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ABSTRACT

The current treatments for wounds often fail to produce adequate healing, leaving
wounds vulnerable to persistent infections and development of drug-resistant microbial
biofilms. New natural-derived nanoparticles were studied to impair bacteria
colonization and hinder the formation of biofilms in wounds. The nanoparticles were
fabricated through polyelectrolyte complexation of chitosan (CS, polycation) and
hyaluronic acid (HA, polyanion). UV-induced photo-crosslinking was used to enhance
the stability of the nanoparticles. To achieve this, HA was methacrylated (HAMA,
degree of modification of 20 %). Photo-crosslinked nanoparticles obtained from HAMA
and CS had a diameter of 478 nm and a more homogeneous size distribution than
nanoparticles assembled solely through complexation (742 nm). The nanoparticles were
loaded with the antimicrobial agent bacitracin (BC), resulting in nanoparticles with a
diameter of 332 nm. The encapsulation of BC was highly efficient (97 %). The BC-

loaded nanoparticles showed significant antibacterial activity against gram-positive




bacteria Staphylococcus aureus, Methicillin-resistant S. aureus and S. epidermidis. The
nanoparticles loaded with BC based on photo-crosslinked HAMAJ/CS demonstrated
inhibition of biofilm formation and a positive effect on the proliferation of mammalian
cells (L929). These crosslinked nanoparticles have potential for the long-term treatment

of wounds and controlled antibiotic delivery at the location of a lesion.

Keywords: Nanoparticles, Methacrylated Hyaluronic Acid, Photo-crosslinking, Bacitracin, Chronic
Wounds

1. Introduction

Wound healing is the natural physiological response that occurs when a tissue
recovers from damage, a process that involves hemostasis, inflammation, proliferation,
and remodeling [1,2]. Some wounds are characterized by a full-thickness depth,
excessive inflammatory response, and slow healing, becoming chronic wounds or
ulcers. When wounds do not heal in a timely manner, they often develop persistent
infections and form drug-resistant microbial biofilms [3]. Their development is linked
to underlying conditions such as ischemia, diabetes, venous stasis disease, obesity, and
age [4,5]. Current wound healing treatments used in clinics are based on prevention and
early detection. After diagnosis, the adopted measures include cleansing and
debridement, infection and inflammation control, pressure redistribution, restoration of
tissue perfusion measures, and advanced cell therapies. These approaches can be used
alone or can be combined to boost the healing process [6-8]. Nonetheless, these
approaches frequently fail to completely close ulcers, which can only be solved by
amputations and result in a lower quality of life for patients, and in some cases, even
death[9,10]. Such poor clinical outcomes demonstrate that new wound healing
treatments and devices are needed.

Nanomaterials have demonstrated to be a promising tool to enhance wound healing.
Numerous studies have shown that nanoparticles improve stability, cross-membrane
transport, circulation time, safety, and are efficient in encapsulating drugs, such as
antibiotics [11-13]. Nanoparticulate systems can be readily produced from charged
biomacromolecules via electrostatic interactions. For example, chitosan (CS) and
hyaluronic acid (HA) are common polyelectrolytes used to generate nanocomplexes
[14]. CS is a linear polycation widely used in drug delivery and in wound dressings

[15,16] due to its antibacterial properties [17] and ability to modulate inflammatory




processes [18]. HA is a linear polyanionic glycosaminoglycan involved in the
homeostasis of tissue hydration and the remodeling of the extracellular matrix (ECM)
following injury [19,20]. Previous studies have shown that CS and HA generate feasible
and versatile systems for an efficient delivery of bioactive substances. For example,
Parajo et al. demonstrated the efficiency of CS/HA nanoparticles in delivering pro-
angiogenic growth factor s[21], whereas Tirella et al. showed the ability for sSiRNA
delivery [22]. Similarly, Lallana et al. showed that larger negatively charged RNA can
be loaded into CS/HA nanoparticles[23]. Yang et al. further showcased that CS/HA
nanoparticles can also serve as nanovehicles for water-insoluble substances such as
curcuminoid [24]. In the study by Lima et al., functionalized CS/HA nanoparticles
demonstrated successful internalization under normal and pro-inflammatory states in
primary human articular chondrocytes, as well as in human umbilical vein endothelial
cells, and human monocytes [25].

Because of their physicochemical characteristics, nanoscale size, and ease of the
complexation reaction, CS and HA offer specific benefits in wound treatment.
Nonetheless, these biomaterials can be chemically modified with functional groups to
enhance the potential of ionically crosslinked constructs for wound healing, such as
increasing the crosslinking density and colloidal stability [26,27]. In this study, we used
polyelectrolyte complexation to produce nanoparticles based on CS and a methacrylate-
modified HA to make it UV photo-crosslinkable. Photo-crosslinking has been shown to
be a method for tuning mechanical properties and drug loading capacity of hydrogels
while maintaining biocompatibility [28,29]. Although photo-crosslinking has been
seldom applied to particulate systems, it has improved the loading and delivery of gene-
based therapeutics from acrylate-derived nanoparticle matrices [26,30].

The effect of the photo-crosslinking post-treatment on the size, uniformity, and
stability of the complex nanoparticles was evaluated [31]. The ability of the developed
nanoparticles to serve as drug vehicles is demonstrated by the encapsulation of
bacitracin, a cyclic polypeptide antibiotic effective against gram-positive bacteria used
for the short-term prevention and treatment of infections [32]. The antibacterial efficacy
of BC-loaded NPs against bacteria responsible for wound infections was showcased,
indicating that the developed nanoparticles have the potential to treat acute and chronic

skin infections.




2. Materials and methods

2.1. Materials

Dried Sodium Hyaluronate (HA) (molecular weight: 151 - 300 kDa) was
purchased from LifeCore. Chitosan (CS) (low molecular weight: 50-190 kDa, >75.0 %
deacetylation), bacitracin zinc salt (from Bacillus licheniformis, ~70,000 U/g),
methacrylic anhydride (MA, topanol A 2.000 ppm inhibitor, 94 %), lithium phenyl-
2,4,6-trimethylbenzoylphosphinate photoinitiator (LAP, purity >95 %), and PBS tablets
were purchased from Sigma-Aldrich. Membranes Spectra/Por 3, cut-off 3.5 kDa were
purchased from Fisher Scientific. Hydrochloric acid (HCI) was purchased from
Honeywell. Sodium hydroxide (NaOH) was purchased from Panreac. Mueller-Hinton

(MH) agar and Tryptic Soy (TS) Broth were purchased from Neo Biotech.
2.2. Synthesis of Methacrylated Hyaluronic Acid

Methacrylated HA (HAMA) was synthesized using an adapted protocol from
Loebe et al. [33]. Briefly, a solution of 6 mg/mL HA was prepared in ultra-pure water
and left stirring overnight. The solution was placed in an ice bath and the pH was
adjusted to 8.5 by dropwise addition of 1M NaOH under stirring. The methacrylation
was performed by the slow addition of methacrylic anhydride to the HA solution (1.5
mL per gram of HA) at pH 8.5 (pH continuously adjusted with 5 M NaOH). The
reaction was carried overnight at room temperature and finally, the pH was readjusted to
8.5. Unreacted chemicals were removed by dialysis (membranes Spectra/Por 3, cut-off
3.5 kDa) against osmotized water (OW). The final product was lyophilized and stored at
-20 °C. The success of the modification was confirmed by *H NMR (Bruker Avance,

400 MHz) and the spectra were integrated to calculate the degree of the substitution.
2.3. Preparation of Nanoparticles Based on Chitosan and Hyaluronic Acid

Nanoparticles were produced following a protocol adapted from Tirella et al.
[22] and Lallana et al. [34]. Briefly, a CS solution was prepared at a concentration of
0.69 mg/mL in HCI (4.6 mM). HA (1.67 mg/mL), HAMA (1.67 mg/mL), and LAP
(3.75 mg/mL) solutions were prepared in OW (pH = 5). All solutions were stirred




gently overnight followed by an adjustment of the pH to 5 using NaOH (0.1 M) and
HCI (0.1 M). CS (250 pL) was diluted in an equal volume of OW (20 min at 1000 rpm).
The resulting 500 pL solution was gently poured into an equal volume of HA or HAMA
to obtain HA/CS or HAMAJ/CS with a mass ratio of 31/100. To obtain photo-
crosslinked nanoparticles, LAP was also added to the HAMA solution at a HAMA:LAP
volume ratio of 9:1, to initiate the photopolymerization. The mixture was stirred for 30
min at room temperature. The cross-linking of HAMA/CS nanoparticles was made by
UV irradiation with a UV lamp (Model Triwood 6/36, A = 352 nm, P = 6 W) for 1 min.
Three different formulations were prepared: HA/CS, HAMA/CS and crosslinked
HAMA/CS (HAMA/CS-Xlinked).

2.4. Characterization of Nanoparticles

The hydrodynamic diameter and zeta potential of the obtained nanoparticles
were determined by dynamic light scattering (DLS) using a Malvern Nano-ZS zeta-sizer
and the Zetasizer Nano v7.19 software. Aliquots with 1 mL were loaded in polystyrene
disposable cuvettes and size distribution, z-average and polydispersity index (PDI) were
determined. The samples were prepared to ensure a count rate between 250-400 kcps.
Zeta potential measurements were performed using folded capillary cells. All
measurements were made in triplicates.

The morphology of the nanoparticles was analyzed by scanning electron
microscopy (SEM, JSM-6010 LV, JEOL). Sample preparation was performed by
centrifuging a nanoparticle suspension at 10000 rpm, discarding the supernatant, and
lyophilization. The dry nanoparticles were immobilized on carbon tape and sputtered

with platinum.

2.5. Nanoparticle Stability

The nanoparticles were suspended in 1 mL of OW at 25 and 37 °C for 0, 3, 7
and 14 days. After these periods, the size distribution, z-average, and PDI were
measured as above described. The data is presented as the averaged results of three

independent experiments.

2.6. Encapsulation of Bacitracin in Crosslinked Nanoparticles (BC-loaded HAMA/CS-

Xlinked nanoparticles




BC was loaded on HAMA/CS-Xlinked nanoparticles, adapted from the
protocols of Tirella et al. [22] and Lallana et al. [34]. First, BC was dissolved in OW at
a concentration of 0.42 mg/mL (Fig. S3) [35]. This solution was added to an equal
volume of CS at 0.69 mg/mL and they were mixed for 20 min at 1000 rpm. 500 pL of
the resulting mixture was poured into an equal volume of the HAMA/LAP solution (as
described in Section 2.3). After 30 min, the NPs were irradiated with a UV lamp (Model
Triwood 6/36, A = 352 nm) for 1 min. The loaded nanoparticles were characterized by
DLS and SEM. The BC encapsulation efficiency was determined by analytical High-
Performance Liquid Chromatography (HPLC, Alliance, Waters Corporation, USA)
using a C18 Atlantis column (250 mm x 4.6 mm, 5 um, Waters Corporation, USA). The
samples were passed through a 0.22 um pore size filter and 10 puL was injected. The
isocratic method was applied using Phosphate buffer 0.5 M and methanol (30:70) at a
flow rate of 1 mL/min [36]. The detection wavelength was performed at 254 nm and the

elution time was 30 min.
2.7. Antibacterial Activity of BC-loaded HAMA/CS-Xlinked nanoparticles
2.7.1 Radial diffusion assay

The antibacterial activity of BC-loaded HAMA/CS-Xlinked nanoparticles was
evaluated against different well-known wound infecting Gram-positive pathogens [37],
namely Staphylococcus aureus ATCC 25923 (S. aureus), Methicillin-resistant S. aureus
ATCC 700698 (MRSA) and Staphylococcus epidermidis ATCC 12228 (S. epidermidis).
Unloaded nanoparticles and free BC in solution (7ug/mL; Fig. S3) were used as
controls. First, the minimal inhibitory concentration of BC was evaluated using the
Kirby-Bauer disc diffusion method for testing microbial susceptibility to new antibiotic
drugs was used [38]. Briefly, the bacterial cultures were grown overnight at 37 °C with
agitation (140 rpm), and their optical density was adjusted to 0.1 (A= 610 nm;
McFarland standard 0.5) to obtain a bacterial inoculum of 108 CF/mL. They were
spread on Muller Hinton Agar (Oxoid, UK) with a sterile swab. Blank discs were
impregnated with 30 pL of each bacitracin solution (0.052, 0.104, 0.208, 0.500, and
0.800 mg/mL). The concentrations of BC were chosen according to the literature
available [39]. Negative controls using only sterile PBS were used. The plates were
incubated for 16 h at 37 °C. The area of growth inhibition was calculated by measuring

the diameter of the halo formed around the disks.




The agar well diffusion method was employed as an adaptation of the Kirby-
Bauer disc diffusion technique for testing microbial susceptibility to new nanoparticles
[38]. This method provides a more reliable assessment of charged substances, which
can adhere to the hydrophilic surface of the disc and do not disperse into the
surrounding medium [40-42]. The bacterial cultures were grown as previously
described above and their optical density was adjusted to 0.1 (A= 610 nm; McFarland
standard 0.5) corresponding to a bacterial inoculum of 10° CFU/mL. They were then
spread onto Muller Hinton Agar (Oxoid, UK) with a sterile swab. Four wells (4 mm
diameter) were made with a sterile punch and 30 pL of each nanoparticle suspension
was added to each well [40-42]. Negative control with PBS and positive control with
BC solution were used. The plates were incubated for 48 h at 25 °C and for 16 h at 37
°C. The growth inhibition was determined by measuring the diameter of the halo
formed around the disks [43,44]. All experiments were performed in triplicates to

ensure reproducibility.

2.7.2 Bacterial viability in liquid media

The viability of Gram-positive bacteria in the presence of the BC-loaded
HAMA/CS-Xlinked nanoparticles was assessed against S. aureus, MRSA, and S.
epidermidis [45]. Before the experimental work, all the nanoparticles were produced in
sterilized conditions. Bacterial cultures were grown overnight in Tryptone Soya Broth
(TSB; Oxoid, UK) medium at 37 °C overnight with agitation (150 rpm) and adjusted to
an optical density of 0.1 (A = 610 nm). A volume of 60 uL of the bacterial suspensions
was added to 60 pL of 2 x concentrated HAMA/CS-Xlinked nanoparticles and BC-
loaded HAMA/CS-Xlinked nanoparticles. 60 pL of BC solution (0.7 mg/ml) was used
as positive control and 60 pL of sterile PBS as negative control. Samples were
incubated at 37 °C under static conditions for 24 h and 72 h. After each timepoint, serial
dilutions were made, spread onto Tryptone Soya Agar (TSA; Oxoid, UK), and
incubated overnight at 37 °C. The bacterial viability was determined as the log the
colony forming units (CFU/mL). Each experiment was performed in triplicate at two

consecutive times.

2.8. Antibiofilm activity of the BC-Loaded HAMA/CS-Xlinked nanoparticles




The antibiofilm activity of the BC-loaded HAMA/CS-Xlinked nanoparticles was
assessed against S. aureus, MRSA, and S. epidermidis using the microtiter plate method
according to Haney et al. [46]. A bacterial biofilm was first established for all the
strains in 96-well plates. Bacterial cultures were grown overnight in TSB medium at
37°C with agitation (150 rpm) and 100 pl of each bacterial suspension adjusted to an
optical density of 0.1 (A = 610 nm) was added to the 96-well plate and incubated for 16
h at 37 °C under static conditions. After incubation, gently rinse the adhered biofilms
with sterile PBS, following by aspirating the rinsing media and discard it. Then, 60 ul of
2 x concentrated solution of HAMA/CS-Xlinked nanoparticles, BC-loaded HAMA/CS-
Xlinked nanoparticles, BC in solution and of sterile TSB were added in triplicate to
each well containing the biofilm. Plates were incubated for 24 h and 72 h under static
conditions at 37 °C. The bacterial recoverable from the biofilm after each treatment was
determined as the log the colony forming units (CFU/mL). As for biofilm formation, it
was quantified using Crystal Violet method[46]. Briefly, after incubation, 96-well plates
were washed with sterile PBS three times to remove planktonic bacteria and leave plate
to dry. Then, adherent bacterial cells were fixed with 100 % methanol for 20 min and
stained with crystal violet (0.1 % w/v) for 20 min. Afterwards, each well was washed
twice with PBS, and bound crystal violet was released by adding 33 % (vol/vol) acetic
acid. The OD of the resulting solution was measured at 595 nm using a microplate
reader (BIO-TEK instruments). Each experiment was performed in triplicate at two

consecutive times.
2.9. Biological assays

In vitro cellular tests of the HAMA/CS-Xlinked and BC-loaded HAMA/CS-
Xlinked nanoparticles were made with L929 mouse fibroblast cells cultured in DMEM
culture medium supplemented with 10 % of FBS and 1 % of Antibiotic-Antimycotic
solution [47-49]. The cells were grown in a T150 flask and incubated at 37 °C in a
humidified air atmosphere of 5 % CO,. When 80 % of confluence was reached, the cells
were washed with DPBS and subsequently detached with 5 mL of trypLE™ express
solution for 5 min at 37 °C. To inactivate the trypLE™ express solution effect, 10 mL
of culture medium was added. The cells were centrifuged at 300 x g for 5 min and the
medium was removed. The pellet was resuspended in the culture medium. Cellular
seeding was performed on nanoparticles produced in sterilized conditions and

resuspended with DMEM medium. 20 pL of supplemented DMEM containing a cell




suspension with a density of 30,000 cells was added dropwise carefully above the
surface of the culture plate. Tissue culture polystyrene surface (TCPS) with only cells
was used as positive control. All experiments were made in triplicate and incubated at
37 °C in a humidified air atmosphere of 5 % CO..

The metabolic activity of HAMA/CS-Xlinked and BC-loaded HAMA/CS-
Xlinked nanoparticles were determined using the Alamar-Blue assay [47-49]. After 1
and 3 days of culture, the culture medium was removed and the cells were washed twice
with sterile PBS (pH 7.4). Then, fresh medium supplemented with 10 % of Alamar-blue
reagent (Xpert Blue Cell Viability Assay, GRISP) was added to the culture wells,
followed by incubation at dark for 4 h at 37 °C in a humidified air atmosphere of 5 %
CO,. Afterwards, 100 pL of each solution was transferred to a 96-well black plate and
the absorbance was measured at 570 nm excitation wavelength and at 600 nhm emission
wavelength as a reference control, using a microplate reader (BIO-TEK instruments).
The experiments were run in triplicate.

Cell proliferation was evaluated by dsDNA picogreen quantification (P11495,
Invitrogen), according to the manufacturer’s instructions [47—49]. After each incubation
time, DMEM medium was removed from each well and the cells were washed twice
with sterile PBS (pH 7.4). Then, 1 mL of ultrapure water was added to each well to
induce complete membrane lysis, incubated at 37 °C for 1 h and stored at —80 °C until
further analysis. After thawing, samples were analyzed for DNA content and measured
at an excitation wavelength of 485/20 nm and at an emission wavelength of 528/20 nm.
DNA content was calculated according to a standard curve. The experiments were run
in triplicate.

The cell viability of HAMA/CS-Xlinked and BC-loaded HAMA/CS-Xlinked
nanoparticles were determined by live/dead assay (Calcein AM stains the live cells in
green and PI stains dead cells in red) L929 mouse fibroblast cells were used to assess
the viability of HAMA/CS-Xlinked and BC-loaded HAMA/CS-Xlinked nanoparticles
[47-49]. After 1 and 3 days of culture, the culture medium was removed and a fresh
medium supplemented with 0.2 % Calcein AM and 0.1 % PI were added to immerse the
seeded nanoparticles. These immersions lasted for 30 min in the dark and were then
washed with DPBS and analyzed using an inverted incubation microscope with Thunder
(DMi8, Leica, Germany).

2.10. Statistical Analysis of the Obtained Data




All the quantitative results were obtained from triplicate samples. Data are
reported as mean * standard deviation and tested for normality. Significant statistical
variations were calculated by One-way ANOVA with Tukey tests to compare between
more than two groups; and Two-way ANOVA with Bonferroni tests to compare
between more than two groups (GraphPad Prism 9, San Diego CA, USA). The levels of
significance for statistical differences are presented as p < 0.05(*), p < 0.01(**), and p <
0.001(***).

3. Results and discussion

3.1. Synthesis and characterization of HAMA

In order to obtain HAMA, a well-established method of HA methacrylation by
reaction with methacrylic anhydride was used (Fig. 1A) [31]. The modification was
confirmed by 'H-NMR (Fig. 1B), which revealed new signals at 5.7 ppm and 6.2 ppm
for the protons of vinyl groups, and at 1.9 ppm for the methyl protons (Fig. 1B and Fig.
S1)[31]. The degree of methacrylation was 20 %, as calculated from the ratio of the
integral of the HA methyl proton (peak at 2.0 ppm) to the HAMA methyl proton (peak
at 1.9 ppm).
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Fig. 1 (A) Schematic presentation of the chemical reaction used for the methacrylation of hyaluronic acid
(HA) and (B) *H-NMR spectrum of the obtained methacrylated hyaluronic acid (HAMA).

3.2. Assembly and Characterization of Nanoparticles

The CS and HA used in this study are appealing materials not only because of
their benefits in the pharmaceutical industry but also because they exhibit ionizable
amine and carboxyl groups, which allow their complexation by electrostatic interactions
[50]. The nanoparticles were obtained by mixing CS with HA or HAMA at room
temperature. DLS measurements showed that nanoparticles assembled from HA/CS and
HAMA/CS have similar diameters of 742 and 769 nm, respectively (Fig. 2A and Table
1). However, they showed high polydispersity (PDI > 0.37) indicating instability and/or
aggregation. So, an additional modification via cross-linking was made. HAMA/CS-
Xlinked nanoparticles had a smaller diameter (478 nm) and lower polydispersity (PDI =

11



0.30, consistent with a more uniform distribution) [51]. As expected, the nanoparticles
were negatively charged due to the non-stoichiometric ratio of the used components, i.e.
HA was used in excess compared to CS [52]. The zeta potentials were approximately -
30 mV, indicating that the suspended nanoparticles retain colloidal stability[53].
Scanning electron microscopy (SEM) confirmed the data from DLS by showing the
formation of nanoparticles with spherical shape (Fig. 2B and Fig. S2).

Different times of UV irradiation, namely 15, 30, 45 and 60 sec were tested, but

there was no change in the size of the nanoparticles produced (Table S1).
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Fig. 2 (A) Dynamic light scattering (DLS) data showing the size distribution on nanoparticle samples.
Representative spectra are represented. Peaks around 10 000 nm are attributed to NP aggregates (low

signal, =1% intensity). (B) Representative scanning electron microscopy image of crosslinked
nanoparticles.

Table 1 DLS data for size, polydispersity and charge of the obtained nanoparticles.

Formulation  Size (nm) PDI Zeta potential (mV)

HA/CS 769+69 0.373£0.068 -35.8+0.2
HAMA/CS 742+231 0.410+0.054 -32.5+0.6
HAMA/CS-Xlinked 478+86 0.300+0.074 -29.2+1.1

3.3. Nanoparticle Stability

The stability of nanoparticles is an important factor to determine their efficacy as
a delivery system and is related to the tendency of nanoparticulate formulations to
aggregate or degrade overtime [54]. To this end, the hydrodynamic diameters and PDI
values of our systems were evaluated during 14 days as an indicator of their stability

(Fig. 3). The selected temperatures of 25 °C and 37 °C correspond to the temperature
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range where the systems will be used: room temperature (on the wound surface) and
physiological temperature (when in contact with the tissue).

Since the pH of chronic wounds is in the range between 7.2-8.9 [55], a medium
with an acidic pH (=5) was chosen. This pH is relevant because an acidic
microenvironment reduces the proteolytic activity and bacteria growth that is associated
with slow wound healing [56]. In fact, the use of acidic substances has been proposed to
accelerate wound healing and restore the acidic pH of the skin milieu[57-59].
HAMA/CS-Xlinked nanoparticles were systematically smaller than HA/CS and
HAMA/CS at all time-points as a result of the increased crosslinking density (without
crosslinked 769 and 742 nm, respectively and with crosslinked 478 nm). Size is an
important aspect to consider when designing drug delivery systems: because particle
size is inversely proportional to their diffusion coefficient, smaller particles have higher
effective encapsulated doses and are better distributed in tissues [60,61].

Regardless of the composition, at these conditions, the size and PDI of HA/CS
and HAMA/CS nanoparticles did not change significantly during the studied period of
14 days. The HAMA/CS-Xlinked nanoparticles remained homogenous (i.e., PDI < 0.3)
and with a diameter below 500 nm but these parameters decreased significantly at 25 °C
during the studied period. These data suggest that the crosslinked nanoparticles become
more compact over time as the low PDI discards the possibility of nanoparticle
fragmentation - an opposite trend would indicate degradation or aggregation [62,63]. At
37 °C, no significant variations of size or PDI were found, indicating nanoparticle

stability at these conditions.
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Fig. 3 Dynamic light scattering (DLS) data showing the size variations of nanoparticles samples at 25 °C
(A) and 37 °C (B). PDI variations of nanoparticles samples at 25 °C (C) and 37 °C (D). Size distribution
evolution of HAMA/CS-Xlinked nanoparticles at 25 °C (E) and 37 °C (F).

3.4. Encapsulation of Bacitracin
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BC, an antibiotic used to treat of wounds, is most effective against gram-positive
bacteria [64]. In this study, different concentrations of BC (> 0.052 mg/mL) were tested
(Fig. S3 and Table S2). The results show that BC had an inhibitory effect at
concentrations greater than 0.5 mg/mL on all the bacteria tested, which is consistent
with previous studies [65]. To endow the HAMA/CS-Xlinked nanoparticles with
antibacterial properties, BC was encapsulated at 0.7 mg/mL. The encapsulation
efficiency was 97 %, as determined by analytical HPLC (Fig. S4), and it affected the
dimensions of this system: the obtained BC-loaded nanoparticles had a diameter of 332
nm (lower than the 478 nm of unloaded HAMA/CS-Xlinked) with a PDI of 0.256 (Fig.
4).

The decrease in the size of BC-loaded HAMA/CS-Xlinked nanoparticles can be
explained by the interaction of CS with BC. Through *H-NMR analysis (Fig. 4C) it is
possible to verify a deviation chemical shift in the spectrum of CS more BC, suggesting
a chemical interaction between them.
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Fig. 4 (A) Size distribution on BC-loaded HAMA/CS-Xlinked nanoparticles. (B) SEM imaging of BC-
loaded HAMA/CS-Xlinked nanoparticles, with diameter measurements. (C) *H-NMR spectra (400MHz,
D,0) of BC, CS, and CS+BC.
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3.5. Antibacterial Potential of Loaded Nanoparticles

The antibacterial activity of BC-loaded HAMA/CS-Xlinked nanoparticles was
evaluated at 25 and 37 °C against three gram-positive bacteria: S. aureus, MRSA, and S.
epidermidis (Fig. 5 and Fig. S5) according to the modified agar-well Kirby—Bauer plate
method [35]. Because the diffusion of nanoparticles is inversely proportional to their
size [60,61], a good spreading of loaded nanoparticles within the agar matrix was
anticipated. At 25 °C, unloaded HAMA/CS-Xlinked nanoparticles had no antibacterial
effect, but BC-loaded nanoparticles were effective against S. aureus (Fig. 5A, Table 2).
Plates inoculated with S. aureus, MRSA, and S. epidermidis showed a clear inhibition
zone around the positive control containing BC solution after incubation at 25 °C.

When incubated at 37 °C, the loaded nanoparticles had an antibacterial effect
against all studied strains, as evidenced by the clear inhibition zone formed on all tested
bacteria cultures (between 11 and 15 mm in diameter) (Fig. 5B, Table 2).

S. epidermidis

S. aureus MRSA

g\

Fig. 5 Representative image of the antibacterial activity of HAMA/CS-Xlinked nanoparticles, BC-loaded
HAMA/CS-Xlinked nanoparticles, and BC against S. aureus, MRSA, S. epidermidis using agar well
diffusion assay at 25 °C (A) and 37 °C (B).
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Table 2 Qualitative data (diameter of inhibition zones) about the antibacterial effect of different
formulations.

Diameter of the inhibition zone [mm]

Temperature Formulation
S. aureus MRSA  S. epidermidis

HAMA/CS-Xlinked 0 0 0

25°C  BC-loaded HAMA/CS-Xlinked 14 5 5
BC 20 16 17

HAMA/CS-Xlinked 0 0 0

37°C  BC-loaded HAMA/CS-Xlinked 15 11 11
BC 19 19 19

Although the BC-loaded HAMA/CS-Xlinked nanoparticles showed a lower
inhibition effect at 25 °C, the results suggest that this formulation can be used in a
variety of strategies to prevent the proliferation of the most common microorganisms
responsible for wound infection [66,67]. The encapsulation of BC is advantageous for
its administration since its effects would be stronger when in direct contact with the
wound bed, at temperatures closer to 37 °C.
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Fig. 6 Activity of HAMA/CS-Xlinked and BC-loaded HAMA/CS-Xlinked nanoparticles, and BC in
solution against MRSA, S. aureus, and S. epidermidis after 24 h and 72 h incubation. Number of

recoverable bacteria was evaluated by log (CFU/mL). Control corresponds to the bacteria without any
treatment.

The effect of the BC-loaded HAMA/CS-Xlinked nanoparticles on bacterial
viability was evaluated (Fig. 6). The results show that the BC-loaded HAMA/CS-
Xlinked nanoparticles had a bacterial inhibitory effect for all strains after 24 h
incubation (Fig. 6). The same trend was observed in the bacteria treated with BC in
solution (Fig. 6). As for the HAMA/CS-Xlinked nanoparticles, they had no effect on the
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bacterial growth, demonstrating a similar pattern to the bacterial controls without any
treatment. The HAMA/CS-Xlinked nanoparticles exhibited no impact on bacterial
growth, displaying a comparable trend to the untreated bacterial controls. Following a
72 h incubation period, a similar pattern was seen, suggesting that the HAMA/CS-

linked nanoparticles loaded with BC exhibit a potent antibacterial action.
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Fig. 7 Antibiofilm activity of the HAMA/CS-Xlinked and BC-loaded HAMA/CS-Xlinked nanoparticles,
and BC in solution against MRSA, S. aureus, and S. epidermidis after 24 h and 72 h incubation. Control
corresponds to the bacteria without any treatment. Biofilm was determined by: (A) Number of
recoverable bacteria was evaluated by Log (CFU/mL), and (B) Biofilm biomass formation using the
Crystal Violet assay. Significant differences: **p < 0.01,****p < 0.0001.

The antibiofilm potential of the BC-loaded HAMA/CS-Xlinked nanoparticles
was also evaluated using the microtiter plate method (Fig. 7A). Following incubation
periods of 24 h and 72 h, the results indicate that no viable bacteria were detected when
exposed to the BC-loaded HAMA/CS-Xlinked nanoparticles. However, the growth and
production of biofilm were not affected by HAMA/CS-Xlinked nanoparticles or BC in

solution, indicating that they did not hinder these processes. Similar patterns were noted
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in relation to the biofilm biomass, as depicted in Fig. 7B. The results suggest that the
BC-loaded HAMA/CS-XIlinked nanoparticles reduced the amount of biofilm after 24 h
and 72 h of incubation, in comparison to the bacteria treated with HAMA/CS-Xlinked
nanoparticles and those that received no treatment. This occurrence was detected in all
the bacteria that were examined. After 72 h of incubation, the antibacterial ability of the

BC-loaded HAMA/CS-Xlinked NPs was further demonstrated.
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Fig. 8 (A) Representative fluorescent images of live (green)/dead (red) cells on the HAMA/CS-Xlinked
and the BC-loaded HAMA/CS-Xlinked nanoparticles. Scale bar is 100 pm. (B) Metabolic activity of
L929 cells cultured with the HAMA/CS-Xlinked and the BC-loaded HAMA/CS-Xlinked nanoparticles
determined by Alamar blue assay. (C) Double strand DNA (dsDNA) quantification assay of L929 cells
cultured with the HAMAJ/CS-Xlinked and the BC-loaded HAMA/CS-Xlinked nanoparticles, after 1 day
and 3 days. L929 cells in tissue culture plastic (TCP) were used as a positive control. Significant

differences: ****p < 0.0001.
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The cytotoxic response to the BC-loaded HAMA/CS-Xlinked and HAMA/CS-
Xlinked nanoparticles was evaluated using L929. The live/dead assay (Fig. 8A) showed
a minimal number of dead cells (in red), showed no cytotoxicity effect. Significant
differences in the metabolic activity of cells cultured on HAMA/CS-Xlinked and
HAMA/CS-Xlinked nanoparticles were observed on the third day: L929 cultured on
BC-loaded HAMA/CS-Xlinked and HAMA/CS-Xlinked NPs represented the similar
metabolic activity (Fig. 8B). An increase in DNA content and metabolic activity was
observed over time in culture, indicating that the nanoparticles are able to sustain cell
proliferation (Fig. 8C).

This antibacterial study showed that BC-loaded HAMA/CS-Xlinked nanoparticles
have created novel antibacterial polymers for treating wound infections. These polymers
effectively inhibit bacterial growth and prevent biofilm formation, while also promoting
cellular growth and proliferation. They can serve as beneficial nanotechnological
alternatives for existing conventional topical treatments, delivering antibiotics directly
to deep infected wounds [68]. Furthermore, the nanoparticles extensive surface area

allows for improved efficacy of drugs, while also somewhat mitigating their toxicity.

4. Conclusions

This work demonstrated the successful production of CS/HAMA nanoparticles for
the delivery of BC. The nanoparticles were produced using, for the first time,
methacrylated HA to photo-crosslink upon UV irradiation. Cross-linked nanoparticles
were found to be smaller and more monodispersed when loaded with BC, measuring
around 350 nm, which is useful in the reactive microenvironment of wounds. The
obtained nanoparticles are especially promising as topical antibacterial compounds for
wound treatments, as demonstrated by the encapsulation of BC: the antibiotic-loaded
nanoparticles inhibited the growth of bacterial strains common in diabetic foot ulcers.
The proposed methodology is simple, versatile and scalable for industrial production of
nanoparticles. The process is both sustainable and cost-effective, as it uses building
blocks from renewable sources and does not require specialized equipment or
aggressive temperatures or solvent conditions. Furthermore, these nanoparticles
demonstrate enhanced antibacterial and antibiofilm effects and are non-cytotoxic on
fibroblasts. While a comparison with other wound healing therapies was not

contemplated, the efficacy of the proposed system can be tested against in vitro and in
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vivo models in future experiments to assess clinical applicability. The focus is envisaged
to be on chronic wound therapies, as these wounds are challenging to treat and are often

associated with underlying complications prevalent in modern societies.
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Highlights

Hyaluronic acid was successfully methacrylated (HAMA) with a degree of
modification of 20%.

Nanoparticles were produced from HAMA and Chitosan by photo-crosslinking.
The antimicrobial agent bacitracin was encapsulated in the nanoparticles with a
high efficiency.

Bacitracin-loaded nanoparticles demonstrated a pronounced antibacterial and
antibiofilm effect.

Bacitracin-loaded nanoparticles showed a positive effect on the proliferation of
mammalian cells (L929).

The developed nanoparticles are a promising alternative therapeutic in treating

chronic wounds.
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