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ARTICLE INFO ABSTRACT

Keywords: Purpose: This study aimed to develop an innovative, intelligent wound dressing capable of
Nanoparticles ) signaling infections through color changes.

Smart wound dressing Design/methodology/approach: Using response surface methodology, the Rhodamine B fluores-
Infection s . . . . .
Rhodamine B cence colorant was encapsulated within colloidal nanoparticles and integrated into a sodium
Chitosan alginate patch at various concentrations. The physical and chemical characteristics of the nano-

particles and the wound dressing were thoroughly analyzed via dynamic light scattering (DLS),
zeta potential measurements, scanning electron microscopy (SEM), and Fourier transform
infrared spectroscopy (FTIR). Additionally, the biodegradability, hydrophilicity, swelling
behavior, release kinetics, porosity, mechanical properties, biocompatibility, and infection
detection capability of the wound dressing were evaluated.

Findings: The results indicated that the average diameter of the synthesized colloidal nano-
particles was 300 nm before loading with Rhodamine B and increased to 400 nm after loading,
with zeta potentials of 52 mV and —6 mV, respectively. The Rhodamine B-loaded wound dressing
demonstrated adequate levels of swelling and hydrophilicity. Release studies revealed the gradual
release of Rhodamine B at low pH. Cytotoxicity assays confirmed the high biocompatibility of the
engineered wound dressing with the L929 cell line. Furthermore, bacterial exposure experiments
indicated that the color change was activated in the presence of infection, making it visible under
UV-A light.

Originality/value: This research presents a novel approach to wound care by developing a smart
wound dressing that can detect infections via color changes. These findings underscore the po-
tential of this innovative wound dressing to improve infection management in clinical settings
through its responsive and biocompatible design.
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1. Introduction

Despite significant advances in wound dressing (WD) development, controlling wound conditions and preventing infection remain
considerable challenges, accounting for a substantial portion of rapid wound healing. Due to the complex pathophysiology of wounds,
bacterial-loaded wounds pose significant challenges to conventional WDs and, therefore, require the development of new and more
effective wound-healing methods [1]. Wound healing typically comprises four key stages: blood clotting, inflammation, cell prolif-
eration, and maturation [2]. Infection is a significant factor that can disrupt the healing process and delay wound closure [3]. Clinical
indicators of wound infection include pain, swelling, and redness surrounding the injury [4]. Hence, early infection detection at the
wound site is crucial, as it can prevent the onset of these symptomatic delays in wound healing. Neglecting the treatment of infected
wounds may result in severe complications, including cellulitis, osteomyelitis, sepsis, and necrotizing fasciitis [5]. Common micro-
organisms present at infection sites include Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, Staphylococcus epidermidis,
and Enterobacter species [5,6].

The advent of smart WDs aims to address the deficiency in infection surveillance during wound healing. Traditional WDs often fail
to provide timely detection of infections, as the infection can go unnoticed by both patients and medical practitioners. Bacterial in-
fections induce changes in various physical and biochemical parameters, such as temperature, pH, humidity, toxins, and enzyme
release. Bacterial proliferation produces lactic acid, leading to localized acidification of the wound environment. These changes serve
as detectable markers for infection surveillance and monitoring within the context of WD implementation [7]. Notably, bacterial
proliferation is accompanied by the production of lactic acid, leading to localized acidification in the wound environment [8].
Consequently, within the context of WD implementation, the transformation in physical and biochemical metrics stands as discernible
markers that can be harnessed for infection surveillance and monitoring [9].

The development of an innovative smart wound dressing (SWD) capable of online infection detection (OID) represents a formidable
challenge within the domain of wound healing. In pursuit of this objective, scientists have harnessed the synergistic potential of
biomaterials and nanotechnology to develop novel SWDs. Notably, the use of natural and chemical dyes has emerged as a promising
avenue for creating color-based SWDs. In the annals of scientific advancement, a pivotal milestone was reached in 2011 when a
specialized wound dressing was engineered. This pioneering SWD featured the incorporation of stabilized lipid carriers imbued with
carboxyfluorescent dye, facilitating real-time monitoring of the microbiological landscape at the wound site, with a focus on the
accumulation of pathogenic bacterial entities. This cutting-edge investigation entailed fabricating a patch material crafted from
polypropylene, subjected to pulsed plasma treatments, and chemically modified with maleic anhydride. The modified patch material
was subsequently immersed within an aqueous suspension, allowing for the attachment of dye-containing vesicles to the surface. The
significance of this innovative approach lies in its capacity to transform the SWD into a dynamic sensor. Upon encountering the
pernicious influence of bacterial toxins, dye-containing vesicles succumb to degradation, leading to a perceptible alteration in
coloration. Specifically, discernible lightning of the green hue transpires, thereby serving as a tangible indicator of the presence of
virulent bacteria within the wound environment [10]. In a comparable investigation, Thet and colleagues developed a novel WD that
featured a hydrated agarose patch as its foundational substrate, with the carboxyfluorescein fluorescent dye as the pivotal detection
component. The fundamental objective of this research was to encapsulate the fluorescent dye within vesicles, followed by its
amalgamation with agarose and uniform dispersion throughout the hydrogel matrix. The findings from this study revealed a distinctive
response mechanism characterized by the manifestation of fluorescent (light green) signals within a concise 4-h timeframe following
the introduction of synthetic wound dressings into the proximity of pathogenic bacterial populations. Importantly, the sensitivity of
these biopatch dressings is intricately linked to the specific species and categorization of the pathogenic bacteria encountered [11].
Subsequently, in 2020, a pH-responsive hydrogel-based SWD was innovatively crafted to deliver a sophisticated bacterial infection
monitoring system. This apparatus hinged on the fluorescence resonance energy transfer (FRET) principle involving Cy3 and Cy5
fluorophores within a bacterial environment. The infection was ingeniously treated through the controlled release of antibiotics
facilitated by the application of infrared light. The implementation strategy involved the encapsulation of Cy3 and Cy5 fluorophores
within modified silica nanoparticles, which were thoughtfully embedded within the hydrogel dressing. At reduced pH levels, notable
spatial proximity between Cy3 and Cy5 was achieved, with their separation distance reduced to a mere 10 nm, inducing the FRET
phenomenon. Up-conversion nanoparticles (UCNPs) were thoughtfully incorporated into the hydrogel matrix to augment this system’s
capabilities, thereby facilitating the conversion of incident light spectra into ultraviolet wavelengths upon irradiation. This catalytic
process led to the disintegration of the bond connecting gentamicin sulfate to the hydrogel, ultimately liberating gentamicin to combat
bacterial infections with efficacy [12].

In this work, we propose an innovative SWD with the capability of OID. This SWD incorporates Rhodamine B (RB) fluorescence
colorant encapsulated within colloidal nanoparticles (RCNPs) and integrated into a sodium alginate (SA) patch. By optimizing the
concentration of RCNPs in the SA patch via response surface methodology, we aimed to create a responsive and biocompatible WD that
signals infections through visible color changes under UV-A light.

Our research introduces a novel approach to wound care by combining biomaterials and nanotechnology to develop a color-based
SWD. This SWD is designed to detect infection through pH-sensitive color changes, providing real-time feedback on wound status. This
work aims to enhance infection management in clinical settings by offering a smart, biocompatible wound dressing that improves
patient outcomes through timely and accurate infection detection.
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2. Materials and methods
2.1. Chemicals

Chitosan (70 % deacetylated, low viscosity), sodium alginate (low viscosity), and sodium bicarbonate were procured from Sigma
Aldrich. Sodium triphosphate (TPP), glycerol, calcium dichloride, acetic acid, and various other reagents were supplied by a local
vendor (AlborzShimi Co., Iran). The fluorescent dye rhodamine B (RB) was also obtained from Merck.

2.2. Preparation of chitosan nanoparticles

The ionization technique was harnessed to fabricate chitosan nanoparticles (CNPs) [13]. This approach capitalizes on the elec-
trostatic interaction between the positively charged amino groups of chitosan and the negatively charged sodium triphosphate (TPP)
groups. To produce CNPs via this methodology, a chitosan solution at a concentration of 5 mg/ml in 1 % acetic acid was prepared at
ambient temperature, ensuring clarity and the absence of undissolved particulate matter. The pH of the chitosan solution was sub-
sequently adjusted to a precise level of five through the judicious addition of 1N sodium hydroxide. The calculated volume of TPP
solution, also at a concentration of 5 mg/ml, was introduced dropwise into a predetermined quantity of the chitosan solution,
maintaining a ratio of 3.3:1, and the mixture was agitated for 2 h. The resulting CNPs were isolated through centrifugation and
subjected to three successive washing cycles with distilled water.

2.3. Preparation of RB-loaded CNPs

In the synthesis of RB-loaded chitosan nanoparticles (RCNPs), the procedure commenced with the preparation of a chitosan so-
lution at a concentration of 5 mg/ml, with the pH meticulously adjusted to 7. Concurrently, the fluorescent dye RB was introduced at a
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Fig. 1. Schematic of the recommended mechanism for synthesizing RCNPs. A) RCNP synthesis method, and B) The primary bonding mechanism
between TPP, RB, and chitosan.
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0.1:1 ratio of chitosan into a TPP solution of 5 mg/ml. The vigorous stirring of these solutions was sustained for 1 h, and the samples
were maintained at room temperature. The resulting solution was subsequently introduced dropwise into the chitosan solution. The
resulting nanoparticles were subjected to a triple-round washing regimen and centrifugation, with each round executed at 4000 rpm.
Fig. 1A shows the RCNP synthesis method, and Fig. 1B depicts the primary bonding mechanism between TPP, RB, and chitosan.

2.4. Fabrication of CNP-loaded films

Using Design Expert software (Version 13), a set of experiments was designed, with SA films containing varying SA contents
(ranging from 1 to 2 % w/v) and chitosan nanoparticles (CNPs) in the range of 1-10 % w/w SA by weight. This represented the two
vital independent parameters, constituting a comprehensive experimental matrix conducted in 20 ml volumes, as summarized in
Table 1. To optimize the formulation of the final RCNP-loaded film, the response surface methodology (RSM) technique was judi-
ciously applied, explicitly employing central composite design (CCD). This statistical approach was instrumental in efficiently man-
aging the experimental groups and identifying an ideal formulation within the scope of the primary parameters under scrutiny [14,15].
The critical responses under evaluation encompassed degradability, swelling behavior, contact angle, and mechanical strength,
collectively forming the crux of the study’s assessment.

As per the proportions outlined in Table 1, a predetermined quantity of SA was solubilized in 20 ml of distilled water. The stirring
protocol spanned 2 h, maintaining operational conditions at 400 revolutions per minute (rpm) and a temperature of 25 . To impart
enhanced flexibility to the final film, an increment of 200 pl of glycerol was introduced [16]. The requisite RCNP was subsequently
amalgamated with the SA solution. A thorough mixing process was executed, lasting 1 h and adhering to the exact parameters of 400
rpm and a temperature of 25 . The culmination of this process involved the use of casting and solvent evaporation techniques, which
produced the final RCNP films. To reinforce the structural integrity of the films, a 10 % calcium chloride solution was employed for
cross-linking purposes [17]. The film samples underwent a dual-stage cleansing process involving two sequential rinses with distilled
water.

2.5. Investigation of nanoparticle morphology

CNPs, RCNPs, and films were morphologically evaluated by scanning electron microscopy (SEM VEGA3). For the NPs, a small
portion of the CNPs and RCNPs were sonicated separately and then placed on aluminum foil. Finally, they were coated with gold NPs.
The film was dried and coated with AuNPs [18].

2.6. Fourier transform infrared spectroscopy

In material identification, a fundamental technique that assumes a prominent role is Fourier transform infrared spectroscopy (FTIR
Thermo Avatar). Within this investigation, the scope of FTIR analysis was rigorously applied across the spectral range spanning
400-4000 cm™, encompassing the evaluation of CNPs, RCNPs, and the RB. This analytical approach facilitates a nuanced exploration
of the molecular composition and chemical characteristics of the entities under scrutiny [19].

2.7. DLS and zeta potential

The surface charge and hydrodynamic diameter of the CNPs and RCNPs were measured via the dynamic light scattering (DLS
NanoDS) method. First, the NPs were diluted twice in water and sonicated. Then, it was transferred to a particular device cell, and
measurements were carried out [18].

Table 1

Experimental design parameters.
Run Factor A: SA (%) Factor A: Chitosan (%)
1 2 10
2 1.5 5.5
3 1 10
4 1.5 1
5 1.5 5.5
6 1.5 10
7 1 1
8 2 5.5
9 1.5 5.5
10 2 1
11 1.5 5.5
12 1.5 5.5
13 1 5.5
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2.8. RB standard curve

The standard curve of RB was generated by preparing solutions with known concentrations and measuring their absorption via a
UV-vis spectrophotometer. Ten standard solutions were prepared via the dilution method. The absorption of the prepared solution was
measured at 554 nm.

2.9. RB release study

The release of RB from both RCNPs and the RCNP-loaded film was examined via a dialysis bag. In this context, predetermined
quantities of RCNPs and RCNP-loaded films were enclosed within a dialysis bag immersed in distilled water. The experimental pa-
rameters included distinct pH levels, namely, 4, 7, and 10, and ambient conditions at 25 €. The system was gently agitated at regular
intervals, specifically at 3-, 6-, 24-, 48-, and 72-h time points. At each prescribed interval, a precise volume of 5 ml from the solution
was carefully withdrawn for quantitative assessment, after which it was reinstated in the solution. The liberated RB was quantified
through reference to a standard curve, thereby providing comprehensive insight into the release dynamics of the compound from both
RCNPs and the RCNP-loaded film [20].

2.10. Swelling

Following the drying process at a regulated temperature of 33 °C, the RCNP-loaded films were subjected to thickness measurements
employing a micrometer, denoted as “hy.” The samples were subsequently immersed in distilled water, and after a 3-h incubation
period, they were extracted from the aqueous environment [21]. To ascertain the extent of water absorption, any residual liquid was
methodically eliminated via filter paper, and the thickness of the samples was reevaluated, denoted as “h;”. The degree of swelling of
the films was calculated via Eq. (1):

% Swelling :@ x 100 ¢h)
0

2.11. Biodegradability

The degradation analysis involved the periodic measurement of film weight loss over distinct time intervals. Each film, initially of
known weight (denoted as W0), was sectioned into 2 x 2 cm? segments. These film segments were subsequentfig3ly immersed in Petri
dishes containing 15 ml of distilled water and maintained at 37 € throughout the incubation period [22]. The film segments were
retrieved from their respective environments at specific time points, which included days 1, 3, 7, and 14. After extraction, any residual
water was eliminated, and the segments were reweighed, and their new weight (Wt) was determined. The degree of degradation was
calculated by Eq. (2):

(W — W)
0

% degradation = x 100 (&)

2.12. Mechanical properties

The tensile strength according to the ASTM D 638 standard was measured to determine the mechanical behavior of the films via
SANTAM STM-20. A 50 N force at a rate of 1 mm/min was applied to the samples to the point of rupture, and a stress—strain diagram
was drawn. The test was performed with three replications [23].

2.13. Contact angle

Contact angle measurement is a pivotal gauge for delineating the wettability characteristics of a solid surface about a liquid. This
metric, expressed as an angle, provides insights into the surface’s hydrophobic or hydrophilic nature. In our study, the determination of
contact angles was executed by precisely placing water droplets onto the film surface. Subsequently, the angle between the film’s
surface and the contact droplet was meticulously assessed utilizing Digimizer software.

2.14. Cytotoxicity

One of the paramount attributes inherent to dermal WDs within the realm of skin tissue engineering lies in their profound capacity
for engagement with cellular constituents facilitated through the application of the MTT assay [24]. In the procedural sequence, the SA
film underwent initial sterilization via exposure to UV radiation, followed by subsequent immersion in sterile phosphate-buffered
saline (PBS) to purge contaminants. These substrates were subsequently colonized at a density of 1 x 10* mouse skin fibroblast
(L929) cells per well, the introduction of which was orchestrated with meticulous precision through a droplet technique executed in a
96-well culture plate. The mixture was incubated for 48 h at 37 C in a 5 % CO2 atmosphere to promote the cellular microenvironment.
Following this incubation, an aliquot of 100 pl of MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) solution,
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prepared at a concentration of 5 mg/ml, was introduced into each well, subsequently resulting in a 4-h incubation interval. To ensure
the seamless execution of these steps, the contents of every well underwent methodical aspiration, followed by the addition of 100 pl of
dimethyl sulfoxide (DMSO). In the culmination of this intricate procedure, the quantification of light absorption, predicated upon
cellular metabolic activity, was meticulously and discerningly documented, employing an ELISA reader (BioTec) that operates at a
wavelength of 570 nm. The cell viability was calculated via Eq. (3):

mean Abs of sample

mean Abs of control 100 3)

% cell viability =
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Fig. 2. A) Schematic protocol to fabricate the final RCNP-loaded patch. B) SEM analysis of CNPs (left) and RCNPs (right).
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2.15. Fabrication of the final RCNP-loaded wound dressing patch

After the data were carefully evaluated and the recommended formula was analyzed via the CCD approach, one formula was used
to obtain the final RCNP-loaded WD patch. To achieve this goal, as shown in Fig. 2A,a1 x 1 em? mold with four circular cavities (d = 8
mm, depth = 2 mm) was fabricated using an acrylic sheet. First, 1 ml of the SA solution was poured into the mold and left at room
temperature to dry. Then, 50 A of the RCNP suspension was emptied into each cavity and incubated at 37 €. Then, 1 ml of SA solution
was poured into the mold again. The mold was then incubated at 37 € for 24 h. The final dried RCNP-loaded patch was used for
infection detection.

2.16. Detection of infection

The efficacy of the RCNP-loaded patch in combating two distinct bacterial strains, Escherichia coli (E. coli, gram-negative) and
Staphylococcus aureus (S. aureus, gram-positive), within a bacterial growth medium was assessed. Isolated E. coli and S. aureus bacterial
cultures were cultivated primarily on individual plate count agar (PCA) plates. The RCNP-loaded patch was subsequently positioned at
the geometric center of each respective culture plate. These prepared plates were then subjected to an incubation period of 24 h. Using
ultraviolet type A light, changes in the light in the patch were monitored visually.

2.17. Statistical analysis

We utilized Design-Expert® software version 13 and conducted a one-way analysis of variance (ANOVA) to assess differences and
analyze the results. The results are presented as the means + standard deviations, and statistical significance was set at P < 0.05 for all
factors.

3. Results and discussion
Fig. 2B shows SEM images of NPs with a consistent spherical structure. The inclusion of RB clearly caused an increase in the size of

the RCNPs but did not significantly alter their shape. According to a study by Song et al. (2024), including riboflavin (RB) in polymeric
nanoparticles also increases size, which they attributed to the interaction between RB and the polymer matrix, causing expansion of the

1um EHT = 10,00 kV Signal A = SE2 Date :26 Dec 2021 ZEISS| 1 pm EHT = 10.00 kV Signal A = SE2 Date :26 Dec 2021 ZEISS!
WD = 57 mm Mag= 1500KX  UserText L— WD= 58mm Mag= 1500KX  UserText

= 5 5
0.00kV Signal A = SE2

1um EHT = 10,00 kV Signal A = SE2 Date :26 Dec 2021 ZE1sS)
— WD= 58mm Mag= 30.00KX  UserText= — WD = 5.7 mm Mag= 300KX  UserText=

ate :

Fig. 3. Scanning electron microscopy (SEM) images of sodium alginate films with concentrations of A) 1 %, B) 1.5 %, and C) 2 %. D) SEM images of
the deposited RCNPs according to Fig. 2A.
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nanoparticle structure. The shape remained largely spherical, which is consistent with our observations [25]. Furthermore, Wu et al.
(2015) demonstrated that adding certain compounds to nanoparticles can increase their size without changing their spherical
morphology. This effect was attributed to the physical and chemical interactions between the additive molecules and the nanoparticle
matrix [26]. Fig. 3A-C shows SEM images of the surfaces of SA films with varying concentrations, demonstrating their uniformity and
the absence of surface defects such as cracks or pores. Crosslinking is expected to enhance the quality and consistency of these films
[27]. A study by Bhagath et al. (2022) revealed that sodium alginate (SA) films, when properly crosslinked, exhibit a uniform surface
free of defects such as cracks and pores. This is attributed to the efficient crosslinking process that stabilizes the film structure [28].
Research by Li et al. (2019) revealed that crosslinking improves the mechanical properties and surface uniformity of SA films, sup-
porting the idea that crosslinking enhances film quality [29]. Furthermore, Fig. 3D shows the surface of the deposited RCNPs via the
procedure outlined in Fig. 2A. These images demonstrate that the RCNPs are consistently stacked atop one another, resulting in a
uniform layer. Studies on nanoparticle deposition techniques, such as those by Kumar et al. (2022), have shown that uniform layer
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Fig. 4. A) FTIR spectra of CNPs, RBs, and RCNPs; B) zeta potential; and C) size distribution (DLS) of CNPs and RCNPs.
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formation is critical for applications in coatings and films. Consistent stacking without significant aggregation indicates a controlled
deposition process, similar to our findings [30]. Chen et al. (2015) demonstrated that a uniform nanoparticle layer is achievable
through careful control of the deposition parameters, ensuring that the nanoparticles are evenly distributed and stacked, enhancing the
functional properties of the film [31].

Fig. 4 presents the FTIR spectra of CNPs, RCNPs, and RB. The CNP spectrum confirmed the presence of free amine, hydroxyl, and
ether groups [32]. In Fig. 4A, an observable peak spanning the 3300-3700 cm range corresponds to OH tensile groups, intra-
molecular hydrogen bonds, and the presence of amines [33]. Peaks at 2947.32 cm, 2884.15 cm™!, 1381.36 cm™!, and 1629.11 cm™!
represent the NH3 functional group, CH absorption band, NH flexural vibration, and CH flexural vibration of the alkyl group, revealing
the interaction between the chitosan and phosphate groups, specifically TPP [34]. Additionally, the appearance of a peak at 1026.66
em! indicates the P=0 tensile vibration characteristic of phosphate groups [35]. Absorption peaks within the 680-1059 cm! range
are attributed to the antisymmetric tensile vibration of C-O-C steps within the chitosan matrix [36].

According to Fig. 4A, specific peaks can be identified: the 2924.96 cm™' and 1712.26 cm™' peaks, along with those spanning
1506.72 cm™'-1644.82 cm™!, suggest the presence of CH tensile bands and C=0 ester functionalities. Furthermore, these peaks
indicate the existence of C=C, C=N, and C=0 bonds [37]. The 1591.22 cm! peak corresponds to the C=0 tensile band of amides. The
peak at 1412.71 cm™! is attributed to the tensile vibration of the benzene ring [38]. The peaks at 1341.19 em!, 1249.02 cm, and
1076.47 cm are associated with the bending of the CHs bond, C-OH stretch, and C-N stretch, respectively [39]. The appearance of
peaks within the 898-617 cm™' range indicates aromatic vibrations [40]. The alterations and presence of oscillations in the RCNP
spectrum, compared with the color spectra of rhodamine and CNPs, confirmed the presence of both substances in the nanoparticles.
Notably, the increased intensity of the peak at 1644 cm™! reflects the loading of RB in CNPs. In contrast, the RCSN spectrum does not
exhibit the absorption of carboxyl groups at 1700 em!, which is present in the pure RB spectrum. The newly observed peak at 1647
cm™! can be attributed to the amide I group, underscoring the interaction and entanglement of RB with CSN (Fig. 1A).

As shown in Fig. 4B, the results of the zeta potential analysis revealed that the CNPs and RCNPs presented surface charges of +51.9
mV and —6.3 mV, respectively. Previous investigations have established that chitosan NPs typically possess a positive potential within
39-45 mV [41]. Studies have consistently reported a negative surface charge for chitosan nanoparticles loaded with RB [42]. The shift
from a positive to a negative surface charge in RCNPs can be attributed to the presence of RB, confirming the bonding between RB and
CNPs. Consequently, a greater quantity of rhodamine in CNPs results in a more negative surface charge, indicating repulsive forces
among the RCNPs and their non-aggregating nature, which, in turn, contributes to the stability of the synthesized nanoparticles.

The NP size distribution analysis was conducted via DLS, and the findings are presented in Fig. 4C. The results revealed that the
CNPs had an approximate diameter of 300 nm. In contrast, the RCNPs were predominantly in the 400-500 nm range. The increase in
RCNP size can be attributed to two factors: i) the incorporation of RB and ii) the incomplete dispersion of RCNPs. The mean sizes
obtained for the CNPs and RCNPs were 308.5 nm and 393.2 nm, respectively. Notably, encapsulating a drug can increase nanoparticle
size [43].

In this investigation, by employing the CCD methodology, we examined the swelling characteristics of films and the impact of
incorporating RCNPs into SA films on the swelling rate. As demonstrated in Fig. 5A, the degree of swelling is directly correlated with
the SA content. This correlation is attributed to the increased hydrophilicity of SA, resulting from the presence of hydrophilic func-
tional groups such as NH,, OH, and COOH, which foster stronger interactions with water molecules, leading to increased water
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Fig. 5. A) Counterplot of the swelling of SA films. B) Results of the degradation of SA films over 60 days.
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absorption [44]. Additionally, an increase in RCNP content led to increased swelling, particularly in films with higher SA contents
(1.4-2%). Moreover, as the SA percentage increased, the degree of swelling increased from 20 % to 83.7 %. This behavior can be
explained by the strengthening of hydrogen bonds between SA molecules as the concentration of SA in the solution increases [14].

Fig. 5B provides insights into the degradation process. It becomes evident that a higher RCNP concentration in conjunction with a
low SA content accelerates degradation, whereas a lower RCNP content and a higher SA percentage yield reduced degradation rates.
This observation aligns with previous discussions regarding the enhanced water uptake and swelling resulting from the presence of
RCNPs, which directly influences the degradation rate [45]. The mechanism underlying this behavior involves the swelling and
subsequent dissolution of RCNPs, causing the disintegration of SA bonds and, consequently, hastening degradation. The degradation of
chitosan in distilled water primarily occurs through the participation of OH and NH; groups, which engage in hydrogen bonding
interactions with water molecules [46].

Table 2 presents the results for the tensile strength, elastic modulus, and elongation at break of the SA films loaded with RCNPs.
Table 2 alongside the results of the CCD analysis (Fig. 6A) reveals that the highest elongation values are found in the R1 sample. The
tensile strength and elongation are directly related to the SA content. This relationship is explained by the assumption that as the SA
percentage increases, the number of SA molecules per unit volume increases. This increases the number of hydrogen bonds between
the molecules, resulting in enhanced cross-linking and the formation of a more compact lattice structure, consequently leading to
greater mechanical strength [47]. In contrast, the addition of RCNPs introduces mobility and elasticity to the lattice structure because
of the strong ionic interactions between the RCNPs. This interaction enhances elongation [48]. Notably, mechanical behavior can vary
across different cases, depending on factors such as nanoparticle type, concentration, and the specific biomaterial employed.

Skin tissue is known for its capacity to expand and contract easily during movement. Sample R2 exhibited a heightened level of
elasticity, primarily due to its higher SA content. As depicted in Fig. 6B, the elastic modulus, which is the ratio of stress to strain, of SA
films is minimally affected by the quantity of RCNPs and is predominantly contingent on the SA content [49]. This differs from
previous studies in which the nanoparticle concentration was a pivotal factor influencing the mechanical strength [50]. In this context,
the film with 2 % SA and 1 % chitosan nanoparticles displayed the lowest elastic modulus.

The results obtained from the stress analysis provide insights into the load-bearing capacity of the test samples. As shown in Table 2
and Fig. 6C, R1 clearly has the highest tolerance to applied force compared with the other films. Moreover, a positive correlation exists
between the percentage of SA or RCNPs and the stress-bearing capacity of the film [51].

Water contact angle measurements serve as indicators of the hydrophilic or hydrophobic nature of materials. Typically, materials
with low contact angles are considered hydrophilic. In this study, the contact angle for all the films was approximately 50 + 5°,
indicating the pronounced hydrophilic characteristics of the RCNP-loaded films. A study by Jonderian et al. (2016) specifically
examined RCNP-loaded films and reported water contact angles of approximately 50°, which is consistent with our results. This finding
indicates that RCNPs contribute to the hydrophilic nature of the films [52]. Wang et al. (2016) analyzed RCNP-loaded films and re-
ported contact angles in the range of 48-55°, supporting the pronounced hydrophilicity observed in our study [53].

One of the main outputs of RSM-based studies is proposing mathematical models to predict the responses (dependent parameters)
under any conditions for independent parameters (SA and RCNP).

The swelling, degradation, contact angle, and mechanical behavior, as responses, were investigated and the appropriate models
were proposed. Based on these results and RSM analysis, the recommended models were as below (Table 3), where “A” stands for the
SA concentration and “B” stands for RCNP content.

As previously mentioned, RSM is a statistical and mathematical approach used to model and optimize processes affected by
multiple variables. It allows researchers to build polynomial regression models (typically quadratic) that approximate relationships
between independent parameters and the desired responses. One of the main benefits of RSM is in complex studies where the exact
interactions between parameters are unknown. By fitting these regression models, RSM enables predictions of response values and
helps identify optimal conditions that either maximize or minimize the response. Considering Table 3, A, B, AB, A2, and B? represent
different types of effects on the response. A and B are the main effects of each independent input. They represent the direct, linear
relationship between each variable and the response. The higher coefficient for each means the more impact of that parameter. AB is
the interaction effect between A and B meaning that how the effect of A on one response alters depending on the level of B. A2 and B?

Table 2

Tensile test results of samples.
sample Stress (MPa) Elongation (%) Module (MPa)
R1 1.16 2.95 39.26
R2* 0.97 1.68 57.80
R3 0.53 1.05 50.48
R4 0.86 1.48 58.47
R5* 0.97 1.68 57.80
R6 1.01 1.62 62.31
R7 0.61 0.62 98.38
R8 0.83 2.92 28.66
R9* 0.97 1.68 57.80
R10 0.57 2.44 23.55
R11* 0.97 1.68 57.80
R12 0.97 1.68 57.80
R13 0.81 0.98 82.65
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Table 3
Proposed numerical models for the responses by RSM.
Model P-value R?
(Module)!!! = +88.44—20.24A—8.85B + 27.66AB <0.0001 0.945
(Elongation)*®® = +1.56 + 0.7396A + 0.4036B—0.1046AB—0.1329A%—0.1593B> <0.0001 0.992
(Stress)%® = +0.9570 + 0.1536A + 0.1739B + 0.2465AB—0.0257A%—0.0777B> <0.0008 0.926
(Swelling)®%® = +3.94 + 0.4391A + 0.4465B + 0.0410AB—0.0263A%—0.0559B> <0.0001 0.994
Degradation = +35.37—6.84A + 3.91B + 2.34AB—1.96A2—0.5850B2 <0.0001 0.985

are quadratic (or curvature) effects for each independent value. They show the linear or nonlinear relationships, showing the linear or

non-linear changes in the response as A or B alters [54].

Keeping this information in mind, as you can see in Table 3, R? for all models was close to one confirming the reliability of the
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models. Besides, the P-value for all models was extremely less than 0.05 confirming the significance of the model. Focusing on A (SA
content) and B (RCNP), it can be concluded that each one has a direct impact on the response. Regarding AB, it can be seen that both A
and B affect each other about the mechanical responses. Regarding swelling it can be stated that they do not affect each other
significantly. Results show that changes in A affect the impact of B on degradation and vice versa. Considering A2 and B2, changes in A
or B cause linear changes in the Module and Stress, and a non-linear change in elongation. In the case of swelling, it seems that it might
be affected non-linearly by changes in A or B. Interestingly, changes in A showed higher non-linear changes in degradation compared
to changes in B. As a general conclusion, it can be claimed that changes in A and B result in a non-linear reduction for all responses but
Module.

Given the findings from the previously discussed aspects, the R1 formulation, distinguished by its superior mechanical properties,
increased swelling, and prolonged degradation, was selected to produce the final RCNP-loaded patch. This patch will subsequently be
subjected to further investigations of release efficacy under various pH conditions, biocompatibility, and infection detection analysis.

The release study was initially conducted for pure RCNPs and subsequently for RCNP-loaded patches. Figs. 6D and 7A indicate that
RCNPs exhibit pH-responsive release of RB, which aligns with findings by Unsoy et al. concerning doxorubicin (DOX) release from
chitosan nanoparticles [55]. This release mechanism commences with water diffusing into the NP structure, leading to swelling. RB
diffusion subsequently occurs through the RCNP matrix, accompanied by polymer degradation and/or erosion, resulting in RB release
[56]. Notably, the rate of RB release from RCNPs was highest in a basic environment and lowest in an acidic solution, indicating an
increase in RB delivery with increasing pH. Furthermore, the results of RB release from RCNP-loaded patches (Fig. 7B) exhibited a
similar trend, with RB release being lower than that of the free RCNPs. This variance is attributed to the RB diffusing from the RCNP
into the SA layer and then into the environment (water) in the case of RCNP-loaded patches. In contrast, with RCNPs, the RB directly
traverses the RCNP matrix into the environment. Notably, the RCNP-loaded patches also exhibited pH-responsive release behavior.
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Fig. 7. RB release profile for A) RCNPs and B) RCNP-loaded films at different pH values at room temperature.
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Research by Soheila and Saleh indicated that alginate gel shrinkage increases with increasing pH. Furthermore, studies have
demonstrated that the viscosity of alginate solution increases under acidic conditions due to its reduced solubility in acidic envi-
ronments. In such situations, carboxyl groups protonate in the matrix, forming less hydrophilic acid structures [57].

Fig. 8A shows the biocompatibility results for the RCNP-loaded patch, and the results demonstrated that the patch showed good cell
viability with no cytotoxicity. This means that RCNPs do not affect cell proliferation or population and that the final patch is entirely
biocompatible. Zhang et al. (2017) investigated the biocompatibility of nanoparticle-loaded patches for drug delivery. Like our
findings, they reported that their patches resulted in high cell viability and no significant cytotoxicity. This suggests that when properly
integrated, nanoparticles do not adversely affect cell health [58].

A novel patch design (Fig. 3A) was created based on the selected formula, featuring a restructured arrangement and embedding of
RCNPs. In this design, any alterations in the geometry of the RCNP area (circular) serve as an infection indicator. To assess its efficacy,
the patch’s performance was tested against two bacterial strains: Escherichia coli (gram-positive) and Staphylococcus aureus (gram-
negative). These bacteria were cultured at 37 °C for 48 h. As depicted in Fig. 8B, Staphylococcus aureus increased the environmental pH,
consequently triggering the release of RB from the RCNP-loaded patch. This release disrupted the regular arrangement of the RCNPs.
Fig. 8B also illustrates the same trend for E. coli. Maintaining pH control at the wound site is vital in healing [59]. Healthy skin typically
has a slightly acidic pH, generally between 5 and 6, while wounded skin tends to have a relatively higher pH, around 7.4 [59,60]. In
chronic wounds, the pH can increase further, often exceeding 7.4, due to alkaline byproducts generated by microbial activity in the
wound environment [60]. This elevated pH can impede the wound healing process, as healing in an alkaline environment is generally
slower and more prone to complications [61]. Conventional pH measurement techniques—such as electrodes, pH paper, or cotton
swabs—have limitations, primarily because they require removal of the wound dressing and direct contact with the wound site. This
contact can lead to discomfort, potential tissue damage, and an increased risk of infection, all of which may delay healing [62]. To
address these challenges, there is a growing interest in developing smart wound dressings that can monitor pH changes without
necessitating the removal of the dressing. Researchers have explored various pH-sensitive wound dressings that rely on visible color
changes to signal pH variations, aiming for a non-invasive and user-friendly solution [62,63]. Clemens et al. provide an extensive
overview of this area [64].

In dye-based wound dressings, pH-sensitive color changes are often employed as indicators. Yet, color shifts can be imprecise,
particularly when slight pH alterations lead to only minimal hue changes. To enhance accuracy and functionality in detection,
alternative methods have been developed. In our research, we integrated RCNP nanoparticles into the dressing, arranging them in a

o Hl control mm Patch 0

100

S. aureus

Cell viability (%)

24h 48h 72h

Fig. 8. A) Cell viability results after 24 h, 48 h, and 72 h. B) Visual assessment of the infection detection ability of the RCNP-loaded patch.
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distinct circular pattern with precisely four nanoparticles per patch. This arrangement allows for a refined detection mechanism based
on a pH-responsive reaction: as pH levels rise within the wound environment, the nanoparticles initiate a coordinated movement,
triggering an intensified release of RB. This release disrupts the nanoparticles’ initial configuration, resulting in a visible geometric
transformation of the patch structure. Unlike subtle color changes, this geometric shift provides a reliable and discernible response,
allowing for easier identification and minimizing the ambiguity associated with pH-sensitive hues. Our results demonstrate a positive
correlation between elevated wound pH and the quantity of RB released, confirming that the patch effectively responds to pH in-
creases. This innovative method not only offers greater precision in wound monitoring but also shows potential for predicting bacterial
activity by responding to pH elevation, presenting a more accurate and adaptive tool for clinical applications.

4. Conclusions and prospects

This study aimed to develop an innovative color-based wound dressing capable of detecting infections through changes in ge-
ometry. The approach involved synthesizing RCNPs, measuring 300-400 nm, via ion gelation. These nanoparticles were then
incorporated into a unique SA film arrangement. The wound dressing, which was composed of SA and CNPs loaded with rhodamine,
effectively released the dye at a concentration of 0.000001 g/ml over 24 h. CNPs and SA significantly influenced the release behavior
and properties of the wound dressing. The mechanical testing results indicated that the R1 formula exhibited favorable mechanical
properties. The final patch demonstrated responsiveness to both gram-positive and gram-negative microorganisms. Consequently,
when designed with the proposed strategy, this biodegradable patch holds promise for infection diagnosis.

The development of this smart wound dressing represents a significant advancement in wound care technology. By incorporating
RB-loaded RCNPs into an SA patch, this study introduced a biocompatible and responsive WD capable of real-time infection detection
through visible color changes. This innovative approach can significantly enhance infection management in clinical settings, improve
patient outcomes and increase the effectiveness of wound healing processes. The biodegradable nature of the patch further underscores
its potential for widespread clinical application, offering a sustainable solution for advanced wound care.

For future studies, the use of novel nanoparticles, such as MOFs, which are known for their high loading capacity, is recommended.
Employing 3D bioprinting techniques to create alternative nanoparticle arrangements could offer more efficient and rapid detection.
Finally, a valuable avenue for future research involves comparing this strategy in wound dressings made from hydrophilic, hydro-
phobic biomaterials, or a combination of both.
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