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KEYWORDS Abstract Diabetic wounds (DWs) are characterized by prolonged inflammation, which poses a sig-
Diabetic wound:; nificant challenge for clinicians and researchers to promote healing. In this study, we fabricate L-
L-Glutamic acid; Glutamic acid (LGA) loaded collagen/chitosan (COL-CS) composite scaffold for the accelerated
Collagen; healing of DW. The characterization outcomes of the composite scaffold revealed that a crosslinked
Chitosan; scaffold holds optimum porosity, low matrix degradation, and sustained drug release in contrast to
Scaffold a non-crosslinked scaffold. In vitro, LGA composite scaffolds have not exhibited any toxicity on

3T3L1 cell lines. In vivo, the LGA composite scaffold has shown significantly (p < 0.001), higher
rates of wound contraction than those in control and COL-CS scaffold treated groups. In addition,
MMP-9 levels were also significantly reduced in LGA composite scaffold-treated group compared
with those in the control and COL-CS scaffold treated group. Thus, the LGA composite scaffold
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may serve as a promising therapy in DW due to its unique modulatory effect on inflammatory bio-

marker MMP-9.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diabetes mellitus (DM) is one of the major health concerns with
increased incidence globally. DM, a common endocrine disorder, results
in increased blood glucose due to the absence or insufficiency of insulin
production (International Diabetes Federation, 2017). Though DM is
well managed in due course, it results in several complications such as
neuropathy, nephropathy, vasculopathy, and immunopathy. These
comorbidities increase the risk of other DM related complications.
Among which diabetic wound (DW) is the most devastating complication
with amputation (Lipsky et al., 2004). About 25% of patients with DM
tend to get DW in their lifetime. The delayed healing of DW is due to
prolonged inflammation and diminished growth factors, which eventually
leads to extracellular matrix degradation. The presence of microbial infec-
tions further worsens this condition. When left untreated, these wounds
may develop into gangrenes prompting the removal of organs
(International Diabetes Federation, 2017; Lipsky et al., 2004).

Although several standard care treatments such as patient educa-
tion, controlling blood sugar, wound debridement, pressure offloading
shoes, surgeries, and advanced dressings are available, most of them
haven’t addressed all the prerequisites because of the multifactorial
pathophysiology of DW and cost associated with the treatments
(Alexiadou and Doupis, 2012; Frykberg and Banks, 2015). As men-
tioned above, continuous inflammation with inappropriate tissue man-
agement is the major reason for impaired healing (Mat Saad et al.,
2013). Increased levels of proinflammatory and inflammatory media-
tors in DW are the critical etiological factors responsible for the
chronic inflammatory condition resulting in decreased growth factors
(Falanga, 2005). Improper matrix formation is due to the rapid degra-
dation of formed extracellular matrix because of increased matrix met-
alloproteinases (MMPs). In the family of MMP, MMP-2, and MMP-9
are the major MMPs responsible for chronic inflammation (Caley
et al., 2015). Literature also suggests a rapid increase in the levels of
MMP-9 as compared to those of MMP-1, 2, and 8 in the chronic
wound fluid. Inhibition of the MMP-9 is reported to lead to efficient
healing of wounds in diabetic conditions. Local treatment with the
agent that blocks elevated inflammatory mediators (MMP-9) can
restore cutaneous homeostasis and matrix formation and lead to better
wound healing (Gill and Parks, 2008; Reiss et al., 2010).

L-Glutamic acid (LGA), a gamma-aminobutyric acid (GABA) pre-
cursor, was used as a drug candidate to suppress the elevated levels of
MMP-9, which may be the reason for the prolonged inflammatory
phase (Wu et al., 2017; Huang et al., 2011). Apart from the drug can-
didate, wound dressing also plays a major role in enhanced recovery as
it provides the most optimum conditions for DW healing while pro-
tecting the wound from infection.

Although many wound dressings have been prepared, DW manage-
ment is still in its infancy (Bano et al., 2017). This may be due to the
inability of the dressings to satisfy all the necessary prerequisites
(Zhang et al., 2015; Foroumadi et al., 2001; Deutsch et al., 2017,
O’Meara et al., 2000). The ideal properties of a wound dressing include
preserving the moist environment, interfacial wound electrolyte balance
for the exchange of gases, and removal of excess exudates besides the
necessity to promote accelerated wound healing (Jayakumar et al.,
2011; Xiao et al., 2011). Further, it should be readily available, cost-
effective, and non-allergic, providing hemostatic property (Bano et al.,
2017).

In this context, three-dimensional bioengineered substituents such
as scaffolds, nanofibers, films, microfibers, and hydrogel have gained
more attention because of their multifaceted effects (Nair and

Laurencin, 2005; Ulery et al., 2011). Among the bioengineered sub-
stituents, the scaffold has gained significant interest due to their desir-
able characteristics like tissue biocompatibility, preservation of the
moist environment, the large surface area for absorbability of tissue
exudates, and interconnecting pores for high oxygen supply to facili-
tate optimal tissue regeneration (Vinatier et al., 2009; Morrison,
2009). Moreover, the use of two or more polymers in combination
may tailor the desirable characteristics to the scaffold (Gautam
et al., 2013; Jafari et al., 2017).

Collagen (COL) is the most abundant structural protein that plays
an essential role in maintaining the biological and structural integrity
of ECM and also aids in mechanical support to tissues (Ricard-
Blum, 2011). In recent years, investigation on COL-based studies has
gained significant interest in tissue engineering technology (Inzana
et al., 2014; Lu et al., 2015; Ghazanfari et al., 2015; Meimandi-Parizi
et al., 2013). Physically, COL is well organized and can accommodate
any component/drug due to its mesh/network-like structural nature.
Pharmaceutically, COL offers porous structure to the scaffold, bio-
compatibility, bio-absorbability, and permeability (Gelse et al., 2003;
Chevallay and Herbage, 2000; Wolf et al., 2009). These essential prop-
erties aid in achieving the controlled release of the drug. In addition,
COL possesses specific pharmacological functions like morphology
regulation, bio-adhesion, cell migration and cell differentiation
(Wang et al., 2015; Takitoh et al., 2015; Maslennikova et al., 2015).
Despite these excellent biomedical properties, it exhibits poor struc-
tural and mechanical ability. So, to circumvent these limitations, many
crosslinking strategies have been put-forth by physical or chemical
treatment (Gordon and Hahn, 2010).

Chitosan (CS) is a natural polymer, structurally homologous to
glycosaminoglycan, and found to be biocompatible and bioabsorbable
(Balan and Verestiuc, 2014). In recent years, CS-based studies have
been drastically increased in biomedical fields due to its massive role
in wound healing, dermal regeneration, and stimulation of growth fac-
tors along with its antimicrobial properties (Ueno et al., 2001; Patrulea
et al., 2015; Dragostin et al., 2016). In addition, CS is capable of form-
ing a porous scaffold with large number of interconnected pores up on
freeze drying (He et al., 2011).

The porous nature of the scaffold enhances liquid absorption and
facilitates the exchange of essential gases upon topical application
(Anisha et al., 2013; Dutta et al., 2011). Moreover, CS exhibits few
practical disadvantages like brittleness and lack of ability to control
drug release from the encapsulated dosage form. However, several
studies have reported that the blending of CS with other bio-
polymeric materials overwhelms these limitations (Ammar et al.,
2009; Kamel, 2013; Kamel and Abbas, 2018). Several reports have sta-
ted that the blending of CS with COL has increased the thermal stabil-
ity, mechanical strength, and scaffold biodegradation (Urefia-Saborio
et al., 2018). Thus, LGA-loaded collagen (COL) and chitosan (CS)
composite scaffolds were formulated to suppress the prolonged inflam-
matory phase and promote accelerated DW healing.

2. Materials and methods

2.1. Reagents and cell line

e L-Glutamic acid (Sigma chemicals Co. Ltd, Mumbai,
India)

e Chitosan low molecular weight (Sisco Research Laborato-
ries Pvt. Ltd., Mumbai, India)
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e Type-1 collagen from rat tail (Sigma chemicals Co. Ltd,
Mumbai, India)

e Glacial acetic acid (Merck Millipore, Mumbai, India)

e Ethanol (Merck Millipore, Mumbai, India)

e l-ethyl-(Alexiadou and Doupis, 2012) carbodiimide
hydrochloride (EDC) (Merck Millipore, Mumbai, India)

e N-hydroxy succinimide (NHS) (Merck Millipore, Mumbai,
India)

e 2-(N-morpholino) ethane sulfonic acid (MES) (Merck Mil-
lipore, Mumbai, India)

e Sodium dihydrogen orthophosphate (NaH,PO,) (Qualigen
Fine Chemicals, Mumbai, India)

e Sodium hydroxide (NaOH) pellets (Qualigen fine chemicals,
Mumbai, India)

e 3-(Frykberg and Banks, 2015) —2, 5-diphenyl tetrazolium
bromide (MTT) (Thermo Fisher, Mumbai, India)

e Mouse embryonic fibroblast cells (3 T3-L1) (National Cen-
tre for Cell Sciences, Pune, India).

e Mueller Hinton broth (MHB) (Himedia Labs, Mumbai,
India)

e Dimethyl sulfoxide (DMSO) (Himedia Labs, Mumbali,
India)

e D-Glucose (Merck Millipore, Mumbai, India)

e Ehrlich’s reagent (Himedia Labs, Mumbai, India)

2.2. Preparation of LGA composite scaffold

CS solution (3% w/v) and COL solution (1% w/v) were pre-
pared in 0.75 M acetic acid solution. The pH of the COL solu-
tion was adjusted to 7.2 by adding 2 M NaOH at 4 °C. The
LGA (1% w/w) dispersion was added to the cold COL solu-
tion to achieve the LGA-COL solution. Later, the obtained
LGA-COL solution was added to the CS solution to obtain
LGA composite mixture. The mixture was stirred overnight
to achieve uniform homogeneity. The entrapped bubbles in
the mixture were removed by bath sonicator (Bandelin RK
100H, Germany) for 10 min. Then this mixture was poured
in petri-dishes and kept in the deep freezer at —60°C (Labline)
for 12 h, followed by lyophilization (Christ Alpha 1-2) at
—60°C for 72 h to obtain the LGA composite-scaffolds
(Natarajan et al., 2019). The same method was used to prepare
the placebo (without LGA).

2.3. Crosslinking of LGA composite scaffold

MES (0.488 g) was suspended in 50 mL of millipore water to
obtain a solution of pH 5.6. Further, prepared LGA compos-
ite scaffolds (50 mg) were soaked in 20 mL of MES buffer for
30 min. Meanwhile, the buffer mixture was prepared in
another beaker using 19.5 mL of MES solution, 0.014 g of
NHS, and 0.1264 g of EDC. For crosslinking, the soaked
scaffold was dipped in the buffer mixture for 4 h. The cross-
linked scaffold was sieved out and washed twice after keeping
in contact with 0.1 M sodium dihydrogen orthophosphate,
1 M NaCl, and 2 M NaCl for about 2 h and 24 h, respec-
tively (Karri et al., 2016; Powell and Boyce, 2006). Further
evaluation was performed for the prepared scaffolds. The
same method was used to crosslink the placebo (without
LGA).

2.4. Scaffold characterization

2.4.1. Porosity

Liquid displacement is the method used widely to determine
the scaffold’s porosity. Ethanol was used as a displacement lig-
uid as it meets all the characteristics of an ideal solvent like
effortless penetration, no contraction, or swelling of the scaf-
folds (Karri et al., 2016). The porosity of scaffolds was calcu-
lated using the formulae.

Ww — Wd
SV

Where W, and W, are the wet and initial dry weights of the
scaffolds, respectively while SV is the volume of scaffold.

Porosity(%) = X100

2.4.2. Swelling test

Weight of dry scaffolds were determined prior to the start of
the analysis. Further incubation of the weighed scaffolds was
done using phosphate-buffered saline (PBS) at pH 7.4 in a
humidified atmosphere of 5% CO, for 1, 12, 24, 36, 48, 60
and 72 h at 37 °C. The excess PBS was removed by blotting
with filter paper and the weight was measured (Baheiraei
et al., 2018). The swelling ratio of crosslinked and non-
crosslinked composite scaffolds was calculated using the
formulae.
[(Ww — Wd|

W[lb:TX 100

Where Wab is the water adsorption percentage at equilib-
rium. Wd and Ww are the dry and wet weights of the scaffolds,
respectively.

2.4.3. Matrix degradation

Crosslinked and non-crosslinked LGA composite scaffolds
(Ixlem) were incubated in PBS of pH 7.4 with 10,000 p/mL
of lysozymes for 7 days at 37°C. These scaffolds were then
washed with millipore water to remove ions adhered on the
surface and subjected to lyophilization. Wi and Wf are the ini-
tial weight and weight after freeze-drying of the scaffolds,
respectively (Kim and Kim, 2013). The degradation rate was
calculated using the formulae.

(Wi — W]
=27 100
Wi S

%Degradation =

2.4.4. Scanning electron microscopy analysis for morphological
studies

The cross-sectional structural morphology of the prepared
composite scaffolds was determined using field emission scan-
ning electron microscopy (FE-SEM, Hitachi S-4800). The sam-
ples (5 x 5 mm) were subjected to coating with a thin film of
gold and positioned on adhesive stub using 10 kV of opera-
tional voltage. Randomized selection of fifty pores was taken
place to determine pore size, and three scaffolds with three dif-
ferent cross-sections from each group were chosen to deter-
mine pore size (Karri et al., 2016).

2.4.5. In vitro release of LGA from composite scaffold

The crosslinked and non-crosslinked LGA composite scaffolds
(3 x 3 cm) were immersed in 20 mL PBS of pH 7.4 at 37°C.
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The supernatant was collected periodically and replaced with
an equivalent amount of PBS. For further analysis, filtration
of samples was performed using 0.2p membrane filter (Karri
et al., 2016). The drug release was determined by using LGA
standard curve developed with Liquid Chromatography-
Mass Spectrophotometer (LCMS 8030, Shimadzu).

2.4.6. Thermal compatibility test using differential scanning
calorimetry

The thermal behavior of the crosslinked LGA composite scaf-
fold was characterized by using differential scanning calorime-
try (DSC, Q100, TA instruments, USA) in a heating rate of 10
9C min~" at a temperature range of 20-250 °C. The dry nitro-
gen was used as a purge gas at a stream pace of 50 mL min — 1.
Aluminum pan was used for recording the DSC graphs.
Indium metal was utilized as a standard for the temperature
alignment of the hardware.

2.5. In vitro biocompatibility studies

Biocompatibility of the crosslinked and non-crosslinked LGA
composite scaffolds was assessed by MTT assay. Scaffolds
were sterilized (15mmdiameter) in 75% ethanol for 30 min,
later washed with millipore water for 5 min. The scaffold
was placed in each well containing with 2 mL of Dulbecco’s
modified Eagle’s medium, and later 3 T3-L1 cells were added.
The study was performed for 72 h, wherein both control and
test solutions were used for proper comparison (Karri et al.,
2016).

2.6. Antibacterial evaluation

Minimum inhibitory concentration (MIC) of LGA composite
scaffold was determined by the Micro-broth dilution method
using MHB. Staphylococcus aureus (S. aureus; NCIM 5022),
Pseudomonas aeruginosa (P. aeruginosa; NCIM 2036), Escher-
ichia coli (E. coli; NCIM 2567) and Klebsiella pneumonia (K.
pneumonia; NCIM 2706) bacterial strains were diluted at a
ratio of 1:1000 MHB to obtain turbidity of 0.5 McFarland.
Further, the bacterial cultures were hyperglycated using D-
glucose (800 mg/dL) (Xie et al., 2017; Geerlings et al., 1999).
LGA composite scaffold was crushed and dissolved in DMSO,
the obtained solution was used as a test sample. This study
used ciprofloxacin, a broad-spectrum antibiotic as positive
control and sterile DMSO as a negative control. In each well
of 96 plate, 100 puL of hyperglycated bacterial suspension
and 50 pL of LGA composite scaffold extract were added fol-
lowed by serial dilution. The plates were incubated at 37 °C for
20-24 h, whereas, for P. aeruginosa, the incubation was per-
formed for 24-28 h at 37 °C. The absorbance was recorded
at a wavelength of 600 nm in Tecan-i-control, 1.7.1.12
(Eloff, 1998).

2.7. In vivo wound healing study

Adult Wistar albino rats of either sex weighing around 180—
200 g were used for the study. Intraperitoneal injection of
30 mg/kg streptozotocin in 0.1 M cold citrate buffer of pH
4.5 and high fat diet was used to induce diabetes. Rats
with > 250 mg/dL of blood glucose were separated and mon-

itored for 7 more days. The rats that continually showed
increased levels of blood glucose were considered for the study
(Zhang et al., 2009).

An open wound (2 x 2 cm? with a depth of 2 mm) was cre-
ated on the dorsal region of the diabetic rat under anesthetic
conditions (Ketamine: Xylazine 100:15 mg/kg). The Institu-
tional Animal Ethical Committee of JSS College of Pharmacy,
Ooty, approved all the animal studies with protocol number
JSSCP/OT/M.Pharm/21/2018-19.

The animals were segregated into three groups (n = 6) and
housed individually after the anesthetic recovery. Wounds in
group 1 were covered with sterile gauze (control), group 2,
and group 3 animals were treated with composite scaffold
(Crosslinked scaffold without LGA) and LGA composite scaf-
fold (Crosslinked scaffold with LGA), respectively throughout
the study duration (Sanapalli et al., 2018).

2.8. Assessment of wound contraction

The healing wound (Caley et al., 2015) area was measured by
tracing the borderline of unhealed wound on an overhead pro-
jector sheet (OHP). Graph paper was used to calculate the area
(Natarajan et al., 2019). Percentage wound contraction was
calculated using the formula.

% wound contraction =

wound area on day 0 — wound area on a particular day

wound area on day 0
x 100

2.9. Hydroxyproline estimation

Granulation tissue excised on days 7, 14, and 21, were sub-
jected to autoclaving for acid hydrolysis (6 M HCI) at
120 °C for 20 min. 450 pL of Chloramine-T was added to
the hydroxylate, mixed softly, and left for 25 min at room tem-
perature to undergo oxidation. To the oxidized mixture,
500 uL of Ehrlich’s reagent (p-dimethyl amino benzaldehyde
in perchloric acid/n-propanol) was added and incubated at
65 °C for 20 min. The absorbance of the obtained complex
was measured at the wavelength of 550 nm. Hydroxyproline
concentration in the tissue was expressed as pg/mg (Reddy
and Enwemeka, 1996).

2.10. Histopathological studies

Wound tissues were excised on days 7, 14 & 21 and stored in
formalin solution (10%) prepared in millipore water. Tissues
were sectioned into a thickness of 6 pm using a microtome
(Model No: RM2135, Leica, U.K). Sections were mounted
on a glass slide and Hematoxylin and eosin (H&E) were used
for staining. All microscopical examinations were performed
under 40x magnification using a motic microscope (Model
No: MLX-i Plus, Magnus, India) (Sanapalli et al., 2018).

2.11. ELISA test

MMP-9 estimation using ELISA kit (R&D Systems) was done
according to the directions provided by the manufacturer. Tis-
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sue samples isolated from the wound area were minced using
tissue homogenizer and the homogenate was subjected to
centrifugation. The supernatant was collected and diluted
100-folds by means of assay buffer. The concentration of
MMP-9 in the samples obtained from all the groups (control,
composite scaffold and LGA composite scaffold) were
estimated on day 7, 14 and 21.

2.12. Statistical analysis

The findings are expressed in the form of Mean + SD. Statis-
tical analysis was carried out using the V6.01 Graph pad prism
(San Diego, CA, USA). Statistical significance was carried out
using One Way Analysis of Variance followed by Dunnet’s
posthoc study. Values with p < 0.05 are considered to be
significant.

3. Results and discussion

3.1. Physical examination of LGA composite scaffold

On examination, the composite scaffolds were found to be off-
white in color. Further inspection of the scaffold revealed that
all of them had cohesive property with high integrity which
increases the mechanical stability and flexibility of the scaffold.

3.1.1. Porosity studies

The findings related to the porosity of non-crosslinked and
crosslinked LGA composite scaffolds are given in Table 1.
The porosity of non-crosslinked LGA composite scaffolds
was found to be higher in comparison with that of crosslinked
LGA composite scaffolds. The scaffold’s porosity is antici-
pated to assist in the transfer of nutrients, absorption of meta-
bolic waste, cell binding, proliferation, and migration, which
are essential characteristics of tissue regeneration (Jayakumar
et al., 2011). However, high porosity leads to the reduced
mechanical strength of the scaffold. The probable reason for
the decrease of porosity after crosslinking may be because of
interactions between carboxyl group of COL with amino
(>C = 0O---—NH; amide bond) and hydroxyl (>C = O--—
OH; ester bond) group of CS in the presence of EDC/NHS
crosslinkers (Wang et al., 2003; Kotodziejska et al., 2000).
Thus, cross linking helps out in upholding the mechanical
strength of the LGA composite scaffolds. The obtained results
correlate with (Mane et al., 2015) (Mane et al., 2015).

3.1.2. Swelling test

The findings associated with swelling of non-crosslinked and
crosslinked LGA composite scaffolds are given in Table 1.
The percentage of PBS absorption was found to be more in
the non-crosslinked LGA composite scaffold than in the cross-

linked LGA composite scaffold. The water absorption prop-
erty of the non-crosslinked scaffold is attributed to the
hydrophilicity of both COL and CS. This property is mainly
responsible for maintaining the 3D shape and structure of
the scaffold (Ma et al., 2003; Rehakova et al., 1996). However,
higher water absorption might cause swelling of the scaffold,
leaving it in a deformed shape, affecting cell division and pro-
liferation (Mane et al., 2015). The concentration of CS and
crosslinking play a major role in water absorption. In the pre-
sent study, we found that the water absorption capacity grad-
ually diminished by the increased concentration of CS.
Increased mechanical strength of the scaffold is attributed to
crosslinking, which aids in maintaining the physical structure
and shape without affecting the development of the cell. In
general, the swelling ratio is inversely proportional to the
degree of crosslinking. As crosslinking degree increases, the
swelling ratio decreases because of decreased hydrophilic
groups due to crosslinking (Rehakova et al., 1996). These
results were in good agreement with the studies by (Karri
et al., 2016; Karri et al., 2016).

3.1.3. Matrix degradation studies

The non-crosslinked LGA composite scaffold has shown a
rapid degradation rate after post-incubation with the PBS of
pH 7.4 containing lysozymes on the first day and continued
the same rate of degradation for the next six days. Contradic-

—e— Non-crosslinked LGA composite scaffold

—a— Crosslinked LGA composite scaffold
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Fig. 1 Matrix degradation of LGA composite non-crosslinked

and crosslinked scaffolds from day 1 to 7 in phosphate buffer pH
7.4 at 37°C, showing non-crosslinked scaffold degraded progres-
sively for seven days. Contrary to this, the crosslinked scaffold
degradation rate decreased greatly, indicating enhanced resistance
to the enzymatic degradation.

Table 1 Percentage porosity and water absorption properties of non-crosslinked and crosslinked LGA composite scaffold.
S. No Scaffold type % of porosity % of water absorption

1h 12 h 24 h 36 h 48 h 60 h 72 h
1 Non-crosslinked LGA composite scaffold 93.36 + 1.98 7.2 16.4 27.6 359 49.1 58.7 74.2
2 Crosslinked LGA composite scaffold 78.54 £ 2.35 2.9 6.8 10.5 17.3 26.5 35.7 43.8
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Fig. 2 Morphology of LGA loaded col-cs scaffold a) before and b) after crosslinking determination by SEM at a scale range of 100 pm
showing an average pore size of 21.207 before and 12.17 after crosslinking.

tory to this, the crosslinked LGA composite scaffold has
shown a delay in degradation rate (Fig. 1).

The degradation rate of the scaffold plays a major role in
wound healing. In the present study, the scaffolds were
designed so that it was absorbable & degradable to match up
to the speed of newly formed tissue. Crosslinking leads to
increased network strength and mechanical properties
(Haugh et al., 2011) that, in turn, result in decreased degrada-
tion rate representing resistance to the enzymatic deterioration
(Timmer et al., 2003).

3.1.4. SEM analysis

The SEM images of the scaffolds, captured at 100 um are
shown in Fig. 2a and 2b. There were larger pores visible in
the non-crosslinked scaffold (Fig. 2a), whereas, in the cross-
linked scaffold, smaller pores are visible with a decrease in void
space (Fig. 2b).

—e— Non-crosslinked LGA composite scaffold

—=— Crosslinked LGA composite scaffold

——
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Fig. 3 In vitro drug release profile of LGA composite non-
crosslinked and crosslinked scaffolds in phosphate buffer pH 7.4
at 37°C showing a slow release of drug in all formulation followed
by a sustained release and then a plateau. Data is expressed as
mean £ SD (n = 3).

Crosslinking of the scaffold resulted in the decrease of void
spaces due to the interlinking of the bonds. The presence of
interconnected spongy arrangements emergence between com-
posite strands was found to be prominent for cell migration,
proliferation & attachment for the regeneration of tissue. An
additional benefit was also observed that the porosity in the
design of scaffolds was likely to contribute to enhanced perme-
ability of O, to wounds (Natarajan et al., 2019; Kim and Kim,
2013).

3.1.5. In vitro LG A release studies

The release of the LGA from non-crosslinked and crosslinked
composite scaffolds were performed for a period of 360 h.
From the data shown in Fig. 3, a slow release of LGA in all
formulations was observed, followed by a controlled release.
In the initial one h, 10.33 + 1.5% LGA was released from
the LGA composite non-crosslinked scaffold, whereas only
5.0 £ 1.0% LGA was released from the LGA composite cross-
linked scaffold. After six h, the LGA release from the scaffolds
increased by 31.66 £ 1.52% in non-crosslinked scaffolds and
13.33 £ 1.52% in crosslinked scaffolds. After 24 h, more than
50% LGA was released from the non-crosslinked scaffold,
whereas the crosslinked scaffold took 72 h to remove more
than 50% of the LGA. Studies has shown a delay in the initial
release of the LGA, probably because of the time taken for
complete wetting of scaffold.

The crosslinked composite scaffold has shown significantly
slower release than the non-crosslinked composite scaffold
which may be because of the increased chemical and mechan-
ical bonding due to crosslinking. In addition, the crosslinking
property also imparts slower water absorption and swelling to
the scaffold (Pillay and Fassihi, 1999). This results in the pro-
longed release of LGA to combat chronic inflammatory condi-
tions in DWs. Based on the above results, crosslinked LGA
composite scaffolds were selected for further evaluation and
designated as LGA composite scaffold. Crosslinked scaffold
without LGA is designated as a composite scaffold.

3.1.6. Thermal compatibility using DSC
Fig. 4 represents the DSC pattern of LGA, COL, CS, and
LGA composite scaffold.

The characteristic transition bands illustrate the dehydra-
tion temperature of biomaterials and LGA in atmospheric
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Fig. 4 DSC profile of LGA, COL, CS and LGA composite scaffold.

nitrogen. The thermogram values of LGA, COL, CS, and
LGA composite scaffold were found to be 75, 90, 198, and
120 °C, respectively. These results show that the native COL
is unstable at normal body temperature, which draws attention
towards the crosslinking to stabilize the COL. Crosslinking of
COL involves the formation of connections between fibrillar
strands of COL, which inhibits its degradation by breakdown
enzymes (proteases, e.g., matrix metalloproteinase). In LGA
composite scaffolds, COL melting temperature has shifted to
120 °C, which indicates its stabilization by EDC/NHS
crosslinking. The higher transition temperature exemplifies
that LGA composite scaffold has high thermal stability than
native COL.

Moreover, pure CS exhibited a transition temperature of 90
OC, while in the LGA composite scaffold the melting tempera-
ture occurred at 120 °C. However, the LGA thermogram has
not exhibited any shifts in the scaffold, indicating no effect

cro  Control Cells —= Composite scaffold+Cells

axan | GA+Cells == | GA composite scaffold+Cells
150 - _ N
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Fig. 5 Fibroblast 3 T3-L1 cells (negative control) and fibroblast
cultured in the presence of LGA, composite scaffold, and LGA
composite scaffolds showing percentage cell growth more in LGA
composite followed by composite scaffold, LGA, and control.

at higher temperatures. Thus, it is clear that thermodynamic
properties control the durability of the composite scaffold
(Sailakshmi et al., 2013).

3.2. In vitro cell viability studies

The results have shown that the inclusion of the LGA compos-
ite scaffold into the growth media has not stimulated any
cytotoxicity towards the 3T3L1 cells. Moreover, increased cell
viability was observed in the LGA composite scaffold
compared to control, indicating better growth of fibroblasts
in the presence of scaffolds (Fig. 5).

Fibroblasts are the key cells that mediate extracellular
matrix and proteins production. They play a pivotal role in
forming the structural framework required for normal wound
healing. The test scaffold did not induce any cytotoxicity, and
increased cell growth was found to be more in the LGA com-
posite scaffold followed by the composite scaffold and LGA
treated group compared to that of control. These results depict
that uniform growth of fibroblast took place in the pores of the
scaffold, indicating that the scaffolds developed were biocom-
patible. The increase in cell growth in the composite scaffold
group is due to COL and CS as a matrix in scaffold form. Fur-
ther, comparatively higher cell growth in LGA composite scaf-
folds might be due to COL, CS and LGA which can stimulate
fibroblast differentiation. It is pertinent to add that similar
results were observed from previous studies (Thangavel
et al., 2017).

3.3. Antibacterial evaluation

MIC of the LGA composite scaffold was evaluated using the
micro-broth dilution technique by following standard proto-
col. The antibacterial screening was performed against selected
strains of bacteria such as S. aureus, P. aeruginosa, E. coli and
K. pneumonia at a concentration in the range of 2 to 256 ng/
mL. The LGA composite scaffold extract exhibited promising
activity against S. aureus at a 2 pg/mL MIC. The extract has
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Table 2 MIC of LGA composite scaffold against a selected panel of bacteria.

S. No Samples S. aureus E. coli K. pneumonia P. aeruginosa
1 LGA composite scaffold (pg/mL) 2 <4 6 6
2 Ciprofloxacin (pug/mL) <2 <2 <2 <2

Note: Staphylococcus aureus (S. aureus); Escherichia coli (E. coli); Klebsiella pneumonia (K. pneumonia); Pseudomonas aeruginosa (P.

aeruginosa).

The obtained results show that the LGA composite scaffold can reduce the pathogenic overload and pointedly improve the clinical outcome of

DW patients with mild to chronic infections.

shown variable effects against E. coli, K. pneumonia and P.
aeruginosa at a MIC of < 4 pg/mL, 6 pg/mL and 6 pg/mL,
respectively. All the results obtained were compared with the
positive control, ciprofloxacin < 2 pg/mL (Table 2).

3.4. In vivo wound healing

Contraction of the wound area in each group was determined
by using grid technique on day 0, 7, 14 and 21 (Fig. 6a and 6b).
Significantly (p < 0.001) rapid wound contraction was noticed
in the LGA composite scaffolds treated group compared to
those in control and composite scaffold treated groups. The
mean wound area (mm?) reduction in LGA composite scaf-
folds treated group was found to be significantly (1.10 £+ 0.1
0 mm? on day 21, p < 0.001) faster in comparison with those
in control (51.33 = 0.82 mm? on day 21, p < 0.01) and com-
posite scaffolds (11.79 £ 1.4% on day 21, p < 0.01).

Diabetes causes multifactorial symptoms that include bio-
chemical, vascular, neuropathic, immune function abnormali-
ties that delay the wounds’ healing process (Sanapalli et al.,
2019). To mimic the human condition in rats, high dose of
STZ was used intraperitoneally followed by feeding the
rodents with high fat diet, which ultimately results in selective
damage of the pancreatic B-cells. This primes to inhibition of
synthesis and insulin release, leading to type 2 diabetes after
2 to 3 days (Brem and Tomic-Canic, 2007; Tsuboi et al., 1992).

Open wounds were created in the diabetic rats and the
treatment was done for 21 days. Reduction in the mean wound
area was calculated for all the groups on day 0, 7, 14 and 21.
Rats treated with the LGA composite scaffold showed a vary-
ing degree of wound contraction when compared with compos-
ite scaffold and untreated groups. The initial inflammatory
responses to injury provide the necessary framework for the
subsequent production of a new functional barrier The next
stage of wound healing is the proliferative phase, which lasts
for 3—14 days. More than 60% of the reduction in the wound
area was observed in the LGA composite scaffold group.

In contrast, the wound’s only 52% and 39% reduction were
seen in the composite scaffold and control group on day 7,
respectively. Contraction of the wound starts once the inflam-
matory and proliferative phase completes. This depicts that
LGA helped suppress the inflammation phase, COL and CS
helped in the proliferation and migration of cells, resulting in
99% of wound healing in 21 days.

3.5. Hydroxyproline estimation

The hydroxyproline content of skin samples after surgery is
depicted in Fig. 7. Hydroxyproline content was found to be
higher in the LGA composite scaffolds treated group when

compared with those in the control group. Although the
hydroxyproline content of the composite scaffold treated
group was marginally higher than in the control group, the
levels were not very significant. The estimation of hydroxypro-
line levels is an indirect measure of COL concentration. COL is
the most abundant component of the extracellular matrix,
which is required for wound contraction. Collagen production,
accumulation, remodelling, and maturation are all important
stages in tissue repair and regeneration (Sa and DiPietro,
2010). Collagen synthesis is mostly influenced by the availabil-
ity of proline. Proline is actively generated from LGA in the
granulation tissues. The increased collagen content observed
in the LGA composite scaffolds treated group is most likely
related to the availability of extracellular glutamic acid
(Aalto et al., 1973). The results show that adding LGA prob-
ably increased proline production. Hence, the collagen content
of the granulation tissues increased.

3.6. Histopathological studies

The histopathological studies revealed that all the wounds
were free from oozing after day 7th post-injury (Fig. 8). Cell
infiltration in the control group on the day 7th post-
treatment was observed along with the neutrophils, intermit-
tent lymphocytes, and macrophages. A smaller number of neu-
trophils and macrophages were observed in the composite
scaffold group treated animals compared to those in control
groups. The LGA composite scaffold treated groups have
shown a small number of neutrophils and macrophages com-
pared to those in control.

On the day 14th post-treatment, in the control group, neu-
trophils still present with few multinucleated massive cells and
histiocytes. In the composite scaffold treatment groups, a small
number of histiocytes and massive multinucleated cells were
seen, whereas in the LGA composite scaffolds treated group
abundant histiocytes, multinucleated giant cells and single
lymphocytes were observed.

On day 21st post-treatment, the leading response of inflam-
mation by neutrophils in the control groups was reduced.
However, control groups showed the recurrence of macro-
phages and histiocytes. The composite scaffold groups showed
a moderate numeral of histiocytes and lymphocytes. In con-
trast, those treated with LGA composite scaffold treated
groups were found to be rich in histiocytes, large multinucle-
ated cells, and lymphocytes.

Control wounds showed neutrophils predominantly along
with some monocytes and lymphocytes. As stated in the liter-
ature, neutrophils are responsible for wound debridement in
the early stage of wound healing. However, an excess number
of neutrophils is known to negatively influence the wound
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(a) Images representing the wound contraction in the control, composite scaffold and LGA composite scaffold treated groups

from day 0 to 21 post wounding (b) Graphical representation of percentage wound reduction in the control, composite scaffold and LGA
composite scaffold treated groups from day 0 to 21 post wounding. Data is expressed as mean = SD (n = 6 wounds/ group).
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repair and healing process by destroying the normal tissue, as
pertinent to previous studies (Dovi et al., 2003).

In the LGA composite scaffold treated group, a higher col-
lection of macrophages and their morphological variants such
as multinucleated massive cells and histiocytes were observed.
The presence of these cells favors the environment for wound
healing. Macrophages have a more important role in repair
than defense and promote the COL fiber synthesis that helps
in wound closure and healing.

3.7. ELISA test

MMP-9 content in the LGA composite scaffold and composite
scaffold treated groups was found to be less in comparison
with those in the control group in all days of study. However,
MMP-9 content of composite scaffold treated groups was mar-
ginally decreased in contrast to those in LGA composite scaf-
fold treated groups (Fig. 9). The significant decrease of MMP-
9 in the LGA composite scaffold treated group may be attrib-
uted to the anti-inflammatory property of LGA, which pre-
vented the breakdown of formed COL leading to accelerated
healing. As noticed earlier, the results of MMP-9 levels in skin
homogenates were in good agreement with the visual results
recorded for wound contraction (Fig. 6a). The results are in
well agreement with the study by Pegorier et al. (2000).

4. Conclusion

The prepared LGA composite scaffold satisfied the prerequisites of an
optimum DW dressing in terms of mechanical resilience, swelling,
porosity, biodegradation, controlled release, biocompatibility, antibac-
terial with anti-inflammatory properties that are well-thought-out to
be essential for tissue recovery in DWs. Therefore, the current study
specifies the combination of LGA as an anti-inflammatory agent,
COL as a structural matrix stabilizer, and CS as an antibacterial agent,
a potential approach in treating DWSs. This combinational strategy of
topical application in DW patients might provide a significant clinical
outcome.
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