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Background: Multidrug-resistant (MDR) bacterial infections have become an emerging health concern
around the world. Antibiotics resistance among S. pneumoniae strains increased recently contributing
to increase in incidence of pneumococcal infection. This necessitates the discovery of novel antipnemo-
coccal such as compound C3-005 which target the interaction between RNA polymerase and r factors.
Chitosan nanoparticles (CNPs) exhibited antibacterial activity including S. pneumonia. Therefore, the aims
of the current investigation were to formulate CNPs loaded with C3-005 and characteristic their antimi-
crobial properties against S. pneumonia.
Methods: The CNPs and C3-005 loaded CNPs were produced utilizing ionic gelation method, and their
physicochemical characteristics including particle size, zeta potential, polydispersity index (PDI), encap-
sulation efficiency (EE%), and in vitro release profile were studied. Both differential scanning calorimetry
(DSC) and fourier transform infrared spectroscopy (FTIR) were used for chemical characterization. The
synthesized NPs’ minimum inhibitory concentration (MIC) was determined using killing assay and broth
dilution method, and their impact on bacteria induced hemolysis were also studied.
Results: The NPs encapsulating C3-005 were successfully prepared with particle size of 343.5 nm ± 1.3,
zeta potential of 29.8 ± 0.37, and PDI of 0.20 ± 0.03. 70 % of C3-005 were encapsulated in CNPs and sus-
tained release pattern of C3-005 from CNPs was revealed by an in vitro release study. CNPs containing C3-
005 exhibited higher antipnomcoccal activity with MIC50 of 30 lg/ml when compared with C3-005 and
empty CNPs alone. The prepared C3-CNPs showed a reduction of bacterial hemolysis in a concentration-
related (dependent) manner and was higher than C3-005 alone.
Conclusions: The findings of this study showed the potential for using C3-005 loaded CNPs to treat pneu-
mococcal infection.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Infections from multidrug-resistant (MDR) bacteria (superbugs)
have become an emerging health concern around the world
(Tacconelli and Pezzani 2019). S. pneumoniae causes severe infec-
tion including pneumonia, septicemia, and meningitis (Cherazard
et al., 2017). However, antibiotics resistance among S. pneumoniae
strains increased recently contributing to increase in incidence of
pneumococcal infection (Blasi et al., 2012). Pneumococci use mul-
tiple virulence factors to mediate infection including pneumolysin
which enhance bacterial colonization, nutrition scavenging, and
immunoevasion (Jedrzejas 2001). Undesirable elevation in S. pneu-
moniae toxin levels in host upon exposure to bacteriolytic antimi-
crobials such as b-lactams was observed and had impact on the
treatment outcomes (Anderson et al., 2007). Resistance to peni-
cillin was initially described in S. pneumoniae in 1967, followed
by quinolone, fluoroquinolone, and macrolide resistance (Kang
and Song 2013). In response to the worldwide antibiotics resis-
tance threat, the World Health Organization (WHO) announced
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its initial list of 12 priority infections, involving S. pneumoniae, that
are causing havoc on human health and thus require treatment
with newer antibacterial drugs (WHO 2017). This necessitates
the discovery of novel antimicrobial with new target (Hinsberger
et al., 2013, Ma et al., 2013, Murakami 2015, Ye et al., 2019), as
recently reported by Ye et al (2019) study. In their study, anti-
pnemococcal activity of compound C3-005 was shown and found
to target the interaction between r factors and RNA polymerase
(Ye et al., 2019). It exhibited superior antimicrobial activity when
compared with other compounds with MIC of 8 lg/ml (Ye et al.,
2019). C3-005 reduced the ATP generation in S. pneumoniae, simi-
lar to how rifampicin inhibits transcription of bacteria, in which
ATP production is one of the hallmarks of a successful antibiotic
(Ye et al., 2019). The release of pneumolysin toxin into the extra-
cellular milieu is a characteristic pneumococcal virulence factor
(Jedrzejas 2001). C3-005 inhibited S. pneumoniae’s virulence factor
pneumolysin secretion (Ye et al., 2019).

Nanoparticles (NPs) have received a lot of attention in terms of
infectious disease treatment and diagnosis, because of their unique
physicochemical features that improve medical treatment with
more effective, less toxic, and smart outcomes (Baptista et al.,
2018, Shah et al., 2022, Sriharan et al., 2022). Nanomaterials are
structures, materials, and functional systems made up of particles
with sizes ranging from 1 to 500 nm (Baptista et al., 2018, Gao
et al., 2018, Lee et al., 2019). The implication of NPs in infectious
disease treatment depends on these nanostructures functioning
as antimicrobial carriers, via either incorporation into the nanofor-
mulation or integration, or adsorption to the surface, in order to
enhance drug therapeutic efficiency, drug biodistribution and
pharmacokinetics, and to regulate drug release (Maleki and
Kamalzare 2014, Baptista et al., 2018, Gao et al., 2018, Maleki
2018, Maleki et al., 2018, Eivazzadeh-Keihan et al., 2019, Lee
et al., 2019, Maleki et al., 2019, Ahghari et al., 2020, Soltaninejad
et al., 2021). Chitosan (Cs) showed antibacterial properties toward
both Gram-positive and Gram-negative microorganisms (Rabea
et al., 2003, Kong et al., 2010). Chitin that has been partly or totally
deacetylated (Rabea et al., 2003, Tikhonov et al., 2006, Kong et al.,
2010). Although several theories have been presented to explain
chitosan’s antibacterial action, the precise mechanisms remain
unclear (Rabea et al., 2003, Kong et al., 2010, Ke et al., 2021). Intra-
cellular leakage is one of these possibilities, in which positively
charged Cs binds to negatively charged bacterial surfaces like
lipopolysaccharides (LPS) (Rabea et al., 2003, Kong et al., 2010,
Ke et al., 2021). The integrity of the bacterial membrane has com-
promised as a result of this interaction, leading to the release of
intracellular components and cell killing (Rabea et al., 2003, Kong
et al., 2010, Ke et al., 2021). From previous study, CNPs exhibited
greater antibacterial effect than chitosan against diverse range of
fungal (Ing et al., 2012), Gram-positive including S. pneumonia
(Chavez de Paz et al., 2011, Alqahtani et al., 2021), and Gram-
negative bacteria (Qi et al., 2004, Aleanizy et al., 2018, Alqahtani
et al., 2020). Given the superior anti-pnumococcal activity of C3-
005 and CNPs, thus, this research purposed to develop CNPs loaded
with C3-005 and characterize their antimicrobial properties
against S. pneumonia.
2. Materials and methods

2.1. Materials

Chitosan with a low molecular weight (LMW) ranged from 50
to190 kDa and a high degree of deacetylation (DD) ranged from
75 to 85 %, acetic acid, and tripolyphosphate (TPP) were acquired
from Sigma Aldrich (St. Louis, MO, USA). Bacterial media including
blood agar plates (BA), and Todd Hewitt broth containing 0.5 %
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yeast extract (THYB) were purchased from Merck (Darmstadt, Ger-
many). C3-005 compound was synthesized locally in the Depart-
ment of Pharmaceutical Chemistry, College of Pharmacy, King
Saud University, Riyadh, Saudi Arabia. All solvents, and chemicals
were of analytical grades.

2.2. Preparation of CNPs

Chitosan nanoparticles (CNPs) and chitosan nanoparticles con-
taining C3-005 (C3-CNPs) were generated via ionic gelation tech-
nique as performed by Calvo et al. with minor variations (Calvo
et al., 1997). In 1 % acetic acid, a Cs stock solution (1 mg/ml) was
prepared. The pH of Cs solution was determined and set at 5. TPP
solution (1 mg/ml) was added dropwise into 5 mL of Cs solution
while being stirred magnetically to produce ECNPs at 4 to 1 ratio
of Cs to TPP. For C3-005 loaded CNPs, drug was added to stock Cs
solution at 1 to 1 ratio under continuous stirring for 10 min and
TPP was added as mentioned before in the preparation of ECNP.
Lastly, NPs were harvested by centrifugation for 30 min at
21,700 � g. The NPs reconstituted in sterile distil water (DW) for
further experiment.

2.3. Determination of PS, PDI and ZP

The PS, PDI, and zeta potential of the formed NPs were evalu-
ated employing Zetasizer Nano ZS90 (Malvern Instruments ltd,
UK) through detection angle of 90� at 25 �C in triplicate.

2.4. Scanning electron microscope (SEM)

The shape of synthesized NPs was examined utilizing scanning
electron microscope (JEM-1230EX; Tokyo, Japan).

2.5. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectroscopy was carried out by Shimadzu IRAffinity-1
Fourier Transform Infrared Spectrophotometer utilizing potassium
bromide (KBr) disk method after adsorption of a smaller amount of
chitosan, C3-005, ECNPs, and C3-CNPs on KBr. The wavelength
range measured from 4000 to 400 cm�1, and at a resolution of
2 cm�2.

2.6. Differential scanning calorimetry (DSC) analysis

The differential scanning calorimeter (Perkin-Elmerm,
DSC4000, Shelton, CT 0648–4794, USA) was used to perform the
DSC measurements. Samples of approximately 1.1 to 4.8 mg (chi-
tosan powder, freeze-dried empty chitosan nanoparticles powder,
freeze-dried loaded chitosan nanoparticles powder, and the drug
powder) were weighed, transferred into a typical aluminum pan,
and covered with a lid. In the range of 30 to 360 �C under nitrogen
gas (flow rate 20 mL/min), a heating rate of 10 �C min1 was used.
With empty pans, the DSC was previously calibrated.

2.7. HPLC analysis

The Water HPLC system was used to analyze C3-005 at
25 ± 1 �C. The 1515 isocratic (Waters, Milford, MA, USA) pump,
717 autosampler, quaternary LC-10A VP pumps, a programmable
UV–visible variable-wavelength detector, a column oven, a SCL
10AVP system controller and an inline vacuum degasser were uti-
lized. The HPLC system utilized the use of the Millennium software
(version 32) for data processing and analysis. The column used for
this estimation was a Nucleodur (150 mm � 4.6 mm) RP C18 with
particle size of 5 lm. The eluent/solvent system was constituted of
ethanol: ethyl acetate (50:50 % v/v). The solvent systemwas flowed
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with a flow rate of 1.0 mL/min. The detection of target drug was
carried out at 350 nm. The samples (20 lL) were inserted into
the system via a water auto sampler. The proposed method’s lin-
earity, accuracy, precision, robustness, and sensitivity were all
verified.

2.8. Encapsulation efficiency (EE%)

For the purpose of calculating the percentage of EE, an indirect
method was utilized via determination of drug amount in the
supernatant through HPLC. The equation shown below was applied
to quantify amount of drug entrapped into CNPs:

EE% ¼ ðTotal amount of drugÞ � ðAmount of drug in supernatantÞ
ðTotal amount of drugÞ

� �

� 100
2.9. In vitro study

For the in vitro study, the PBS was mixed with a predetermined
quantity of C3-CNPs in an eppendorf centrifuge tube. The water
bath used for the in vitro release investigation was set at
37 ± 1 �C with constant stirring. The samples were withdrawn of
the water bath and centrifuged at 18.000 g for 20 min at specified
intervals. One millilitre of the sample was withdrawn and immedi-
ately replaced with 1 mL of fresh buffer. The quantity of released
C3-005 was estimated by HPLC. At the set time intervals, the
cumulative drug releases for each sample were determined.

2.10. Bacterial strains

The Streptococcus pneumonia strain (TIGR4)) (Tettelin et al.,
2001) was utilized in the antimicrobial testing after being grown
on blood agar plates (BA) overnight or in THYB at 37 �C in 5 % CO2.

2.11. Killing assay

The bacteria were diluted to 1.5 � 106 CFU/mL in THYB at log
phase and incubated at 37 �C for 5 h with C3-005, ECNPs, and
C3-CNPs at different concentrations ranging from 2.5 to 0.08 mg/
ml at 200 rpm. Bacteria cultured in THYB medium alone was
included as an untreated control. Bacteria after incubation were
serially diluted and plated on BA, where they were cultured over-
night at 37 �C and 5 % CO2, and viable colonies were counted. CFUs/
mL was used to represent the concentrations. The MIC was
described as the lowest concentration of antimicrobial with no
observable growth. Experiments were carried out in triplicate.

2.12. S. pneumoniae toxin secretion

Bacterial toxin was secreted as previously described (Ye et al.,
2019). First, S. pneumoniae cells were sub-cultured from overnight
culture to reach log phase then diluted to OD 0f 0.09 and incubated
with C3-005, C3-CNPs, and ECNPs at concentration ranged from 1
to 0.015 mg/ml for 5 hrs at 37 ◦C. Then, bacterial cultures were cen-
trifuged at 3000 g for 3 min. Afterward, the supernatants were uti-
lized for hemolytic assay.
Table 1
Physicochemical properties of synthesized CNPs.

Formula PZ (nm) ± SD PDI ± SD

Empty CNPs 255.3 ± 1.8 0.23 ± 0.01
C3-CNPs 343.5 ± 1.3 0.20 ± 0.03
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2.13. Hemolytic assay

As previously reported, hemolytic activity was carried out with
some modifications (Alqahtani et al., 2021). In THYB, TIGR4 strain
were sub-cultured from overnight culture till reaching an OD600 of
0.5. After that, the culture was co-incubated for 5 h with serially
diluted C3-005, ECNPs, and C3-CNPs after being diluted to an
OD600 of 0.09. The bacterial cells were pelleted after incubation
via centrifugation for 5 min (min) at 12000 rpm, and subsequently
the supernatant obtained from every sample was then collected
and filtered through a 0.22 m syringe filter (Merck Millipore,
Burlington, MA, USA). A healthy volunteer’s blood was drawn
and immediately transferred to an anticoagulant citrate tube, cen-
trifuged for 5 min at 500 g, then the supernatant was discarded,
and platelets was removed with PBS. This process was performed
twice, and the pellet was then resuspended in 1.5 mL PBS. Then
hemolytic activity was carried out by mixing 675 lL of THYB + 3
00 lL of bacterial supernatant + 25 lL of purified erythrocyte sus-
pension together and incubated at 37 �C for 30 min. PBS was uti-
lized as a negative control, and freshly made 0.1 % Triton X-100
was utilizied as a positive control (100 % hemolysis). Then, the
mixture was centrifuges for 1 min at 10,000 g, and collected super-
natants were transferred into 96 well plates, where hemoglobin
content was quantified by recording absorbance at 590 nm in trip-
licate using an ELISA plate reader.

2.14. Statistical analysis

Data were displayed as the mean ± standard deviation (SD).
Analysis of the data was conducted utilizing GraphPad Prism ver-
sion 8.0.0 for Mac OS (GraphPad Software, Inc, CA, USA). Student’s
t-test and ANOVA tests were utilized as appropriate. A p-value
of < 0.05 was counted significant.
3. Results

3.1. Characterization of formulated nanoparticles

In the current study, CNPs were successfully generated in this
research using the ion gelation method, which is depends on
crosslinking between cationic Cs and anionic TPP and has been
reported in previous reports (Calvo et al., 1997, Aleanizy et al.,
2018, Alqahtani et al., 2021). The PS, PDI, ZP and EE% of prepared
empty CNPs and C3-005 loaded CNPs were presented in Table 1.
The diameter of ECNPs and C3-CNPs found to be 255.3 ± 1.8 and
343.5 ± 1.3, respectively.

All formulated nanochitosans generated in this study are
monodisperse, with a PDI of<0.23. The zeta potential values of
ECNPs were 32.1 mV and 29.8 mV for C3-CNPs. The EE% of C3-
005 into CNPs was found to be 70 %. The SEM images revealed
spherical morphology of ECNPs and C3-CNPs (Fig. 1).

3.2. DSC analysis

Fig. 2 showed the DSC thermograms of pure C3-005, pure chi-
tosan, ECNPs, and loaded CNPs. Pure C3-005 showed a strong
endothermic peak at 253.81 �C and exothermic peak at
310.35 �C. For chitosan, broad endothermic peak at 83.4 �C and
ZP (mV) ± SD Encapsulation efficiency

32.1 ± 0.08 ——
29.8 ± 0.37 70 %



Fig. 1. SEM images of ECNPs and C3-CNPs.

Fig. 2. DSC thermograms of C3-005, Cs, ECNPs and C3-CNPs.
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Fig. 4. In vitro release of C3-005 from CNPs.
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exothermic peak at 307.95 �C. The endothermic and exothermic
peaks of chitosan of 83.4 �C and 307.95 �C were shifted to
88.82 �C and 293.36 �C, respectively in the empty CNPs. Similarly,
the endothermic peak of C3-005 at 253.81 �C was shifted to
67.80 �C, and the exothermic peak at 310.35 �C was shifted to
269.20 �C in C3-005 loaded CNPs.

3.3. FTIR analysis

The FTIR spectroscopy was used to evaluate encapsulation of
compound C3-005 by CNPs. The stretching of the carboxylic and
ketonic carbonyl groups is shown at 1686 cm�1 and 1676 cm�1,
respectively. In addition, another characteristic absorption was
observed around 1527 cm�1 which is due to aromatic nitro group
stretching. All of these characteristic stretchings were observed in
the FT-IR spectrum of the C3-005 loaded CNPs (Fig. 3) which con-
firms a successful encapsulation of compound C3-005 into CNPs.

3.4. In vitro release of C3-005 from CNPs

The in vitro release study was performed at pH of 7.4 and
showed that C3-005 released from CNPs first at burst release pat-
tern in which 23.5 % release within 6 hrs followed by sustained
release (Fig. 4). After 48 hrs, 45.3 % of C3-005 released from CNPs.

3.5. Antipneumococcal activity

The results of killing assay are presented in Fig. 5, in which
TIGR4 were incubated for five hours with different concentrations
of C3-005, C3-CNPs, and ECNPs, then serially diluted, plated and
the CFU was determined. The MIC50 of C3-005 was 8 lg/ml when
the main stock of the compound dissolved in 100 % DMSO (data
not shown). However, when we use the compound dissolved at
5 % DMSO as the same % used in the formula preparation, the
MIC50 of C3-005 was increased to 60 lg/ml (Fig. 5). As demon-
strated in Fig. 5, the MIC50 of C3-CNPs was decreased to 30 lg/
ml. The ECNPs produced anti-pneumococcal activities in dose
dependent manner to less extent than both C3-005 and C3-CNPs
(Fig. 5).

In addition, bacterial growth in THYB in the presence of C3-005,
C3-CNPs, and ECNPs for 5 h were studied at MIC50, 2x and 3x
Fig. 3. FTIR spectra of C3-CNPs, ECNPs and C3-005 compound.
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MIC50 concentration, and results illustrated in Fig. 6. At 30 lg/ml
the C3-CNPs reduced the growth of TIGR 4 by approximately
50 %. While C3-005 alone reduced bacterial growth by 40 % at
the same concentration (30 lg/ml). These findings support the kill-
ing assay results in which C3-CNPs exhibited higher antibacterial
activity than C3-005 alone.

3.6. The C3-CNPs enhanced the reduction in pneumococcal hemolysis
activity

The effect of empty CNPs on the hemolysis activity of pneumo-
coccal culture supernatants was reported previously (Alqahtani
et al., 2021). Therefore, the influence of C3-005 and C3-CNPs on
the hemolytic activity of S. pneumonia were evaluated utilizing a
hemolysis assay. As shown in Fig. 7, to different extent C3-005,
ECNPs and C3-CNPs reduced hemolytic activity of supernatant
from TIGR4 in dose dependent manner. In comparison with C3-
005 alone, significant further decease in bacterial hemolytic activ-
ity with C3-CNPs in concentrations ranged from 1 to 0.62 mg/ml
was observed (Fig. 7). This shows that CNPs prevent pneumococcal
supernatant hemolysis caused by bacteria. Pneumolysin is proba-
bly the reason, however this cannot be concluded merely from
the study’s findings.

4. Discussions

Infection with Streptococcus pneumonia associates with invasive
life-threatening pneumonia in children and adults, sepsis, and
other conditions. Despite the fact that the pneumococcal conjugate
vaccine (PCV) is widely used, it is still difficult to treat invasive
pneumococcal disease because of the complex serotype and resis-
tance patterns of the bacteria (Kang and Song 2013, WHO 2017).
Thus, alternative antimicrobial approaches must be developed,
and design of novel antimicrobials with new targets, such as com-
pound C3-005 (Hinsberger et al., 2013, Ma et al., 2013, Murakami
2015, Ye et al., 2019), and use of nanoparticles (NPs) are among
these strategies (Czaplewski et al., 2016). In our previous study,
NPs formulated from Cs found to exhibited antipneumococcal
activity and reduced bacterial hemolysis (Alqahtani et al., 2021).
Therefore, our study aims to formulate C3-005 loaded CNPs and
evaluate their antibacterial activity and effect on bacterial
hemolysis.

In the current study, C3-005 loaded CNPs and ECNPs were suc-
cessfully prepared using ion gelation method and produced NPs in
the nano size range and with low PDI as reported previously
(Aleanizy et al., 2018, Alqahtani et al., 2021). The surface charge
of the formulated C3-CNPs was cationic, facilitating their uptake



Fig. 5. C3-005 loaded CNPs kills S. pneumoniae strain T4 in a concentration dependent manner. After 5 hrs of co-incubation of bacteria with several concentrations of C3-005,
C3-CNPs, and ECNPs, T4 were serially diluted and plated. After overnight incubation, the colonies (CFU) were calculated. *p < 0.05 in ANOVA test, in which the viability of C3-
CNPs treated bacteria compared to the one treated with C3-005.
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by bacteria which covered by negative charge. Loading of C3-005
into CNPs did not significantly change their zeta potential but
increased the particle size by approximately 87 nm, which
revealed successful encapsulation of C3-005 into CNPs as observed
in previous study (Othman et al., 2018). The encapsulation effi-
175
ciency of C3-005 into CNPs was 70 %, which within the range of
other antibiotics and antimicrobials loaded CNPs that previously
reported (Jamil et al., 2016, Rawal et al., 2017).

SEM images revealed spherical morphology. The chemical char-
acterization of prepared NPs. The in vitro release results of this



Fig. 6. Growth of S. pneumoniae strain T4 in the presence of prepared NPs. In THYB
medium with varying concentrations of C3-CNPs, C3-005, and ECNPs bacteria were
grown. In the presence of CNPs, Further reduction in bacterial growth was observed
with C3-CNPs treatment. The experiment was carried out in triplicate. Data
illustrate a representative experiment.
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study showed burst release of C3-005 from CNPs followed by sus-
tained release pattern in which 45.3 % of C3-005 released from
CNPs after 48 hrs. consistent with our study, such type of dual
release behavior is described for other drugs by previous research
(Tığlı Aydın and Pulat 2012, Sun et al., 2017).

Cs was used as polymer for synthesis of various nanoparticles
loaded with antimicrobials including antibiotics, antimicrobial
peptides, natural compound and proteins to enhance their antimi-
crobial activity (Kong et al., 2010, Chandrasekaran et al., 2020). The
antipneumococcal activity of CNPs and C3-005 against S. pneumo-
nia have been previously shown (Ye et al., 2019, Alqahtani et al.,
2021). Of note, in the current study, C3-005 loaded CNPs showed
enhanced antipneumococcal activity more than C3-005 compound
and ECNPs individually. Data obtained from this antimicrobial
study are consistent with findings of previous studies (Maya
et al., 2012, Zaki and Hafez 2012, Safhi et al., 2014, Jamil et al.,
2016, Sobhani et al., 2017) that showed increase in antibacterial
efficacy of different antimicrobial against different pathogens
when loaded in CNPs. For example, study conducted by Zaki
et al. showed that ceftriaxone sodium loaded CNPs was taken up
by macrophages and had a stronger antibacterial action against S.
typhimurium than the drug in solution (Zaki and Hafez 2012). In
a related study, tetracycline-loaded O-carboxymethyl chitosan
nanoparticles were utilized, and it was demonstrated that the
tetracycline loaded chitosan NPs improved the effectiveness of
the antibiotics in combating S. aureus intracellular infections
(Maya et al., 2012).

In addition, the effectiveness of cefazolin containing CNPs
against multi-resistant Gram-negative bacteria such E. coli, K.
pneumoniae, and P. aeruginosa was assessed by Jamil et al. Their
findings revealed that cefazolin loaded CNPs exhibited higher
antibacterial activity than drug alone against tested bacteria as
proven by agar diffusion and broth dilution methods (Jamil et al.,
2016). Similar study demonstrated enhanced antibacterial efficacy
of ampicillin combined with chitosan-capped Au NPs against
multidrug-resistant clinical isolates of Pseudomonas aeruginosa
and Escherichia coli when compared to ampicillin used alone
(Chamundeeswari et al., 2010). In another study, penicillin G-
loaded CNPs inhibited Streptococcus pyogenes, B. subtilis, and S. aur-
eus higher than penicillin alone (Safhi et al., 2014). Moreover,
MIC90 values for CNPs that contained amoxicillin or ciprofloxacin
against E. coli and S. aureus were reported to be lower than two
drugs used alone (Sobhani et al., 2017).

In addition to the enhanced antibacterial effects, the C3-CNPs
formulated in this study also showed enhanced inhibition of
hemolysis induced by S. pneumonia. In our previous study
(Alqahtani et al., 2021), the CNPs produced concentration-
dependent reduction of pneumococcal hemolysis which consistent
with the results of ECNPs obtained in this study. This suggests that
CNPs may have an antivirulence effect on S. pneumoniae, but the
precise mechanism underlying the attenuated hemolysis reported
is unknown and require further future evaluation. One of the viru-
lence factors of S. pneumoniae is the release of toxin pneumolysin
extracellularly. Earlier study showed that the C3-005 compound
significantly reduced post-culture pneumolysin levels when com-
pared to the untreated control (Ye et al., 2019). Given that the
obtained findings from the current study regarding enhanced



Fig. 7. Effect of CNPs encapsulating C3-005 on the hemolytic activity of S. pneumonia TIGR4. Supernatants of bacteria treated with C3-005, C3-CNPs, and ECNPs for 5 hr
were incubated with blood for 30 min and the absorbance recorded after centrifugation. The results are shown as the mean ± SD. Student t test (*p < 0.05) revealed significant
reduction in hemolysis compared to bacterial supernatant treated with C3-005 alone.
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reduction in the hemolysis induced by S. pneumonia in response to
C3-CNPs is due to the synergistic effect between Cs and C3-005.
Whether Cs exerted this effect through binding or interfering with
pneumolysin cannot be concluded from the current study.

5. Conclusions

In the current study, CNPs containing C3-005 were produced
and characterized in term of their physicochemical characteristics,
antibacterial activity, and effect on pneumococcal induced hemol-
ysis. C3-005 was successfully loaded into CNPs with particle size in
nano range, lower PDI, and showed sustained release pattern. The
chemical and physical characteristics of prepared nanoparticle
177
were revealed. In comparison with C3-005 and ECNPs, C3-CNP
showed enhanced antibacterial activity against S. pneumoniae
and further reduction in bacterial induced hemolysis. Further
research into the therapeutic potential of C3-005 loaded CNPs in
the management of S. pneumoniae infections in animal models
can provide evidence implying their clinical use.
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