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Mucoadhesive buccal patches are dosage forms promising for successful drug delivery. They show the
distinctive advantages of long residence time on the oral mucosa and increased in situ drug bioavailability.
In this context, electrophoretic deposition (EPD) of chitosan (CS) has been demonstrated as a simple and
easily tunable technique to produce mucoadhesive buccal patches. However, CS-based buccal patches
may suffer from weak mucoadhesion, which can impair their therapeutic effect. In this work, methyl-
cellulose (MC), a widely investigated biopolymer in the biomedical area, was exploited to increase the
mucoadhesive characteristic of pristine CS patches. CS—MC patches were obtained in a one-pot process via
EPD, and the possibility of incorporating gentamicin sulfate (GS) as a model of a broad-spectrum antibiotic in
the so-obtained patches was investigated. The resulting CS—MC patches showed high stability in a water
environment and superior mucoadhesive characteristic (6agn = 0.85 + 0.26 kPa, Wgn = 1192.28 + 602.36 Pa
mm) when compared with the CS control samples (o.q, = 0.42 + 0.22 kPa, W,q, = 343.13 + 268.89 Pa mm),
due to both the control of the patch porosity and the bioadhesive nature of MC. Furthermore, GS-loaded
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1. Introduction

The oral cavity is a complex ecosystem hosting a diverse micro-
flora made up of over 700 recognized bacterial species." Under
physiological conditions, the oral microflora lives in homeostasis;
unfortunately, imbalance or colonization by other microorgan-
isms (viruses, fungi, or bacteria) can lead to infections and dis-
eases of the oral cavity,” which can affect any structure of the oral
mucosa (i.e., masticatory, lining, and specialized mucosa).” In
this regard, smoking, consumption of alcohol, poor oral hygiene,
and trauma are the major risk factors leading to primary bac-
terial infections. Besides, immunocompromised individuals,
such as HIV, cancer, and transplant patients, or those treated
with corticosteroids are even more susceptible to complications.*

Systemic antibiotic therapy is generally prescribed to treat
and eradicate oral infections.” Local administration of anti-
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antibacterial activity on both Gram-positive and Gram-negative bacterial strains.

biotics may represent an advantage in the management of oral
infections as compared to the systemic route. Local adminis-
tration allows for a high antibiotic dose at the treated site but
low levels elsewhere, thus resulting in improving patient com-
pliance and drug side effects. Moreover, bypassing the gastro-
intestinal tract (i.e., avoiding both acid hydrolysis and hepatic
first-pass metabolism) leads to increased drug bioavailability.®

The clinical treatment of oral infections usually relies on
conventional pharmaceutical dosage forms, such as solutions,
gels, suspensions, and mouthwashes.””® However, such treat-
ments are often suboptimal since they are easily washed away
by the salivary flow and mechanical stresses. This leads to
limited exposure times, unpredictable drug distribution, and
threatening drug resistance phenomena.’ Overall, the main
challenge for an optimal local administration of antibiotics is
maintaining a high concentration within a well-defined area
for a sustained period.® In this regard, the design of drug
delivery systems with appropriate mucoadhesive activity can
ensure prolonged retention in the oral cavity and enhanced
drug availability in situ. Various classes of polymers have thus
been investigated to meet the requirements for mucoadhe-
sion;'® cellulose derivatives (e.g., sodium carboxymethyl-
cellulose, methylcellulose (MC) and hydroxypropyl methyl-
cellulose), polyacrylic acids, polyvinylpyrrolidone, polyvinyl
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alcohol, alginates, hyaluronic acid, and chitosan (CS) are
among the most widely investigated in this field.*

To date, a wide range of polymeric drug delivery systems for
oral applications have been reported in the literature, includ-
ing but not limited to tablets,"” gels,'*'* patches,">'® and
films.'”'® In this context, oral films and patches may be pre-
ferred over other adhesive systems as they are flexible and soft,
yet strong enough and with relevant mucoadhesive character-
istic to withstand the stresses within the oral cavity.?
Mucoadhesive films/patches are usually designed to be
applied twice a day and their in vivo residence time has been
reported to vary from less than 1 hour up to 5 hours, depend-
ing on the patch type and the position in the oral cavity (e.g:,
buccal mucosa, gingivae, and tongue).” Different mucoadhe-
sive films and patches have been reported in the literature to
treat local mouth bacterial infections, ranging from flucona-
zole-loaded mucoadhesive films prepared through the casting
method," to multilayered electrospun patches loaded with
ciprofloxacin hydrochloride.”

Among other possible techniques investigated to obtain
mucoadhesive patches, electrophoretic deposition (EPD) is one
of the most straightforward and easily tunable techniques.
EPD involves processing charged species (e.g., polymers, par-
ticles, or molecules), exploiting their motion under the effect
of an applied electric field and subsequent coagulation and
precipitation on the electrode surface. Notably, EPD allows
room temperature (r.t.) processing, useful to deposit sensitive
(bio)materials and drugs.***" In this regard, EPD has been pre-
viously exploited to produce CS patches for buccal drug deliv-
ery,?® but the studies related to EPD processing of CS and anti-
biotics are mainly limited to obtaining coatings for orthopedic
application.>*>> Moreover, even if CS has been extensively
reported in the literature for obtaining mucoadhesive systems,?®
it may suffer from insufficient mucoadhesive behavior. This is
particularly true at physiological (i.e., neutral) pH, where CS
exhibits limited mucoadhesive strength and poor water solubi-
lity, the two major drawbacks of its use.”” Different strategies
have been reported in the literature to tackle such limitations,
ranging from blending with other polymers®**® to CS chemical
modification/derivatization.”” CS blending with adhesive poly-
mers represents an easy and effective strategy to improve
mucoadhesion. CS has been reported to form polymeric
matrices with non-ionic polymers (including cellulose deriva-
tives), increasing the blend swelling and adhesion properties.”®
In this regard, MC, due to its adhesive nature,***° could take up
the challenge of increasing the mucoadhesive characteristic of
CS. Nevertheless, to the best of our knowledge, MC has never
been explored in EPD processing.

In this work, the EPD technique was exploited to obtain
CS-MC buccal patches with enhanced adhesion strength com-
pared with pristine CS. Patches were characterized from a
physicochemical point of view (FT-IR, TGA, SEM and swelling/
degradation) to investigate their composition, structure, and
performance in a physiological-like environment. The mechan-
ical and mucoadhesive properties of CS-MC patches were eval-
uated as well. The possibility of loading gentamicin sulfate
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(GS) in the blend to obtain CS-MC/GS patches via a one-pot
EPD production process was also investigated. Patches were
then in vitro tested to assess their possible cytotoxic effects (on
1929 cells) and their antibacterial properties (against S. aureus
and E. coli).

2. Experimental section

2.1. Chemicals

Unless stated, all reagents were purchased from Merck (Merck
Life Science S.r.l,, Italy) and used without further purification.

2.2. Sample preparation

2.2.1. CS samples. CS powder (448877, 84.1% de-acetyl-
ated) was dissolved (0.5% (w/v)) in a glass flask containing 1%
(v/v) acetic acid (AA) in deionized water (dH,O) at r.t. and
stirred overnight (ON) to allow the complete dissolution of
CS.>™** The CS solution was used as an electrolyte in a cell
composed of a doublefaced 2 x 2 cm?® titanium (CP-Ti,
grade 2) cathode and two graphite rod anodes. EPD was
carried out using a power supply (Keithley 2425, Keithley
Instruments, USA), set in the potentiostatic mode, using the
parameters given in Table 1. The obtained patches were
immersed in a 0.5 M NaOH solution for 1 min, and then
quickly rinsed in dH,O, peeled off from the cathodes, and
frozen at —80 °C prior to freeze-drying. Small samples (1 x
1 cm®), obtained by cutting each sample obtained from the
EPD process into four parts, were used for all the characteriz-
ation studies.

2.2.2. CS-MC samples. The CS-MC blend was obtained by
mixing two different solutions: (i) a CS solution (1% (w/v) in
1% (v/v) AA) prepared as described above and (ii) an MC solu-
tion (1% (w/v) MC in dH,O) prepared by dispersing MC
powder in hot (55 °C) dH,O under stirring, followed by cooling
in a refrigerator (4 °C, ON) to allow the complete hydration of
MC.**?* The blend was obtained by pouring the MC solution
(T = 4 °C) into a flask containing the CS solution, under mild
stirring. CS-MC samples were then obtained via the EPD
process (Table 1), as described for the CS samples, but using
the CS-MC blend as the electrolyte.

2.2.3. Gentamicin-loaded CS-MC samples. GS (80 mg
mL™", LFM Srl, Italy) was selected as a broad-spectrum anti-
biotic for CS-MC buccal patches. GS-loaded samples (CS-MC/
GS) were obtained as reported for CS-MC samples by adding
the antibiotic to the blend at a final concentration of
2 mg mL™" (Table 1).

Table 1 EPD parameters used to obtain the CS, CS—-MC, and CS-MC/
GS samples

Deposition Time  Time
Samples time (min) up(s) down(s) Vup(V) Vdown (V)
CS 30 15 15 100 0
CS-MC 5 15 15 50 30
CS-MC/GS 5 15 15 50 30

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01540d

Open Access Article. Published on 25 January 2023. Downloaded on 2/2/2026 6:25:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

2.3. Sample characterization

2.3.1. Morphological characterization. Scanning electron
microscopy (Cambridge Scientific, USA) was used to assess the
morphology of CS, CS-MC, and CS-MC/GS patches. The
samples were fixed on a metallic stub, gold-sputtered, and
examined using an accelerating voltage of 10 kV (magnifi-
cation: x150 and x1000).

2.3.2.
spectroscopy (FT-IR) was used to characterize the chemical
structure of the obtained samples and determine the possible
interactions between CS and MC in CS-MC patches. For this
purpose, control MC specimens were obtained by preparing an
8% (w/v) MC solution,*** which was then poured into a Petri
dish (¢ = 8.5 cm, Euroclone, Italy), frozen at —80 °C, and
freeze-dried (T = —40 °C, P < 0.5 mbar) ON. The spectra of the
dry specimens (CS, MC, and CS-MC) were acquired using a
Varian 640-IR spectrophotometer (Agilent Technologies, USA),
in the ATR configuration, over the wavenumber range of
400-4000 cm™'. The resolution was set to 4 cm™", and the
spectra were acquired under a nitrogen atmosphere. Data were
processed using OriginPro (v. 2018, OriginLab Corporation,
USA).

2.3.3. Thermogravimetric
Thermogravimetric analysis was carried out to investigate the
composition of the obtained patches. Similar to the FT-IR ana-
lysis, control MC specimens were obtained. The specimens
(CS, MC, and CS-MC) were heated at a constant rate of 10 °C
min~" from 30 °C up to 600 °C in air using a thermal analyzer
(TGA 4000, PerkinElmer, USA).

2.3.4. Composition of CS-MC patches. The composition of
CS-MC patches was assessed by gravimetric analysis, followed
by selective MC dissolution. In particular, the CS-MC and CS
dry samples were first weighed (w,), and then fully immersed
in dH,O at 4 °C for 24 h. The samples were then taken out,
oven-dried (50 °C, 24 h), and weighed (w,,). The amount of
MC in the CS-MC samples was calculated using eqn (3):

FT-IR characterization. Fourier transform infrared

characterization.

Wo — Wag

AWCS—MC(%): X 100 (1)
Wo
Awes(%)="2—24 100 (2)
Wo
MC (%) = AwCS*MC (0/0) — chs (0/0) (3)

2.3.5. Swelling and degradation tests. Swelling and degra-
dation tests were performed to evaluate the water uptake
ability and the stability of the patches.

For the swelling tests, the samples were fully soaked in arti-
ficial saliva (pH = 6.8, ESI 1}). The samples were incubated at
37 °C up to 24 h, and the swelling ratio (SW) was calculated
using the following equation (eqn (4)):

SW(%):wtw;ow0 x 100, (4)

where w, and w, are the weights of the samples at time t
(swollen) and 0 (dry), respectively.

This journal is © The Royal Society of Chemistry 2023
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Degradation tests were performed by soaking the samples
in artificial saliva at 37 °C up to 24 h. The gel fraction (GF) of
the samples was calculated as follows (eqn (5)):

GF(%)="2 x 100, (5)
Wo
where w,, and w, are the dry weights of the samples at time ¢ =
24 h and time 0, respectively.

2.3.6. Mechanical characterization. The mechanical pro-
perties were investigated on the swollen specimens of CS and
CS-MC. The samples were soaked in artificial saliva at 37 °C
for 30 min before testing. Artificial saliva was prepared accord-
ing to the previous literature (ESI 11).%>¢

2.3.6.1. Tensile tests. Uniaxial tensile tests (n = 6 per sample
type) were performed on 2 x 5 cm” samples using a dynamic
mechanical analyzer (MCR 702, Anton Paar, Austria) at a con-
stant strain rate (¢) of 0.2 min~", for 30 s (preload = 0.01 N).
Young’s modulus (E), elongation at break (e,), and stress at
break (o},) were obtained from the stress/strain curves. The E
modulus was determined from the slope of the initial linear
portion of the stress/strain curves (¢ range of 0-5%). All tests
were conducted at r.t.

2.3.6.2. Ex vivo tack tests. The mucoadhesive properties of
the samples were tested in accordance with the ASTM F2258
standard with a modular compact rheometer (MCR 302, Anton
Paar). The samples (1 x 1 cm? n = 5 specimens per sample
type) were fixed on the upper disposable plate of the instru-
ment (¢ = 25 mm), while the porcine buccal mucosa pieces
(1 x 1 cm?) were attached to the lower disposable plate of the
device. A compressive preload of 1 N was applied for 10 s to
ensure the adhesion between the sample and the mucosa, and
the upper plate was then moved upwards at a constant speed
of 50 mm min~".*” All tests were carried out at r.t.

The release pressure (c,qn) was calculated as follows

(eqn (6)):**

F

Oadh =g (6)

where S is the contact area and F is the force of detachment.
The mucoadhesion work (W,q,) was calculated according to
eqn (7):*®

Waan = AUC, (7)

where AUC is the area under the 6,4, — displacement curve,
calculated using OriginPro software.

2.3.7. Gentamicin loading. GS loading in the CS-MC
patches was assessed by a 2,4,6-trinitrobenzene sulfonic acid
(TNBSA, 5% (w/v) in dH,O) assay, quantifying the primary
amino groups of the antibiotic. Briefly, the CS-MC/GS speci-
mens were soaked in PBS (immersion ratio = 3 mg specimen:
1 mL PBS) at 37 °C for 24 h under mild shaking (300 rpm) to
achieve a complete GS release. Then, 80 pL of PBS was moved
to a 96-well culture plate, mixed with 40 pL of the TNBSA solu-
tion (1:500 in 0.1 M NaHCO3), and incubated at 37 °C for 2 h.
The absorbance was measured at 1 = 364 nm using a Synergy
H1 spectrophotometer (BioTek, Italy), and the GS concen-

Biomater. Sci, 2023, 1, 2699-2710 | 2701
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tration was obtained from the standard calibration curve
(R* >0.99) after blank (fresh PBS mixed with the TNBSA
solution) subtraction (ESI 27).

The GS loading efficiency was calculated as follows

(eqn (8)):

GS(O/O ): [Gs]patch (8)
[GS} solution '

where [GS],atch is the concentration (wgs/Wes-mc) of GS in the
patch, while [GS]solution iS the concentration (Wgs/Wes-mc) of GS
in the EPD solution.

2.3.8. Gentamicin release. GS release tests were carried out
by soaking the CS-MC/GS samples in PBS (immersion ratio =
3 mg specimen: 1 mL PBS) at 37 °C up to 24 h. At selected
time points, the PBS solution was harvested, and GS was quan-
tified by the TNBSA assay (Par. 2.3.7.). Fresh PBS was then
added to each sample (keeping the same immersion ratio).

2.3.9. Invitro biological characterization

2.3.9.1. Sample preparation. The CS, CS-MC, and CS-MC/
GS patches were sanitized via UV irradiation (5 min per side)
before the indirect cytotoxicity and indirect antibacterial tests.

For the biological tests (indirect cytotoxicity and antibacter-
ial tests), sample extracts were prepared according to the ISO
standard (ISO 10993-12:2012, “Biological evaluation of medical
devices - Part 12: Sample preparation and reference
materials”). Briefly, material extracts were obtained by placing
sterile samples of each experimental group in separated 2 mL
Eppendorf tubes, in contact with the extraction vehicle: culture
medium for indirect cytotoxicity tests (150 pL + specimen
swelling volume); PBS for indirect antibacterial tests (extrac-
tion ratio = 3 mg specimen:1 mL PBS). Samples were then
incubated at 37 °C for different time periods (3, 6, and 24 h).
At each time step, material extracts (eluates) were harvested
and stored at —20 °C until use.

2.3.9.2. Indirect cytotoxicity tests. Indirect cytotoxicity tests
were performed following the ISO 10993-5:2009 standard.
Dulbecco’s modified Eagle’s medium (DMEM), supplemented
with 1 mM sodium pyruvate, 10 mM HEPES buffer, 100 U
mL ™" penicillin, 0.1 mg mL™" streptomycin, 2 mM glutamine,
and 10% (v/v) fetal bovine serum (FBS) (hereafter referred to as
culture medium), was used as the extraction medium.

L929 (murine fibroblasts from the subcutaneous connective
tissue, CCL-1) cell line was purchased from the American Type
Culture Collection (ATCC®, Manassas, VA, USA). The L929 cells
were seeded in a 96-well culture plate (10" cells per well in
100 pL of the culture medium) and incubated under the stan-
dard culture conditions for 24 h. Afterward, the medium was
replaced with 100 pL per well of eluates (n = 3 wells per
material sample per time point), and the plate was incubated
for further 24 h under the standard culture conditions. Cells
grown in the culture medium were used as the control (CTRL,
n=3).

Cell viability was assessed using the resazurin assay (Sigma-
Aldrich). Fluorescence (dex = 540 nm; Ao, = 595 nm) was
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measured using a Synergy H1 spectrophotometer. For each
well, cell viability was calculated as follows (eqn (9)):

RFUsample — RFUresazurin

Viability(% )=
ty( ’ ) RFUCTRL - RFUresazurin

x 100, (9)

where RFUgample; RFUresazuriny and RFUcrg;, are the fluo-
rescence of the sample, resazurin, and control, respectively.

2.3.9.3. Indirect antibacterial tests. Indirect antibacterial
tests were performed according to the literature.*" Escherichia
coli JM109 (E. coli, Gram-negative bacteria, Leibniz Institute
DSMZ, German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany) and Staphylococcus aureus
(S. aureus, Gram-positive bacteria, ATCC 9341, ATCC) were pre-
cultured ON in 5 mL of Luria-Bertani (LB) broth and nutrient
broth (NB), respectively, at 37 °C under shaking at 130 rpm,
until an optical density (ODggonm) Of about 1 was reached,
corresponding to ~10° bacteria per mL. The bacterial suspen-
sions were then diluted to a concentration of ~10° bacteria per
mL. Afterward, the bacterial suspensions (50 pL per well) were
transferred into 96-well plates at a density of 1.5 x 10> bacteria
per cm” and inoculated with 50 L of the eluate per well (n = 5
wells per material sample per time point). The plates were
then incubated at 37 °C for 24 h. The bacteria inoculated in
100 pL per well of LB were used as a positive control for bac-
terial growth (CTRL'), while the bacteria inoculated in 50 pL
per well of the GS solutions (range: 0.03-256 ug mL™') were
used as internal references. In particular, for the antibiotic,
the minimal inhibitory concentration (MIC) was the lowest
concentration of GS that prevents the visible growth of bacteria
within a 24 h-incubation period.*®

The antibacterial efficacy of each eluate was evaluated using
the turbidity method (i.e., ODgoponm Mmeasurements). Briefly,
24 h post-inoculum, the ODgy, (nm) of each well (n = 5 per
eluate) was read utilizing a GENios Plus reader (Tecan Group
Ltd., Switzerland). The antibacterial efficiency was calculated
according to eqn (10):

ODsample

- x 100 (10)
ODg¢rp+

Antibacterial test(% )= {1
where ODgample and ODcrri+- are the absorbance values
measured in the sample (bacteria inoculated with the eluates)
and in the CTRL', respectively.

2.4. Statistical analysis

Unless stated, the tests were run in triplicate (n = 3). Data are
expressed as mean + standard deviation (SD). One-way ANOVA
with Tukey’s post hoc tests were used to compare the data, con-
sidering a significance level of « = 0.05.

3. Results and discussion

In this work, CS and CS-MC patches were obtained via EPD by
selecting the optimal processing parameters: the electrolyte
composition, the applied voltage, the deposition time, and the
duty cycle. The optimal set of parameters (Table 1) was identi-

This journal is © The Royal Society of Chemistry 2023
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fied based on previous works from our research group dealing
with the production of self-standing scaffolds via EPD, starting
from CS** and CS-gelatin blends.*" The final purpose of this
work was to obtain patches that were thick enough to be
peeled off from the cathode surface and with the desired poro-
sity. Interestingly, we report here for the first time the co-depo-
sition of a CS-MC blend via EPD, and we further demonstrate
the possibility of a one-pot deposition of the GS-loaded CS-
MC patches.

3.1. Structural analysis: morphology

The morphology of the lyophilized CS and CS-MC samples
was examined through SEM. All specimens appeared homo-
geneous, with random porosity created by the evolution of the
H, bubbles.>'***! The difference in the surface morphology
between the CS and the CS-MC samples was apparent and can
be seen in Fig. 1. The porosity of the patches qualitatively
increased in the CS-MC samples compared with the CS ones
due to both the EPD processing conditions (i.e., 50-30 V vs.
100-0 V square waveform) and the addition of MC. In this
regard, it has been widely reported in the literature that con-
trolling the EPD parameters can contribute to obtaining
scaffolds with different porosities.>"**> Moreover, it has also
been reported how the addition of MC can lead to an increase
in the porosity of MC-containing blends.*>** Similar obser-
vations have also been reported when other cellulose deriva-

View Article Online
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tives (e.g., hydroxypropylmethylcellulose)*> were added to CS.
Overall, the increase in porosity, coupled with the noteworthy
adhesive properties of MC,*® can endow the CS-MC patches
with a significant advantage for buccal applications, thanks to
the possibility of increasing both the patch contact time and
in situ drug bioavailability.*®™*°

3.2. Structural analysis: FT-IR

The spectra of the samples (ESI 3t) were divided into three
regions of interest, ie, 850-1235 cm ™' (Fig. 2a),
1235-1850 cm™ " (Fig. 2b), and 1850-4000 cm™" (Fig. 2c), to
highlight the representative functional groups of the polymers.
The peaks of all spectra were assigned to the appropriate
vibrational motions, characteristic of the functional groups of
CS and MC, in agreement with the literature. For the CS-MC
samples, CS presence was confirmed by the peak of amides at
1569 cm ™~ ".°° The presence of MC in the samples was con-
firmed by the appearance of two peaks representing the C-O-C
stretching of the glucose ring (1117 cm™) and the asymmetric
C-H bending of CH; of MC (1458 cm™).>"°¢7%?

Beyond these distinctive peaks, the spectrum of the CS-MC
sample was superimposable with both the spectra of CS and
MC, presenting small or no shifts in the position of their
characteristic bands. Such observations suggest that a low
interaction occurred between CS and MC.’>* Furthermore, the
CS-MC spectrum did not show any additional absorption

Fig. 1 SEM micrographs of the (a and c) CS and (b and d) CS—MC samples. (a and b) Scale bar = 200 pm; (c and d) scale bar = 20 pm.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 FT-IR spectra of the CS, MC, and CS—-MC samples. The spectra were divided into three regions of interest. (a) 850-1235 cm™, (b)

1235-1850 cm™, and (c) 1850-4000 cm™.

peaks compared to pristine CS and MC, suggesting that no
covalent bonds occurred between the polymers, but rather
weak interactions (e.g., hydrogen bond and hydrophobic inter-
actions) took place.>*>>°°

The co-deposition via EPD of CS with other polymers has
been reported in the literature. For instance, the CS-gelatin
blend has been deposited through the formation of polyelec-
trolyte complexes in solution due to an electrostatic interaction
between the -NH;" moieties of chitosan and the -COO~
groups of gelatin.>® Similar to MC, uncharged polyvinyl
alcohol (PVA)°" has been co-deposited with CS, possibly
exploiting the formation of weak interactions among the
blended polymers. In light of the FT-IR analysis, the depo-
sition mechanism of the CS-MC blend can also be explained
by the establishment of weak interactions between the two
polymers.>* CS, dragging MC toward the cathode, resulted in
physically trapping MC in the insoluble deposit formed on the
electrode surface due to a local increase in the pH.

The CS-MC/GS samples were also analyzed via FT-IR spec-
troscopy (data not shown). As expected, the CS-MC/GS spec-
trum revealed no differences compared to the CS-MC samples,

2704 | Biomater. Sci,, 2023, 11, 2699-2710

due to both the low GS:CS-MC weight ratio and the overlap-
ping of the N-H and O-H bands of GS and CS.*?

3.3. Sample composition: TGA and the CS : MC weight ratio

TGA was carried out to preliminarily investigate the compo-
sition of the samples and assess their thermal stability. The
TGA curves of all the sample types showed a two-stage weight
loss (Fig. 3). The initial weight reduction occurred due to water
evaporation, whereas the second reduction was due to the
degradation of the polymer backbone.

The CS samples showed a first weight loss stage of ~17% at
113 °C, attributable to the water loss from the polar moieties
of CS molecules.®””®* A second thermal event, starting at
195 °C, was related to the depolymerization of CS chains.®
The MC samples instead showed a first weight loss of ~7% at
100 °C, due to the evaporation of unbound water, followed by
a second thermal event at about 300 °C related to MC degra-
dation, involving the two parallel processes of dehydration and
demethoxylation.®>®® The CS-MC samples showed a thermal
behavior between the two pristine polymers, with faster poly-
meric chain decomposition up to 400 °C compared to pristine

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 TGA curves of the CS, MC, and CS—MC samples.

CS, indicating the presence of MC in the electrodeposited
patches.

Furthermore, the residues of the CS, MC, and CS-MC
samples at 400 °C were 43.91%, 14.75%, and 27.00%, respect-
ively, suggesting that the presence of MC in the CS-MC
samples resulted in lower thermal stability at elevated
temperatures (Table 2) in agreement with the findings of
Khan et al.>®

The exact composition of the CS-MC patches (i.e., the wt%
of CS and MC in the patches) was evaluated by selective MC
dissolution. In fact, MC undergoes fast dissolution in water at
low temperatures (i.e., at T < transition temperature (T;) of
MC).** In this regard, 4 °C is usually the temperature selected
to achieve complete hydration of the MC powder in the water
solution.>**”

Gravimetric analysis revealed a predominant presence of CS
in the patches, with a mean CS fraction of 66.8%. The chemi-
cal composition was further confirmed using a ninhydrin
assay carried out on both CS and CS-MC specimens (ESI 47).

3.4. Swelling and degradation behaviors

Fig. 4 shows the swelling rate (SW) values over time of the CS
and CS-MC samples soaked in artificial saliva (pH = 6.8) at
37 °C.

From these plots, it is possible to notice that the CS-MC
samples showed higher SW values compared to CS. This be-
havior can be attributed to the hydrophilic nature of MC at the
test temperature (37 °C; ie., T < To).>* In this regard, it has
been widely reported that different factors (i.e., physical and
chemical interactions) can contribute to mucoadhesion.®®
Hydrophilic polymers, undergoing significant swelling, can
contribute to the partial dehydration of the mucosal surface at

Table 2 The main thermal parameters obtained from the TGA analysis

Sample type  Ts0 (°C)  Residue, 400 °C (%)  Residue, 600 °C (%)
CS 272.91 43.91 3.71
CS-MC 273.50 27.00 1.45
MC 317.74 14.75 0.00
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Fig. 4 The swelling rate over time for the CS and CS—MC samples in
artificial saliva (T = 37 °C) (*p < 0.05).

the contact area, eventually resulting in strong mucoadhesive-
ness.®® This behavior has been reported when hydrophilic
polymers were added to CS.*

GF values of 92.87 + 4.98 and 91.76 + 0.63 were obtained
after a 24 h soaking period in artificial saliva for the CS and
CS-MC samples, respectively. The GF values obtained are com-
patible with a minor dissolution of CS and MC within the
timeframe of the test due to water penetration into the poly-
meric matrix and the consequent destruction of weak bonds
(e.g., hydrogen and van der Waals bonds). No significant
differences (p > 0.05) in the GF values between the CS and the
CS-MC samples were found, indicating that the addition of
the MC did not affect the water stability of the blend, high-
lighting their potential for application as oral patches.

3.5. Mechanical performance

Uniaxial tensile tests were performed on the swollen patches
of CS and CS-MC soaked in artificial saliva (30 min, T = 37 °C)
before testing. A swelling study at short time points in artificial
saliva was performed to ascertain whether the patches were at
the swelling equilibrium (data not shown). Elongation at break &y,
(%), stress at break o}, (MPa), and Young’s modulus (E) obtained
from the uniaxial tensile tests are presented in Table 3.

CS samples obtained here exhibited mechanical perform-
ances in line with or lower than the porous CS samples
reported in the literature.>>’® However, these differences in
the mechanical properties can be ascribed to the differences
in the CS source, CS solutions, and the selected EPD para-
meters, which determine the structure and porosity of the
patches.

Table 3 Mechanical properties of the CS and CS—MC samples: elonga-
tion at break e, (%), stress at break o, (MPa), and Young's modulus E
(MPa) (**p < 0.05)

Sample type ep (%) o, (MPa) E (MPa)
CS 49.38 + 6.13 0.11 £ 0.04* 0.16 + 0.05*
CS-MC 35.77 £ 7.06 0.01 £ 0.01* 0.04 + 0.01"

Biomater. Sci, 2023, 11, 2699-2710 | 2705
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The CS-MC samples showed a significant reduction in their
mechanical properties compared to the control samples (i.e.,
CS), as o, and E were nearly one order of magnitude lower
than the CS values.

This behavior is consistent with the work of Kanimozhi
et al.”* who studied the effect of MC incorporation in CS-PVA
porous scaffolds, and found that the mechanical properties
(i-e., E, tensile strength, and &) of the wet samples decreased
by increasing the MC concentration. This means that the sig-
nificant decrease in the mechanical properties reported here
may be related to the low mechanical behavior of MC in a
water environment.**

Since the delivery platforms for the oral cavity are not
exposed to significant mechanical loads, the obtained CS-MC
patches were considered suitable for this application. In
addition, the CS-MC samples were stable and did not break
during the test, making them suitable for handling by the
patient.”>”?

Adequate mucoadhesion is essential to guarantee a pro-
longed residence time of the patches in the target site and,
consequently, a prolonged in situ drug release.”* Therefore, the
obtained patches were further tested for mucoadhesive
properties.

Fig. 5 shows the release pressure (c,qn) and the mucoadhe-
sion work (W,an) of both CS and CS-MC samples. The CS-MC
samples exhibited significantly higher o,q4, (0.85 + 0.26 kPa)
and W,qn (1192.28 + 602.36 Pa mm) compared to the CS
control samples (6,gn = 0.42 * 0.22 kPa and W,q, = 343.13 +
268.89 Pa mm) (p < 0.05).

Mucoadhesion is a complex phenomenon that relies on
different mechanisms (i.e., physical and chemical interactions)
taking place at the material-mucus interface.”” The interaction
between CS and mucin has been reported to be primarily due
to electrostatic interactions and supported by other forces,
such as hydrogen bonding and hydrophobic interactions.”® In
particular, electrostatic interactions between positively charged
amino groups of CS and negatively charged sialic acid residues
of mucin play a crucial role in adhesion.”>’® Moreover, the for-
mation of hydrogen bonds between the amine and hydroxyl
groups of CS and the mucus layer present on the mucosa,””””®
together with the hydrophobic interactions between CS
and mucin glycoproteins,”” strengthen the adhesion of the
patch.

The addition of MC increased the mucoadhesion of the
CS-MC samples ex vivo, primarily because of the bioadhesive
nature of MC.”>”%%° Hydrophobic interactions and the hydro-
gen and van der Waals bonds established between non-ionic
MC and porcine buccal mucosa,”® along with the abovemen-
tioned CS-mucin bonds, led to superior mucoadhesive pro-
perties of the CS-MC samples compared with the CS ones.
Comparing the 6,41, showed by the CS-MC samples with the
data found in the literature, MC performance was similar to
that of other adhesive cellulose derivatives. In this regard,
Tejada et al®® developed and characterized mucoadhesive
films based on CS and hydroxypropyl methylcellulose (HPMC).
The observed 6,4y, Were comparable to those of the CS-MC
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Fig. 5 (a) Release pressure (6,qn) and (b) mucoadhesion work (W,qp) for

the CS and CS—MC samples (*p < 0.05).

samples (i.e., 0.81 + 0.12 kPa vs. 0.85 + 0.26 kPa for CS-HPMC
and CS-MC, respectively). Moreover, focusing on the mucoad-
hesion work (W,qp), our CS-MC samples exhibited values com-
parable to the CS films reported by Kharenko et al.?® (i.e., 2086
+ 243 Pa mm vs. 1192.28 + 602.36 Pa mm for the CS and CS-
MC samples, respectively).

To the best of our knowledge, we are the first to demon-
strate the potential of MC as a mucoadhesion-enhancer agent
for patches obtained via EPD. Overall, the produced MC-CS
patches, thanks to their noteworthy adhesive characteristic,
lend themselves well as candidates for the delivery of drugs to
the oral cavity.

3.6. Evaluation of GS loading and release for the CS-MC
patches

GS was selected as a model drug in light of its wide-spectrum
antibiotic activity and extensive use in medical applications via
both parenteral and topical administration.® In EPD proces-
sing, GS has been investigated in coatings for orthopedic
implants, primarily for the treatment/prevention of peripros-
thetic infections.?*®*8% Furthermore, GS has also been
reported for the treatment of infections affecting mucosal
tissues (e.g., oral mucosa® and nasal mucosa®). Thus, the
idea of this work was to combine this information to obtain,
via a one-pot process, GS-loaded patches for the treatment of
infections affecting oral mucosal tissues.

GS loading in the CS-MC/GS patches obtained via EPD was
assessed by a TNBSA assay, and our results showed a GS con-

This journal is © The Royal Society of Chemistry 2023
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centration of 62.1 + 4.5 mg g ' (Wgs/Wcs_mc) in the patches.
Considering that 200 mg of GS was added to the EPD solution
(V=100 mL, [GS] = 2 mg mL™*, [CS-MC] = 1% (w/v)), it can be
concluded that the drug loading efficiency of the EPD process
was ~30%. However, it is not trivial to compare this value with
the literature, mainly because in most studies dealing with the
EPD of GS there is no quantification of antibiotics loaded in
the samples.®”®® However, it was possible to calculate the
amount of GS loaded per cm” of the sample and compare it
with the work of Pishbin et al,”® who quantified the GS
amount in their samples after EPD. The GS loading was 145
and 50 pg cm™> for the work of Pishbin et al. and the present
study, respectively. The lower GS loading could be ascribed to
the different EPD solutions used (CS/bioactive glass/GS vs. CS-
MC/GS), the EPD parameters, and the thickness of the
deposits.

For the CS-MC/GS samples, GS deposition was attributed
to the electrophoretic mobility of the antibiotic. In fact, the
PK, values of the amino groups of GS have been reported to be
in the range of 5.5-9, causing GS to be cationic under the
working pH conditions (i.e., pH = 3.4) and leading to mobility
toward the negatively charged cathode.”>®” Moreover, the
stability of GS has been reported in the 2-10 pH range,*®
further supporting its applicability to the EPD process.

GS release from the CS-MC/GS samples was then assessed
by the TNBSA assay. As shown in Fig. 6, the drug release kine-
tics can be described by a burst release. In particular, about
65% of GS was released within 10 min, while a complete
(~100%) release was achieved 30 min post-soaking. This behav-
ior is compatible with the rapid swelling of the CS-MC samples,
which reached the swelling equilibrium 30 min after immersion
(Fig. 4). It is worth noting that the burst release can be regarded
as an optimal delivery mechanism in many circumstances, such
as for delivery systems with a limited residence time (minutes
to hours).® In our study, the burst release of GS from the
patches allowed an early-stage, high antibiotic bioavailability,
which is promising for the rapid eradication of the infection
and the prevention of antimicrobial resistance.

] | |

754

50

Cumulative GS release (%)
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Fig. 6 The in vitro GS cumulative release (%) profile for the CS-MC/GS
samples.
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3.7. Invitro biological performance

Indirect cytotoxicity tests were carried out on L1929 cells to
evaluate, in a short period of 24 h (that is, the time patches
would be in contact with the buccal mucosa), any possible
cytotoxic effects of the leached substance(s), e.g., GS. It is
worth noting that such tests avoid taking into account some
other issues related to the features of the materials themselves,
for example, the inherent adhesive properties that can vary
among the different materials. Indeed, in our case, direct cyto-
toxicity tests, in which cells are seeded onto biomaterial speci-
mens, might provide unreliable data as both the CS and CS-
MC patches were not stable over time due to the swelling, such
that cell adhesion might be affected. This, in turn, would lead
to underestimation of the cell viability.

Fig. 7 shows that the viability of cells incubated with the
material extracts was always >70%, ruling out any possible
cytotoxic effects of the substance(s) leached from the patch or
from the released GS, following the ISO standard 10993-5:2009
(“Biological evaluation of medical devices—Part 5: Tests for
in vitro cytotoxicity”). Such results are in line with the pub-
lished literature about CS-based patches® and coatings®*
obtained via EPD. As expected, the addition of MC (considered
“Generally recognized as safe (GRAS)” by the U.S. Food and
Drug Administration®” and extensively reported in diverse bio-
medical applications®) resulted in a biomaterial as safe as its
pristine counterpart.

In this study, we also evaluated the antibacterial activity of
the CS-MC/GS patches. It is well known that GS is an amino-
glycoside antibiotic exhibiting wide-spectrum bactericidal
activity, especially against aerobic bacteria and most microor-
ganisms with facultative metabolism.®®> The mode of action of
GS relies on its ability to electrostatically bind with negatively
charged phospholipid head groups and, once it has penetrated
inside the cell, to interfere with protein synthesis.

In this work, we decided to use GS as the loading drug, which,
in comparison with other aminoglycosides, shows lower bacterial
resistance.” Accordingly, in this study, we tested the antibacterial

Hl CS B CS-MC [O CS-MC/GS

100+

Cell viability (%)

0.5 3 24
Elution time (h)

Fig. 7 In vitro indirect cytotoxicity tests. The CS, CS—-MC, and CS-MC/
GS samples were incubated in complete DMEM for different time points
(3, 6, and 24 h). Then, the eluates (material extracts) were tested on the
L929 cells (*p < 0.05).
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activity of the CS-MC/GS patches against both Gram-negative (E.
coli) and Gram-positive (S. aureus) bacterial strains.

As shown in Fig. 8, the eluates obtained from the CS and
CS-MC samples did show low-to-negligible antibacterial
activity against both bacterial strains. This is not surprising as
similar dressings made of pure CS only did not show antibac-
terial effects.’”®>°® Again, the addition of MC did not have any
effect on the microbiological performances of the electrode-
posited patches, as MC does not show inherent antibacterial
properties.”” Interestingly, when the CS-MC patches were
loaded with GS, the resulting materials showed a remarkable
antibacterial activity against E. coli, as ~100% antibacterial
activity was found for every condition (Fig. 8a). Similar results
were found with Gram-positive S. aureus (Fig. 8b), although
the antibacterial activity (%) was lower. This is not surprising
as GS is generally much more effective against Gram-negative
E. coli (MIC = 2 ug mL™")°® as compared to their Gram-positive
counterparts (MIC = 16 pg mL™").%°

More interestingly, our results confirmed a burst release of
the antibiotic already after 0.5 h, which means that the CS-MC/
GS patches are beneficial for elevating the bioavailability of the
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Fig. 8 The antibacterial activity of the eluates (material extracts) against
the (a) Gram-negative (E. coli) and (b) Gram-positive (S. aureus) bacterial
strains. The CS, CS—MC, and CS—-MC/GS samples were incubated with
PBS, and the material extracts (eluates) were collected at 0.5, 3, and 24 h
after incubation (*p < 0.05).
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antibiotic in situ in the early stage of patch adhesion to the
buccal mucosa. This, in turn, may prevent the onset of the bac-
terial infection in the site of interest as well as biofilm formation,
while avoiding bacterial adhesion and subsequent colonization.

4. Conclusions

In this study, we disclosed the possibility of obtaining novel
mucoadhesive patches with broad antibacterial activity via a
one-pot EPD process. The non-trivial co-deposition of posi-
tively charged CS and neutral MC was achieved, thanks to the
establishment of weak interactions between the two polymers,
and then exploiting CS migration towards the cathode region
as a driving force. Moreover, GS was added to the electrolyte,
and a one-pot EPD process of CS-MC/GS patches was achieved.
The presence of MC endowed the CS-MC samples with
superior mucoadhesive behavior, while GS ensured broad anti-
bacterial activity on the selected bacterial strains (E. coli and
S. aureus). Overall, these results disclose the CS-MC/GS
patches as potential mucoadhesive delivery systems to treat
bacterial infections affecting the oral cavity.
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