- QA

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Co-Delivery of Naringin and Ciprofloxacin by Oleic Acid Lipid Core
Encapsulated in Carboxymethyl Chitosan/Alginate Nanoparticle
Composite for Enhanced Antimicrobial Activity

Tahani M. Almeleebia, Md Habban Akhter,* Habibullah Khalilullah,* Mohammad Akhlaquer Rahman,
Sarfaraz Ahmad, Nawazish Alam, Md Sajid Ali, Gyas Khan, Ibrahim Mufadhi M. Alanazi, Naiyer Shahzad,
and Amnah Alalmaie

Cite This: ACS Omega 2024, 9, 6845-6860 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

ABSTRACT: A novel combination of antibiotic, ciprofloxacin (CIP) { ! 100 mg P ¢
with herbal counterpart naringin (NAR) was encapsulated by an oleic 2mem-cves  rsmg/msa  20mgnan S
acid lipid core and carboxymethyl chitosan (CM—CS)/Alginate (AG)

nanoparticle composite (CIP + NAR—CM-CS/AG—NPs) for
improved antimicrobial efficacy of antibiotic. Herein, this study

explored the design and preparation of a composite system that enables [A] Formulation and
to deliver both CIP and NAR from the oleic acid lipid core of CM— o tion of composite L
CS/AG nanoparticles using a nonsolvent ionic gelation technique. The (B] Characterization ‘

nanoparticles (NPs) were fabricated with improved long-acting
antimicrobial activity against E. coli and S. aureus. The optimized
composition was investigated for physicochemical properties particle
size, particle distribution, and {—potential. A diverse array of analytical
tools was employed to characterize the optimized formulation including
DSC, XRD, Malvern Zetasizer for particle size, {—potential, TEM, and
SEM. Further, the preparation was investigated for % drug release, flux determination, antioxidant, and antimicrobial activity. The
formulation stability was tested for 90 days and also evaluated formulation stability in fetal bovine serum to inspect the modification
in physicochemical characteristics. NPs size was determined at 85 nm, PDI, and {—potential was recorded at 0.318, and 0.7 + 0.4
mV. The % CIP and NAR entrapment efficiency and % loading were incurred as 91 + 1.9, and 89.5 + 1.2; 11.5 + 0.6, and 10.8 +
0.5%, respectively. The drug release erupted in the beginning phase followed by sustained and prolonged release for 48 h. The
analytical experiments by DSC ensured the noninteracting and safe use of excipients in combination. X—ray studies demonstrated
the amorphous state of the drug in the formulation. The insignificant alteration of formulation characteristics in FBS suggested stable
and robust preparation. Storage stability of the developed formulation ensured consistent and uniform stability for three months.
The DPPH assays demonstrated that NAR had good antioxidant capacity and supported improving antimicrobial activity of CIP.
The hemolytic test suggested the developed formulation was compatible and caused insignificant RBC destruction. The in-house
built formulation CIP + NAR—CM—CS/AG—NPs significantly improved the antimicrobial activity compared to CIP alone, offering
a novel choice in antimicrobial application.

MIC (ugimt)
[C] Antimicrobial study

H INTRODUCTION resistance.” Antibacterial resistance has been one of the most

The irrational, unjustified irregular, and continuous application important obstacles in the treatment of bacterial disease for a few

of antibiotics may lead to the emergence of resistance toward decades, bothering advances in healthcare professionals and

multiple pathogenic microbes. The rate of developing new industry. The growing rate of drug resistance toward antibiotics
resistance among pathogens is high as compared to the for human use is obligating innovators, and researchers to the
discovery of new antibiotics jeopardizing a life." Thus, there is

an unmet need to develop new antimicrobial agents that enable Received: October 18, 2023

suppression of the frequent use of antibiotics or reduction of the Revised:  January 4, 2024

dose of antibiotics and combat resistance development. In view Accepted:  January 10, 2024

of this, scientists are ready to isolate, and identify bioactive Published: February 2, 2024

products, and formulate either alone or in combination with
antibiotics in a suitable nanocarrier to contend the antibiotic

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c08200

W ACS Publications 6845 ACS Omega 2024, 9, 6845-6860


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tahani+M.+Almeleebia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Habban+Akhter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Habibullah+Khalilullah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Akhlaquer+Rahman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarfaraz+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarfaraz+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nawazish+Alam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Sajid+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gyas+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ibrahim+Mufadhi+M.+Alanazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naiyer+Shahzad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amnah+Alalmaie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amnah+Alalmaie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c08200&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/6?ref=pdf
https://pubs.acs.org/toc/acsodf/9/6?ref=pdf
https://pubs.acs.org/toc/acsodf/9/6?ref=pdf
https://pubs.acs.org/toc/acsodf/9/6?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c08200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

B

NHCH,COOH HN

y

H

H

o 0 HO. c OH
F O\ o o @
(\N N HsC %
<A Loy
[0} OH O
HO

OH

Figure 1. Chemical structure of carboxymethyl chitosan (A), ciprofloxacin (B), and naringin (C).

safe and effective use of phytomedicines as an alternate option in
combination with antibiotics against microbial infection
compelling researchers to promote the use of phytochemicals
as an alternative.” Furthermore, the bacterial resistance has not
been reported yet toward the use of phytochemicals.

Escherichia coli (E. coli) is a Gram-negative bacteria that can
grow both in aerobic and anaerobic conditions in a variety of
materials such as liquid or solid under a wide temperature range.
It is an important family member of the intestinal microbiomes
of humans and mammals. Apart from their application in DNA
recombinant technology, they are highly versatile, virulent, and
cause a diverse range of intestinal ailments. It colonizes new
infants born within a short time. It is capable of causing
infections in the gastrointestinal, urinary, and respiratory tract.
The most common infections caused by them are diarrhea,
dysentery, meningitis, and sepsis.” Staphylococcus aureus (S.
aureus) is a highly resistant strain of bacteria causing
endocarditis, sepsis, pneumonia, and toxic shock syndrome in
humans and mammals. The a-toxin secreted by S. aureus may
cause skin inflammation and necrotic pneumonia in animals.’
The bacteria have well-established physiological machinery,
signaling pathways, and virulence rate in causing infection.

The discovery and development of novel antimicrobial agents
against broad-spectrum bacteria is a compelling need to
overcome multidrug resistance. Several obstacles in the drug
discovery path including long time and patience in research and
uncertainty in getting positive outcomes in concern to safety and
efficacy create hurdles for scientist.”

Opting for an alternate approach to enhance the existing drug
efficacy is an unmet need of the day. This could be possible by
implementing the recent advanced techniques based on
nanotechnology greatly helpful in improving the biological
activity and efficacy of the developed formulation.®

Kashef et al.’ developed noisome vesicles loaded with
ciprofloxacin for combating microbial and antibiofilm formation
against S. aureus. They developed two noisome preparations of
ciprofloxacin applying thin film hydration techniques and tested
against multiple S. aureus isolates using disk diffusion
techniques. First and second niosome formulations inhibited
ciprofloxacin MIC by 2 times in 4-isolates, and by 8—32-fold.
The minimum inhibitory concentrations (MIC) were estimated
for ciprofloxacin-resistant and biofilm-forming isolates through
the agar dilution method. Ciprofloxacin niosomes successfully
suppressed biofilm formation by 58% and their eradication by
62% among the investigated isolates.

Polysaccharides having unique features of physicochemical
and biological characteristics of biocompatibility, biodegrad-
ability, no toxicity, and drug carrier have been widely used in
biomedical and engineering applications. Polysaccharide has a
natural activity for several many diseases varying from bacterial,
antitumor, antioxidant, and antidiabetic.”"°

Chitosan is an FDA-approved natural polysaccharide
obtained from the deacetylation of chitin in alkaline conditions.
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It is a buildup of two basic units of D-glucosamine and N-acetyl
glucosamine. The poor aqueous solubility, rapid adsorption, and
swelling in aqueous media may cause faster drug liberation in
water limiting the use of chitosan. Carboxymethyl cellulose is a
substituted product of chitosan or chitin with carboxymethyl
group (—CH,—COOH) introduced at the amino or hydroxyl
active terminal. This substitution enhances the solubility of
chitosan at neutral pH. Carboxymethyl chitosan (CM—CS) has
wide applications in biomedical and pharmaceutical sciences
including emulsifiers, thickening agents, drug carriers, adsorp-
tion, permeation enhancer, and mucoadhesiveness (Figure 1A).
It interacts actively with biological cells/tissues and promotes
regeneration, and tissue growth. Besides these, CM—CS has
antimicrobial, antifungal, anti-inflammatory, antitumor, tissue
engineering, diagnostics, and advanced drug delivery technol-
ogies.''~'* CM~CS prevents biofilm formation and adherence
of bacterial strains of both Gram-positive and Gram-negative
bacteria, resulting in reduced cell-to-cell interaction and
microbial floccules formed. Further, the amino group in CM—
CS gets protonated in the physiological media and has a high
affinity to bind with anionic group microbes and inhibit."*
Alginate is an anionic water-soluble linear polysaccharide having
a-L-guluronic acid (G-block) and f-p-mannuronic acid (M-
block) two monomer units obtained from brown algae. The
divalent metal ion such as Ca®* or Mg?* has high affinity due to
ionic interactions and is strongly bound with the G-block of
alginate, resulting in the formation of a cross-linked 3D network
that appears as an “egg box model”. The alginate blocks’
composition and their sequence may affect the physicochemical
properties of the compound. The aqueous solubility of alginate
helps make stable ionic gelation in proximity with multivalent
ions Ca**, Mg®', or Zn**. Due to having gelling properties and
biocompatibility, it is preferred in medicine, cosmetics,
pharmaceuticals, bioengineering, and food products.ls’16 The
profound driving concept of nanocomposite formation relies on
the cationic or neutral carboxymethyl chitosan forming
polyelectrolyte complex with alginate molecule via ionic liaison
between amines and the carboxyl functional group of chitosan
and alginate molecule. The dissolved drugs in oleic acid are
sandwiched between two biopolymer layers. The polyelectrolyte
complex shields entrapped drugs more expeditiously than either
of the biopolymers alone.'” Owing to biofriendly applications
and lack of potential or hazardous toxic effects, the use of
nutraceutical or herbal-based products is growing nowadays,
which enables attention to develop more effective and safer
products. A nanoparticle offers a novel technology-based
platform for drug delivery to the individual cell level that helps
expedite the recovery of a disease in a precise manner. The
surface tuning and multifunctionality through manipulating the
nanoparticle surface more specific and challenging ailments
could be treated by developing smart nanodrug delivery systems
bearing macromolecules, biological products, therapeutic
agents, and/or various plant-based active moieties. Phytochem-
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Table 1. Formulation (NC1—NC8) Characterization Parameters, Particle Size, PDI, Zeta Potential, % Drug Encapsulation, and %

ACS Omega
Loading
formulas code particle size (nm) PDI zeta potential (mV)

NC1 S0 +26 0.507 +0.3 £ 0.1
NC2 63 + 4.2 0.670 +0.42 +£ 0.3
NC3 71 £ 3.9 0.571 +0.51 £ 0.2
NC4 76 +7.6 0.510 +0.63 + 0.5
NC6 85+ 8.5 0.318 +0.7 + 0.4
NC7 216 + 10.5 0.710 +0.9 £ 0.31
NC8 309 + 14.6 0.720 +1.3 £021

% encapsulation % loading

CIP NAR CIP NAR
42 +£2.7 39+£0.8 83+ 0.6 84+ 0.5
57+12 52+4 8.5+ 0.7 8.6+ 08
64+ 32 67 +62 9.5+ 04 93+£0.7

73.5+£2.5 72 +2.7 10 £0.7 9.8+ 0.6
91+ 1.9 89.5+ 12 11.5+ 0.6 10.8 £ 0.5
87 + 34 89 +34 10.6 £ 0.3 9.7+ 0.6
90 + 4.1 88+ 12 102+ 0.5 9.8 +0.3

icals are largely been implicated in nanomedicine and drug
delivery due to considerable biological activities for safe and
effective uses for the intended purpose.'®™*’

Ciprofloxacin (Figure 1B) is a fluoroquinolone antibiotic that
has low solubility and permeability ensuring variable absorption
and restricted bioavailability. It inhibits the DNA gyrase
enzymes required for DNA replication. It is used against
infections produced by both Gram-positive and negative
bacteria of the respiratory tract, urinary tract, eye, and ear
infection. It is also recommended for anthrax, salmonella
infection, typhoid fever, gonorrhea, and joint infection.”* The
usual dose of ciprofloxacin is 500 mg twice a day. Encapsulating
oleic acid mixed ciprofloxacin into nanoparticles can improve
the drug, dissolution, absorption, bioavailability, and antimicro-
bial activity of the drug.”®

Naringin (Figure 1C) is a derivative of Naringenin (aglycone)
and belongs to flavonoids glycoside of the flavonone class mainly
obtained from citrus fruits, lemon, grapes, beans, cherries,
oregano, and orange.”””° It has multiple pharmacological
actions of antioxidant, antimicrobial, antibiofilm, antitumor,
antihypertensive, antidiabetic, antiviral, and tissue regeneration
and modulated through distinguished signal pathways.””**
Naringin also modifies the drug absorption, distribution, and
elimination process in intestinal tissues and increases the
bioavailability of paclitaxel.” It has antimicrobial activity against
E. coli and S. aureus.”® A study by Dey et al, reported that
naringin enhances ciprofloxacin antimicrobial efficacy against P.
aeruginosa biofilm compared to alone treatment.” Naringin has
low oral bioavailability and biodistribution, hence affecting the
therapeutic aim. In the current study, the rationale toward the
codelivery of CIP with their herbal counterpart NAR in a
biocomposite system is besides the antimicrobial action of CIP;
NAR increases oxidative stress in E. coli and S. aureus and causes
reactive oxygen species formation. It leads to the damage of
bacterial membranes and biofilm sensitization resulting in
improved antimicrobial efficacy.”’ Therefore, the current study
aimed to design and evaluate the codelivery of naringin and
ciprofloxacin from the oleic acid lipid of carboxymethyl
chitosan/alginate nanoparticles and evaluate the in vitro for
drug release and investigate enhanced antimicrobial activity of
CIP bearing NAR in comparison to CIP solo use against
different bacterial strains, E. coli, and S. aureus.

B RESULTS AND DISCUSSION

Optimization of the Nanosystem. Based on the
preliminary investigation of the development of the CIP +
NAR— CM-CS/SA—NPs composite system, the different
formulation codes (NC1—NC8) of varying formulation
compositions were designed. The CIP and NAR in a ratio of
1:5 were successfully encapsulated in the nanocomposite system
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with maximum entrapment efficiency of 91 + 1.9 and 89.5 +
1.2%, respectively. For solubilization and improved dissolution
of drugs, a low drug to oleic acid ratio of (1:0.5) to a high drug to
oleic acid ratio of (1:4) were tested precisely in vitro. Increasing
oleic acid concentration increased drug entrapment due to
higher solubilization. At an optimum ratio of drugs to oleic
(1:2.5) corresponding to formulation NC6, the maximum
solubilization of drugs was achieved. Toragall et al. prepared a
hybrid carrier using oleic/chitosan/alginate and improved
aqueous solubility and intracellular transport of hydrophobic
drug lutein.*” The increasing concentrations of CM—CS (0.5—3
mg/mL) and SA (0.25—2.0 mg/mL) were used in the
formulation optimization process while keeping the same
concentration of 0.15% tween 80. At the least concentration
of 0.5 mg/mL of CM—CS and 0.25 mg/mL of SA; the particle
size, PDI, and zeta potential was recorded 50 + 2.6 nm; 0.507;
and +0.3 + 0.1 mV. While, the drug entrapment was observed
less, i.e., 42 + 2.7 and 39 + 0.8% for CIP and NAR may be due to
low polymer content that was unable to encapsulate the added
amount of drugs; on the other hand, increasing their
concentration, increased the particle size due to bulkiness of
the particle. The % drug loading of CIP and NAR was measured
to be 8.3 + 0.6 and 8.4 & 0.5%.

At the polymer concentration of CM—CS and SA of 2 and 1.5
mg/mL (NC6), the particle size of 85 + 8.5 nm, PDI of 0.318,
zeta potential of +0.7 & 0.4 mV, and drug entrapment (CIP to
NAR) of 91 + 1.9 and 89.5 + 1.2% were incurred, respectively.
Further, at the same concentration % drug loading of CIP and
NAR were measured 11.5 + 0.6 and 10.8 & 0.5%. The highest
particle size of >300 nm was retrieved at a polymer
concentration of 3 and 2.5 mg/mL of CM—CS and SA. The
least particle size, low PDI (monodisperse), and high entrap-
ment and loading were measured for formulation NC6. The
detailed characterization results of formulations (NC1—NC8)
are shown in Table 1. Ebrahimi et al. prepared NAR and
Berberine loaded Chitosan/Alginate hydrogel composite of
mean particle size and entrapment of Berberine and NAR were
594 nm; 51.6 + 7.4% and 636 nm and 47.1 + 5.8%.>> The
optimized nanoparticles composite system leveled to formula-
tion code NC6 (CIP + NAR—CM—CS/AG—NPs) has
comprised 100 mg of CIP, 20 mg of NAR, drugs to oleic ratio
of 1:2.5 and tween 80 of 0.15%, CM—CS of 2 mg/mL, and SA of
1.5 g/mL, respectively. The optimized preparation was
characterized in vitro for further investigation.

Physicochemical Characterization of the Nanosystem.
The prepared optimized formulation showed a particle size of 85
+ 8.5 nm, PDI of 0.318, and {-potential of +0.7 + 0.4 mV. The
amount of drug safely encapsulated as drug entrapment and
loading corresponding to CIP to NAR were 91 + 1.9, and 89.5 +
1.2; 11.5 + 0.6 and 10.8 + 0.5%, respectively. Further, the size
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Figure 2. Particle size distribution by percentage intensity of CIP + NAR—CM—CS/AG—NPs.

distribution in the bulk of the formulation was highly consistent
and unimodel. The homogeneity, uniformity, and single-phase
size distribution of the nanodrug delivery system were also
confirmed by low PDI. The chitosan molecules bear a positive
surface charge due to the presence of NH;+ ions. However,
methyl carboxylation of chitosan reduces positive charge toward
zero or negative. Here, the surface potential of CIP + NAR—
CM—CS/AG—NPs was recorded as very less positive, indicating
that the methyl carboxylation brings down the positive charge
significantly due to the formation of carboxylate ion
(CH,COO™). The balance in positive and negative surface
charge over NPs due to NH;+ and carboxylate ion (CH,COO™)
contributed toward the stability and robustness of the system
and impersonated the stability in the biological medium.”* The
particle size and their distribution and surface charge on NPs are
shown in Figures 2 and 3. The particle size depiction by Malvern

Rel. frequency [%)

-200.0 -100.0 0.0 100.0

Zeta potential distribution [mV]

200.0

Figure 3. Particle surface charge representation of CIP + NAR—CM—
CS/AG—NPs by the percentage relative frequency.

Zetasizer further elaborated by conducting TEM analysis
expressed that the particle is stable, well dispersed, ordered,
and coherent (Figure 4). The size of particles in the bulk
preparation is obtained in nanometers.>’

Differential Scanning Calorimetry. The physical state of
therapeutics processed in the cargo for drug delivery is highly
important to predict the fate of a biological system. DSC spectral
peak mainly focuses on changes in the physical and chemical
properties of the substances by evaporation (loss of water) and
polymer decomposition and is characterized by exothermic or
endothermic peaks. Differential thermal scanning is an
important analytical tool used to determine the melting point
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Figure 4. TEM image of CIP + NAR—CM—CS/AG—NPs.

of raw drugs and the physical state of a drug in a nanocarrier. The
DSC thermogram of CIP, NAR, sodium alginate, carboxymethyl
chitosan, and ciprofloxacin and naringin loaded-carboxymethyl
chitosan/alginate nanoparticles are indicated in Figure SA—F.
The raw ciprofloxacin showed a peak of dehydration at 163.8
and 329.23 °C pointing to the crystalline melting of the drug
during decomposition (Figure SA). The melting endothermic
peak of NAR obtained at 162.65 °C, and the thermogram
showed at 106.69 °C (Figure 5B) was due to water loss.”>*” A
sharp endothermic spectrum of sodium alginate showed at
128.84 °C due to matrix water loss (Figure SC). While
carboxymethyl chitosan showed a sharp endothermic peak at
104.62 °C, a low endothermic peak at 168.51 °C, and a sharp
endothermic peak at 283.8 °C due to different functional groups
(Figure SD).”* Moreover, the physical mixture of formulating
components showed melting peaks at 139.56, 166.88, and
239.93 °C (Figure SE). The melting point of alginate in the
formulation was slightly lowered and appeared at 75 °C and
carboxymethyl chitosan was obtained at 100 °C (Figure SF).
However, no drug peak appeared on the formulation,
demonstrating that the drugs have been encapsulated in the
biopolymer composite.
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ACS Omega 2024, 9, 6845—-6860


https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08200?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

| 51.83 (A Area = 1158.948 rmJ
Delta H = 579.474 J/g
| Peak = 329.233 °C
40 4 Avrea = 779.330 mJ
= Delta H = 389.665 Jig
= FPeak = 163.816 °C
= 30 A
=
=
=
= 20
s
]
=
10 4
-1 3
40 100 150 200 250 300 350 <400
Temperature (°C)
| 23186 (B) Peak = 106.960 °C
Area = 260.852 mdJd
Delta H = 130.426 J/g
| 225 4
£ 220 Peak = 162.654 °C
=
5
2 215
=
S
=
= 21.0 o
1 Area = 19.549 md
i Delta H= 9.775 A/g
20.5 +
20.0 4
19.61
100 150 200 250 300 350 400
Temperature ("C)
342.8 o
I (< Peak = 128.845 °C
o0 Area = 6119.095 mJ
| Delta H = 3059.547 Jig
250 4
£
S zoo
=
]
S
S 150 -
=
=
= 100 4
s0 H
-1
40 100 200 250 300 350 400
Temperature (°C)
38.21 4 ( )
| - FPeak =
| 35 A
30 A
% Peak = 168.516 °C
=
S
= 25 4 Area = -641.070 mdJd
= =
= rea = 935.931 mdJ Area = 119.747 ml Delta H = -320.535 /g
= Delta H = 467.966 J/g Delta H = 59.874 J/g
E 20 4
15 A
Peak = 283.800 °C
10.77
a0 100 150 200 250 300 350 <400
Temperature (°C)
| 245 7 (E) ceak = 139.584 “C Peak = 166.882 °C
Area = 92.032 md Area = B2.371 md
| Delta H = 46.016 J/g Delta H = 31.185 Jrfg
22 1 Peak = 239.934 °C
= Area = 33.944 mJ
= =0 Delta H= 16.972 J/g
=
i)
= 18
=
=
w
=
£ 48
14
12.8
40 100 150 200 250 300 350 <400
Temperature (°C)
I FEAS F) peak = 70.301 =
Area = 1424 072 md
I 35 o Delta H = 712.036 J/g
Area = 40.729 md — -
% =0 Delta H = 20.365 J/g pef‘: = 272433 "C
= Peak = 113,810 & rea = 1815.399 mJ
=2 Delta H = 907.700 Jfg
=
E 25 A
=
= cak = 99.486 °C
Area = 32.562 md
20 4 Delta H=16.281 J/g
1593

150 zZ00 2s0 300 350 400

30 s0 100
Temperature (°C)

Figure S. DSC curve. (A) ciprofloxacin, (B) naringin, (C) sodium alginate, (D) carboxymethyl chitosan, and (E) physical mixture; (F) formulation.

X-ray Diffraction Study. XRD was investigated to ensure molecular state of the drug encapsulated within a nanocarrier.
the conversion of the crystalline structure of raw drugs into the The powder XRD of raw ciprofloxacin, Naringin, carboxymethyl
6849 https://doi.org/10.1021/acsomega.3c08200
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Figure 6. Powder XRD. (A) CIP, (B) NAR, (C) carboxymethyl chitosan, (D) sodium alginate, (E) oleic acid, and (F) CIP + NAR—CM—CS/AG—

NPs.

chitosan, sodium alginate, oleic acid, and CIP and NAR-loaded
oleic acid carboxymethyl chitosan/alginate nanoparticles are
shown in Figure 6A—F. The specific diffraction pattern in the
crystal structure of ciprofloxacin appeared at a sharp 2-theta of
9.1660 (area = 141.53), 19.4243 (area = 109.91), 26.6310 (area

6850

=172.30), and 29.3833 (area = 77.73). Naringin shows specific
crystal peaks at 2-theta of 9.8002 (area = 231.38); 10.1251 (area
= 169.73; 11.9101 (area = 149.46), 13.4633 (area = 226.37),
14.8716 (area = 377.22), 16.8457 (area = 254.11), 17.9369
(area = 306.41), 19.0442 (area = 294.90), 24.0022 (area =

https://doi.org/10.1021/acsomega.3c08200
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232.49),26.4269 (area = 519.49), and 29.1146 (area = 341.64).
Similarly, the sharp and intense peaks of CIP and NAR did not
appear in the formulation; this may have been attributed to the
molecular state of drugs encapsulated in the nanoparticles.
Carboxymethyl chitosan and sodium alginate showed few
intense peaks at a 2-theta of 31.8777 (area = 198.36), 45.5924
(area = 98.30), 31.8838 (area = 290.75), and 45.6148 (area =
152.48) due to some crystal structure. Oleic acid showed several
sharp and intense peaks specifically at 2-theta of 14.8491 (area =
396.13), 17.2827 (area = 396.65), 18.9625 (area = 1414.84),
19.1032 (area = 360.38), 19.1032 (area = 360.38), 20.6959
(area = 674.09), 401.17 (area = 21.3480), 23.601S5 (area =
1946.21), 23.7403 (area = 353.89), 28.5223 (area = 278.02),
29.7185 (area = 545.71), 33.7742 (area = 500.17), 38.8801
(area = 259.31), and 44.2859 (area = 421.89) probably due to
high degree of crystalline structure. Surprisingly, XRD peaks
appeared in a formulation at 2-theta angle of 15.2150 (area =
181.68), 17.4477 (area = 263.51), 19.3572 (area = 612.85),
21.0153 (area = 295.74), 23.9939 (area = 650.97), 34.0993
(area = 160.87), and 44.6138 (area = 188.08) was not from the
CIP and NAR, rather from the external layer of oleic acid
expressing that the drugs are well encapsulated within the
polymeric matrix in the amorphous state.””*’

Drug Release from Formulation. The amounts of CIP
and NAR released from nanoparticle and raw drug suspension
were investigated at a fixed time, as shown in Figure 7. The time
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Figure 7. % Cumulative release of CIP and NAR from CIP + NAR—
CM—CS/AG—NPs and their suspensions at phosphate buffer saline of
pH 7.4.

point of drug release was noted at the beginning of the study and
continuously monitored until the end of 48 h by appropriate
sampling. Drug release was estimated in this period both from
formulation and raw drug suspension. The CIP and NAR release
from suspension was monitored for 48 h and at the end of the
study maximum release was marked 31.26 + 8.1 and 28.4 +
5.6%, respectively. The slow and low release from raw drug
suspension may be due to erratic solubility and dissolution
behavior of unformatted drugs. Adversely, over the period of
observation, the initial phase showed an abrupt release of 31 +
1.6% NAR in 2 h from CIP + NAR—CM—-CS/AG—NPs. The
higher drug release on the initial phase at pH 7.4 (PBS) was
noticed due to the solubilization of weakly held or surface-
absorbed drug from the polymeric surface. Afterward, it
experienced a drug liberation in a prolonged or sustained
fashion for a period of 48 h in the medium i.e, 89 + 6% in
physiological pH 7.4. Similarly, the CIP release from CIP +
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NAR—-CM—-CS/AG—NPs was determined on samples col-
lected at different intervals. The % drug release of CIP was
estimated at 86 + 4% from CIP + NAR—CM—CS/AG—NPs in
the physiological medium of pH 7.4. The slow and sustained
release of CIP was due to the strong bond formation (hydrogen
or ionic interaction) between CIP and oleic acid and the
carboxylic group from CIP further binds with positively charged
carboxymethyl chitosan and thus overall, led to prolong the
release rate from the nanoparticle composite. Similar trends of
CIP release were observed from various nanocarrier and oleic
acid alginate/chitosan nanosize particles quoted in the
literature.”' ~** The carboxymethyl chitosan alginate composite
nanoparticles hydrate in aqueous medium, resulting in swelling,
erosion, and subsequent drug diffusion in the dissolution
medium. Furthermore, drug liberation is sustained and
prolonged from the alginate/carboxymethyl chitosan core
depending upon the drug, polymer concentration, solubility,
pH of the medium, and other physicochemical properties of the
drug and cargo system.”

The percentage of drugs released from the nanocomposite
system was fitted into the kinetic models to come across the
mechanism of drug release from the drug-loaded composite
system. The different models were adapted to the drug release
likewise; Korsmeyer—Peppas, Higuchi model, Hixson—Crowell,
first order, and zero order to discriminate the suitability of the
model to fit. The kinetic data incurred from different models are
shown in (Table 2). These models expressed varied release
mechanisms from the lipidic/polymeric matrix.

Table 2. Kinetic Release Model Expressing Fitting Drug
Release Data from CIP + NAR—CM—CS/AG—NPs

korsmeyer— hixson first zero
peppas higuchi  crowell order  order constants
0.951 0.906 0.891 0.70S 0.838  regression
coefficient (R)?
0.31 0.56 0.68 0.50 0.71 exponent value, (n)

The regression value of the different models was determined
and the highest value of it was assigned to the good fitted model.
The Korsmeyer—Peppas model was chosen as the best-fitted
model due to the high regression value of R* = 0.951. For other
models, Higuchi, Hixson Crowell, zero order, and first-order
regression values were R*=0.906, R* = 0.891, R* = 0.838, and R*
= 0.70S, respectively. The mechanism of drug release from the
lipidic/polymeric composite system favored diffusion of the
Fickian type as illustrated by the exponent value (1) of 0.31 (0.5
< n < 1). Further, controlled and sustained drug release
conveyed through the matrix composite system triggered via
hydration, swelling, and thereby diffusion, and then dissolved
drug eroded from the lipid core—shell to the exterior layer in the
surrounding environment. On the other hand, the drug release is
also governed by adjacent biological medium pH, drug dose,
physical and chemical behavior of the drug as well as polymer
cornposite.%’47

Intestinal Permeation Study. The relative permeation
profile of NAR and CIP from formulation was determined in a
predefined interval of time. The amount of drug permeated from
formulation CIP + NAR-CM-CS/AG—NPs and drug
suspension were estimated across the goat intestine, which
were obtained from a local slaughterhouse, cleaned, and washed
with ringer solution clearing any type of foreign substances or
cell debris. The rates of permeation as fluxes were estimated
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Figure 8. CIP and NAR permeation fluxes from CIP + NAR—MCS/AG—NPs and drug suspensions. Data are expressed as average + SD (n = 3).

using UV—visible spectrophotometry of both CIP and NAR to
concerning time shown in Figure 8. The permeation across the
intestinal membrane expressed that the amounts of NAR and
CIP permeated from the formulation CIP + NAR—CM—CS/
AG—NPs were 6543 + 6.45 and 73 + 6 ug/cm® h in 48 h.
Similarly, unformulated NAR and CIP suspensions showed
fluxes of 29.34 + 6.3 and 23.1 + 9.9 ug/cm® h at the same time.
This may have been ascribed to the unformulated state of NAR
and CIP in suspension. Further, the NAR and CIP permeation
rate was significantly higher than that of the drug suspension (p
<0.01).

Intestinal absorption of drugs is greatly affected by
mucoadhesive properties and mucosal cell interaction with the
surface area of the nanocarrier. The positive surface potential of
chitosan is due to bearing protonated amino group (NH;*)
favoring mucosal drug transport via the nanobiointeraction of
the oppositely charged mucosal layer. In addition, the adequate
nano surface area of the chitosan alginate composite could assist
in the permeation process through the intestinal epithelial
junction.48’49

Hemocompatibility Assay. The blood compatibility assay
of the developed preparation CIP + NAR—CM—CS/AG—NPs
was examined for the compatibility of preparation with blood
cells in the systemic circulation. A limited percentage <2% of
RBC destruction is permitted and considered safe admin-
istration of formulation. The cell destruction is probably due to
the cytotoxic nature of raw materials and polymers used in the
preparation. The formation of instant protein covers around the
NPs due to protein adsorption (protein corona) in blood
circulation, and the resulting interaction with them may
disfigure the geometry and original structure of NPs. The NPs
in direct contact with cellular components may induce
thrombosis or damage blood cells and release hemoglobin.
The percentage of hemolysis of less than 2% recommended safer
administration according to the ASTMF756-00 (2000) stand-
ard.>® The use of natural biomaterial may be accounted as safe
and compatible with the biological system.>

DPPH-Radical Scavenging Assay. 2,2-Diphenyl-1-picryl-
hydrazyl (DPPH) is a widely accepted and easily performed way
of measuring antioxidant power, where it acts as a free radical.
The antioxidant power of the biological compound NAR is
widely explored with the DPPH assay for determining radical
scavenging activity. The ability of the proton (H*) donor of the
antioxidant sample was estimated by discoloration of the organic
solution of DPPH. The DPPH reagent produces a purple or
violet color in methanol solution. The DPPH reagent in contact
with antioxidant samples causes the color conversion to fade
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yellow or colorless. The antioxidant capacity of NAR from
NAR—-CM—-CS/AG—NPs was determined to be 87.33 + 4.3
versus 59 + 6% by naive NAR. The positive control BHT and
blank nanocarrier showed 98.4 and 23.3 =+ 8.65% of antioxidant
capacity. The antioxidant activity of NAR from CIP + NAR—
CM—CS/AG NPs did not alter in the presence of CIP and
almost remains the same (Figure 9). The finding conveyed that
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Figure 9. Antioxidant activity of NAR from NAR—CM—CS/AG—NPs
by DPPH assay in comparison to the NAR suspension and blank CM—
CS/AG NPs positive control: BHT was used as standard. The
significant difference was considered when expressed *p < 0.05; **p <
0.01 (highly significant). Data expressed as average + SD (n = 3).

the antioxidant properties of NAR were concentration-depend-
ent. The result interpreted that NAR in the nanocarrier acts as an
excellent antioxidant compared to naive NAR showing the
importance of nanotechnology-based processing of naive NAR
due to their successful entrapment in the polymeric core. This
could be due to the enhanced dissolution of NAR trapped in the
carrier and protected against harsh environmental conditions.
Naive NAR showed less antioxidant properties compared to
NAR formulation due to its poorly dissolved state. The
antioxidant capacity of formulated NAR is comparable to the
current studies accounted for in the scientific literature.”"*>
Nano-State Stability. The nanosize stability of the
optimized formulation is shown in Figure 10A—D. The
formulation stability was investigated for modification in the
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Figure 10. Evaluation of the nano-state stability of the developed formulation. The changes in the particle size, PDI, and % drug entrapment and drug
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Figure 11. Physiochemical changes (particle size and surface charge) of the nanodrug delivery system in 5% FBS at nanobiointerface in biological

milieu. Data expressed as average + SD (n = 3).

physicochemical properties of the developed formulation for a
defined period of 3 months. The changes were examined for
particle size and their distribution, PDI, % drug entrapment, and
% drug loading. A nonsignificant increase in particle size was
noted probably due to the accumulation of particle mass of
opposite charge particles (p > 0.05) in either room temperature
or refrigerated conditions. A slight increase in PDI was also
observed in the formulation due to particle assembly; despite
this, the unimodal particle size distribution was unchanged. The
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change in the particle size, PDI, and size distribution did not
alter the physicochemical properties of NPs and maintained
their stability throughout the stability study. The % drug
entrapment and % drug loading of NPs were also determined in
this period, indicating a marginal fall in drug entrapment and
drug loading efficiency. This may be ascribed to the fact that an
aqueous medium may help in polymeric matrix wetting, hence
the chances of drug leakage resulting in decreased drug loading
and entrapment.”
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Figure 12. Antimicrobial experiments involving S. aureus (A, C), and E. coli (B, D) showed different ZOI (E) and MIC values (F) on groups: MHO
(Placebo); MH6—representing CIP pure; and MH8—representing CIP + NAR—CM—CS/AG—NPs formulation and; C—representing distilled water
(control) (A, B). Rl—representing CIP pure; R2—representing (CIP + NAR) pure; and R3—representing CIP + NAR—CM—CS/AG—NPs
formulation (C, D). ZOI and MIC value of CIP + NAR—CM—CS/AG—NPs, (CIP + NAR) pure, placebo, and CIP pure (E, F). Data expressed as

average = SD (n = 3).

Table 3. MIC and ZOI of Formulation/Pure Drugs

MIC (ug/mL)

formulation/pure drug E. coli
CIP pure 5SS +£4.4
placebo 270 £ 11
(CIP + NAR) pure 39+6
CIP + NAR—CM—CS/AG—NPs 94+ 1.6

ZOI (mm)
S. aureus E. coli S. aureus
67+5 23.56 + 2.4 21.67 + 4.67
310 + 10 1.89 + 0.69 1.46 + 0.53
47 £5.2 33+4 26 £4.5
16 + 0.5 578 +62 43.52 + 6.4

Nanoparticle Stability in Fetal Bovine Serum (FBS).
Serum stability of NP postincubation for 24 h is shown in Figure
11. Through this study, the authors came across to know the in
vivo fate of NP and how it presents to the biological milieu. It
was observed whether the in vitro prediction of their synthetic
identity gets modified in vivo or they kept their original identity.
Moreover, it was reported that increased absorbance of the
sample over 3 h of the study clearly expressed that there was a
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layering of proteins around the NPs probably due to the
interaction of macromolecules on to the NP surfaces or
nanobiointeractions. The next observation focused on the
impact of protein layering on to the NP surface that would have
changed the inherent in vitro optimizing parameters of
formulation such as physicochemical features of NPs like the
particle size, size distribution, and surface potential. After 1 h of
incubation, NPs had expressed an increased size, which led to an
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overleap of the size observed at th end of 24 h. Overall, the
increase or reduction in particle size in 24 h of incubation was
not significantly different manifesting the nanosize stability at
the nanobiointerface. A change of surface of NPs was reported
from +0.4 to +1.4 mV throughout incubation indicating positive
interaction with macromolecules in the biological medium.>*>*

Antimicrobial Assay. The antimicrobial assay of the
developed formulation in terms of zone of inhibition
comparative to standard and control was determined, as
shown in Figure 12A—D. The minimum inhibitory concen-
tration (MIC) value of CIP + NAR—CM—CS/AG—NPs, (CIP
+ NAR) pure, and CIP pure was calculated for the chosen
microbe (S. aureus and E. coli) as shown in Table 3 and Figure
12E,F to clarify the difference in activity. It was observed a
notable growth suppression on both the strain of S. aureus and E.
coli under study. The bacterial growth regression in terms of
zone of inhibition measured were 21.67 + 4.67, 1.46 + 0.53, 26
+ 4.5, and 43.52 + 6.4 mm for CIP pure, placebo, (CIP + NAR)
pure, and in combination as CIP + NAR—CM—-CS/AG—NPs
formulation against S. aureus. In parallel to these, the zone of
inhibition notably measured 23.56 + 2.4, 1.89 + 0.69, 33 =+ 4,
and 57.8 + 6.2 mm for CIP pure, placebo, (CIP + NAR) pure,
and in combination as CIP + NAR—CM—CS/AG—NPs for the
strain E. coli. The tested efficacy of CIP with the occurrence of
NAR in the formulation significantly enhanced in suppressing
bacterial growth due to a higher zone of inhibition (ZOI).
Further, the inhibition zone was higher for E. coli, however,
growth suppression was not significantly different as compared
to S. aureus. Moreover, the MIC values of pure CIP, (CIP +
NAR) pure, and CIP + NAR—MCS/AG—NPs were estimated
against both strains. The MIC values of the CIP pure, (CIP +
NAR) pure and formulation CIP + NAR—CM—CS/AG—NPs
were determined 55 + 4.4, 39 & 6, and 9.4 + 1.6 ug/mL for E.
coli. The drastic enhancement in antibacterial efficacy by CIP
and NAR together due to encapsulation in nanocarrier. The
drug encapsulation inside the polymeric core prominently
improved the drug dissolution and their availability to the target,
resulting in improved efficacy. Similarly, the MIC value of CIP
pure, (CIP + NAR) pure and formulation CIP + NAR—CM—
CS/AG—NPs were determined 67 & 5.0,47 + 5.2 and 16 + 0.5
pug/mL in case of S. aureus. The MIC values of CIP and NAR in
nanoparticles were significantly different (p < 0.01) from those
of CIP pure and (CIP + NAR) pure, exhibiting that drug-loaded
nanoparticles showed greater antimicrobial activity. The
combination index for codelivery of CIP and NAR from CIP
+ NAR-CM-CS/AG—NPs was investigated, which ascer-
tained the enhanced effect of CIP in the presence of NAR, i.e,, a
synergistic effect where the CI value of drugs calculated 0.28 for
E. coli and 0.48 for S. aureus, and it was affirmed by the Chou—
Talalay method.™

The antibiotic release mediated from the nanocarrier for
intracellular delivery may be challenging due to nanobiointer-
action with biological membranes. However, nanoparticles
showed improved delivery to the cell, organs, and tissue due
to optimized and tuned surface geometry. The current
antimicrobial study results outcomes are comparable to the
previous work by Imam and associates.””

Tijani Isa and associates designed Ciprofloxacin loaded
Aragonite NP and tested the in vitro antibacterial activity
against Salmonella Typhi. The developed formulation showed
the average zone of inhibition 18.6 + 0.5 mm parallel to 11.7 +
0.9 mm by ciprofloxacin pure.”” Ciprofloxacin HCL-loaded
chitosan nanoparticles were fabricated by Soliman et al.*° using
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the ionic gelation technique. The formulation was optimized by
a Box-Behnken design. Different parameters optimized under
the study showed the quadratic impact of input variables on
formulation processing. The optimized NPs were effective at low
concentrations of CIP-loaded nanoparticles and the inhibition
zone of bacteria was not shown.*

Sobhani et al. developed CIP-encapsulated chitosan nano-
particles by the ionotropic gelation method. The impact of
different mass ratios of chitosan was well studied in drug
encapsulation and other physicochemical parameters of the
formulation. The antimicrobial activity of formulation was
measured in terms of MIC value and the results exhibited
nanoparticles containing CIP was shown to be a 50% lower MIC
value compared to naked CIP against E. coli and S. aureus. The
study concluded that CIP at a low dose in nanocarrier could be
effective against bacterial infection.””

The combination of CIP and NAR in a chitosan-alginate
nanoparticle was not reported earlier in the literature. The
results clearly showed that CIP in combination with NAR has
shown improved antibacterial activity against the chosen
microbial strain.

Imam et al. prepared an oral NAR hybrid nanocarrier for
antibacterial activity and antioxidant activity using lipid and
chitosan and optimized formulation by statistical design. The
optimized formulation expressed encapsulation of 83.5 + 2.1%
and particle size 85 + 8.5 nm. The drug release from the
nanocarrier was noted as 89.62 + 4.54%. They noticed improved
antimicrobial activity against E. coli with respect to S. aureus and
concluded that hybrid nanoparticles could be an alternate
therapeutic mode in antimicrobial therapy.*”>*

The aforementioned antimicrobial observation illustrated that
the antibacterial activity of CIP enhanced in the presence of the
NAR when entrapped in chitosan alginate nanoparticles. This
may be due to the drug-carrying potential of the nanocarrier to
the target site and also protecting against harsh biological
environments. The other reason could be the destabilizing
impact on the cell wall resulting in higher penetration and
permeation onto the microbial in turn leads to higher killing of
microbes.”®

B CONCLUSIONS

The current study successfully produced a dual drug-loaded lipid
core carboxymethyl chitosan/alginate NP for improved micro-
bial treatment. The optimized formulation CIP + NAR—CM—
CS/AG—NPs was extensively characterized in vitro and assessed
for different parameters including intestinal permeation flux.
The CIP and NAR release from the nanocarrier showed
sustained release behavior after the initial drug eruption. The
homogeneous and consistent size of nanoparticles obtained
through Zetasizer analysis represents stable; and robust
preparation. The particle size uniformity, shape, and size
distribution, and their segregates were further ensured in the
formulation by electron micrographic analysis. The polymeric/
lipid matrix showed controlled drug release except in the
beginning phase in the conterminous environment mediated by
diffusion and exhibited a higher release in pH 7.4 for the
intended time. Among the studied kinetic models, the
Korsmeyer—Peppas was shown good fit for the model due to
its high regression coefficient (R*> = 0.951) and exhibiting
Fickian diffusion. Moreover, DSC and spectral XRD analysis
clearly expressed that the formulating components and drug
were compatible and stable in the formulation. The high
permeation flux of NAR and CIP from CIP + NAR—CM—CS/
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AG—NPs relative to drug suspensions was observed from the
permeation diffusion study. The developed biocomposite
system illustrates serum stability in 24 h of incubation time
which is paramount in nanobio stability in vivo. The
antimicrobial assay of formulation revealed anticipated out-
comes in reducing significant bacterial growth compared to the
solo antibiotic treatment. To the end, the developed NAR and
CIP entrapped in oleic acid carboxymethyl chitosan/alginate
NPs composite improved the antimicrobial properties of CIP in
combination with NAR. The developed nanoparticle composite
bearing NAR and CIP could be an option in the clinical
management of infection.

B MATERIALS AND METHODS

Reagents. Carboxymethyl chitosan (Low M,, 50—190 kDa,
90% deacetylation) obtained from Himedia Mumbai, India,
sodium alginate (M,, 75—100 kDa). TCI Chemicals Pvt. Ltd.
India, provided ciprofloxacin and naringin. Every chemical,
solvents, and reagent used in this study were of high pure
analytical standard.

Formulation and Optimization of the Composite
System. The formulation was developed using a nonsolvent
ionic gelation technique. In the meanwhile, in the development
process, CM—CS bearing a positive surface charge was allowed
to dissolve in acetic acid and SA was made to solubilize in an
aqueous solvent. The different ratios of drugs (CIP: NAR) were
dissolved in different ratios of drug to oleic acid and then
transferred to a CM—CS solution. Finally, the SA solution was
added to the drug-loaded composite system, sonicated, and
centrifuged. The effect of process variables was studied in
experimental outcomes of physiochemical properties of
prepared nanoparticle composite including the particle size,
surface charge, drug entrapment, and drug release. The
experimental layout and formulation composition of the
biocomposite system are enclosed in Table 4.

Table 4. Strategic Formula Composition for the Fabrication
of the CIP + NAR— CM—CS/SA—NP Composite System

formulas NAR:CIP  drug to oleic tween CM-CS, SA,mg/
code ratio acid ratio 80, % mg/mL mL
NC1 1:1 1:0.5 0.15 0.5 0.25
NC2 1:2 1:1 0.15 1.0 0.5
NC3 1:3 1:1.5 0.15 15 0.75
NC4 1:4 1:2 0.15 1.75 1.0
NCé6 1:5 1:2.5 0.15 2.0 15
NC7 1:6 1:3 0.15 2.50 2.0
NC8 1:7 1:4 0.15 3.0 2.5

Fabrication of Ciprofloxacin (CIP)- and Naringin
(NAR)-Loaded Carboxymethyl Chitosan (CM-—CS)-So-
dium Alginate (SA) Nanoparticles (CIP + NAR— CM—-CS/
SA—NPs) Composite Using the Nonsolvent lonic Gelat-
ion Technique. The CIP + NAR—CM—-CS/SA—NPs were
designed and fabricated by the nonsolvent ionic gelation
technique applying SA and CS as per Toragall et al, with
modification.” First, 2 mg/mL CM—CS having a positive
charge surface was dissolved in 0.1% acetic acid, and 1.5 mg/mL
SA with a negative charge surface was dissolved in deionized
water. Second, 100 mg of CIP and 20 mg of NAR both were
dissolved in a 1:2.5 ratio of oleic acid and then added to CM—CS
solution along with the addition of tween 80 (0.15%) and
magnetically stirred (REMI CM-101 plus, India) for 1 h. Third,
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SA solution was injected as fine drops into the mixture of CS—
CIP + NAR/oleic acid/Tween 80, and sonicated for 10 min,
with probe sonicator (PCI, Mumbai, India) at 80 Hz at an
amplitude of 80% under ice-bath, drug-loaded nanocarrier
separated using centrifugation, dried, and lyophilized.

Characterization. Particle Size Measurement. A Zetasizer
(Hitachi, H-7500) was used for investigating the particle size in
the bulk of the nanosize formulation. Before the analysis of the
particle size, the formulation was 50-fold diluted in deionized
water, and after vortexing, the sample was observed.

Entrapment Efficiency (EE). The amount of ciprofloxacin and
naringin entrapped in the nanocarrier was determined by the
high-speed centrifugation method. After the centrifuge, the
sample was withdrawn, the aliquot was removed with a
micropipet, and then, the ciprofloxacin and Naringin content
was estimated by using a UV—visible spectrophotometer. % EE
was estimated by applying the below mentioned formula:

Total drug dose — Supernatant drug y

% EE = 100

Total drug dose (1)

Drug Loading. During the preparation of NPs, the quantity of
drug entrapped per unit NPs weight expressed the drug loading.
It was estimated by centrifugation technique using 2 mL
prepared NPs and then drug concentration remained unen-
trapped as estimated using a UV—spectrophotometer. % DL was
calculated using the below mentioned formula:

Total drug encapsulated in NPs
Total weight of NPs

% DL = X 100

)

Differential Thermal Scanning (DSC). The DSC apparatus
(Pyris 4 DSC, PerkinElmer, Waltham, USA) was employed to
measure the precise melting peak of Ciprofloxacin, Naringin,
and various excipients used in the developing formulation to
generate the DSC thermogram. To assess the thermal scan, the
DSC aluminum crucible was loaded with a 3.5 mg sample, a
reference standard aluminum pan was kept empty, and then, the
system kept on heating uniformly starting from 40 to 400 °C ata
pace of 10 °C/min in a dry nitrogen gas environment.>*

X-ray Diffraction Study. Powder XRD of ciprofloxacin,
naringin, oleic acid, and other excipients were carried out to
analyze the crystal morphs or physical state of drugs,
components, and in the formulation. The samples were scanned
under 20 range of 10—50 °C in light radiation of wavelength
1.5406 A, voltage 40 kV, current 30 mA, scan speed 8°/min
using simple phase analysis (Rigaku Ultima IV) with scintillation
counter as a detector.

Drug Release Study. Ciprofloxacin and naringin release from
formulation CIP + NAR—CM—CS/SA—NPs was studied and
compared to the release rate from raw drug suspension in
phosphate buffer saline (PBS) pH 7.4 using a dialysis
membrane. The precise noted quantity of formulation
containing CIP and NAR and drugs suspension were separately
loaded in a dialysis membrane previously filled with 150 mL of
buffer solution and placed in a buffer solution of temperature
upheld at 37 + 0.5 °C, and the solution consistently stirred at
100 rpm.53 At different time points (0, 2, 4, 8, 12, 16, 20, 24, and
48 h), 1 mL of sampling was done, and the same volume was
replaced to keep the sink condition. The samples removed at
each time point were investigated for CIP and NAR
concentration using a UV spectrophotometer at 276, and 285
nm % cumulative release was calculated. The various kinetic
models were studied after fitting the % drug release. The model
of good fit was assessed by a simple graphical method, and a drug
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release mechanism from a polymeric carrier was suggested.
Moreover, the release mechanism from the polymeric carrier
system was proposed based on the obtained value of the model
exponent value (). When the exponent value was n < 0.5 the
released mechanism followed Fickian diffusion, while with the
exponent value of 0.5 < n < 1, the drug release mechanism from
the polymer matrix pertains to anomalous non-Fickian diffusion.
If the exponent value is equal to 1, that refers to a non-Fickian
case II (relaxational) transport or zero-order kinetic model, and,
if n > 1 it equates to a super case II transport.60

Drug Release Data Fitting to Kinetic Models. Many kinetic
models are useful to discriminate the fitting good model to the
drug release data comprising Korsmeyer—Peppas, Higuchi,
Hixson Crowell, first-order, and zero-order. These models well
explained the release mechanism from the polymeric/lipid
matrix composite.61

Gut Intestinal Drug Permeation. The freshly prepared
membrane was loaded with 10 mg of formulation and a parallel
quantity of drug suspension, and then, the ends were closed. The
membranes were immersed into a buffer solution of pH 7.4 in a
beaker maintained at 37 + 0.5 °C. The quantity of drug
permeated at a defined interval was calculated by withdrawing
the samples, and the same quantity of the medium was replaced
with the beaker. The drug quantity permeated at a fixed time was
estimated using a UV—visible spectrophotometer at Amax of 285
and 276 nm.

Hemolysis Assay. The hemolysis assay was carried out to
investigate the compatibility of the developed formulation with
blood. The preparation was diluted and well mixed with
supernatant in a ratio of 2:1 and incubated for one hour at body
temperature. The supernatant of citrated blood was obtained
after centrifuging at 3,500 rpm for 10 min. Further, a part of the
whole blood was mixed and added to deionized water that
caused 100% hemolysis, which was noted as a positive control,
and another part of the same was incubated with normal saline in
a ratio of 1:1, which was noted as a negative control. After the
sample was incubated, it was centrifuged at 3500 rpm for 10 min.
The aliquot obtained thereafter centrifugation was taken and
released hemoglobin due to the destruction of RBC was
measured at 540 nm using a UV—visible spectrophotometer and
absorbance set down. The percentage hemolysis or hemolytic
index was determined by the formulation and other samples.®*

Abs TS — Abs NC
Abs PC — Abs NC

% Hemolysis = X 100

()
where “Abs TS” indicates the absorbance measured for the test
sample; “Abs NC” indicates the absorbance of negative control;
“Abs PC” indicates the absorbance measured for positive
control.

DPPH Radical Scavenging Power of Naringin. The DPPH
assay was carried out to investigate the suppression of free
radical properties of NAR—CM—CS/SA—NPs and NAR—
suspension as per modified procedure by Gabriele et al.”> For
the preparation of stock solution, 10 mg of NAR—CM—CS/
SA—NPs, CIP + NAR-CM-CS/SA—NPs, and NAR—
suspension was transferred into a volumetric flask, leveled
stock solution formulation, and drug suspension. Dilutions of
each stock solution were prepared ranging from 10 to 640 uM.
The DPPH reagent of 0.03% w/v was prepared in ethanol and
100 pL was mixed with 1 mL of sample in the specified range.
The mixer was vortexed and this complete set of samples was
kept in a dark place at ambient temperature for 1 h. Thereafter,
the complete samples were examined for color change owing to
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the reaction between the DPPH reagent and sample, i.e., violet
to colorless. The maximum change in violet color to colorless
suggests the better antioxidant capacity of the sample. Ethanol
was used as a blank. Now, the complete samples were estimated
by UV—visible spectroscopy at a specific wavelength of 517 nm
using butylated hydroxytoluene (BHT) as the reference
standard for comparing the antioxidant capacity. The anti-
oxidant capacity of Naringin as percentage inhibition was
plotted versus concentration. The IC50 was determined by data
interpolation and compared with standard. The antioxidant
capacity was determined using a formula.

Ay — A
X 100
Ag 4)

% DPPH radical inhibition =

where A, is blank sample absorbance; A sample absorbance.

Stability Study. The formulation stability was carried out as
per guidelines of the International Conference on Harmo-
nization to inspect the change in the physicochemical features of
the final formulation in three months.

Serum Stability of NPs. The freshly prepared sample
weighing 5 mg was transferred to an alkaline buffer, pH 7.4.
Then, it was incubated with 5% FBS in equal concentrations of
both formulation and serum at ambient temperature to
investigate the layering of serum functional proteins over the
NP surface. Moreover, the mixture was incubated at ambient
temperature in a bath incubator for 24 h. The average diameter
and surface charge of NPs in contact with serum were measured
at different intervals of 1, 3, 6, 12, and 24 h. At predetermined
points of time 1, 3, 6, 12, and 24 h, the sample was scanned using
ultraviolet spectroscopy to trace out the position of 4, of the
active compound in the mixture with respect to the incubation
time.

Antimicrobial Assay and Determination of the Combina-
tion Index (Cl). The antimicrobial assays of CIP pure, CIP +
NAR pure, and CIP + NAR—CM—CS/SA—NPs and control
were performed employing the cup plate agar diffusion method.
Briefly, CIP + NAR—CM—CS/SA—NPs bearing an equivalent
amount of CIP and NAR as in pure drug preparation (15 pg/
mL) were used in this study. For executing the antimicrobial
activity, 10° cfu/mL each of S. aureus and E. coli were transferred
to an agar medium in the Petri plate and allowed to solidify
them. The agar medium was transferred to a Petri plate under
strict provision of aseptic condition. Four wells were created into
each Petri plate using a 5.5 mm sterile cork borer followed by the
addition of 100 uL of formulation MH8 (CIP + NAR—CM—
CS/SA—NPs), MHO (placebo), MH6 (CIP pure) and C (sterile
water) as control which is expressed in Figure 12A,B. Similarly,
another plate received the same quantity of formulation CIP +
NAR—-CM-CS/AG—NPs (R3), (CIP + NAR) pure (R2), and
CIP pure (R1) as shown in Figure 12C,D. The formulation and
other solutions were allowed to diffuse in preincubation time of
1 h at ambient temperature, thereafter, plates were incubated for
1 day. After completing 24 h in the incubator plates were taken
out, the zone of inhibition of each explored specimen was
precisely measured, and results were compared statistically. The
minimum inhibitory concentration (MIC) and zone of
inhibition (ZOI) of pure drugs and drugs in the formulation
were also determined.”” The enhanced antimicrobial effect of
CIP combining NAR as codelivery was measured in terms of
combination index. It was calculated based on the MIC
concentration of drugs achieved in an antimicrobial assay. The
additive combination, synergistic, and antagonistic effects were
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noted when (CI=1), (CI< 1), and (CI > 1). The CI value was
estimated using the following equation:

MIC(A + B)
MIC(B)

[ _ MIC(4 + B)

~ MIC(A) (5)

where MIC(A), MIC(B), and MIC(A + B) expressed the MIC
value of CIP, NAR, and a combination of CIP + NAR obtained
in the antimicrobial assay.

One-way analysis of variance (ANOVA) was executed
followed by Tukey—Kramer analysis was employed for statistical
differences in groups using GraphPad Prism version 7. The data
were analyzed as mean =+ standard deviation (n = 3). Differences
statistically between groups consider p < 0.0S.
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