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14 Abstract

15 Infectious wounds present a significant challenge in healthcare due to the delay in wound healing 

16 and associated processes. Improper use of antibiotics makes this situation even worse due to 

17 antibiotic resistance. To meet the critical requirements of healing infectious wounds, we report a 

18 bilayer dressing (BL) that combines a hydrogel-based layer and an electrospun nanofiber-based 

19 layer together to mimic the dermal and epidermal architecture of normal skin. The bilayer dressing 

20 is fabricated by combining chitosan/gelatin nanofiber-based layer (NF) with ursodeoxycholic acid 

21 drug (UDC) and carbon dots (CDs) loaded hydrogel (UDC/CDs/H-Gel). Hydrogel is fabricated by 

22 Schiff base-based crosslinking of quaternized chitosan (QCS) and oxidized alginate (OA). The 

23 integration of NF with UDC/CDs/H-Gel leads to ~45% increment in tensile strength and ~48% 

24 increment in elongation at break. BL exhibits swelling of ~400% in 36 h, porosity of ~75%, and 

25 antioxidant activity of ~93%. Moreover, as compared to individual NF and hydrogel layer, BL 

26 shows good reactive oxygen species (ROS) scavenging behavior, hemocompatibility (~4.5% 

27 hemolysis), good hemostatic potential, enhanced cell proliferation ability (130% cell viability of 

28 L929 cells), and excellent antibacterial activity with 92% and 88% bactericidal efficacy against E. 

Page 1 of 34 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

7-
08

-2
02

5 
 1

2:
41

:2
6.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TB00800J

mailto:garima@iitmandi.ac.in
https://orcid.org/0000-0002-3391-2378
https://orcid.org/0000-0002-3391-2378
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb00800j


2

29 coli and S. aureus, respectively. Wound healing ability of BL is further evaluated via scratch assay 

30 demonstrating ~97% wound closure. Overall, BL possesses multifunctionality, and presents itself 

31 as a potential candidate for accelerated wound healing.

32 Keywords: Electrospinning, nanofibers, hydrogel, bilayer dressing, carbon dots, antibacterial, 

33 wound healing

34

35 Introduction

36 Skin is the outermost layer of the body that directly comes into contact of the environment, and it 

37 is one of the most vulnerable tissue due to its closest interaction with the external factors. For 

38 minor injuries, skin can heal itself over time via a complex wound healing process, which includes 

39 four overlapping and coordinated stages, namely hemostasis, inflammation, proliferation, and 

40 remodeling.1, 2 This process helps in restoring the overall physiology and function of skin but any 

41 kind of disruption in this continuous healing process may lead to chronic wounds having persistent 

42 inflammation and impaired healing. Various factors, like diabetes, infection, and stress interfere 

43 with wound healing process, resulting in higher occurrence of chronic wounds.2, 3 According to a 

44 study, wound care related expenditure is estimated to be around $28 billion - $97 billion annually, 

45 resulting in heavy financial burden in the medical sector.4

46 Gauze is the most traditional and inexpensive alternative to treat the wound but the need 

47 for their frequent replacement may lead to trauma and mechanical debridement, and the leftover 

48 fiber may trigger the immune system causing granuloma formation.5 To address this challenge, 

49 advanced wound dressings have been designed based on “the moist wound healing theory” given 

50 by Prof. Winter in 1962.6 An ideal wound dressing is expected to be biocompatible and non-

51 inflammatory; retain moisture; and have sufficient mechanical strength to maintain the structural 

52 integrity. It should be capable of performing the required biochemical actions for supporting the 

53 healing process.7 

54 Various monolayer wound dressings based on hydrogels, electrospun fibers, foams, and 

55 hydrocolloids have been investigated to address the challenges associated with gauze.8-11 To design 

56 the polymer matrix for these wound healing dressings, natural polymers are an attractive choice 

57 owing to their inherent biocompatibility and biodegradability.12-14 These natural polymers, such as 

58 chitosan, alginate, gelatin can be extracted from natural resources and possess different functional 

59 groups, which can be used for post-modifications as per the requirements.15-17 In recent years, 
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60 hydrogels loaded with nanomaterials have attracted considerable interest for wound healing 

61 applications.18-21 In this context, silver-based nanomaterials have been widely utilized for the 

62 treatment of infected wounds due to their strong and broad-spectrum antibacterial efficacy.22 

63 However, apprehensions regarding their cytotoxic effects on host tissues and the risk of inducing 

64 allergic reactions have limited their utilization.23 In recent years, carbon dots have emerged as an 

65 alternative active component owing to their exceptional biocompatibility, intrinsic antioxidant 

66 property, adjustable surface functionalities, and antibacterial efficacy combined with minimum 

67 toxicity risk.24, 25 For example, Zaffar et al. developed urea/citric acid-based carbon dots and rose-

68 petal-derived extracellular vesicles loaded injectable hydrogel with intrinsic antibacterial 

69 activity.26 Qu et al. reported MXene/carbon dots nanocomposites with anti-inflammatory and NIR-

70 triggered antibacterial effects.27 Further, Li et al. incorporated peroxidase-like copper-doped 

71 carbon dots into a chitosan/dextran-based hydrogel for stimuli-responsive biofilm disruption and 

72 enhanced healing.28 The above mentioned systems have required features for wound healing 

73 applications exclusive of each other, but, none of the systems independently attain the complete 

74 set of physical and biological efficacy when used as an individual layer. 

75 The development of porous dressings with layered gradient can be considered as a step 

76 further, as it mimics the skin anatomy, which has epidermis and dermis.29 In this regard, bilayer 

77 (BL) dressings consisting of electrospun fiber-based layer and hydrogel-based layer have emerged 

78 as a potential alternative.4, 30-32 Here, electrospun fiber-based layer provides the dense structure 

79 with small pores to maintain the breathability and providing protection from bacterial invasion, 

80 which is similar to epidermis,4, 33 whereas, the loose 3D porous structure of hydrogel layer can 

81 mimic the dermal layer by providing the moist environment and supporting cell growth along with 

82 offering other required biochemical functions.4, 34 However, relatively limited studies have been 

83 performed so far on bilayer dressings. Bilayer dressings based on cellulose acetate nanofibers with 

84 collagen hydrogel,35 poly(L-lactic acid) (PLLA) nanofibers with chitosan/gelatin hydrogel,4 

85 PLLA/chitosan/poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nanofibers with 

86 chitosan/gelatin hydrogel,36 keratin nanofibers with polyacrylic acid hydrogel,32 and polyvinyl 

87 alcohol/alginate nanofibers with chitosan hydrogel37 are some examples that have been reported 

88 in the literature. These bilayer dressings generally lack the capability of performing multiple 

89 actions together like antioxidant, antibacterial, controlled release of active components, 

90 hemostasis, and reactive oxygen species (ROS) scavenging, which is crucial for the healing of 
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91 infectious wounds. Therefore, it is the need of the hour to focus on multifunctional bilayer 

92 dressings for achieving faster healing of bacteria-infected wounds, and to improve their prospects 

93 in real-life applications.

94 To address research gap of desired multifactorial physical and biological properties in a 

95 single dressing, based on the above-mentioned knowledge, we hypothesized to combine 

96 chitosan/gelatin-based electrospun fibers with ursodeoxycholic acid drug (UDC) and citric acid-

97 based carbon dots (CDs) loaded hydrogel. UDC shows strong potential for promoting wound 

98 healing due to its ability to suppress NF-κB signaling, along with its anti-inflammatory effects and 

99 tissue regeneration feature.38, 39 Here, polymeric matrix with UDC can help in wound exudate 

100 absorption, cell adhesion and proliferation, and hemostasis, while chitosan and CDs can offer 

101 antioxidant, antibacterial, and ROS scavenging features. Also, good interfacial adhesion of 

102 nanofibers and hydrogel-based layers can offer enhanced mechanical strength to the dressing. 

103 Based on this hypothesis, in the current work, we have developed bilayer dressings fabricated by 

104 combining chitosan/gelatin-based electrospun fibers with quaternized chitosan/alginate-based 

105 hydrogel for enhanced wound healing. The epidermis-mimicking layer was prepared by 

106 electrospinning the solution of chitosan and gelatin, whereas dermis-mimicking hydrogel layer 

107 was prepared by Schiff base-based crosslinking between quaternized chitosan (QCS) and oxidized 

108 alginate (OA). Hydrogel layer was further loaded with CDs and UDC, thus providing the 

109 antioxidant, antibacterial, and cell growth promoting features to the bilayer dressing. These bilayer 

110 dressings (BL) were investigated for their various physicochemical and active properties. The 

111 wound healing ability of BL was investigated through in vitro scratch assay, which revealed a 

112 substantial decrease in the scratch area. Owing to their biochemical functions, the developed 

113 bilayer dressings demonstrate great potential as a dressing material for enhanced wound healing.

114 2. Materials and methods

115 2.1. Materials

116 Chitosan (600-800 kDa mol. wt.), sodium hydroxide (NaOH, 97%), 3-(4,5-dimethylthiazol-2-yl)-

117 2,5- diphenyl-2H tetrazolium bromide (MTT), Dulbecco's modified Eagle's medium (DMEM), 

118 fetal bovine serum (FBS), Triton-X and RPMI were purchased from Thermo Fisher Scientific, 

119 India. Gelatin Type A (Total nitrogen ≥15.50 %, Protein: 70-90 %) and Luria broth were purchased 

120 from HiMedia, India. Sodium alginate (Alg, ~200 kDa mol. wt.) was acquired from CDH, India. 

121 Sodium metaperiodate (99.8 %), phosphate buffer saline (PBS), and ethylene glycol (99.5%) were 
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122 purchased from Loba Chemie, India. Glycidyl trimethyl ammonium chloride (ca. 80% in water), 

123 ursodeoxycholic acid (UDC, >98.0 %), and 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) were 

124 acquired from TCI chemicals, India. Citric acid (≥99.0 %) and 2′,7′- dichlorodihydrofluorescein 

125 diacetate (H2DCFDA, ≥ 97 %) were acquired from Merck Life Science, India. Acetic acid (99.0 

126 %), p-nitrophenylhydrazine (99 %), dimethylformamide (DMF, 99.5 %), and ethylene diamine (99 

127 %) were purchased from SRL, India. S. aureus (MTCC 7443) and E. coli (MTCC 1687) were 

128 obtained from CSIR - IMTECH, Chandigarh. Fresh human blood was collected from healthy 

129 human, following the guidelines approved by the Institutional Biosafety Committee (#07/2021-

130 II/IIT/IEC).

131 2.2. Fabrication of citric acid-based carbon dots (CDs)

132 CDs were prepared using citric acid as the source of carbon via one-step hydrothermal method.40, 

133 41 Briefly, 2.5 g of citric acid and 2.5 mL of ethylene diamine were mixed together in 50 mL of 

134 water, and the solution was transferred to teflon lined stainless steel reactor (100 mL). The reaction 

135 was carried out at 180 °C for 12 h. Next, sample was centrifuged at 8000 rpm min-1 for 10 min and 

136 then filtered through a 0.22 μm membrane filter. Finally, the sample was dialyzed against water 

137 for 48 h using 1 kDa dialysis membrane, and stored at room temperature.

138 2.3. Fabrication of chitosan/gelatin electrospun nanofiber-based layer (NF)

139 To fabricate NF, 8% w/v chitosan solution was prepared in 3 mL of 80% acetic acid, and 30% w/v 

140 gelatin solution was prepared separately in 6 mL of 80% acetic acid. Both solutions were mixed 

141 and kept for overnight stirring until the mixture was homogenous and viscous, and this uniform 

142 solution was electrospun over the cylindrical collector positioned 15 cm away, perpendicular to 

143 needle. Needle was attached to the positive terminal of a high-voltage direct current power supply 

144 and nanofibers were collected by applying an electric potential of 16 kV to the polymer solution, 

145 with flow rate of 0.4 mL/h. 

146 2.4. Formation of bilayer dressing (BL)

147 To fabricate BL, QCS and OA were utilized to generate Schiff base linkage-based hydrogel layer. 

148 QCS was prepared according to the methodology reported by Negi et al,42 and the degree of 

149 quaternization (~23%) was estimated by conductometric titration using the following formula:

150               𝐶𝐴𝑔𝑁𝑂3  . 𝑉𝐴𝑔𝑁𝑂3  
𝑚

=  𝐷𝑆
𝐷𝑆 . 𝑀3+(1―𝐷𝑆―𝐷𝐴). 𝑀1+𝐷𝐴 . 𝑀2                                                Equation 1
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151 where, CAgNO₃ = AgNO3 concentration, VAgNO₃ = volume of AgNO3 solution, m = mass of 

152 QCS used for titration, DS is the degree of quaternization, DA is the acetylation degree of chitosan, 

153 M1 = glucosamine molecular weight, M2 = N-acetyl glucosamine molecular weight, and M3 = 

154 GTMAC molecular weight.

155 OA was synthesized using the previously described protocol by Dhiman et al.,43 and the 

156 hydroxylamine hydrochloride assay was used to calculate percent oxidation (~71%) using 

157 following formula:

158             𝑀𝑜𝑙𝑒 𝑜𝑓 𝐶𝐻𝑂
𝑀𝑜𝑙𝑒 𝑜𝑓 𝑈𝑟𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 

= 𝑉𝑁𝑎𝑂𝐻 × 0.1𝑚𝑜𝑙𝐿―1 × 198𝑔𝑚𝑜𝑙―1

𝑀𝑠𝑎𝑚𝑝𝑙𝑒
× 100                          Equation 2

159 here, VNaOH represents the volume of NaOH consumed during titration, and Msample denotes 

160 the mass of oxidized alginate used in the titration.

161 In the next step, 150 µL of QCS solution and 150 µL of OA solution in DI water were 

162 mixed homogeneously by maintaining QCS:OA ratio of 3:5 (w/w). Next, CDs (1:80 w/w relative 

163 to hydrogel forming solution) and methanolic solution of UDC (1:10 w/w relative to hydrogel 

164 forming solution) were added to the aforementioned solution.

165 Finally, bilayer dressing was prepared by using the vacuum filtration method, where NF 

166 was kept in the Buchner funnel and hydrogel forming solution was poured onto it. It was observed 

167 that hydrogel layer was formed within 2 min at room temperature, and after applying vacuum, 

168 strong interface between the two layers was formed that can be clearly visualized using SEM. BL 

169 were characterized using FT-IR spectroscopy, SEM and universal testing machine (UTM).

170 For comparative studies, following hydrogel samples were prepared: (a) unloaded 

171 QCS/OA hydrogel (H-Gel) and (b) UDC and CDs loaded QCS/OA hydrogel (UDC/CDs/H-Gel). 

172 Loading efficiency of UDC drug was calculated as follows:44

173           % 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐿𝐸) = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑙𝑚

× 100                             Equation 3

174 2.5. Physicochemical characterizations and in vitro studies

175 The experimental details of physicochemical characterization, UDC release studies, antioxidant 

176 and antibacterial studies, and cell studies are given in the Supporting Information.

177 2.6. Instrumentation and characterization

178 The details of instrumentation and characterization are given in the Supporting Information.

179 3. Results and discussion
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180 In this work, bilayer dressing (BL) was designed to deal with the challenges related to infectious 

181 wounds while keeping the bilayer structure of skin in mind. Chitosan/gelatin electrospun 

182 nanofiber-based layer (NF) was prepared separately using electrospinning method. Next, bilayer 

183 dressing (BL) was developed by pouring CDs and UDC containing hydrogel forming solution on 

184 NF under vacuum filtration (Scheme 1). Here, hydrogel layer was formed on top of NF and a 

185 strong interface was formed between NF and hydrogel layer resulting in bilayer structure, offering 

186 multifactorial pro-healing features for enhanced skin wound healing.

187
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188 Scheme 1. (A) Synthesis of quaternized chitosan (QCS) and oxidized alginate (OA). (B) 

189 Fabrication of multifunctional electrospun nanofiber/hydrogel-based pro-healing bilayer dressing 

190 (BL) for infectious wounds.

191 3.1. Characterization of chitosan/gelatin electrospun nanofiber-based layer (NF)

192 Chitosan/gelatin electrospun nanofiber-based layer was fabricated via electrospinning method. A 

193 comparative FT-IR spectra of chitosan, gelatin, and NF is shown in Figure S1 in Supporting 

194 Information. It can be seen that all the peaks of gelatin and chitosan were present in the FT-IR 

195 spectrum of NF confirming the presence of both the biopolymers in the nanofibers. These fibers 

196 are expected to have hydrogen bonding interactions between –NH2, –C=O, and –OH groups of 

197 both chitosan and gelatin. Similar interactions have also been reported in other chitosan/gelatin-

198 based systems in the literature.45 Fabricated NF was also characterized using SEM and the results 

199 have been discussed later in section 3.4.

200 3.2. Characterization of citric acid-based carbon dots (CDs)

201 CDs were prepared via one-step hydrothermal method utilizing citric acid as a carbon source. CDs 

202 displayed a size of 28 nm with the polydispersity index (PDI) of 0.3 as measured by dynamic light 

203 scattering (Figure S2, Supporting Information). Zeta potential of CDs was -23.6 mV indicating 

204 the colloidal stability of CDs via strong electrostatic repulsion (Figure S3, Supporting 

205 Information). TEM image of CDs exhibited their homogeneous distribution (Figure 1A) with 

206 average size of approximately 4.2 ± 1.9 nm (Figure 1B).

207 FT-IR spectra of citric acid and CDs are shown in Figure S4 in Supporting Information. 

208 FT-IR spectrum of citric acid showed peaks at 3492 cm-1 (O–H stretching) and 3280 cm-1 (O–H 

209 stretching of carboxylic group), 2892 cm-1 (C–H stretching), and 1697 cm-1 (C=O stretching), 

210 whereas FT-IR spectrum of CDs displayed peaks at 3284 cm-1 (O–H and N–H stretching), 2930 

211 cm-1 (C–H stretching), 1540 cm-1 (asymmetric C–O stretching of carboxylate group), and 1370 

212 cm-1 (symmetric C–O stretching of carboxylate group). A peak at 1580 cm-1 (N–H bending) was 

213 also observed in the case of CDs, which was attributed to the nitrogen functionalities on CDs.43, 46
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214

215 Figure 1. (A) TEM image of CDs, scale bar: 200 nm. Inset displays the TEM image of a single 

216 CD with scale bar as 10 nm. (B) Histogram showing size distribution of CDs.

217 Moreover, X-ray photoelectron spectral (XPS) analysis was performed to detect the surface 

218 components and functional groups in CDs. XPS survey spectrum for CDs displayed the presence 

219 of carbon, oxygen, and nitrogen elements in CDs (Figure S5A, Supporting Information). High-

220 resolution spectrum of C1s exhibited three peaks (Figure S5B, Supporting Information) at 288 

221 eV, 286.3 eV, and 284.7 eV, which were ascribed to C=O, C–N, and C–C, respectively.47 N1s 

222 spectrum indicated the presence of alkyl ammonium groups (401.8 eV) and N–H (399.6 eV) 

223 groups, thus, demonstrating the presence of nitrogen containing functionalities on CDs (Figure 

224 S5C, Supporting Information).48 Moreover, O1s spectrum was deconvoluted into two peaks 

225 revealing the presence of C–O (532.9 eV) and C=O (531.5 eV) (Figure S5D, Supporting 

226 Information).40 These XPS results are in good agreement with FT-IR results.

227 3.3. Characterization of UDC and CDs-loaded QCS/OA hydrogel (UDC/CDs/H-Gel)

228 Hydrogel was formed by Schiff base-based crosslinking between amine groups of quaternized 

229 chitosan and aldehyde groups of oxidized alginates. Moreover, CDs were incorporated into the 

230 hydrogel along with UDC drug to prepare UDC/CDs/H-Gel. FT-IR spectroscopy was utilized to 

231 confirm the quaternization of amine groups present in chitosan and oxidation of alginate (Figure 

232 S6 and S7, Supporting Information). In the case of QCS, a new peak at 1480 cm-1 appeared that 

233 was ascribed to asymmetric C–H stretching of methyl groups of quaternary ammonium groups 

234 along with all the peaks that were present in chitosan.42 In the case of OA, a new peak at 1715 cm-

235 1 appeared corresponding to carbonyl of aldehyde groups formed after oxidation along with all the 

236 peaks that were present in alginate.42 FT-IR spectrum of UDC displayed the peaks at 3234 cm-1 
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237 (O–H stretching), 2928 cm-1 (C–H stretching), 1720 cm-1 (C=O stretching), and 1378 cm-1 (C–O 

238 stretching of carboxylic acid group) (Figure S8, Supporting Information).12 Figure 2 displays 

239 the comparative FT-IR spectra of QCS, OA, and UDC/CDs/H-Gel. FT-IR spectrum of 

240 UDC/CDs/H-Gel displayed the peaks at 3400 cm-1 (O–H, N–H stretching), 2926 cm-1 (C–H 

241 stretching), and 1633 cm-1 (C=N stretching). It showed the Schiff base-based crosslinking between 

242 amine groups of quaternized chitosan and aldehydic groups of oxidized alginate in the hydrogel 

243 layer. Electrostatic interactions and hydrogen bonding may additionally strengthen this Schiff 

244 base-based polymeric network established by chitosan and alginate. Here, the carboxyl and 

245 hydroxyl functional groups present on the surfaces of CDs and UDC can participate in electrostatic 

246 interaction and hydrogen bonding with the amine groups of chitosan and the carboxyl groups of 

247 alginate. 

248

249 Figure 2. Comparative FT-IR spectra of quaternized chitosan (QCS), oxidized alginate (OA), and 

250 UDC/CDs/H-Gel.

251 Further, XPS analysis of UDC/CDs/H-Gel was also carried out to confirm the chemical 

252 composition and Schiff base-based crosslinking in the hydrogel (Figure S9, Supporting 

253 Information). XPS survey spectrum for UDC/CDs/H-Gel is presented in Figure S9A in 

254 Supporting Information showing carbon, oxygen, and nitrogen peaks. High resolution C1s 

255 spectrum showed three peaks of O–C=O, C=N, and C–C with binding energy of 288 eV, 286.4 

256 eV, and 284.7 eV, respectively (Figure S9B, Supporting Information).47 O1s XPS spectrum 

257 consisted of two oxygen peaks (Figure S9C, Supporting Information). Peak at 532.5 eV was 

258 due to O–C bond, and peak at 530.9 eV was consistent with O=C.47 Moreover, N1s spectrum 
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259 presented two peaks upon deconvolution, which were related to N(CH3)3
+

 and N=C with binding 

260 energy of 401.8 eV and 399.9 eV, respectively (Figure S9D, Supporting Information).47 

261 Fabricated UDC/CDs/H-Gel was also characterized using SEM and the results have been 

262 discussed later in section 3.4.

263 3.4. Formation of bilayer dressing (BL)

264 Bilayer dressing was prepared by using the vacuum filtration method that led to the formation of 

265 strong interface between the two layers. Scanning electron microscopic analysis was carried out 

266 to examine the morphology of the bilayer dressing both on the surface and at the interface. As 

267 reported in the literature, immersion and coating approaches provide weak interfacial adhesion 

268 between the two layers, which may cause cracking.49 On the contrary, in vacuum filtration process, 

269 the hydrogel forming solution is able to penetrate the pores of nanofiber layer, which creates strong 

270 interfacial adhesion between hydrogel and nanofiber layer.49 Porous morphology of UDC/CDs/H-

271 Gel layer can be easily seen in Figure 3A. Further, elemental mapping of UDC/CDs/H-Gel 

272 confirmed that all the elements were evenly distributed across the hydrogel (Figure S10, 

273 Supporting Information). For comparison, SEM imaging and elemental mapping of H-Gel were 

274 also carried out, revealing a porous morphology with a uniform elemental distribution throughout 

275 the hydrogel (Figure S11, Supporting Information). The morphology of the NF layer shown in 

276 Figure 3B displayed smooth and uniform surface of electrospun nanofibers, and the average 

277 diameter of nanofibers was 228 ± 61 nm (Figure S12, Supporting Information). Structural 

278 integrity of bilayer matrix at the interface of hydrogel and NF layer was also observed by SEM 

279 (Figure 3C).
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280

281 Figure 3. SEM image of bilayer dressing (BL). (A) Bottom UDC/CDs/H-Gel layer of BL. Scale 

282 bar: 200 µm. (B) Top NF layer of BL. Scale bar: 10 µm. (C) Interface between UDC/CDs/H-Gel 

283 and NF layers in BL. Scale bar: 50 µm.

284 3.5. Mechanical studies

285 Tensile strength and elongation at break were assessed to determine the influence of loading of 

286 CDs and UDC in hydrogel layer (UDC/CDs/H-Gel). Further, the impact of integrating NF layer 

287 with UDC/CDs/H-Gel layer on the mechanical behavior was also evaluated. A comparison for the 

288 tensile strength of H-Gel, UDC/CDs/H-Gel, and BL is shown in Figure 4A. It was observed that 

289 loading of CDs and UDC in UDC/CDs/H-Gel led to a ~34% enhancement in tensile strength as 

290 compared to unloaded H-Gel. The enhanced tensile strength can be correlated to the loaded 

291 material serving as a reinforcing filler. Additionally, the hydrogen bonding interactions between 

292 the carboxyl and hydroxyl groups of CDs and UDC with the amine groups of chitosan, as well as 

293 the carboxylic groups of alginate in the hydrogel layer, may further contribute to this enhancement 

294 in tensile strength. Similar findings have been reported by Kalaycıoğlu et al.50 Further, integration 

295 of NF with UDC/CDs/H-Gel layer led to ~45% increment in tensile strength. This enhancement 

296 could be due to the formation of interpenetrating network at the interface of two layers, which was 

297 supported by SEM image of BL.51 Elongation at break of H-gel, UDC/CDs/H-Gel, and BL is 

298 shown in Figure 4B. A ~17% increment was observed with the loading of CDs and UDC in 
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299 UDC/CDs/H-Gel layer as compared to H-Gel. This increment can be attributed to CDs and UDC 

300 inhabiting the interchain gaps within the polymer network, thereby expanding the spacing between 

301 polymer chains. Comparable results have been reported by Riahi et al.52 Additionally, the 

302 integration of nanofibers and hydrogel in BL resulted in a ~48% increment in elongation at break. 

303 This increase may result from the entanglement of polymer chains at the interface of two layers, 

304 which can improve elongation at break, thereby aiding in withstanding the external forces.53 For 

305 comparison, mechanical strength of NF was measured separately showing tensile strength of 2.57 

306 MPa and elongation at break of 111% (Figure S13, Supporting Information).

307

308 Figure 4. Evaluation of mechanical properties. (A) Tensile strength of H-Gel, UDC/CDs/H-Gel, 

309 and BL. (B) Elongation at break of H-Gel, UDC/CDs/H-Gel, and BL. The data are expressed as 

310 mean ± standard deviation (n = 3), with significance levels indicated by P values <0.05 (*), 0.01 

311 (**) and 0.001 (***).

312 3.6. Swelling and degradation studies

313 Swelling behavior of H-Gel, UDC/CDs/H-Gel, NF, and BL was assessed in buffer solution of pH 

314 7.4 and pH 8.5. These pH values were selected to represent the physiological environment (pH 

315 7.4) and the alkaline conditions often associated with bacteria-infected wounds (pH 8.5).54 

316 Experimental results showed that H-Gel and UDC/CDs/H-Gel displayed ~200% swelling in buffer 

317 solutions over 36 h (Figure S14, Supporting Information). With further incubation, hydrogels 

318 showed slight degradation. Additionally, the incorporation of CDs and UDC showed no significant 
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319 impact on the swelling and degradation properties of the hydrogels. Similarly, NF also showed 

320 increase in swelling at both pH 7.4 and pH 8.5 (Figure S14, Supporting Information). Initially, 

321 up to 12 h, capacity of swelling was higher in the case of NF (~460% swelling) as compared to H-

322 Gel and UDC/CDs/H-Gel. Further, nanofibers showed degradation with increase in incubation 

323 time. As displayed in Figure 5A, BL showed enhanced swelling behavior (~400% swelling in 36 

324 h) at both pH 7.4 and pH 8.5 as compared to hydrogels. It was observed that BL displayed 

325 degradation with increasing incubation time over 100 h.

326 These results highlight that NF exhibited the highest swelling over 12 h but degraded faster, 

327 whereas hydrogels showed the lowest swelling and maintained structural integrity longer than NF. 

328 Overall, BL demonstrated intermediate swelling and degradation behavior as compared to its 

329 monolayer counterparts. 

330

331 Figure 5. (A) Swelling and degradation behavior of BL at pH 7.4 and pH 8.5. (B) Porosity of H-

332 Gel, UDC/CDs/H-Gel, NF, and BL. The data are expressed as mean ± standard deviation (n = 3), 

333 with significance levels indicated by P values <0.05 (*), 0.01 (**) and 0.001 (***).

334 3.7. Porosity measurements

335 Ethanol displacement method was utilized to ascertain the porosity of H-Gel, UDC/CDs/H-Gel, 

336 NF, and BL as ethanol cannot dissolve the lyophilized form of chitosan, alginate, and gelatin 

337 (Figure 5B). It was observed that the porosity of UDC/CDs/H-Gel was almost similar to H-Gel 

338 suggesting negligible influence of CDs and UDC incorporated in hydrogel layer. In the case of 

339 BL, there was slight increase in porosity with no significant difference with respect to hydrogels 
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340 (Figure 5B). Upon combining nanofiber layer and hydrogel layer together, the interfacial 

341 interactions between them can introduce additional voids even if those layers were strongly 

342 bonded, as supported by SEM image in Figure 3. This architectural complexity may have allowed 

343 ethanol, used in ethanol displacement method, to access more voids resulting in a slightly higher 

344 total porosity.

345 3.8. Contact angle measurements

346 Sessile drop method was employed to measure water contact angle for evaluating surface 

347 wettability on both the sides of BL, which influences cell adhesion and overall biocompatibility. 

348 The result showed that the water contact angle of UDC/CDs/H-Gel layer side and NF layer side 

349 were 63.2° and 58.5°, respectively, thus, confirming the presence of hydrophilic surface on both 

350 the sides of BL (Figure S15, Supporting Information). Furthermore, the water contact angle of 

351 UDC/CDs/H-Gel layer (58.5°) was lower as compared to unloaded H-Gel (67.3°), which may be 

352 attributed to the hydrophilic nature of UDC.

353 3.9. In vitro UDC release from UDC/CDs/H-Gel

354 UDC is a promising option for wound-healing applications due to its inhibition of NF-κB 

355 activation, and its anti-inflammatory and tissue regeneration properties.55, 38 In vitro release of 

356 UDC from UDC/CDs/H-Gel (loading efficiency = 10%) was studied at pH 7.4 and pH 8.5 over 

357 100 h, and the samples were collected at regular intervals. The chosen pH values reflect the 

358 physiological environment (pH 7.4) and the alkaline conditions often related to bacterial infections 

359 in wounds (pH 8.5).54 The experimental results revealed that in initial 10 h, 58% UDC was released 

360 at pH 7.4, while 54% UDC was released at pH 8.5. At the end of 100 h, the cumulative UDC 

361 release of 90% and 82% were achieved at pH 7.4 and pH 8.5, respectively (Figure 6A). Higher 

362 UDC release at pH 7.4 can be ascribed to the increased number of protonated amine groups of 

363 chitosan, which in turn may influence the interaction of UDC drug with polymeric matrix of 

364 hydrogel.42

365 Release of UDC was further analyzed using different release kinetics models and the 

366 highest correlation was observed with Korsmeyer−Peppas model indicating both diffusion and 

367 erosion-based release (Figure S16 and Table S1, Supporting Information). 
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368

369 Figure 6. (A) Release profiles of UDC from the UDC/CDs/H-Gel in PBS (pH 7.4 and pH 8.5). 

370 (B) Antioxidant activity of H-Gel, UDC/CDs/H-Gel, NF, BL, UDC, and CDs, where untreated 

371 DPPH radical solution was used as a negative control and Trolox was used as a positive control. 

372 The data are expressed as mean ± standard deviation (n = 3), with significance levels indicated by 

373 P values <0.05 (*), 0.01 (**) and 0.001 (***).

374 3.10. Antioxidant activity

375 Excessive ROS level may negatively impact the process of wound healing by extending the 

376 inflammatory phase.56 Hence, it is important to eliminate these free radicals in order to foster 

377 efficient wound healing. It is notable that CDs present in the hydrogel layer, along with the lone 

378 pairs of hydroxyl and amine groups in the polymers, help in shielding cells from oxidative 

379 damage.57 

380 In this regard, DPPH assay was used to check the antioxidant potential of H-Gel, 

381 UDC/CDs/H-Gel, NF, BL, UDC, and CDs by measuring the extent of interaction between sample 

382 and purple-colored DPPH radical solution to form stable yellow-colored macromolecular radicals 

383 (Figure 6B). Around 89% and 74% antioxidant activities were observed for CDs and H-Gel, 

384 respectively. The antioxidant activity of UDC/CDs/H-Gel (~96%) increased with the loading of 

385 CDs, which is in corroboration with the inherent antioxidant activity of bare CDs. The antioxidant 

386 activity of CDs can be primarily attributed to their functional groups (such as –OH, –COOH, –

387 NH₂).58 Moreover, electron density on the carbon dot surface also helps in increasing antioxidant 
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388 activity. As reported in the literature, from the mechanism perspective, this involves hydrogen 

389 atom transfer (HAT) and/or single electron transfer (SET) processes.58 These features 

390 synergistically/additively contribute to efficient neutralization of radicals such as DPPH•.58 

391 Further, the integration of NF with UDC/CDs/H-Gel showed no discernible difference in 

392 antioxidant activity of BL (~93%). 

393 3.11. Antibacterial activity

394 A quantitative assessment of antibacterial activity was done using the optical density (OD600) 

395 method to evaluate the effect of H-Gel, UDC/CDs/H-Gel, NF, BL, UDC, and CDs against S. 

396 aureus and E. coli (Figure 7A and B). It is to be noted that H-Gel by itself showed 58% and 60% 

397 antibacterial activity against E. coli and S. aureus, respectively. This intrinsic antibacterial 

398 behavior can be attributed to the interaction of positively charged quaternary amine group of 

399 quaternized chitosan with negatively charged phosphatidylglycerol moieties residing in bacterial 

400 membranes.59 Further, UDC/CDs/H-Gel showed 81% and 69% antibacterial activity against E. 

401 coli and S. aureus respectively. The enhanced efficacy of UDC/CDs/H-Gel can be ascribed to the 

402 additive effect of positively charged quaternized chitosan and CDs incorporated inside the film. 

403 The antibacterial activity of CDs can be ascribed to its interaction with the bacterial cell walls, 

404 leading to the distortion of bacterial membrane.60 On the other hand, NF showed 41% and 51% 

405 antibacterial activity against E. coli and S. aureus, respectively owing to the presence of amine 

406 groups present in gelatin and chitosan. Furthermore, the integration of both hydrogel and NF layers 

407 in BL led to a substantial increase in its antibacterial activity. BL showed 92% and 88% 

408 antibacterial activity against E. coli and S. aureus respectively, within 24 h. 

409 Antibacterial behavior of BL was further supported by live-dead staining of S. aureus and 

410 E. coli (Figure 7Cand D). SYTO 9 and propidium iodide (PI) were used to stain bacterial cells 

411 that had been treated with BL for 24 h. PI preferably combines with the DNA of cells exhibiting 

412 compromised membrane integrity and emits red fluorescence. In cells with intact membranes, 

413 SYTO 9 interacts with both DNA and RNA, resulting in green fluorescence, which indicates viable 

414 cells. The experimental results showed that untreated bacterial cells displayed green fluorescence 

415 confirming live cells, whereas bacterial cells treated with the BL exhibited red fluorescence. Here, 

416 the decrease in green fluorescence and the increase in red fluorescence indicated significantly 

417 higher percentage of dead cells in BL-treated bacteria as compared to control sample consisting of 

418 untreated bacteria.
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419 Further, TEM analysis (Figure 7E and F) was employed to examine the antibacterial 

420 mechanism of BL against both S. aureus and E. coli. Here, untreated bacterial cells maintained 

421 their structural integrity, with cell membrane remaining intact. Conversely, BL treatment caused 

422 evident disruptions in the bacterial cell membranes, leading to the leakage of cytoplasmic content 

423 and finally resulting in cell death. 

424

425

426 Figure 7. Antibacterial activity of H-Gel, UDC/CDs/H-Gel, NF, BL, UDC, and CDs against (A) 

427 E. coli, and (B) S. aureus. Live-Dead assay of (C) E. coli, and (D) S. aureus. Scale bar: 100 µm. 

428 Here, untreated bacteria were used as a negative control and gentamicin sulphate-treated bacteria 
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429 were used as a positive control. TEM analysis to examine the antibacterial mechanism: (E) 

430 untreated E. coli and E. coli treated with BL, and (F) untreated S. aureus and S. aureus treated with 

431 BL. Scale bar: 1 µm. The data are expressed as mean ± standard deviation (n = 3), with significance 

432 levels indicated by P values <0.05 (*), 0.01 (**) and 0.001 (***).

433 3.12. Cell viability studies

434 MTT assay was utilized to compare the viability of murine fibroblast cells (L929) after treatment 

435 with H-Gel, UDC/CDs/H-Gel, NF, BL, UDC, and CDs (Figure 8). It was observed that H-Gel, 

436 UDC/CDs/H-Gel, and NF exhibited cell viability of ~102%, ~97%, and ~108%, respectively, 

437 whereas UDC and CDs showed cell viability of ~140% and ~43%, respectively. Further, BL 

438 demonstrated a significantly enhanced cell viability of ~130%, surpassing the individual 

439 monolayer counterparts. It is to be noted that in addition to similar cell viability as UDC, BL also 

440 offers additional benefits, such as antioxidant and antibacterial activity, which is useful for 

441 effective wound healing.

442

443 Figure 8. Cell viability studies of murine fibroblasts (L929) cells treated with H-Gel, 

444 UDC/CDs/H-Gel, NF, BL, UDC, and CDs, where untreated cells were utilized as a control. The 

445 data are expressed as mean ± standard deviation (n = 3), with significance levels indicated by P 

446 values <0.05 (*), 0.01 (**) and 0.001 (***). 

447 Moreover, live-dead assay was carried out to compare the cytocompatibility of H-Gel, 

448 UDC/CDs/H-Gel, NF, BL, UDC, and CDs (Figure 9). Untreated cells were utilized as a control. 

449 Here, ethidium homodimer-1 and calcein AM were used together for cell staining. Ethidium 

Page 19 of 34 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

7-
08

-2
02

5 
 1

2:
41

:2
6.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TB00800J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb00800j


20

450 homodimer-1 selectively binds to dead cells, producing a red fluorescence, while calcein AM 

451 permeates live cells and emits green fluorescence, indicating cell viability. It was observed that in 

452 the case of UDC drug, the density of live cells was the highest. On the other hand, in the case of 

453 CDs, fraction of dead cells was the highest as compared to other test groups owing to the dose 

454 dependent cytotoxicity as evidenced by results reported by Zhang et al.40 It was observed that H-

455 Gel, UDC/CDs/H-Gel, and NF showed good cell viability. However, UDC/CDs/H-Gel also 

456 showed the presence of a few dead cells as compared to H-Gel, which may be attributed to the 

457 presence of CDs. Notably, BL showed excellent cell viability, as confirmed by a high density of 

458 live cells and no visible dead cells. Additionally, BL mitigates the impact of CDs, thus, ensuring 

459 a favorable environment for enhanced cell viability and proliferation as compared to its monolayer 

460 counterparts. The exact mechanism by which BL accomplishes increase in cell viability is not yet 

461 clear, but it may be related to physical obstructions within the system.61 This further supported the 

462 MTT assay results and validated the cytocompatibility and cell proliferating nature of BL.

463 In addition to the extract-based cytocompatibility assessment, direct cell culture studies on 

464 the both sides of BL were also carried out. This experiment confirmed that, after 24 h, both surfaces 

465 supported cell adhesion, indicating the material’s suitability for direct cell-material interaction 

466 (Figure S17, Supporting Information). Notably, the NF showed relatively higher cell adhesion as 

467 compared to the UDC/CDs/H-Gel. NF offers a robust structure that promotes efficient cell 

468 adhesion and the presence of gelatin matrix concurrently provides a bioactive environment that 

469 promotes cell adhesion. Similar results have been reported by Ramanathan et al.35
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470

471 Figure 9. Live-dead images of murine fibroblasts (L929) cells treated with H-Gel, UDC/CDs/H-

472 Gel, NF, BL, UDC, and CDs, where untreated cells were utilized as a control. Scale bar: 100 µm.

473 3.13. ROS scavenging studies

474 H2DCFDA assay was carried out to examine the ROS scavenging ability of H-Gel, UDC/CDs/H-

475 Gel, NF, BL, UDC, and CDs in H2O2-treated L929 cells (Figure 10). Cell-permeable H2DCFDA 
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476 undergoes deacetylation by cellular esterases, resulting in the formation of 2′,7′-

477 dichlorodihydrofluorescein. Upon exposure to ROS, it is rapidly oxidized into highly fluorescent 

478 2′,7′-dichlorofluorescein.57 To assess ROS scavenging ability of the test samples, cells were first 

479 exposed to H2O2 to induce ROS generation. Subsequently, these ROS induced cells were treated 

480 with desired samples. Here, untreated cells (without any exposure to H2O2) were used as a control, 

481 which showed a fluorescence intensity of ~2000. The H2O2-treated cells showed a significantly 

482 higher fluorescence intensity of ~13412, thus, confirming the substantial ROS generation. The 

483 experimental results showed that H-Gel treated cells exhibited fluorescence intensity of ~4000 

484 indicating substantial ROS scavenging. This can be ascribed to the presence of quaternized 

485 chitosan in hydrogel matrix that caused significant increase in the capability of ROS neutralization, 

486 which is notably higher than pure chitosan.62, 63 

487 UDC/CDs/H-Gel-treated cells showed improved ROS scavenging ability, lowering the 

488 fluorescence intensity further to ~3000, which can be correlated to the antioxidant activity of CDs. 

489 In contrast, NF-treated cells showed increase in fluorescence intensity (~11000), thus, showing 

490 poor ROS scavenging behavior. Although chitosan present in NF contains amine groups that can 

491 interact with ROS, their scavenging ability may not be sufficient to effectively neutralize ROS. 

492 Similar observations have been reported by Wu et al.64 Among the test samples, UDC-treated cells 

493 displayed the highest fluorescence intensity (~12000), demonstrating its minimal scavenging 

494 potential, whereas CDs treated cells showed relatively better ROS scavenging ability with a 

495 fluorescence intensity of ~3500. Notably, BL-treated cells showed a discernible decrease in 

496 fluorescence intensity (~2400), which is very close to the control and significantly lower than 

497 H2O2-treated cells. This highlights the excellent ROS scavenging ability of BL and the obtained 

498 findings are in accordance with the antioxidant studies conducted employing DPPH assay.
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499

500 Figure 10. ROS scavenging analysis of H-Gel, UDC/CDs/H-Gel, NF, BL, UDC, and CDs in 

501 H2O2-treated murine fibroblasts (L929) cells, where untreated cells were utilized as a control. The 

502 data are expressed as mean ± standard deviation (n = 3), with significance levels indicated by P 

503 values <0.05 (*), 0.01 (**) and 0.001 (***).

504 3.14. Hemolysis assay

505 RBCs are indicative of the body's overall response to the treatment.65 Hence, hemocompatibility 

506 of H-Gel, UDC/CDs/H-Gel, NF, BL, UDC, and CDs were assessed using hemolysis assay. The 

507 experimental results indicated that the test samples caused minimal disruption to RBCs. Here, CDs 

508 showed maximum hemolysis of ~6% and BL showed minimum hemolysis (~4.5%), whereas 

509 triton-X (positive control) treated RBCs resulted in crimson color solution attributed to the 

510 complete lysis of RBCs (Figure S18, Supporting Information). The percentage of hemolysis for 

511 BL was less than 5%, adhering to the acceptable threshold for biomaterials.4

512 3.15. Hemostatic activity

513 To evaluate the hemostatic potential of H-Gel, UDC/CDs/H-Gel, NF, BL, UDC, and CDs, whole 

514 blood clotting test was performed considering untreated blood as a control. It involves measuring 

515 the absorbance of hemoglobin in uncoagulated blood. The reduced absorbance of hemoglobin 

516 signifies increased immobilization of RBCs by the material, consequently leading to enhanced clot 

517 formation.42 It was observed that among all the test groups, BL and UDC/CDs/H-Gel showed 
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518 maximum reduction in hemoglobin absorbance value in comparison to untreated blood that may 

519 be attributed to the additive effect of polymer matrix, UDC, and CDs. (Figure S19, Supporting 

520 Information). The results obtained in our study are comparable to reported literature by Xia et 

521 al.4

522 3.16. Scratch assay

523 Scratch assay was performed to examine the in vitro wound healing capability of BL and its 

524 monolayer counterparts (Figure 11A). In this regard, a scratch was made on monolayer of cells 

525 followed by incubation with test samples. Untreated cells were utilized as a control here. To 

526 monitor the healing, images were taken at 0, 12, and 24 h using a microscope. Quantitative analysis 

527 of the scratch area using ImageJ software revealed the wound closure capability of different test 

528 samples (Figure 11B). After 24 h, ~49% unhealed scratch area was noted in the case of untreated 

529 cells. Among the tested monolayer counterparts, UDC/CDs/H-Gel showed the highest wound 

530 closure efficiency, with ~24% unhealed scratch area after 24 h. On the other hand, NF and H-Gel 

531 showed similar levels of healing with ~40% unhealed scratch area after 24 h. Interestingly, scratch 

532 treated with BL exhibited a faster wound closure with only ~3% unhealed scratch area after 24 h. 

533 This clearly indicates the enhanced effectiveness of BL for wound healing by significantly 

534 outperforming both the untreated group and the monolayer counterparts. 

535 A comparative analysis of the current study with previously reported studies in the 

536 literature is shown in Table 1.
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537

538 Figure 11. In vitro wound healing using murine fibroblasts (L929) cells. (A) Scratch images in 

539 the case of H-Gel, UDC/CDs/H-Gel, NF, and BL for 0, 12, and 24 h. Scale bar: 100 µm. (B) 

540 Quantitative estimation of the wound closure in the cases of NF, H-Gel, UDC/CDs/H-Gel, and 

541 BL. Here, untreated cells were utilized as a control. The data are expressed as mean ± standard 
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542 deviation (n = 3), with significance levels indicated by P values <0.05 (*), 0.01 (**) and 0.001 

543 (***).
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544 Table 1. Comparative analysis of different wound healing matrices reported in the literature with the current study.

S. 
No. System Antioxidant 

activity
Antibacterial 

activity Cell viability
ROS 

scavenging 
ability

Hemostatic 
behavior

In-vitro wound 
closure Ref.

1.
Oxytetracycline loaded 

lignin/chitosan/polyvinyl 
alcohol-based hydrogel

39.27%

ZOI: 22 mm 
for E. coli and 
24.5 mm for 

S. aureus 
~85% (L929) - -

7.2% cell 
migration in 4 h 

(L929)
Preet et al.66

2.
Glucose oxidase and 

catalase nanoenzyme–
chitosan hydrogel

-

OD600: ~78% 
for E. coli and 
~95% for S. 

aureus 

~110% 
(L929 and 
HUVECs)

Yes -

38.37% (L929) 
and 74.12% 

(HUVECs) cell 
migration in 24 h

Li et al.67

3.
Carboxymethyl 

chitosan/tannic acid/Cu2+ 

based hydrogel
-

CCM: 100% 
for 

methicillin-
resistant S. 

aureus death 
in 12 days 

~90% (HEK 
and 

HUVECs)
- -

~95% wound 
closure (HEK) 

after 6 h
Lin et al.68

4.

Photocatalytic graphene 
nanocomposite and 

curcumin loaded 
chitosan/polyvinyl 

alcohol-based hydrogel

-

ZOI: 18 mm 
for E. coli, 17 

mm for P. 
aeruginosa, 
16 mm for S. 
aureus, and 

15 mm for E. 
faecalis 

~98% 
(NIH3T3)

- Yes

~99% wound 
closure 

(NIH3T3) after 
48 h

Jayabal et 
al.69
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5.

Poly glycerol 
sebacate/poly lactide 

acid/platelet-rich plasma 
electrospun nanofibers

- -

~100% 
(L929, 

HUVEC, and 
RAW-264.7)

- -
~99% wound 

closure (L929) 
after 24 h

Heydari et 
al.70

6. BL �93%

OD600: 92% 
for E. coli and 

88% for S. 
aureus 

~130% 
(L929)

Yes Yes
~97% wound 

closure
Current 
study

545 ZOI: Zone of inhibition; CCM: Colony counting method.
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546 4. Conclusions

547 Herein, bilayer dressing (BL) was developed, which mimics the dermal and epidermal architecture 

548 of normal skin by integrating electrospun nanofiber-based layer (NF) with hydrogel layer loaded 

549 with ursodeoxycholic drug (UDC) and carbon dots (CDs). BL was imparted with multiple active 

550 features like antioxidant, antibacterial, hemostasis, and reactive oxygen species (ROS) scavenging 

551 ability for enhanced wound healing. BL exhibited remarkable swelling behavior and porosity as 

552 compared to hydrogel layer. Additionally, the integration of nanofiber-based layer with hydrogel 

553 layer in BL led to a significant enhancement in the tensile strength and elongation at break, thereby, 

554 demonstrating its improved mechanical behavior. BL showed excellent antioxidant activity 

555 (~93%) and antibacterial activities against E. coli (92%) and S. aureus (88%). Cell viability 

556 studies, including MTT and Live-dead assay, demonstrated enhanced cell viability in the case of 

557 BL as compared to individual NF and hydrogel layer. Further, BL outperformed its monolayer 

558 counterparts by displaying excellent hemocompatibility and enhanced wound closure, thus 

559 opening a new pathway for the healing of infectious wounds.

560
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