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Background: Diabetic foot ulcers present a formidable challenge due to colonization by biofilm-forming microorganisms, heightened 
oxidative stress, and continuous wound maceration caused by excessive exudation.
Methods: To address these issues, we developed a robust, stretchable, electro-conductive, self-healing, antioxidant, and antibiofilm 
hydrogel. This hydrogel was synthesized through the crosslinking of polyvinyl alcohol (PVA) and chitosan (CH) with boric acid. To 
enhance its antimicrobial efficacy, graphene oxide (GO), produced via electrochemical exfoliation in a zinc ion-based electrolyte 
medium, was incorporated. For optimal antibiofilm performance, GO was functionalized with cranberry (CR) phenolic extracts, 
forming a graphene oxide-cranberry nanohybrid (GO-CR).
Results: The incorporation of GO-CR into the hydrogel significantly improved its stretchability (280% for PVA/CH/GO-CR compared to 
200% for PVA/CH). Additionally, the hydrogel demonstrated efficient photothermal conversion under near-infrared (NIR) light, enabling 
dynamic exudate removal, which is expected to minimize retained exudate between the wound and the dressing, reducing the risk of wound 
maceration. The hydrogel effectively reduced levels of lipopolysaccharide (LPS)-induced skin inflammation markers, significantly lowering 
the expression of NLRP3, TNF-α, IL-6, and IL-1β by 39.2%, 31.9%, 41%, and 52.3%, respectively. Histopathological and immunohisto-
chemical analyses further confirmed reduced inflammation and enhanced wound healing.
Conclusion: The PVA/CH/GO-CR hydrogel exhibits multifunctional properties that enhance wound healing ulcers. Its superior 
mechanical, antibacterial, and anti-inflammatory properties and ability to promote angiogenesis make it a promising candidate for 
effective wound management in diabetic patients.
Keywords: antibiofilm, cranberry extract, electro conductive hydrogel, graphene oxide, nanocomposite, photothermal conversion, 
self-healing, wound healing
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Introduction
The skin, the body’s largest organ, serves as its outermost protective covering, shielding against external interference.1 

Wounds arise primarily from skin damage induced by various factors, including thermal, physical, chemical, immuno-
logical, and microbiological agents. Any skin injury creates a gateway for bacteria to infiltrate the wound, leading to 
potential infection.2 The wound healing process encompasses four stages: hemostasis, inflammation, proliferation, and 
remodeling. Different types of wounds and injuries to the skin, such as burns, abrasions, bites, cuts, scrapes, scratches, 
and surgical incisions, usually result from blunt or penetrating trauma. They tend to heal with minimal complications and 
within a relatively short period.3 Diabetes and hypertension are underlying disorders that impede the healing process by 
extending the inflammatory phase, increasing the risk of infection, encouraging the growth of bacterial biofilms resistant 
to antibiotics, and preventing dermal and/or epidermal cell responses. Diabetic complications over the long term, often 
associated with neuropathy, vascular impairment, and hyperglycemia, can give rise to diabetic ulcers.4 Several natural 
extracts have demonstrated wound-healing potential among individuals with diabetes. Some of these extracts, including 
Cranberry powder (CR), Althaea officinalis (Marshmallow), Aloe vera, Honey, Turmeric, Curcumin, Green Tea, Ginseng, 
Chamomile, and Ginkgo biloba, have been studied for their efficacy in diabetic wound healing.1,5

Cranberries (Vaccinium macrocarpon) are rich in polyphenols, triterpenoids, hydroxycinnamic and other phenolic 
acids, catechins, and three classes of flavonoids (flavanols, anthocyanins, and proanthocyanidins). These compounds act 
as potent antioxidants, minimizing cellular damage and scavenging free radicals.6 The diverse array of Proanthocyanidins 
(PACs) found in cranberries may contribute to their significant bioactivity against urinary tract infections (UTIs). 
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Cranberry extracts have shown promising potential in wound healing, yielding several beneficial outcomes such as 
accelerated wound contraction, increased vascularization, re-epithelialization, collagen production, reduced oxidative 
stress and inflammation, and antibacterial properties at the wound site.7 The challenging nature of wound healing 
prompted the exploration of various biomaterials like hydrogels, nanofibers, microneedles, and hydrocolloid membranes 
to enhance wound recovery.8 Nanotechnology has witnessed significant growth, with nanoparticles increasingly utilized 
in diverse medical applications, including drug delivery, biosensors, regenerative medicine, cancer phototherapy, tissue 
regeneration, bioimaging, bioimplants, and wound healing. Accordingly, nanoparticles are employed in wound healing to 
expedite healing and prevent infection infiltration into the wound site.9

Polyvinyl alcohol (PVA) is widely used for its fiber/film-forming ability, chemical and mechanical resilience, non- 
carcinogenicity, barrier properties, and high water-swelling capacity; for wound-dressing, PVA must be crosslinked, 
which helps it swell and retain water but prevents it from dissolving. Since PVA absorbs well, it has been utilized to treat 
many exudative lesions.10 Chitosan and PVA can be used alone to make hydrogels but utilizing them together reduces 
their drawbacks. A biocompatible and non-toxic hydrogel, PVA/Chitosan could treat burn wounds or regenerate bone.11

Chitosan (Ch) has garnered attention in burn dressings because it can effectively adsorb bacterial toxins and mitigate 
unpleasant odours. Furthermore, its porous structure facilitates enhanced drug loading with antimicrobial agents. Ch is 
inherently water-soluble and does not necessitate organic solvents due to the presence of hydroxyl and amine groups. 
However, its water solubility can be enhanced by incorporating additional substances.1 As a non-toxic biopolymer, Ch 
exhibits excellent adherence to mucosal surfaces. Ch possesses favorable attributes such as a positive charge, biocompat-
ibility, and biodegradability.5,12 It shows minimal antimicrobial and immunogenic properties. Ch offers high drug loading 
capacity and controlled release by leveraging its chemical activity and expansive specific surface area. Its mucoadhesive 
properties facilitate the development of bio-adhesive drug carrier systems capable of adhering to the skin and intestinal 
mucosa.13,14 Consequently, Ch emerges as an ideal candidate for various drug delivery systems targeting cancer, 
antibacterial, antiulcer, and anti-inflammatory treatments.15

Graphene oxide (GO) is utilized more in biomedicine than graphene owing to its superior physical and chemical 
properties.16 In recent years, biomaterials, drug delivery systems, and disease diagnostics have extensively employed GO 
and its composite nanomaterials. GO, characterized by its large specific surface area and multiple functional groups such 
as hydroxyl, carboxyl, and epoxy groups, exhibits efficient drug transport capabilities, making it a versatile nanomaterial 
with numerous biological applications. GO nanosheets can absorb biomolecules containing these functional groups and 
are well recognized as a groundbreaking tool in the fight against drug-resistant bacteria.17 However, several studies have 
reported its inefficacy, casting doubt on its antibacterial properties. GO can function individually against bacteria or as a 
linking agent to develop a novel antibacterial weapon. Nonetheless, utilizing and synthesizing GO from metal nano-
particles could potentially harm organisms and contribute to environmental pollution. Conventional approaches for 
producing involve ultrasonically breaking down natural graphite powder, introducing oxygen-containing groups between 
graphite layers and subjecting it to multiple rounds of oxidation using potent oxidants and acids.18

In this study, a novel electroconductive, self-healing hydrogel was developed by crosslinking PVA/CH with boric 
acid. The hydrogel’s morphology, physicochemical properties, and mechanical characteristics were thoroughly evaluated. 
Loaded with a graphene oxide-cranberry complex (GO-CR), the hydrogel underwent antioxidant, anti-inflammatory, and 
antibiofilm assessments. Its photothermal conversion under light exposure and the subsequent effect on water evaporation 
were also examined. The hydrogel’s efficacy, along with its components, was investigated through a combination of in 
vitro, in vivo experiments, histological evaluations, immunohistochemistry analyses, and in silico studies.

Materials and Methods
Materials
Zn (NO3)2.6H2O was obtained from LOBA CHEM India. PVA (MW 80000), Chitosan (CH), streptozotocin (STZ) and 
were purchased from Fluka-Sigma-Aldrich, St. Louis, MO, USA. Dry Cranberry was purchased from EMA Pharm 
Egypt.
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Methods
The hydroalcoholic extract of cranberry was prepared by macerating dried cranberry grinded fruit powder in a mixture of 
ethanol and water (70:30 v/v) at room temperature for 72 hours. The resulting extract was filtered and concentrated using 
a rotary evaporator under reduced pressure to remove the solvent. The concentrated extract was then freeze-dried to 
obtain a fine cranberry powder, which was stored in an airtight container at −20°C until further use, this powder was 
utilized in subsequent experiments.19

High-Performance Liquid Chromatography (HPLC-UV) Analysis of Phenolic 
Compounds in Cranberry (Cr)
Cranberry powder was tested using HPLC, which separates, identifies, and quantifies sample components. The study 
analyzed cranberry powder’s primary flavonoids and phenolic acids using phenolic and flavonoid standards. HPLC 
analysis using an Agilent 1260 series system with a Zorbax Eclipse Plus C8 column (4.6 mm × 250 mm, 5 μm particle 
size). The mobile phases were water (A) and 0.05% trifluoroacetic acid in acetonitrile (B) with 0.9 mL/min linear 
gradient elution. Gradient elution began with 82% A at 0 minutes, held for 1 minute, then increased to 60% A over 18 
minutes and returned to 82% over 24 minutes. A 280 nm multi-wavelength detector received five microliters of sample 
solution for detection. The column temperature was 40°C throughout the analysis. Phenolic compound retention periods 
and UV spectra were compared to reference compounds for identification. Each component was quantified in milligrams 
per gram of crude extract. Gallic acid, syringic acid, rosmarinic acid, apigenin, benzoic acid, and chlorogenic acid were 
investigated in cranberry powder.20,21

Electrochemical Exfoliation of GO
The electrolyte was 20%W/V NaCl and 7%Zn (NO3)2.6H2O. This solution was placed in a 20-mL glass bottle. The two 
graphite electrodes were then immersed in this solution and powered by 17VDC for 2h. Electrochemical exfoliation of 
the graphite rod created a black suspension. The dark residue was removed, and the supernatant was decanted and dried 
to isolate GO nanoflakes. GO-CR was made by dispersing 100mg of GO in 20 mL of 3% cranberry extract. The 
suspension dried after 3h of stirring.16

Hydrogel Formation
The PVA/CH/GO-CR hydrogel was prepared by homogenizing 8mL of 10%PVA with 2mL of 5%CH. After that, 100mg 
of GO-CR was dispersed in the PVA-CH by sonication for 10min. The crosslinking of the hydrogel was performed by 
pipetting 5mL (drop by drop) of 5% w/v of boric acid over PVA/CH/GO-CR solution.22

Characterization of GO-CR and Hydrogel
GO-CR and hydrogel morphology were examined using Transmission and Field Emission Scanning Electron Microscopy 
(FEG, Thermo Scientific NL, Quattro S.23 FTIR studies were performed using a JASCO Fourier Transform Infrared 
Spectrometer (AUP1200343, Japan).24,25 A longitudinal incision in the hydrogel was made to test its self-healing 
capabilities and the time it took to heal. A piece of hydrogel was connected to a 3V battery and LED circuit to measure 
its electric conductivity. Lloyd Instruments LR10 K with a 1 kN load cell and 2 mm/min crosshead speed measured the 
hydrogel’s mechanical characteristics with samples were 2 cm × 10 cm.26 The photothermal conversion efficacy of PVA/ 
CH and PVA/CH/GO-CR was measured by putting 2 × 3cm hydrogels on glass slides and subjecting them to a 10W 
incandescent lamp. Temporal temperature rise was measured with an IR thermometer. The photothermal-induced fluid 
loss was measured by exposing accurately weighted hydrogel pieces to the incandescent lamp for different time intervals 
and weighing them again, the following calculation calculated weight loss.14
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Assay for Antioxidant Activity
Two millilitres of CR, GO-CR, PVA/CH/GO-CR hydrogel, and 0.1 mM DPPH solution were combined in methanol for 
40 minutes.27 The positive control sample for antioxidant activity was ascorbic acid (50 mg/20 mL MeOH, 0.008 mol). 
Spectrophotometry measured absorbance between 200 and 800 nm using methanol as a blank. The liquid was stirred for 
45 minutes at 25 °C in an amber glass bottle.28 Spectrophotometry assessed violet colour absorbance at 200–800 nm, and 
the antioxidant activity percentage was computed using the following equation:

where A0 is the blank absorbance sample, and A1 is the absorbance of PVA/CH/GO-CR hydrogel.

Antimicrobial Assay
Bacterial Strains
The hydrogels CR, GO-CR, and PVA/CH/GO-CR were tested against resistant Staphylococcus epidermidis ATCC25922, 
Klebsiella pneumonia ATCC43816, Pseudomonas aeruginosa ATCC27853, and E. coli ATCC8739 in the Molecular 
laboratory at Nahda University Beni-Suef, Egypt.

Antibacterial Assay and Sensitivity
The inoculum, 100 microliters, or 107 CFU/mL, was combined with 20 mL of warm, melted BHA. The mixture was then 
transferred into the plate using a metal cup with a 6 mm diameter. Following the BHA’s solidification, the metal cups 
were removed, 100 µL of each cranberry powder was put into the well for 24 hours, and the plate was incubated at 37°C. 
Each plant extract’s antibacterial activity was assessed by measuring the inhibitory zone’s diameter in millimetres.29 

Serially diluted cranberry powder, GO-CR, and PVA/CH/GO-CR hydrogel were incubated at 37°C for 24 hours. 
Microbial turbidity and broth recovery were used to determine MIC. The disc filter paper was submerged in 50 µL of 
each cranberry powder for 30 minutes to measure sensitivity and dried at room temperature. Recovery bacteria were put 
into plates and cultured for 24 hours to determine the inhibition zone.30 The Clinical and Laboratory Standards Institute’s 
(CLSI) recommended procedures for minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) were followed. In short, each extract’s 10% stock solution was diluted twice serially in the brain-heart infusion 
broth (BHI) to get concentrations ranging from 0.02 to 25 mg/mL in 96-well microtiter plates with a total capacity of 100 
mL each well. Each well was filled with 100 mL of each tested strain at a final concentration of 106 CFU/mL, and the 
wells were then appropriately incubated at 37 °C. The medium, 0.1% (w/v) CHX, and 10% DMSO were the non-treated, 
positive, and negative controls, respectively.

Antibiofilm Assay and Crystal Violet Staining (CVS) Assay
The microtiter plate 96 wells were divided into four strains mixed with serially diluted cranberry powder, GO-CR, and 
PVA/CH/GO-CR, and the last well was negative control. After the incubation period of 24 hours, the wells were gently 
emptied, and the plates were cleaned with a phosphate buffer with pH 7.2 at least three times after, as previously 
mentioned, to eliminate any loose or detached cells. After air drying, the plates were baked for 45 minutes at 60°C. Next, 
for 15–20 minutes, 150 µL of 96% methanol was applied to each well to fix the adhering cells.31 After emptying the 
plates, the adherent cells were stained for 20 minutes at room temperature using 100 µL of 0.1% crystal violet solution. 
The plates were washed with water at least five times to remove any remaining discoloration. Next, the biofilm biomass 
was assessed semi-quantitatively using 150 µL of 100% ethanol to resolubilize the crystal violet dye attached to the 
adhering cells. The absorbance of the plates was read at 620 nm using a microplate reader (EpochTM Microplate 
Spectrophotometer) after careful and gentle shaking.32 The mean absorbance (OD620 nm) of the sample was determined, 
and results were expressed as percentage inhibition using the equation Percentage of inhibition:

where Control OD is the absorbance of negative control, and Sample OD is the absorbance of the test sample.
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In silico Study
System Preparation and Molecular Docking
UCSF Chimaera and Protein Data Bank prepared the three-dimensional structures of the receptor proteins for tumor 
necrosis factor-alpha with 6.7-dimethyl-3-[(methyl{2-[methyl({1-[3-(trifluoromethyl)phenyl]-1h-indol-3-yl}methyl) 
amino]ethyl}amino)methyl]-4h-chromen-4-one inhibitor (PDB ID: 2AZ5)(33), epimerase N-acetylmannosamine-6-phos-
phate 2-epimerase (NanE) (PDB ID: 6VVA), and VEGF in complex with domain 2 of the flt-1 (PDB ID: 1FIT). 
PROPKA optimized pH to 7.5. The retrieved 2D structure was drawn in ChemBioDraw Ultra 12.1.34 Avogadro software 
used the steepest descent and MMFF94 force field to reduce energy in the 2D construction. Before docking, UCSF 
chimera removed hydrogen atoms.35

Molecular Docking
Docking calculations were done using AutoDock Vina (9), and Gasteiger partial charges were assigned. AutoDock atom 
types were defined using MGL tools’ AutoDock GUI. −19.4425, 69.9565, 34.2077 for 2AZ5; 102.405, 87.3446, 192.941 
for 6VVA; 16.5532, 1.87971, 4.29795 for 1FIT were AutoDock Vina grid Centre coordinates. In all cases, the search 
space was 20 Å × 20 Å × 20 Å with an exhaustive score of 8. Lamarckian genetics created docked conformations in 
descending order based on docking energy.4

Molecular Dynamic (MD) Simulations
MD simulations allow researchers to study biological system atom and molecule mobility in ways that are difficult 
otherwise.36 This simulation illuminates biological system dynamics, including molecule interaction and conformational 
changes. All MD simulations employed GPU PMEMD on AMBER 18. Each chemical’s partial atomic charge was 
computed using ANTECHAMBER’s GAFF. The AMBER 18 Leap module solved systems in an orthorhombic box of 
TIP3P water molecules within 10 Å of any edge. The Leap module neutralized each solution with Na+ and Cl-. Each 
system was initially minimized with a 500 kcal/mol constraint potential for 2000 steps and then fully minimized with a 
1000-step conjugate gradient approach without constraints.37

In the MD simulation, each system was heated from 0K to 300K over 500 ps to guarantee identical atoms and 
volume. The solutes were contained in a 10 kcal/mol potential harmonic and a 1 ps collision frequency. For 500 ps, each 
system was heated to 300K to adapt. An isobaric-isothermal (NPT) ensemble was simulated in every production 
simulation, with the Berendsen barostat keeping both the atomic count and pressure constant at 1 bar. Each system 
was MD-simulated for 200 ns. Every simulation had atoms of hydrogen bonds restricted by SHAKE. An SPFP precision 
model and 2fs steps were used in each simulation. A randomized seeding, 1 bar pressure, 2 ps pressure-coupling 
constant, 300 K temperature, and 1 ps Langevin thermostat collision frequency were all employed in the simulations 
using an isobaric-isothermal ensemble (NPT).38

Post-MD Analysis
The CPPTRAJ39 module of the AMBER18 suite was used to analyze the trajectories after they were saved every 1 ps 
from the MD simulations. All graphs and visualizations were made using Chimaera) and Origin, a data analysis tool.40

Thermodynamic Calculation
Calculations of ligand-binding affinity are improved by the Poisson-Boltzmann, generalized Born, and surface area 
continuum solvation (MM/PBSA and MM/GBSA) methods.41,42 MM/GBSA and MM/PBSA Protein-Ligand complex 
molecular simulations yield realistic statistical-mechanical binding free energy in each force field. Average binding free 
energy from 200 ns trajectory images collected in 2000. The binding free energy (ΔG) variations for complex, ligand and 
receptor molecular species are estimated in the accompanying graphic:43
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Gas-phase, internal, Coulomb, and van der Waals energy are represented by the symbols Egas, Eint, Eele, and Evdw. The 
FF14SB force field terms were used to evaluate the Egas directly. Gsol, or solution-free energy, was computed using the 
polar (GGB) and non-polar (G) energies. Using a 1.4 Å water probe radius, the non-polar solvation-free energy (GSA) 
was calculated from the Solvent Accessible Surface Area (SASA). Nonetheless, the polar solvation (GGB) contribution 
was evaluated using the GB equation. Temperature and total entropy of the solute are denoted by S and T. The binding 
free energy of each residue was calculated using Amber18’s MM/GBSA-binding free energy approach.44

Cell Culture Assays, Determination of Proinflammatory Cytokine
Cytotoxicity Assays
These formulations were evaluated on human skin using HaCaT keratinocytes from the American Type Culture 
Collection (ATCC Manassas, VA, USA) (ATCC PCS-201–012).

The HaCaT cells were cultured in EMEM (Lonza, Walkersville, MD, USA) at a low concentration of Ca2+ (0.03 
mM), supplemented with 10% FBS and 1% penicillin/streptomycin (Invitrogen Inc., Carlsbad, CA, USA), at 37°C in a 
humidified incubator, to perform a cell viability assay of the obtained CR solution and PVA/CH/GO-CR. MTT tests were 
used to investigate the effects of CR solution and PVA/CH/GO-CR on the viability of HaCaT cells.4 96-well plates were 
seeded with 5 × 104 cells/well of HaCaT cells. Cells were exposed to CR solution and PVA/CH/GO-CR (10, 20, 30, 40, 
80, and 160 µg/mL) for a full day afterwards. Following the treatment, each well received 100 µL of fresh media and 10 
µL of MTT reagent (5 mg/mL) from Sigma-Aldrich, St. Louis, MO, USA. The culture medium was then withdrawn. For 
four hours, the plate was incubated at 37°C. After removing the medium, each well received 50 µL of DMSO, and the 
wells were incubated for 30 minutes. Using a microplate reader (Tecan, Mannedorf, Switzerland), absorbance was 
measured at 570 nm.45 The results of the MTT experiment were expressed as the percentage of cells that were less viable 
than untreated (control) cells using the Turner BioSystems ModulusTM microplate reader, which is manufactured in 
California.46,47

In vivo Investigation
Experimental Design
Albino adult male rats, 8–12 weeks old and weighing 180–200 g, were obtained from the Alexandria University animal 
sanctuary in Egypt. After acclimatization for a week under consistent light–dark cycles, controlled temperature (22–25 ° 
C), and humidity (45–60%), the rats were housed in cages with access to water and pellets. Ethical approval was obtained 
from the Alexandria University, and Faculty of Medicine Animal Ethics protocol was approved by the Institutional 
Animal Care and Use Committee (IACUC), Faculty of Medicine, Alexandria University (Approval ID: 0306488).

Induction of Diabetes and Excisional Skin Wound
A single intraperitoneal injection of 60 mg/kg streptozotocin (STZ) was used to induce diabetes. The blood from the rats’ 
tail vein was drawn 72 h after STZ injection to determine the blood glucose level using a glucometer (ACCU Check, 
Roche, Basel, Switzerland). The rats were considered diabetic when the blood glucose level was higher than 250 mg/dL.4 

The blood glucose level was measured weekly to confirm the maintenance of hyperglycemia. Briefly, anaesthesia was 
induced using ketamine (80 mg/kg), and excision wounds (4 cm long, 2 mm deep) were created on the rats’ dorsal area 
using an electric clipper after shaving. To reduce postoperative pain, buprenorphine was given intraperitoneally every 8 
to 12 hours at a rate of 0.05 mg/kg.1
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Experimental Grouping
A total of 45 rats were randomly assigned to five groups (n = 9): Group I (Diabetic untreated), another four diabetic 
groups were treated, Group II (diabetic group treated by Mebo and Gentamycin), Group III was treated with Cranberry 
(CR) powder, Group IV was treated with GO-CR, and Group V was treated with PVA/CH/GO-CR, the treatments were 
applied every day for 14 days.

Inflammatory Biomarker Measurement
After rats were given lipopolysaccharide (LPS) (10 mg/kg) for three hours, serum was taken from the tail vein.48 

According to the manufacturer’s instructions, the concentrations of all cytokine ELISA kits (Excell Shanghai, China), the 
serum levels of inflammatory cytokines, such as pyrin domain-containing protein 3 (NLRP3) (Cat. No. KCD04232, 
Beijing AVIVA Systems Biology co., China), TNF-α (Cat. No abx050220, Abbexa, Ca, UK), IL-1β, and IL-6 (Cat. Nos. 
SEA563Ra and SEA079Ra, respectively, Cloud-clone Corp., TX, USA), were measured. The levels of these cytokines 
were calculated according to standard curves.29

Percentage of the Wound Closing
The intricate wound-healing process restores injured skin. This method relies on wound contraction to shrink the wound. 
At several treatment stages, the wound area is examined for closure. The steady decrease in wound size, usually 
expressed as a percentage, is called “wound contraction”. Wound contraction % is calculated using this equation: 
Wound contraction percentage = 1-(Ax/A0) x 100.

A0 represents the wound area on day zero (the original measurement), and Ax represents the wound area at x day.1

Histopathological and Immunohistochemical (IHC) Examination of Vascular 
Endothelial Growth Factor (VEGF)
On days 3, 7, and 14, skin tissue samples from the wound sites were histologically analyzed to measure the degree of 
wound healing. In the pathology lab, the samples were properly preserved in 10% buffered formalin and stained with 
hematoxylin and eosin for histological examination.4 The samples were prepared for immunohistochemical examination 
by the manufacturer’s instructions using an IHC staining kit (InvitrogenTM, CA, USA). Using ABclonal’s VEGF 
primary antibody at a 1:200 dilution, each group was incubated for an entire night by the primary antibody’s instructions. 
Following incubation, sections were stained with 3.3′-diaminobenzidine tetrahydrochloride (Genemed Biotechnologies 
Inc., USA), and secondary antibodies and horseradish peroxidase were added. After applying Mayer’s hematoxylin as a 
counterstain, the sections were assessed using ImageJ version K 1.45. To quantify parameters as a proportion of the entire 
region, we randomly picked five non-overlapping fields at 40× magnification for the study.49

Statistical Analysis
The in vitro data mean ± SD was shown. Conversely, the in vivo data displayed the median and interquartile change or 
mean ± SEM. Using SD and mean, group differences were investigated. In SPSS Statistics, a one-way ANOVA was 
carried out.50 To determine statistical significance, Tukey’s post hoc test used multiple comparison p-values of ≤0.05. 
Kruskal–Wallis and Dunn were utilized to analyze non-parametric score data. Data were statistically evaluated using 
Graph Pad Prism 8.0.2 (La Jolla, CA, USA).

Results and Discussion
HPLC Analysis for Identification of Components Present in the Cranberry Powder
The phenolic and flavonoid components of CR powder were isolated and quantified using HPLC. Table 1 and Figure 1 S 
show seventeen peaks being detected at 250 nm. Compounds like Vanillin, Ferulic acid, Rosmarinic acid, Quercetin, 
Cinnamic acid, and Kaferol were measured as significant phenolic acids for these peaks. Other phenolic acids were gall, 
Chlorogenic, Methyl gall, Caffeic, Syringic, Ellagic, and Coumaric acids. Peak flavonoids include naringenin, daidzein, 
quercetin, kaempferol, and hesperetin, which have been identified according to their retention times, and the spectral 
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characteristics of their peaks against those of standard powdered cranberry, gallic acid, and syringic acid were found to be 
the most abundant phenolic components at 549.16 µg/mL and 289.79 µg/mL, respectively. Quercetin was found to be the 
most abundant flavonoid component at 22.20 µg/mL. These components are known for their potential therapeutic 
properties, including antioxidant and anti-inflammatory effects, which can be beneficial in promoting wound healing.9

In vitro Characterization of Electrochemical Exfoliation of GO and Hydrogel
Graphene oxide (GO) has recently gained attention for tissue regeneration in skin and bone applications due to its unique 
properties, including conductivity, antimicrobial activity, and mechanical strength.51,52 Traditionally, GO is synthesized 
using chemical exfoliation, a process that involves harsh oxidants and poses risks of explosion, environmental contam-
ination, and extended reaction times.53 In contrast, electrochemical exfoliation (movie1) offers a safer and more efficient 
approach for producing GO. This method uses a graphite electrode subjected to an electric potential in an electrolyte 
solution, such as zinc nitrate or sodium chloride, causing the graphite layers to expand and separate into GO sheets. This 
technique provides fine control over the thickness and functional group density of GO, making it particularly suited for 
biomedical applications. Additionally, electrolytes like zinc nitrate influence the structural and defect properties of the 
synthesized GO. Notably, in this study, the GO produced had a dark yellow colour, which changed to dark brown upon 
the addition of cranberry extract (Figure 1a and b). Cranberry extract was selected for its well-documented antioxidant, 
anti-inflammatory, and anti-biofilm properties. The phenolic compounds and flavonoids in the extract likely interact with 
the oxygen-containing functional groups of GO (such as hydroxyl, carboxyl, and epoxy), contributing to the formation of 
nanoparticle-like clusters on the GO nanosheets, as observed in TEM images (Figure 1c). These Zn-cranberry clusters 
may attach to the GO surface through electrostatic interactions and π-π stacking. Similar nanostructures were reported in 
previous studies where curcumin loaded onto GO formed nanoclusters54, and GO functionalized with Tamarindus indica 
extract and zinc ions also exhibited nanoparticle aggregates.55 The primary objective of this work was to develop a 
multifunctional hydrogel to accelerate diabetic wound healing. GO-CR (GO with cranberry) was blended with PVA/CH 
(polyvinyl alcohol/chitosan), and boric acid was added as a crosslinker. In contrast to uncross-linked PVA/CH films 
(Figure 1d), which showed an irregular surface, SEM analysis of the hydrogel revealed a fiber-like structure (Figure 1e). 
This morphology is likely due to the large surface area of GO, which serves as a template for the alignment of PVA 
chains and cranberry-derived compounds, promoting the formation of fibrous structures within the hydrogel matrix. The 
self-healing properties of the hydrogel are particularly advantageous for wound healing applications. The material’s 
ability to repair itself after damage ensures the dressing’s structural integrity and extended functionality, reducing the 

Table 1 Compound, Retention Times, and Area Peaks of Cranberry Powder

Peak no. Compounds Retention Time Area % Conc (µg/mL)

1 Gallic acid 3.59 46.44 549.16
2 Chlorogenic acid 4.15 0.46 8.33

3 Catechin 4.39 3.39 103.38

4 Methyl gallate 5.08 0.98 6.75
5 Caffeic acid 5.83 0.37 4.08

6 Syringic acid 6.43 28.90 289.79

7 Ellagic acid 7.28 1.87 29.71
8 Coumaric acid 8.70 4.36 22.01

9 Vanillin 9.26 2.20 21.56
10 Ferulic acid 9.99 4.77 11.13

11 Naringenin 10.51 1.02 38.66

12 Rosmarinic acid 12.26 0.23 3.37
13 Daidzein 16.33 0.72 5.58

14 Quercetin 17.38 1.31 22.20

15 Cinnamic acid 19.04 1.91 4.72
16 Kaempferol 20.78 0.48 4.23

17 Hesperetin 21.07 0.58 3.98
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need for frequent replacement and minimizing infection risk. Additionally, the self-healing ability allows the hydrogel to 
adapt to the dynamic conditions of the wound site, such as movement and stretching, improving tissue integration and 
promoting faster healing. In our study, the PVA/CH/GO-CR hydrogel self-healed in approximately 50 seconds 
(Figure 1f). Previous work demonstrated that hydrogels cross-linked with borax, including silver nanoparticles, also 
exhibited rapid self-healing, likely due to the combined effects of zinc content and phenolic hydroxyl groups in cranberry 
extracts. The stretching capacity of PVA/CH/GO-CR was 280%, significantly higher than that of PVA/CH (200%), 
attributed to the enhanced electrostatic and hydrogen bonding interactions (Figure 1g). A similar effect was observed in 
hydrogels incorporating ZnO nanoparticles, which improved electrostatic crosslinking and mechanical properties.11,56

Endogenous bioelectrical signalling plays a key role in tissue regeneration, especially in electro-sensitive tissues like 
skin.57,58 By promoting cell-to-cell communication, conductive materials such as GO-based hydrogels accelerate cell 
migration and wound closure (46). In this study, PVA/CH/GO-CR demonstrated excellent electrical conductivity, 
attributable to the GO content and the presence of sodium and zinc ions (Figure 1h).58,59 The FTIR spectrum of PVA/ 
CH revealed a broad band between 3200 and 3700 cma¹ corresponding to OH and NH stretching and a peak at 
1643 cma¹ for C=O stretching.60 These peaks intensified significantly in PVA/CH/GO-CR, reflecting the abundant 
hydroxyl and carbonyl groups from both cranberry extract and GO (Figure 2a). In this study, the hydrogel exhibited a 
photothermal-driven exudate removal mechanism, where the GO content significantly enhanced photothermal 
conversion.61 Upon exposure to light, the temperature of PVA/CH/GO-CR increased to approximately 44 °C, compared 
to 31 °C for PVA/CH (Figure 2b), facilitating water loss and exudate evaporation. The hydrogel lost 36% of its total 
weight within 9 minutes of light exposure (Figure 2c), a significant improvement over conventional PVA/CH hydrogel. 
Similar photothermal-induced exudate evaporation has been previously demonstrated using charcoal nanoparticles 

Figure 1 (a) Electrochemical cell for GO fabrication (b) GO and GO-CR produced, (c)TEM image of GO-CR (d) SEM image of PVA/CH cast film (e) SEM image of PVA/CH/ 
GO-CR, (f) Self-healing property of PVA/CH/GO-CR hydrogel (g) Mechanical property of PVA/CH and PVA/CH/GO-CR and (h) Electrical conductivity of PVA/CH/GO-CR.
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embedded in polyurethane nanofibers.62,63 It was demonstrated that the temperature of PVA/CH/GO-CR reached 
approximately 44 °C after exposure to the light for 150 Sec, compared to 31 °C for PVA/CH (Figure 2b). In conclusion, 
this multifunctional PVA/CH/GO-CR hydrogel, with its self-healing, conductive, and photothermal properties, presents a 
promising solution for enhancing diabetic wound healing.52

Assay for Antioxidant Activity
Oxidative stress, implicated in degenerative diseases, occurs when the body’s natural defences against free radicals, 
known as antioxidants, are overwhelmed, leading to the oxidation of proteins and fats. Antioxidants derived from 
medicinal plants are vital to overall health.49 In this study, the stable free radical DPPH, which exhibits a yellow colour 
change in the presence of antioxidants, was employed to assess the antioxidant activity of CR, PVA/CH/GO-CR. By 
contributing hydrogen radicals (H•), antioxidants scavenge the DPPH radical, forming stable DPPH-H molecules. As 
depicted in Figure 3, the ability of ascorbic acid and nanoparticles to scavenge radicals increased with rising concentra-
tions. Table 2 presents the concentration required to scavenge 50% of the DPPH radical, denoted by the IC50 values, 
which are 7.12 ± 0.33 µg/mL for CR, 6.43 ± 0.42 µg/mL for PVA/CH/GO-CR, and 10.43 ± 0.21 µg/mL for ascorbic 
acid.64 These findings align with previous research and demonstrate the robust antioxidant capability of the nanoparticles, 
surpassing the benchmark set by ascorbic acid. Incorporating multiple phytochemicals, likely working synergistically to 
combat free radicals, contributes to the antioxidant activity of the nanoparticles. These results offer compelling evidence 

Figure 2 (a) FTIR spectrum of PVA/CH and PVA/CH/GO-CR hydrogel, (b) The photothermal effect on both PVA/CH and PVA/CH/GO-CR and (c) the photothermal 
induced water loss of both PVA/CH and PVA/CH/GO-CR.
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for utilizing naturally occurring antioxidants, such as PVA/CH/GO mediated by cranberry and derived from floral 
extracts, as a strategy for mitigating oxidative stress associated with degenerative diseases.1,45

Antimicrobial Assay
Antibacterial Effect
CR, GO-CR, and PVA/CH/GO-CR hydrogels demonstrated antibacterial activity against S. epidermidis, Pseudomonas 
aeruginosa K. pneumoniae, and E. coli, The results indicated that they exhibited a broad spectrum of antibacterial effects 
against both gram-positive and gram-negative isolates. The most significant antibacterial effect was observed with the 
PVA/CH/GO-CR hydrogel. Inhibition zones against S. epidermidis, Pseudomonas, and E. coli were recorded at 34.5 ± 
0.32 mm, 32.5 ± 0.12 mm, and 24.5± 0.43 mm, respectively; meanwhile, with GO-CR, inhibition zones were measured at 
32.5 ± 0.21 mm and 32.16 ± 0.32 mm 23.5 ± 0.34 mm, respectively. Furthermore, cranberry powder exhibited in 
inhibition zones recorded 30.5 ± 0.51 mm and 29.5 ± 0.50 mm, 20.5± 0.32 mm, respectively. While the inhibition zones 
were slightly smaller, measuring with K. pneumoniae, cranberry powder(C), Green graphene cranberry (G), and their 
PVA/CH/GO-CR hydrogel (N) were all as depicted in Figure 4 and Table 3.

Antibiofilm Activity
Cranberry extract, GO cranberry nanosheet, and PVA/CH/GO-CR hydrogel showed antibiofilm properties against gram- 
positive and negative isolates. The results indicate that Cranberry powder (C), Green graphene oxide nano-sheet (G), and 
PVA/CH/GO-CR hydrogel (N) inhibited biofilm formation. After 24 hours, the reduction percentages for S. epidermidis 
biofilm as an example of a gram-positive strain were 62%, 59%, and 49%, while in the case of Pseudomonas, reduction 
percentages were 75%, 59%, and 56% as a gram-negative isolate, and in E. coli, it was 41%, 38%, and 37%, respectively, 
while K. pneumoniae was the least one of gram-negative organism which shows 9%,10% and 16%, respectively, as 
shown in Figure 5a and b.

Figure 5b. The first lane showed positive biofilm formation, and subsequent lanes from left to right showed the effect 
of Green cranberry graphene oxide nanosheet (N), Graphene oxidase nanosheet (G), and Cranberry powder (C) caused a 
reduction of biofilm formed by S. epidermidis (I), Pseudomonas (2), E. coli (3) and K. pneumoniae (4) after 24 hours, 
respectively. The World Health Organization emphasizes how urgently new antibiofilm agents and compounds are 

Figure 3 Effect of CR and PVA/CH/GO-CR on HSE-2 cell viability. Cell viability of 100% corresponds with untreated cell MTT average reduction value. n = 6, P-value ˂0.006.

Table 2 The IC50 of PVA/CH/GO-CR and Ascorbic Acid in the DPPH 
Test

CR PVA/CH/GO-CR Ascorbic acid

IC50 of DPPH 7.12 ± 0.33 µg 10.43 ± 0.21 µg 6.43 ± 0.42 µg

Note: IC50 is the concentration of CR that can scavenge DPPH radicals by 50%.
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needed to combat antibiotic resistance, which is predicted to cause a significant amount of death. Because of this toxic 
tolerance, treatment is a therapeutic method for slow-growing microorganisms. However, by overcoming physiological 
barriers and using nanoparticles as carriers, nanotechnology, especially nanomedicine, has revolutionized disease 
diagnosis and therapy. Additionally, the matrix containing microorganisms is permeabilized by nanoparticles, allowing 
them to penetrate the pore diameter of biofilms and improving their accessibility.65 It has been shown that a class of 
compounds originating from plants called polyphenols can alter the human microbiota, either by promoting the growth of 
good microbes or suppressing the growth of harmful ones. Furthermore, cranberries contain phenolic acids, proantho-
cyanidins, anthocyanins, organic acids, and microbial metabolites that specifically inhibit intestinal infections, reduce 
bacterial adhesion and motility, and limit Pseudomonas pathogenicity. The current findings corroborate earlier research in 
both in vitro and in vivo contexts, showing that cranberry extracts, fractions, and components are efficient against a 
variety of harmful microorganisms,9 including those causing urinary tract infections (UTIs) and other illnesses and 
researched graphene oxide nanosheets as a synthetic nanomaterial with a hydrophobic plane structure that efficiently 
suppresses both gram-positive and gram-negative bacteria. Amphipathic GO nanosheets can kill bacteria without the 
need for intracellular processes. Moreover, cranberry powder inhibits the growth of E. coli biofilms by reducing biofilm 
formation. Reducing adhesion might lessen the development of biofilms. Using complicated nanoparticles (NPs) up to 
1000 nm in size, which are distinguished by their tiny size and complex interactions with their surroundings, nanotech-
nology improves drug development.

Additionally, the functionality and structure of the biofilm surface are altered by nanomaterials, allowing nutrients and 
negatively charged and hydrophobic groups to pass through water-filled pores. Nanomaterial biofilm penetration is 
influenced by size and electrostatic interactions. While cationic nanoparticles diffuse throughout the matrix, uncharged 
nanoparticles move effectively via biofilm pores smaller than 350 nm.31

Our research shows that graphene oxide nanosheets exhibit an antibacterial effect and antibiofilm activity against 
gram-negative and positive bacteria, with activity after 24 hours of biofilm development. We discovered that graphene 
oxide effectively reduces biofilms of S. epidermidis, Pseudomonas, E. coli, and K. pneumoniae after 24 hours due to its 

Figure 4 Antibacterial effect of CR, GO-CR, and PVA/CH/GO-CR against S. epidermidis (a), Pseudomonas aeruginosa (b) K. pneumoniae (c), and E. coli (d).

Table 3 The Effect of Cranberry Powder (C), Green Graphene Cranberry (G), and Their PVA/CH/GO-CR Hydrogel 
(N) on Zone Inhibition, MIC and MBC with the Most Effective 3 Isolates Pseudomonas, S. Epidermidis, and E. Coli 
Respectively

Strain Zone Inhibition (mm) MIC (mg/ mL) MBC (mg/ mL) at 0 time

C G N C G N C G N

Pseudomonas 29.5±0.50 32.16±0.32 32.5±0.12 10±0.12 10±0.04 10±0,02 25±0.04 30±0,04 30±0.31

S.epidermidis 30.5±0.51 32.5±0.21 34.5±0.32 25±0.01 24±0.11 22±0.05 50±0.05 50±0.31 50±0.42
E. coli 20.5±0.32 23.5±0.34 24.5±0.43 8±0.25 8±0.03 10±0.03 18±0.12 20±0.0.21 20±0.31

Abbreviations: MIC, the minimum inhibitory concentration; MBC, the minimum bactericidal concentration.
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hydrophilic carbon-rich surface interaction. Thus, the Green cranberry graphene oxide nanosheet effectively reduces 
microbial growth and adhesion to surfaces and each other, maintaining its antibiofilm effect over various periods.

In silico Study
Molecular Dynamic and System Stability
A molecular dynamic simulation predicted the performance of extracted chemicals binding to the protein’s active site, 
interaction, and stability. System stability must be validated to track interrupted motions and avoid simulation artifacts.2,36 

This study measured system stability using Root-Mean-Square Deviation (RMSD) in 20 ns simulations. The average RMSD 
values for system frames were 1.87 ± 0.40 Å and 1.74 ± 0.33Å for VEGF-Apo complex and VEGF-Rosmarinic acid-complex, 
respectively (Figure 6a. I), 3.65 ± 0.61Å and 3.61 ± 0.9Å for NanE-Apo complex and TNF-alpha-Apo complex, respectively 
(Figure 6b. I), and 1.29 ± 0.25 and 1.13 ± 0.17Å for TNF-alpha-Apo complex, respectively (Figure 6c. I). These findings 
showed that the Rosmarinic acid-bound to protein complex system was more stable than the others. For residue behavior and 
ligand interaction in MD simulation, protein structural flexibility must be assessed upon ligand binding.66 Over 20 ns 
simulations, the Root-Mean-Square Fluctuation (RMSF) technique was used to assess inhibitor binding to target protein 
residues. Average RMSF values were 7.78 ± 0.12 Å and 5.92 ± 0.37Å for VEGF-Apo complex and VEGF-Rosmarinic acid- 

Figure 5 (a). Antibiofilm reduction effect of S. epidermidis (1), Pseudomonas (2) K. pneumoniae (3), and E. coli (4).(b). Crystals violet assay to assess antibiofilm activity of 
Green cranberry graphene oxide nanosheet (N), Cranberry extract (C), and Graphene oxidase nanosheet (G). 
Note: P value ***= 0.0001, **= 0.0079, and *=0.0444.
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complex, respectively (Figure 6a. II), 1.67 ± 0.52Å and 1.30 ± 0.08Å for NanE-Apo complex and NanE-Rosmarinic acid 
complex (Figure 6b. II), 1.15 ± 0.61 Å and 1.00 ± 0.49Å for TNF-alpha-Apo complex and TNF-alpha-Rosmarinic acid- 
complex, respectively (Figure 6c. II). This showed that the Rosmarinic acid-bound to protein complex system had more 
residue variability than the others. ROG assessed the system compactness and stability by MD simulation with ligand 
binding.4 Rg values averaged 23.79 ± 0.19Å and 23.46 ± 0.17Å for VEGF-Apo complex and VEGF-Rosmarinic acid- 
complex, respectively (Figure 6a. III), 17.55 ± 0.16Å and 17.27 ± 0.10Å for NanE-Apo complex and NanE-Rosmarinic acid 
complex, respectively (Figure 6b. III), and 15.77 ± 0.12 and 15.63 ± 0.07Å for TNF-alpha-Apo complex and TNF-alpha-Apo 

Figure 6 Continued.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S482836                                                                                                                                                                                                                       

DovePress                                                                                                                      
13013

Dovepress                                                                                                                                                          Elhabal et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 6 RMSD of Cα atoms of protein backbone atoms(a–c) (I). (II) RMSF of each residue of the protein backbone Cα atoms of protein residues; (III) ROG of Cα atoms of 
protein residues; (a) (IV) solvent accessible surface area (SASA) of the Cα of the backbone atoms relative (black) to the starting minimized over 20 ns for the ATP binding 
site of the VEGF receptor with Rosmarinic acid (red); (b) (IV) solvent accessible surface area (SASA) of the C α of the backbone atoms relative (black) to the starting 
minimized over 20 ns for the ATP binding site of the NanE receptor with Rosmarinic acid (green); and (c) (IV) solvent accessible surface area (SASA) of the C α of the 
backbone atoms relative (black) to the starting minimized over 20 ns for the TNF-alpha receptor with Rosmarinic acid (blue).
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complex, respectively (Figure 6c. III). Based on its behavior, Rosmarinic acid has a highly stiff structure against VEGF, NanE, 
and TNF-alpha receptors. The protein’s solvent-accessible surface area was calculated to determine its hydrophobic core 
compactness. Measuring the protein’s solvent-visible surface area is critical for biomolecule stability.49 The average SASA 
values for VEGF-Apo complex and VEGF-Rosmarinic acid-complex were 15905.75Å and 15699.23Å, respectively 
(Figure 6a. IV), 11,452.75Å and 11312.89Å for NanE-Apo complex and NanE-Rosmarinic acid complex, respectively 
(Figure 6b. IV), and 7341.76Å and 6919.30Å for TNF-alpha-Apo complex and TNF-alpha-Rosmarinic acid-complex, 
respectively (Figure 6c. IV). The SASA discovery, along with the RMSD, RMSF, and ROG computations, confirmed that 
the Rosmarinic acid complex system remains intact in the catalytic domain-binding site of VEGF, NanE, and TNF-alpha 
receptors.

Binding Interaction Mechanism Based on Binding Free Energy Calculation
The free-binding energies of small molecules to biological macromolecules are commonly measured using the molecular 
mechanics energy methodology (MM/GBSA), which combines the generalized Born and surface area continuum 
solvation. This method may be more accurate than docking scores by taking snapshots from the systems’ trajectories. 
The binding free energies were calculated using AMBER18’s MM-GBSA program.

Table 4 shows that all reported computed energy components had significant negative values indicating beneficial 
interactions, except ΔGsolv. A detailed analysis of each energy contribution, which provides the stated binding free 
energies, indicates that the interactions between the rosmarinic acid molecule and the VEGF and NanE receptor protein 
residues are driven by the higher positive electrostatic energy components. On the other hand, the interactions between 
the TNF-alpha receptor protein residues and the rosmarinic acid molecule are facilitated by the increased positive Vander 
Waals energy components.

Identification of the Critical Residues Responsible for Ligand Binding
To learn more about key residues involved in the inhibition of the VEGF, NanE and TNF-alpha receptor by Rosmarinic 
acid compound, the total energy involved when Rosmarinic acid compound contacts these enzymes were further broken 
down into the involvement of site residues from Figure 7a, the major favourable contribution of Rosmarinic acid 
compound to the VEGF receptor is predominantly observed from residues Asp 22(−3.9 kcal/mol), Ile23 (−0.86 kcal/ 
mol), Phe24 (−0.446 kcal/mol), Ile34 (−2.689 kcal/mol), Phe35 (−1.063 kcal/mol), Ser 38(−0.924 kcal/mol), Cys39 
(−0.92 kcal/mol), Ile 71 (−0.251 kcal/mol), Pro73 (−0.231 kcal/mol), Asn146 (−0.688kcal/mol), Asp 147 (−3.283 kcal/ 
mol), Glu148 (−0.881 kcal/mol), Gly 149(−0.177 kcal/mol), Thr 284 (−0.111 kcal/mol), Hie285 (−0.985 kcal/mol), Arg 
286 (−1.039 kcal/mol), Gln 287 (−0.466 kcal/mol), and Thr 288 (−0.629 kcal/mol). From Figure 7b, the major favourable 
contribution of the Rosmarinic acid compound to the NanE receptor is predominantly observed from residues Ile 7 

Table 4 Shows the Calculated Energy Binding for the Rosmarinic Acid Compound Against the 
Catalytic Binding Site of VEGF, NanE, and TNF-Alpha Receptors

Energy Components (kcal/mol)

VEGF

Complex ΔEvdW ΔEelec ΔGgas ΔGsolv ΔGbind

Rosmarinic acid −29.58± 0.25 −72.88± 0.67 −102.46± 0.75 60.18± 0.43 −42.28± 0.39

NanE

Rosmarinic acid −27.61± 0.23 −79.35± 1.02 −106.97± 0.93 58.87± 0.57 −48.10± 0.41

TNF-alpha

Rosmarinic acid −22.18± 0.13 −5.35± 0.34 −27.50± 0.36 11.19± 0.24 −16.35± 0.16

Abbreviations: ∆EvdW, van der Waals energy; ∆Eele, electrostatic energy; ∆Gsolv, solvation free energy; ∆Gbind, 
calculated total binding free energy.
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(−0.51 kcal/mol), Val 8 (−0.57 kcal/mol), Ser9 (−0.258 kcal/mol), Gln11 (−0.224 kcal/mol), Ala 12 (−0.22 kcal/mol), 
Leu 13 (−1.636 kcal/mol), Glu 16 (−3.857 kcal/mol), Pro 17(−0.26 kcal/mol), Leu 18 (−0.41 kcal/mol), Glu 180 (−3.281 
kcal/mol), Gly 181 (−0.46 kcal/mol), Asn 182 (−1.78 kcal/mol), Val 183 (−0.344 kcal/mol), Ile 184 (−1.433 kcal/mol), 
Val 201 (−0.339 kcal/mol), Val 202 (−1.435 kcal/mol), Gly 203 (−1.295 kcal/mol), Gly 204 (−1.124 kcal/mol), Ala205 
(−1.361 kcal/mol), and Ile 206 (−0.17 kcal/mol).

Finally, from Figure 7c the major favourable contribution of Rosmarinic acid compound to the TNF-alpha receptor is 
predominantly observed from residues Pro 3 (−0.25 kcal/mol), Val 4 (−0.63 kcal/mol), Hie 6 (−0.53 kcal/mol), Leu 41 
(−0.684 kcal/mol), Tyr 42 (−0.766 kcal/mol), Leu 43 (−2.619 kcal/mol), Ile 44 (−0.138 kcal/mol), Tyr 45 (−0.796 kcal/ 
mol), Ser 46 (−0.37 kcal/mol), Gly 96 (−0.694 kcal/mol), Gly 97 (−0.531 kcal/mol), Val 98 (−1.309 kcal/mol), Gln 100 
(−0.17 kcal/mol), Phe 127 (−0.27 kcal/mol), Gly 128 (−0.3 kcal/mol), Ile 129 (−0.106 kcal/mol), Ile130 (−0.963 kcal/ 
mol), Ala 131 (−0.683 kcal/mol), and Leu 132 (−0.741 kcal/mol).

Ligand–Residue Interaction Network Profiles
Docked VEGF Complexes
The docked Rosmarinic acid-VEGF complex showed that the carbonyl group of Rosmarinic acid has formed a hydrogen 
bond interaction with Tyr 126. It is worth noting that the pyrocatechol ring has formed A pi-pi interaction between Tyr 45 
and Leu 95 (Figure 8a).

Figure 7 Per-residue decomposition plots show the energy contributions to the binding and stabilization of 9- Rosmarinic acid to the ATP binding site of VEGF (a), NanE 
(b), and TNF-alpha (c).
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Docked NanE Complex
In Figure 8b, the docked NanE - Rosmarinic acid complex showed that the hydroxyl group of the pyrocatechol ring has 
formed a hydrogen bonding interaction with Ser 9 and Glu 16. Notably, the carboxylic acid group has established 
hydrogen bonding interaction with Gly 181. The pharmacophoric hot spot residue, Arg 208, has formed Hydrogen 
bonding, and Pia cation interactions with the pyrocatechol ring.

Figure 8 The Rosmarinic acid contact residue in the VEGF binding site (a), NanE binding site (b) and TNF-alpha binding site (c).
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Docked TNF-Alpha Complex
In Figure 8C, the docked TNF-alpha - Rosmarinic acid complex showed that the carbonyl group of Rosmarinic acid has 
formed a hydrogen bonding interaction with Tyr 126. Notably, the pyrocatechol ring has formed Pi-Pi interaction with 
both Tyr 45 and Leu 95.

Cell Culture Assays, Determination of Proinflammatory Cytokine
Cytotoxicity Assays
As seen in Figure 9a, human skin keratinocytes (HaCaT) cells were used to evaluate the safety of the CR and PVA/CH/ 
GO-CR hydrogel. Following a 24-hour incubation period, PVA/CH/GO-CR hydrogel concentrations as high as 80 µg/mL 
did not exhibit any harmful effects. Over 99% of the cells were still viable at all tested dosages. These findings suggest 

Figure 9 Continued.
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that there were no harmful effects of the green graphene oxide nanosheet by Cranberry employed in the hydrogel 
formulation.27 Moreover, the PVA/CH/GO-CR hydrogel demonstrated a notable rise in flow when applied to cells, 
especially in reaction to stimuli like oxidative stress or acute inflammation. This implies that even under skin conditions 
that are compromised, the gel formulation may offer a prolonged release of proteins, increasing their bioavailability. 
These findings indicate the biocompatibility of the PVA/CH/GO-CR hydrogel when in contact with skin cells, as the 
formulation’s components are usually regarded as safe.1,27,67

Effect of PVA/CH/GO-CR Treatment on Serum Inflammatory Cytokines Protein 
Profiles; Pyrin Domain-Containing Protein 3 (NLRP3), TNF-α, IL-1β, and IL-6
LPS-induced wound inflammation alters inflammatory cytokines. Previously, we discovered that applying PVA/CH/GO- 
CR hydrogel to wounds reduced LPS-induced levels of NLRP3, IL-6, IL-1β, and TNF-α in vitro. We obtained serum 
samples from rats three hours after administering LPS to assess the effects of PVA/CH/GO-CR hydrogel or cranberries 
on serum cytokine profiles. Compared to the control group, PVA/CH/GO-CR hydrogel therapy significantly reduced the 
expression of NLRP3, TNF-α, IL-6, and IL-1β (39.2%, 31.9%, 41%, and 52.3%, respectively) (Figure 9b). IL-1β, a key 
pro-inflammatory mediator in local acute inflammation, suggests that PVA/CH/GO-CR hydrogel therapy may be 
effective in treating wound inflammation. Numerous studies have indicated that immunoregulatory cytokines affect 
wound inflammation. TNF-α controls IL-6 levels in the early stages of inflammation. IL-1β, an alarm-phase cytokine, is 
linked to many wound-related symptoms.28 TNF-α inhibition and increased IL-1β receptor antagonist levels are seen 
(Figure 9b). One major part of skin pathophysiology is inflammation. Skin tissue leakage induces adipose lipolysis, 
which releases damaging unsaturated fatty acids, including arachidonic acid, a precursor to pro-inflammatory eicosa-
noids. They release too many inflammatory markers, which can exacerbate the illness and create sores. The innate 
immune system promotes pathogenesis and illness. The innate immune receptor TLR4 detects pathogen- or damage- 
related molecular patterns. NLRP3, IL-6, TNF-α, and IL-1β suppression have been shown to reduce LPS-induced wound 

Figure 9 (a) Effect of CR and PVA/CH/GO-CR on HSE-2 cell viability. Cell viability of 100% corresponds with untreated cell MTT average reduction value, (b) Anti- 
inflammatory effect of different experimental groups on LPS-induced skin inflammation (NLRP3) level(I), IL-6(II), TNF-α(III), and IL-1β(IV). 
Note: GO: graphene oxide, LPS: Lipopolysaccharide, CR: Cranberry powder, GO-CR: green graphene oxide nanosheet by using cranberry and PVA/CH/GO-CR hydrogel. 
Data are represented as mean± SEM (n = 6). P value *=0.0340, and ***=0.0001.
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inflammation in previous studies. Our investigation demonstrated that a PVA/CH/GO-CR hydrogel treatment to 
Cranberry powder significantly reduced blood levels of NLRP3, IL-6, TNF-α, and IL-1β three hours after LPS injection. 
The increased wound healing benefits of PVA/CH/GO-CR hydrogel may be due to immunoregulatory cytokine 
regulation.49

In vivo Investigation
Because of the electroactive and photothermal antibacterial properties of graphene oxide, as well as the antimicrobial and 
anti-inflammatory properties of GO-CR, along with the antiulcer properties of cranberry and hydrogel, the use of PVA/ 
CH/GO-CR hydrogel proved to be particularly helpful during the early phases of wound healing. By the third day of 
therapy, the animals receiving electroactive and photothermal treatment showed a notably higher percentage of wound 
healing than the other groups. On the other hand, the animal’s recovery with the control drug progressed slowly. It was 
discovered that the cranberry concentration, more precisely, the electroactive and photothermal properties, was approxi-
mately 0.08%. This is based on the understanding that eco-friendly graphene oxide nanosheets frequently exhibit better 
bioavailability, enabling more potent therapeutic effects even at reduced dosages. Therefore, we administered a medica-
tion dosage at 1/10th of the standard dose and conducted a study, which yielded the following outcomes. By calculating 
the changes in wound area for each animal group, we determined the proportion of wound contraction. On the seventh 
and fourteenth days, significant wound contraction was observed, with daily observations tracking changes in the wound. 
Due to their innate immune responses, animals in group II showed only 15.5% healing, whereas group IV (the animals 
given GO-CR) demonstrated 89.21% healing. As observed in Figure 10 and Table 5, animals treated with Cranberry 
powder (group III) exhibited 41.4% healing, while those in the normal non-diabetic group (group I) showed 50.1% 
healing. By the seventh day, animals in group V demonstrated 92.9% healing, indicating complete recovery. Furthermore, 
images of wounds from group V, treated with PVA/CH/GO-CR hydrogel, also showed reduced wound diameters on the 

Figure 10 Comparison of the wound-healing activity of Group I (Diabetic untreated), Group II (diabetic treated by mebo and gentamycin), Group III (treated with 
Cranberry powder), and Group IV (treated with GO-CR) and Group V (PVA/CH/GO-CR hydrogel) at 3rd,7th and 14th day.
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seventh day. Cranberry shows promise in treating bacterial infections, ulcers, and inflammation related to wound healing. 
It contains compounds such as proanthocyanidins and organic acids with antimicrobial properties, inhibiting the growth 
of various bacteria commonly involved in skin infections like E. coli, and Staphylococcus aureus. Additionally, cranberry 
components like flavonoids and polyphenols possess anti-inflammatory properties, reducing the production of pro- 
inflammatory molecules in the body.7 This anti-inflammatory effect aids in alleviating inflammation associated with 
wound healing and ulcer formation, promoting better healing outcomes. Moreover, cranberry contains compounds that 
promote wound healing by facilitating tissue repair and regeneration. These compounds reduce inflammation at the 
wound site, promote the proliferation of skin cells, and enhance collagen synthesis, crucial processes for effective wound 
healing. The antioxidants present in cranberries protect skin cells from oxidative damage induced by infection-induced 
inflammation and free radicals, supporting the healing process.1,68 The reported anti-ulcer, urinary tract infection, and 
gastro-protective actions of Cranberry powder may be attributed to its active phytoconstituents, flavonoids, and 
phenolics. Graphene oxide nanosheets also possess anti-inflammatory, antibacterial, and wound-healing properties. The 
combination of CR powder extract, GO, and hydrogel significantly improved wound healing, consistent with previous 
investigations on Cranberry.69,70

Histopathological and Immunohistochemical (IHC) Examination of Vascular 
Endothelial Growth Factor (VEGF)
Figure11a–c. Photomicrographs of histological sections of skin from different experimental groups stained with 
Hematoxylin and Eosin (a) skin section on the 3rd day, (b) skin sections on the 7th day, and (c) skin sections on the 14thday 
Photomicrographs of H&E-stained skin sections from group I (3, 7, 14 days) diabetic untreated indicate increased wound 
area covered by big dried necrotic scabs underlined by diffusely necrotic and inflammatory tissue infiltrate (primarily 
neutrophils) with numerous extravasated RBCs (Figure11a–c I). Skin section of group II 3 days after wound induction 
showing abnormal epidermis with dried necrotic scab and underlying dermis of collagen and skin appendages with 
necrotic and inflammatory infiltrate (Figure 11a II). Skin sections of Cranberry powder (CR) (Group III) and green 
graphene oxide nanosheet (GO-CR) (group IV) 3 days after wound induction reveal identical lesions covered by necrotic 
scabs with less neutrophilic infiltration and less necrosis (Figure 11a III, IV). Skin sections of PVA/CH/GO-CR hydrogel 
(group V) treated 3 days after wound induction show a tiny dry necrotic scab (s) with less neutrophilic infiltration and 
less necrosis (Figure 11a V). Skin sections from the diabetic group 7 days after wound induction show increased wound 
area covered by contracted dry necrotic scab (s) emphasized by necrotic tissue and vascularized granulation tissue 
deposition with numerous macrophages and lymphocytes (Figure 11b II). Skin sections from the Cranberry-treated group 
(group III) 7 days after wound induction show dried necrotic scabs emphasized by tiny necrotic tissue infiltrated by 
neutrophils and vascularized granulation tissue deposition with macrophages and lymphocytic infiltration (Figure 11b 
III). Skin sections from the green graphene oxide nanosheet (GO-CR) (group IV) treated at 7 days after wound induction 
show disappeared dried necrotic scab with the newly separated epidermis (few squamous layers) underlined by very 
small necrotic tissue and vascularized granulation tissue deposition with many macrophages and lymphocytic infiltration 
(Figure 11b IV). Skin sections of PVA/CH/GO-CR hydrogel (group V) treated at 7 days after wound induction show 
disappeared dried necrotic scab, new epidermis (several keratinized ortho-epidermal layers), vascularized granulation 

Table 5 Percentage of Wound-Healing Activity Against a Tested Sample of Groups

Group Sample Name Wound Concentration, % Mean ±S.D

3 rd 7 th 14th

I Diabetic 9.5 ± 0.9 15.5 ± 0.5 30.3 ± 0.94

II Non-diabetic 30.1 ± 0.6 50.1 ± 0.4 65.3 ± 0.5
III Cranberry 25.1 ± 0.9 41.4 ± 0.6 50.5 ± 0.8

IV GO-CR 54 ± 0.9 89.2 ± 0.5 90.2 ± 0.5

V PVA/CH/GO-CR hydrogel 71.2 ± 0.8 92.1 ± 0.8 98.8 ± 0.7
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Figure 11 (a–c) Photomicrographs of histological sections of skin from different experimental groups stained with Hematoxylin and Eosin (a) skin section on the 3rd day, 
(b) skin sections on 7th day, and (c) skin sections on the 14th day. After wound induction group I with severe inflammatory cell infiltrate (thin black arrow) and necrotic area 
(*) and congested dilated blood vessel (c). Skin sections from Group II indicate increased wound area covered by big dried necrotic scab (s) underlined by diffusely necrotic 
(*) and inflammatory tissue infiltrate (primarily neutrophils) (black arrows) with numerous extravasated RBCs. Group III and Group IV skin sections reveal identical lesions 
covered by necrotic scab (s) with less neutrophilic infiltration (black arrows) and less necrosis (*). Skin sections from Group V show a tiny dry necrotic scab (s) less 
neutrophilic infiltration (thin black arrows) and less necrosis (*). Epidermis (e) with fully mature connective tissue replacing granulation tissue (*) with collagen and hair 
follicles. Low magnification ×100 bar 100 and high magnification x400 bar 50). 
Note: Group I (diabetic non-treated), Group II (treated with ST), Group III (treated with Cranberry powder), Group IV (treated with GO-CR) and Group V (PVA/CH/GO- 
CR hydrogel).
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tissue deposition, and few macrophages and lymphocytic infiltration (Figure 11b V). Skin sections from the Diabetic 
group 14 days after wound induction indicate increased wound area, dry necrotic scab disappearance, inflammatory 
exudate (black arrows), new epidermis, vascularized granulation tissue deposition with macrophages, and lymphocytic 
infiltration (Figure 11c II). Skin sections from the Cranberry-treated group (group III) treated at 14 days after wound 
induction indicate a newly divided epidermis (few keratinized epithelial layers) and vascularized granulation tissue 
deposition with macrophages and lymphocytic infiltration (Figure 11c III). Skin sections from the green graphene oxide 
nanosheet (GO-CR) (group IV) at 14 days after wound induction exhibiting newly divided epidermis (multiple 
keratinized epithelial layers) underlined by vascularized granulation tissue deposition containing few macrophages and 
lymphocytic infiltration (Figure 11c IV). Skin sections of PVA/CH/GO-CR hydrogel (group V) treated 14 days after 
wound induction demonstrate complete reepithelization with fully mature connective tissue, replacing granulation tissue 
with collagen and hair follicles (Figure 11c V).

Showing (I) few positively stained capillaries in the dermis (black arrows) without difference among 3-time points. 
(II) The immunostained skin sections against VGEF showed slightly increased numbers of positively stained capillaries 
in the wounded area 3 days after wound induction (black arrows) that moderately increased after 7 days and then 
decreased after 14 days. The immunostained skin sections against VGEF from treated groups (III, IV & V) showed 
higher numbers of positively stained capillaries in the wounded area 3 days after wound induction (black arrows) than in 
the (II), then decreased over time. IHC counterstained with Mayer’s Hematoxylin. Magnification X: 400 bar 50.

Figure 12. Bars demonstrate numbers of VGEF-positive capillaries in immunostained skin samples from all groups by 
one-way ANOVA followed by Tukey’s test to compare all means. Immunostained skin sections against VGEF showed 

Figure 12 (a) Photomicrographs of immunostained skin sections against VGEF at 3 Days, 7 Days, and 14 Days after wound induction. (Magnification x400 bar 50).(b). Bars 
demonstrate numbers of VGEF-positive capillaries in immunostained skin samples from all groups by one-way ANOVA followed by Tukey’s test to compare all means. 
Note: Black arrow Indicates the immunostained of VEGF in the wall of the blood vessels, P values *=0.0340, ***=0.0001, and ****<0.0001, and Group I (diabetic non- 
treated), group II (treated with ST), group III (treated with Cranberry powder), group IV (treated with GO-CR) and Group V (PVA/CH/GO-CR hydrogel.
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few positively stained capillaries in the dermis without difference among 3-time points in the gp 1. The immunostained 
skin sections against VGEF from the gpI showed slightly increased numbers of positively stained capillaries in the 
wounded area 3 days after wound induction that moderately increased after 7 days and then decreased after 14 days. The 
immunostained skin sections against VGEF from treated groups showed higher numbers of positively stained capillaries 
in the wounded area 3 days after wound induction than in the gp1 then decreased by time.71

Conclusion
This study aimed to environmentally synthesize graphene oxide nanosheets (GO) using powdered cranberry extract, with 
the creation of PVA/CH/GO-CR hydrogel to facilitate wound healing. Gallic acid and Rosmarinic acid were identified as 
the predominant phenolic components in the cranberry extract. Through various analyses including FTIR, SEM, TEM, 
mechanical property, and electrical conductivity studies, we characterized the PVA/CH/GO-CR hydrogel. Antibacterial 
biofilm testing using the diffusion agar method revealed its efficacy against both Gram-positive (Staphylococcus aureus 
and S. epidermidis) and Gram-negative (E. coli and Klebsiella pneumonia) bacteria. Molecular dynamics and system 
stability in-silico studies were conducted to elucidate the chemical components involved in wound healing. The PVA/CH/ 
GO-CR hydrogel exhibited superior anti-inflammatory effects, with reduced downregulation of NLRP3, IL-6, TNF-α, 
and IL-1β. Immunohistochemistry for vascular endothelial growth factor (VEGF), in vivo experiments, and histopathol-
ogy analyses collectively supported the nanoparticles’ ability to mitigate inflammation and expedite wound healing. 
Notably, in diabetic rats, the PVA/CH/GO-CR hydrogel demonstrated significant efficacy in wound healing, as evidenced 
by histological assessments and measurements of wound contraction.

Our findings underscore the potential of green-synthesized GO-CR nanosheets incorporated into PVA/CH hydrogel for 
drug delivery in wound healing applications, opening avenues for further research and development in this promising field.
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