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Biofilms on medical devices and wounds significantly contribute to chronic infections in healthcare, as they are
highly resistant and difficult to remove, endangering human life and health.

Searching for a suitable system to counteract this issue, here we enriched a chitosan (CS), sodium alginate
(SA), and carboxymethylcellulose (CMC) film with the indocyanine green (ICG) dye as an antibiofilm drug de-
livery system. These films retained their structural integrity, showing a homogenous dye distribution. Modu-
lating the ICG concentration enabled obtaining different aggregates, whose stability and release kinetics were
evaluated in a phosphate-buffered saline (PBS) solution. A portion of ICG remains trapped in the polymer matrix
as a local reservoir, and its release was concentration-dependent, with lower or higher concentrations promoting
the monomeric ICG or the preferred J-type aggregate. Infrared spectroscopy elucidated non-covalent interactions
between the dye and polysaccharide matrix. X-ray diffraction revealed that low and high ICG concentrations
improved film crystallinity, while an intermediate concentration preserved the amorphous structure. The dye
enhanced film stability by reducing solubility and moisture uptake. We also modeled the ICG release, which
followed Higuchi’s diffusion-controlled model, with increasing concentrations enhancing aggregate diffusion.
Lastly, ICG-enriched films effectively inhibited Staphylococcus aureus biofilm formation, demonstrating their
potential as antimicrobial coatings.

1. Introduction

Bacterial infections are a significant global health challenge, causing
millions of deaths annually and ranking among the leading causes of
mortality (Ding et al., 2018). The widespread use of antibiotics in clin-
ical practice has traditionally been the primary defense against these
infections (Hutchings et al., 2019). However, the rise of antimicrobial
resistance (AMR), mainly driven by antibiotic overuse and misuse, has
rendered this approach less effective (Song et al., 2020). AMR is further
exacerbated by the propensity of pathogens to form biofilms—complex
communities of microbial cells encased in an extracellular polymeric

substance (EPS). The latter behaves like a sticky and dense polymer
matrix containing polysaccharides, proteins, and extracellular DNA and
protects pathogens from the host immune system and antibiotic pene-
tration, significantly increasing AMR and infection spreading (Koch
etal., 2014; Gao et al., 2020; Deng et al., 2019). In this regard, pathogen
biofilms are implicated in over 80 % of microbial infections (Dhar &
Han, 2020), particularly on medical implants, where they can cause
persistent infections, implant failure, and even death (Khatoon et al.,
2018). Thus, addressing antimicrobial-resistant- and biofilm-associated
infections requires innovative therapeutic strategies beyond conven-
tional antibiotics (Bagheri et al., 2021).
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Recently, photodynamic antimicrobial chemotherapy (PACT) has
emerged as a promising alternative approach for microbial infection
treatment. PACT uses photosensitizers, which, upon activation by a light
source at the appropriate wavelength, produce reactive oxygen species
(ROS) that kill pathogen cells by exerting oxidative damage (Huang
et al., 2012). The most relevant advantage of PACT over conventional
antibiotics is that it is unlikely to cause bacterial resistance.

Among the photosensitizers suitable for PACT, the indocyanine
green (ICG) dye emerges as a good candidate, as it is a near-infrared
fluorescent contrast agent approved by the Food and Drug Administra-
tion (FDA) currently used for the clinical diagnosis of various liver and
cardiovascular diseases, the detection of metastasis, and fluorescence-
guided surgery (Kraft & Ho, 2014; Narayanan et al., 2005; Phua et al.,
2014). ICG is an amphiphilic, inert (non-ionizing), and non-toxic com-
pound having a molecular weight of 751.4 Da, a hydrodynamic diameter
of 1.2 nm, and composed of two hydrophobic polycyclic moieties con-
nected to a carbon chain Alander et al. (2012); Polom et al. (2011)).
Each polycyclic moiety is functionalized with a sulfate group, which
confers hydrophilic properties to the moiety (Desmettre et al., 2000).
Under the irradiation of near-infrared light (780-800 nm), it can absorb
energy and generate ROS, which can be used in photodynamic therapy
to penetrate deep tissues (Alander et al., 2012; Porcu et al., 2016).
Similar to other photosensitizers (i.e., BODIPY, squaraines, and cya-
nines) (Su et al., 2021; Sun et al., 2018), ICG agglomerates formed by
individual ICG molecules stack in a head-to-tail fashion known as J-type
aggregates, feature strong red-shifted absorption, and are more stable
under physiological conditions than dye monomers or H-aggregates,
where two ICG molecules are arranged side-to-side (Millard et al.,
2023). Indeed, the molecular arrangement within ICG J-type aggregates
(ICG-J) results in strong intermolecular interactions and resistance to
changes in temperature, pH, or solvent, to name a few. The increased
stability of ICG-J allows for prolonged circulation times in biological
systems, improved photophysical properties, and enhanced therapeutic
efficacy in applications where sustained ROS generation is desirable for
targeted destruction of diseased tissues or microbial pathogens.

ICG-based PACT has proved an effective antimicrobial alternative to
antibiotics, especially for periodontal therapy and decontamination of
dental implants (Yin et al., 2025; Abid et al., 2025; Nagahara et al.,
2013; M. Pourhajibagher et al., 2020; Bashir et al., 2021; Topaloglu
et al., 2013). However, PACT has some crucial and intrinsic drawbacks
that limit the interest of industries in investing in such strategies. Indeed,
the light used in PACT weakly penetrates tissues and has a short diffu-
sion length and lifetime, limiting the use of this strategy to surface or
near-surface lesions or infections accessible to the light (Hu et al., 2022;
Almenara-Blasco et al., 2024; Feng et al., 2021; Allamyradov et al.,
2024). Moreover, PACT is effective only during light exposure, with
even few survived bacterial cells able to regrow causing chronic in-
fections when not exposed to light. In this regard, if pathogens have a
proficient antioxidant system, they can induce these enzymes, coun-
teracting ROS toxicity (Hu et al., 2022; Almenara-Blasco et al., 2024;
Feng et al., 2021; Allamyradov et al., 2024). Besides, ICG aggregates
rapidly dissociate in a complex biological milieu. For instance, J-ag-
gregates disassembles within minutes in the blood serum due to plasma
proteins or in the presence of surfactants (Millard et al., 2023). These
aggregates are also poorly delivered to target sites, especially in
water-based environments, severely hampering their applicability in
vivo (Hu et al., 2022; Almenara-Blasco et al., 2024; Feng et al., 2021;
Allamyradov et al., 2024). Furthermore, determining optimal variables
(e.g., light, irradiation time, medium) for treatments is difficult,
time-consuming, and expensive (Hu et al., 2022; Almenara-Blasco et al.,
2024; Feng et al., 2021; Allamyradov et al., 2024). These issues,
alongside the general high costs for treatments, long time of adminis-
tration, the need for specific equipment, and side effects related to this
procedure (e.g., pain and prolonged photosensitivity), make PACT an
approach far from being routinely available and used for infection
treatments (Hu et al., 2022; Almenara-Blasco et al., 2024; Feng et al.,

Carbohydrate Polymer Technologies and Applications 10 (2025) 100828

2021; Allamyradov et al., 2024). In this regard, a limited number of
studies delved into the antibiofilm activity of ICG upon irradiation, most
of which explored synergistic strategies combining this dye with anti-
biotics or nanomaterials (M. Pourhajibagher et al., 2020; Xu et al., 2022;
Xie et al., 2021; Liu et al., 2025; M. Pourhajibagher et al., 2020; Li et al.,
2019). Instead, no reports evaluated this feature for the unirradiated
dye.

This study presents a novel approach to overcoming the limitations
of conventional antibiotic therapies and current PACT strategies,
improving the therapeutic efficacy of ICG by developing a stable,
biodegradable, and biocompatible delivery system for the biologically
relevant ICG J-aggregates that can increase their stability and transport
into the target site. While previous research explored various delivery
systems for this purpose, such as monomethoxy-poly (ethylene glycol)-
polycaprolactone (MPEG-PCL)- and chitosan-based nanoparticles or
encapsulation into micelles, liposomes, and polymersomes (Sun et al.,
2021), their instability in biological environments and sensitivity to the
temperature, pH, and hydration of the dispersing medium remain a
critical challenge. Our work fills this gap by using composite poly-
saccharide films to load and release ICG J-aggregates with high spatial
and temporal precision. Biodegradable polymers such as poly-
saccharides have recently gained attention in material sciences, as they
are abundant, biodegradable, eco-friendly, sustainable, and non-toxic
for both humans and the environment (Ciaramitaro et al., 2024;
Rabeie et al., 2024; Shahmansoori et al., 2025). Combining poly-
saccharides and adding plasticizers enables the film modulation of me-
chanical, physical, thermal, and chemical properties, tailoring them for
specific applications (Ciaramitaro et al., 2024). In this regard, we pre-
viously developed a composite film containing chitosan (CS), sodium
alginate (SA), and carboxymethyl cellulose (CMC) in a 1:1 wt ratio in the
presence of glycerol as a plasticizer agent that showed a crosslinked
structure and a low expanded network (Ciaramitaro et al., 2024). These
features governed the film’s interaction with water, thermal stability,
and strength characteristics exhibiting promising results as biodegrad-
able supports. This film revealed also good properties for the controlled
delivery of the NH4H,PO4 salt as a slow-release fertilizer for agricultural
purposes.

Here, we built on our previous study by enriching our chitosan,
alginate, and carboxymethyl cellulose (CSSA_CMC) composite film with
ICG at different concentrations. This innovative formulation offers
improved stability, prolonged retention of an ICG-J reservoir, and its
controlled release, addressing the rapid dissociation issues hindering the
effectiveness of these aggregates in vivo. We investigated the effect of
ICG concentration on J-aggregate formation, stability, aggregation, and
release kinetics within the polymer matrix alongside the structural in-
teractions that promote ICG-J generation. ICG-enriched films were
characterized before and after the dye release to study potential struc-
tural modifications on these supports deriving from the aqueous me-
dium or the dye discharge. Furthermore, swelling and solubility of ICG-
enriched films in phosphate-buffered saline (PBS) solution were studied,
alongside the film’s moisture sorption properties, to explore their po-
tential application for clinical devices and foresee stability during stor-
age. Lastly, the films’ potential to counteract biofilm-associated
infections was also evaluated, focusing on their ability to inhibit the
formation of Staphylococcus aureus biofilms, suggesting that this novel
delivery system could provide a promising strategy for limiting biofilm
spreading on medical devices or surfaces, a feature that can only be
enhanced through PACT approaches.

2. Materials and methods
2.1. Materials
Chitosan (CS) (My, 150-700 kDa, degree of acetylation > 75 %),

sodium alginate (SA) (M, 75-150 kDa), glycerin (99.5 %), acetic acid
(>99.8 %), sodium carboxymethyl cellulose (CMC) (average M,, ~250
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kDa, degree of substitution 0.9), indocyanine green (ICG), Tryptic Soy
Broth (TSB), and sodium chloride (NaCl) were purchased from Merck
Life Science Srl (Italy). Demineralized water (conductivity <10 uS / cm)
was used in all experiments.

2.2. Preparation of polysaccharide dispersions and composite films

CMC or CSSA dispersions and composite films were prepared as re-
ported in our previous study (Ciaramitaro et al., 2024). Briefly, poly-
saccharide dispersions were obtained by dissolving 1.5 g of CMC in 100
ml of distilled water and 1.5 g of CS and SA in 100 ml of a 2.0 % v/v
aqueous acetic acid solution. 2 % w/v glycerol was added to the latter
dispersion, which was allowed to stand for 24-h for deaeration.

The resulting CMC or CSSA dispersions were mixed at a CSSA and
CMC weight ratio of 1:1, stirred magnetically for 30 min, cast on Petri
dishes (d = 6 cm), and dried in an oven for 24-h at room temperature.

CSSA_CMC films were subsequently divided into two groups of
similar weight labelled as reference and sample films. Reference films
were stored, whereas the sample ones were soaked for 24 h in 5 ml of a
100 uM, 200 uM and 500 uM dye solution respectively, dried in an oven
for 24 h at 30 °C, and cooled at room temperature.

2.3. ICG-enriched film characterization and properties

2.3.1. Thickness and morphology of films

The thickness of films was determined through five random mea-
surements for each film using a handheld thickness gauge with an ac-
curacy of 0.001 mm.

Optimal microscopy (OM) was performed to observe the ICG distri-
bution within the films. The latter were observed with an Optika Mi-
croscope (Optika Microscope Italy) at room temperature with a 20x
magnification.

Scanning electron microscopy (SEM) was performed to study films’
morphology and variation upon dye enrichment. Sections (0.5 cm in
diameter) of films were deposited on loaded on aluminum stabs and
coated with gold (Au, Sputtering Scancoat Six, Edwards) for 60 s in an
argon atmosphere and imaged by using a Desktop SEM Phenom PRO X
(Thermo Fisher Scientific) operating at 10 kV voltage.

2.3.2. Attenuated total reflection - fourier transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR spectra were acquired through a VERTEX 70 V Bruker
spectrophotometer equipped with a Platinum ATR unit with diamond
crystal (n = 2.4) operating at 2 hPa in the spectral range between 4000
and 600 cm ™, a spectral resolution of 2 cm™?, and 200 scans. In all
spectra, a baseline scattering correction was made, and the 2000-2200
cm™! range shows the characteristic auto-absorption feature of the
diamond crystal. Data analysis was performed using the OPUS 7.5® and
OriginPro 2016 software as described elsewhere (Ciaramitaro et al.,
2024; Ciaramitaro et al., 2023; Piacenza et al., 2022).

2.3.3. X-ray diffraction (XRD)

XRD patterns of films were recorded with a Philips PW 1050/39
diffractometer. Analyses were performed in the 2-theta range from 5° to
30° using a copper Ko radiation (. = 1.54 A; setup conditions: tube
voltage of 40 kV, current 40 mA, 0.02°/s). XRD patterns and the degree
of crystallinity (DC) were analyzed and calculated using Match! 3 soft-
ware (Ciaramitaro et al., 2024; Ciaramitaro et al., 2023; Piacenza et al.,
2022).

2.3.4. Films’ swelling and solubility in PBS solution

The swelling degree was determined by submerging four samples of
each film comparable in weight in PBS solution (pH = 7.4; 137 mM
NaCl, 2.7 mM KCl, 10 mM NayHPOy, and 1.8 mM KH3POy) for 1, 2, 3,
and 4-h at room temperature. The swelling degree was calculated
following the relationship (1):
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(Wa - Wb)

100 1
W, x (@)

Degree of swelling (%) =
where Wj, is the original dry weight of the sample and W, is the weight
after submersion in PBS solution (Veiga-Santos et al., 2007; da Silva
et al., 2012; Yun & Yoon, 2010).

Swelled films were subsequently dried at room temperature up to a
constant weight, and the weight loss (percentage) of each sample was
calculated as indicated in Eq. (2)

(Wy-Wy)
d

Weight loss (%) = x100 (2

where Wj is the dry weight of the film before submersion and Wy is the
dry weight of the swelled film (da Silva et al., 2012; Yun & Yoon, 2010).

2.3.5. Films” moisture content

The moisture content (MC) was calculated by weighing ~0.05 g of
each film before and after being placed in an oven at 100 °C for 24 h. MC
was calculated as described in Eq. (3):

(0-1)
MC (%) =~ —*x100 ®3)

0

where My is the mass of each sample before being placed in the oven and
Mfyis the mass of each sample after being placed in the oven (Ciaramitaro
et al., 2023; Mali et al., 2005).

2.4. Release kinetics of ICG dye by enriched polysaccharide films

The films’ capability of releasing indocyanine green dye was evalu-
ated over time (1-60 min) through visible-nearIR spectroscopy. Films
were transferred into a beaker containing 20 ml PBS (pH = 7.4) solution;
aliquots (2 ml) of the latter were taken after 1, 5, 10, 15, 20, 30, 45, and
60 min and their visible-nearlIR spectra were recorded in the 500-1100
nm range (1 nm resolution) through a Beckman DU 800 spectropho-
tometer (Beckman Coulter Life Sciences, Milan, Italy). The concentra-
tion of ICG dye released into the PBS solution was determined through a
proper calibration curve obtained using various solutions with known
dye concentrations. Calibration curves were obtained for ICG mono-
mers, H- and J-aggregates to evaluate which dye species were released
from the CSSA_CMC enriched films over time (Figure S1). Absorption
spectra were analyzed through OriginPro® software.

ICG release kinetic profiles from CSSA_CMC films soaked with 100,
200, or 500 uM dye solution were obtained by measuring the absorbance
values of H-aggregates (722 nm), monomers (780 nm) and J-aggregates
(860 nm) of ICG. The release mechanisms of ICG aggregates from
CSSA_CMC films over the timeframe considered were investigated by
fitting the experimental cumulative data obtained from visible-nearIR
spectroscopy to diverse kinetic models (i.e., zero-order, first-order,
second-order kinetics, Higuchi, Hixson-Crowell, and Korsmeyer-Peppas
models) (Piacenza et al., 2022). Based on the obtained fits, the best
model able to reproduce our experimental trends is the Higuchi model:

Q=KuVt 4

where Q is the amount of drug released per unit area in time t and Ky is
the Higuchi dissolution constant.

2.5. Antibiofilm activity of ICG-enriched film

The ability of the ICG-enriched films to prevent Staphylococcus aureus
ATCC 25,923 cells to adhere and form a biofilm onto the polymer matrix
was evaluated as described elsewhere (Piacenza et al., 2017) with slight
modifications. Staphylococcus cells were pre-cultivated by inoculating a
single colony into a liquid-rich medium, TSB, followed by incubation at
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37 °C under shaking conditions (180 rpm) for approximately 16-h. Af-
terward, bacterial cells were inoculated, with an initial microbial titer
corresponding to 1 x 107 CFU/mL, into 2.5 mL of fresh TSB medium in a
24-well plate. Each composite film (0.5 cm in diameter) was then sub-
merged in the above-described bacterial culture, maintaining approxi-
mately the same operating conditions as for the ICG release kinetic
experiments from the enriched polysaccharide films. Thus, bacterial
cultures were incubated at 37 °C for 24-h under shaking conditions (180
rpm) to allow bacterial cells to grow as a biofilm. Then, disks of com-
posite films were harvested, washed thrice with 2.5 mL of sterile saline
(NaCl 0.9 % w/v) solution to remove traces of loosely adherent cells,
resuspended in 2.5 mL of the washing solution, and sonicated for 30 min
to remove the microbial biomass that grew as a biofilm onto the disk
surface. The microbial titer of bacterial cells within the biofilm was
evaluated by serially diluting the sonication product. Data are reported
as the percentage of CFU attached to the film.

2.6. Statistical analysis

All experiments were performed in triplicate (n = 3) and results are
reported as average values with standard deviations when pertinent.

Data obtained for the weight loss and inhibition of biofilm formation
by S. aureus ATCC 25,923 cells of the pristine and ICG-enriched films
underwent a one-way ANOVA analysis (OriginPro 2016); the statistical
significance (p< 0.05) of the results was assessed through the Tukey’s
Honestly Significant Difference (HSD) test as reported elsewhere
(Piacenza et al., 2024).

3. Results and discussion
3.1. ICG-enriched films morphology and composition

The CSSA_CMC films retained their structural integrity after im-
mersion in solutions with increasing concentrations of ICG dye, exhib-
iting no signs of breakage or disruption (Fig. 1) and a comparable
thickness to the reference one (0.091-0.092 mm). Moreover, the more
intense and vivid coloration observed in films enriched with 500 uM
compared to those exposed to lower dye concentrations (Fig. la—d)
suggests a higher degree of dye incorporation in the former. This hy-
pothesis was confirmed by OM images, which showed a homogeneous
distribution of ICG on the film surfaces, alongside a greener coloration
when the dye concentration increased (Fig. 1e-h).

The homogeneity and structural characteristics of the polysaccharide
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film surfaces were evaluated through SEM (Fig. 2). All film samples
demonstrated a uniform morphology, without significant pores or other
large features, and a homogeneous and compact texture without
noticeable variations (Fig. 2). Minor cracks on the surface of the films
derived from the Au spray coating used during sample preparation to
enhance the contrast in SEM imaging.

In the case of the CSSA_CMC film (Fig. 2), the SEM image reveals a
smooth, homogeneous surface with an indistinct, seamless appearance,
indicating high-quality film formation. The surface exhibits a slight
texture that reflects the natural properties of the polysaccharide matrix.
CSSA_CMC film enriched with 100 uM ICG (Fig. 2b) retains surface
characteristics like the film without dye enrichment. No changes,
additional features, or aggregations are visible, and the dye is evenly
distributed over the observed surface. Increasing ICG concentration up
to 200 (Fig. 2c) and 500 pM (Fig. 2d) appears to cause small surface
irregularities or micro-aggregates on films, which may have arisen from
the interaction between the polysaccharide matrix and the dye or
because of dye deposition on the film surface during the evaporation of
water. However, the changes are negligible and microscopic; the main
structure of the film is uniform, and adding dye does not change it.
Lastly, the ICG distribution seems relatively even also in these films,
without forming large clusters (Fig. 2¢ and d).

3.2. ICG release from polysaccharide films

The ICG dye release was evaluated in the PBS solution as a function
of time at 37 °C (Fig. 3; Figure S2), the optimal temperature for most
human pathogens. Regardless of the ICG concentration used to enrich
polysaccharide films, the latter exhibited a good ability as release sys-
tems for the chosen dye over time. Indeed, the dye released in PBS al-
ways showed three distinctive peaks: H-type dimers aggregates (A = 718
nm), ICG-monomers (A = 780 nm), and J-type dimers aggregates (A =
860 nm) (Weigand et al., 1997). H-type dimers (A = 718 nm) absorb at a
shorter wavelength than monomers due to the side-to-side arrangement
of two ICG molecules, and the J-type dimers absorb at a longer wave-
length than monomers due to the head-to-tail arrangement of ICG
molecules (J. Li et al., 2018).

Yet, the dye release profiles displayed differences related to ICG
amount and conformation as a function of the considered film (Fig. 3).
For instance, when enriching the polysaccharide film with 100 uM ICG,
most of the dye released in PBS featured mainly a monomeric configu-
ration, aligning with previous reports (Sheela et al., 2014; Salama et al.,
2019). On the opposite, films treated with 200 or 500 uM ICG solutions

c) d)

Fig. 1. a-d) Pictures and e-h) optical microscopy images of CSSA_CMC films and CSSA_CMC films enriched with 100, 200, or 500 uM dye solution, respectively.
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Fig. 2. SEM imaging of a) the CSSA_CMC film and those enriched with b) 100, ¢) 200, or d) 500 uM dye solution, respectively.

displayed visible-near IR spectra more resolved and broader than the
former (Fig. 3). Furthermore, ICG dimerization becomes more signifi-
cant as the release time and concentration increase (Tan et al., 2023),
suggesting that a lower dye concentration stabilizes the ICG monomeric
form during release. In contrast, a higher dye concentration could make
the ICG-film system more efficient for the early generation of J-type
aggregates (A > 840 nm), improving the chances as a photodynamic
agent. In this regard, the absorbance of ICG-J aggregates, alongside the
overall signal, increases linearly with the dye concentration (Figure S3),
indicating that these aggregates are stable and do not easily dissociate in
PBS. Specifically, the CSSA_CMC film enriched with 200 uM dye releases
the ICG-J aggregates faster and in a more controlled fashion (Fig. 3b)
than the other supports, as indicated by their presence after only 1 min
of PBS incubation and the constant increase in ICG-J absorbance value
up to 45 min (Fig. 3b), respectively.

3.3. Physical-chemical characterization of polysaccharide films enriched
with ICG

3.3.1. Interactions between the polysaccharide matrix and ICG dye
Interactions occurring between the ICG dye and the CSSA_CMC
composite film were studied through ATR-FTIR spectroscopy (Fig. 4). In

line with our previous report (Ciaramitaro et al., 2024), the ATR-FTIR
spectrum of the polysaccharide film shows intense and characteristic
bands of -OH (3280 cm’l) and -CH3 and -CH; (2926 and 2853 em™ D)
stretching vibrations of the polymeric matrix (Sheela et al., 2014), peaks
corresponding to the asymmetric (1597 cm™!) and symmetric (1411
em™Y) stretching vibrations of the -COO~ group of SA and CMC
(Gholizadeh et al., 2018; J. Li et al., 2018), and a strong absorption band
around 1023 cm ™! related to glycosidic linkages referring to the same
polysaccharides (Salama et al., 2019). Finally, the vibration at 1324
em™! related to amide II (J. Li et al., 2018) and the -CO stretching vi-
bration (1080 cm ™)) are characteristic of CS. Instead, ICG features IR
bands referring to -C=C (1510 cm™%), -CH (1409 cm ™), -CO (1304 and
1284 ecm™1), -C-0—C (1117 em™Y), and -S=0 (1075 em ™) stretching
vibrations, alongside those derived from the dye aromatic ring (1617
em™ 1) and -CH deformation (1343 ¢cm™!) (Darson et al., 2023), as
inferred by the dye chemical structure (Fig. 4a).

Spectra of ICG-enriched polysaccharide films display characteristic
bands related to CS, SA, CMC, and ICG; after their incubation in PBS,
most of the detected absorbance referred to the polysaccharide matrix
(Fig. 4), confirming the release of ICG from the film surfaces. Indeed, the
ATR-FTIR spectrum of the CSSA_CMC film enriched with 100 uM ICG did
not reveal dye contributions after its release in PBS, reproducing the
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CSSA_CMC + 100 uM ICG
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CSSA_CMC + 200 uM ICG
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Fig. 3. Normalized Vis-NIR absorption spectra of ICG released from the CSSA_CMC film enriched with a) 100, b) 200, or ¢) 500 uM dye solution in PBS buffer solution

from 1 to 60 min at 37 °C. Original spectra are reported in Figure S2.

spectrum of pristine film (Fig. 4). In contrast, when treating poly-
saccharide films with 200 and 500 uM ICG solutions, IR peaks typical of
the dye were observed after its release from the matrix, even though
vibrations of the latter were still predominant, indicating that the ICG
remained partially trapped in the film structure.

Besides, the IR absorbance related to the -OH stretching vibrations
(ca. 3200 cm™ ) in dye-containing films was less intense, broader, and
shifted to higher wavenumbers than pristine composite film (Fig. 5a),
indicating that these groups of polysaccharides probably engaged with
hydrophilic sulfate moieties of ICG to generate H-bond. Moreover, ICG
presence also caused a significant redshift and blueshift of the -COO™
group asymmetrical and symmetrical stretching vibrations (Fig. 5b),
indicating the occurrence of non-covalent interaction between the ICG
dye and the polysaccharide matrix. Specifically, this evidence suggests a
physical cross-linking of polysaccharides with ICG, most likely attrib-
uted to electrostatic interactions involving -COO™ groups of SA and CMC
and the positively charged dye moieties.

3.3.2. Crystalline structure and properties of ICG-enriched films

XRD analysis was performed to gain more information on the film
structure changes induced by the dye (Fig. 6). XRD pattern of pristine
film presented broad diffraction peaks and a wide amorphous scattering
halo typical of polysaccharides with low crystallinity (Ciaramitaro et al.,
2023), whereas ICG was semi-crystalline, with diffraction peaks be-
tween 7.2 and 25.0°

CSSA_CMC films enriched with ICG at different concentrations dis-
played XRD patterns similar to the pristine support, with the dye
inducing some changes. Indeed, treated films revealed a partially
amorphous structure deriving from the polysaccharide matrix, but their
diffraction featured higher and wider intensity than the CSSA_CMC film
(Fig. 6a). This evidence aligns with the degree of crystallinity (DC; i.e.,
the percentage of crystalline regions over the total material) measured
from XRD patterns (Table 1). Specifically, film treated with 200 pM ICG
featured a DC comparable to the pristine film; the enrichment with 100
uM and 500 uM of solutions determined a higher DC value, suggesting
that the latter concentrations promote based film crystallization during
its preparation. This outcome is probably induced by a different struc-
tural organization of the dye within the porous structure of the films,
reiterating the importance of the dye concentration effect and agreeing
with visible-near IR results. Overall, these results indicate that ICG at
200 pM concentration does not alter the film structure and allows the
dye to adopt a different structural organization than the other two
concentrations studied, resulting in the immediate release of the ICG-J
aggregate.

After the release in PBS, XRD patterns of films showed a broad
diffraction peak with a lower intensity and a wide amorphous scattering
halo than those before incubation (Fig. 6b). Moreover, these patterns
displayed diffraction peaks characteristic of NaCl (COD 900-3311)
within PBS, suggesting the deposition of some salt crystals on these
supports during incubation. The DC of films after the release of ICG into
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the PBS solution decreases slightly or conspicuously for those enriched
with 100 or 500 pM ICG solutions, in agreement with visible-nearIR
release data. On the opposite, the CSSA_CMC film treated with 200 pM
dye after release featured a higher DC than before PBS incubation,
suggesting that, in this case, ICG release likely causes modifications in
the organization of polysaccharides, determining a certain structural
order degree given probably by generating hydrogen bonds between
them (Basha et al., 2021).

3.3.3. Long-term stability of films enriched with ICG

The stability of CSSA_CMC film and those enriched with increasing
concentration of ICG solution was studied by performing ATR-FTIR
spectroscopy on films aged for one year and evaluating their water-
interaction properties. The obtained spectra showed comparable vibra-
tional modes, in terms of peak presence and position, for both fresh and
aged films (Fig. 3a; Fig. S4), indicating that no modification of the films’

chemical structure occurred over time. Aged ICG-enriched films inter-
acted differently with water than fresh ones, showing a lower swelling
degree and a higher weight loss upon immersion in PBS (Fig. S5). This
outcome can be attributed to multiple physical-chemical phenomena
occurring during conservation. Specifically, water physically adsorbed
on films, alongside a portion of glycerol, likely evaporates and migrates
from their surface. This phenomenon can promote secondary in-
teractions (e.g., electrostatic and hydrogen bonds) between poly-
saccharides making the films up and polysaccharides with ICG. In turn,
these interactions can confer a denser, more rigid, and more compact
structure to aged films, limiting water penetration and retention, in line
with the reduced swelling capacity and increased weight loss. A similar
result was observed for the moisture content of the CSSA_CMC film
enriched with ICG, which, consistently with the decreased water-
holding ability of their matrix, diminished upon aging, with a more
pronounced effect when using 100 pM. Overall, these results highlight
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Table 1
Degree of crystallinity (DC) of films.

Sample DC (%) DC (%)_after release
CSSA_CMC 20.8 N.D.
CSSA_CMC imb_100 uM _Dye 30.7 29.5
CSSA_CMC imb_200 uM _Dye 21.2 31.0
CSSA_CMC imb_500 uM Dye 31.0 26.0

N.D. stands for Not Determined.

how one-year storage does not negatively impact either the chemical or
physical structure of ICG-containing films; instead, aging appears to
stabilize them, ultimately inducing a structural consolidation and indi-
cating their suitability for applicative purposes at least within a year
from their preparation.

3.4. Macroscopic properties polysaccharide films enriched with ICG

3.4.1. Degree of swelling and solubility in PBS solution

The degree of swelling (DS), the solubility, and the moisture content
(MC) of polysaccharide-based films are fundamental parameters for
biomedical applications. In this regard, the degree of swelling indicates
the ability of a material to absorb water while maintaining its integrity.
Consequently, the solubility resistance of the film in the solvent medium
becomes an important parameter when its application involves contact
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Fig. 6. XRD patterns of the CSSA_CMC film or films enriched with 100, 200, or 500 uM ICG solutions, a) before and b) after incubation in PBS.

with a water medium for the desired timeframe (Veiga-Santos et al.,
2007) and indicates its stability in the medium. Besides, the stability of
the material for medical applications is also crucial during packaging
and storage conditions (Basha et al., 2021). In this case, the stability of
polysaccharide-based films can be influenced by moisture sorption,
given their hydrophilic nature that promotes interactions with water
molecules. Thus, the polymers used in preparing the composite films in
aqueous media absorb water, swell, increase the mesh size, and can
affect drug release kinetics.

The DS calculated for the pristine film and those enriched with the
ICG dye at different concentrations over a 4-h submersion timeframe are
reported in Fig. 7a.

Overall, the CSSA_CMC film displayed a more gradual swelling as a
function of the submersion time than the supports enriched with the dye,
except for that treated with 100 uM ICG, which follows a similar trend to
the pristine film. As the concentration of ICG increases, the film swells
more rapidly after one-hour immersion in PBS, followed by a plateau
after 2 h for the film enriched with ICG 200 and 500 pM, indicating that
the latter are more stable in this solvent. The film’s solubility in PBS is
generally expressed as their weight loss percentage after submersion.
Following the evidence collected through ATR-FTIR spectroscopy, ICG
electrostatically interacts with SA and CMC and physically crosslinks
them. In turn, these events increase the resistance of films, allowing
their swelling and inducing a lower weight loss than the pristine film
(Fig. 7b), hence lower solubility. The latter is induced by ICG, which
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Fig. 7. a) Degree of swelling and b) weight loss (%) of pristine and ICG-enriched CSSA_CMC films. Different letters represent statistically different weight loss

percentage values from the largest (a) to the smallest (b) one.

confers a partial hydrophobicity to the films (Perni et al., 2011), as
confirmed by their lower humidity absorption compared to the pristine
support (Fig. 8).

Overall, these results suggest the potential suitability of ICG-
enriched films for the realization of clinical devices, such as patches
for antimicrobial drug delivery.

3.5. Mechanism(s) of ICG release from enriched polysaccharide films

Given the ability of ICG-enriched polysaccharide films to release the
dye in different configurations within minutes when incubated in PBS at
37 °C (Fig. 1), the mechanism(s) behind this phenomenon was delved to
evaluate the support’s efficacy as a suitable drug release system. Hence,
the kinetics of ICG release from the CSSA_CMC films was monitored by
focusing on the effect of the dye concentration used. To this aim, visible-
nearlR spectra of ICG-enriched films incubated in the PBS solution un-
derwent spectral deconvolution in the 500-1100 nm range (Figures S5-
S7; Tables S1-S3) to obtain an estimation of the dye monomer or ag-
gregates released over the timeframe considered (Fig. 9).

The film enriched with 100 pM ICG showed a three-stage release
profile for the H-type aggregates and the monomers (Fig. 9a). Specif-
ically, (i) a slow release of the dye was observed during the first 5 min,

-
H
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o
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Fig. 8. Moisture content as a function of the concentration of the ICG dye so-
lution used to enrich the CSSA_CMC films. Different colors refer to diverse films,
being the pristine (CSSA_CMC) and the 100, 200, or 500 pM ICG-enriched films
represented with blue, red, purple, and green squares, respectively.

then (ii) a plateau followed by (iii) a significantly faster release of the
dye until the end of the timeframe considered. In contrast, the J-type
aggregate release profile showed a slow, gradual, and limited release up
to 1-hour incubation (Fig. 8a), likely caused by a matrix effect related to
the low dye concentration. Under these conditions, a strongly hydro-
philic network can release substances as the result of three phenomena:
(i) solvent diffusion into the film network, (ii) relaxation of the polymer
matrix owing to its swelling, and (iii) dye diffusion from the swollen
polymeric network into the surrounding medium (Cozzolino et al.,
2012). Considering the complexity of monitoring these phenomena
alongside the small amount (100 uM) of dye used, we focused on the
release of aggregates from polysaccharide films enriched with 200 or
500 uM dye solution.

The 200 ICG uM treated film showed a sequential and controlled
release of dye (Fig. 9b), as opposed to the film enriched with 500 pM
ICG, which showed an initial burst due to the excess of superficially
entrapped dye and a subsequent gradual and controlled release from 10
min onwards (Fig. 9¢). In this latter case, the release dynamic of the dye
from the matrix is initially influenced by the high swelling capacity of
the film, accelerating it. During the matrix swelling, water penetrates
the delivery system inducing hydration of the (dry) polysaccharides,
followed by the relaxation of their chains (Ford et al., 1991). Thus,
swelling may promote the dye release only during the initial stage, when
water penetrates the delivery system (Ford et al., 1991). After the initial
swelling-controlled release, a time-dependent quasi-linear release pro-
file is observed (Fig. 9c), which could be controlled by a diffusion
mechanism through the polymer matrix (Cozzolino et al., 2012).

The presence, release, and stability of ICG-J aggregates need to be
investigated when developing phototherapeutic supports, as this dye
conformation is the most clinically active. Moreover, knowing the
release mechanisms and kinetics of these aggregates from the chosen
surface enables modulating this phenomenon and controlling the dye
aggregation state alongside the J-type aggregate concentration (Basha
et al., 2021).

Experimental data obtained from ICG release profiles over the
timeframe considered were fitted using various known kinetic models
proposed for the release of molecules from polymeric matrices to
rationalize the dye behavior and conformation within the poly-
saccharide films and in the PBS solution when using 200 or 500 uM ICG.
The best model describing the mechanism of ICG release was the
Higuchi model, which indicates a diffusion-governed release and shows
that the amount of dye released through the porous polysaccharide
matrix linearly relates to the square root of time (Fig. 10), following Eq.
(4). From the fitting procedure, we calculated the release constant of
Higuchi (Ky) and correlation coefficient (Rz), reported in Table 2.
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absorbance contributions obtained for H-type aggregates (720 nm), monomers (780 nm), and J-type aggregates (860 nm).

Overall, Ky values increased as a function of the ICG concentration
used for enriching CSSA_CMC films (Table 2). Small Ky values correlate
to a high diffusion resistance of the dye, likely deriving from the large

tortuosity of

tween the po

10

pores in the polymeric matrix (Ciaramitaro et al., 2023).
This evidence links to a greater cross-linking via hydrogen bonds be-
lysaccharides constituting the film when using a low ICG
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Table 2

Release kinetics data of the H-type dimers (A = 718 nm), monomers (A = 780
nm), and J-type dimers (A = 860 nm) of ICG dye obtained from fitting experi-
mental data to the Higuchi equation.

Samples 718 nm 780 nm 860 nm
i R R R?
CSSA_CMC + ICG 0.090 + 0.98 0.062 + 0.98 0.087 + 0.97
200 M 0.004 0.003 0.006
CSSA_CMC + ICG 0.144 + 0.97 0.082 + 0.97 0.181 + 0.97
500 uM 0.065 0.007 0.020

*Ky is the release constant of Higuchi and R? is the correlation coefficient.

concentration, e.g., 200 uM. Besides, this dye concentration limits the
outward diffusion of ICG from the films and favors a slower release
controlled through the polysaccharide matrix. As the dye concentration
increases, ICG molecules with planar structure and =n-n stacking of
conjugated systems tend to form dimers and aggregates, as their inter-
molecular interactions become energetically more favorable than those
with water. ICG aggregates diffuse more rapidly through the pores of
films when enriched with 500 uM dye solution, justifying the higher Ky
values calculated for these supports than those treated with 200 uM ICG
(Table 2). This outcome confirms our hypothesis on dye concentration
and dissolution-dependent dye release mechanism that changes from
“swelling” to “diffusion-controlled” (Wu et al., 2003). Lastly, the Ky
values of H- and J-type aggregates are higher than those of ICG mono-
mers (Table 2), indicating the promotion of the release of the former.
These results shed light on how the polymer matrix, depending on the
dye concentration, could be used to modulate and control the release
and the type of ICG aggregates to improve the therapeutical efficiency.

3.6. Inhibition of Staphylococcus aureus biofilm attachment and
proliferation on ICG-enriched polysaccharide films

The antibiofilm potential of ICG-enriched films was assessed against
the pathogen indicator S. aureus ATCC 25923 focusing on the ability of
these supports to contrast the attachment of bacterial cells and the
subsequent inhibition of biofilm formation. The proficiency of S: aureus
ATCC 25923 strain to form a vibrant biofilm was confirmed by un-
challenged bacterial cells grown for 24-h, which showed a percentage of
attachment close to 100 (Fig. 11). Contrarily, polysaccharide films
drastically reduced the bacterial attachment, becoming lower than 5 %
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Fig. 11. Inhibition of S. aureus ATCC 25923 biofilm attachment onto the
pristine polysaccharide film or those enriched with 100, 200, or 500 uM ICG
solutions over 24-h of bacterial growth. The grey bar named unchallenged cells
refers to the biofilm formed by S. aureus ATCC 25923 not exposed to any
challenge. Different letters represent statistically different percentage values of
biofilm attachment from the largest (a) to the smallest (b, c, d) ones.
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even for the pristine CSSA_CMC support, likely due to the intrinsic
antimicrobial and antibiofilm activity of some of the polysaccharides
within the film itself. Indeed, polysaccharides featuring negatively
charged moieties such as SA and CMC can electrostatically repel the
attachment of bacteria, whose cell wall has a negative charge distribu-
tion (Abdin et al., 2023; Ruan et al., 2023). Enriching CSSA_CMC films
with different concentrations of ICG improved their antibiofilm poten-
tial, as highlighted by the further decrease in percentage values referring
to bacterial attachment to these supports, which diminished as the ICG
concentration increased (Fig. 11). This outcome likely derives from both
the net charge of ICG and the increased hydrophobicity of the
dye-enriched films (Perni et al., 2011; Gholibegloo et al., 2018) - sug-
gested by the decreased moisture content (Fig. 8). In this regard, ICG on
the one hand can increase the negative charge of films, in turn
improving their electrostatic repulsions with bacterial cells. On the other
hand, the charged dye moieties — either negative or positive — can
partially interact with the S. aureus cell wall, which is less negative than
that of other bacteria (Shebl et al., 2017), assisting the partitioning of
ICG in this cell structure. The partial hydrophobicity of ICG and, hence,
dye-enriched films can further exacerbate this phenomenon, as most
macromolecules within the S. aureus cell wall interact easily with hy-
drophobic surfaces (Shebl et al., 2017; Maikranz et al., 2020; Hiltunen
et al., 2019; Krasowska & Sigler, 2014), improving the ICG partitioning
and the subsequent modification and/or disruption of the cell wall and
membrane.

4. Conclusions

This study aims to develop biocompatible supports for the controlled
release of indocyanine green as innovative antibiofilm devices. We
enriched bio- and eco-compatible chitosan, sodium alginate, and car-
boxymethyl cellulose-based films we previously developed with ICG at
different concentrations to modulate its aggregation state. Adding the
dye preserved the structural integrity and morphology of the films, with
minor surface irregularities only at high ICG concentrations, and
modified their crystallinity without compromising their stability.
Indeed, aged films showed a preserved polysaccharide matrix and dye
reservoir over one year, ensuring suitability for prolonged storage and
clinical application. Moreover, the swelling and solubility profiles of the
films, particularly those enriched with 200 and 500 pM ICG, suggest
enhanced stability in aqueous environments, further supporting their
potential as biomedical materials.

The ICG concentration influenced the interactions — primarily
hydrogen bonds and electrostatic interactions — between polysaccharide
components and those between them and the dye, causing a different
structural organization of both the porous structure and dye aggregation
within the film and a consequent release in PBS solution of diverse ICG
aggregates over time. Indeed, although ICG release from the films in PBS
solution followed a diffusion-controlled mechanism, high dye concen-
trations (500 pM) led to an initial burst release and low concentrations
(100 pM) primarily favored monomeric ICG release. In contrast, films
enriched with an intermediate dye concentration (200 pM) provided a
controlled and sustained release of J-type ICG aggregates, which are
crucial for phototherapeutic applications due to their superior stability
and ability to reach their biological targets while allowing in loco both
spatial and temporal monitoring. The Higuchi model best described the
dye release mechanism, suggesting both a mechanism of time-
dependent diffusion and one combining swelling and diffusion as the
dye concentration increases and correlating diffusion resistance to
polymer matrix cross-linking and dye aggregation state.

Finally, the ICG-enriched films revealed a good antibiofilm activity
against the indicator pathogen strain Staphylococcus aureus ATCC
25,923, significantly reducing bacterial attachment and biofilm
formation.

The present study sheds light on how a polymer matrix loaded with
appropriate amounts of ICG can modulate and monitor the dye’s release
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behavior and aggregation state to improve its efficiency in the
biomedical field. Moreover, our findings suggest that ICG-enriched films
containing chitosan, alginate, and carboxymethyl cellulose hold great
promise as antibiofilm coatings and controlled drug release platforms
for medical devices. Nevertheless, future studies should explore the ICG
absorption by bacterial cells and biofilms, its accumulation at the target
sites, its interaction with cell components, and the potential improve-
ment of the film’s efficacy upon irradiation to optimize film formula-
tions for specific clinical applications.
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