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Abstract

Nanotechnology has revolutionized dermocosmetic innovation by improving the stabil-
ity, bioavailability, and efficacy of active ingredients. In this study, we developed and
optimized a novel xanthan gum-based hydrogel containing quercetin-loaded chitosan
lactate nanoparticles for antioxidant and antimicrobial skincare applications. Chitosan
was converted to its lactate form to enhance water solubility and enable nanoparticle
formation at physiological pH via ionic gelation with citric acid. The formulation was
optimized using Box-Behnken response surface methodology to achieve minimal particle
size and maximal zeta potential. The final gel was structured with xanthan gum as the
gelling polymer, into which the optimized nanoparticles were incorporated to create a
stable and bioactive hydrogel system. Encapsulation efficiency was measured separately to
assess the effectiveness of drug loading. The optimized nanoparticles exhibited a mean
diameter of 422.02 nm, a zeta potential of +29.49 mV, and a high quercetin encapsulation
efficiency (76.9%), corresponding to the proportion of quercetin retained in the nanoparticle
matrix relative to the total amount initially used in the formulation. Antioxidant assays
(TAC, DPPH, and reducing power) confirmed superior radical-scavenging activity of the
nanoformulation compared to the base hydrogel. Antibacterial tests showed strong inhibi-
tion against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus, with MIC
values comparable to streptomycin. Accelerated stability studies demonstrated excellent
physicochemical and microbiological stability over 60 days. This natural, bioactive, and eco-
friendly formulation represents a promising platform for next-generation cosmeceuticals
targeting oxidative stress and skin-related pathogens.

Keywords: nanotechnology; chitosan lactate; quercetin nanoparticles; dermocosmetics;
antioxidant; antibacterial; skin care; hydrogel

1. Introduction

Nanotechnology has emerged as a pivotal innovation in the cosmetics industry, offer-
ing enhanced delivery systems for active compounds, improved stability, and increased
efficacy of formulations [1]. Among various nanosystems, nanoparticles based on natural
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biopolymers such as chitosan have gained increasing attention due to their biocompatibility,
biodegradability, and ability to encapsulate bioactive molecules [2]. Chitosan, a cationic
polysaccharide derived from the deacetylation of chitin, has been widely studied for its an-
timicrobial, antioxidant, and film-forming properties, making it highly suitable for cosmetic
and dermatological applications [3]. Despite its advantages, chitosan exhibits limited water
solubility at neutral pH, restricting its utility in certain topical formulations. To address
this, chemical modifications such as the formation of chitosan salts (e.g., chitosan lactate)
have been employed to enhance solubility and functional performance [4]. Chitosan lactate,
prepared via reaction with lactic acid, retains the desirable bioactivities of native chitosan
while exhibiting improved aqueous solubility and enhanced stability under physiological
conditions [5]. These properties allow it to act as an effective nanocarrier for hydrophobic
antioxidants and polyphenols.

Quercetin, a naturally occurring flavonol found in various fruits and vegetables, is well
recognized for its potent antioxidant, anti-inflammatory, and anti-aging properties [6,7].
However, its poor water solubility and chemical instability limit its topical bioavailability
and hinder its incorporation into conventional cosmetic formulations [8]. Despite its
intrinsic chemical stability, quercetin is poorly soluble and prone to oxidative degradation
in aqueous or physiological conditions, limiting its efficacy in topical formulations. To
overcome these limitations, the encapsulation of quercetin in biopolymeric nanoparticles
such as those based on chitosan derivatives has been proposed as a viable strategy to
enhance its solubility, stability, and controlled release [9].

Encapsulating quercetin within chitosan lactate nanoparticles allows for the formation
of a stable colloidal system that can be further incorporated into cosmetic creams or gels
for enhanced dermal delivery. Nanoparticles can enhance skin penetration, prolong the
residence time of active compounds on the skin, and protect sensitive ingredients from
environmental degradation [10]. Moreover, the use of natural and biodegradable polymers
aligns with the growing consumer demand for eco-friendly and sustainable cosmetic
products [11].

Numerous studies have reported the use of chitosan-based nanoparticles in cosmetics
for the delivery of antioxidants, antimicrobials, and anti-aging agents. For instance, chi-
tosan nanoparticles have been used to deliver vitamins C and E, resveratrol, and other
polyphenols to improve skin hydration and reduce oxidative stress [12-14]. The incorpora-
tion of quercetin-loaded nanoparticles into a hydrogel matrix further enhances formulation
stability, user acceptability, and ease of application. Xanthan gum is commonly employed
as a gelling agent in such systems due to its non-toxic, biocompatible, and rheologically
favorable properties [15].

Response surface methodology (RSM) has become a standard statistical tool for opti-
mizing nanoparticle formulations. It allows for the systematic assessment of key formu-
lation variables such as polymer concentration, crosslinker type, and active compound
loading, facilitating the development of formulations with desired particle size, zeta po-
tential, and encapsulation efficiency [16]. Smaller particle size is generally correlated with
better skin penetration and higher surface area, whereas an optimal zeta potential (typically
>1301 mV) ensures colloidal stability and prevents aggregation [17].

The present study focuses on the preparation and characterization of chitosan lac-
tate/quercetin nanoparticles, their incorporation into a xanthan gum-based gel, and the
evaluation of their physicochemical, antioxidant, and antimicrobial properties for potential
cosmetic applications. We hypothesize that encapsulating quercetin in chitosan lactate
nanoparticles will enhance its solubility and efficacy, while the hydrogel matrix will pro-
vide a stable and user-friendly platform for topical application. In addition to evaluating
the in vitro antioxidant and antibacterial activities of the nanoparticles and final hydrogel
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formulation, this work also addresses stability under accelerated storage conditions—a crit-
ical parameter for cosmetic product development. The antimicrobial activity, particularly
against skin-associated pathogens such as Staphylococcus aureus and Pseudomonas aeruginosa,
was also assessed, as these microorganisms are frequently implicated in cosmetic product
contamination and dermatological infections [18].

To the best of our knowledge, this is the first study to report the formulation of
chitosan lactate—quercetin nanoparticles incorporated into a xanthan gum-based hydrogel
for dermal use. This dual system enhances the solubility of both chitosan and quercetin,
while ensuring gel stability and topical applicability. This natural, bioactive, and eco-
friendly formulation represents a promising platform for next-generation cosmeceuticals
targeting oxidative stress and skin-related pathogens, with enhanced storage stability
compared to the base hydrogel.

2. Materials and Methods
2.1. Materials

Quercetin dihydrate (>95%) (Figure 1), lactic acid, citric acid monohydrate, ethanol
(>99.5%), acetic acid, sodium hydroxide, formic acid, Mueller-Hinton broth, nutrient
agar, resazurin, and all solvents used in this study were of analytical grade and obtained
from Sigma-Aldrich (St. Louis, MO, USA). Chitosan (medium molecular weight, degree
of deacetylation > 90%) was provided by Chitelix S.A. (Bizerte, Tunisia) and used as
received without further purification. Xanthan gum (pharmaceutical grade, Sigma-Aldrich,
St. Louis, MO, USA) was employed as the gelling agent in hydrogel preparation. Cosgard®
(a commercial preservative composed of phenoxyethanol and ethylhexylglycerin) was
obtained from Aroma-Zone (Lyon, France).

OH
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| OH
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Figure 1. Quercetin chemical structure.

2.2. Chitosan Characterization

Chitosan used in this study was characterized for its degree of deacetylation (DD),
molecular weight, viscosity, and ash content. The DD was determined using two comple-
mentary methods: Fourier Transform Infrared Spectroscopy (FTIR) and a potentiometric
titration assay. For FTIR, spectra were recorded in the range of 4000400 cm !, and the
DD was calculated based on the absorbance ratio of specific functional groups according
to Baxter et al. [19]. In parallel, a potentiometric method was employed for independent
confirmation [20]. The molecular weight of chitosan was estimated by viscometric analysis.
A 1% (w/v) chitosan solution was prepared in 1% (v/v) acetic acid and stirred for 24 h at
room temperature [21]. The viscosity was measured at 25 £ 1 °C using a PCE-RVI 2 digital
rotational viscometer (PCE Instruments, Meschede, Germany), equipped with appropriate
spindle and rotation speed as recommended by the manufacturer. The viscosity values
were recorded in centipoise (cP), and the average molecular weight was estimated using the
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Mark-Houwink equation [22]. Each measurement was performed in triplicate. Ash content
was determined by incinerating a known quantity of dry chitosan in a muffle furnace at
510 °C for 6 h, and the residue was weighed to calculate the mineral content as a percentage
of the original mass.

2.3. Preparation of Chitosan Lactate

Chitosan lactate was prepared following the method described by Weecharangsan
et al. [4], with slight modifications. Briefly, 6 g of chitosan powder was dissolved in 200 mL
of 3% (w/v) lactic acid solution under constant magnetic stirring at 60 °C for 6 h. The
resulting homogenous viscous solution was frozen at —20 °C and subsequently lyophilized
to obtain a dry, amorphous powder. The freeze-dried product was then finely ground using
a mortar and pestle and stored in airtight containers at room temperature until further use.

2.4. Chitosan Lactate and Hydrogel Characterization
2.4.1. FTIR Spectral Analysis

The structural properties of chitosan lactate were examined by Fourier Transform
Infrared Spectroscopy (FTIR). The spectrum was recorded within the 4000-400 cm~! range
using a 100 FTIR spectrometer (Perkin-Elmer Inc., Norwalk, CT, USA). Key functional
groups corresponding to the polysaccharide backbone and lactate modifications were
identified and analyzed to confirm successful derivatization and assess structural integrity.

2.4.2. Antioxidant Activity Assays

To comprehensively evaluate the antioxidant potential of chitosan lactate, three com-
plementary in vitro assays were employed: total antioxidant capacity (TAC), DPPH radical
scavenging activity, and ferric reducing power. All assays were conducted in triplicate, and
results were expressed as mean =+ standard deviation.

e  Total Antioxidant Capacity (TAC)

The phosphomolybdenum method was used to assess TAC, based on the reduction
of Mo(VI) to Mo(V) under acidic conditions, forming a green phosphate/Mo(V) complex
measurable at 695 nm, as described by Prieto et al. [23]. Briefly, 100 puL of sample was
mixed with 1 mL of reagent solution composed of sulfuric acid (0.6 N), sodium phosphate
(28 mM), and ammonium molybdate (4 mM). The tubes were incubated at 95 °C for 90 min,
then cooled to room temperature. Absorbance was measured against a blank containing
methanol instead of the sample. TAC values were expressed as mg gallic acid equivalents
per gram of dry matter (mg GAE/g DM), using a gallic acid standard curve.

e DPPH Radical Scavenging Activity

Antiradical activity was evaluated using the stable 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical as described by Rguez et al. [24]. A total of 1 mL of the extract at various
concentrations was added to 250 pl. of DPPH solution (0.2 mM in methanol). The reaction
mixture was incubated in the dark for 30 min at room temperature, and the absorbance
was recorded at 517 nm against a blank (methanol + DPPH). The percentage of inhibition
was calculated using the formula:

%Inhibition = ((Acontrol - Asample)/ Acontrol) x 100 (1)

where Aonrol is the absorbance of the control (DPPH solution without sample) and Agample
is the absorbance in the presence of chitosan lactate. All measurements were performed
in triplicate.

e  Ferric Reducing Power
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The ability of chitosan lactate to reduce Fe>* to Fe?* was assessed according to the
method of Oyaizu [25], with slight modifications. A volume of 1 mL of sample was mixed
with 2.5 mL of phosphate buffer (0.2 M, pH 6.6) and 2.5 mL of potassium ferricyanide
(1%, w/v). After incubation at 50 °C for 20 min, 2.5 mL of trichloroacetic acid (10%, w/v)
was added to stop the reaction. The mixture was centrifuged at 650x g for 10 min, and
2.5 mL of the supernatant was mixed with 2.5 mL of distilled water and 0.5 mL of ferric
chloride (0.1%, w/v). Absorbance was measured at 700 nm. The EC5y value was defined as
the sample concentration corresponding to an absorbance of 0.5, indicating half-maximal
reducing power. All antioxidant tests were conducted in triplicate to ensure reproducibility.

2.4.3. Antibacterial Activity Assessment

The minimum inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) of chitosan lactate nanoparticles were assessed using the standard broth
microdilution method in sterile 96-well microtiter plates, following CLSI guidelines and
with modifications based on Duarte et al. [26]. Mueller-Hinton broth (MHB) was used
as the growth medium. A standardized bacterial inoculum was prepared for each tested
strain (Escherichia coli and Pseudomonas aeruginosa), adjusted to a turbidity equivalent to 0.5
McFarland standard (~1.5 x 10 CFU/mL), and further diluted to reach approximately
10 CFU/mL in the assay wells. Each well was filled with 100 uL of MHB containing
varying concentrations of chitosan lactate nanoparticles (ranging from 10 to 50 ug/mL),
along with 10 pL of resazurin solution (0.015%) as a redox-sensitive viability indicator. A
100 pL aliquot of the bacterial suspension was added to each well to achieve a final volume
of 200 pL. Negative controls (MHB only), positive controls (MHB + bacteria), and solvent
controls were included in each plate. The plates were sealed and incubated at 37 °C for 18
to 24 h under static conditions. MIC was visually determined as the lowest concentration
of nanoparticles at which no color change of resazurin (from blue to pink) was observed,
indicating complete inhibition of bacterial metabolic activity. For MBC determination,
10 uL from each well that showed no visible color change were aseptically plated onto
nutrient agar and incubated at 37 °C for an additional 24 h. The MBC was defined as the
lowest concentration of chitosan lactate nanoparticles that resulted in no colony formation,
corresponding to >99.9% bacterial death. All tests were performed in triplicate and re-
peated in two independent experiments to ensure reproducibility. Results were expressed
in pg/mL for both MIC and MBC values, and comparisons between bacterial strains were
made to assess the spectrum of antibacterial efficacy [27].

2.5. Statistical Design and Optimization of Chitosan Lactate Nanoparticles

Chitosan lactate nanoparticles were prepared by the ionic gelation method [28]. Briefly,
a predetermined amount of chitosan lactate was dissolved in deionized water under gentle
magnetic stirring until complete solubilization. Separately, quercetin was dissolved in a
minimal volume of ethanol to enhance dispersion and then slowly added to the chitosan
solution. Citric acid, acting as a natural cross-linking agent, was dissolved in water and
added dropwise to the mixture under continuous stirring at room temperature. The
addition of citric acid induced immediate ionic cross-linking between the positively charged
amino groups of chitosan and the negatively charged carboxyl groups of citric acid, leading
to spontaneous nanoparticle formation.

Lyophilization of the resulting nanoparticle suspension was then performed using
a Christ Alpha 2-4 LD Plus freeze dryer (Martin Christ, Osterode am Harz, Germany).
Samples were pre-frozen at —20 °C for 12 h, followed by freeze-drying at —50 °C un-
der a vacuum pressure of 0.01 mbar for 48 h. This process was applied to enhance the
storage stability of the nanoparticles and facilitate accurate quantification in subsequent
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formulation steps. Encapsulation efficiency was determined immediately after nanoparticle
synthesis, prior to lyophilization, to avoid potential degradation or loss of unencapsu-
lated quercetin during freeze-drying. In contrast, drug content was evaluated from the
lyophilized nanoparticle powder to ensure consistency in final dosage calculations.

The formulation of chitosan lactate nanoparticles was optimized using a Box-Behnken
experimental design, implemented through NemrodW software (LPRAI, version 2000) [29].
This statistical approach was applied to evaluate the effects and interactions of three
independent variables: chitosan concentration (X;, % m/v), quercetin concentration (Xp,
mg/mL), and citric acid concentration (X3, % m/v). The experimental domain was defined
with central values of 2% for chitosan, 10 mg/mL for quercetin, and 2% for citric acid,
each varied by a step of £1, &5, and +1 respectively. A total of 17 experimental runs were
conducted, allowing for the estimation of 10 regression coefficients in the second-order
polynomial model:

Y = Z’JO + b1X1 + bzXz + Z’J3X3 + b11X12 + bszzz + b33X32 + b12X1X2 + b13X1X3 + b23X2X3 (2)

Dynamic light scattering (DLS) was employed to assess the hydrodynamic diameter
and zeta potential of the nanoparticles using a Zetasizer Nano ZS (Malvern Instrument
Grovewood, UK). Prior to measurement, samples were diluted at a ratio of 1:10 in deionized
water to minimize multiple scattering effects. Measurements were performed at 25 °C
with a fixed backscattering angle of 173°. Zeta potential values were calculated from the
electrophoretic mobility using the Smoluchowski approximation. Subsequently, a response
surface model was established to optimize two critical quality attributes: nanoparticle size
(Ysize, in nm) and zeta potential (Yyeta, in mV), both of which are key indicators of colloidal
stability and functional performance in biological applications. The design allowed a
systematic evaluation of formulation variables and facilitated the identification of optimal
synthesis conditions for the quercetin-loaded chitosan lactate nanoparticles The model was
constructed to optimize two dependent responses: nanoparticle size (Yo, in nm) and zeta
potential (Yzeta, in mV), which are critical parameters for assessing colloidal stability and
biological performance. This design enabled an efficient exploration of the formulation
space and facilitated the identification of optimal conditions for nanoparticle synthesis.

2.6. HPLC Quantification of Quercetin in Chitosan Lactate Nanoparticle and Hydrogel

The quantification of quercetin content in chitosan lactate nanoparticles and hydrogel
was performed using high-performance liquid chromatography (HPLC). Sample prepa-
ration involved centrifugation of the nanoparticle suspension at 10,000 rpm for 20 min
to recover the supernatant containing non-encapsulated quercetin, while a portion of the
lyophilized nanoparticles was dissolved in an appropriate solvent for total quercetin de-
termination [30]. HPLC analyses were conducted using an Agilent 1260 Infinity system
(Agilent Technologies, Waldbronn, Germany) equipped with a quaternary pump and a
photodiode array detector. Separation was carried out on a Zorbax Eclipse XDB-C18
reversed-phase column (100 x 4.6 mm, 5 pm), maintained at 25 °C. The mobile phase con-
sisted of solvent A (HPLC-grade water with 0.1% formic acid) and solvent B (acetonitrile),
delivered at a constant flow rate of 0.7 mL/min. The gradient program was as follows:
90% A/10% B from 0 to 40 min, 50% A /50% B from 40 to 41 min, 100% B from 41 to
50 min, and return to 90% A/10% B from 50 to 59 min. The injection volume was 3 uL,
and quercetin was detected at 280 nm. Quantification was based on calibration curves of
standard quercetin solutions ranging from 10 to 1000 pg/mL, and results were expressed
in mg quercetin per gram of extract. The HPLC method was validated according to ICH
Q2(R1) guidelines. Linearity was confirmed over the range of 10-1000 pg/mL (RZ = 0.9989).
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Intra-day and inter-day precision (expressed as RSD%) were <2%. All experiments were
conducted in triplicate, and mean values were reported.

2.7. Determination of Encapsulation Efficiency

Encapsulation efficiency (EE%) was calculated as the percentage of encapsulated
quercetin relative to the total amount of quercetin initially added to the formulation [31].
Briefly, the nanoparticle suspension was centrifuged at 10,000 rpm for 20 min, and the
supernatant was collected. The concentration of unencapsulated quercetin was measured
using HPLC under the same chromatographic conditions described above. Encapsulation
efficiency was calculated using the formula:

EE% = [(Total Quercetin — Free Quercetin)/Total Quercetin] x 100 3)

All measurements were performed in triplicate, and the results were expressed as
mean =+ standard deviation.

2.8. Preparation of Chitosan Lactate Nanoparticle-Based Gel

A nanoparticle-loaded hydrogel was formulated using xanthan gum as a gelling agent
and Cosgard (a broad-spectrum preservative) to ensure microbiological stability. Briefly,
1% (w/v) xanthan gum was dispersed in deionized water under continuous stirring at
room temperature until a smooth and homogeneous hydrogel base was obtained [32]. In
parallel, 10 g of lyophilized chitosan lactate nanoparticles were rehydrated in deionized
water at a concentration of 1 mg/mL under continuous magnetic stirring. The nanopar-
ticle suspension was then gradually incorporated into the xanthan gum hydrogel under
continuous stirring. Cosgard was added at a final concentration of 0.6% (v/v), followed by
pH adjustment to 6.0-6.5 to ensure the physicochemical stability of the formulation. The
resulting bioactive hydrogel was transferred into sterile containers and stored at 4 °C until
further analysis.

2.9. Accelerated Stability Assay Assessment

To evaluate the physicochemical stability of the chitosan lactate nanoparticle-based
gel, accelerated stability testing was conducted under controlled environmental conditions.
Samples of the formulated hydrogel were stored in airtight containers and incubated at
40 £ 2 °C with 75 =+ 5% relative humidity in a stability chamber for a period of 60 days,
simulating long-term storage conditions [33] in accordance with ICH Q1A(R2) guidelines
for semisolid formulations. At predetermined intervals (0, 15, 30, and 30 days), the for-
mulations were assessed for any changes in appearance (color, phase separation, and
consistency), pH, and viscosity. Viscosity was measured using a Brookfield DV2T viscome-
ter with spindle LV-64 at 25 °C and 50 rpm. The pH was monitored with a 1/10 (w/w)
dilution in deionised water using a calibrated digital pH meter.

2.10. Microbial Stability Assay Assessment

Microbial stability of the chitosan lactate nanoparticle-based hydrogel was evaluated
during the 60-day accelerated stability test. Samples were visually inspected at intervals
(0,15, 30, and 60 days) for turbidity, odor, or visible growth. Additionally, aliquots were
cultured on nutrient and Sabouraud dextrose agar to detect bacterial and fungal contami-
nation. Plates were incubated at 37 °C for 48 h (bacteria) and 25 °C for 5 days (fungi). No
microbial growth was observed, confirming the antimicrobial preservation efficacy of the
Cosgard-containing hydrogel formulation under stress conditions [34].
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2.11. Statistical Analysis

Experimental design and statistical analysis were executed employing the NemrodW
program (version 2000, LPRAI, Marseille, France). The examination of significant differ-
ences among the means of independent variables was carried out through analysis of
variance (ANOVA) utilizing IBM SPSS Statistics Software (Version 20.0, IBM SPSS Inc.,
Armonk, NY, USA), followed by Duncan’s multiple range test at a significance level of
p < 0.05.

3. Results
3.1. Chitosan and Chitosan Lactate Characterization

The FTIR spectral profile of chitosan exhibited characteristic absorption bands asso-
ciated with polysaccharide biopolymers (Figure 2a). A broad and intense band around
3425 cm~! was attributed to overlapping O-H and N-H stretching vibrations, confirming
the presence of hydroxyl and free amino groups. The peak at 2920 cm ™! corresponded to
aliphatic C-H stretching, while the sharp band at 1655 cm ! was assigned to the amide I
band, reflecting residual N-acetyl groups. Bands observed at 1420 and 1320 cm ! were used
to estimate the degree of deacetylation (DD), and the absence of a distinct signal around
1730 cm~! further supported the high deacetylation level of the biopolymer, consistent
with the titrimetric analysis.

Following lactate modification, notable shifts and new peaks appeared in the FTIR
spectrum of chitosan lactate (Figure 2b), indicating successful chemical interaction between
chitosan and lactic acid. A slight shift of the broad O-H and N-H stretching band to
3280 cm ! suggests enhanced hydrogen bonding due to lactate incorporation. The appear-

ance of a distinct band at 1729 cm ™!

, corresponding to C=0 stretching of ester or carboxylic
groups, confirms the presence of lactate moieties. Moreover, peaks at 1571, 1453, and
1261 cm ™!, corresponding to N-H bending, CH bending, and C-N stretching, respectively,
reinforce the formation of ionic and covalent interactions. The retention of the strong signal
at 1120 cm™~!, associated with C-O-C stretching, demonstrates that the polysaccharide
backbone remained intact after functionalization.

The comparative characterization of chitosan and its lactate derivative highlights
significant modifications in physicochemical properties following lactate complexation
(Table 1). The degree of deacetylation (DD) of chitosan, determined by both FTIR (92.33%)
and titrimetric (91.53%) methods, confirms its high purity and functional amine availability.
These values are consistent with high-grade chitosan suitable for biomedical and pharma-
ceutical applications. The viscosity of chitosan (52 cP) was reduced upon lactate formation
(41 cP), which may be attributed to disruption of intra- and intermolecular hydrogen bond-
ing by lactate ions, leading to increased molecular mobility. Interestingly, chitosan lactate
exhibited full dispersion without visible agglomerates in neutral water (pH 7), in contrast to
the parent chitosan, which remained insoluble. This improvement in aqueous solubility is
particularly advantageous for drug delivery and topical formulations, where physiological
pH compatibility is critical. Although the molecular weight of chitosan was estimated at
approximately 220 kDa, the corresponding value for chitosan lactate was not determined
in this study and warrants further analysis. Both forms presented low ash content (<0.1%),
indicative of minimal inorganic contamination. The color shift from off-white (chitosan) to
pale yellow (chitosan lactate) may reflect structural changes and the formation of lactate
complexes. Overall, the transformation into chitosan lactate enhances functional attributes
desirable for advanced bioactive carrier systems.
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Figure 2. FTIR spectrum of chitosan (a) and chitosan lactate (b) showing characteristic absorption

bands of functional groups.

Table 1. Physicochemical properties of chitosan and chitosan lactate.

Parameter Chitosan Chitosan Lactate
Degree of deacetylation (FTIR method) 92.33% -

Degree of deacetylation (titrimetric method) 91.53% -
Viscosity in 1% acetic acid (cP) 52 41
Molecular weight Medium (=220 kDa) -

Ash content (%) 0.09% 0.08%
Color Pale yellow Pale yellow
Solubility in water (pH 7) Insoluble Totally soluble
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3.2. Chitosan Lactate Nanoparticle Preparation Using Response Surface Methodology
3.2.1. Experimental Design

In this study, a Box-Behnken experimental design was employed to systematically
explore and optimize the formulation parameters affecting the synthesis of chitosan lactate—
quercetin nanoparticles. Three independent variables were selected: chitosan concentration
(ranging from 1 to 3% m/v), quercetin concentration (5 to 15 mg/mL), and citric acid con-
centration (1 to 3% m/v), which acts as a natural cross-linking agent. The main responses
evaluated were nanoparticle size (in nm) and zeta potential (in mV), both of which are criti-
cal for ensuring stability, bioavailability, and effective skin delivery in cosmetic applications.
A total of 17 experimental runs were performed, including replicates at the central point
to assess experimental error and model predictability. The collected data revealed consid-
erable variability in nanoparticle size (from 413.26 to 801.56 nm) and zeta potential (from
+22.32 to +39.53 mV), highlighting the significant impact of formulation variables and their
interactions. This design allowed for the generation of second-order polynomial models
capable of accurately describing the behavior of the system. The experimental matrix and
corresponding response values are presented in Table 2. The subsequent statistical analysis
was used to identify the most influential factors and to predict the optimal conditions for
achieving nanoparticles with desirable physicochemical characteristics suitable for topical
hydrogel incorporation.

Table 2. Experimental conditions and responses obtained using the Box-Behnken design.

Exp Variables Responses

Chitosan Quercitin Citric Acid Size Zeta

% mlv mg/mL % mlv nm mV

1 1 5 1 429.69 +29
2 3 5 3 798.69 +39.34
3 1 5 1 476.56 +34.25
4 3 5 3 801.56 +32.34
5 1 10 1 445.31 +30.35
6 3 10 3 756.31 +39.53
7 1 10 1 440.94 +39.5
8 3 10 3 785.94 +35.97
9 2 5 2 450.75 +36.21
10 2 15 2 515.63 +22.32
11 2 5 2 484.38 +29.11
12 2 5 2 473.25 +32.3
13 2 10 2 422.24 +35.33
14 2 10 2 420.51 +32.24
15 2 10 2 424.78 +31.55
16 2 10 2 416.30 +32.86
17 2 10 2 413.26 +30.99

3.2.2. Validity of Models Through ANOVA Analysis

The validity of the second-order polynomial models for predicting nanoparticle size
(Ysize) and zeta potential (Yzeta) was assessed through analysis of variance (ANOVA), as
detailed in Table 3. For the Y, model, the regression analysis revealed a highly significant
fit, with an F-test value of 684.496, which exceeded the critical value of Fi,p, = 3.29, indicating
that the model significantly explained the variability in nanoparticle size. The R? value
of 0.994 and adjusted R? value of 0.98 further confirmed the robustness of the model,
suggesting a strong correlation between the experimental conditions and the observed
responses. The significance level of *** (p < 0.001) further supports the model’s validity. In
contrast, for Yyeta, the regression model also demonstrated statistical significance, with an
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F-test value of 9.623, which was greater than F,, = 3.29, and an R? value of 0.925, with an
adjusted R? of 0.829. While the model for zeta potential was significant, the validity p-value
of 36.60% indicated a lower explanatory power compared to Ys;,e. These findings suggest
that while both models are statistically valid, the Y, model exhibits a higher degree of fit
and predictive accuracy.

Table 3. Analysis of variance (ANOVA) of second-order polynomial models for the two responses.

Source of Variation

Sum of Squares Degrees of Freedom Mean Squares  Fisher’s F-Test  Significance

Regression
Lack of fit
R? =0.994
Rqi® = 0.98

Regression
Lack of fit
R? =0.925

R,qi* = 0.829

Nanoparticle size (Ygjze)
363,116 9 40,346.2 684.496 wEE
327.019 3 109.006 5.0949 7.6%
Fops(684.496) > oy (3.29)

Zeta potential (Yzeta)
287.5618 9 31.9513 9.623 **
11.8969 3 3.9656 1.398 36.60%
F0b5(9.623) > Ftab(3~29)

The significance levels are represented as follows: ***: Very significant, **: Significant.

3.2.3. Interpretation of Coefficients

The regression coefficients for the second-order polynomial models predicting
nanoparticle size and zeta potential, as presented in Table 4, provide insights into the
influence of various terms on the responses. For Ygi,e, the intercept (bg) coefficient is
419.418 and is highly significant (***), indicating a baseline value for nanoparticle size
when all other variables are at their reference levels. The linear effects of the individual
variables, chitosan (b1), quercetin (by), and citric acid (b3), reveal that chitosan concentration
(b1 =168.75, ***) has the most substantial effect on nanoparticle size, followed by quercetin
concentration (by = 12.937, **), while citric acid has a relatively smaller and less significant
impact (b3 = 2.063, 47.70%). The quadratic effects highlight that chitosan concentration
(b11 = 166.666, ***) and quercetin concentration (byp = 40.541, ***) have significant non-linear
effects on nanoparticle size, whereas citric acid (b33 = 21.041, ***) also significantly influences
size but to a lesser extent. The interaction effects suggest that the combination of chitosan
and quercetin (bjp = —11, *), as well as quercetin and citric acid (by3 = —19, **), significantly
influence nanoparticle size, with negative coefficients indicating an antagonistic effect.

For Ygeta, the intercept (bg) coefficient is 32.594 (***), indicating the baseline zeta
potential. The linear effects reveal that quercetin (b, = —1.556, *) and citric acid (b3 = 1.059,
14.20%) have significant and marginally significant effects on zeta potential, with quercetin
exerting a negative influence, suggesting it decreases zeta potential, while citric acid has
a positive effect. The quadratic effects indicate that chitosan (b1; = 3.746, **), quercetin
(bay = —2.607, *), and citric acid (b33 = —0.002, 99.40%) contribute significantly or marginally
to zeta potential changes, with citric acid having an almost negligible quadratic effect. The
interaction effects suggest significant influences on zeta potential, with the combination of
chitosan and quercetin (b1 = —3.063, *), as well as quercetin and citric acid (b3 = 4.27, *¥),
playing key roles in determining zeta potential. The response equations with significant
coefficients are as follows:

Yiige = 419.418 + 168.75X + 12.937X, + 166.666X12 + 40.541X,% + 21.041X32 — 11X, Xy — 19X, X3 (4)

Yeta = 32.594 + 1.76X; — 1.556X; + 1.059X; + 3.746X42 — 2.607X,2 — 3.063X1 Xy — 3.178X1 X3 + 4.27X, X5 (5)
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Table 4. Regression coefficients of the second-order polynomial models predicted for the two re-
sponses studied.

Termes . YSize. cr . Yzeta. e e
Coefficient Signification % Coefficient Signification %
by 419.418 o 32.594 X
Linear Effect

by 168.75 o 1.76 *

b, 12.937 ** —1.556 *

bs 2.063 47.70% 1.059 14.20%
Quadratic Effect

b1y 166.666 e 3.746 **

by 40.541 e —2.607 *

b33 21.041 o —0.002 99.40%
Interaction Effect

byp —11 * —3.063 *

bi3 8.5 6.10% —3.178 *

by -19 ** 4.27 **

The significance levels are represented as follows: ***: Very significant, **: Significant, *: Marginally significant.

3.2.4. Analysis of Response Surface Curves

The 3D response surface plots and corresponding 2D contour plots provide valuable
insight into the interactive effects of chitosan and quercetin concentrations on nanoparticle
size and zeta potential. Asillustrated in Figure 3a, nanoparticle size was strongly influenced
by both variables, exhibiting a pronounced U-shaped response. At intermediate levels
of chitosan (around 2% m/v) and lower quercetin concentrations, the smallest particle
sizes (approximately 420-450 nm) were observed. Increasing either chitosan or quercetin
concentrations beyond this optimal zone led to a sharp rise in particle size, likely due to
excessive polymer matrix or saturation effects that promote nanoparticle aggregation and
entanglement. This behavior reflects the strong quadratic and interaction terms observed in
the regression model, particularly the significant bj; and by, coefficients. The contour plot
further confirms the existence of a well-defined minimum region (blue zone), indicating
an optimal range of component ratios that yield smaller, more stable nanoparticles. This
suggests a balance between sufficient polymer availability to encapsulate quercetin and
controlled cross-linking density to prevent oversizing. In contrast, Figure 3b shows that zeta
potential increased with rising chitosan concentration, with the highest values (>39 mV)
achieved at the upper end of the chitosan range, regardless of quercetin concentration. This
trend is consistent with chitosan’s cationic nature, as more free amino groups are available to
confer positive surface charge. The relatively flatter surface and gradually spaced contour
lines imply a less pronounced quadratic effect and a more linear relationship between
chitosan content and zeta potential. Notably, the zeta potential remained above 30 mV
across much of the design space, indicating good colloidal stability in most formulations.
Together, the surface and contour plots support the desirability analysis outcomes and
highlight the critical role of polymer-to-drug ratio optimization in tuning nanoparticle
properties for enhanced stability and topical performance.

The optimal formulation conditions for chitosan—quercetin—citric acid nanoparticles
were determined using the desirability function approach, aiming to minimize particle
size while maximizing zeta potential. As summarized in Table 5, the optimal values of the
formulation variables were found to be 1.8% (m/v) chitosan, 6.5 mg/mL quercetin, and
1.3% (m/v) citric acid. Under these conditions, the predicted particle size was 399.72 nm and
the predicted zeta potential was 30.94 mV. The experimental validation of these predicted
responses yielded an observed particle size of 422.02 & 21.05 nm and a zeta potential of
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+29.49 & 1.22 mV, confirming the accuracy and robustness of the optimization model. The
overall desirability score of 99.95% further confirms the effectiveness and precision of the
optimization process, validating the suitability of the identified conditions for producing
nanoparticles with desirable physicochemical characteristics.

Nanoparticle size (nm) a Zeta potential (nm) b
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Figure 3. 2D and 3D Response Surface Curves illustrating the effect of the interaction two studied
responses: nanoparticle size (a) and zeta potential (b).

Table 5. Optimal conditions and desirability analysis for nanoparticle formulation.

Factor Actual Value Response Predicted Value Observed Value
Chitosan (X;) 1.8% (m/v) Particle Size (nm) 399.72 422.02 4+ 21.05
Quercetin (X5) 6.5 mg/mL Zeta Potential (mV) +30.94 +29.49 +1.22
Citric Acid (X3) 1.3% % (m/v)

Overall Desirability: 99.95

3.3. Antioxidant Activity of Nanoparticles and Hydrogel Formulations

The antioxidant profiling of chitosan-based nanoparticles and hydrogel formulations
revealed a significantly higher potency in the nanoform. As shown in Table 6, the total
antioxidant capacity of the nanoparticle formulation reached 1203.63 £ 60.18 mg GAE/mL,
nearly double that of the hydrogel (653.74 &+ 32.69 mg GAE/mL), indicating enhanced radi-
cal scavenging potential in the nanoparticle suspension. This superior activity was further
confirmed by the DPPH assay, where the nanoparticles exhibited a markedly lower ICsg
value (16.63 & 0.83 ug/mL) compared to the hydrogel (123.81 &+ 6.19 ug/mL), reflecting
higher efficiency in neutralizing free radicals. The reducing power assay also supported
these findings, with a significantly lower ECsg for the nanoparticles (12.23 & 1.61 pg/mlL)
than for the hydrogel (256.36 & 12.82 ug/mL), suggesting stronger electron-donating ca-
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pacity. These results highlight the critical role of nanoencapsulation in preserving and
enhancing the antioxidant properties of active compounds, likely due to improved stabil-
ity, dispersion, and bioavailability. The data emphasize the potential of nanoparticulate
systems as efficient delivery platforms for antioxidant applications in biomedical and
cosmeceutical formulations.

Table 6. Antioxidant activities of chitosan-based nanoparticles and hydrogel formulation.

Antioxidant Parameters Nanoparticle Gel

Total Antioxidant Capacity (mg GAE/mL) 1203.63 # £ 60.18 653.74° + 32.69
DPPH (ICsp, ug/mL) 16.63° +0.83 123.812 +6.19
Reducing Power (ECsg, pg/mL) 12.23° + 1.61 256.36 ¢ + 12.82

Results were represented by Means of at least three replicates + standard deviation, followed by different letters
(a, b) show significant differences at p < 0.05.

3.4. Antibacterial Activity of Chitosan—Quercetin Nanoparticles and Hydrogel Form

The antibacterial efficacy of chitosan—quercetin nanoparticles and their hydrogel for-
mulation was evaluated against five reference bacterial strains by determining the minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC), as shown
in Figure 4. The nanoparticles exhibited notable antibacterial activity, particularly against
Escherichia coli ATCC 35218, with both MIC and MBC values of 1.56 and 3.13 pg/mL, re-
spectively, comparable to the standard antibiotic streptomycin. Pseudomonas aeruginosa and
Bacillus cereus were also sensitive to the nanoparticulate formulation (MIC = 3.13 pg/mL;
MBC = 3.13 ug/mlL), while Staphylococcus aureus and Klebsiella aerogenes required higher
MICs (6.25 pg/mL), indicating a moderate antibacterial effect. In contrast, the hydrogel
form demonstrated significantly weaker activity across all strains, with MIC values ranging
from 25 to 75 pg/mL, suggesting reduced bioavailability or slower release of the active
agents. Overall, the nanoparticle formulation showed a stronger and broader antibacterial
spectrum compared to the gel, underscoring its potential as an effective antimicrobial agent.

E. coli ATCC 35218

P. aeruginosa ATCC
27853

S. aureus ATCC
25923

B. cereus ATCC
11778

K. aerogenes ATCC
13048

Legend (pug/mL)

156 @ 226

MIC Nanoparticle MIC Gel MBC Nanoparticle MBC Gel MIC Streptomycin

313 6.25 » @s0 @ 75

Figure 4. Antibacterial activity of chitosan-quercetin nanoparticles and gel: MIC and MBC values
(ug/mL) compared to streptomyecin.

3.5. HPLC Analysis of Chitosan-Based Nanoparticles and Hydrogel Formulation

High-performance liquid chromatography (HPLC) was employed to quantify the
quercetin content in both chitosan lactate nanoparticles and the final hydrogel formulation,
as well as to determine the encapsulation efficiency of the nanoparticles (calculated as the
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percentage of encapsulated quercetin relative to the total amount of quercetin initially added
to the formulation). The results, summarized in Table 7, indicate that the quercetin content
in the nanoparticles was 1.63 & 0.08 mg per gram of nanoparticle, reflecting effective loading
of the active compound. The encapsulation efficiency was calculated to be 76.9 + 3.2%,
demonstrating that a substantial proportion of quercetin was successfully encapsulated
within the chitosan lactate matrix. This high EE% suggests strong interactions between
quercetin and the chitosan lactate polymer, likely due to ionic and hydrophobic interactions,
which enhance the stability and controlled release potential of the nanoparticles. In the
hydrogel formulation, the quercetin content was significantly lower, at 0.162 &= 0.01 mg per
gram of gel. This reduction is expected, as the nanoparticles were dispersed within the
xanthan gum-based hydrogel matrix, resulting in a lower overall concentration of the active
compound. The consistent detection of quercetin in both the nanoparticle and hydrogel
samples confirms the stability of the active compound throughout the formulation process.

Table 7. HPLC quantification results for quercetin in nanoparticles and hydrogel formulation.

Assay Values
Quercetin Contept in Nanoparticles 1.63 + 0.08
(mg/g nanoparticle)

Encapsulation Efficiency (%) 76.9 £ 3.2%
Quercetin Content in Hydrogel (mg/g gel) 0.162 £ 0.01

3.6. Characterization and Stability of Cosmetic Gel

The chitosan lactate nanoparticle-based hydrogel was characterized for its physico-
chemical and microbial stability under accelerated storage conditions (40 = 2 °C, 75 £ 5%
relative humidity) over 60 days, as outlined in Sections 2.8 and 2.9. The results, presented
in Table 8, demonstrate the formulation’s robustness for potential cosmetic applications.
At day 0, the hydrogel exhibited a homogeneous, translucent appearance with no phase
separation, a pH of 6.51 £ 0.11, and a viscosity of 920.12 &+ 15.23 cP, indicating a stable
and user-friendly topical formulation. Over the 60-day period, the hydrogel maintained
its structural integrity, with only minor changes observed. By day 15, a slight opaque-
ness developed, but no phase separation occurred, and the pH (6.43 £ 0.16) and viscosity
(910.44 £ 18.73 cP) remained statistically unchanged (p > 0.05). At day 15, slight opales-
cence was noted, with a pH of 6.32 £ 0.21 and a viscosity of 890.86 £ 20.11 cD, still within
acceptable ranges for topical gels. By day 60, minor thickening was observed, accompanied
by a slight pH decrease to 6.20 & 0.20 and a viscosity of 870.72 £ 25.82 cP, but these changes
were not significant (p > 0.05) and did not compromise the hydrogel’s homogeneity or
applicability. Microbial stability was confirmed throughout the study, with no detectable
bacterial or fungal growth at any time point, as assessed by culturing on nutrient and
Sabouraud dextrose agar.

Table 8. Accelerated stability results of chitosan lactate nanoparticle-based hydrogel (40 °C £+ 2 °C,
75% RH % 5%, over 60 Days).

Time (Days) Visual Appearance pH (£SD) Viscosity (cP = SD)  Microbial Contamination

0 Flomogeneous, translucent, no 651 +0.11 920,12 + 15.23 Not detected
phase separation

15 Slight opacification, no separation 6.43 £ 0.16 910.44 + 18.73 Not detected

30 Mild opalescence, stable consistency 6.32 £0.21 890.86 + 20.11 Not detected

60 Slight thickening, no phase separation 6.20 +0.20 870.72 4= 25.82 Not detected

Results were represented by means of at least three replicates & standard deviation.
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4. Discussion

In our study, the developed chitosan lactate-based nanoparticles exhibited favorable
physicochemical characteristics, including a particle size of 422.02 & 21.05 nm, a posi-
tive zeta potential of +29.49 + 1.22 mV, and an encapsulation efficiency of 76.9 £ 3.2%.
Compared to unmodified chitosan, the lactate derivative showed enhanced water sol-
ubility and reduced viscosity, facilitating nanoparticle formation. Antioxidant assays
revealed a significantly higher activity for the nanoparticles (IC59 = 16.63 £ 0.83 nug/mL;
ECs9 =12.23 £ 1.61 pg/mL) than for the gel formulation. Similarly, the antibacterial ef-
fect of the nanoparticles was more pronounced, with lower MIC values across tested
strains compared to the hydrogel. The hydrogel remained physicochemically and microbi-
ologically stable over 60 days under accelerated conditions, indicating good formulation
robustness for dermocosmetic applications.

The formulation of a chitosan lactate-quercetin nanoparticle hydrogel addresses key
limitations associated with the topical delivery of quercetin, a potent flavonoid with well-
documented antioxidant, anti-inflammatory, and anti-aging properties [6,7]. Despite its
therapeutic potential, quercetin suffers from poor water solubility and chemical instability,
which significantly limit its incorporation into conventional cosmetic formulations [8]. In
this context, the chemical conversion of chitosan into its lactate salt form proved to be a
strategic choice.

Chitosan lactate has gained significant attention in the cosmetics industry due to its
multifunctional properties, particularly its antimicrobial activity and skin conditioning
capabilities [35]. These characteristics make chitosan lactate an attractive ingredient in
modern cosmetic formulations, particularly in skin and hair care products. Among its
key properties, chitosan lactate exhibits potent antimicrobial activity, contributing to the
preservation of formulations and the maintenance of skin health [36]. Additionally, chitosan
functions as a natural moisturizing agent, improving skin hydration and texture [37]. Its
ability to form a thin, protective film on the skin further aids in moisture retention and
shields the skin from environmental aggressors [38]. Chitosan lactate is widely applied
across various cosmetic products. In skin care, it is included in serums and creams, often in
synergy with ingredients like lactic acid to boost efficacy [35,39]. In hair care formulations,
it contributes to improved hair manageability and shine due to its film-forming and hair-
fixing properties [35].

The lactate modification significantly improved solubility at physiological pH, making
it more suitable for dermal applications, while preserving the essential bioactivity of the
polymer [40]. FTIR spectral analysis confirmed the successful interaction between chitosan
and lactic acid, with characteristic shifts indicating ionic and hydrogen bonding. These
structural modifications, consistent with previous reports [4,41], enhanced molecular flexi-
bility and reduced intra- and intermolecular hydrogen bonding, thus favoring nanoparticle
formation. The FTIR spectrum of chitosan is characterized by distinct bands reflecting
its functional groups and interactions. Notably, a prominent band around 1647 cm™!
corresponds to C=0 stretching, while bands near 1550 cm ! are attributed to N-H bending
vibrations, indicating the presence of amine groups [42]. Hydroxyl groups contribute to
additional bands associated with hydrogen bonding, which influence the solubility and
mechanical properties of the material [43]. In chitosan lactate, the introduction of lactic
acid alters the FTIR profile by modifying hydrogen bonding patterns and introducing
new functional groups, potentially shifting the carbonyl band. This interaction also in-
duces structural changes, resulting in a more amorphous form compared to the partially
crystalline nature of native chitosan, thereby affecting its physical properties [44].

In addition, the optimization of nanoparticle formulation using response surface
methodology by ionic gelation provided critical insights into the role of each component.
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Chitosan concentration exhibited the most pronounced influence on both particle size and
zeta potential, a finding in agreement with Pathak et al. [45], where increased polymer con-
tent was associated with denser particle matrices and enhanced surface charge. Quercetin
contributed non-linearly to both responses, possibly due to its involvement in hydrogen
bonding and hydrophobic interactions within the nanoparticle network [46,47]. Citric acid,
used as a crosslinker, played a supportive role in stabilizing the particles through ionic
bridging without compromising biocompatibility [48]. The generated quadratic models
showed strong statistical significance, especially for particle size (R? = 0.994), highlighting
the robustness of the optimization process. The surface and contour plots provided visual
confirmation of these interactions. A distinct minimum region in the response surface
for particle size indicated an optimal balance between chitosan and quercetin concentra-
tions, where particles around 420 nm could be obtained. Beyond this region, particle size
increased rapidly, likely due to excessive matrix entanglement and polymer—polyphenol
saturation effects. Zeta potential increased steadily with chitosan concentration, reflecting
the cationic nature of the polymer and supporting electrostatic stabilization, consistent
with findings from Németh et al. [49]. These results validate the rationale behind selecting
chitosan as a multifunctional carrier in cosmetic nanocarriers.

HPLC analysis confirmed efficient quercetin encapsulation within nanoparticles, with
significant loading compared to the gel formulation. Quercetin’s polyphenolic structure,
featuring multiple hydroxyl and aromatic moieties, enables strong hydrogen bonding
and hydrophobic interactions with chitosan lactate’s acetylated glucosamine units, ensur-
ing high encapsulation efficiency. This is consistent with Liu et al. [50], who noted that
chitosan’s polar and non-polar domains stabilize polyphenols through multifaceted interac-
tions [50]. The lower quercetin content in the gel reflects its dispersion within the xanthan
gum matrix, where polysaccharide-polyphenol hydrogen bonding may further shield the
active compound. Compared to Zhou et al. [51], who reported quercetin degradation
in aqueous systems due to oxidative cleavage of its catechol groups, the nanoparticles’
protective matrix likely minimizes such reactions, enhancing chemical stability [51].

The nanoparticles exhibited superior antioxidant activity compared to the gel, at-
tributed to enhanced quercetin solubility and protection from oxidative degradation.
Chemically, quercetin’s 35,73 4 -pentahydroxyflavone structure donates electrons to neu-
tralize free radicals, a process amplified by nanoencapsulation’s high surface area and
stable dispersion. This outperforms gel-based systems, where xanthan gum’s viscous
network may limit quercetin’s accessibility to radicals, as observed by Jadav et al. [52] in
polysaccharide-based hydrogels. Compared to Casanova and Santos [53], who reported
moderate antioxidant activity in macroscale polyphenol formulations, the nanoparticles’
enhanced efficacy underscores the chemical advantage of nanoscale delivery.

Antibacterial activity was notably stronger in nanoparticles, particularly against Gram-
negative bacteria, due to synergistic chemical mechanisms. Chitosan lactate’s protonated
amino groups electrostatically bind to bacterial lipopolysaccharides, disrupting membrane
integrity, while quercetin’s phenolic groups may chelate metal ions critical for bacterial
enzymes. This dual action surpasses the efficacy of chitosan alone, as reported by Imam
et al. [54], who noted enhanced antimicrobial effects with polyphenol-loaded chitosan
nanoparticles. The hydrogel’s reduced activity likely results from hindered diffusion
through the xanthan gum matrix, a limitation also observed in hydrogel-encapsulated
antimicrobials. Compared to Casadidio et al. [55], who highlighted chitosan’s role in
preventing cosmetic contamination, the nanoparticles offer superior protection against
pathogens like Pseudomonas aeruginosa.

Recent studies demonstrate that chitosan—quercetin nanoparticles interact directly
with skin cells to enhance antioxidant effects by improving quercetin’s solubility, stability,
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and cellular uptake. These nanoparticles enable the targeted delivery of quercetin into
deeper layers of the skin, thereby enhancing protection against oxidative stress and UV-
induced damage [56,57]. The encapsulation of quercetin addresses its major limitations,
such as low hydrophilicity and poor percutaneous absorption, making it significantly
more effective in topical cosmetic formulations. Notably, zein/chitosan nanoparticles
have been shown to increase the solubility of quercetin by 753.6-fold in water, while
also protecting it from degradation caused by UV irradiation and heat, thus preserving
its antioxidant potential [56]. This encapsulation strategy also improves cellular uptake,
restoring the activity of antioxidant enzymes and reducing oxidative stress markers like
malondialdehyde (MDA) in vitro [56]. Moreover, enhanced percutaneous absorption allows
the active compound to penetrate the epidermis more efficiently and interact with skin
cells [57]. Mechanistically, quercetin-loaded chitosan nanoparticles inhibit the NF-«B/COX-
2 signaling pathway, which plays a key role in inflammation and skin damage, thereby
reducing UVB-induced skin edema [57]. The antioxidant potential of these nanoparticles
has also been confirmed through various biochemical assays, supporting their value in
skincare applications [58]. Nevertheless, while the therapeutic promise is substantial,
further research is required to standardize these formulations, assess their long-term
dermal safety, and fully evaluate potential toxicity, especially for non-oral applications [46].

Additionally, incorporating chitosan—quercetin nanoparticles into cosmetic formula-
tions presents multiple advantages for skin care, primarily due to their enhanced delivery
efficiency and therapeutic potential. The nano-formulation of quercetin improved its aque-
ous stability and preserved its biological activity in vitro, which may support its topical
application. These nanoparticles facilitate improved skin penetration by traversing the
stratum corneum and ensuring prolonged contact through their mucoadhesive proper-
ties, thereby enhancing quercetin’s therapeutic impact [59,60]. Encapsulation addresses
quercetin’s poor solubility and instability, enabling sustained release and improved efficacy
in treating skin conditions compared to its free form [61]. Beyond acting as a delivery
vehicle, chitosan also contributes moisturizing and conditioning effects, making it valu-
able in both skin and hair care formulations [35]. The synergistic action of quercetin’s
antioxidant and anti-inflammatory properties with chitosan’s skin-conditioning benefits
supports the development of multifunctional cosmetic products [61]. Nevertheless, despite
these promising attributes, further research is essential to understand long-term effects and
optimize formulations, as the standardization and scalability of chitosan-based systems
remain significant challenges for their broader adoption in cosmetic applications [62].

Despite the relatively low concentration of quercetin incorporated into the formulation,
the in vitro assays revealed significant antioxidant and antimicrobial effects. This outcome
can be attributed to the high intrinsic bioactivity of quercetin, which has been shown
to remain effective at micromolar concentrations [63]. Moreover, encapsulation within
chitosan lactate nanoparticles enhances local bioavailability, improves aqueous dispersion,
and protects quercetin from oxidative degradation, thereby increasing its functional stability
and efficacy. To further support this point, we compared quercetin with rutin, a structurally
related glycosylated flavonoid. Although rutin is more hydrophilic, its antioxidant activity
is often lower than that of quercetin due to steric hindrance from its sugar moiety, which
limits radical scavenging efficiency [64,65]. Therefore, the observed biological activity of
our formulation can be reasonably explained by the superior potency of quercetin, even at
reduced concentrations.

The hydrogel’s stability under accelerated conditions, with minimal changes in pH,
viscosity, or appearance, reflects the chemical stability of the xanthan gum-—chitosan lactate
system. Xanthan gum’s anionic galacturonate residues form a robust network that stabilizes
nanoparticles, preventing aggregation, while Cosgard’s paraben-free preservatives inhibit
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microbial enzyme activity. These results align with Alves et al. [66], who reported stable
polysaccharide gels under thermal stress. In contrast to certain chitosan hydrogels that un-
dergo phase separation due to polymer hydrolysis, the hydrogel’s stability indicates robust
intermolecular interactions, likely strengthened by citric acid-mediated crosslinking [67].

The present study offers a comprehensive formulation and optimization of a quercetin-
loaded chitosan lactate nanoparticle hydrogel, highlighting its antioxidant and antibacterial
efficacy for potential dermocosmetic use. A key strength lies in the use of chitosan lactate,
which enhanced aqueous solubility and facilitated nanoparticle formation under mild,
green conditions. The application of response surface methodology allowed precise op-
timization of formulation variables, and the physicochemical stability of the hydrogel
under accelerated conditions supports its practical relevance. However, certain limitations
should be acknowledged. First, the in vitro tests did not include a free quercetin control,
limiting direct comparisons of nanoparticle-mediated efficacy. Second, the stability assay
was only conducted under accelerated conditions, without parallel testing at room or
refrigerated temperatures. Another limitation of this study is the lack of release profile
characterization for quercetin from both nanoparticles and hydrogel. The kinetic behavior
of drug release is critical to understand the sustained activity and bioavailability, especially
for topical applications. This will be explored in future work using appropriate in vitro
diffusion models. Finally, although the study demonstrated promising in vitro bioactivity,
in vivo validation and skin permeation assays are necessary to fully assess the formulation’s
dermal applicability.

5. Conclusions

This study successfully demonstrates the development of a multifunctional hydrogel
based on chitosan lactate—quercetin nanoparticles with potent antioxidant and antibacterial
activities for topical cosmetic applications. The chemical modification of chitosan into its
lactate form enhanced its solubility and suitability for nanoparticle formation at physiologi-
cal pH. Optimization via response surface methodology led to a stable nanoformulation
with desirable physicochemical properties, high quercetin encapsulation efficiency, and
strong in vitro antioxidant and antibacterial activity. When incorporated into a xanthan
gum hydrogel, the system maintained its structural and microbiological stability under
accelerated conditions for 60 days. The superior performance of the nanoparticle formu-
lation, compared to the base gel, underscores the potential of this natural, bioactive, and
eco-friendly platform for next-generation dermocosmetic products targeting oxidative
stress and skin-associated pathogens. Future studies should explore in vivo skin perme-
ation, long-term safety, and consumer acceptability to support clinical translation and
commercial development.
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