical-shaped aluminum
molds and subjected to deep freezing (Labline VDF-2851, India) for 24 h
at — 60 °C, followed by lyophilization (Lyophilizer, Christ Alpha 2,4-LD
Plus, Germany) for 72h at — 85+ 5 °C to obtain HBD-2 PLGA-NPs
impregnated composite scaffold. A placebo was prepared similarly
without adding HBD-2 [26].

2.6. Composite scaffold crosslinking

2-(N-morpholino) ethane sulfonic acid (MES; 0.5 g) was dissolved in
double-distilled water (50 mL) to achieve a pH of 5.6. HBD-2 PLGA-NPs
impregnated composite scaffolds were added to 20 mL of MES buffer
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and soaked for 0.5 h. Besides, 0.1264 g EDC and 0.014 g of NHS were
added to 19.5 mL of MES buffer in a separate beaker to obtain a buffer
mixture. The scaffold soaked in MES buffer was taken out and soaked in
buffer mixture for 4 h to get crosslinked composite scaffold. Again, the
crosslinked scaffold was soaked in 0.1 M sodium dihydrogen ortho-
phosphate for 1h, 1 M, and 2 M sodium chloride for 2 and 24 h,
respectively. After repeated treatments with the chemical solutions, the
scaffolds were filtered out and washed twice with water. The non-
crosslinked and crosslinked scaffolds were evaluated further [27,28].

2.7. Scaffold characterization

2.7.1. Morphology

The cross-sectional morphology of scaffolds was determined using
Field emission SEM (FE-SEM; Hitachi S-4800). Scaffolds (5 x5 mm)
were coated with a thin layer of gold and kept on an adhesive stub, and
images were captured at an operational voltage of 10 kV. Fifty pores
were randomly selected to determine the pore size [29,30].

2.7.2. Porosity

The liquid displacement method was used to determine the porosity
of the crosslinked and non-crosslinked scaffolds. Ethanol was used as a
displacement liquid as it can easily permeate the pores of the scaffold
and does not stimulate contraction or swelling [30,31]. The porosity of
the scaffolds was determined using the below equation:

%Porosity = Wwet — Wdry [ Vscaffold x 100

Where W represents the weight of the scaffold and V denotes the volume
of the scaffold.

2.7.3. Water absorption test

The initial weight (Wi) of the crosslinked and non-crosslinked scaf-
folds was measured. The scaffolds were immersed in phosphate buffer
saline (PBS) of pH 7.4 for 72 h at 37 °C. The weight (Ws) after removing
the excess solvent by blotting was measured. Further, the scaffolds were
lyophilized to find the water absorption capacity [31]. The water ab-
sorption capacity of the scaffolds was determined using the following
equation:

Wab = [Ws — Wi]/Wi x 100

Where Wab represents the water absorption of the scaffold at equilib-
rium, Wi and Ws embody the scaffold’s dry and wet weight, respectively.

2.7.4. Invitro degradation
Crosslinked and non-crosslinked composite scaffolds were incubated

in simulated wound fluid (SWF) of pH 7.4 for 14 days at 37 °C. Later, the

scaffolds were washed with millipore water to remove ions adhered to

the surface followed by lyophilization [29]. The degradation rate was

calculated using the formulae.

Wi — W]
Wi

%Degradation = x 100

Wi is considered as the initial weight and Wf is considered as the
weight after lyophilization of the scaffolds.

2.7.5. Invitro drug release studies

The preformed crosslinked and non-crosslinked composite scaffolds
were immersed in SWF (200 mL), pH 7.4 maintained at 37 °C with
continuous stirring. The supernatant was replaced periodically by an
equal amount of fresh SWF, and the collected supernatant was filtered
out using a membrane filter (0.2 um) [26,32]. The amount of HBD-2
released from the scaffold was measured at 230 nm [33].
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2.8. Invitro analysis

2.8.1. Cytotoxicity study

MTT assay was carried out to determine the cell viability of com-
posite scaffolds. 3T3-L1 fibroblast cell lines (5 x103 cell/well) were
cultured in a DMEM culture medium with 10% FBS into a 96-well plate
and incubated for 24 h. The cells were centrifuged, and obtained pellets
were resuspended into wells containing 100 pL of HBD-2 COL-CS, pla-
cebo, control (cells in the medium), and blank (medium alone). The 96
well-cultured plates were incubated in a humidified CO5 incubator at 37
°C for 48 h. 100 pL of MTT (3-(4,5-dimethylthiazol-2-yl)— 2,5-diphenyl
tetrazolium bromide) (1 mg/mL) was added, and plates were gently
shaken and incubated at 37 °C for 2 h. Formazan crystals were solubi-
lized by adding 100 L of DMSO. The absorbance was determined at
570 nm using a microplate reader (Tecan I control) [34]. The % cell
viability was calculated and compared with blank and control.
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CS) was placed inside the eggs through the created window. The win-
dows were sealed using paraffin film followed by reincubation at 37 °C
in 55% relative humidity for chick growth. On day 14, all eggs were
sacrificed, and a comparative angiogenic analysis of the control and
scaffold treated was done.

Further, the number of blood vessels and branching points over
defined areas were analyzed using a stereomicroscope [37].

2.9. In vivo wound healing studies

2.9.1. Induction of diabetes

Healthy, adult Wistar albino rats (male) weighing 180-200 g were
used for the study. Intraperitoneal injection of streptozotocin (STZ)
(30 mg/kg) in cold citrate buffer (0.1 M) of pH 4.5 and a high-fat diet
(20% proteins, 22% fat, 48% carbohydrates with a total calorific value
of 44.3 kJ/kg) were used to induce type-2 diabetes. The animals were

%Cellviability = (Sampleabsorbance-Blankabsorbance) /(Controlabsorance — Blankabsorbance) x 100

2.8.2. Antibacterial activity

HBD-2 COL-CS (0.5, 1 pg/mL), COL-CS (0.5, 1 pg/mL), and control
were evaluated for antibacterial activity against Escherichia coli (E. coli),
Pseudomonas aeruginosa (P. aeruginosa), and Staphylococcus aureus (S.
aureus). Bacterial cultures were prepared using Mueller Hinton broth
and diluted at 1:1000 MHB to achieve turbidity of 0.5 McFarland (108
cell density). Aliquots of 100 uL were taken, diluted to give 10° bacteria/
mlL, and plated on solidified agar plates. Then the cultured plates were
seeded with the test samples and incubated at 37 °C for 18-24 h [35].
Bacterial inoculums were corrected to 1 x 108 CFU/mL. The absorbance
was recorded at a wavelength of 600 nm in Tecan-i-control, 1.7.1.12.
The MIC data are expressed in micrograms per milliliter (pg/mL).

2.8.3. Cell migration

3T3-L1 fibroblast cell lines were used to perform the scratch assay.
The cells were cultured in DMEM with 10% PBS and 50 mM glucose to
mimic the diabetic condition. The cells were seeded into the tissue
culture plates with a 70-80% confluence as a monolayer. A scratch was
made on the plate using a 1 mL pipette tip. Different test samples (COL-
CS, and HBD-2 COL-CS) were prepared in fresh media, added to the
plates, and incubated for 48 h. Then, cells were washed and fixed with a
4% formaldehyde solution [36].

2.8.4. Chorioallantoic Membrane (CAM) Assay
Fertilized eggs were procured from poultry and incubated at 37.9 °C
with a relative humidity of 80%. The eggs were positioned horizontally

Reductioninmeanwoundarea =

housed in standard polycarbonate cages having a controlled climate
(12:24 h, dark cycle). Rats showing > 250 mg/dL (Glucometer, Accu-
check, USA) of blood glucose were separated and monitored for seven
more days. The rats that continually showed consistent blood glucose
levels are only considered for the study [38].

2.9.2. Induction of excision wound

An open wound (2 x 2 cm? with a depth of 2 mm) was created on the
depilated dorsal thoracic region of the diabetic rat under anesthetic
conditions (Diethyl ether). After anesthetization, the animals were
closely monitored. All the animal studies performed were approved by
the Institutional Animal Ethical Committee of JSS College of Pharmacy,
Ooty, with protocol number JSSCP/OT/IAEC/PhD/02/2019-20.

2.9.3. Treatment of diabetic excision wound

The rats considered for the study were segregated into three groups
(n = 6) and housed individually after anesthesia recovery. Wounds in
Group 1 were untreated but covered with sterile gauze (Control); Group
2 and Group 3 animals were treated with COL-CS composite scaffold
(Placebo) and HBD-2 COL-CS composite scaffold (Test formulation),
respectively, throughout the study duration [39].

2.9.4. Measurement of the wound healing

Reduction in the mean wound area was measured using the wound
tracing and graphical method. The wounds on days 0, 7, 14, and 21 were
traced on a sterile transparent OHP sheet. The graph sheet was used to
calculate the outlined wound areas. Reduction in the mean wound area
was calculated by using the below formulae.2

Woundareaonintialday — Woundareaonparticularday 100
X

Woundareaonintialday

and opened on the snub side. On day 3, 2 mL of albumin was aspirated
through the created window (1 x1 cm). Hyperglycemia was induced by
a single intravitellus injection of glucose (5 mg/g of whole egg) by day 8
(corresponds to the end of organogenesis) post-incubation. Control
embryos received either water (volumic control) or mannitol (osmotic
control). On day 9, the test sample solution (COL-CS, and HBD-2 COL-

2.10. Ex vivo studies

2.10.1. Histopathology studies
On days 7, 14, and 21, the animals of each group were sacrificed by
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euthanasia, and wound.

tissues were isolated and fixed in a 10% formalin solution prepared
in the neutral buffer. Tissues were sectioned at 6 um thickness using a
microtome (Model No: RM2135; Leica, United Kingdom). Sections were
stained using eosin and hematoxylin and mounted on a glass slide. The
images were captured under 40 x magnification using a fluorescent
microscope attached to a 20 MP camera (Model No: MLX-iPlus; Magnus,
India) [26].

2.10.2. MMP-9 estimation

Enzyme-linked immunosorbent assay kit was used to estimate MMP-
9 content in the dissected wound tissues. The procedure used was in
accordance with the guidelines provided by the manufacturer. Dissected
tissues were homogenized and centrifuged. The supernatant collected
was diluted 100-fold using the assay buffer. The MMP-9 content in tissue
samples in all groups (control, placebo, and HBD-2 PLGA-NPs COL-CS
scaffolds) on days 7,14, and 21 was determined using a microplate
plate reader, Tecan-i-control, and expressed as ng/mL.

2.10.3. Tumor necrosis factor (TNF)-a and Interleukin (IL)— 10
determination

TNF-o and IL-10 ELISA kits (Koma biotech, Korea) were used to es-
timate TNF-a and IL-10.

protein levels in the wound lysate. The procedure used was in
accordance with the guidelines provided by the manufacturer. The
samples (Protease and cytokine) were used in triplicate, and optical
density measurements were verified against a standard curve. The re-
sults are expressed as a picogram of proteins (TNF-a and IL-10) per mg of
total protein.

2.10.4. Myeloperoxidase (MPO) assay

The sectioned tissues were placed in hexadecyltrimethylammonium
bromide (HTAB) buffer.

(0.5% in 50 mM phosphate buffer, pH 6) and gently homogenized.
The homogenate was centrifuged at 2000 rpm for 20 min at 4 °C, and the
supernatant was diluted in sodium phosphate. 7 uL of supernatant was
added to a 96-well plate, followed by 200 pL of a 50 mM phosphate
buffer containing 500 ppm of hydrogen peroxide (H205) and 0.167 mg/
mL of O-dianisidine in each well. Absorbance was measured at 460 nm
using a microtiter plate reader. Results were expressed as MPO units/gm
of tissue. One unit of MPO activity was defined as the amount that de-
teriorates 1 mmol/min of HyO5 at 25 °C [40].

Table 2
Optimization of HBD-2 PLGA NPs using central composite design (CCD).
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2.10.5. N-acetylglucosaminidase (NAG) activity determination

N-acetylglucosaminidase (NAG) enzyme is usually present at higher
concentrations in activated macrophages. The supernatant mixture ob-
tained in the MPO assay was incubated with 100 uL p-nitrophenyl-2-
acetamide-p-glucopyranoside and citrate buffer for 10 min at 25 °C in a
96-well culture plate. Further, glycine buffer (pH 10.6) was added to
terminate the reaction. The absorbance of the hydroxylate was
measured at 405 nm using a microtiter plate reader and expressed as
optical density (OD)/mg of tissue [41,42].

2.10.6. Nitric oxide determination

Nitric oxide (NO) level was determined as the nitrate and nitrite
concentration in the supernatant mixture (obtained in MPO assay,
2.10.4. section) by colorimetric assay. The supernatant mixture was
incubated with equivalent volumes of Griess reagent in a 96-well culture
plate at room temperature for 15 min. The measurements were recorded
using a microtiter plate reader at 550 nm (Tecan i control, infinite®
M200). NO concentration was expressed as uM [41,42].

2.11. Statistical analysis

The results were pronounced as mean =+ Standard deviation.
Further, One-way analysis of variance (ANOVA) and Dunnett’s post hoc
test were employed to determine the statistical significance. Statistical
analysis was carried out using GraphPad Prism v5.01 software. The
values with p < 0.05 or lower were considered significant.

3. Results and discussion
3.1. Optimization of HBD-2 PLGA NPs

Optimization of the HBD-2 PLGA NPs was based on the runs gener-
ated by CCD (Table 2). The effects of pre-determined factors on EE
(65.5-93.6%) and PS (172.6 — 758.6 nm) were studied. Amongst the
runs, run 4 was found to be optimum with significant PS and EE. We
found that an increased PLGA concentration is causing a significant
increase in PS and EE%,

whereas PVA and homogenization speed negatively influence the PS
and EE%. The effects of pre-determined factors on EE and PS were
determined using response surface plots (Fig. 1). Further, analysis of
variance (ANOVA) was applied to validate the model (Tables 3 and 4).
The optimized formulation was chosen based on the desirability criteria
of EE and PS.

Std Run Factor 1 Factor 2 Factor 3 Response 1 Response 2 Entrapment efficiency (EE)
A: PLGA amount B: PVA con C: Homogenization speed Particle size (PS)
10 1 36.8179 0.6 5500 665.8 93.6
6 2 30 0.3 7000 573.8 89.8
2 3 30 0.3 4000 758.6 92.5
8 4 30 0.9 7000 423 83.1
3 5 10 0.9 4000 245.8 68.6
12 6 20 1.10454 5500 295.7 73.2
18 7 20 0.6 5500 499.3 79.2
1 8 10 0.3 4000 479.4 75.9
15 9 20 0.6 5500 499 80.4
7 10 10 0.9 7000 172.6 67.6
13 11 20 0.6 2977.31 528.6 82.6
20 12 20 0.6 5500 502.3 79.9
19 13 20 0.6 5500 503.9 80.1
14 14 20 0.6 8022.69 304.9 77.5
11 15 20 0.0954622 5500 611.7 86.9
17 16 20 0.6 5500 505.8 80.2
5 17 10 0.3 7000 310.1 73.9
9 18 3.18207 0.6 5500 221.8 65.5
4 19 30 0.9 4000 515 84.8
16 20 20 0.6 5500 505.1 80.6
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Fig. 1. 3D response surface plot screening effect of independent variables a) PLGA concentration (X1) and PVA concentration (X2) al) PVA concentration (X2) and
homogenization speed (X3) on particle size (Y1). b) PLGA concentration (X1) and PVA concentration (X2) bl) PVA concentration (X2) and homogenization speed
(X3) on entrapment efficiency (Y2). (Note: region in the red represents maxima and the region in blue represents minima).

Table 3
Particle size (Y1) analysis using ANOVA (Quadratic model).
Source Sum of Squares df Mean Square F-value p-value
Model 4.462E+ 05 9 49582.34 7591.25 < 0.0001 significant
A-PLGA amount 2.397E+ 05 1 2.397E+ 05 36695.83 < 0.0001
B-PVA Conc 1.232E+ 05 1 1.232E+ 05 18857.32 < 0.0001
C-Homogenization speed 58721.49 1 58721.49 8990.49 < 0.0001
AB 67.86 1 67.86 10.39 0.0091
AC 147.06 1 147.06 22.52 0.0008
BC 4460.40 1 4460.40 682.91 < 0.0001
A? 6143.64 1 6143.64 940.62 < 0.0001
B? 4237.22 1 4237.22 648.74 < 0.0001
c? 13153.11 1 13153.11 2013.79 < 0.0001
Residual 65.32 10 6.53
Lack of Fit 23.20 5 4.64 0.5509 0.7356 not significant
Pure Error 42.11 5 8.42
Cor Total 4.463E+ 05 19
Table 4
Entrapment Efficiency (Y2) analysis using ANOVA (Linear model).
Source Sum of Squares df Mean Square F-value p-value
Model 1119.10 3 373.03 989.80 < 0.0001 significant
A-PLGA amount 909.65 1 909.65 2413.65 < 0.0001
B-PVA Conc 190.76 1 190.76 506.15 < 0.0001
C-Homogenization speed 18.69 1 18.69 49.60 < 0.0001
Residual 6.03 16 0.3769
Lack of Fit 4.84 11 0.4397 1.84 0.2592 not significant
Pure Error 1.19 5 0.2387
Cor Total 1125.13 19
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Fig. 2. Desirability RAMP plots representing the values of independent variables to obtain a PS (Y1) 422.892 nm and EE (Y2) 83.0491%.
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Fig. 3. a) particle size al) zeta potential of optimized HBD-2 PLGA-NPs. b) particle size al) zeta potential of PLGA-NPs.



B.K.R. Sanapalli et al.

From the results, it was speculated that 30 mg of PLGA, 0.9 mg of
PVA, and 7000 rpm of homogenization speed might produce PS of
422.892 nm and EE of 83.0491% (Fig. 2). Based on the speculated
composition of PLGA and PVA, a new batch of HBD-2 PLGA NPs was
formulated. ANOVA test for the observed PS and EE% exemplifies that
the quadratic and linear models were significant and fit the data,
respectively. From the 3D-response surface plots, it is evident that PLGA
concentration was a positive contributor to the overall PS, whereas PVA
and homogenization speed negatively influenced the PS. Similarly,
increased PLGA concentration caused a significant increase in EE%,
whereas PVA and homogenization speed negatively influenced the EE%
(Fig. 1). The actual values agree with the speculated values of the
regression formula created in terms of coded factors for the model
design.

PS =502.55 + 132.48 A - 94.97B - 65.57 C - 2.91AB - 4.29AC
+23.61 BCE - 20.65A% - 17.15B% - 30.21 C*

EE =79.79 +8.16 A-3.74B — 1.17 C.

3.2. Characterization of PLGA NPs and HBD-2 PLGA NPs

The prepared PLGA NPs and HBD-2 PLGA NPs were evaluated for ZP
and PS. By dynamic light scattering technique, it was observed that the
PS of HBD-2 PLGA NPs was higher (423 + 7.236 nm; residual factor
0.1085) than that of PLGA NPs (339.1 + 14.36 nm). The difference in
the PS was may due to the bulkiness of HBD-2 inside the NPs. Further,
NPs were characterized by negative ZP values of — 14.5 + 1.0 mV for
HBD-2 loaded PLGA NPs and — 19.8 + 1.7 mV for PLGA NPs (Fig. 3).
The difference in the ZP values for loaded and unloaded NPs can be
related to the presence of cationic HBD-2 inside the NPs. In addition,
these values (ZP > 425 and <—25 mV) ensure good stability of the
prepared NPs. Further, SEM studies reported that HBD-2 PLGA-NPs and
PLGA-NPs were well-dispersed and had spherical shape distribution
(Fig. 4). The EE value of HBD-2 loaded PLGA-NPs was observed to be
83.10 £ 14.26%, and the residual factor was 0.0509. This indicates that
the selected concentration of PLGA, PVA, and homogenization speed
was optimal for efficient EE%. Further, these values are in good agree-
ment with the predicted values.

3.3. Preparation and characterization of crosslinked and non-crosslinked
composite scaffolds impregnated with HBD-2 PLGA-NPs

The ideal properties of a wound dressing include preserving the
moist environment, interfacial wound electrolyte balance for the ex-
change of gases, and removal of excess exudates, besides the necessity to
promote accelerated wound healing [43,44]. Further, it should be
readily available, cost-effective, and non-allergic, providing hemostatic
properties [45].

In this context, three-dimensional bioengineered substituents such as
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scaffolds, nanofibers, films, microfibers, and hydrogel have gained more
attention because of their multifaceted effects [46,47]. Among them, the
scaffold has gained significant interest due to its desirable characteristics
like tissue biocompatibility, preservation of the moist environment, the
large surface area for absorbability of tissue exudates, and inter-
connecting pores for high oxygen supply to facilitate optimal tissue
regeneration [48,49]. Moreover, using two or more polymers in com-
bination may tailor the desirable characteristics to the scaffold. Based on
these, we selected COL and CS as biodegradable polymers to fabricate
the composite scaffold.

3.3.1. Physical examination

The scaffolds were found to be stiff, off-white in color, and inelastic
on visual examination. The macroscopic characteristics and 3D structure
of preformed scaffolds were spongy and comprised of porous arrange-
ments. The cross-section morphologies of non-crosslinked and cross-
linked composite scaffolds are shown in Fig. 5.

3.3.2. Porosity and water absorption

The results of the porosity and water absorption of crosslinked and
non-crosslinked scaffolds are represented in Table 5. In crosslinked
scaffold, the diameter of pores was found to be in the range of 21.86 —
49.59 um, whereas 38.67 - 64.28 yum was observed in the non-
crosslinked scaffold. The crosslinked composite scaffold had a mean
pore size of 31.93 £ 12.55 pm and porosity of 77.54 + 1.35%, while the
non-crosslinked composite scaffold exhibited a greater mean pore size of
47.74 + 8.44 um and porosity of 94.36 + 1.92%.

The porosity of crosslinked scaffold was observed to be less than the
non-crosslinked scaffold. The decrease in pore size or porosity in the
crosslinked scaffold may be because of the formation of strong inter-
molecular interactions between EDC/NHS and COL-CS, which leads to
the fusion of smaller pores to form larger ones. From this, it is clear that a
slight collapse of the scaffold during the process might have the opposite
effect on pore fusion, i.e., reducing pore size. The results clearly show
that the fusion effect is more pronounced than the collapse. Henceforth,
the pores are enlarged. Further, if collapse does not occur homoge-
neously in 3D, it will inevitably produce some elongated pores [50,51].
Therefore, the resultant crosslinked scaffold possesses high mechanical
strength and provides a favorable ambiance for cell proliferation [52].

Water absorption property (swelling index) refers to the ability of a
scaffold to retain water which is an important characteristic property to
determine its application in tissue engineering. The swelling property of
crosslinked scaffold was relatively lower when compared with the non-
crosslinked scaffold. The water-retaining capacity of the scaffold might
be attributed to the hydrophilicity and maintenance of the 3D structure
[53]. In brief, the swelling index and crosslinking degree were inversely
proportional because of the decreased hydrophilic groups. From the
results, it is clear that the swelling property is mainly affected by the
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Fig. 4. Morphology of a) PLGA-NPs b) HBD-2 PLGA-NPs, determination by SEM at a scale of 500 nm.
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Fig. 5. Morphology of HBD-2 COL-CS scaffold a) before and b) after crosslinking, determination by SEM at a scale range of 200 and 50 pm.

Table 5
Percentage porosity and water absorption properties of the non-crosslinked and
crosslinked composite scaffold.

S.No  Scaffold type %Porosity %Water absorption
1 Non-crosslinked composite scaffold ~ 94.36 732

+1.92
2 Crosslinked composite scaffold 77.54 470

+1.35

—e— Non-crosslinked composite scaffold

—s— Crosslinked composite scaffold
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Fig. 6. Matrix degradation of non-crosslinked and crosslinked scaffolds in
simulated wound fluid at 37 °C.

crosslinking index. As mentioned above, the collapse during crosslinking
treatment will lead to decreased porosity, hence, the water storage
volume, leading to the decreased water absorption capacity. Moreover,
the absolute value is 60 times more than its initial weight after cross-
linking, optimal for tissue engineering applications [54].

3.3.3. Invitro degradation

The biodegradability of the crosslinked and non-crosslinked scaffolds
was determined by incubating them in SWF for 14 days. The biodegra-
dation degree of the crosslinked scaffold was found to be lower (30.73
+1.75%) at 14 days, whereas the non-crosslinked scaffold was
degraded by 100.00 + 0.00% by 12 days (Fig. 6). From the results, it is
clear that combining CS with COL has greatly increased the biostability

—— Crosslinked composite scaffold —=— Non-crosslinked composite scaffold
100+

Cumulative % drug release

15

Fig. 7. In vitro drug release profile of HBD-2 from HBD-2 COL-CS non-cross-
linked and cross-linked scaffolds in phosphate buffer pH 7.4 at 37 C.
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of pure COL. In addition, the ability to resist degradation was further
enhanced by EDC/NHS crosslinking. Hence, the addition of CS and EDC/
NHS crosslinking is indispensable for improving the biostability of the
scaffold [52,55].

3.3.4. Invitro drug release

In vitro drug release studies displayed delayed release of drug
initially, which might be because of the non-permeability of solvent
through the scaffold. Once the scaffold was wet, we observed a burst
release of HBD-2 in the first phase, which may be due to the solubility
and penetration of water into the polymer matrix. The drug release was
progressive in the second phase via a thicker drug depleted layer. The
water hydrolyzes the matrix polymer into soluble monomeric or oligo-
meric products, which releases the drug by erosion and diffusion of the
polymer (PLGA as biodegradable sustained drug delivery carrier) [56].
In the study, the crosslinked scaffold (68.98 + 1.62%) exhibited a
significantly slower drug release profile than the non-crosslinked scaf-
fold (80.45 + 2.50%) (Fig. 7). This might be because of the increased
mechanical and chemical bonding in the crosslinked scaffold, which
leads to slower water absorption or swelling index, eventually resulting
in sustained release of the HBD-2, as per Pillay and Fassihi et al., 2000
[57]. The results also show that crosslinked scaffold has exhibited more
ideal properties than non-crosslinked scaffold in terms of porosity, water
absorption, collagenase degradation, and drug release. Hence, cross-
linked was considered for further studies, designated as HBD-2 COL-CS,
and crosslinked scaffolds without HBD-2 were defined as COL-CS
(Placebo).

3.4. Invitro evaluation

3.4.1. Cytotoxicity studies

The cytotoxicity study was performed on 3T3-L1 fibroblast cell lines.
The cytotoxicity analysis revealed that the tested formulation did not
possess any cytotoxic effect on cell lines. The HBD-2 COL-CS scaffold
induced significant cell growth followed by COL-CS compared to the
control group (Fig. 8). Hence, results indicate that the HBD-2 COL-CS
scaffold was biocompatible. The increased cell growth in both groups
was due to biopolymers (COL & CS) in scaffold form. However, signif-
icant growth was observed in the HBD-2 COL-CS scaffold treated group,
which might be because of the mitogenic effect of HBD-2 by phos-
phorylation of P42/44 MAP kinases. Our results are consistent with the
mitogenic effects of HBD-2 in airway epithelial cells, 3T3, and
conjunctival fibroblast cell lines [58-60].
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Fig. 8. Fibroblast 3T3-L1 cells (negative control) and fibroblast cultured in the
presence of placebo (COL-CS), HBD-2-COL-CS scaffolds.

10

Biomedicine & Pharmacotherapy 161 (2023) 114540

== [E coli = P ageruginosa = S aureus

100+ =
804
= 60+
™
=
g
a 40+
20+ 7
N N
L Q‘? 3 L Qb ;L ]
HBD-2 COL-CS COL-CS Control
Hg/mL
Fig. 9. Antibacterial activity of HBD-2 COL-CS, COL-CS, and control against

E. coli, P. aeruginosa, and S. aureus cells/mL (mean + SD; n = 3). Statistical
significance compared with the control group.

3.4.2. Antibacterial activity

The DW gets infected if untreated and spreads to the deeper layers of
skin tissue, eventually leading to gangrene formation followed by
amputation. Though DW infection is polymicrobial, the pathogens like
E. coli, P. aeruginosa, and S. aureus are predominantly observed in DW
and approximately occupy 70% of the mixed infections [61]. Thus, these
three bacterial strains were used to study the effect of HBD-2 COL-CS
and COL-CS. HBD-2 COL-CS scaffold displayed significant antibacterial
activity against S. aureus compared to E. coli and P. aeruginosa (Fig. 9).
This might be because of the antimicrobial activity of chitosan (anti-
bacterial agent against gram-positive strains with low or no activity
against gram-negative strains) present in the scaffold along with HBD-2.

The amphipathic nature of HBD-2 enables interaction with the cell
membrane. Because of the transmembrane bioelectric field and elec-
trostatic attraction, the peptide will be pulled toward and into the cell
membrane. The HBD-2 then accumulates in a "carpet," which increases
the membrane strain. This makes the peptide undergo a transition into
other forms with lower strain, resulting in the formation of "pores" or
"wormbholes" [62]. Apart from pore formation, HBD-2 also penetrates the
cell wall and interacts with periplasmic and cytoplasmic macromole-
cules, which could contribute to the lethal effect of HBD-2 on bacteria.

3.4.3. Cell migration

The effects of HBD-2 COL-CS, and COL-CS on the migratory capacity
of 3T3-L1 fibroblast cells were determined by their ability to induce in
vitro wound closure. The rate of wound closure was tracked over 48 h.
Cells treated with HBD-2 COL-CS exhibited faster migration than those
treated with COL-CS. By 48 h of post-wounding, HBD-2 COL-CS signif-
icantly improved in vitro wound closure compared to the COL-CS and
control (Fig. 10). The increased migration rate of fibroblasts in the HBD-
2 COL-CS treated group might be due to the chemoattractant property of
HBD-2 towards fibroblasts, leukocytes, and keratinocytes as reported by
Li et al., 2016 [63].

3.4.4. CAM assay

CAM assay was performed to determine the angiogenic potential of
the HBD-2 COL-CS scaffold. From Fig. 11, it is clear that a greater
number of blood vessels were present in the HBD-2 COL-CS scaffold
treated egg than in the COL-CS and control, supporting the fact that
HBD-2 triggers angiogenesis, increasing the formation of newer blood
vessels. The increased number of blood vessels in HBD-2 COL-CS scaf-
fold treated egg is mainly due to the pro-angiogenic effect of HBD-2 by
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Fig. 10. a) Cell migration in 3T3-L1 with or without (control) treatment for 48 h. b) Graphic representation of the % scratch closure area per time point. *, * *
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Fig. 12. Wound contraction in control, COL-CS, and HBD-2 COL-CS treated groups from days 0-21 post-wounding.
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chemoattracting avf3 vitronectin, which further stimulates VEGF
signaling; these results were in agreement with a report by Baroni et al.,
2009 [9].

3.5. In vivo evaluation

3.5.1. Wound healing activity

Diabetic rats treated with HBD-2 COL-CS scaffold displayed a
significantly faster wound.

closure than COL-CS and untreated group with 52.28 + 2.96%
versus 72.51 £ 2.70% for COL-CS versus 94.28 + 2.57% for untreated
at day 7. Besides, the HBD-2 COL-CS scaffold reduced inflammation and
prevented ulcer formation, whereas improper granulation tissue for-
mation and ulceration were observed in other groups (Fig. 12) [40,64].

HBD-2 COL-CS scaffold treated rats showed advanced granulation
tissue formation resulting in complete wound closure with definite ar-
chitecture by day 21. The collagen deposited was observed to be
compact and denser in alignment. The augmented wound closure
observed here was correlated well with the microscopic observation of
the sectioned tissues.

- oD
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3.5.2. Histopathology analysis

Histopathological analysis of skin sections with H & E staining shows
insights into the skin layer’s morphology and collagen content during
the wound healing process.

On day 7, the presence of inflammatory cells such as neutrophils, and
macrophages were predominately seen in the control and COL-CS
treated groups. Whereas, HBD-2 COL-CS treated group has shown a
low number of inflammatory cells, fibroblast along with reepithelization
which are absent in the other two groups. This indicates the infiltration
of fibroblasts through the porous structure of the scaffold. The decreased
inflammation may be attributed to the anti-inflammatory property of
HBD-2.

On day 14, the prevalence of neutrophils, macrophages, and lym-
phocytes was continued in the control and COL-CS treated group along
with slight reepithelization. Whereas, HBD-2 COL-CS treated group has
shown the presence of histocytes and collagen fibers with continued
reepithelization.

On day 21 post injury, though there was decreased inflammation
compared with day 7, still intermittent visibility of macrophages, and
eosinophils were seen in the control group. In case of the COL-CS treated
group, a good number of fibroblasts with significant collagen synthesis

HBD-2 COL-CS

5

Fig. 13. Histological changes during the wound healing process in STZ and high fat diet induced diabetes Wistar albino rat skin on days 7, 14, and 21 without
(control) and with treatment (COL-CS, HBD-2 COL-CS) in a full thickness excision wound model, Epidermis (E), neutrophils (N), macrophage (M), Eosinophils (Es),

histiocytes (H), multinucleated giant cell (MNGC), fibroblast (F), Collagen (C).
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and a lack of compactness were observed. Whereas, HBD-2 COL-CS
treated group showed significant collagen fibers along with the com-
plete formation of granulation tissue, re-epithelialization, epidermal and
dermal remodeling (Fig. 13). This might be because of the fibroblast
infiltration capacity of COL to enhance proliferation in scaffold treated
groups [52,65]. Further, the results are in good agreement with the
previous studies by Koeninger et al., 2020, who demonstrated that
HBD-2 could act as an anti-inflammatory peptide by suppressing the
secretion of proinflammatory mediators such as TNF-a, IL-1, and IL-12
[40]. Additionally, several shreds of evidence are available for HBD-2 as
anti-inflammatory [66,67], anti-infective [68-70], anti-oxidant [71],
angiogenic [9], proliferation [9,72-74], and migration properties [9,73,
75,76].

HBD-2 COL-CS scaffold treated group accelerated re-
epithelialization, fibroblast, and keratinocyte migration, leading to
augmented maturation of a thicker neo-epidermal layer visible on the
tissue sections on days 7, 14, and 21. These results agreed with our
findings of in vitro scratch assay. Further, collagen deposition indicates
the fibroblast activity in the newly formed granulation tissue, an
important step in the proliferative and remodeling phases of healing.
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HBD-2 stimulates fibroblast migration by activating the protein kinase C
pathway [74,77]. In addition, HBD-2 is capable of inducing the prolif-
eration and migration of keratinocytes by tightening the cell-junction
barrier and phosphorylating the epidermal growth factor, signal trans-
ducer, and activator of transcription 1 and 3 [73].

Moreover, lactate in the wound region is a key signal for collagen
synthesis and deposition, and wound repair [78,79]. HBD-2 COL-CS
scaffold treated groups attained significant re-epithelialization and
collagen deposition due to the immense modulatory action of both
HBD-2 and lactate in the form of PLGA in wound healing. In addition, CS
in scaffold gradually depolymerizes into NAG, initiates the proliferation
of fibroblasts, and helps in the deposition of COL in an orderly fashion.

3.5.3. MMP-9 estimation

The results of MMP-9 estimation are shown in Fig. 14a, which in-
dicates that HBD-2 COL-

CS treated group showed significant MMP-9 inhibition expression
compared to the COL-CS and control treated groups. On day 7 of post-
wounding, MMP-9 levels were drastically diminished in HBD-2 COL-
CS (11.86 + 1.69 pg/mL) treated group compared to that of the COL-CS
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Fig. 14. Determination of a. MMP-9, b. TNF-a, c. IL-10, d. MPO, e. NAG, and f. Nitric oxide concentrations on days 7, 14, and 21 in control, COL-CS (Placebo), and

HBD-2 COL CS treated groups. *p < 0.05, and * *p < 0.01 compared to control.
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(16.5 £+ 1.12 pg/mL) and control (19.63 + 1.20 ug/mL) treated groups.
A similar proportionate reduction was observed on day 14 as well.
Whereas, on day 21, MMP-9 levels were highly reduced in HBD-2 COL-
CS (4.90 + 1.49 ug/mL) treated group in contrast to that of the COL-CS
(13.48 + 1.53 pg/mL) and control (17.38 + 1.41 pug/mL) treated groups
This signifies the importance of HBD-2 presence in promoting DW
healing by inhibiting MMP-9 levels. These results are consistent with a
previous report by Cui et al., 2017 who demonstrated the MMP-9 level
reduction in periodontitis mice treated with antimicrobial peptide [80].

3.5.4. TNF-a and IL-10 determination

Both the levels of TNF-a and IL-10 in wound fluid play a key role in
the inflammatory phase of DW. The results obtained for TNF-a and IL-10
determination were represented in Fig. 14b and 14c. The levels of TNF-a
were higher in the case of control and COL-CS treated groups up to 7
days of post-wounding than HBD-2 COL-CS treated group. On day 14,
the TNF-a levels were significantly reduced in HBD-2 COL-CS
(766.6667 + 79.60737 pg/mL) treated groups when compared to COL-
CS (1716.667 +76.37626 pg/mL) and control  (1994.900
+ 84.59511 pg/mL). Whereas, on day 21, HBD-2 COL CS treated group
(392 + 72.74613 pg/mL) markedly showed a reduction in TNF-« levels
in comparison with the COL-CS (1414.667 + 73.11179 pg/mL) and
control (1953.333 + 90.73772 pg/mL) groups.

In addition, IL-10 production was diminished in COL-CS and control
up to 21 days of post-wounding. While HBD-2 COL-CS treated groups
exhibited increased production of IL-10. On day 7 of post-wounding, IL-
10 levels were significantly augmented in HBD-2 COL-CS (960.83330
+ 54.46176 pg/mL) treated groups in contrast to COL-CS (292
+ 61.50610 pg/mL) and control (223.3333 + 49.16638 pg/mL) treated
groups. Similar results were observed on day 14 as well. On day 21, the
IL-10 levels were markedly increased in the HBD-2 COL CS scaffold
(1227.66700 + 59.76900 pg/mL) when compared to COL-CS (471.00
+ 53.70289 pg/mL) and control (326.3333 + 58.70548 pg/mL).

On all the days, the protein expression of TNF-a decreased signifi-
cantly, and IL-10 was increased proportionately in HBD-2 COL CS
treated groups compared to the control and COL-CS treated groups.
Gratifyingly, these results indicate the potential anti-inflammatory
property of HBD-2. The results were consistent with Mailander et al.,
2017 [66].

3.5.5. MPO assay evaluation

In general, levels of MPO will be higher in the case of chronic wounds
compared to those of acute wounds. MPO assay estimates the recruit-
ment and accumulation of neutrophils in the inflammatory phase of
wound healing. MPO is a proteolytic enzyme that belongs to a
peroxidase-cyclooxygenase family and is present in cytoplasmic gran-
ules of the polymorphonuclear neutrophils. MPO actively participates in
the innate immune defense system through ROS formation. In the cur-
rent study, we incorporated an MPO assay to determine the quantitative
neutrophil infiltration index in the dissected tissue test sample. As
shown in Fig. 14d, on day 7 and day 14 of post-wounding, the HBD-2
COL-CS treated group displayed significant inhibition of MPO enzy-
matic activity compared to the untreated and COL-CS treated groups.
The results exemplify that HBD-2 improved the pharmacodynamic re-
sponses in the wounds by successfully reducing wound inflammation
(Fig. 14d). The results were in good agreement with the study by
Ruckert et al., 2022 [81].

3.5.6. NAG quantification

On days 7 and 14 of post-wounding, the NAG concentration was
gradually decreased in the HBD-2 COL CS treated group relative to COL-
CS and control treated groups. Similarly, on day 21, a drastic decrease in
NAG levels (0.16 + 0.16 nmol/mL) was observed compared to COL-CS
and control treated groups (Fig. 14e). This indicates the potential anti-
inflammatory effect of HBD-2, promoting accelerated wound healing.
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3.5.7. NO determination

Nitric oxide is usually synthesized during the conversion of L-argi-
nine to L-citrulline via NO synthases. NO is a small radical molecule and
gasotransmitter regulating various biological activities.

NO is pivotal in regulating inflammation, angiogenesis, prolifera-
tion, and migration, along with matrix deposition and remodeling at low
concentrations. This positive wound healing effect of NO is attributed to
its canonical pathway. In general, NO activate the soluble guanylate
cyclase enzyme to produce cyclic GMP (cGMP) from GTP (cGMP
dependent pathway). The formed cGMP then activates protein-kinase G,
phosphorylating various downstream pathways. A higher concentration
of NO (cGMP independent pathway) has a detrimental effect on cell
viability and stimulates inflammation. Besides, at higher concentrations,
NO reacts with reactive oxygen species and radicals to form peroxyni-
trite, which nitrosylates the different proteins. Hence, we determined
the effect of HBD-2 COL CS on NO levels at 7, 14, and 21 days of post-
wounding. The results are represented in Fig. 14f and expressed as
uM. On day 21 of post-wounding, NO concentration was increased
significantly in control and COL-CS treated groups compared to the
HBD-2 COL CS treated group. These results signify that the HBD-2 role in
reducing NO concentration eventually leads to accelerated DW healing.
The results are consistent with previous reports by Zughaier et al., 2005
and Brady et al., 2006 [82,83].

4. Conclusion

The prepared HBD-2 COL-CS composite scaffold fulfilled the pre-
requisites of an optimum diabetic injury dressing in terms of mechanical
resilience, porosity, swelling, matrix-biodegradation, controlled release,
migratory effect, and angiogenesis, considered to be essential for tissue
regeneration in diabetic injuries. HBD-2 COL-CS treated groups experi-
enced a reduction in inflammatory mediators (MMP-9, TNF-a, NAG,
MPO, and NO) to the levels observed in placebo and control-treated
groups. This diabetic proinflammatory reversal by HBD-2 COL-CS may
be explained by decreased recruitment and activation of inflammatory
mediators, eventually improved inflammatory phase resolution, facili-
tating the progression to the subsequent wound healing phases. There-
fore, this study indicates that the synergistic combination of PLGA
(collagen synthesis and deposition and positive angiogenic effect), HBD-
2 (anti-inflammatory, antibacterial, positive angiogenic effect, cell
proliferation, and migration), COL (structural matrix stabilizer), and CS
(antibacterial, controlled drug carrier) in treating diabetic wounds.

Funding

The current work was supported by the Indian Council of Medical
Research, Award Number: 45/15/2019-Nan/BMS.

CRediT authorship contribution statement

Bharat Kumar Reddy Sanapalli: Literature synthesis, Methodol-
ogy, Data curation, Writing — original draft. Vidyasrilekha Yele:
Writing — review & editing. Mantosh Kumar Singh: Methodology.
Shilpa N Thumbooru: Methodology. Madhukiran Parvathaneni:
Formal analysis. Veera Venkata Satyanarayana Reddy Karri: Super-
vision, Conceptualization. All authors read and approved the
manuscript.

Conflict of interest statement

The authors have no relevant financial or non-financial interests to
disclose.



B.K.R. Sanapalli et al.

References

[1]

[2]
[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

K. Ogurtsova, J. da Rocha Fernandes, Y. Huang, U. Linnenkamp, L. Guariguata, N.
H. Cho, et al., IDF Diabetes Atlas: global estimates for the prevalence of diabetes for
2015 and 2040, Diabetes Res. Clin. Pract. 128 (2017) 40-50.

H. Rafehi, A. El-Osta, T.C. Karagiannis, Epigenetic mechanisms in the pathogenesis
of diabetic foot ulcers, J. Diabetes its Complicat. 26 (2012) 554-561.

A. Alavi, R.G. Sibbald, D. Mayer, L. Goodman, M. Botros, D.G. Armstrong, et al.,
Diabetic foot ulcers: part II. Management, J. Am. Acad. Dermatol. 70 (21) (2014)
el-e4.

L.R. Braun, W.A. Fisk, H. Lev-Tov, R.S. Kirsner, R.R. Isseroff, Diabetic foot ulcer: an
evidence-based treatment update, Am. J. Clin. Dermatol. 15 (2014) 267-281.

O. Stojadinovic, H. Brem, C. Vouthounis, B. Lee, J. Fallon, M. Stallcup, et al.,
Molecular pathogenesis of chronic wounds: the role of f-catenin and c-myc in the
inhibition of epithelialization and wound healing, Am. J. Pathol. 167 (2005)
59-69.

T.J. Fahey III, A. Sadaty, W.G. Jones II, A. Barber, B. Smoller, G.T. Shires, Diabetes
impairs the late inflammatory response to wound healing, J. Surg. Res. 50 (1991)
308-313.

M. Magana, M. Pushpanathan, A.L. Santos, L. Leanse, M. Fernandez, A. loannidis,
et al., The value of antimicrobial peptides in the age of resistance, Lancet Infect.
Dis. 20 (2020) e216-e230.

K.G. Kohlgraf, L.C. Pingel, D.E. Dietrich, K.A. Brogden, Defensins as anti-
inflammatory compounds and mucosal adjuvants, Future Microbiol. 5 (2010)
99-113.

A. Baroni, G. Donnarumma, I. Paoletti, I. Longanesi-Cattani, K. Bifulco, M.

A. Tufano, et al., Antimicrobial human beta-defensin-2 stimulates migration,
proliferation and tube formation of human umbilical vein endothelial cells,
Peptides 30 (2009) 267-272.

J. Winter, M. Wenghoefer, Human defensins: potential tools for clinical
applications, Polymers 4 (2012) 691-709.

C.C. Lan, C.S. Wu, S.M. Huang, H.Y. Kuo, L.LH. Wu, C. Liang, et al., High-glucose
environment reduces human f-defensin-2 expression in human keratinocytes:
implications for poor diabetic wound healing, Br. J. Dermatol. 166 (2012)
1221-1229.

D. Hudson, A. Margaritis, Biopolymer nanoparticle production for controlled
release of biopharmaceuticals, Crit. Rev. Biotechnol. 34 (2014) 161-179.

T.N. Milovanova, V.M. Bhopale, E.M. Sorokina, J.S. Moore, T.K. Hunt, M. Hauer-
Jensen, et al., Lactate stimulates vasculogenic stem cells via the thioredoxin system
and engages an autocrine activation loop involving hypoxia-inducible factor 1,
Mol. Cell. Biol. 28 (2008) 6248-6261.

S. Ricard-Blum, The collagen family, Cold Spring Harb. Perspect. Biol. 3 (2011)
a004978.

Collagen-based cell migration models in vitro and in vivo, in: K. Wolf, S. Alexander,
V. Schacht, L.M. Coussens, U.H. von Andrian, J. van Rheenen, et al. (Eds.),
Seminars in cell & developmental biology, Elsevier, 2009.

W. Wang, Y. Zhang, R. Ye, Y. Ni, Physical crosslinkings of edible collagen casing,
Int. J. Biol. Macromol. 81 (2015) 920-925.

V. Balan, L. Verestiuc, Strategies to improve chitosan hemocompatibility: A review,
Eur. Polym. J. 53 (2014) 171-188.

O.M. Dragostin, S.K. Samal, M. Dash, F. Lupascu, A. Panzariu, C. Tuchilus, et al.,
New antimicrobial chitosan derivatives for wound dressing applications,
Carbohydr. Polym. 141 (2016) 28-40.

B. Anisha, D. Sankar, A. Mohandas, K. Chennazhi, S.V. Nair, R. Jayakumar,
Chitosan-hyaluronan/nano chondroitin sulfate ternary composite sponges for
medical use, Carbohydr. Polym. 92 (2013) 1470-1476.

R. Kamel, Study of the influence of selected variables on the preparation of
prolonged release bioadhesive vaginal carbohydrate microspheres using
experimental design, J. Drug Deliv. Sci. Technol. 23 (2013) 247-254.

R. Kamel, H. Abbas, A multi-microcarrier of metronidazole-biopolymers complexes
as a potential vaginal delivery system, Int. J. Polym. Mater. Polym. Biomater. 67
(2018) 239-246.

H. Urena-Saborio, E. Alfaro-Viquez, D. Esquivel-Alvarado, M. Esquivel,

S. Madrigal-Carballo, Collagen/chitosan hybrid 3D-scaffolds as potential
biomaterials for tissue engineering, Int. J. Nano Biomater. 7 (2018) 163-175.

A. Baillie, A. Florence, L. Hume, G. Muirhead, A. Rogerson, The preparation and
properties of niosomes—non-ionic surfactant vesicles, J. Pharm. Pharmacol. 37
(1985) 863-868.

T.T. Pham, C. Jaafar-Maalej, C. Charcosset, H. Fessi, Liposome and niosome
preparation using a membrane contactor for scale-up, Colloids Surf. B:
Biointerfaces 94 (2012) 15-21.

K.K. Chereddy, C.-H. Her, M. Comune, C. Moia, A. Lopes, P.E. Porporato, et al.,
PLGA nanoparticles loaded with host defense peptide LL37 promote wound
healing, J. Control. Release 194 (2014) 138-147.

Karri VVSR, G. Kuppusamy, S.V. Talluri, S.S. Mannemala, R. Kollipara, Wadhwani,
AD, et al. Curcumin loaded chitosan nanoparticles impregnated into collagen-
alginate scaffolds for diabetic wound healing, Int. J. Biol. Macromol. 93 (2016)
1519-1529.

J. Pieper, T. Hafmans, J. Veerkamp, Van, T. Kuppevelt, Development of tailor-
made collagen-glycosaminoglycan matrices: EDC/NHS crosslinking, and
ultrastructural aspects, Biomaterials 21 (2000) 581-593.

C.N. Grover, J.H. Gwynne, N. Pugh, S. Hamaia, R.W. Farndale, S.M. Best, et al.,
Crosslinking and composition influence the surface properties, mechanical stiffness
and cell reactivity of collagen-based films, Acta Biomater. 8 (2012) 3080-3090.

16

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[391]

[40]

[41]

[42]

[43]

[44]

[45]
[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Biomedicine & Pharmacotherapy 161 (2023) 114540

Y. Kim, G. Kim, Collagen/alginate scaffolds comprising core (PCL)-shell (collagen/
alginate) struts for hard tissue regeneration: fabrication, characterisation, and
cellular activities, J. Mater. Chem. B. 1 (2013) 3185-3194.

W.-C. Hsieh, C.-P. Chang, S.-M. Lin, Morphology and characterization of 3D micro-
porous structured chitosan scaffolds for tissue engineering, Colloids Surf. B:
Biointerfaces 57 (2007) 250-255.

F. Farshi Azhar, A. Olad, R. Salehi, Fabrication and characterization of
chitosan—gelatin/nanohydroxyapatite—polyaniline composite with potential
application in tissue engineering scaffolds, Des. Monomers Polym. 17 (2014)
654-667.

Natarajan J., Sanapalli B.K.R., Bano M., Singh S.K., Gulati M., Karri V.V.S.R.
Nanostructured Lipid Carriers of Pioglitazone Loaded Collagen/Chitosan
Composite Scaffold for Diabetic Wound Healing. Advances in Wound Care. 2019.
H. Shiba, Y. Mouri, H. Komatsuzawa, K. Ouhara, K. Takeda, M. Sugai, et al.,
Macrophage inflammatory protein-3a and f-defensin-2 stimulate dentin
sialophosphoprotein gene expression in human pulp cells, Biochem. Biophys. Res.
Commun. 306 (2003) 867-871.

G. Gorczyca, R. Tylingo, P. Szweda, E. Augustin, M. Sadowska, S. Milewski,
Preparation and characterization of genipin cross-linked porous
chitosan—collagen-gelatin scaffolds using chitosan-CO, solution, Carbohydr.
Polym. 102 (2014) 901-911.

V. Yele, M.A. Azam, A.D.Synthesis Wadhwani, Molecular docking and biological
evaluation of 2-Aryloxy-N-phenylacetamide and N’-(2-aryloxyoxyacetyl)
benzohydrazide derivatives as potential antibacterial agents, Chem. Biodivers. 18
(2021), €2000907.

H.R. Alexander, S.S. Syed Alwi, L.S. Yazan, F.H. Zakarial Ansar, Y.S. Ong,
Migration and proliferation effects of thymoquinone-loaded nanostructured lipid
carrier (TQ-NLC) and thymoquinone (TQ) on in vitro wound healing models, Evid.
-Based Complement. Altern. Med. (2019) 2019.

E. Larger, M. Marre, P. Corvol, J.-M. Gasc, Hyperglycemia-induced defects in
angiogenesis in the chicken chorioallantoic membrane model, Diabetes 53 (2004)
752-761.

M. Zhang, X.-Y. Lv, J. Li, Z.-G. Xu, L. Chen, The characterization of high-fat diet
and multiple low-dose streptozotocin induced type 2 diabetes rat model, Exp.
Diabetes Res. 2008 (2008).

B.K.R. Sanapalli, E. Kannan, S. Balasubramanian, J. Natarajan, U.K. Baruah, V.V.S.
R. Karri, Pluronic lecithin organogel of 5-aminosalicylic acid for wound healing,
Drug Dev. Ind. Pharm. 44 (2018) 1650-1658.

L. Koeninger, N.S. Armbruster, K.S. Brinch, S. Kjaerulf, B. Andersen, C. Langnau, et
al., Human p-defensin 2 mediated immune modulation as treatment for
experimental colitis, Front. Immunol. 11 (2020) 93.

R. Negrao, R. Costa, D. Duarte, T.T. Gomes, P. Coelho, J.T. Guimaraes, et al.,
Xanthohumol-supplemented beer modulates angiogenesis and inflammation in a
skin wound healing model. Involvement of local adipocytes, J. Cell. Biochem. 113
(2012) 100-109.

R. Costa, R. Negrao, Is Valente, An Castela, D. Duarte, L. Guardao, et al.,
Xanthohumol modulates inflammation, oxidative stress, and angiogenesis in type 1
diabetic rat skin wound healing. J. Nat. Prod. 76 (2013) 2047-2053.

R. Jayakumar, M. Prabaharan, P.S. Kumar, S. Nair, H. Tamura, Biomaterials based
on chitin and chitosan in wound dressing applications, Biotechnol. Adv. 29 (2011)
322-337.

B. Xiao, Y. Wan, M. Zhao, Y. Liu, S. Zhang, Preparation and characterization of
antimicrobial chitosan-N-arginine with different degrees of substitution,
Carbohydr. Polym. 83 (2011) 144-150.

L. Bano, M. Arshad, T. Yasin, M.A. Ghauri, M. Younus, Chitosan: a potential
biopolymer for wound management, Int. J. Biol. Macromol. 102 (2017) 380-383.
L.S. Nair, C.T. Laurencin, Polymers as biomaterials for tissue engineering and
controlled drug delivery, Tissue Eng. I. (2005) 47-90.

B.D. Ulery, L.S. Nair, C.T. Laurencin, Biomedical applications of biodegradable
polymers, J. Polym. Sci. Part B: Polym. Phys. 49 (2011) 832-864.

C. Vinatier, D. Mrugala, C. Jorgensen, J. Guicheux, D. No€l, Cartilage engineering:
a crucial combination of cells, biomaterials and biofactors, Trends Biotechnol. 27
(2009) 307-314.

W.A. Morrison, Progress in tissue engineering of soft tissue and organs, Surgery
145 (2009) 127-130.

H.M. Powell, S.T. Boyce, EDC cross-linking improves skin substitute strength and
stability, Biomaterials 27 (2006) 5821-5827.

L. Ma, C. Gao, Z. Mao, J. Zhou, J. Shen, Biodegradability and cell-mediated
contraction of porous collagen scaffolds: The effect of lysine as a novel crosslinking
bridge, J. Biomed. Mater. Res. Part A: Off. J. Soc. Biomater. Jpn. Soc. Biomater.,
Aust. Soc. Biomater. Korean Soc. Biomater. 71 (2004) 334-342.

L. Ma, C. Gao, Z. Mao, J. Zhou, J. Shen, X. Hu, et al., Collagen/chitosan porous
scaffolds with improved biostability for skin tissue engineering, Biomaterials 24
(2003) 4833-4841.

A.A. Mahmoud, A.H. Salama, Norfloxacin-loaded collagen/chitosan scaffolds for
skin reconstruction: preparation, evaluation and in-vivo wound healing
assessment, Eur. J. Pharm. Sci. 83 (2016) 155-165.

M. Rehakova, D. Bakos, K. Vizarova, M. Soldan, kova M. Juric, Properties of
collagen and hyaluronic acid composite materials and their modification by
chemical crosslinking, J. Biomed. Mater. Res.: Off. J. Soc. Biomater. Jpn. Soc.
Biomater. 30 (1996) 369-372.

A. Katarzyna, S. Alina, Current methods of collagen crosslinking: Review, Int. J.
Biol. Macromol. 161 (2020) 550-560.

L.P. Jahromi, M. Ghazali, H. Ashrafi, A. Azadi, A comparison of models for the
analysis of the kinetics of drug release from PLGA-based nanoparticles, Heliyon 6
(2020), e03451.


http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref1
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref1
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref1
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref2
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref2
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref3
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref3
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref3
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref4
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref4
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref5
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref5
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref5
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref5
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref6
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref6
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref6
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref7
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref7
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref7
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref8
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref8
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref8
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref9
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref9
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref9
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref9
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref10
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref10
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref11
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref11
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref11
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref11
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref12
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref12
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref13
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref13
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref13
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref13
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref14
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref14
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref15
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref15
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref15
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref16
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref16
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref17
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref17
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref18
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref18
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref18
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref19
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref19
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref19
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref20
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref20
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref20
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref21
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref21
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref21
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref22
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref22
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref22
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref23
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref23
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref23
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref24
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref24
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref24
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref25
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref25
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref25
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref26
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref26
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref26
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref26
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref27
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref27
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref27
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref28
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref28
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref28
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref29
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref29
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref29
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref30
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref30
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref30
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref31
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref31
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref31
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref31
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref32
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref32
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref32
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref32
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref33
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref33
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref33
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref33
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref34
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref34
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref34
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref34
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref35
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref35
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref35
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref35
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref36
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref36
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref36
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref37
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref37
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref37
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref38
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref38
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref38
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref39
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref39
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref39
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref40
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref40
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref40
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref40
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref41
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref41
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref41
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref42
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref42
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref42
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref43
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref43
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref43
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref44
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref44
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref45
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref45
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref46
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref46
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref47
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref47
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref47
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref48
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref48
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref49
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref49
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref50
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref50
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref50
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref50
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref51
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref51
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref51
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref52
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref52
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref52
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref53
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref53
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref53
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref53
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref54
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref54
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref55
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref55
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref55

B.K.R. Sanapalli et al.

[57]

[58]

[59]

[60]
[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

V. Pillay, R. Fassihi, A novel approach for constant rate delivery of highly soluble
bioactives from a simple monolithic system, J. Control. Release 67 (2000) 67-78.
S. van Wetering, P.J. Sterk, K.F. Rabe, P.S. Hiemstra, Defensins: key players or
bystanders in infection, injury, and repair in the lung? J. Allergy Clin. Immunol.
104 (1999) 1131-1138.

J. Aarbiou, R.M. Verhoosel, S. Van Wetering, W.1. De Boer, J.H.J. Van Krieken, S.
V. Litvinov, et al., Neutrophil defensins enhance lung epithelial wound closure and
mucin gene expression in vitro, Am. J. Respir. Cell Mol. Biol. 30 (2004) 193-201.
C.J. Murphy, B.A. Foster, M.J. Mannis, M.E. Selsted, T.W. Reid, Defensins are
mitogenic for epithelial cells and fibroblasts, J. Cell. Physiol. 155 (1993) 408-413.
R. Ghotaslou, M.Y. Memar, N. Alizadeh, Classification, microbiology and treatment
of diabetic foot infections, J. Wound Care 27 (2018) 434-441.

T. Ganz, Defensins: antimicrobial peptides of innate immunity, Nat. Rev. Immunol.
3 (2003) 710-720.

X. Li, D. Duan, J. Yang, P. Wang, B. Han, L. Zhao, et al., The expression of human
p-defensins (hBD-1, hBD-2, hBD-3, hBD-4) in gingival epithelia, Arch. Oral. Biol. 66
(2016) 15-21.

A. Fusco, V. Savio, M. Cammarota, A. Alfano, C. Schiraldi, G. Donnarumma, Beta-
defensin-2 and beta-defensin-3 reduce intestinal damage caused by Salmonella
typhimurium modulating the expression of cytokines and enhancing the probiotic
activity of Enterococcus faecium, J. Immunol. Res. (2017) 2017.

J.C. Ashworth, M. Mehr, P.G. Buxton, S.M. Best, R.E. Cameron, Optimising
collagen scaffold architecture for enhanced periodontal ligament fibroblast
migration, J. Mater. Sci.: Mater. Med. 29 (2018) 1-11.

D. Maildnder-Sanchez, S. Kjaerulf, K. Sidelmann Brinch, B. Andersen, E. Stange,
N. Malek, et al., DOP083 Recombinant subcutaneous human beta-Defensin 2
(hBD2) ameliorates experimental colitis in different in vivo models, J. Crohn’s.
Colitis 11 (2017) S75-S76.

J.W. Pinkerton, R.Y. Kim, L. Koeninger, N.S. Armbruster, N.G. Hansbro, A.

C. Brown, et al., Human f-defensin-2 suppresses key features of asthma in murine
models of allergic airways disease, Clin. Exp. Allergy 51 (2021) 120-131.

S.M. Milner, M.R. Ortega, Reduced antimicrobial peptide expression in human
burn wounds, Burns 25 (1999) 411-413.

B.T. Chow, M. Soto, B.L. Lo, D.C. Crosby, D. Camerini, Antibacterial activity of four
human beta-defensins: HBD-19, HBD-23, HBD-27, and HBD-29, Polymers 4 (2012)
747-758.

M. Cieslik, N. Baginiska, A. Gorski, E. Jonczyk-Matysiak, Human p-defensin 2 and
its postulated role in modulation of the immune response, Cells 10 (2021) 2991.

17

[71]

[72]

[731]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Biomedicine & Pharmacotherapy 161 (2023) 114540

J.B. Warner, L.S. Larsen, J.E. Hardesty, Y.L. Song, D.R. Warner, C.J. McClain, et al.,
Human beta defensin 2 ameliorated alcohol-associated liver disease in mice, Front.
Physiol. (2022) 2491.

J. Winter, A. Pantelis, R. Reich, M. Martini, D. Kraus, S. Jepsen, et al., Human beta-
defensin-1,-2, and-3 exhibit opposite effects on oral squamous cell carcinoma cell
proliferation, Cancer Investig. 29 (2011) 196-201.

B. Mi, J. Liu, Y. Liu, L. Hu, Y. Liu, A.C. Panayi, et al., The designer antimicrobial
peptide A-hBD-2 facilitates skin wound healing by stimulating keratinocyte
migration and proliferation, Cell. Physiol. Biochem. 51 (2018) 647-663.

J. Li, M. Raghunath, D. Tan, R.R. Lareu, Z. Chen, R.W. Beuerman, Defensins HNP1
and HBD2 stimulation of wound-associated responses in human conjunctival
fibroblasts, Invest. Ophthalmol. Vis. Sci. 47 (2006) 3811-3819.

R.A. Vongsa, N.P. Zimmerman, M.B. Dwinell, CCR6 regulation of the actin
cytoskeleton orchestrates human beta defensin-2-and CCL20-mediated restitution
of colonic epithelial cells, J. Biol. Chem. 284 (2009) 10034-10045.

J.M. Otte, I. Werner, S. Brand, A.M. Chromik, F. Schmitz, M. Kleine, et al., Human
beta defensin 2 promotes intestinal wound healing in vitro, J. Cell. Biochem. 104
(2008) 2286-2297.

J.W. Van Kilsdonk, P.A. Jansen, E.H. Van Den Bogaard, C. Bos, M. Bergers, P.

L. Zeeuwen, et al., The effects of human beta-defensins on skin cells in vitro,
Dermatology 233 (2017) 155-163.

Zhu W., Dong C. Poly-L-Lactic acid increases collagen gene expression and
synthesis in cultured dermal fibroblast (Hs68) through the TGF-B/Smad pathway.
Journal of Cosmetic Dermatology. 2022.

T.-Y. Lee, Lactate: a multifunctional signaling molecule, Yeungnam Univ. J. Med.
38 (2021) 183.

D. Cui, J. Lyu, H. Li, L. Lei, T. Bian, L. Li, et al., Human p-defensin 3 inhibits
periodontitis development by suppressing inflammatory responses in macrophages,
Mol. Immunol. 91 (2017) 65-74.

T. Riickert, G. Andrieux, M. Boerries, K. Hanke-Miiller, N.M. Woessner, S. Doetsch,
et al., Human p-defensin 2 ameliorates acute GVHD by limiting ileal neutrophil
infiltration and restraining T cell receptor signaling, Sci. Transl. Med. 14 (2022)
eabp9675.

S.M. Zughaier, W.M. Shafer, D.S. Stephens, Antimicrobial peptides and endotoxin
inhibit cytokine and nitric oxide release but amplify respiratory burst response in
human and murine macrophages, Cell. Microbiol. 7 (2005) 1251-1262.

N.R. Brady, A. Hamacher-Brady, H.V. Westerhoff, R.A. Gottlieb, A wave of reactive
oxygen species (ROS)-induced ROS release in a sea of excitable mitochondria,
Antioxid. Redox Signal. 8 (2006) 1651-1665.


http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref56
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref56
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref57
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref57
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref57
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref58
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref58
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref58
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref59
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref59
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref60
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref60
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref61
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref61
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref62
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref62
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref62
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref63
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref63
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref63
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref63
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref64
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref64
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref64
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref65
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref65
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref65
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref65
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref66
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref66
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref66
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref67
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref67
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref68
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref68
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref68
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref69
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref69
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref70
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref70
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref70
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref71
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref71
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref71
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref72
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref72
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref72
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref73
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref73
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref73
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref74
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref74
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref74
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref75
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref75
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref75
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref76
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref76
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref76
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref77
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref77
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref78
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref78
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref78
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref79
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref79
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref79
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref79
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref80
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref80
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref80
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref81
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref81
http://refhub.elsevier.com/S0753-3322(23)00328-1/sbref81

	Human beta defensin-2 loaded PLGA nanoparticles impregnated in collagen-chitosan composite scaffold for the management of d ...
	1 Introduction
	2 Methodology
	2.1 Materials and equipment
	2.2 Preparation of HBD-2 PLGA-NPs
	2.3 Experimental design
	2.4 Characterization of HBD-2 PLGA-NPs
	2.4.1 Particle size and zeta potential determination
	2.4.2 Determination of entrapment efficiency (EE)
	2.4.3 Optimization of HBD-2 PLGA-NPs using CCD
	2.4.4 Morphology determination using scanning electron microscopy (SEM)

	2.5 Preparation of composite scaffold impregnated with HBD-2 PLGA-NPs
	2.6 Composite scaffold crosslinking
	2.7 Scaffold characterization
	2.7.1 Morphology
	2.7.2 Porosity
	2.7.3 Water absorption test
	2.7.4 In vitro degradation
	2.7.5 In vitro drug release studies

	2.8 In vitro analysis
	2.8.1 Cytotoxicity study
	2.8.2 Antibacterial activity
	2.8.3 Cell migration
	2.8.4 Chorioallantoic Membrane (CAM) Assay

	2.9 In vivo wound healing studies
	2.9.1 Induction of diabetes
	2.9.2 Induction of excision wound
	2.9.3 Treatment of diabetic excision wound
	2.9.4 Measurement of the wound healing

	2.10 Ex vivo studies
	2.10.1 Histopathology studies
	2.10.2 MMP-9 estimation
	2.10.3 Tumor necrosis factor (TNF)-α and Interleukin (IL)− 10 determination
	2.10.4 Myeloperoxidase (MPO) assay
	2.10.5 N-acetylglucosaminidase (NAG) activity determination
	2.10.6 Nitric oxide determination

	2.11 Statistical analysis

	3 Results and discussion
	3.1 Optimization of HBD-2 PLGA NPs
	3.2 Characterization of PLGA NPs and HBD-2 PLGA NPs
	3.3 Preparation and characterization of crosslinked and non-crosslinked composite scaffolds impregnated with HBD-2 PLGA-NPs
	3.3.1 Physical examination
	3.3.2 Porosity and water absorption
	3.3.3 In vitro degradation
	3.3.4 In vitro drug release

	3.4 In vitro evaluation
	3.4.1 Cytotoxicity studies
	3.4.2 Antibacterial activity
	3.4.3 Cell migration
	3.4.4 CAM assay

	3.5 In vivo evaluation
	3.5.1 Wound healing activity
	3.5.2 Histopathology analysis
	3.5.3 MMP-9 estimation
	3.5.4 TNF-α and IL-10 determination
	3.5.5 MPO assay evaluation
	3.5.6 NAG quantification
	3.5.7 NO determination


	4 Conclusion
	Funding
	CRediT authorship contribution statement
	Conflict of interest statement
	References


