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ABSTRACT

Thiolated chitosan/PMLA nanoparticles, featuring cysteine conjugation, were synthesized to serve as a
sophisticated nano-level drug transportation system aimed at eradicating Helicobacter pylori. This bacterium
notably expresses a membrane protein for importing urea in the cytoplasm and aids in supplying ammonia for
its protection within the acidic stomach environment. In this research endeavor, a novel cysteine-amalgamated
derivative of chitosan, termed Cys-CS, was designed and synthesized. This derivative was specifically tailored to
possess mucoadhesive and anticoagulant properties, thereby facilitating its incorporation into multifunctional
nanoparticles. The optimized technique allowed for the preparation of nanoparticles with the primary goal of
encapsulating amoxicillin. The experimental findings revealed that antibiotic-loaded nanoparticles exhibited
favorable pH-susceptible characteristics, effectively delaying the release of amoxicillin within the gastric acid
milieu. This property enabled the precise delivery and targeting of the drug to Helicobacter pylori within its
survival niche. Comparatively, when contrasted with unmodified antibiotic-nanoparticles conjugate, the
antibiotic-loaded nanoparticles exhibited remarkable inhibition of Helicobacter pylori growth. The findings
emphasize the significant promise of nanoparticles loaded with antibiotics for the efficient management of H.
pylori infections.
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I. INTRODUCTION

The 21st Century has been marked by various environmental turmoil and threats [1, 2, 3]. Among those,
antibiotic resistance is considered a serious threat [4, 5, 6]. H. pylori known for its colonization of the human
gastric mucosa, has been extensively involved as a significant etiological factor of peptic ulcer disease and
gastric carcinoma. This microorganism secretes urease, an enzymatic substance capable of hydrolyzing urea
into ammonia and bicarbonate, serving the specific purpose of neutralizing the highly acidic pH within the
gastric milieu. Consequently, the naturally low pH range (1-3) in the stomach can be raised (4-7.5) [7].

The management of H. pylori infection represents a multifaceted challenge. Multiple therapy, a combination of
dual antibiotics (metronidazole, clarithromycin, or amoxicillin) along with a proton pump inhibitor (PPI), has
been frequently explored. While antibacterial therapy plays a pivotal role in H. pylori eradication, the clinical
utility of this approach is constrained by several inherent limitations. The rapid and extensive degradation of
antimicrobial agents within the harsh acidic environment of the stomach (pH 1.2) results in inadequate drug
concentrations within the gastric mucosa (pH 5.5 - 6) [8, 9, 10].

Chitosan is a naturally occurring cationic polymer derived from the N-deacetylation of chitin (2-acetamido-2-
deoxy-B-D-glucan). Current investigations unveiled capacity of chitosan along its derivatives to augment the
firmness of therapeutic vehicles against degradation in the gastric acid milieu, primarily attributed to their
prolonged residence time within the gastrointestinal tract. Thiomer-loaded nanoparticles, part of mucoadhesive
drug delivery systems, possess reactive thiol groups that enable prolonged adhesion to the mucus layer through
covalent bonding with mucin glycoproteins. This interaction establishes steep drug concentration gradients,
enhancing permeation at absorption sites [11, 12].
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Extensively studied for their antibacterial properties, synthetic polymers, and host defense peptides feature
cationic and amphiphilic structures. They aim to disrupt bacterial membranes via electrostatic interactions,
integrated into the lipid domain, minimizing the risk of bacterial resistance. Peptides face challenges related to
scale-up, susceptibility to enzymatic degradation, and poorly defined pharmacokinetics. Synthetic polymers
encounter issues regarding biocompatibility and biodegradability. These issues may be resolved by developing
amphiphilic polymers, like poly (malic acid) (PMLA). PMLA exhibits distinctive attributes, including water
solubility, biodegradability, biocompatibility, non-toxicity, non-immunogenicity, and a renewable raw material
source. The use of process optimization also plays a critical aspect in this regard [13, 14, 15, 16, 17, 18].

In addressing challenges posed by H. pylori infection, the investigation employed thiolated chitosan (Cys-CS)
and (PMLA) to fabricate pH-responsive nanoparticles, strategically designed with mucoadhesive and
anticoagulant features. This innovative method includes the encapsulation of low molecular weight antibiotics,
facilitating targeted adhesion to the gastric mucosa and penetration into the mucus layer at sites of H. pylori
infection. The hypothesis underlying this formulation revolves around several pivotal functions, including the
safeguarding of the drug against gastric acid-induced degradation, promotion of adherence to the gastric
mucosa, extension of stomach residence time, and facilitation of mucous layer penetration. Upon reaching the
site of infection, these nanoparticles exhibit pH sensitivity, undergoing disintegration and thereby releasing the
drug locally to target H. pylori at an elevated bacterial concentration [19, 20, 21].

In pursuit of an enhanced and highly targeted system for H. pylori eradication, this research endeavors to
synthesize a cysteine-coupled chitosan derivative (Cys-CS) via amide bond formation. The successful synthesis
of Cys-CS was confirmed through comprehensive characterization by 'H-NMR and FTIR spectroscopy. Their
properties were elucidated through a battery of analytical techniques, FT-IR spectroscopy, DLS, and TEM. The
study also examined amoxicillin release from nanoparticles, tested inhibitory effects on H. pylori, and assessed
the efficacy on AGS cells [22].

II. MATERIAL AND METHODS
2.1 Materials:

All the chemicals and reagents used in this study were of analytical grades and procured from Nice Chemicals
Pvt. Ltd. (Kerala, India). All the microorganisms used in this study were obtained from ATCC.

2.2 Fabrication of Cys-CS conjugates:

Chitosan (CS) was modified with cysteine (Cys) through amide bond formation using EDAC/NHS. A solution
containing 200 mg CS, and 400 mg Cys, and adjusted to pH 5.0 underwent a 5-hour reaction, followed by
dialysis with HCI (pH 5.0+0.1) for 120 hours. [23].

2.3 Preparation of nanoparticles:

Cys-CS/PMLA and chitosan/PMLA nanoparticles were synthesized through ionic gelation at room temperature
with continuous magnetic stirring. Cys-CS solutions (0.6 - 3.0 mg/mL) were prepared in 1% acetic acid adjusted
to pH 4.5. PMLA solutions (0.33 - 1.67 mg/mL) were combined with Cys-CS using a flush mixing technique,
creating nanoparticles at varied weight ratios (2:1 - 6:1). The resulting solutions were standardized to pH 5.5
and stirred for half an hour. DLS assessed particle size, while zeta potential was measured with a Malvern
Zetasizer. Variations in pH (1.2, 6.0, and 7.0) were tested. Nanoparticle morphology was confirmed via
Transmission Electron Microscopy in the Netherlands, utilizing a stained suspension on copper grids observed
under transmission electron microscopy after drying for 10 minutes [24, 25].

2.4 Mucoadhesion studies with mucin:

For the mucoadhesive study equal volumes of mucin solution (0.4 mg/mL), Chitosan/PMLA Nps, and Cys-
CS/PMLA Nps were vortexed for 1 min and the zeta potential of the mixtures was measured by the Malvern
zetasizer USA.

2.5 Release profiles of amoxicillin-loaded nanoparticles:

Antibiotic-loaded nanoparticles, including amoxicillin-chitosan/PMLA Nps and amoxicillin-Cys-CS/PMLA Nps,
were synthesized by combining amoxicillin (3 mg/mL) with PMLA (1 mg/mL, pH 7.4) and chitosan or Cys-CS
solution in 1% acetic acid (1.8 mg/mL, pH 4.5). The mixture was stirred at room temperature for 30 minutes.
Amoxicillin loading efficiency was quantified by centrifuging the solution at 30,000 r.p.m. for 45 minutes at 4.5
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°C, and UV-Vis spectroscopy determined free amoxicillin concentration at 272 nm. Release profiles in simulated
gastric media (pH 1.2, 6.0, and 7.0) at 37 °C were examined, withdrawing 4 mL at intervals and replenishing
with fresh medium. Cumulative amoxicillin release was calculated based on a standard curve [26, 27].

2.6 In vitro growth inhibition study of amoxicillin-loaded nanoparticles against H. pylori

The H. pylori bacterial strain sourced from the ATCC was cultivated on blood agar plates in microaerophilic
conditions at 37 °C for 2-3 days. Colonies were harvested, and combined in Hank's Balanced Salt Solution
(HBSS, pH 6.0), achieving an OD590 of 1.0 (1076 CFU/mL) via UV-Vis spectroscopy. To assess amoxicillin-
loaded nanoparticles' impact on H. pylori growth, a bacterial suspension faced nanoparticles (0.5 pg/mL
amoxicillin) for 6, 12, and 24 hours. OD590 measured growth inhibition, quantifying antibacterial activity
compared to HBSS-treated H. pylori, following the method in the provided literature [28].

2.7 In vitro cytotoxicity of amoxicillin-loaded nanoparticles:

Cytotoxicity evaluations of amoxicillin-chitosan/PMLA or amoxicillin-Cys-CS/PMLA nanoparticles were
conducted using the MTT assay with AGS cells obtained from ATCC. Cells cultured in DMEM with 10% FBS,
penicillin, and streptomycin were maintained at 37 °C with 5% CO2. After detachment, cells were subcultured
and used for cytotoxicity assessments. The MTT assay, relying on mitochondrial dehydrogenase activity,
involved seeding 1 x 10”5 cells/mL in 96-well plates. Amoxicillin-loaded nanoparticles (0.2-1.0 mg/mL) were
added, and after 24 hours, MTT solution was applied, followed by DMSO for solubilization. Absorbance was
measured at 490 nm using a microplate reader with quintuplicate samples for each test and control [23].

2.8 Statistical Analysis:

Assays were performed at least thrice on separate occasions. Results show mean * standard deviation.
Significance at p < 0.01.

II1. RESULTS AND DISCUSSION
3.1 Cysteine conjugated chitosan Synthesis:
In nanoparticle synthesis, electrostatic interactions between chitosan's C-2 amino groups and PMLA's carboxyl
groups play a crucial role. To explore the effects of reducing free amino groups on nanoparticle properties and
drug release, and improve chitosan permeability, we investigated incorporating cysteine (Cys) at the C-2 amino
position via amide bonding, yielding Cys-CS. [29].
Cys-CS conjugates were synthesized by chemically modifying chitosan with cysteine (Cys) through amide bond
formation between chitosan's free primary amino groups (CS) and cysteine's carboxyl groups. EDAC/NHS
coupling agents facilitated the reaction. Cysteine's carboxyl group, pre-activated using EDAC and NHS, reacted
with chitosan, yielding the desired product. After lyophilization, the resulting Cys-CS conjugate appeared as a
white to pale yellow, odorless powder with a fibrous structure and demonstrated solubility across a broad pH
range from 2.0 [23].

Additionally, the 1H NMR spectra confirmed the conjugation, with chitosan (CS) proton assignments: §1.91 =
CH3 (acetyl group), 62.88 = CH (carbon 2), §63.5-3.8 = CH + CH2 (carbons 3-6), and 64.6 = CH (carbon 1).
Notably, Cys-CS showed a distinct peak at §3.04, indicating methylene linkages. The appearance of this peak at
63.04, absent in chitosan, indicated successful thiol group linkage, providing conclusive evidence of amide
linkages in Cys-CS (Figure 2) [30].
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Figure 1. FT-IR spectra were obtained for (a) cysteine, (b) chitosan, (c) conjugates of cysteine and chitosan
(Cys-CS), (d) poly(malic acid) (PMLA), and (e) nanoparticles composed of cysteine-chitosan conjugates and
poly(malic acid) (Cys-CS/PMLA).
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Figure 2. 1HNMR spectra of (a) chitosan and (b) cysteine conjugated chitosan Cys-CS.
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3.2 Chitosan Nanoparticles: Preparation and Characterization:

Chitosan/PMLA and Cys-CS/PMLA nanoparticles were created using the ionic gelation method, leveraging
electrostatic interaction between positively charged Cys-CS and negatively charged PMLA. Figures 3A and 3B
depict the impact of various Cys-CS/PMLA weight ratios on particle size and zeta potential [31].

The results clearly showed that the smallest particle size occurred with a Cys-CS/PMLA weight ratio of 3:1, as
shown in Figure 3A. Interestingly, as the ratio increased, Cys-CS/PMLA nanoparticles significantly increased in
size compared to chitosan/PMLA nanoparticles. This is attributed to the excess Cys-CS leading to hydrophobic
segment aggregation, resulting in larger particles [32].

The findings indicated the smallest particle size at a 3:1 Cys-CS/PMLA weight ratio, seen in Figure 3A. As the
ratio increased, Cys-CS/PMLA particles grew larger than chitosan/PMLA.

Moreover, the concentration of the chitosan derivative, Cys-CS, significantly influenced particle size and zeta
potential. Increasing Cys-CS from 0.6 to 3.0 mg/mL resulted in a noteworthy size increase at the 3:1 Cys-
CS/PMLA ratio, as shown in Figure 3C. Interestingly, the size of Cys-CS/PMLA nanoparticles substantially rose at
3.0 mg/mL due to the partial conjugation of the C2 free amine group of chitosan with cysteine. This reduced the
positive charge of chitosan, diminishing electrostatic interactions between Cys-CS and PMLA. In contrast, the
zeta potential was minimally affected by Cys-CS concentration, maintaining a positive range of 21.47 to 29.76
mV, facilitating adhesion to negatively charged bacterial surfaces (Figure 3D). [23].
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Figure 3: Influence of Cys-CS/PMLA weight ratio and Cys-CS concentration on particle size (a, c) and surface
charge (b, d) at pH 5.5, determined using dynamic light scattering.
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Building upon the mentioned results, the optimal conditions for preparing Cys-CS/PMLA nanoparticles were
chosen as a 3:1 weight ratio and a 1.8 mg/mL Cys-CS concentration. Additionally, it's crucial to note that pH
significantly affects drug release kinetics and nanoparticle stability in the gastric environment. Therefore, the
behavior of Cys-CS/PMLA nanoparticles was examined under different pH conditions, and corresponding
particle size and zeta potential data are illustrated in Figure 4 and Table 1.

pH 1.2 pH 6.0 pH 7.0
=
- .
. -
Fodarts 200=m ‘

Figure 4: TEM images of the Cys-CS/PMLA nanoparticles.

Building upon the mentioned results, the optimal conditions for preparing Cys-CS/PMLA nanoparticles were
chosen as a 3:1 weight ratio and a 1.8 mg/mL Cys-CS concentration. Additionally, it's crucial to note that pH
significantly affects drug release kinetics and nanoparticle stability in the gastric environment. Therefore, the
behavior of Cys-CS/PMLA nanoparticles was examined under different pH conditions, and corresponding

particle size and zeta potential data are illustrated in Figure 4 and Table 1 [33].

Table 1: Effect of pH on various factors of Cys-CS/PMLA nanoparticles.

pH Particle Size PDI Zeta Potential (mV)
1.2 188.42 + 6.40 0.32+0.02 21.16 £ 0.22
6.0 242.48 £17.92 0.28 +0.02 18.34 £ 0.20
7.0 918.28 +15.23 0.46 + 0.03 17.56 £ 0.31

3.3 Invitro release profiles of amoxicillin-loaded nanoparticles:

In drug loading trials, amoxicillin-loaded Cys-CS/PMLA nanoparticles showed a size of 223.7 + 3.2 nm and a
zeta potential of 19.4 =+ 0.2 mV, with 27.4 = 3.5% loading efficiency. Compared to chitosan/PMLA nanoparticles
(185.5 = 3.6 nm, zeta potential 18.8 + 0.3 mV, 29.7 = 2.6% loading efficiency), amoxicillin-Cys-CS/PMLA
nanoparticles closely resembled these characteristics (Table 2) [23].

Figure 5 depicts amoxicillin release profiles from nanoparticles at different pH levels over 12 hours. Both
amoxicillin-chitosan/PMLA (Figure 7A) and amoxicillin-Cys-CS/PMLA nanoparticles (Figure 5B) exhibit pH-
sensitive behavior. They show restrained release at pH 1.2 and more complete, sustained release at pH 6.0 and
pH 7.0. The increased release at alkaline conditions is attributed to reduced electrostatic interactions between
Cys-CS and PMLA. At higher pH values, weaker electrostatic associations lead to less stable nanoparticles,
evidenced by larger or distorted particle sizes [34].

To replicate stomach pH variations, the release profile was studied in pH 1.2 for 2 hours, adjusted to pH 6.0 for 2
hours, and maintained at pH 7.0 for 8 hours (Figure 5C). Even with dynamic pH changes, amoxicillin maintained
favorable pH-sensitive behavior, preventing premature release in gastric acid and facilitating effective drug
delivery to Helicobacter pylori survival zones.

Table 2: Physicochemical characteristics of amoxicillin-Cys-CS/PMLA nanoparticles and amoxicillin-
chitosan/PMLA nanoparticles

Conjugate Description Particle Size (mm) Zeta- Potential (mV) L.E. (%)
Amoxicillin-Cys-CS/PMLA 218.47 +1.32 18.56 + 0.92 27.21+ 145
NanoParticles

Amoxicillin-chitosan/
PMLA NanoParticles

178.44 + 1.63 17.24+£0.18 32.14£1.86
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Figure 5: Amoxicillin release rates at varied pH values were studied for amoxicillin-chitosan/PMLA
nanoparticles (a) and amoxicillin-Cys-CS/PMLA nanoparticles (b). Additionally, the nanoparticles underwent
pH changes (c) at 37 £ 1 °C, including pH 1.2 for 2 hours, pH 6.0 for 2 hours, and pH 7.0 for 8 hours.
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3.4 Growth inhibition against H. pylori:

Figure 6A illustrates the percentage of growth inhibition of H. pylori following treatment with amoxicillin-
loaded nanoparticles—amoxicillin-chitosan/PMLA and amoxicillin-Cys-CS/PMLA, both at an amoxicillin
concentration of 0.5 pg/mL. Blank nanoparticles (without amoxicillin) data are also presented over time
intervals (6, 12, and 24 hours).

The figure reveals several key observations:

e Blank Nanoparticles: Neither type of blank nanoparticles, devoid of amoxicillin, inhibited H. pylori growth
even after 24 hours, indicating no adverse impact on bacterial proliferation.

e Time-Dependent Inhibition: Growth inhibition of H. pylori increased gradually over the tested time intervals.

e Amoxicillin-Cys-CS/PMLA  Superiority: Amoxicillin-Cys-CS/PMLA nanoparticles, featuring cysteine-
conjugated chitosan, exhibited significantly superior growth inhibitory activity against H. pylori compared to
equivalent amoxicillin-chitosan/PMLA nanoparticles.

e Direct Interaction: Amoxicillin-Cys-CS/PMLA nanoparticles, with a positive surface charge, exhibited
enhanced direct interaction with H. pylori. After 6 hours, they achieved a 48.62% growth inhibition,
surpassing amoxicillin-chitosan/PMLA nanoparticles. After 24 hours, the inhibition reached 77.1%,
emphasizing their heightened efficacy [35].
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Figure 6: a) H. pylori growth inhibition percentages for various amoxicillin-loaded nanoparticles and their
blank counterparts at defined time intervals (n = 3). ##p < 0.01 for blank nanoparticles vs. untreated group or
amoxicillin-loaded nanoparticles vs. blank nanoparticles, #xp < 0.01 compared to amoxicillin-chitosan/PMLA
nanoparticles. (b) Cell viability post-treatment with amoxicillin-loaded Cys-CS/PMLA and amoxicillin-loaded

CS/PMLA NPs at specific times, assessed via MTT assay.
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3.5 Cytotoxicity of synthesized nanoparticles:

Using the MTT assay, cytotoxicity of different concentrations of amoxicillin-loaded Cys-CS/PMLA and
chitosan/PMLA nanoparticles was evaluated. Viability remained unaffected below 0.8 mg/mL, with a slight
decrease at concentrations above 1.0 mg/mL (Figure 6B).

Moreover, no statistically significant difference in overall cell survival was observed between chitosan/PMLA
and Cys-CS/PMLA nanoparticles. These results collectively indicate that Cys-CS, even after chemical
modification, maintains safety and lacks cytotoxicity. In summary, MTT assay results confirm the
biocompatibility of both nanoparticle types at lower concentrations, highlighting the safety of cysteine-
conjugated chitosan derivative, Cys-CS, for biomedical applications [23].

IV.  CONCLUSION

In this investigation, we designed Cys-CS/PMLA nanoparticles using a synthetic cysteine-conjugated chitosan
derivative, employing a straightforward ionic gelation method. Our results unequivocally demonstrated pH-
sensitive release and drug-loading efficiency comparable to other formulations. Our mucoadhesive experiments
provided strong evidence of excellent mucoadhesive properties attributed to intermolecular interactions, such
as disulfide bonds, with mucin layer glycoproteins. Investigations into Helicobacter pylori growth inhibition
affirmed Cys-CS/PMLA nanoparticles' ability to effectively deliver amoxicillin, facilitating targeted and efficient
eradication. This development offers novel insights into pH-sensitive cysteine-conjugated nanocarriers,
promising for oral drug delivery, specifically targeting Helicobacter pylori and enhancing local drug
bioavailability. In conclusion, this study successfully designed Cys-CS/PMLA nanoparticles, opening avenues for
innovative pH-sensitive nanocarriers to improve Helicobacter pylori treatment effectiveness.
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