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A B S T R A C T   

This study is designed to investigate the combination of gallocatechin (GC) and silver nanoparticles (AgNPs) for 
its wound healing ability in diabetic rats. Thirty male Sprague Dawley rats were randomly divided into 5 groups: 
1. Normal control rats dressed with blank CGP1; 2. Diabetic rats dressed with blank CGP1; 3. Diabetic rats 
dressed with 13.06μM of GC; 4. Diabetic rats dressed with 26.12 μM of GC; 5. Diabetic rats dressed with 0.1% 
silver sulfadiazine patches. GC-AgNPs-CGP dressed diabetic rats showed significant FBG reduction, prevented the 
body weight losses and reduced the oxidative stress by lowering MDA content and elevated antioxidant enzymes 
such as SOD, CAT and GPx in wound healing skin of diabetic rats when compared to normal CGP. Besides, mRNA 
expression of Nrf2, Nqo-1, and Ho-1 was upregulated with downregulated expression of Keap-1 mRNA, which is 
supported by immunohistochemistry. Furthermore, GC-AgNPs-CGP dressing increased growth factors such as 
VEGF, EGF, TGF-β, and FGF-2 while decreasing MMP-2 in the skin of diabetic wound rats. In vitro permeation 
study demonstrated rapid GC release and permeation with a flux of 0.061 and 0.143 mg/sq.cm/h. In conclusion, 
the results indicated that GC-AgNPs-CGP dressing on diabetic wound rats modulated oxidative stress and 
inflammation with elevated growth factors; increased collagen synthesis thereby significantly improved the 
wound healing and could be beneficial for the management of diabetic wounds.   

1. Introduction 

Diabetes mellitus (DM) has been a threat to human health in a large 
scale globally, is caused by elevated levels of glucose in blood. Day by 
day this metabolic syndrome is rising at an alarming pace that has 
affected 415 million people worldwide so far [1]. As per latest estimates 
of International Diabetes Federation, the annual global health expen-
diture on diabetes stands at USD 70 billion and is estimated that this 
number will reach 825 billion and 845 billion by 2030 and 2045, 
respectively. Among the complications that arise as a result of diabetes, 
delayed wound healing is one of the most debilitating complication in 
diabetic patients that if left untreated leads to chronic open wounds, 
gangrene, amputation or even death [2]. 

Wound healing is an intrinsic process involving dynamic changes at 
biochemical, molecular, immunological and physiological levels. Earlier 
studies revealed that delayed wound healing under diabetic mellitus is 
the result of elevated levels of free radicals and reduced antioxidant 
defences [3]. In this context, it is worth mentioning to consider the role 
of nuclear factor erythroid 2-related factor 2 (Nrf2) through modulation 
of its regulated genes in the transcriptional regulation of oxidative stress 
[4,5]. Furthermore, diabetic condition makes wounds stuck in a 
persistent inflammatory state through activation of NF-κB pathway 
genes and inflammatory cytokines, elevation of growth factors, less-
ening of matrix metalloproteinases (MMPs) and instigation of angio-
genesis and epithelisation [3,6,7]. 

Despite having innovative technologies and synthetic drugs in place 
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to cure wound healing, none of them has accomplished the goal of 
successful closure without harmful effects and economic feasibility. 
However, medicinal plants and their bioactive compounds have attrac-
ted the public and scientific attention owing to its safety and cost 
effective natures. In this context, recent studies highlighted the role of 
catechins in the regulation of hyperglycemia, modulation of oxidative 
stress and inflammation and improvement in wound healing [8,9]. 
Gallocatechol or gallocatechin (GC), one of the main polyphenolic 
compounds found in green tea (Camellia sinensis), is a chemical com-
pound composed of trans-isomeric gallate residue and is known for its 
antioxidative and inhibiting actions against lipid peroxidation [10]. 

Besides therapeutic efficacy, a wound healing agent should possess 
anti-toxic, non-allergenic properties and biocompatibility together with 
efficient moisture control of excess exudate. Silver is widely used for 
wound treatment and is approved for acute and chronic injury preven-
tion by the Food and Drug Administration [11,12]. Silver exhibits a 
powerful antimicrobial activity in the form of nanoparticles [13].The 
silver nanoparticles (AgNPs) have shown broad-spectrum antimicrobial 
activity against gram-positive and gram-negative bacteria [12,14] and 
inhibitory action against fungal infections [15]. A study conducted by 
Dosoky et al. [16] and Fauda et al. [17] revealed that silver loaded silica 
nanoparticles are found to have antibiotic like activity upon oral 
administration in broiler chickens. In addition, higher cocentrations of 
AgNPs have demonstrated nematicidal activity and hence AgNPs were 
researched extensively in eco-friendly nano fertilizers [18,19]. Chitosan 
is a linear polysaccharide formed by partial N-deacetylation of chitin. 
Similar to silver, chitosan is a commonly used biomaterial for wound 
healing attributable to its heavy intermolecular hydrogen bonding, 
antibacterial activity and hemostasis [20]. Chitosan, gelatin and poly-
vinyl pyrollidone crosslinked wound dressing loaded with AgNPs 
downregulated β-Lactamase, mecA and erm resistance genes and 
enhanced the susceptibility of multidrug resistance microbes [21]. Apart 
from antioxidant, anti-inflammatory properties gallocatechin also pos-
sesses collagen stabilizing capabilities. The novel combination of GC- 
AgNPs and chitosan has the potential and was never been studied in 
wound healing to the best of our knowledge. Therefore, we hypothesized 
that this novel combination of polyphenols, silver and biodegradable 
chitosan would provide cost-effective system that can promote healing 
in a diabetic model. In view of the above, the formulation of chitosan- 
based gallocatechin-AgNPs impregnated cotton gauze was prepared 
and tested for wound healing activity in diabetic rats. 

2. Materials and methods 

2.1. Materials 

Silver nanoparticles (AgNPs) were obtained from Chem Cruz, Hei-
delberg, Germany (Particle size: ≤150 nm, Purity: 99%, MW: 107.87 g/ 
mol, Shape: Spherical). While, chitosan (low MW 50 to 190 kDa), silver 
sulfadiazine (98% AgS powder, molecular weight 357.14 g/mol), nico-
tinamide and streptozotocin (STZ) were procured from Sigma-Aldrich 
Company St. Louis, MO, USA. (+) - Gallocatechin (GC ≥ 98%) was ob-
tained from ChemFaces, Wuhan, China. Strat-M® Membrane was pur-
chased from Merck (Germany) for Franz diffusion permeation test. 
Whereas, other materials such as chemicals and reagents of analytical 
grade quality were procured and used as received. 

2.2. Preparation of GC-AgNPs or AgS impregnated cotton gauze patches 
(CGPs) 

Formulations of GC-AgNPs or AgS impregnated cotton gauze patches 
were prepared as per the composition shown in Table 1. Chitosan 
micronized powder (2.5 g) was accurately weighed, dissolved in 2% 
acetic acid (85 mL) with the aid of magnetic stirrer at 100 rpm, the 
mixture was heated for 30 min at 90 ◦C and cooled to room temperature 
(25 ◦C). Glycerine (15 mL) was added to the above solution and specified 

amounts of gallocatechin and AgNPs or silver sulfadiazine (AgS) in 
Table 1 were added into the solution. To ensure homogeneous mixing, 
the solution was stirred overnight and then sonicated in the bath soni-
cator for an hour to eliminate air bubbles (Elma, LC30H). Chitosan is 
cationic in nature its surface functional groups can interact with silver 
ions and can form composites to assist in AgNPs stabilization. Accurately 
measured 20 mL of the above solution was transferred on to a glass petri 
dish of 90 mm diameter and a similar diameter cotton gauze was soaked 
in the solution. The petri dish was kept in the oven for drying at 40 ◦C for 
24 h. The GC-AgNPs or AgS impregnated dry CGP were taken out from 
petri dish and cut into circular patches of 28 mm diameter. To protect 
the matrix layer, wax papers were used on either side and individually 
stacked. These CGPs were kept in the silica gel desiccator prior to 
characterization (Table 2). 

2.3. Weight variation and thickness 

The CGPs were evaluated for weight variation and uniformity in 
thickness. Five patches were randomly selected from each formulation, 
weighed on electronic digital balance to check accuracy of weight and 
ensure less than 5% variation. To analyse the uniformity of thickness, 
measurements for individual CGPs were made at the centre and four 
corners using Vernier Callipers of 0.01 mm accuracy. The tests were 
repeated for five times to minimize variation (Table 2). 

2.4. Tensile strength 

The breaking point of CGP was determined using a Brookfield's CT-3 
texture analyzer with an initial grip spacing of 10 mm and a steady speed 
of 1 mm/s (Table 2). Tensile strength (kg/cm2) was determined by 
dividing maximum load and cross-sectional area. Elongation at break 
(%) was calculated using the following equation. 

Table 1 
Formulations of GC-AgNPs and AgS impregnated CGPs (Cotton Gauze Patches).  

Ingredients Formulation code 

CGP1 CGP2 CGP3 CGP4 

Chitosan (mg) 2500 2500 2500 2500 
AgNPs (ppm) – 100 100 – 
Gallocatechin (μM) – 13.06 26.12 – 
Silver sulfadiazine (mg) – – – 100 
Cotton gauze (mg) – q.s q.s q.s 
Glycerine (mL) 15 15 15 15 
Acetic acid (2%) up to 100 mL 100 mL 100 mL 100 mL  

Table 2 
Physicochemical properties of prepared CGP1 to CGP4 (Mean ± SD; n = 5).  

Test Formulation code 

CGP1 CGP2 CGP3 CGP4 

Weight variation (mg) 469.40 ±
29.08 

430.70 ±
10.62 

413.90 ±
11.63 

462.18 ±
14.14 

Thickness (mm) 0.38 ±
0.05 

0.55 ±
0.03 

0.56 ±
0.02 

0.58 ±
0.04 

Tensile strength (kg/ 
cm2) 

0.02 ±
0.01 

0.44 ±
0.03 

0.43 ±
0.05 

0.43 ±
0.05 

Elongation at break 
(%) 

28.16 ±
2.86 

47.20 ±
2.23 

46.66 ±
3.48 

46.06 ±
1.54 

Folding endurance 
(times) 

27 ± 5.34 >300 >300 >300 

Moisture content (%) 9.16 ±
0.62 

6.58 ±
0.55 

7.10 ±
0.27 

10.70 ±
0.21 

Water absorption test 
(%) 

197.06 ±
13.47 

90.00 ±
3.99 

87.75 ±
4.68 

84.10 ±
4.68 

Gallocatechin/AgS 
content (%) 

– 93.47 ±
5.85 

93.22 ±
8.72 

91.47 ±
5.52  
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Elongation at break (%) =
CGP elongation at break

Initial CGP length
× 100  

2.5. Folding endurance 

The CGPs were analysed for the resilience towards wear and tear. 
Each CGP was consistently folded in the same place until it was either 
split or cracked to a limit of 300 times [22]. The number of times the 
patches fold in the same position without breakage is determined, the 
folding durability values are shown in Table 2. 

2.6. Moisture content 

The estimation of moisture levels can help to assess the conducive 
environment for microbial growth and hydrolysis. CGPs were initially 
weighed and placed in a desiccator containing silica gel dehydrating 
agent. The CGPs were weighed repeatedly until they showed constant 
weights. The moisture content (%) was calculated by the following 
equation [22]. 

Moisture content (%) =
Initial weight − Dry weight

Initial weight
× 100  

2.7. Water absorption test 

The CGP samples were immersed in 40 mL of distilled water at room 
temperature for 5 min to know the water absorption capacity of the dry 
patches. They were taken out from the beaker, air-dried at room tem-
perature for two minutes and reweighed [23] to calculate percent water 
absorption by using the following formula. 

Water absorption (%) =
Final weight − Initial weight

Initial weight
× 100  

2.8. Vertical wicking test 

A 60 mm long and 10 mm wide strips of CGPs were vertically sliced 
and hanged vertically in a beaker filled with distilled water and ensured 

that only one end of the strip was submerged to a depth of 10 mm in 
water. Wicked water heights were recorded after 10 min [23]. 

2.9. Estimation of gallocatechin content 

The CGPs were cut into 1 × 1 cm2 size pieces and then GC or AgS was 
extracted by dissolving in 10 mL of phosphate buffer solution (pH 7.4) 
subjecting it for constant stirring. GC or AgS free patches were handled 
equally to serve as blank. The amount of GC or AgS present in the buffer 
was determined by analysing at 210 and 254 nm respectively by 
UV–Visible spectrophotometer (Shimadzu UV-1601) (Table 1). 

2.10. Fourier Transform Infrared Spectroscopy (FTIR) study 

FTIR spectrophotometer was used to characterize pure samples, 
mixtures and to study the drug interactions between the components 
that might have involved functional groups. The KBr pellet for samples 
was prepared by pelletization method containing 1 part of sample to 100 
parts of KBr and compressed pellet was scanned over a wavenumber 
range of 4000–400 cm − 1 to record bending, stretching vibrations or 

deformation bands of the molecules. The FTIR spectra obtained were as 
shown in Fig. 2A. 

2.11. Differential Scanning Calorimetry (DSC) study 

Differential scanning calorimetry was used to check any possible 
interactions among the excipients and GC, to know the phase transitions 
of the samples in order to characterize the physical state by using 
NETZSCH DSC 200 F3 (Germary). Samples of known mass were placed 
in aluminium pans and hermetically sealed. The samples were heated 
from 30 to 300 ◦C at a heating rate of 10 ◦C/min in an inert nitrogen 
atmosphere to prevent oxidation, nitrogen as the purge gas. The DSC 
instrument was calibrated for temperature using Indium. DSC thermo-
grams of the samples and excipient combinations of the formulations 
was analysed by the thermal analyzer. The interaction of the compo-
nents, melting points and purity of the samples were analysed and the 
thermograms were recorded as shown in Fig. 2B. 

2.12. Drug permeation study 

The study was conducted in a three station Franz diffusion cell 
apparatus, the individual Franz cell was filled with PBS (pH 7.4) with a 
receptor volume of 5 ± 0.1 mL and it had a surface area of 0.64 cm2. In 
this test, Strat-M® membrane was used replacing animal skin model. 
Each test sample (CGP) was mounted on to the Strat-M® membrane and 
clipped between the donor and the receptor orifice. The temperature of 
the receptor compartment was held at 37 ± 0.5 ◦C in a circulated water 
bath. The sample ports were covered with parafilm to avoid evaporation 
and contamination. The magnetic stirrer with a speed of 50 rpm was 
used for continuous stirring of the receiver medium to ensure uniform 
distribution of PBS and maintain the sink condition. Aliquots of 0.5 mL 
were removed from the receptor compartment using a syringe at various 
time points i.e., 0.25, 0.5, 1, 2 and 4 h. Each 0.5 mL sample was diluted 
with PBS (pH 7.4) and absorbance was measured at 210 nm or 254 nm 
using UV–Visible spectrophotometer (Shimadzu, UV-1601). The Flux 
and percent release were calculated from the in vitro permeation analysis 
using the following equations.   

Percent release (%) =
Amount permeated

Amount present in CGP
× 100  

2.13. Animal experiments 

Six to eight weeks Sprague Dawley (SD) male rats were obtained 
from Universiti Malaya, Kuala Lumpur, Malaysia and housed in poly-
propylene cages at a temperature and humidity regulated atmosphere 
(23 ± 1 ◦C; 40–60%) by providing 12 h dark or light at cycles. The rats in 
the experiment had free access to water (Reverse osmosis and auto-
claved) and food ad libitum and standard animal feed. Before the study 
ethical committee approval (2019-210806/PHYSIO/R/GN) was 
received from institutional animal ethics committee, Faculty of Medi-
cine, Universiti Malaya, Kuala Lumpur, Malaysia. 

2.14. Induction of diabetes 

Diabetes was induced in rats by injecting single intraperitoneal 

Flux (mg/sq.cm/h) =
Amount permeated

Cross sectional area of CGP exposed to PBS
×Time for diffusion   
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injections of nicotinamide (110 mg/kg body weight) in saline and 
streptozotocin (STZ) (55 mg/kg body weight after 15 min of nicotin-
amide injection) in 0.1 mol/L citrate buffer (pH 4.5). The diabetes was 
confirmed after 72 h of STZ injection by evaluating fasting blood glucose 
levels through Accu-Chek glucose meter (Roche Diagnostics, Basel, 
Switzerland). Animals showing glucose levels above 12.5 mmol/L were 
considered diabetic and selected for the experiment. 

2.15. Wound creation in diabetic rats 

Rats were anaesthetized by intraperitoneal injection of ketamine (50 
mg/kg) and xylazine (5 mg/kg), their back skin was shaved and single 
full-thickness excisional wounds of 2 cm were created with sterile punch 
(Stiefel laboratories, Carolina, USA). Surgical region was surface steril-
ized with chlorhexidine, 70% ethanol and iodine. After recovering from 
anaesthesia, animals were individually housed in cages. Wound created 
animals were randomly divided into 5 groups with 6in each group. 

Group I: Non-diabetic (normal control) rats dressed with blank cot-
ton gauze patches (NC-CGP1) 
Group II: Diabetic (diabetic control) rats dressed with blank cotton 
gauze patches (DC-CGP1) 
Group III: Diabetic rats dressed with 13.06 μM GC-AgNPs cotton 
gauze patches (CGP2) 
Group IV: Diabetic rats dressed with 26.12 μM GC-AgNPs cotton 
gauze patches (CGP3) 
Group V: Diabetic rats dressed with silver sulfadiazine (AgS) cotton 
gauze patches (CGP4) 

In the experimental animals wound contraction and healing periods 
were calculated on 0, 3, 6, 9, 12, 15 and 18 days. Wound region was 
regularly tracked with a planimetric calculation and images of the same 
were taken at the above-mentioned time points and then measured by 
Image J software (1.47v, NIH, Bethesda, USA) to determine the uncured 
wound scale. Wound region was dressed with CGPs from 0 to 18 days. 

The percentage of wound closure was calculated as: 

=
area of actual wound

area of original wound
× 100 

Normal control rats were euthanized on day 16 and remaining 
groups on day 19 after the surgery and a full-thickness cutaneous wound 
healing and neighbouring tissues were collected. The excised skins were 
immersed in 10% formalin at room temperature. During processing of 
tissues for histopathology examination, initially tissues were dehydrated 
in ascending alcohol series (70, 80, 90, 95, and 100%), placed in paraffin 
blocks and sliced into 5 μm thick sections. Sections were stained with 
hematoxylin/eosin and Masson's trichrome stains for microscopic 
examination. 

2.16. Immunohistochemistry staining 

For immunohistochemistry staining, tissue sections were initially de- 
waxed in xylene and rehydrated in descending alcohol series. The sec-
tions were submitted for antigen retrieval process and blocked endog-
enous peroxidase activity by keeping it in 3% H2O2 at room temperature 
for 30 min. Then unwanted binding was blocked with blocking one so-
lution (Nacalai Tesque, Kyoto, Japan) at 37 ◦C for 30 min and later 
incubated with primary antibodies to Nrf2 (NBP1-32822), HO-1 (NBP1- 
97507), MYD88 (NB100-56698), TNF-α (NBP1-19532), VEGF (sc-507), 
FGF2 (sc-1360) and MMP2 (sc-8835) (Novus Biologicals and Santa Cruz, 
CA, USA) at 4 ◦C overnight, followed by the secondary antibody incu-
bation at 37 ◦C for 1 h. Slides were then incubated in avidin-biotin 
complex (Boster) at 37 ◦C for 20 min and diaminobenzidine (DAB) for 
5 min. Finally, the positive areas were observed under inverted micro-
scope (BX-51, Olympus, Japan). 

2.17. Immunofluorescence staining 

For immunofluorescence analyses, sections were deparaffinized in 
xylene, dehydrated in alcohol, submitted for antigen retrieval process 
and blocked with block ONE incubation at room temperature for 30 min. 
After overnight incubation at 4 ◦C with primary antibodies (anti-NF-kB 
p65 (sc-8008, Santa Cruz, CA, USA), anti-EGF (sc-374255, Santa Cruz, 
CA, USA) and TGFβ (sc-146, Santa Cruz, CA, USA) at 1:1000 ratio, the 
slides were incubated with FITC/PE secondary antibodies (1:200) at 
room temperature for 1 h and counterstained with DAPI and examined 
under confocal microscopy. 

2.18. Determination of oxidative and anti-oxidative status 

Levels of MDA [24] as a measure of oxidative stress and enzyme 
activities of SOD [25], CAT [26] and GPx [27] as a measure of anti-
oxidative defence system were determined in the wound tissue ho-
mogenate using standard protocols. The levels of MDA and enzyme 
activities of SOD, CAT and GPx were measured as mmol/mg protein and 
U/mg protein, respectively. 

2.19. Real time PCR study 

Total mRNA from the wound tissues of control and experimental rats 
was extracted with the help of Trizol reagent method (Invitrogen, 
Carlsbad, CA). RNA (1 μg) was then further processed to synthesize 
cDNA by reverse transcription method by Thermo Scientific kit (Bur-
lington, Canada). The cDNA samples were then processed using RT-PCR 
reaction (10 ng of cDNA, 9 μL of qPCR Master Mix and 20 μL of 
respective primers) using SYBR® Premix Ex Taq™ (Tli RNaseH Plus) 
(Applied Biosystems, Foster City, CA). The resultant qPCR data was 
analyzed by DDCT method. The relative expression of target genes was 
quantified with the help of Ct values and 2− ΔΔCT method. β-actin was 
used as a house keeping gene. 

2.20. Statistical analysis 

The data were expressed as mean ± standard deviation (SD) of at 
least three independent experiments. Differences were performed by 
One-way ANOVA using the SPSS 17.0 (SPSS Inc., Chicago, IL, USA) 
software. A value of p < 0.05 was considered as statistically significant. 

3. Results 

Physicochemical properties of CGPs were determined to ensure that 
the prepared patches have the characteristics of desired transdermal 
drug delivery system. Formulation CGP1 was prepared with no cotton 
gauze, thus it was clear and appeared as transparent film. Presence of 
gallocatechin in the formulation gave yellowish tinge. However, CGP3 
had a darker yellowish colour compared to CGP2 as it contained higher 
concentration of gallocatechin as shown in Table 1. However, CGP4 
were slightly greyish due to the presence of silver sulfadiazine, which is 
devoid of GC [28]. Prepared CGPs were evaluated for weight variation, 
thickness, tensile strength, folding endurance, moisture content, water 
absorption test, vertical wicking test, FTIR, DSC, gallocatechin content 
and GC/AgS permeation study. 

3.1. Weight variation and thickness 

Weight variation is conducted to examine the intra-batch variability 
of patches. The results of each formulation are shown in Table 2. CGP1 
has the largest mean value of 469.40 ± 29.08 mg and the CGP3 had the 
least mean value of 413.90 ± 11.63 mg. CGP2 and CGP4 had the weight 
variation of 430.70 ± 10.62 and 462.18 ± 14.14 respectively. The 
thickness of the patches ranged between 0.38 ± 0.05 and 0.58 ± 0.04 
mm. 
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3.2. Tensile strength and elongation at break 

Wound dressing should be durable, stress resistant and flexible in 
order to handle the stresses exerted by different body parts [29]. These 
characteristics can be examined through tensile strength and elongation 
at break that correlate with the strength and elasticity of the patches, 
respectively. The results of tensile strength and elongation at break of 
different CGPs were presented in Table 2. Blank film without cotton 
gauze (CGP1) had lowest tensile strength and elongation at break of 
0.02 ± 0.01 kg/cm2 and 28.16 ± 2.86% respectively. Presence of cotton 
gauze has improved the stiffness and elasticity of the patches, CGP2 
showed high tensile strength of 0.44 ± 0.03 and large percent elongation 
at break of 47.20 ± 2.23 as shown in Table 2. Percent elongation at 
break measures the flexibility of a wound dressing and it is considered as 
an important parameter during application or removal from the wound 
site [30]. Tensile properties of the patch can also be explained with the 
stress-strain curve as shown in Fig. 1J and K. It is noticed that CGP1 
broke into 2 parts once the tensile strength is applied while the gauze 
patch remained elongated (Fig. 1). 

3.3. Folding endurance 

Folding endurance measures the ability of patches to withstand the 
external force and it is correlated with the mechanical properties. High 
folding endurance number indicates high mechanical properties for 
CGPs indicating their integrity during general skin folding [31]. As 
shown in Table 2, CGP1 showed the lowest folding endurance (27 times) 
and developed a furrow while the rest of the formulations (CGP2 to 
CGP4) were found to withstand folding more than 300 times primarily 
due to the network of cotton and other components. Addition of gauze 
backing layer has significantly increased the folding endurance of the 
patches and improved their flexibility. Flexibility is prerequisite for 
wound dressing as it will directly influence the conformability of the 
dressing. All patches with gauze impregnated layer (CGP2 to CGP4) 
showed good flexibility. 

3.4. Moisture content 

Moisture content measurement is one of the crucial factors that affect 
fluid or exudate uptake in a wound by the patches [32]. It can also affect 

the drug release from the matrix layer and microbial growth in CGPs. 
The CGPs demonstrated moisture levels between 6.58 ± 0.55 to 10.70 ±
0.21 and interestingly the gallocatechin bearing CGPs (CGP 2: 6.58 ±
0.55; CGP3: 7.10 ± 0.27) showed low moisture content. Low percent of 
moisture content may provide greater stability, longer shelf life and 
prevent formation of dried and brittle dressing [22]. 

3.5. Water absorption test 

Water absorption percentages of CGPs are shown in Table 2. The 
CGP1 had the highest percentage (197.06 ± 13.47) of water absorption 
and the lowest was observed in CGP4 with 84.10 ± 4.68%. Addition of 
cotton gauze is expected to increase water absorbability of the patches. 
However, the results did not support the assumption due to the forma-
tion of water insoluble chitosan matrix around the cotton fibre hindering 
its water absorbability. Perhaps due to chitosan being an acid-soluble 
and water-insoluble polymer it might have reduced the water absorp-
tion capacity. 

3.6. Vertical wicking test 

The CGP1 showed a good water absorbability and transferability. 
Addition of gallocatechin into the formulation (CGP2 and CGP3) 
improved the water absorption rate compared to silver sulfadiazine 
(CGP4) slightly. However, CGP1 exhibited significantly higher capillary 
action compared to its counterparts. The CGP1 had 4.4 mm height of 
wicked water in comparison to 2.8, 2.8 and 2.2 for CGP2, CGP3 and 
CGP4 respectively. Good water absorption rate is an indication that 
CGPs can absorb exudates, attach to the wound for a longer time and 
may improve the rate of drug release at the wound site. 

3.7. Estimation of gallocatechin content 

As described previously by Vinklárková et al. [33], the preparation of 
transdermal patches should contain 90 to 110% of stated drug content. 
The GC/AgS contents of CGP2, CGP3 and CGP4 were examined as per 
the method described earlier. The calculated amounts of GC/AgS in 
CGP2, CGP3 and CGP4 were 93.47 ± 5.85, 93.22 ± 8.72 and 91.47 ±
5.52% respectively. The result showed that the method employed for 

Fig. 1. GC-AgNPs or AgS impregnated cotton gauze patches and their physi-
cochemical characterization A) Prepared CGP1 to CGP4 circular patches of 28 
mm diameter which are investigated for wound healing along with respective 
liquid suspension used for impregnation of cotton gauzes; B) A representative 
patch of CGP3 with its three-dimensional view and flexibility; C) Image 
showing CGP in a beaker during water absorption test; D) CGP1 before tensile 
strength test; E) CGP1 stretched; F) CGP1 at the end of the test; G) CGP3 before 
tensile strength test; H) CGP3 stretched; I) CGP3 at the end of the test; J) Stress- 
strain curve of CGP1; K) Stress-strain curve of CGP3; L) Permeation profiles of 
CGP2, CGP3 and CGP4 across Strat-M® membrane. 

Fig. 2. Assessment of compatibility of GC and AgS with other formulation 
components evaluated by FTIR and DSC during preformulation study. A) FTIR 
spectra of pure chitosan, gallocatechin, AgS and when in CGP1, CGP2, CGP4 
showing bands of stretching, bending and deformations, the spectra of a simple 
physical mixture of CGP2 raw materials to evaluate the physical interaction; B) 
DSC thermograms of pure chitosan, gallocatechin, AgS and when in CGP1, 
CGP2, CGP4 showing broad and sharp peaks indicating crystallinity, phase 
transition, impurity and interactions, a simple physical mixture of CGP2 raw 
materials to evaluate the physical interaction. 
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preparing CGP is capable of giving uniform GC/AgS content with min-
imum batch variability and good homogeneity. 

3.8. Fourier Transform Infrared Spectroscopy (FTIR) study 

In Fig. 2A FTIR spectra of pure GC showed functional peaks at 
3203.57 cm− 1 (O–H stretching), 1691.79 cm− 1 (C––C stretching) and 
1345.56 cm− 1 (Phenol C–O stretching) representing structural features 
of the molecule. Pure chitosan demonstrated functional peaks at 
1738.24 cm− 1 (N–H bending), 1366.79 cm− 1 (C–H stretching), 
1216.28 cm− 1 (Phenol C–O band) and 1024.35 cm− 1 (N–C stretching). 
Similarly, pure AgS had important peaks at 1737.27 cm− 1 (N–H 
bending), 1596. 64 cm− 1 (C––C stretching) and 1229.64 cm− 1 (C–O 
stretching). CGPs did not demonstrate any major changes in peak po-
sitions, shifting of peaks and broadening of the peaks, no obvious 
functional group changes in the FTIR spectra of individual components 
were noticed indicating retention of functional groups even after 
formulation. 

3.9. Differential Scanning Calorimety (DSC) study 

The Fig. 2B represents the thermograms of pure chitosan, galloca-
techin, AgS, AgNPs as well as CGPs. The pure chitosan showed a broad 
endothermic peak at 90.6 ◦C, gallocatechin had two sharp endothermic 
peaks at 78.2 ◦C and 148.2 ◦C. AgS exhibited a sharp exothermic peak at 
297.1 ◦C, the physical mixture of raw materials predominantly showed 
similar thermogram like that of pure chitosan due to its large weight 
ratio. The CGPs demonstrated broad endothermic peaks between the 
104.9–121.5 ◦C and 268.4–285.8 ◦C suggesting broadening and shifting 
of peaks indicating physical interactions between raw materials leading 
to loss of crystalline behaviour of pure compounds. 

3.10. GC/AgS permeation study 

Franz diffusion cell was used to study in vitro GC/AgS permeation. 
Fig. 1L depicts the permeation profiles of CGP2, CGP3 and CGP4 in PBS 
(pH 7.4) at 37 ± 0.5 ◦C against time. Initial burst release was noticed 
from the CGPs within 15 min in all the three formulations. There was 
32.64, 37.76 and 10.42% GC/AgS release from CGP2, CGP3, CGP4 
respectively at 15 min time point. After that there was a short lag phase 
between 0.5 and 1 hour in all the CGPs and a fall in percentage was 
observed. At 30 min 29.18, 24.93 and 4.90% was recorded respectively 
from the same CGPs. It was further dropped at 1 h to 28.32 and 20.62% 
in CGP2, CGP3 respectively, contrary to this CGP4 reversed the fall and 
showed 8.48 % from its earlier time point. The GC/AgS was released 
gradually from the patches after one hour. Gallocatechin was 99.64% 
released from the chitosan matrix within 2 h in CGP2 in comparison to 
83.21% from CGP3 as shown in Fig. 1L. However, CGP3 released 100% 
at 4 h whereas formulation CGP4 released 49.09 % of AgS. Permeation 
rate or flux of gallocatechin in CGP3 was 0.143 compared to 0.061 mg/ 
sq.cm/h of CGP2. The flux of AgS in CGP4 was found to be 0.378 mg/sq. 
cm/h due to its high initial drug load. 

3.11. Effect of GC-AgNPs-CGPs on body weight and blood glucose levels 
in diabetic rats 

Fig. 3A illustrates the effect of GC-AgNPs-CGP on mean weekly 
bodyweight. On Day 0, there was no significant difference in body 
weight among all groups (p > 0.05), but diabetic rats dressed with blank 
cotton gauze patches (DC-CGP1) showed significant (p < 0.05) decrease 
in body weight on days 6, 12 and 18 as compared to normal control rats 
dressed with blank cotton gauze patches (NC-CGP1). Besides, diabetic 
rats dressed with 13.06 μM GC-AgNPs and 26.12 μM GC-AgNPs-CGPs 
(CGP2 and CGP3) prevented body weight loss as compared to diabetic 
rats dressed with blank cotton gauze patches (DC-CGP1). 

The effect of GC-AgNPs-CGP on blood sugar levels was depicted in 

Fig. 3B. Diabetic rats dressed with DC-CGP1 had significantly higher 
blood glucose levels when compared to normal control rats dressed with 
NC-CGP1. Diabetic rats dressed with 26.12 μM GC-AgNPs (CGP3) had 
significantly (p < 0.05) lower blood glucose levels on days 6, 12 and 18 
when compared to DC-CGP1. 

3.12. Effect of GC-AgNPs-CGPs on wound healing in diabetic rats 

Fig. 3D displays the images of wound healing belonging to each 
category of rats on days 0, 3, 6, 9, 12, 15, and 18 following wound 
creation. Fig. 3C indicates the total duration of wound healing (days) on 
experimental rats. DC-CGP1 dressed rats had a significantly longer 
wound healing period than NC-CGP1 dressed rats. In comparison to 
diabetic rats, 13.06 μM CGP2 and 26.12 μM CGP3 had significantly (p <
0.05) lower wound healing time. 

3.13. Effect of GC-AgNPs-CGPs on histopathology in diabetic rats 

Histological examination of skin of various experimental groups was 
seen in Fig. 4A. The skin sections of the NC-CGP1 dressed rats displayed 
normal skin histological features with clear keratin sheet, intact base-
ment membrane, epidermis and dermis with associated structures (hair 
follicles, sweat and sebaceous glands). In contrast, the wounded area of 
skin in the diabetic rats exhibited serious histologic alterations in the 
form of complete loss of epithelial cover exposing the underlying tissue 
and wound gap filled with irregularly arranged granulation tissue with 
inflammatory cell infiltrations. Additionally, neovascularisation was 
observed at the base of wound. While, significant improvement was 
observed in 13.06 μM CGP2 and 26.12 μM CGP3 dressed diabetic rats in 
the form of optimal re-epithelisation, epidermal remodelling, dermal 
reconstruction and the surface was fully covered by a thick sero-cellular 
crust composed of necrotic tissue debris and inflammatory exudates. 
Furthermore, decreased collagen was observed in skin histological sec-
tions of diabetic rats but increased collagen was observed in Masson's 
trichrome stained sections of diabetic rats dressed with 13.06 μM CGP2 

Fig. 3. Effect of GC-AgNP CGPs dressing on metabolic parameters and wound 
healing time in diabetic rats. (A) Body weight; (B) Blood glucose; (C) Complete 
wound healing time; (D) Wound healing pictures on different days; NC + CGP1: 
Normal control dressed with blank cotton gauze; DC + CGP1: Diabetic control 
rats dressed with blank cotton gauze; CGP2: Diabetic rats dressed with 13.06 
μM gallocatechin and silver nanoparticle (GC-AgNP) impregnated cotton gauze 
patches (DC+ 13.06 μM CGP2); CGP3: Diabetic rats dressed with 26.12 μM 
gallocatechin and silver nanoparticle (GC-AgNP) impregnated cotton gauze 
patches (DC+ 26.12 μM CGP3). CGP4: Diabetic rats dressed with silver sulfa-
diazine (DC + AgS) impregnated cotton gauze patches. Data were expressed as 
mean ± S.E.M (n = 6). *p < 0.05 compared to control, # p < 0.05 compared 
to DC. 
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and 26.12 μM CGP3 (Fig. 4B). 

3.14. Effect of GC-AgNP-CGPs on oxidative and anti-oxidative 
parameters in diabetic rats 

DC-CGP1 dressed rat healing tissues exhibited lower mRNA expres-
sion of Nrf2 (Fig. 5A), Nqo1 (Fig. 5C) and Ho-1 (Fig. 5D) and higher 
Keap-1 mRNA expression (Fig. 5B) when compared to NC-CGP1 dressed 
rats. However, there was a significant increase in Nrf2, Nqo1 and Ho-1 
with decreased Keap-1 mRNA expression in topically applied 13.06 μM 
CGP2 and 26.12 μM CGP3 dressed diabetic rats compared to diabetic 
rats. Malondialdehyde (MDA), lipid peroxidation (LPO) product content 
in healing tissue was significantly higher in DC-CGP1 dressed rats 
compared to NC-CGP1 dressed rats (Fig. 5E). In addition, antioxidant 
enzymes such as SOD (Fig. 5F), CAT (Fig. 5G) and GPx (Fig. 5H) levels 

were significantly (p < 0.05) decreased in healing tissues of DC-CGP1 
dressed rats when compared with healing tissues of NC-CGP1 dressed 
rats. However, these antioxidant enzyme levels were significantly 
increased and MDA levels were significantly decreased in diabetic rats 
dressed with 13.06 μM CGP2 and 26.12 μM CGP3 compared to DC-CGP1 
dressed rats.Immunohistochemistry results showed that DC-CGP1 
dressed healing tissues showed lower distribution of Nrf2 (Fig. 6A) 
and HO-1 (Fig. 6B) as compared to NC-CGP1 dressed rats. Whereas 
diabetic rats dressed with 13.06 μM CGP2 and 26.12 μM CGP3 showed 
higher distribution of Nrf2 and HO-1 when compared to DC-CGP1 
dressed rats. 

Fig. 4. Effect of GC-AgNP CGPs dressing on histopathology in diabetic rats. (A) H & E; (B) Masson trichrome staining. NC + CGP1: Normal control dressed with 
blank cotton gauze; DC + CGP1: Diabetic control rats dressed with blank cotton gauze; CGP2: Diabetic rats dressed with 13.06 μM gallocatechin and silver nano-
particle (GC-AgNP) impregnated cotton gauze patches (DC+ 13.06 μM CGP2); CGP3: Diabetic rats dressed with 26.12 μM gallocatechin and silver nanoparticle (GC- 
AgNP) impregnated cotton gauze patches (DC+ 26.12 μM CGP3). CGP4: Diabetic rats dressed with silver sulfadiazine (DC + AgS) impregnated cotton gauze patches. 
Scale bar = 100 μm. 
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3.15. Effect of GC-AgNP-CGPs on inflammation parameters in diabetic 
rats 

In order to determine the impact of GC-AgNP-CGP on inflammation 
in the wounds of diabetic rats, mRNA expression of inflammatory 
markers was assessed. The mRNA expressions of Tlr4 (Fig. 7A), Myd88 
(Fig. 7B), Nfkβ (Fig. 7C), Tnf-α (Fig. 7E) and Il-6 (Fig. 7F) were upre-
gulated with downregulated mRNA expression of Ikk-α (Fig. 7D) in DC- 
CGP1 dressed rats healing skin when compared with DC-CGP1 dressed 
rats. However, Tlr4, Myd88, Nfkβ, Tnf-α and Il-6 mRNA expression was 
downregulated with upregulated mRNA expression of Ikb-α in diabetic 
rats topical dressed with 13.06 μM CGP2 and 26.12 μM CGP3 when 
compared with DC-CGP1 dressed rats. 

Supporting the observations of gene expression studies, immuno-
histochemistry and immunofluorescence studies revealed increased 
distribution of MYD88 (Fig. 7G), NFKβ p65 (Fig. 8A) and TNF-α (Fig. 8B) 
proteins was observed in DC-CGP1 dressed rats when compared to same 
distribution of proteins in NC-CGP1 dressed rats. In contrast, diabetic 
rats topical dressed with 13.06 μM CGP2 and 26.12 μM CGP3 showed 

lower distribution of MYD88, NFKβ p65 and TNF-α when compared to 
same protein distribution levels in DC-CGP1 dressed rats. 

3.16. Effect of GC-AgNPs-CGPs on growth factors and MMP-2 in diabetic 
rats 

The distribution of growth factors such as VEGF (Fig. 9A), EGF 
(Fig. 9B), TGFβ (Fig. 9B) and FGF2 (Fig. 10A) decreased with increased 
distribution of MMP2 (Fig. 10B) in the DC-CGP1 dressed rats compared 
to NC-CGP1 dressed rats. In contrast, the distribution of VEGF, EGF, 
TGFβ and FGF2 was increased with decreased MMP2 in diabetic rats 
topical dressed with 13.06 μM CGP2 and 26.12 μM CGP3 compared to 
DC-CGP1 dressed rats. 

4. Discussion 

One of the most prominent clinical symptoms of diabetes is delayed 
wound healing. The cause of delayed wound healing in diabetes mellitus 
is multi-factorial, including elevated oxidative stress, chronic 

Fig. 5. Effect of GC-AgNP CGPs dressing on oxidative and anti-oxidative parameters in diabetic rats. Relative mRNA expression of (A) Nrf2; (B) Keap 1; (C) Nqo1; (D) 
Ho-1; (E) MDA; (F) SOD; (G) CAT; (H) GPx; NC + CGP1: Normal control dressed with blank cotton gauze; DC + CGP1: Diabetic control rats dressed with blank cotton 
gauze; CGP2: Diabetic rats dressed with 13.06 μM gallocatechin and silver nanoparticle (GC-AgNP) impregnated cotton gauze patches (DC+ 13.06 μM CGP2); CGP3: 
Diabetic rats dressed with 26.12 μM gallocatechin and silver nanoparticle (GC-AgNP) impregnated cotton gauze patches (DC+ 26.12 μM CGP3). CGP4: Diabetic rats 
dressed with silver sulfadiazine (DC + AgS) impregnated cotton gauze patches. Data were expressed as mean ± S.E.M (n = 6). *p < 0.05 compared to control, # p <
0.05 compared to DC. 
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inflammation and changes in connective tissue and reduced collagen 
synthesis and reepithelialisation. Creation of animal models helps in 
studying the healing mechanism under diabetes milieu. In this study, 
streptozotocin (STZ) and nicotinamide were used for induction of dia-
betes in rats. STZ is a diabetic agent that damages pancreatic β cells, 
whereas nicotinamide partially prevented STZ induced pancreatic β cell 
damages, which subsequently resulted in a diabetic phenotype. A sig-
nificant progress in diabetic wound healing using combinations of 
several metallic nanoparticles, polymers and polysaccharides have been 
reported in the literature. Silver ions due to their antimicrobial effects 
have been very effective and widely employed in wound dressings. 
Further, modifications to AgNPs have potentiated their antimicrobial 
profiles, surface modified silica and silver nanoparticles with 2-amino-
methylpyridine (Si-TAMPy) and 8-hydroxyqinoloine (Si-TQ) exhibited 
a broad antibacterial profile [34]. In a study conducted by Abdelsalam 

et al. [35] on meristematic tissues of root tips detected chromosomal 
abnormalities in cells at >40 ppm concentrations of AgNPs. Conversely, 
both silver and gold nanoparticles demonstrated significant reduction in 
cardiotoxicity along with blackberry extract [36]. Fauda et al. [37] re-
ported improved diabetic wound healing in rats by a glycoaminoglycan 
usually present in soft connective tissues commonly referred as hya-
luronan. High concentrations of hyaluronan not only reduced the 
pathogenic microbes at the wound site but also reduced the markers 
associated with oxidative stress and toxicity. Similarly, accelerated 
wound healing was observed by El-Aassar et al. [38] when combination 
of hyaluronic acid, polygalactouronic acid and AgNPs were embedded in 
a nanofibrous wound dressing. Therefore, the current research is started 
by developing the GC-AgNPs impregnated cotton gauze patches and 
studying its role in wound healing. The GC-AgNPs-CGPs were well 
characterized for various physicochemical properties. The results 

Fig. 6. Effect of GC-AgNP CGPs dressing on oxidative and anti-oxidative parameters in diabetic rats. Immunohistochemistry staining of (A) NRF2; (B) HO-1. NC +
CGP1: Normal control dressed with blank cotton gauze; DC + CGP1: Diabetic control rats dressed with blank cotton gauze; CGP2: Diabetic rats dressed with 13.06 μM 
gallocatechin and silver nanoparticle (GC-AgNP) impregnated cotton gauze patches (DC+ 13.06 μM CGP2); CGP3: Diabetic rats dressed with 26.12 μM gallocatechin 
and silver nanoparticle (GC-AgNP) impregnated cotton gauze patches (DC+ 26.12 μM CGP3). CGP4: Diabetic rats dressed with silver sulfadiazine (DC + AgS) 
impregnated cotton gauze patches. Scale bar = 100 μm. 
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revealed that GC-AgNPs-CGPs accelerate wound healing in diabetic rats 
through its anti-diabetic, anti-oxidant and anti-inflammatory effects. 

The appearance of prepared CGPs was homogenous with no air 
bubbles, brittleness, discolouration and fissures. Their physicochemical 
properties such as folding endurance, moisture content, GC/AgS content 
were acceptable and promote wound healing. The tensile strengths of 
GC-AgNP CGPs were evaluated as shown in Fig. 1. Initial linear section 
of the curve represents the elastic deformation of the patch. This is the 
stage where the patch is being stretched and this deformation can be 
reversed by removing the stress applied. The peak of the curve is known 
as tensile strength with the maximum stress value. Beyond this point, 
additional stress can cause permanent deformation and eventually 
progress to breaking point. From the results, CGP2 to CGP3 showed 
significant flexibility with good elasticity without break and can with-
stand stress during dressing application, dressing removal and during 
patient movement as seen in Fig. 1K. 

To know the water absorption capabilities of GC-AgNPs-CGPs, water 
absorption test and vertical wicking tests were carried out. These CGPs 
had moderate water absorption, the water absorption of CGPs can be 
explained with diffusion mechanism proposed by Lukitowati and 
Indrani [39] where polar water molecules (ionised into H+ and OH−

ions) were trapped at the hydroxyl, ether and amine functional groups in 
chitosan film and hence causes weight gain when immersed in water. A 
wound dressing with good water absorption can absorb wound exudate 
and maintain moist healing environment. Moist wound treatment can 
promote tissue regeneration, accelerate wound healing, allow gentle 
dressing removal without interrupting freshly formed tissue and reduce 
scar formation [40–42]. 

The FTIR spectra of raw materials and CGPs are as shown in Fig. 2A. 
Chitosan is a biodegradable polymer of semi-crystalline properties. Its 
FTIR spectra showed functional peaks 1738.24 cm− 1 (N–H bending), 
1366.79 cm− 1 (C–H stretching), 1216.28 cm− 1 (Phenol C–O band) and 
1024.35 cm− 1 (N–C stretching). However, the intensity of O–H, C–O 
vibrations is not captured in the spectra. Their intensity has increased 

upon addition of AgNPs to the chitosan matrix of CGP spectra. In 
addition, a broad peak in the FTIR spectra of CGPs also suggests the 
solvent casting method used for the film formation. This is further 
confirmed by the absence of broad peak in the physical mixture of raw 
materials where solvent casting was not used. Pure GC showed func-
tional peaks at 3203.57 cm− 1 (O–H stretching), 1691.79 cm− 1 (C––C 
stretching) and 1345.56 cm− 1 (Phenol C–O stretching) which are not 
prominent. Overall, CGPs did not exhibited any major functional group 
changes to indicate chemical interactions. 

The DSC thermogram of pure chitosan polymer showed melting peak 
at 90.6 ◦C, in presence of AgNPs this shifted towards higher end. There 
was an increase in melting peaks of CGP2, CGP3 and CGP4 to 109.6, 
114, 121.5 ◦C respectively. Besides the peak intensity was enhanced due 
to AgNPs presence. Presence of Gallocatechin, AgS enhanced the crys-
tallinity of the CGPs noticed in the thermograms by reduced broadening 
of the peaks. The thermograms are dominated by the chitosan because 
its concentration is relatively higher than other components. Never-
theless, physical interactions were observed that altered the physical 
state causing shifts and changes in peak intensities. 

The GC/AgS release and permeation in Franz diffusion cell revealed 
a sharp rise in receptor compartment concentration in the first 15 min of 
the study which dropped rapidly till 1 h. There could be a possibility that 
initial release is from the surface of CGPs and not from the matrix. 
Shrinkage of matrix layer may also be one of the reasons that might have 
caused initial burst release. It was assumed that considerable time is 
needed for GC/AgS to diffuse out from the inner part of the matrix giving 
a prolonged release character. This is correlated well with the vertical 
wicking test and static immersion test which revealed significantly lesser 
capillary action, water absorption by the other CGPs compared to CGP1. 
CGP2 revealed lesser permeation compared to CGP3, with higher con-
centration of GC in CGP3 higher concentration gradient is possible that 
can result in greater diffusion. It was also evident in higher flux observed 
in CGP3 than CGP2. Drug release rate is highly dependent on its diffu-
sion from the pores of polymer matrix and diffusivity of the drug which 

Fig. 7. Effect of GC-AgNP CGPs dressing on inflammation parameters in diabetic rats. Relative mRNA expression of (A) Tlr4; (B) Myd88; (C) Nfkb; (D) Ikbα; (E) Tnf-α; 
(F) Il-6; Immunohistochemistry staining of (G) MYD88; NC + CGP1: Normal control dressed with blank cotton gauze; DC + CGP1: Diabetic control rats dressed with 
blank cotton gauze; CGP2: Diabetic rats dressed with 13.06 μM gallocatechin and silver nanoparticle (GC-AgNP) impregnated cotton gauze patches (DC+ 13.06 μM 
CGP2); CGP3: Diabetic rats dressed with 26.12 μM gallocatechin and silver nanoparticle (GC-AgNP) impregnated cotton gauze patches (DC+ 26.12 μM CGP3). CGP4: 
Diabetic rats dressed with silver sulfadiazine (DC + AgS) impregnated cotton gauze patches. Data were expressed as mean ± S.E.M (n = 6). *p < 0.05 compared to 
control, # p < 0.05 compared to DC. Scale bar = 100 μm. 
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is indirectly proportional to its molecular weight [23]. Silver sulfadia-
zine might be chemically or electrostatically bound to the chitosan 
matrix resulting in incomplete release or sustained release. 

Diabetic rats with blank cotton gauze patch showed significant 
decrease in body weight on days 6, 12 and 18 when compared to that of 
body weight in control rats with normal cotton gauze patch, while 
diabetic rats dressed with 13.06 μM CGP2 and 26.12 μM CGP3 pre-
vented body weight loss that was observed in DC-CGP1 indicating 
improvement in body weight after treating diabetic wounds with 13.06 
μM CGP2 and 26.12 μM CGP3. During the study, high levels of blood 
glucose were observed in DC-CGP1 rats when compared to NC-CGP1 
rats. Conversely, 13.06 μM CGP2 and 26.12 μM CGP3 dressed diabetic 
rats showed fall in glucose levels when compared to DC-CGP1 rats 
demonstrating anti-glycemic effect of GC-AgNPs-CGPs. The results are 
well supported by Samarghandian et al. [9] who reported anti- 
hyperglycemic effect of catechin in the management of diabetes. 

The gross wound size was higher with increased wound healing time 
in diabetic rats but decreased gross wound size with significant reduc-
tion in wound healing time was observed in 13.06 μM CGP2 and 26.12 
μM CGP3 diabetic rats. These dressings facilitate healing in diabetic rats 
through antibacterial, anti-inflammatory, proangiogenic and prolifera-
tive properties. Earlier studies identified that topical application of 
(− )-epigallocatechin gallate improves wound healing in diabetic mice 
by enhancing wound contraction and reducing wound duration [43]. 

Histopathological studies supported the gross changes through 
increased re-epithelialization, neovascularisation, strong fibrous con-
tent with parallel structured collagen fibres, hair regrowth and a highly 
organized epidermal growth with keratinocytes in the skin after the 
application of 13.06 μM CGP2 and 26.12 μM CGP3 to diabetic rats. 
Besides, Masson trichrome stains confirm presence of increased presence 
of collagen on diabetic rat's skin dressed with 13.06 μM CGP2 and 26.12 
μM CGP3. Previously, Negrão et al. [44] observed that catechins are 
capable of increasing the mechanism of angiogenesis, which is corre-
lated with the present findings. 

Experimental and clinical studies have shown that delay in diabetic 
wounds is associated with oxidative stress [3,45,46]. Even though 
reactive oxygen species (ROS) have been considered as critical regula-
tors at different phases of wound healing, oxidative stress ensues when 
ROS outweigh the antioxidant defences that lead to delay in wound 
repair [47]. Earlier studies of Shaheen et al. [48] identified the role of 
gold and silver nanoparticles in successfully combating oxidative stress 
in diabetic rat model by elevating antioxidant defence and regulation of 
inflammatory markers IL-α and C-Reactive protein via reduced lipid 
profile. In this study, diabetic wound experienced high oxidizing envi-
ronment in the form of elevated levels of MDA, a product of lipid per-
oxidation and reduced activities of antioxidant defences such as SOD, 
CAT and GPx. The present findings support earlier observations of 
elevated lipid peroxidation and compromised antioxidant defences [3]. 

Fig. 8. Effect of GC-AgNP CGPs dressing on inflammation parameters in diabetic rats. 
Immunofluorescence staining of (A) NFKβ p65 (Red colour); immunohistochemistry staining of (B) TNF-α. NC + CGP1: Normal control dressed with blank cotton 
gauze; DC + CGP1: Diabetic control rats dressed with blank cotton gauze; CGP2: Diabetic rats dressed with 13.06 μM gallocatechin and silver nanoparticle (GC- 
AgNP) impregnated cotton gauze patches (DC+ 13.06 μM CGP2); CGP3: Diabetic rats dressed with 26.12 μM gallocatechin and silver nanoparticle (GC-AgNP) 
impregnated cotton gauze patches (DC+ 26.12 μM CGP3). CGP4: Diabetic rats dressed with silver sulfadiazine (DC + AgS) impregnated cotton gauze patches. Data 
were expressed as mean ± S.E.M (n = 6). *p < 0.05 compared to control, # p < 0.05 compared to DC. Scale bar = 100 μm. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Conversely, diabetic rats dressed with 13.06 μM CGP2 and 26.12 μM 
CGP3 showed increased levels of MDA with reduced enzymes activities 
of SOD, CAT and GPx in the healing tissue is an indication of reduced 
oxidative stress in wound area. Previously, Oršolić et al. [49] found that 
epigallocatechin gallate reduces oxidative stress levels in diabetic mice. 

To know the in-depth mechanisms behind de-regulation of oxidative 
status, Nrf2 pathway is studied as previous studies pointed out that Nrf2 
suppression delays wound healing through consistent oxidative stress 
and inflammation [50]. In vitro and in vivo experiments showed that 
suppression of Nrf2 activation hampers wound repair and activation of 
Nrf2 accelerates wound repair by attenuating oxidative stress and 
inflammation [50]. DC-CGP1 dressed rat healing tissues exhibited lower 
mRNA expression of Nrf2, Nqo1 and Ho-1 and protein distribution of 
Nrf2 with higher mRNA expression and protein distribution of Keap-1 
when compared to respective mRNA and protein distribution in NC- 
CGP1 dressed rats. However, there was upregulated mRNA expression 
of Nrf2, Nqo1 and Ho-1) and increased protein distribution of Nrf2 with 
reduced mRNA expression and protein distribution of Keap-1 in 13.06 
μM CGP2 and 26.12 μM CGP3 dressed diabetic rats demonstrating the 
involvement of activated Nrf2 and its associated factors in the modu-
lation of oxidative stress. 

Although low level inflammation including generation of pro- 
inflammatory mediators is a common feature and beneficial to heal 
wounds [51], some external stimulus including hyperglycemia makes 
wounds stuck in a persistent inflammatory state [3,50,52] that halts the 
wound healing process. In addition, there are studies which reported the 
involvement of oxidative stress in the aggravation of inflammatory 
condition [50]. Earlier it was reported that activation of NF-κB is 

involved in development and progression of inflammation [53]. Nor-
mally in the cytoplasm NF-kB stays inactive in association with IκBα and 
upon activation IκBα gets degraded and then NF-kB translocates to nu-
cleus to activate effectors of inflammation [54]. Of note, the involve-
ment of TLR4 and MYD88 in the activation of NF-kB and thereby 
elevated expression of inflammatory effectors is also evidenced [54]. In 
this study, DC-CGP1 dressed rats presented with elevated mRNA 
expression of Tlr4, Myd88, Nfkβ, Tnf-α and Il-6 and protein distribution 
of MYD88, NF-kB p65 and TNF-α with reduced mRNA expression of Ikb- 
α. It indicates the activation of TLR4/MYD88/NF-kB pathway and 
stimulation of inflammatory effectors (Tnf-α and Il-6) thereby stops 
healing of diabetic wound. In contrast, dressing of diabetic wounds with 
13.06 μM CGP2 and 26.12 μM CGP3 significantly improved wound 
healing through inactivation of TLR4/MYD88/NF-kB pathway and 
suppression of effectors of inflammation. 

Plethora of scientific reports claimed the importance of growth fac-
tors such as VEGF, EGF, TGFβ and FGF in neovascularisation or angio-
genesis and role of collagen synthesis in the promotion of wound healing 
through granular tissue formation [55–60]. Collagen synthesis has been 
considered as most critical event in wound healing as its organization 
into thick bundles makes tissue strong. Previous studies also reported 
the involvement of MMPs in delaying of wound healing through its 
degrading ability on extracellular matrix [61,62]. In the present study, 
diabetic wound caused reduced protein distribution of VEGF, EGF, TGFβ 
and FGF with elevated distribution of MMP2 protein and reduced 
collagen synthesis. Conversely, distribution of VEGF, EGF, TGFβ and 
FGF2 was elevated with reduced distribution of MMP2 and increased 
collagen synthesis in diabetic rats topical dressed with 13.06 μM CGP2 

Fig. 9. Effect of GC-AgNP CGPs dressing on growth factors in diabetic rats. Immunohistochemistry staining of (A) VEGF; Immunofluorescence double staining 
images showing co-localization of (B) EGF (red) and TGFβ (green). NC + CGP1: Normal control dressed with blank cotton gauze; DC + CGP1: Diabetic control rats 
dressed with blank cotton gauze; CGP2: Diabetic rats dressed with 13.06 μM gallocatechin and silver nanoparticle (GC-AgNP) impregnated cotton gauze patches 
(DC+ 13.06 μM CGP2); CGP3: Diabetic rats dressed with 26.12 μM gallocatechin and silver nanoparticle (GC-AgNP) impregnated cotton gauze patches (DC+ 26.12 
μM CGP3). CGP4: Diabetic rats dressed with silver sulfadiazine (DC + AgS) impregnated cotton gauze patches. Data were expressed as mean ± S.E.M (n = 6). Scale 
bar = 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and 26.12 μM CGP3 when compared to DC-CGP1 dressed rats indicating 
activation of growth factors, suppression of MMP-2 and increased 
collagen synthesis thereby helped in faster healing of diabetic wound. 

The biochemical and molecular analyses data are well supported by 
histopathological observations in the study. CGP1 dressed diabetic rats 
showed serious histologic alterations in the form of loss of epithelial 
cover, inflammatory cell infiltrations and empty spaces. While, diabetic 
rats dressed with 13.06 μM CGP2 and 26.12 μM CGP3 showed signifi-
cant improvement in the form of optimal re-epithelisation, epidermal 
remodelling, dermal reconstruction and the surface was fully covered by 
a thick sero-cellular crust composed of necrotic tissue debris and in-
flammatory exudates with increased collagen content. 

In conclusion, the prepared CGP2, CGP3 and CGP4 formulations 
were characterized for various physicochemical properties. The CGPs 
demonstrated insignificant weight variation, thickness, but possesses 
good tensile strength, folding endurance prerequisite for transdermal 
applications. Besides, low moisture levels to check microbial growth and 
higher water absorption capabilities are ideal for exuding wounds. The 
in vitro permeation study on CGP2 and CGP3 revealed that GC can 
permeate rapidly with a flux of 0.061 and 0.143 mg/sq.cm/h and more 
than 83.21% in 2 h. Further, in vivo wound healing ability in animal 
model is significantly improved by 13.06 μM CGP2 and 26.12 μM CGP3. 
The improvement might be due to its antioxidant, anti-inflammatory 
properties with increased growth factors and reduced matrix metal-
loproteinase. Altogether, 13.06 μM CGP2 and 26.12 μM CGP3 due to 
immediate release of GC showed significant improvement in wound 
healing and it could be a potential therapy to treat diabetic wounds, 

further clinical studies are warranted before its clinical use. 
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