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Chitosan (CS) has significant potential in wound dressing applications, but its utility is limited by poor aqueous
solubility. We introduce sprayable nanogels, ZC-CSNG (zwitterion-modified chitosan-based Schiff base crosslinked
nanogels), which are multifunctional and tailored for biomedical use. These nanogels comprise a 3D network
formed by crosslinking chitosan with glutaraldehyde (GA) and incorporating hydrophilic sulfobetaine and
antioxidant p-coumaric acid functionalities. Comprehensive characterization confirms the zwitterionic modifi-
cation of CS and validates the properties of ZC-CSNG. This design improves solubility, protein antifouling effi-
ciency, antibacterial activity, and anti-reactive oxygen species (ROS) properties within a single hydrogel particle
system. The green synthesis method, free from organic solvents, ensures solubility, sprayability, and biocom-
patibility, rendering the ZC-CSNG ideal for wound dressing. Under physiological conditions, these nanogels
demonstrate ROS scavenging, stability with a shelf-life exceeding four weeks, and potential to reduce inflam-
mation by scavenging nitric oxide (i.e., NO) in vitro. In summary, ZC-CSNG represent a significant advancement
in wound dressing technology, offering a promising solution for wound healing. With the capacity to mitigate
ROS production, inhibit bacterial growth, reduce inflammation markers, and enhance dermal cellular prolifer-

ation, these sprayable nanogels present an efficient wound care option across clinical settings.

1. Introduction

In recent decades, the treatment of local skin wounds has attracted
tremendous attention globally [1-2]. For traditional wound dressing,
medical gauze and bandage are generally used for wound care therapy
[3]. However, hydrogel based systems are of potential interest for
wound management due to their excellent biocompatibility and capa-
bility to promote wound healing in a moist condition [4-6].

Nano-hydrogels as drug carriers have been extensively investigated
over the years utilizing many materials and synthesis techniques, as they
are the most versatile nano-carriers, having distinctive capacity of
combining the characteristics of 3D matrix materials with the ones of
nanoparticles [7-8]. In drug and/or, protein encapsulation [9], nanogels
are generally used to reduce the inflammatory response of the organs, to
improve bio-distribution [10], further bioavailability and circulation
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lifetime of the carried drugs [11-12]. Nanogels are soft and moist ma-
terials consisting of 3D cross-linked networks via covalent or non-
covalent bonds, that swell rapidly to equilibrium without dissolution
[13-15]. Moreover, nanogels have been extensively investigated in
biomedical fields such as biosensing [16], soft-tissue engineering [17],
wound-dressing [18], and drug delivery [19] due to their high water
retention capacity, excellent cyto-compatibility [20], non-immunogenic
and great potential for drug or, small molecules loading [21]. In spite of
these advantages most nanogel implants suffer from nonspecific protein
binding and immunological response, triggering bacterial adhesion and
chronic inflammation [22]. Therefore, it is challenging to develop a new
class of materials with the desired antifouling property and high
biocompatibility.

Zwitterionic polymers are a new generation of antifouling materials
[23]. Zwitterionic materials contain both cationic and anionic groups in
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one functional group while neutrally charged as a whole. The anti-
fouling ability of zwitterionic polymers is attributed to the static-
induced hydration layer [24]. The unique structure facilitates their
increasing applications in biomedical fields. For example, zwitterionic
polymer brushes have been demonstrated as promising stealth coatings
due to the excellent antifouling performance in human blood [25-26].
Furthermore, zwitterion polymer based drug conjugates can passively
kill pathogens [27]. Zwitterions are more stable than polyethylene
glycol (PEG) which has common drawbacks like auto degradation of the
hydroxyl group to form cell toxic aldehyde, which reduce the antifouling
efficacy [28-29].

For these reasons, zwitterion decorated natural polymers has become
increasingly interesting for targeted medical treatment of different dis-
eases [30-33]. Two main advantages of using natural polymers are a)
easy abundance, eco-friendly and processability; and b) less toxicity of
the utilized drug towards the healthy cells. Utilizing such versatile
properties, we report a novel class of zwitterion modified chitosan (CS)
based biocompatible nanogel systems for wound dressing applications.
These nanogels possesses both anti-ROS and antibacterial properties.
Antibacterial wound dressings have become increasingly popular in
recent years, with most commercial suppliers presently offering silver
and other metal coated nanoparticle impregnated dressings [34].
Numerous investigations have additionally documented the significant
cytotoxicity of silver nanoparticles towards mammalian cells, as well as
their adverse influence on the wound healing process [35]. Moreover,
silver dressings for wounds come with a high cost, and persistent worries
persist regarding the absorption and potential toxicity of nanoparticles
[36]. Consequently, there has been a substantial focus on identifying
fresh alternative antimicrobial agents suitable for cellular use. In addi-
tion to bacterial concerns, ROS is produced by the wound inflammatory
area, which can increase the permeability of the cell capillary wall,
leading to damage of vascular endothelial cells and wider cell necrosis
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and tissue dissolution [37-38]. Although wounds heal gradually over
time in moist condition, the presence of external oxidative stimuli and
bacterial infections often impedes wound healing process [39]. Anti-
oxidants are expected to block or delay the oxidation process by scav-
enging free radicals and promote wound recovery [40-41]. Thus,
antioxidant therapy could be a promising choice for wound care
therapy.

Although several synthetic polymers have been used as drug conju-
gates, clinical trials did not afford positive effects. CS based materials
have attracted increasing research interests because of their lower
toxicity, antibacterial nature, and the abundance in nature [42]. The
major difficulties with CS particles are to dissolve them in aqueous
media due to strong inter-chain attractions. To improve the solubility,
we introduce a novel strategy of modifying the CS backbone by sulfo-
betaine via Michael addition. Moreover, a second step modification
using p-coumaric acid (p-CA) enhances the anti-ROS and antibacterial
effectiveness. p-CA is an excellent scavenger of oxygen free radicals and
is thought to be able to diminish the damage caused by oxygen radicals
[43]. However, it is difficult to deliver native p-CA under physiological
conditions due to its hydrophobicity. It contains a reactive phenolic
group for ROS scavenging and the carboxylic acid (-COOH) terminal is
used to covalently bind to the CS backbone. These aromatic phenolic
moieties not only make p-CA resistant to oxidation but also enable p-CA
to be an ultraviolet skin protective agent, as the aromatic moieties allow
p-CA acid to absorb UV radiation.

We introduce a novel sprayable nanogel system derived from natural
chitosan (CS) polymer derivatives, leveraging its abundant poly-
saccharide properties for facile synthesis (Fig. 1). We hypothesize for
three reasons that the studied materials will outperform traditional
wound dressings in promoting wound healing. 1: The sprayable nano-
gels, which allows versatile wound care management. 2: The enhanced
biocompatibility of the zwitterion-modified chitosan nanogels. 3: The
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Fig. 1. Overall nanogel design and application to the wound care therapy via spraying condition. (A) The two step modification was performed on chitosan backbone
in Milli-Q water. In situ green aqueous crosslinking was initiated using glutaraldehyde to form nanogels that encapsulate p-CA. The nanogels were then purified via
dialysis and tested for their multiple effectiveness. (B) The schematic illustration show how the nanogels are effective towards the wound area. (C) The multiple
effectiveness of nanogels were further illustrated such as: 1) reduction of cellular ROS level, 2) antimicrobial efficacy, 3) in vitro wound healing, 4) protein antifouling

effect, 5) reduction of anti-inflammatory marker (e.g. NO).
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heightened antioxidant and antibacterial capabilities due to the incor-
porated sulfobetaine and p-coumaric acid, facilitating accelerated
wound closure and reduced inflammation. These strategies ensure sta-
bility of the nanogels during long-term storage and high biocompati-
bility under physiological conditions, while their green aqueous
synthesis approach minimizes environmental impact. Encouraging re-
sults from in vitro wound healing models affirm the potential of modified
CS-based nanogel therapy for effective wound care management.

2. Materials and methods
2.1. Materials

All materials were used without further purification. Low molecular
weight CS (Mw = 50,000-190,000 Da), TNBS, GA, DMAPS (>95 %), p-
Coumaric acid (>98.0 %), EDC (>98.0 %), NHS (98 %), acetic acid
(>98 %), BSA protein, Total Antioxidant Capacity Assay Kit, ABTS™
(>98 %), and DPPH were purchased from Sigma-Aldrich. Micro-BCA™
Protein Assay Kit was from Thermo Fisher Scientific. Deuterium oxide
solution, Folin & Ciocalteu’s phenol reagent, CCK-8 assay, PBS (150
mM), DMEM, FDA (cell culture grade), PI (>94.0 %), RAW 264.7 cells,
and HDF (adult) were used as received.

2.2. Synthesis of zwitterionic sulfobetaine modified chitosan (Z-CS)

Sulfobetaine-functionalized CS was synthesized via Michael addition
(Figure S1). Under No, DMAPS (0.61 g, 2.3 mmol) in 5 mL Milli-Q water
was added dropwise to CS (0.5 g, 5.1 mmol glucosamine unit) in 1 mL of
0.1 wt% acetic acid. The reaction was stirred at 0 °C for 30 min, then the
pH was adjusted to ~7.4 with 1.0 M NaOH. Stirring continued for 2 h at
room temperature and 8-10 h at 80 °C. The mixture was centrifuged
(5000 rpm, 10 min) and washed 5-7 times. Excess sulfobetaine was
removed by dialysis (MWCO: 3.5-5 kDa) against Milli-Q water for 2
days. The final product was isolated by lyophilization.

2.3. Synthesis of p-CA modified chitosan (ZC-CS)

Z-CS (1.02 mmol glucosamine unit) was dissolved in 4 mL Milli-Q
water and stirred at 450 rpm for 2 h at room temperature. A solution
of 175 mg p-CA, 1.42 mmol EDC, and 1.42 mmol NHS in 5 mL Milli-Q
was added. The reaction proceeded for 24 h at 450 rpm. The material
was precipitated, centrifuged (5000 rpm, 5 min), washed with Milli-Q
water, and dialyzed (MWCO: 3.5-5 kDa) against Milli-Q water for 1
day. The product was isolated by lyophilization.

2.4. Amino density test

TNBS assay

CS, Z-CS, and ZC-CS samples were dissolved in 1 mL of 0.01 M HCL
200 pL of each solution was mixed with 300 pL of 8 % NaHCOs3 and 500
pL of 0.1 % TNBS (diluted 100x in Milli-Q). The mixtures were incubated
in the dark for 2 h at 37 °C. Absorbance of 200 pL of each sample was
measured at 345 nm (Table S1). The standard curve was created using
cysteine hydrochloride solutions in 0.5 % sodium chloride, with a
cysteine-free solution as a reference. Each sample was measured three
times.

2.5. Solubility test of modified CS in aqueous media

The solubility of CS, Z-CS, and ZC-CS in Milli-Q and PBS was
measured at 25 °C. Samples of different concentrations were dissolved in
equal volumes of Milli-Q water, shaken at 350 rpm for 24 h, then son-
icated and centrifuged at 3000 rpm for 15 min. The precipitate was
analyzed in PBS and suitable dilutions with Milli-Q. Solubility results are
in Table S2.
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2.6. Synthesis of CSNG

Nanogels were prepared as shown in Fig. 1. CS (20 mg) was dissolved
in Milli-Q, then GA (200 pmol) was added, and the mixture was stirred at
25 °C for 3 h at 450 rpm. The GA amount varied from 200-400 pmol
while CS remained constant (Table 1). After crosslinking, nanogels were
purified by dialysis (MWCO: 0.5-1 kDa) against Milli-Q water for 24 h
and freeze-dried for further characterization.

2.7. Synthesis of zwitterion p-CA CSNG (ZC-CSNG)

ZC-CSNG were prepared similarly. An aqueous solution of ZC-CS
(~35 mg) was mixed with various GA concentrations and stirred at
25 °C for 3 h at 450 rpm. The GA molar ratio varied from 200-400 pmol
while ZC-CS concentration remained constant (Table 1). After cross-
linking, the nanogels were purified by dialysis (MWCO: 0.5-1 kDa)
against Milli-Q water for 24 h and freeze-dried for further
characterization.

2.8. Instruments and characterization

NMR (Bruker Ascend™ 400 MHz) analyzed CS, Z-CS, and ZC-CS in
D20. FTIR (Thermo Fisher Nicolet) recorded spectra of freeze-dried
samples. UV-vis (Tecan Spark®) measured absorbance and fluores-
cence. XRD (Huber G670) collected patterns (20 range 3-100°, CuKa1
radiation) from a rotating sample.

Degree of crystallinity (%) = The crystalline index (CI; %) was ob-
tained from the intensity ratio of the crystal phase to the total phase of
crystal and amorphous phase in XRD patterns using Equation (1):

hi1o — Iom

Clj;o =—— x 100 (@D)]
Lo

where 71 is the maximum intensity at the angle of the lattice diffraction
at 20°; i.e., the sum of amorphous and crystalline diffraction, and I,
the intensity of amorphous diffraction at 16°.

X-ray Photoelectron Spectroscopy (XPS): Thermo Scientific’s XPS K-
Alpha analyzed freeze-dried CS, Z-CS, and ZC-CS with a monochromated
Al Ka X-ray source (1486.6 eV) under ultrahigh vacuum (~8 x 107
mbar). Differential Scanning Calorimetry (DSC): TA-DSC Q-200 (USA)
assessed thermal properties, heating samples (3-5 mg) from 0 °C to
400 °C at 10 °C/min in nitrogen (50 mL/min), plotting heat flow versus
temperature. Thermogravimetric Analysis (TGA): TA Instruments TGA
Q500 monitored mass loss of dried samples (CS, Z-CS, ZC-CS) from 30 to
900 °C at 10 °C/min under constant nitrogen flow (60 mL/min).

Size and ¢ potential. Particle size, PDI, and Zeta potential of CSNG and
ZC-CSNG were measured by DLS Zetasizer ZS (Malvern Instruments, UK)
at a scattering angle of 173°. Prior to measurement, nanogel concen-
tration was adjusted to 2.0 mg/mL using Milli-Q water and PBS. Particle
diameter was calculated using the Stokes-Einstein equation (2).

kT
- 671D,

@

Table 1

Nanogel synthesis condition optimization using GA cross-linker at room tem-
perature. The concentration of chitosan (CS) and modified chitosan (ZC-CS)
fixed and cross-linker were varied and the remaining constituents were kept
constant.

S. No CS/ZC-CS (pmol) GA (pmol) Yield%
CSNG-1 200 200 56
CSNG-2 200 300 69
CSNG-3 200 400 73
ZC-CSNG-1 42 200 64
ZC-CSNG-2 42 300 77
ZC-CSNG-3 42 400 81
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where, k is Boltzmann'’s constant, T is temperature in K, and 1 is solvent
viscosity. All measurements were repeated thrice with 16 scans. Mean
and SD of triplicate measurements were reported. Gelation in CSNG-1
and ZC-CSNG-1 samples was characterized by recording total scat-
tering intensity of 100 pL samples at different time points.

Transmission electron microscope (TEM). Nanogel morphology was
observed via transmission electron microscope (TEM). 5 pL of aqueous
solution (~1-1.5 mg/mL) was placed on a freshly glow-discharged lacey
carbon on 300 mesh copper TEM grid (TedPella, Redding California),
blotted, and plunge-frozen in liquid ethane using a Leica EM GP2 plunge
freezer (Leica, Germany). Samples were imaged using a FEI Tecnai G2
20 TEM (ThermoFischerScientific) operated at 200 keV in low dose
mode with a TVIPS XF416 CCD camera at DTU Nanolab. TEM micro-
graphs were processed using Image J software.

2.9. Stability study

Stability of CSNG and ZC-CSNG was assessed by DLS for hydrody-
namic size and PDI. Nanogels were stored at both 25 °C and 4 °C for 28
days. Samples were examined on the 7th, 14th, 21st, and 28th day to
monitor changes in particle size, appearance, sedimentation rate, and
redispersibility.

2.10. Determination of active phenol (-OH)

Folin-Ciocalteu (F-C) Assay

Total phenolic content in ZC-CSNG was determined using FC re-
agent, expressed as tyramine equivalents. A 100 pL solution of ZC-CSNG
(0.02-0.10 wt/v%) was mixed with 2.5 mL 10 % (v/v) FC reagent and
2.5 mL 7.5 % (w/v) NapCOs in Milli-Q. A blank solution contained 100
uL Milli-Q, 2.5 mL 10 % (v/v) FC reagent, and 2.5 mL 7.5 % (w/v)
NayCOs in Milli-Q. Samples were incubated at 37 °C for 60 min, then
absorbance at 765 nm of phosphomolybdic acid complexes was
measured. Active phenol (-OH) of p-CA conjugated CS (ZC-CSNG) was
expressed as p-CA equivalent using a standard curve.

2.11. Antioxidant/Anti-ROS activity assay

(A) Total antioxidant capacity assay (TAC):

The total antioxidant capacity assay kit (Sigma-Aldrich, MAK187)
analyzed TAC of synthesized CSNG and ZC-CSNG, with CSNG as control.
Cu?* reagent was diluted with 49 parts assay diluent. Trolox standard (1
mM) was prepared by mixing 20 pL DMSO solution with 980 uL MQ
water. A standard curve was generated using diluted Trolox samples
with Cu?' solution. UV-absorbance at 570 nm (As70 nm) of various
concentrated nanogels dissolved in Milli-Q water was measured. Mea-
surements were triplicated and repeated thrice. Antioxidant amount was
calculated using the Trolox standard curve, and Total antioxidant con-
centration was determined using an equation (3):

Sa/Sv = Concentration of antioxidant in each sample 3)

Sa = Trolox equivalent of unknown sample well (nmol) from standard
curve

Sv = Sample volume (uL) added into each well.

(B) Antioxidant activity assay by ABTS™"

The ABTS'" assay relies on the ability of antioxidants to neutralize
the ABTS radical cation, with a characteristic absorption peak at 745
nm. CSNG and ZC-CSNG (0.05-0.25 w/v%) were introduced into 10 mL
pH 7.4 PBS, with CSNG as control. ABTS'" was generated by mixing 2
mM ABTS with 2.45 mM potassium persulfate in PBS and incubating in
darkness at room temperature for 5 h. The resulting solution was diluted
in pH 7.4 PBS for absorbance at 745 nm. Then, 1 mL of the diluted
ABTS™" solution was combined with 3 mL of nanogel solution. After 30
min, percentage inhibition of ABTS'™ at 745 nm was calculated relative
to control using the equation (4):
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ABTS "scavenging effect(% ) = (1 - Asy Ac) x 100 “@

where As is the absorbance of the remaining ABTS'* in the presence of p-
CA conjugated nanogels, Ac is the absorbance of the initial ABTS™*
concentration. The standard curve was created using various p-CA
concentrations.

(C) DPPH free radical scavenging activity.

To assess scavenging activity, we monitored DPPH reduction in the
presence of ZC-CSNG. Swollen ZC-CSNG was introduced into 10 mL pH
7.4 PBS. At intervals (30, 60, 90, 120, and 240 min), 200 pL of PBS
medium was extracted and dried overnight at 37 °C. Then, 1.5 mL
ethanol was added to dried nanogels, vortexed for 2 min, and incubated
for 20 min. Next, 0.5 mL 0.1 mM DPPH solution in ethanol was added,
vortexed vigorously, and left in the dark for 30 min before measuring
absorbance at 517 nm relative to PBS control. Ethanol served as baseline
correction. Radical scavenging effect was calculated by the equation (5):

DPPH' scavenging effect(% ) = (1 — A0/ Al) x 100 (5)

where, A0 is the absorbance in the presence of p-CA in the nanogels and
A1 is the absorbance of the control which contains DPPH solution.

(D) Reducing power assay.

ZC-CSNG or CSNG were added to 10 mL PBS (pH 7.4). Samples
ranging from 0.1 % to 0.5 % (w/v%) were prepared, with 200 pL
withdrawn and mixed with 800 pL PBS in a falcon tube. Then, 5 mL 0.2
M PBS (pH 7.4) and 5 mL 1 % potassium ferricyanide were added, and
the mixture was incubated at 50 °C for 25-30 min. Next, 5 mL 10 %
trichloroacetic acid was added, followed by centrifugation at 1000 rpm
for 10 min. The upper supernatant (5 mL) was combined with 5 mL
distilled water and 1 mL FeCls (0.1 %) using vortex mixing. Absorbance
was measured against a water blank at 700 nm using a spectropho-
tometer, with increased absorbance indicating improved reduction
capability. Experiments were conducted in triplicate.

(E) Hydroxyl radical-scavenging ability assay.

We followed Liu’s protocol [44] with slight modifications to evaluate
the capacity to scavenge hydroxyl (OH) radicals. To quantify OH radical
generation via Fenton reagents, we used H,O5 oxidation. PBS (pH 7.2)
and sample solutions ranging from 0.05 % to 0.4 % (w/v%) were pre-
pared. A solution containing H>03 (3 %) and safranine O (360 pg/mL) in
PBS (pH 7.4) and Fe?* (2 mM) in Milli-Q water was also prepared. The
reaction mixture (4.5 mL) included sample solution (0.022 to 0.18 mL),
water (0.978 to 0.82 mL), Fe?" solution (0.5 mL), safranine O (360 pg/
mL), and HyO5 (1 mL) in PBS, incubated at 37 °C for 30 min. OH con-
centration was set at 120 pM, and absorbance was measured at 520 nm.
Blank samples used Milli-Q water instead of samples, while PBS replaced
H0; in negative controls. Three replicates were conducted for each
sample, and the ability of the products to neutralize OH radicals was
calculated using a specific equation (6):

A —A
Scavenging(%) _ 5,520nm b,520nm

(6)

¢,520nm — Ab.520nm

where, Ap 520nm is the absorbance of the blank at 520 nm; Ag 520nm is the
absorbance of the sample at 520 nm; and A 520nm is the absorbance of
the control at 520 nm.

2.12. Protein antifouling test

Test ran at 37 °C. 2.5 mg CSNG and ZC-CSNG, 500 pg BSA dispersed
in 1 mL Milli-Q water, vibrated gently for 120 min. ZC-CSNG also tested
with 1 mL 150 mM NacCl. Nanogels washed with Milli-Q water, filtrate
collected for protein quantification using micro-BCA assay kit. After
protein incubation, samples filtered and washed 3 times with original
solutions using Amicon® Ultra-centrifugal filters (100 kDa MWCO) to
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remove unabsorbed proteins. Absorbance of samples measured at 562
nm. Non-recovered protein considered adsorbed to nanogels. Nanogel
hydrodynamic size determined at different time points (0 min, 1 h, 2 h)
with DLS.

2.13. Invitro cell culture

Cell growth conducted in humidified 5 % CO3, 37 °C incubator. RAW
264.7 cells cultured in PS cell culture flask (5 x 10° cells per well) in
Dulbecco’s Modified Eagle’s Medium — high glucose, supplemented with
10 % FBS and 1 % penicillin. Cells sub-cultured every 2-3 days with
fresh media. For Human dermal fibroblast (HDF) cell growth, DMEM-
high glucose used (supplemented with 10 % FBS, 1 % penicillin/strep-
tomycin). Cells sub-cultured every 3-4 days, fresh media replenished
every 48 h.

2.14. Cytotoxicity study and Live/Dead HDF cell staining

The cytotoxicity of the nanogels were assessed via CCK-8 assay with
HDF cells. CSNG and ZC-CSNG applied to well plate, incubated with
DMEM (10 % FBS, 1 % penicillin/streptomycin) for 24 h. Conditioned
medium tested on HDF cells (passage 3-4). For the assay, 3.5 x 10* cells
seeded in 96-well plates, incubated for 24 h. Medium replaced with
nanogel conditioned medium, incubated for another 24 h. CCK-8 solu-
tion added, absorbance measured at 450 nm using Tecan microplate
reader, with Triton X-treated cells as positive control. Differentiation of
viable HDF cells post-treatment with nanogel conditioned medium
(CSNG and ZC-CSNG) achieved through FDA and PI staining. HDF cells
seeded on treated slides, exposed to nanogels for 24 h, then stained with
FDA and PI. Imaging conducted using Nikon Ti, inverted spinning disc
confocal microscope. Triton X-100 used as positive control, incubated
with HDF cells for 10 min.

2.15. Invitro antibacterial assays

Microorganisms and culture media

Staphylococcus aureus CCUG10778 and Staphylococcus epidermidis
ATCC 35984 were used to determine the antimicrobial activity. Both the
strains were grown in LB (Luria-Bertani) liquid medium.

2.16. Minimum inhibitory concentration (MIC) and minimal Bactericidal
concentration (MBC) determination

MIC of ZC-CSNG was determined by using an overnight incubated
culture of S. aureus and S. epidermidis. The bacterial cultures were
diluted to reach 1-2 x 10° (CFU)/mL, 100 pL of it were mixed with a
serial dilution of ZC-CSNG in the concentration range 0.2 to 2 mg/mL.
The samples were incubated at 37 °C for 24 h, and then ODs5y was
measured. The MIC was defined as the lowest concentration of ZC-
CSNG, which inhibited bacterial growth. For determining the MBC,
100 pL of mixtures described above were spread on agar plates and
incubated at 37 °C overnight. MBC value was defined as the lowest
concentration of ZC-CSNG, which prevented the visible growth of bac-
teria on agar plates.

2.17. Live and dead bacterial cell staining

To visualize the viable and dead cells, control cells and cells treated
with ZC-CSNG were stained for 20 min with a mixture of 6.0 pM SYTO 9
and 30 pM KI from Live/Dead BacLight Viability kit L13152, (Invi-
trogen, Molecular Probes, Inc. Eugene, OR, USA). Fluorescence micro-
scopic imaging of the cells was performed using a LEICA DM 4000B
(Leica Microsystems, Denmark).
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2.18. Scanning electron microscopy (SEM) bacterial cell analysis

SEM was performed by fixing the control and treated cells with 3 %
of GA overnight at 4°C and dehydrated with graded series of ethanol
concentrations (40, 50, 60, 70, 80, and 90 % for 15 min each and with
absolute ethanol for 20 min. The dehydrated samples were dried at room
temperature overnight and coated with gold before SEM imaging, per-
formed with a Quanta FEG 200 ESEM microscope (ThermoFisher
Scientific).

2.19. Invitro HDF cell migration assay

Adult HDF cells were grown to approximately 90 % confluence in 12-
well plates, rinsed with PBS, and starved for 24 h using DMEM con-
taining 10 % FBS. Subsequently, a simulated wound (scratch) was
created across the cell layer using a 200 pL pipet tip at the well’s base
and cleaned with medium to remove cell debris. In a separate step, ZC-
CSNG mixture (200 pL) was placed in a well plate, solidified, washed
with 1X PBS, and incubated in DMEM with 10 % FBS (800 pL) for 24 h.
The nanogel conditioned medium (1.2 mL) was then introduced into the
wells containing the scratched cell layers. As a control, scratched cell
sheets were treated with DMEM with 10 % FBS (1.2 mL). Phase-contrast
microscopy images of both treated and untreated cells were captured at
0, 24, and 48 h, allowing for visual comparison to monitor differences in
cell migration behavior.

2.20. Sprayable nanogels formulation

ZC-CSNG nanogel was dissolved to ~60 mg/mL in Milli-Q. A similar
concentration of native CS was used as control. The sample solution in
the shaker was sonicated before spraying. Each round of sprayed
nanogels were collected in a cuvette, dissolved in 1 mL Milli-Q and
analyzed by DLS & TEM. The released mass fraction (wt/v%) in each
cycle after freeze drying is reported.

2.21. Anti-inflammatory marker assay

To evaluate the anti-inflammatory properties of the nano-hydrogel,
we employed a “Griess assay” to measure the release of nitric oxide
(NO) as nitrite. A mixture of nanogel precursors (100 pL) was applied to
a well plate, allowed to solidify, rinsed with 1X PBS, and incubated with
DMEM containing 10 % FBS (1 mL) for 24 h. Meanwhile, RAW 264.7
macrophages were seeded at a density of 2.3 x 10* cells/well and
allowed to reach confluence within 24 h. To stimulate NO production,
100 ng/mL of lipopolysaccharide (LPS) was added to each well. After 6
h, nanogel-conditioned medium (100 pL) was introduced into each well
and incubated for another 24 h. Positive controls consisted of cells
treated with LPS alone, while negative controls consisted of untreated
cells (no LPS or conditioned medium). Following the 24-hour incuba-
tion, RAW 264.7 cells were centrifuged, and the supernatants (100 pL)
were transferred to a 96-well plate, along with 100 pL of Griess reagent
prepared as per the manufacturer’s protocol. After a 15-minute incu-
bation, the quantity of NO was determined using a microplate reader by
measuring UV absorbance at 540 nm. All experiments were performed in
triplicate.

2.22. Hemolysis test

Hemolysis test evaluates acute hemolysis in vitro. Whole blood mixed
with buffer media, centrifuged, and washed. Pellet resuspended in PBS,
then mixed with CS/ZC-CSNG solution. Incubated at 37 °C for 1-2 h,
followed by centrifugation. Absorbance of supernatant at 540 nm
measured to calculate hemolysis rate. Positive and negative controls
used blood cells in MQ water or buffer, respectively. Hemolysis rate
calculated using equation. (7)
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hemolysis rate(%) = Asstomn ~ Apsiomm @

¢.540nm — Ab.540nm

2.23. Statistical analysis

Data are presented as mean + standard deviation (SD) and each
sample was analyzed 3 times.

3. Results and discussion

In order for ZC-CSNG to demonstrate potential to serve as an agent
promoting wound healing, they must fulfill a range of characteristics,
such as anti-inflammatory properties, dermal cell compatibility or
ideally, promotion of dermal cell proliferation, and anti-bacterial effi-
cacy. The nanogel particles (NGs) as well as the polymers from which
they are synthesized, must be well characterized and stable. Here, we
describe the synthesis and characterization of NGs, focusing on antiox-
idant properties, free radical scavenging, reducing capacity, as well as
NO-suppression and anti-bacterial response. The NGs must not be toxic
towards the cells and they must remain unaltered in the wound. Thus,
the investigation includes cytotoxicity and protein fouling assessments.
Finally, the investigation explores the sprayability of the NGs.

Table 2, above highlights how our study on ZC-CSNG advances the
field compared to previous research [45-49]. Unlike prior studies, our
work integrates zwitterionic modification and Schiff base crosslinking
with antioxidant functionality into a sprayable nanogel system. This
approach significantly enhances solubility, protein antifouling, anti-
bacterial activity, and ROS scavenging, making our nanogels uniquely
suited for wound dressing applications. Additionally, our green syn-
thesis method ensures biocompatibility and environmental
sustainability.

3.1. Synthesis and characterization of zwitterion p-CA modified ZC-CS

An organic solvent free, step by step “green synthesis” approach was
employed for amine modification of CS, as illustrated in Figure S1. A
two-step modification was carried out in aqueous media and purified
using dialysis techniques. CS was modified with a sulfobetaine meth-
acrylate moiety via Michael addition and with p-CA via EDC/NHS amide
coupling at room temperature to obtain Z-CS and ZC-CS, respectively. Z
is Zwitterion and C is p-coumaric acid. 'H NMR are in accordance with
the structure given in Fig. 1 (see supplementary information Figures S2,
S3, and S4). As expected, the free amine content was reduced following
successful modification at each step (see Table S1).

ATR FTIR-spectra of CS, Z-CS, and ZC-CS (Fig. 2A,B) exhibit two
bands associated with the sulfobetaine functional group: a band at 1468
em ™}, corresponding to -N*(CHs),— bending and a band at 728 cm™!
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due to S-C stretching. Typical characteristic peaks of the sulfonate group
—S03 at 1156 em™! (asymmetric st.) and 1033 em™! (symmetric st.) is
seen in Z-CS and ZC-CS. ZC-CS also showed a peak at 1513 cm™! due to
C=C stretching in the aromatic ring of p-CA [50]. An ester peak at 1724
cm ! due to the bonding of the sulfobetaine is present in both Z-CS and
ZC-CS. The amide bond is associated with the p-CA bonding bands in
both the amide-II region (1561 em ™) and the amide-I region (1667
cm ! to 1638 em™ 1) is in accordance with amide bond attachment of p-
CA using EDC/NHS coupling. Finally, the FTIR spectra show the ex-
pected bands associated with the CS polymer backbone: 3367 cm™ ! ~OH
and -NH,, 2869 cm™'C-H stretching, 1081 em™! deformation of the
—C-O-C- link of the glycosidic bonds and 894 cm ™! pyranose ring [51].
Furthermore, the band shift at 3367 cm ™! to 3270 cm ™! is in accordance
with the expectation for-NH; modification. Thus, the FTIR data is in
accordance with the successfully modification of CS to Z-CS and ZC-CS.

Modification have been reported to have a great influence on the
thermal properties of CS. DSC thermograms of CS, Z-CS and ZC-CS are
shown in Fig. 2C, followed by TGA (Fig. 2D). The initial weight loss at
~50°C and the initial endothermic DSC peaks represent loss of water.
This is followed by the glass transition at ~130 °C visible in the DSC
traces for CS and Z-CS (no TA signal). Finally thermal decomposition
gives a substantial weight loss in TGA and endothermal peak in the DSC.
The thermal stability decreases through the order CS, Z-CS, to ZC-CS.
The TGA traces can be interpreted as distinct degradation mechanism
associated with the p-CA functionality (at ~ 150 °C) and the sulfobe-
taine functionality (at ~ 220 °C) and finally CS main chain degradation
at ~280 °C.

In the solid phase, CS is a semi-crystalline polymer, as evidence by
the peaks in the XRD pattern (Fig. 2E) at 20 values of 10.12° and 19.95°,
which corresponds to the lattice planes [52] and [1 1 0], respectively, in
the orthorhombic crystal [53]. The degree of crystallinity in CS is ~62
%. The introduction of side-chain functionalizations completely sup-
presses crystallinity in Z-CS and ZC-CS, as evidenced by the absence of
crystalline peaks and the presence of a broad amorphous signal. The
survey XPS spectra in Fig. 2F of the CS, Z-CS, and ZC-CS show the
presence of the expected elements (C, N, and O) in CS samples, with S
being present only in Z-CS and ZC-CS. High resolution spectra are given
in Figure S6. CS is considered as a difficult to dissolve in aqueous media
biocompatible material. Solubility test at various pH was tested (see
Table S2). Native CS was insoluble in Milli-Q and buffered and dissolves
only at low concentration in acidic solution (Figure S7) probably due to
amino group protonation. As expected, zwitterion modification pro-
motes solubility at all pH-values, thereby improving processability.

3.2. Nanogel synthesis and characterization

Crosslinking with GA is employed to safeguard the activity of p-CA

Table 2
Comparative analysis of chitosan-based materials for biomedical applications.
S. Study Focus Key Innovations Comparative Features Highlights in this work Reference
No
1 Modified chitosan for Improved mechanical properties Similar focus on wound healing; Zwitterion-modified chitosan-based [48]
wound healing and enhanced drug release different methods and materials nanogels with multifunctional properties
and enhanced solubility
2 Biodegradable chitosan Development of biodegradable Comparable material, different Sprayable nanogels with enhanced [45-46]

composites for biomedical
use

composites

3 Nanoparticle-loaded Incorporation of nanoparticles for
chitosan for drug delivery targeted delivery mechanism
4 Functionalized chitosan for Advanced functionalization

tissue engineering techniques for improved cellular
interactions

Zwitterion modification, Schiff
base crosslinking, antioxidant

incorporation, green synthesis

5 Sprayable zwitterion-
modified chitosan nanogels
for wound dressing

application focus
Similar material base; different delivery

Similar functionalization, different
applications

New formulation with enhanced
solubility, protein antifouling,
antibacterial activity, and ROS
scavenging

solubility and antioxidant functionality

Nanogels with integrated zwitterionicand ~ [49]
antioxidant functionalities for wound care

Green synthesis of multifunctional [47]
nanogels with enhanced ROS scavenging
and antibacterial properties
Multifunctional sprayable nanogels with
superior solubility, prolonged stability,
and comprehensive wound care
properties

This Work
(ZC-CSNG)
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within the hydrogel matrix. The GA reacted with free amine groups on
chains of CS, Z-CS, and ZC-CS to form Schiff base linkages. Crosslinked
nanogels are often synthesized using heterogeneous polymerization
employing organic solvents and emulsifiers; however, we have devel-
oped a “green aqueous synthesis approach.” A series of nanogels have
been synthesized by imine formation at room temperature. The nanogels
were synthesized by one-pot mixing all the required constituent such as
CS, Z-CS, or ZC-CS and in situ gelling was initiated using GA at 25 °C
under magnetic stirring to obtain CS-NG and ZC-CSNG as shown in
Table 1 followed by dialysis purification. The crosslinking reaction was
followed with FTIR, (Fig. 3A). A Schiff base line appears at 1652 emL.
The lines associated with the zwitterionic and p-CA functionality is at
1468 cm™!, 1156 cm™!, and 1513 cm ™! are intact. Due to the water
solubility of GA purification by dialysis is easy.

Following gelation, the total light scattering is recorded, Ij;3
(Fig. 3B) in preparation of CSNG-1 and ZC-CSNG-1. Since I;73> ~ cMy,
and as the polymer concentration is constant I;73 is a proxy for the
molecular weight of the particles, we conclude that the reaction has
reach conclusion after 3 h. Similarly, an increase in particle size was also
observed when the free amine/GA ratio was decreased from 1 to 0.5
(Fig. 3C), which provided a way to control the size of nanogels. As ex-
pected less residual free amine led to a decrease in the positive {-po-
tential. CSNG-1 show a mean hydrodynamic size of ~178 &+ 5 nm and
ZC-CSNG-1 slightly smaller. Based on these observations all following
experiment were conducted using either CSNG-1 or ZC-CSNG-1 parti-
cles. The stability of CSNG and ZC-CSNG is evidenced by the absence of
precipitation and the maintenance of size over 4 weeks in 2 mg/mL
solution (Figure S8). The hydrodynamic size of ZC-CSNG increased (180
nm to 230 nm) in 150 mM NaCl solution (data not shown). The
expansion of the nanogel size is mainly due to the “anti-polyelectrolyte”
effect of the poly(zwitterion) segment [54]. Fig. 3D shows TEM images
of CS-NG and ZC-CSNG, both exhibiting spherical morphology. A
nominal size difference was observed between DLS and TEM analysis,
likely due to the hydration effect [55]. The sprayability of ZC-CSNG in
Milli-Q was tested by spraying and collecting in a small vial, freeze dried
and reconstituted with Milli-Q. The cumulative release of NGs on each
spraying cycle is shown in Fig. 3E. The integrity of the particle after
spraying is analyzed by DLS and TEM and we observed the preservation
of the ZC-CSNG characteristics (Fig. 3F, see in video). Native CS pre-
cipitates in the sprayer, leading to negligible release. This property point
to a novel strategy of flying swelled nanogels which could open up a
mode of local skin care management via sprayable gel particles.

3.3. Antioxidant and anti-ROS efficacy of nanogels

The effects of p-CA functionality in the ZC-CSNG are characterized
by analyzing as anti-ROS agents, antioxidants, reductants, and hydroxyl
radical scavengers. ZC-CSNG anti-ROS efficacy was evaluated using
various methods: such as a) Total antioxidant present in the system; b)
ROS scavenging activity (e.g., DPPH’, ABTS'" and "OH radical scav-
enging); and c) reducing power assay. Anti-oxidant properties of
phenolic compounds are well established (Fig. 4A) [43,56-57]. The
phenolic activity of the ZC-CSNG was characterized using F-C assay to
analyze nanogel (visualized in Figure S9). CSNG has no such effect.
Thus, the expected effective anti-oxidant of p-CA activity is preserved in
ZC-CSNG. The Trolox antioxidant standard was also employed for
characterizing TAC (Fig. 4B) [58]. Different concentrations (0.1-0.2 wt/
v%) of nanogels was used. The results clearly indicated that ZC-CSNG
exhibited antioxidant properties in a dose-dependent manner. Hydrox-
ycinnamic acids (such as ferulic, caffeic, sinapic acid, and p-coumaric
acid) highly abundant in food have recently gained an increasing in-
terest in health care, because they are known to be potent antioxidants
and anti-ROS agents [59-61]. The anti-ROS effectiveness of the nanogels
is characterized by ABTS assay (Fig. 4C). In free radical scavenging the
ABTS'" is a model of a stable free radical used to determine free radical
scavenging activity of natural antioxidants with beneficial effects such
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as protection of membrane lipids, proteins, and DNA [62]. It is noted
that CS itself appears to scavenge oxygen free radicals [63]. The time
dependence of the free radical scavenging was investigated, demon-
strating that ZC-CSNG effectively scavenges DPPH and ABTS'" within
approximately 3-4 h (Figure S10). ZC-CSNG (maximum scavenging ef-
fect 95 %) is substantially more effective than CSNG (maximum scav-
enging effect 22 %) highlighting the importance of the p-CA
functionality ZC-CSNG show increasing ABTS'™ scavenging ratio with
increased concentration as opposed to the CSNG where the effect is
substantially smaller and essential concentration independent. Further
utilization of DPPH free radical scavenging for characterization
(Figure S10) reveals that ZC-CSNG achieves more than 90 % scavenging
in 3-4 h, surpassing CSNG. The ABTS'" scavenging ability of ZC-CSNG is
preserved over storage for 3 months (Figure S11). The reducing power of
the nanogels against ferricyanide is shown in Fig. 4D with a similar
result as the free radical scavenging abilities discussed above. Hydroxyl
radicals are one of the most aggressive ROS and we directly tested the
ZC-CSNG activity against CSNG (Fig. 4E). In conclusion the introduction
of p-CA substantially enhances the antioxidant and anti-ROS efficacy of
the nanogels. The effect is apparently not diminished by the nanogel
structure.

3.4. Biocompatibility, protein antifouling, in vitro wound healing efficacy

In order to characterize the necessary biocompatibility [64] of the
nanogels with tissue we have examined the properties with respect to
cytotoxicity, protein fouling, wound healing, hemolysis, and anti-
inflammatory responses. Cell viability was visually confirmed through
live/dead staining of HDF cells and compared to control cells (Fig. 5A).
In the untreated, metabolically active HDF cells (negative control),
vibrant green fluorescence was observed, closely resembling the cells
exposed to ZC-CSNG or CSNG conditioned medium. Moreover, the cell
morphology remained similar, suggesting minimal cell death.

The biocompatibility of CSNG and ZC-CSNG was tested using adult
HDF and RAW 264.7 cells to evaluate cell proliferation and metabolic
activity (see Fig. 5B, 5C). HDF cells were chosen for their key role in
tissue structure and wound healing [65-66]. However, the macrophages
are associated with the inflammatory tissue [67]. After incubating the
nanogels in cell media, we utilized the conditioned media for viability
tests. Negative and positive controls involved cells in DMEM media and
Triton-X, respectively. Both nanogels exhibited robust cell viability at
approximately 85 %. There was no significant cell death observed with
CSNG, possibly due to its cationic charge. Importantly, ZC-CSNG did not
significantly reduce cell viability either.

The zwitterion modification is expected to impart importance [68]
anti-fouling properties to the nanogels. Protein fouling of ZC-CSNG was
evaluated by exposure to BS A (model protein). The amount of adsorbed
protein to the nanogels is quantified by micro-BCA assay, and the
nanogel-attached protein is visualized by particle size measurement
using DLS. CSNG was used as a control (without zwitterion) for our
study. Fig. 5D, shows substantial protein absorption to CSNG, much less
absorption to ZC-CSNG and even less absorption in salt solution
demonstrating the superior bio-antifouling ability of the nanogels in
physiological saline solution as expected tor a zwitterionic polymer
[69]. In Fig. 5E, F, it is observed that the size distribution of ZC-CSNG is
essentially time-independent during exposure to the protein solution,
whereas CSNG changes with time, increasing the apparent size and
forming a multimodal distribution indicating aggregation. Cell migra-
tion is an intricate biochemical phenomenon where cells shift from one
location to another, playing a crucial role in the process of wound
healing [70]. The 2D wound scratch model is employed to assess in vitro
wound healing (see Fig. 6A). Studies have demonstrated that wound
healing hydrogels exhibiting enhanced outcomes in the wound scratch
assay also exhibit remarkable wound healing effects in living organisms
[71]. To assess the ability of ZC-CSNG to stimulate cell migration and
proliferation, we employed a conditioned media approach on HDF cells.
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These cells were initially deprived of nutrients for 24 h and then sub-
jected to a simulated wound by manually scratching the cell sheet (as
shown in Fig. 6B). Cells require growth factors to encourage replication
and prevent apoptosis, typically provided by FBS in DMEM media. After
24 h of incubation without disruption, the HDF cells, now at about 90 %
confluence, were scratched to mimic a wound (marked by yellow dotted
lines), and the debris was washed away with PBS (Fig. 6B). As shown in
Table S3, the effectiveness of ZC-CSNG in promoting wound healing was
evaluated using a scratch assay with Human Dermal Fibroblasts (HDF)
cells. At 24 h, ZC-CSNG treatment resulted in a 50 % reduction in the
scratch area, corresponding to a wound healing rate of 50 %. This is in
contrast to the 55 % scratch area and 45 % healing rate observed with
CSNG. By 48 h, the scratch area in ZC-CSNG-treated cells was further
reduced to 20 %, indicating an 80 % healing rate, which significantly
outperformed CSNG, which had a 30 % scratch area and a 70 % healing
rate at the same time point. These results clearly demonstrate the
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superior efficacy of ZC-CSNG in accelerating wound healing, reinforcing
its potential as an advanced wound dressing material.

Following this, the remaining cell population was exposed to ZC-
CSNG conditioned medium (DMEM with 10 % FBS). Microscopic ob-
servations after 24 h revealed substantial cell proliferation and migra-
tion, with the scratched area almost entirely covered by a confluent cell
layer within 48 h. In contrast, control cells treated with DMEM and 10 %
FBS exhibited considerably lower levels of cell proliferation and
migration. This experiment provides compelling evidence that ZC-CSNG
promotes cell proliferation and migration, suggesting potential benefits
for enhanced wound healing. In the process of skin wound healing, in-
flammatory cells such as neutrophils and monocytes are attracted to the
wounded site. They play a crucial role in eliminating bacteria and debris
while also promoting the development of granulation tissue and the
formation of new blood vessels [72-74]. Nevertheless, the prolonged
presence of inflammatory cells results in increased levels of cytokines
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(like IL-6 and TNF-a). These cytokines trigger the production of enzymes
that break down tissue, potentially leading to prolonged inflammation
that hinders the healing process [75]. Hence, wound dressings con-
taining anti-inflammatory elements hold promise for mitigating this
reaction and creating a conducive environment for wound healing. We
anticipate that ZC-CSNG, due to its phenolic content, may possess po-
tential anti-inflammatory properties [76].

Mammalian cells produce and release nitric oxide (NO), which plays
a vital role in the development of inflammation [77]. Nitric oxide (NO)
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acts as a pro-inflammatory agent, inciting inflammation in abnormal
situations. This characteristic makes it a compelling target for treating
inflammatory diseases. Macrophages can be triggered by lipopolysac-
charide (LPS), an external stimulus, leading to the excessive production
of NO (refer to Fig. 6C) [78-79]. The influence of CSNG and ZC-CSNG on
the release of NO was measured (Fig. 6D). ZC-CSNG conditioned me-
dium could suppress NO production suggesting a potential therapeutic
effect (Fig. 6D) [80]. Hemolysis assay was performed as an easy and
trustworthy approach to evaluate blood cyto-compatibility of nanogels.
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Fig. 6. In vitro wound healing, anti-inflammatory and antimicrobial efficacy of nanogels. (A) Schematic illustration of in vitro wound healing of HDF cells using
nanogel therapy. (B) HDF cells in vitro wound healing assay (scratch assay) was performed using nanogels. (C) Schematic illustration of in vitro inflammation
reduction over macrophage cells after the treatment of nanogels. (D) Griess assay was performed to determine the anti-inflammatory performance of nanogels. (E)

Hemolysis activity was evaluated using RBC cells with the treatment of nanogels. (F)-(G) Antimicrobial efficacy of nanogels was examined with two pathogens (such
as S. aureus & S. epidermis).

The assay is based on the degree of the erythrolysis and hemoglobin antibiotics being the most prevalent class in spite of adverse side effects
dissociation when the nanogels are in contact with blood. For skin care and the development of resistance [82]. Alternative are searched for
applications the nanogels should as expected [81]be non-hemolytic. with silver and gold-based nanoparticles being promising but are not
After the centrifugation, the upper layer of the experimental group ideal due to either toxicity or price not satisfactory alternatives. Anti-
and the negative control group are colorless and transparent liquid, and bacterial properties of naturally occurring phenolic components
the lower layer has a thin layer of red blood cell sediment (Fig. 6E). The [83-85] inspired the investigation of the antimicrobial activity of ZC-
results indicate that nanogels do not induce hemolysis. CSNG. Potential mechanisms of action include destabilizing the cyto-

Antibacterial agents are an important part of modern medicine with plasmic membrane, enhancing membrane permeability, or binding and
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interacting with DNA [86]. The in vitro antibacterial activities of the ZC-
CSNG was examined against two pathogens — S. aureus and
S. epidermidis [52] — using an MIC, MBC, Live/Dead and SEM techniques
(Fig. 6G, S12 and S13). MIC values against S. aureus and S. epidermidis
were 1.5 and 0.2 mg/mL, respectively. MBC values were 1.5 and 0.4 mg/
mL against S. aureus and S. epidermidis similar to the reported effect of
p-CA [87]. Live and Dead staining in the concentration range 0.2 to 1.5
mg/mL ZC-CSNG indicated that the red cells (dead) are increasing with
increase in concentration of ZC-CSNG, while green cells (live) are
significantly reducing. Furthermore, SEM image were acquired at two
concentrations (0.4 and 0.8 mg/mL; Fig. 7) and fluorescence microscopy
in the full concentration range (Figure S13). The treated cells mem-
branes become more porous with visible alterations in both the bacterial
species, which indicate damage to the cell membrane. Alternative
mechanism of action are possible and widely discussed [88]. Our study
primarily focused on the antibacterial effects of the nanogel against
Gram-positive bacteria, which are significant in wound infections due to
their thick peptidoglycan layers, biofilm formation, and potent exo-
toxins. The nanogel, containing p-Coumaric acid, showed strong inhib-
itory effects on Gram-positive bacteria like Staphylococcus aureus and
Staphylococcus epidermidis, underscoring its potential in treating in-
fections where these bacteria are predominant.

While Gram-positive bacteria were the primary focus due to their
impact on wound healing, we also tested the nanogel against Gram-
negative bacteria (E. coli), as detailed in the Supporting Information
(S14). However, no significant inhibitory effect was observed. This
result aligns with the known structural differences of Gram-negative
bacteria, whose outer membranes limit the penetration of p-Coumaric
acid. Despite this limitation, our findings demonstrate efficacy of the
nanogel where it is most needed, with future research aiming to broaden
its antibacterial spectrum.

Staphylococcus aureus

0.4 mg/mL
ZC-CSNG

0.8 mg/mL 0.4 mg/mL
ZC-CSNG CSNG (control)

0.8 mg/mL
CSNG (Control)

Chemical Engineering Journal 503 (2025) 158312

4. Conclusions

Our investigation into sprayable nanogels derived from chitosan (CS)
polymers confirms our initial hypotheses, demonstrating their superi-
ority over traditional wound dressings. The incorporation of sulfobe-
taine and p-coumaric acid enhances antioxidant and antibacterial
properties, facilitating accelerated wound closure and reduced inflam-
mation. These nanogels exhibit multifunctional attributes, including
antifouling and anti-ROS effects, ensuring versatility in wound care
management. The synthesis approach proves scalable, yielding stable
(>28 days), easily sprayable nano-hydrogels with lasting efficacy. In
vitro studies validate enhanced cell proliferation, migration, and robust
antioxidant capabilities. Our findings endorse CS-based nanogels as
promising, eco-friendly wound care solutions, advancing drug delivery
systems for bacterial contamination.
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