International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Antibacterial Activity of Chitosan Nanoparticles
Against Pathogenic N. gonorrhoea

Fulwah Alqahtani®'*
Fadilah Aleanizy ®"*
Eram El Tahir®'
Hiba Alhabib'

Raghad Alsaif'

Gamal Shazly'?
Hajar AlQahtani®?
Ibrahim Alsarra

Jafar Mahdavi*

'Department of Pharmaceutics, College
of Pharmacy, King Saud University,
Riyadh, Saudi Arabia; 2Department of
Industrial Pharmacy, Faculty of Pharmacy,
Assiut University, Assiut, Egypt;
3Department of Pharmacy Services, King
Abdul-Aziz Medical City, Ministry of
National Guard, Health Affairs, Riyadh,
Saudi Arabia; “School of Life Sciences,
Centre for Biomolecular Sciences,
University of Nottingham, University
Park, Nottingham, UK

*These authors contributed equally to
this work

Correspondence: Fulwah Algahtani
Department of Pharmaceutics, College of
Pharmacy, King Saud University, PO. Box:
22452, Riyadh 11495, Saudi Arabia

Tel +966-11-8051478

Email fyalqahtani@ksu.edu.sa

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Purpose: The emergence of Neisseria gonorrhoeae strains that are resistant to the most
commonly used antibiotics represents a great concern for global public health. This chal-
lenges the effectiveness of clinical treatment regimens and demands the development of
alternative antigonococcal agent. In this regard, chitosan nanoparticles (CNPs) are known to
have antimicrobial activity against a wide range of pathogens. Thus, they have become
a potential candidate for combatting this era of multi-drug resistance. This study aims to
formulate CNPs, characterize their physicochemical properties, and examine their antimi-
crobial activity against gonococcus.

Materials and Methods: The ionic gelation method was used to prepare CNPs of different
concentrations. Characterization for their particle size (PZ), polydispersity index (PDI), and
zeta potential (ZP) was performed. The anti-microbial activity of CNPs was investigated
against 13 WHO N. gonorrhoeae reference strains, using the broth dilution method.
Cytotoxicity of CNPs and their effect on bacterial adhesion to HeLa cells were investigated.
Results: The average PZ and ZP of the prepared NPs were increased when the concentration
of chitosan was increased from 1 to 5 mg/mL and found to be in the range of 193 nm + 1.9 to
530 nm + 13.3, and 14 mV + 0.5 to 20 mV =+ 1, respectively. Transmission electron micro-
scopes (TEM) images revealed spherical NPs, and the NPs had a low PDI value of <0.27. The
formed CNPs produced antibacterial activity against all tested strains, including those resistant
to multiple antibiotics, with a minimum inhibitory concentration (MICqg) of 0.16 to 0.31 mg/
mL and a minimum bactericidal concentration (MBC) of 0.31 to 0.61 mg/mL. Of note, at all
MICyy and MBC, the CNPs had no significant cytotoxic effect on HeLa cells and reduced
bacterial adhesion to these cells at MBC doses.

Conclusion: The present work findings suggest the potential of the CNPs for the treatment
of gonorrhoea.

Keywords: N. gonorrhoeae, chitosan nanoparticles, antimicrobial, adhesion

Introduction

N. gonorrhoeae, the gonococcus (GC), is a Gram-negative bacterium which strictly
infects humans. N. gonorrhoeae causes gonorrhea which is considered one of the most
common sexually transmitted infections (STI), with an estimated number of
106 million new infections annually worldwide.' It colonizes the mucosal tissues of
the endocervix, pharynx, urethra, rectum, and conjunctiva. It can be transferred to the
upper genital tract, leading to pelvic inflammatory disease (PID) in women.> As
a complication of PID, in rare cases, the gonococcal infection can cause sterility in
men and infertility in women.” Approximately 80% of gonococcal infections in women

are asymptomatic’ which is seen to a lesser extent in men.** For the past 70 to 80 years,
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gonorrhea has been treated successfully through the use of
antimicrobials. However, the high prevalence of resistant
gonococcal strains, to both the majority of previously used
antimicrobials and current treatments such as sulfonamides,
penicillins, earlier cephalosporins, tetracyclines, macrolides,
and fluoroquinolones was detected internationally.”® The
emergence of gonococcal strains that exhibit a high level of
antibiotic resistance has raised great concern globally, lead-
ing to the development of global, regional, and national
action/response plans’ '> and an increased number of
publications.**!>'5 In the United States,'® the United
Kingdom,'” and all over Europe,'® recommendations to use
dual-antimicrobial therapy, ie mainly ceftriaxone and azi-
thromycin, to overcome the development of resistance
against monotherapy have been introduced.'” However,
rather alarmingly, initial reports have identified strains that
are resistant to both ceftriaxone and azithromycin.”® This
rapid increase in antibiotic resistance emphasises the neces-
sity of identifying new antimicrobials that work against
N. gonorrhoeae.

Chitosan (Cs) has demonstrated a wide spectrum of anti-
microbial activity against Gram-positive and Gram-negative
bacteria.”'** Chitosan is a linear polysaccharide polymer
composed of B-(1-4)-linked N-acetyl-D-glucosamine.> Tt is
derived from partial or total deacetylation of chitin.*"** The
US Food and Drug Administration has recognized shrimp-
derived chitosan as being generally safe*® for general use in
foods.? Chitosan has also been approved as a food additive
in Japan and South Korea since 1983 and 1995,
respectively.?

The antimicrobial activity of chitosan has been
explained by different theories; however, the exact
mechanisms are still unknown.?'**?” Intracellular leak-
age, in which the positively charged chitosan binds to
negatively charged bacterial surfaces such as lipopolysac-
charides (LPS), is among these theories.”'*>*’ This bind-
ing has led to the alteration of the bacterial membrane
permeability, causing leakage of intracellular constituents
and cell death.>'*>*” Chitosan nanoparticles (CNPs) pro-
duced higher antimicrobial activity against a wide range of
fungi, Gram-positive, and Gram-negative bacteria when
compared with chitosan.”® ' This suggests that there is
potential for CNPs to act as an antimicrobial against
pathogens such as gonococcus. Therefore, this study
aims to formulate chitosan nanoparticles (CNPs), charac-
terise their physicochemical properties, and examine their
antimicrobial activity against N. gonorrhoeae.

Table 1 Gonococcal Isolates Used in the Current Study

N. gonorrhoea | Name Description References

Strains

NCTC 13,477 WHO F Sensitive to [34]
azithromycin,
ceftriaxone, and

ciprofloxacin

NCTC 13,478 WHO G | Sensitive to [34]
azithromycin and
ceftriaxone
Low-level resistant

to ciprofloxacin

NCTC 13,479 WHO K | Sensitive to [34]
azithromycin and
ceftriaxone
High-level resistant

to ciprofloxacin

NCTC 13,480 WHO L Intermediate [34]
resistant to
azithromycin
Low-level resistant
to ceftriaxone
High-level resistant

to ciprofloxacin

NCTC 13,482 WHO N | Sensitive to [34]
azithromycin and
ceftriaxone
Resistant to

ciprofloxacin

NCTC 13,483 WHO O | Sensitive to [34]
azithromycin and
ceftriaxone
Resistant to

ciprofloxacin

NCTC 13,484 WHO P | Sensitive to [34]
ceftriaxone and
ciprofloxacin
Resistant to

azithromycin

NCTC 14,208 WHO Q | High-level resistant [20]
to azithromycin,
ceftriaxone and

ciprofloxacin

NCTC 13,817 WHO U | Sensitive to [34]
ceftriaxone and
ciprofloxacin
Resistant to

azithromycin

(Continued)
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Table | (Continued).

N. gonorrhoea | Name Description References

Strains

NCTCI3818 WHO V | Sensitive to [34]
ceftriaxone
High-level
azithromycin and
ciprofloxacin-

resistant

NCTCI13820 WHO X | Intermediate [34]
susceptibility to
azithromycin
High-level
ceftriaxone and
ciprofloxacin

resistant

NCTC 13,822 WHO Z | Resistant to [34]
azithromycin
Low-level resistant
to ceftriaxone
High-level resistant

to ciprofloxacin

NCTC 12,700 ATCC
49,226

reference

Standard | Sensitive to

strain azithromycin,
ceftriaxone and

strains

ciprofloxacin

Materials and Methods

Materials

Low molecular weight chitosan (LMW, 50-190 kDa,
Degree of deacetylation; DD = 75-85%), tripolyphosphate
(TPP), and acetic acid were purchased from Sigma-
Aldrich (St Louis, USA). Gonococcus medium (GC)
agar, supplemented with 1% IsoVitale X and gonococcus
broth medium (GCP) were obtained from (Difco). All the
other solvents and chemicals were of analytical grade.
Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and antibiotic-antimycotic solution
were obtained from Gibco (NY, USA).

Preparation of the CNPs

The CNPs were prepared using the ionic gelation method
as described previously, with minor modifications.****
Solutions of LMW chitosan were prepared at concentra-
tions of 1, 2.5 and 5 mg/mL by dissolving 0.01, 0.025 and
0.05 g, respectively, of chitosan in 10 mL of 1% v/v acetic

acid. A volume of 1 mL of 0.1% w/v TPP solution was

added to 4 mL of chitosan solution under continuous
magnetic stirring at 800 rpm for 1 hr and the nanoparticles
were formed spontaneously. Then, the nanoparticle solu-
tion was centrifuged at 10,000 x g for 20 min and the
retrieved nanoparticles were suspended in distilled water
and subsequently centrifuged to wash twice. Eventually,
the CNPs were reconstituted in deionized distilled water
for further characterization and experiments and stored at
4°C.

Characterization of Particle Size

The particle size, polydispersity index (PDI), and zeta
potential were measured using dynamic light scattering
with a Zeta sizer (Particle Sizing Systems, Port Richey,
FL, USA). All measurements were performed in triplicate
and reported as the means + standard deviation (SD). The
NPs morphology was examined using the Tecnai transmis-
sion electron microscope (TEM) (OR, USA).

Bacterial Strains and Growth Conditions

A control strain of N. gonorrhoeae NCTC 12,700 and 12
WHO N. gonorrhoeae reference strains described in Table 1,
were obtained from Public Health England (PHE) and grown

A
6007 . = CNPs/ pgm
mm CNPs;5mgmi
T CNPs5 g/
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Figure | Particle size, polydispersity index, and zeta potential of formulated CNPs.
Particle size (A), polydispersity index and zeta potential (B) Values are means + SD
of at least three experiments (n=3). *Significant different (P < 0.05) between group
of each concentration.
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overnight in GC agar or GCB broth at 37°C in 5% CO, and
subsequently used in the antimicrobial testing.

Antimicrobial Assay

Broth microdilution assays were used to determine the
minimal inhibitory concentration of 90 (MICq), and the
minimal bactericidal concentration (MBC) of the CNPs.
The CNPs were briefly diluted in GCB broth medium in
which the pH of the broth was adjusted to <6 in stan-
dard Bioscreen C 100 well microtiter plates (Labsystems
Oy, Helsinki, Finland). Microtiter plates were prepared
using serial twofold dilutions of the CNPs (concentra-
tion ranging from 2.5mg/mL to 0.016 mg/mL with
a total volume of 100 pL) in the respective media. To
prepare the inoculum, all of the bacterial cell suspen-
sions were adjusted to McFarland 0.5 (1-2 x 10* cfu/
mL). The suspension was further diluted, to provide
a final inoculum density of 510° cfu/mL in the wells
of the microdilution panels. The plates were incubated
for 16 hours at 37°C and 5% CO,. After 18 hours of
incubation, the optical density (OD) of the bacterial
growth was recorded and the MICy, was calculated.
Sub-culturing of the incubated bacteria on the GC agar
was performed to calculate MBC. The OD reading of
each concentration of tested NPs and GCB medium
alone were subtracted from OD of the wells inoculated
with bacteria to eliminate the background. The MICy,
was defined as the minimal inhibitory concentration of
the CNPs that reduces bacterial growth by 90%, and the
MBC was defined as the lowest concentration of the
CNPs that inhibited bacterial growth.

Cell Viability Analysis

The cytotoxicity of the CNPs was investigated using
Alamar Blue as previously described.® Briefly, HeLa
(human cervical cancer epithelial cells) were obtained
from American Type Culture Collection (ATCC CCL-2)
and seeded in 24 wells in DMEM media supplemented
with 10% FBS, and 1% antibiotic-antimycotic overnight,
until 70% to 90% confluency had been reached. Then, the
cells were treated with the CNPs (2.5-0.016 mg/mL, for
24 and 48 hours). After experimental treatment, the cell
media was replaced and Alamar blue was added to the
cells at 10% for each well and the cells were incubated for
2—4 hours at 37° C, 5% CO,. Then, fluorescence was
recorded at 550 excitations and 590 emission wavelengths
using SpectraMax M5 (California, United States). The

viability of the cells was expressed in comparison to non-
treated cells as follows:

Cell Viability(%)

Fluorescence of cells treated with CNPs
= x100

Fluorescence of cells non treated

Adhesion Assay

The adhesion assay was carried out using non-confluent
(40%) HELA cells as reported from the previous study.*
Previously tested gonococcal strains were resuspended in
DMEM and added to the cells at a multiplicity of infection
(M.O.L.) of 100. Then, the bacteria were allowed to adhere
for 2 hr at 37°C and 5% CO2. The cells were later washed
three times with PBS and treated with 1% saponin for 5
minutes and subsequently serially diluted, spread on GC
plates and incubated overnight at 37°C and 5% CO2. The
next day, any colony-forming units were counted.

Statistical Analysis

The data were presented as the mean + standard deviation
(SD). Analysis of the data was performed using (GraphPad
Prism version 8.0.0 for macOS Software, Inc) with two-
tailed Student’s #-test and one-way analysis of variance
(ANOVA) where appropriate. A p-value of less than 0.05
was considered significant.

Results
Characterization and Morphology of the
Prepared CNPs

In the current study, the ionic gelation method was used to
prepare various CNP formulations using LMW chitosan in
different concentrations to investigate their antimicrobial
activity against N. gonorrhoea. As shown in Figure 1, the
average particle size and zeta potential of the prepared
NPs increased significantly when chitosan the concentra-
tion increased from 1 to 5 mg/mL (p< 0.0036). The
Nanoparticles prepared from Cs at concentration 1 mg/mL
(CNPs; mgmr) exhibited the smallest particle size (192.8
nm + 1.86) and zeta potential (13.6 mV £ 0.52). When the
Cs concentration was increased to 2 mg/mL, the particle
size and zeta potential of the prepared CNPs,s mg/mL
increased to 276.2 nm + 9.14 and 17.9 mV =+ 1.14, respec-
tively. The CNPs prepared from 5 mg/mL Cs concentra-
tion CNPss ,g/mr. produced the largest particle size (530
nm =+ 13.13) and the highest zeta potential (20.6 mV +
1.04). All of the NPs displayed a narrow size distribution
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Figure 2 TEM images and particle size distribution of formulated CNPs. Images represent CNPs; gmi (A), CNPs3 5 mg/mi (B), and CNPss /i (C).

with low PDI values (<0.27) revealing the high homoge-
neity (Figure 1). The graphs for the particle size distribu-
tion of these NPs are demonstrated in Figure 2. TEM

images of the CNPs are presented in Figure 2 reveals
a spherical shape, smooth surface, and size range of
approximately 193 to 530 nm.
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Figure 3 Growth of N. gonorrhoeae NCTC 12,700 at different pH. The pH of the GCB broth was adjusted using HCl and AA to 5.5.

The Anti-Gonococcal Activity of the
CNPs

We know that the antimicrobial activity of CNPs requires
a pH of less than 6. Thus, the growth of control strain
N. gonorrhoeae at GCB adjusted to pH 5.5 using hydro-
chloric acid (HCI) and acetic acid (AA) was investigated
and compared with bacterial growth at pH 7 (Figure 3).
A similar growth pattern was observed in pH 5.5 adjusted
by HCl and pH 7. Thus, HCI was utilized for modification
of GCB pH for all subsequent experiments.

The antibacterial activity of the prepared CNPs was
tested against both WHO reference and standard gonococcal

strains using the broth dilution method using GCP medium at
pH 5.5. As shown in Table 2, the MICy, and MBC of
CNPss mgmi. were 0.16 mg/mL and 0.31 mg/mL, respec-
tively, against WHO U, V, F, and O. Using the same nano-
particles, the concentration of MICyy and MBC was
increased to 0.31 mg/mL and 0.63 mg/mL, respectively,
when tested against WHO X, Z, G, K, L, N, P, Q, and
standard strain. While with CNPs, 5 mgmi. the MICyy and
MBC were equal to 0.16 mg/mL and 0.31 mg/mL, respec-
tively, for the majority of strains except WHO Q and standard
strain, in which the MICyy and MBC were increased to
0.31 mg/mL and 0.63 mg/mL correspondingly (Table 2).

Table 2 MICs and MBCs of Formulated CNPs Against N. gonorrhoeae Strains. MICgq and MBC (mg/mL) of CNPs Prepared at Different
C Concentrations Including 5, 2.5, and | mg/mL Was Determined, MICq is Defined as the Lowest Concentration of CNPs That
Reduced Bacterial Growth by More Than 90%. MBC is Defined as the Lowest Concentration of CNPs That Prevented the Growth of

Bacteria
N. gonorrhoea Strains CNPs5 mgimL CNPs3 5 mgimL CNPs;| ngmL Azithromycin (mg/mL)
MICy, MBC MIC,, MBC MIC,, MBC MICy,
WHO F 0.16 0.31 0.16 0.31 0.25 0.5 |
WHO G 0.31 0.63 0.16 0.31 0.5 ND |
WHO K 0.31 0.63 0.16 0.31 0.5 ND |
WHO L 0.31 0.63 0.16 0.31 0.25 0.5 |
WHO N 0.31 0.63 0.16 0.31 0.25 0.5 |
WHO O 0.16 0.31 0.16 0.31 0.25 0.5 |
WHO P 0.31 0.6l 0.16 0.31 0.5 ND |
WHO Q 0.31 0.63 0.31 0.63 0.5 ND |
WHO U 0.16 0.31 0.16 0.31 0.5 ND |
WHO V 0.16 0.31 0.16 0.31 0.25 0.5 |
WHO X 0.31 0.63 0.16 0.31 0.25 0.5 |
WHO Z 0.31 0.63 0.16 0.31 0.5 ND |
Standard strain 0.31 0.63 0.31 0.63 0.5 ND |
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Figure 4 The effect of pH on the MICs and MBC of CNPs against N. gonorrhoeae NCTC 12,700. The pH of the GCB broth was adjusted using HCI to pH 5.5 or kept at pH

7.2. MICyg and MBC of CNPs were determined against standard strain.
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Figure 5 Growth curve of N. gonorrhoeae standard strain, WHO Q, and WHO V in the presence of CNPs. Gonococcal standard strain (A), WHO Q (B), and WHO V (C)
was grown in GCB medium containing different concentrations of CNPss g/mL, CNPS2 5 mg/mL, and CNPs; o/l

Other nanoparticles were prepared from C concentrations of
1 mg/mL, CNPs; 1,,0/m1 , exhibited MICqq of 5 mg/mL against
six of the tested strains and the MBC was not detected.
Strains including WHO V, X, F, L, N, and O were more
sensitive to CNPS; g/ and exhibited MICqg of 0.25 mg/
mL and MBC of 0.5 mg/mL (Table 2). It is to be noted that
azithromycin was used in the experiment as a positive con-

trol. As shown in Table 2, isolates resistant to azithromycin,

including WHO Z, U, and P (MIC 1 and 4 pg/mL) displayed
1000- and 250-fold higher MICs at pH 5.5. While isolates
WHO V and Q which are highly resistant to azithromycin
(MIC > 256 pg/mL) exhibited a 4-fold increase in their MIC
at pH 5.5. The MICs of sensitive isolates (WHO F, G, K, N,
O, and control strain) and isolates with intermediate suscept-
ibility to azithromycin (WHO X and L) increased from 0.25
to 0.5 pg/mL at neutral pH to 1 mg/mL at pH 5.5 (Table 2).
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Figure 6 Effects of CNPs on Hela cells. Cells were left untreated or treated with
different concentrations of CNPss rg/mL (A), CNPsy 5 mg/mi (B) and CNPs; g/t
(C). Cell viability was assessed using Alamar Blue assay. The data is presented as the
mean * SD of triplicate experiments. *P < 0.05 in Students t-test relative to control
untreated cells.

When the pH of the GCB media was not modified and
kept at pH 7.2, the MICyy of CNPSs po/mi. and CNPS; s mg/mi
against a standard strain of N. gonorrhoeae increased to 1.25
and 0.625 mg/mL, respectively. Similarly, the MBC of both
formula against standard strain at neutral pH increased to 2.5
and 1.25 mg/mL, respectively (Figure 4). Notably, neutral pH
abolished the anti-gonococcal activity of CNPs; omr
(Figure 4). This effect was also confirmed through the bac-
terial growth curve that was in the presence of CNPs at pH
7.2 (data not shown). As expected, the azithromycin MIC
was 0.25 pg/mL at pH 7.2 (data not shown).

Growth Inhibition of N. gonorrhoeae

Strains Treated with CNPs
The growth of gonococcal strains in the presence of CNPs
was studied and the results were presented in Figure 5 and

S1. Four strains, including WHO F, O, U and V were more
sensitive t0 CNPSs 1o/, in which 90% of their growth was
inhibited at 0.16 mg/mL and prevented at 0.31 mg/mL of
these NPs. While in other strains, 0.31 mg/mL of
CNPss 1mgmi. decreased bacterial growth by 90% and inhib-
ited growth at 0.63 mg/mL (Figure 5). In gonococcal strains
treated with CNPs; 5 mg/mr, the growth of all strains except
standard strain and WHO Q declined by 90% at 0.16 mg/mL
concentration and inhibited at 0.31 mg/mL. The CNPs mg/mr
at a concentration of 0.25 mg/mL reduced gonococcal
growth by 90% of WHO F, L, N, O, V and X and inhibited
their growth at 0.5 mg/mL. The growth of N. gonorrhoeae
strains involving G, K, P, Q, U, Z, and standard strain require
a higher concentration of CNPs; ,o/m1 equal to 0.5 mg/mL to
reduce their growth by 90% and their growth inhibition was
not detected by this formula (Figure 5 and S1). The data
confirmed MICy, and MBC illustrated in Table 2.

Cytotoxicity Assay of CNPs

The cytotoxicity of prepared CNPs on HELA cells was
evaluated. The CNPss 10m and CNPS; 5 1g/m1. decreased
HELA cells viability significantly (p < 0.05) at 2.5 mg/mL
and 1.25 mg/mL concentrations only, respectively, as shown
in Figure 6A and B, while CNPs; ¢/, at all used concentra-
tions did not cause any significant cytotoxicity on HeLa cells
(Figure 6C). Notably, all formulated NPs were not toxic at
any of the MIC and MBC concentrations used.

The Effects of CNPs on Gonococcal

Adhesion to HELA Cells

Adhesion of gonococcal St. strain and WHO Q to HeLa
cells in the presence of CNPs at MBCs were studied and
the results are presented in Figure 7. The number of
N. gonorrhoea NCTC 12,700 adhered to HeLa cells was
reduced significantly in the presence of CNPss ,g/mr. and
CNPs; s memr at a minimum bactericidal concentration
(0.63 mg/mL) when compared with untreated control
cells (Figure 7A). Although bacterial adhesion appears to
be reduced in cells pre-treated with CNPs; 1g/mp, it was
not found to be statically significant. Furthermore, the
incubation of HeLa cells with MBC of all the CNPs
prepared has shown significantly reduced bacterial adhe-
sion (p < 0.05) (Figure 7B).

Discussion
The rise in the antimicrobial resistance of N. gonorrhoeae
has limited successful treatment and highlights the
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Figure 7 Gonococcal adhesion to Hela cells in presence of CNPs. Cells were left untreated (control supp) or treated with 0.63 mg/mL of CNPs5 5/mi and CNPsy 5 mg/mi,
and 0.5 mg/mL of CNPs, g/mt, then St strain (A) or WHO Q (B) were added to the cells for 2 hours. Bacterial cell adhesion was assessed using colony-forming units. The
data is presented as the mean + SD of triplicate experiments. *p< 0.05 in Students t-test relative to bacterial adhesion to control untreated cells.

necessity for the development of a new antimicrobial. In
our current study, we found that the CNPs exhibited anti-
microbial activity against N. gonorrhoeae, including those
resistant to multiple antibiotics. The CNPs exhibited
higher antimicrobial activity than chitosan against a wide
spectrum of pathogens including fungi and both Gram-
positive and Gram-negative bacteria.”®*>' To the best of
our knowledge, no previous study to date has investigated
the antimicrobial efficacy of CNPs against gonococci.

28.33.36 the current

In agreement with previous reports,
study showed us that the particle size and zeta potential of
formulated CNPs increased significantly when the concen-
tration of chitosan was increased. The MICyy and MBC of
CNP5 mg/mr and CNP, s mg/mL were found to have a range
of 0.16 to 0.31 mg/mL and 0.31 to 0.63 mg/mL, respec-
tively, against gonococcal isolates used. While in case of
using CNPs prepared from 1 mg/mL concentration of Cs
solution, CNP; mg/mL, the MICy, ranged from 0.25 to
0.5 mg/mL, and MBC was 0.5 mg/mL for only six of the
strains tested. Among gonococcal strains tested, WHO Q is
a strain that is highly resistant to azithromycin, ceftriaxone,
and ciprofloxacin.? Interestingly, both st. strain and WHO
Q showed similar MICyy and MBC values for all prepared

CNPs tested. Other isolates were more sensitive to
CNPs mg/mr, CNP2.5 mo/mr, and CNP | mg/mr. This antibac-
terial effect of CNPs are consistent with previous studies
reported the antibacterial activity of CNPs against a wide
range of Gram-negative bacteria.”*~%* Such effect is pro-
posed to be mediated by the polycationic nature of CNPs in
acidic medium.?*-°

The antibacterial screening tests performed in our pre-
sent work were conducted using a medium with a pH of
5.5 as it has been experimentally demonstrated by pre-
vious reports to enhance the antimicrobial activity of
CNPs.?®2* This was confirmed when we found that the
MICyy and MBC values of CNPs 1,5/mr. and CNP, s mg/
mL increased four-fold and two-fold, respectively, when
the pH of GCM medium increased to 7.2. In this regard,
neutral pH also abolished the antibacterial effect of
CNP| 1gmr against gonococcus. The observed increase
in the MICyy, and MBC values as well as the absence of
antibacterial activity of CNPs at neutral pH was due to the
positive charge on the surface of CNPs that decreased at
neutral pH. This occurs because once the pH of the med-
ium is under the pKa of the chitosan, which is 6.5, amine

groups in the chitosan backbone become protonated into
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positive ions, enhancing chitosan interaction with nega-
tively charged bacteria. In contrast, when the pH of the
medium is close to neutral or alkaline, the protonation of
primary amines is decreased; thus, the binding between
CNPs and a negatively charged bacterial surface will
decrease.”®*’ Although at neutral pH, CNPs still produce
anti-gonococcal effects, a higher concentration of Cs is
needed. These results revealed the inverse relationship
between pH and antimicrobial activity of CNPs, which
corroborates the findings of other studies.*’ "

In a prior study conducted by Mallegol et al,* the
effect of pH on the activity of azithromycin against
N. gonorrhoeae at pH 5 was investigated. The study was
carried out at an acidic pH to cover the conditions that the
antibiotic could be exposed to during gonococcal infec-
tion, intracellularly, and in the extracellular milieu.*° Their
study showed that azithromycin was less stable at an
acidic pH level, leading to a loss of cladinose sugar result-
ing in the increase in the azithromycin MICs values
against gonococcal isolates tested.*” Their findings
explained the increased MIC of azithromycin observed in
our study when the experiment was performed at a pH
of 5.5.

In our current study, the cytotoxicity of CNPs in HELA
cells was analysed and the results revealed that only higher
concentrations of CNPs o/ and CNP, s mg/mL were
cytotoxic. This is due to the high zeta potential at those
"It s
noteworthy that all prepared CNPs were not cytotoxic at
the MICy, and MBC concentrations after 24 hours, indi-
cating the cytocompatibility of CNPs.

concentrations as observed in previous studies.*

The bacterial adhesion studies conducted in our present
work showed that CNPs reduced adhesion of the st strain
and multidrug-resistant strain (WHO Q) to HELA cells at
MBC dose relative to the cells not exposed to NPs. These
findings indicate the anti-gonococcal activity of CNPs and
their capability to interfere with bacterial attachment to
host cells.

Conclusion

Together, the data of this study show that the formulated
CNPs exhibited anti-gonococcal activity against the tested
strains. The anti-gonococcal activity took place at specific
concentrations, at which NPs were cytocompatible and
reduced bacterial adhesion to cells. Thus, the current
work highlights the therapeutic potential of CNPs as an
antimicrobial against N. gonorrhoeae.
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