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ABSTRACT: Poly(aniline-co-o-anthranilic acid)-chitosan/silver@silver chloride
(PAAN-CS/Ag@AgCl) nanohybrids were synthesized using different ratios of
Ag@AgCl through a facile one-step process. The presence of CS led to the
formation of the nanohybrid structure and prevented the aggregation of the
copolymer efficiently. The synthesized nanohybrids were fully characterized by
transmission electron microscopy, X-ray diffraction, Fourier transform infrared
(FTIR) spectroscopy, and thermogravimetric analysis. (E)-N′-(Pyridin-2-yl-
methylene) hydrazinecarbothiohydrazide I was prepared using thiosemicarbazide
and confirmed by 1H-NMR, 13C-NMR, and FTIR analyses. Loading of the azine
derivative I using various concentrations at different pH values onto the nanohybrid
was followed by UV−vis spectroscopy. Langmuir and Freundlich adsorption
isotherm models were used to describe the equilibrium isotherm, and the
adsorption followed the Langmuir adsorption isotherm. A pseudo-second-order
model was used to describe the kinetic data. A PAAN-CS/Ag@AgCl nanohybrid loaded with azine I interestingly showed efficient
antimicrobial activity against Escherichia coli and Staphylococcus aureus more than the azine derivative I. The release of azine I at
different pH values (2−7.4) was investigated and the kinetics of release were studied using zero-order, first-order, second-order,
Higuchi, Hixson−Crowell, and Korsmeyer−Peppas equations.

■ INTRODUCTION

Due to the severity of the action of drug-resistant bacteria, it is
essential to prepare new antimicrobial agents to overcome the
drawbacks of using conventional antibiotics.1 Among many
kinds of antimicrobial agents, there are numerous silver
delivery systems, including those that supply silver from
ionic compounds such as silver chloride and those that deliver
silver from metallic nanocrystalline silver.2−4 Metal-coated
dressings release a low silver concentration over a long period;
however, Ag ions produce a high concentration, but frequent
application up to 12 times a day is required. Sulfa drugs were
combined with silver in silver sulfadiazine and reported as the
most effective antibiotic for topical treatment of burns and
wounds.5,6 Many researchers were interested in silver nano-
particles (NTs); however, a few reports were published on
biogenic AgCl NTs.7

For prevention of the agglomeration of Ag/AgCl NTs,
several polymers have been used as effective dispersing and
stabilizing agents including polysaccharides, gelatin, chitosan,
and conducting polymers.8−12 The extensive network of
hydrogen bonds of the template protects the Ag NTs from
aggregation. Chitosan (CS), a linear polysaccharide composed
primarily of β-(1 → 4)-linked glucosamine (2-amino-2-deoxy-

β-D-glucopyranose), can be used for hydrophobic and
hydrophilic drugs because of its amphiphilic feature. It is
characterized by its biocompatibility, biodegradation, and
nontoxicity and considered as a mucoadhesive and adsorption
enhancer. Moreover, CS can improve the dispersibility of
polymers, leading to the production of NTs.13 The
antibacterial effects of CS were attributed to the electrostatic
interactions between the protonated amino groups of CS and
bacterial phosphoryl groups and lipopolysaccharide cell
membranes, which damage the membrane bacteria and the
content of the cell.14−16 Improvement in the antimicrobial
capabilities with a controlled release profile was reported for
levofloxacin-,17 rifampicin-,18 moxifloxacin-,19 gentamicin-,20

and clindamycin-loaded CS.21

Received: April 27, 2021
Accepted: July 15, 2021
Published: August 17, 2021

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

© 2021 The Authors. Published by
American Chemical Society

21939
https://doi.org/10.1021/acsomega.1c02212

ACS Omega 2021, 6, 21939−21951

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nehal+A.+Salahuddin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hamad+A.+Al-Lohedan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zuheir+A.+Issa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Assem+Barakat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamad+M.+Ayad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamad+M.+Ayad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c02212&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02212?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02212?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02212?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02212?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/34?ref=pdf
https://pubs.acs.org/toc/acsodf/6/34?ref=pdf
https://pubs.acs.org/toc/acsodf/6/34?ref=pdf
https://pubs.acs.org/toc/acsodf/6/34?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.1c02212?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://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://acsopenscience.org/open-access/licensing-options/


Polyaniline (PANI) has wide potential application in
biomedical applications; however, the data on its biocompat-
ibility are rare.6,22−24 The stability of PANI with poor
biodegradability may cause bioaccumulation. In addition,
caution should be taken during application due to the
carcinogenic effect of the aniline dimer. Moreover, PANI is
only soluble in a few solvents (N-methyl pyrrolidone), thus
limiting the performance of the polymer in biological
applications. Stabilization of PANI with biocompatible
polymers favors the use of polymeric NTs in biological
applications.24 Incorporation of PANI into CS developed a
biodegradable polymer with high biocompatibility and non-
toxicity.25 Sultana et al. examined the biodegradability of CS/
PANI by growing microbial communities up to 2125 days in
CS/PANI. The excessive growth of microbial communities
confirms the nontoxicity of CS/PANI, and the clearance of the
synthesized copolymer verifies the biodegradability.25 These
results confirm that CS/PANI can be used safely in biomedical
applications.2 On the other hand, the development of an
aniline/anthranilic acid copolymer (PAAN) sterically increases
the interchain distance, favoring the formation of six-
membered chelates through intramolecular interaction be-
tween carboxylate groups and cation radical nitrogen atoms,27

and can be used for immobilization of bioactive species.
Interestingly, Ag NPs incorporated into PANI-grafted CS

supported the excessive growth of microbial communities,
leading to the biodegradability of the polymeric sample.26 The
slow and lasting nontoxicity degradation for a long time would
have many applications such as drug delivery and tissue
engineering.25 The efficacy of different bioactive substances
was improved using targeted drug delivery strategies by
improving the bioavailability with localization of a high
concentration of drugs in the infected sites.
Azine core structures are an important class of heterocyclic

compounds that include a N−N bond with pharmacological
and biological activities. Azine derivatives are used as an ion-
selective optical sensor,28−30 materials of thermal conduc-
tion,25 dye lasers, antimalarial, antidepressant, anti-inflamma-
tory, antiviral, antitumor, anticonvulsant, and antimicrobial
agents.31 Hydrazone-based azines were extensively studied in
the literature in the area of drug discovery. Interestingly to
empoly these kind of compounds as a linker in drug release
research are the challange. This linker plays a crucial role in
determining the pharmacokinetic properties, therapeutic index,
selectivity, and overall success of the drug. Hydrazones are
acid-cleavable linkers that have been designed to be stable in
the neutral blood pH but hydrolyzed in the cellular acidic
environment.32 Development of a new kind of linker that can
be utilized as a linker and carrier is a challenge. Azines with an
appropriate acceptor or donor substituent and a macroscopic
dipole moment can be established, which make them a suitable
material to use for nonlinear optical materials.33 Via lone pairs
of the N atom, azines can donate 2:8 electrons; in binding to
metal centers, azines show versatile coordinating proper-
ties,34,35 and also in different types of organic ligands, N−N
bond activation is important, particularly in organic synthesis
and catalysis.36−38

Evolution of resistant strains to the metal drugs encourages
us to design a new carrier for azines and study the efficacy of
these nanocarriers against various types of bacteria such as
Escherichia coli. AgCl@PANI is researched well, but a relative
poly(aniline-co-o-anthranilic acid (PAAN) copolymer is less
researched in the literature. The presence of carboxylic groups

in anthranilic acid improves the solubility due to the weakening
of the interchain by hydrogen bonds. To the best of our
knowledge, there is no reported work on using PAAN@Ag/
AgCl as carriers for azine I. In the present work, we introduced
PAAN-Ag@AgCl nanohybrids with different ratios of Ag@
AgCl (II and III) using chitosan as a dispersing medium and
FeCl3 as an oxidant. The presence of copolymer/CS and Ag@
AgCl may result in synergistic improvement of the
antimicrobial activity of the hybrid. In addition, the presence
of CS as a natural compound with its biocompatibility may
impart the hybrid with a valuable pharmaceutical property of
binding or crossing certain biomembranes. The hybrids (II and
III) and azine I loaded hybrids (IV and V) were characterized
using various spectroscopic and microscopic techniques
including Fourier transform infrared (FTIR) spectroscopy, X-
ray diffraction (XRD), transmission electron microscopy
(TEM), and thermogravimetric analysis (TGA) . Also, the
release behavior and antimicrobial activity were examined.

■ RESULTS AND DISCUSSION
Polyanilines have been extensively studied in the literature,39,40

but only a few researchers give attention to their carboxylate
derivatives.20 Amphiphilic copolymers have attracted great
attention in the pharmaceutical arena due to the presence of
hydrophilic and hydrophobic segments that favor the loading
of a wide range of hydrophobic drugs.
The nanohybrids were prepared via chemical oxidative

copolymerization of aniline/o-anthranilic acid in the presence
of CS and AgNO3. It is worth noting that the amine group in
CS is protonated at a low pH and this protonated structure
inhibits the aggregation of copolymers during the synthesis
process and stabilizes the AgCl/Ag NTs.41 Chitosan was used
as a steric stabilizer during polymerization of aniline/
anthranilic acid to prevent the precipitation of copolymers
during preparation. FeCl3 has a dual function during the
formation of a nanohybrid: ferric ions act as an oxidizing agent
for aniline/AA to start the polymerization, while chloride ions
donate the building block of silver chloride NTs. FeCl3 has a
low oxidant potential (E° = +0.75 V) in comparison with APS
(E° = +2.05 V) to avoid the fast nucleation that may lead to
macroscopic particles of the aniline/o-anthranilic copolymer.
The requisite azine derivative for this study was synthesized

as depicted in Scheme 1 and characterized by the 1H-NMR,
13C-NMR, and FTIR spectra of (E)-N′-(pyridin-2-ylmethy-
lene) hydrazinecarbothiohydrazide I as shown in Figures
12−3.

1H-NMR (Figure 1) exhibited the characteristic features of
the compound: broad singlet at δ = 11.63 and 8.17 ppm
assigned for NH and NH2, respectively. The aromatic proton
appeared between 8.56 and 7.37 ppm, and in between this
region, the methine proton (CH=N) appeared at δ = 8.07
ppm. 13C-NMR (Figure 2) exhibited the number of carbons,

Scheme 1. Synthesis of AzineI
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Figure 1. 1H-NMR spectrum of azine I.

Figure 2. 13C-NMR spectrum of azine I.
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which agreed with the assigned structure, for example, at δ =
178.4 (CS), 153.3 (CN), 149.3 (CN), 142.5, 136.6,
124.1, and 120.3 (C-aromatic). The functional groups were
assigned based on the FTIR spectrum (KBr, cm−1) (Figure 3)
as follows: 3435 (NH), 3264 , and 3159 (NH2); 1527 Ar(C
C), 1464 (CS), and 1433 (CHN).
The X-ray diffraction pattern of II (Figure 4) clearly shows

the coexistence of two well-crystallized phases of AgCl and Ag
metal NTs. The peaks at 38.38° and 44.59° represent the
diffraction of hkl planes (111) and (200) of the face-centered
cubic metallic Ag NTs. On the other hand, the peaks at 28.10°,
32.95°, 46.49° represent the diffraction of hkl planes (111),
(200), (220) of AgCl with a face-centered cubic structure
phase. The ratio of Ag to AgCl is calculated to be 48.9%/
59.1%, and crystallite sizes of Ag and AgCl are calculated to be
5.34 and 4.4 nm, respectively. For III (Figure 4a), the
diffraction peaks at 28.80°, 33.32°, and 47.89° are assigned to
(111), (200), and (220) planes of the AgCl face-centered
cubic structure, with peaks at 37.90°, and 40.15° correspond-
ing to (111), and (220) of Ag with the AgCl/Ag ratio of
70.7%/29.3%. The crystallite sizes of Ag and AgCl are

calculated to be 2.2 and 2.8 nm, respectively, using Scherrer’s
equation. It was worth noting that the concentration of AgNO3
in the preparation feed affected the percentage of Ag NTs in
the nanohybrids. The Ag NTs have been recognized in the
diffractogram due to the reduction of Ag+ cations by aniline
during the polymerization process. For IV, after loading of
azine I (Figure 4b), the diffraction peaks of AgCl that appeared
at 28.01°, 32.44°, and 46.97° were not affected; however, the
peaks characteristic to Ag were shifted to 36.89° and 40.75°.
For V (Figure 2b), the diffraction peaks of AgCl were slightly
shifted to 28.21°, 31.70°, 45.78° and for Ag, the peaks were
shifted to 37.35°, and 40.09°, confirming the loading of azine I.
The peaks at 26°, 32°, and 39° related to Ag oxides (AgO and
Ag2O) are absent.31 A broad peak is observed at 22°,
confirming the amorphous structure of the copolymer. In
nanohybrids loaded with azine I, peaks characteristic to the
crystal structure of azine I in V at 24.88°, 28°, and 32.5° are
detected. However, in IV, these peaks are not seen due to the
low amount of the loaded azine I.
TEM has been employed to study the morphology and size

of the hybrid. The TEM micrographs (Figure 5) show typical
features of the nanohybrid II and azine-loaded nanohybrids IV
and V. Images for the nanohybrid II (Figure 5a,b) show the
presence of interconnected dark spheres with an average size of
83.5 nm and surrounded by light (CS) areas without
aggregation. This confirms that the CS matrix is a perfect
host matrix to provide NTs and prevent Ag/AgCl@PAAN
aggregation. TEM images of the azine-loaded nanohybrids IV
and V show a spherical morphology with average sizes of 51.6
and 53.5 nm, respectively. Careful inspection in Figure 5d,e
confirms that the particles are consisted of an assembly of
smaller spheres. High-resolution TEM images shown in Figure
5e proved the presence of AgCl in the spheres. The lattice
fringe spacing was found to be 1.8 nm, which corresponds to
the lattice plane (111) of AgCl. The strong affinity of AgCl
NPs for nitrogen and oxygen atoms results in good dispersion
of the particles within the matrix.
The FTIR spectra of CS, PAAN, PAAN-CS/Ag@AgCl (II

and III), and PAAN-CS/Ag@AgCl loaded with azine (IV and
V) are shown in Figure 6. The CS spectrum shows bands at
3440 cm−1 (stretching vibrations of O−H and N−H), 2921
cm−1 (C−H stretching), 1649 cm−1 (bending NH2), 1425

Figure 3. FTIR spectrum of azine I.

Figure 4. XRD patterns of (a) PAAN and the nanohybrids II and III and (b) azine I and loaded nanohybrids IV and V.
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cm−1 (NH stretching (amide II)), 1383 cm−1 (symmetrical
angular deformation of CH3), 1030 cm−1 (C−O−C stretching
vibration), 1153 cm−1 ((1 → 4) glycoside bridge), and 896
cm−1 (antisymmetric bending of the C−O−C bridge).42 Two
main absorption bands of the PAAN copolymer appear in the
spectrum at 1564 and 1477 cm−1. These bands can be
attributed to the CC vibrations of quinoid and benzenoid
units, respectively. The number of benzenoid units was almost
lesser than the number of quinoid units in PAAN as there was
an apparent difference in the relative intensity of the quinoid-
to-benzenoid band. This reveals the degree of oxidation in the
polymer chains.43 The peak at 3220 cm−1 indicates N−H
stretching. The spectra of II and III have four major
absorption bands at 800, 1085, 1629, and 3443 cm−1. These
bands can be attributed to the out-of-plane CH bending, C
O vibration, CO vibration, and NH2 stretching, respectively.

Also, the peak obtained in the range of 500−600 cm−1 is
attributed to the Ag nanohybrid.25 In IV and V, the peak
characteristic to CO at 1629 cm−1 was shifted to 1647 cm−1,
confirming the physical interaction of azine I with the
nanohybrid.44

Thermal analyses of PAAN, II, and III were carried out by
TGA. The results were compared with those loaded with
azines (IV and V) as shown in Figure 7 (Table 1). For PAAN,
the weight loss initial fraction between 120 and 150 °C was
due to the water molecule loss and moisture present in the
polymer matrix, and the second stage fraction of the weight
loss between 150 and 350 °C was due to the removal of CO2

molecules from PAAN. Meanwhile, the third stage between
350 and 640 °C was due to copolymer chain degradation. The

Figure 5. TEM images of (a, b) II, (c, d) IV, and (e, f) V at different magnifications.

Figure 6. FTIR spectra of CS, PAAN, and nanohybrids before (II and
III) and after loading (IV and V) of azine I.

Figure 7. TGA thermograms of PAAN and nanohybrids before (II
and III) and after loading (IV and V) of azine I.
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residue percentage was found to be 1.7%.45 TGA of the
nanohybrids PAAN-CS/Ag@AgCl (II and III) shows also
three stages of decomposition. The first step is due to moisture
loss, the second stage is due to the CS degradation between
300 and 450 °C, and the third stage represents polymer
degradation between 450 and 570 °C. Meanwhile, for those
loaded with azine (IV and V), TGA discloses three weight loss
stages. The weight loss initial fraction between 120 and 150 °C
was attributed to the water molecule loss and moisture present
in the polymer matrix, the second stage fraction of the weight
loss between 400 and 580 °C was attributed to CS degradation
and acid dopant departure,46 and the third weight loss step
between 580 and 740 °C was attributed to PAAN chain
degradation.47

The amount of I uptake onto the nanohybrid is
demonstrated in Figure 8. The UV−vis spectra for loading
azine I onto nanohybrids II and III are shown in Figure 8a,b,
respectively. At pH = 2, the most efficient azine I loading was
found on II (55%) followed by III (38%) at pH = 2, while by
studying the loading at different pH values, the loadings found
on both II and III at pH = 5 were 54, and 31.78%, respectively,
and at pH = 9, the loading was 11%. Various kinetic equations
were used to study the azine I adsorption kinetic mechanism,

including pseudo-first order and pseudo-second order, and the
isotherm process was studied by Langmuir, Temkin, and
Freundlich models, which are formulated in eqs 6−8. For each
model, the coefficient of slope regression (R2) and the constant
rate (K) are graphically determined and used to demonstrate
the mechanisms (Table 2). The azine I adsorption process at
pH 2 was found to follow second-order kinetics rather than the
other models (0.976 for II and 0.9996 for III). As shown, with
low correlation coefficients with empirical data, the Freundlich
and Temkin isotherms show poor agreement. However, the
Langmuir isotherm model is the highly fitted model that shows
good agreement with the empirical data with the highest
regression coefficients (0.9999 for II and 0.9996 for III).
Figures 9 and 10 show pseudo-first order and pseudo-second
order for II and III at pH 2, 5, and 9. The data obtained show
that by applying pseudo-second order (eq 6), a linear
relationship was obtained, which suggests that adsorption of
azine I onto the nanohybrid is fitted with pseudo-second order
for both II and III at different pH values.
The release behavior of azine I from IV and V loaded at pH

= 2 (Figure 11) show that the release of azine I at pH 2 is
faster than that at pH 7.4. On the other hand, azine I release
from the nanohybrid III is faster than that from II at pH 2. To
evaluate the mechanism that controls the release process, first-
order (1), Higuchi (2), Hixson−Crowell (3), and Korsmeyer−
Peppas (4) kinetic models48 were applied using eqs 1−4
(Table 3).

First-order kinetic model:

W K tlog(100 ) log 100 1− = − (1)

Higuchi kinetic model:

W K tH
1/2= (2)

Hixson−Crowell kinetic model:

W K t(100 ) 1001/3 1/3
HC− = − (3)

Korsmeyer−Peppas kinetic model:

M M K t/t
n= ·∞ (4)

To find out the mechanism of azine I release, 60% azine I
release data were fitted in the Korsmeyer−Peppas model. In

Table 1. TGA Data Range of Step and Residue % of PAAN
and Nanohybrids before (II and III) and after Loading (IV
and V) of Azine I

code range of step (°C) residue %

PAAN 120−150 96.5
150−350 88.7
350−700 1.7

II and III 120−150 93
300−450 76.4
450−570 24.2
800 11.7

IV 120−150 96.2
400−580 71.5
580−740 57.4
800 19.9

V 120−150 96
400−580 59.7
580−740 29
800 25.4

Figure 8. UV−vis spectra for loading azine I into nanohybrids (a) II and (b) III at pH = 2 using 20 ppm.
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the Korsmeyer−Peppas model, the n value is used to
characterize different release mechanisms. If n ≤ 0.45
corresponds to a Fickian diffusion mechanism, then n > 0.45
corresponds to non-Fickian transport.
In these results, the n value of the Korsmeyer−Peppas model

is <0.45, which indicates that the release mechanism
corresponds to a Fickian nondiffusion mechanism (Table 3).
It was found that the release of azine I from IV and V
nanohybrids follows a first order at different pH values under
investigation. Poly(lactide-co-glycolide)-encapsulated clotrima-
zole and econazole NTs demonstrated a controlled drug
release over 5−6 days in contrast to 3−4 h of drugs.29

The nanohybrids II and III exhibited antimicrobial activity
against S. aureus and E. coli with zones of inhibition of 18.3 and
26.3 mm and 30 and 14 mm, respectively (Figure 12 and Table
4). It was reported that silver/silver oxide NTs exhibited
antimicrobial activity against E. coli, S. aureus, and Pseudomonas
aeruginosa with zones of inhibition of 7, 9, and 11 mm,49

respectively. It was worth noting that the efficacy of azine I
against S. aureus and E. coli was improved after loading azine I
on the nanohybrids IV and V, respectively, as shown in Figure
12. PANI/Ag NPs were tested against E. coli, S. aureus, and P.
aeruginosa, and the results showed that the efficacy of
antimicrobial activity of PANI/Ag NPs was improved
compared with pure PANI or Ag NPs in the same test
condition.50

■ CONCLUSIONS

In summary, novel polyaniline/anthranilic acid copolymer-
chitosan/silver@silver chloride (PAAN-CS/Ag@AgCl) nano-
hybrids have been prepared by in situ copolymerization of
anthranilic acid and aniline in the presence of silver nitrate and
CS as a dispersing medium through a facile one-step process.
The presence of CS leads to the formation of the nanohybrid
structure and prevents the aggregation of the copolymer
efficiently. FeCl3 acts as an oxidizing agent for aniline/
anthranilic acid to start the polymerization, while chloride ions
donate the building block of silver chloride NPs. The
nanohybrid spheres with different ratios of Ag/AgCl (II and
III) have been loaded with azine I. The release at pH 7.4 is
slower than in an acidic medium at pH 2, and the mechanism
corresponds to a Fickian diffusion mechanism. Results support
the claim that nanohybrids loaded with azine I have synergistic
capacity against S. aureus and E. coli. The effect of a high
loading concentration of nanohybrids and their application

effects on different antimicrobial strains will be considered in
the near future.

■ EXPERIMENTAL SECTION

Chemicals. Aniline (Sigma-Aldrich, USA) was refined with
zinc dust through double distillation. Nitric acid, methanol,
glacial acetic acid, hexane, ethanol, FeCl3, CS (molecular
weight: 100,000−300,000; Sigma-Aldrich, USA), NaOH
pellets (Acros, USA), pyridine carboxyaldehyde, thiosemicar-
bazide (Acros, USA), and anthranilic acid (Sigma-Aldrich,
USA) were used as provided.

Instruments. The composition of the nanohybrids was
characterized by Fourier transform infrared spectroscopy
(FTIR) (Shimadzu FTIR-8101 A) in the range of 4000−400
cm−1. The crystallinity and phases of nanohybrids were
examined by an X-ray diffractometer (Philips PW 1710)
equipped with Cu Kα radiation (λ = 1.54060 Å), a voltage of
40 kV, and a current of 30 mA in the range of 2−80° with 2°/
min scanning rate. The transmission electron microscopy
(TEM) micrographs were taken to investigate the morphology
of the nanohybrid (JEM 2100 JEOL) with an accelerating
voltage of 80 kV. An aqueous suspension of samples was drop-
casted onto carbon-coated cobber grids, followed by drying of
the samples on filter paper in ambient conditions. TGA was
performed to test the nanohybrid thermal stability (25−600
°C) in which the weight residue was reported separately using
7 mg of sample at a constant heating rate of 10 °C/min and a
nitrogen gas flow of 10 mL/min for each sample in the TG
instrument (TGA-50). The UV−visible absorption spectra
were obtained from a Shimadzu UV-2101 PC spectropho-
tometer.

Preparation of Aniline/Anthranilic Acid Copolymers. The
aniline/anthranilic acid copolymer (PAAN) was prepared by in
situ chemical oxidation polymerization using aniline and
anthranilic acid (5:1 molar ratio). Typically, 2.74 g (20
mmol) of o-anthranilic acid and 9.12 mL (100 mmol) of
aniline were dissolved in 2 M HCl and stirred for 30 min; after
that, a solution of ferric chloride (2.2 g dissolved in 5 mL of
water) was added, stirred until a dark green precipitate was
formed, and collected by filtration. The dark green precipitates
of PAAN were washed several times to eliminate the excess
oxidant (monomer and oligomer) with distilled water and
ethanol and dried at 60 °C for 24 h (yield, 12 g).

Preparation of Azine I. The hydrazone-based azine I was
prepared according to a previous report.51 Briefly, a solution of

Table 2. Kinetic Parameters for Adsorption of Azine I onto AgCl/PAAN-CS (IV and V) and Adsorption Isotherm Parameters
at pH = 2

IV V

model model coefficient R2 model coefficient R2

pseudo-first order Qe = 22.0023 mg g−1 0.9115 Qe = 17.2845 mg g−1 0.9779
K1 = 0.0868 min−1 K1 = 0.0085 min−1

pseudo-second order Qe = 22.0023 mg g−1 0.9760 Qe = 17.2845 mg g−1 0.9981
K2 = 40.6765 g mg−1 min−1 K2 = 62.6728 g mg−1 min−1

Langmuir model b = 0.0633 L mg−1 0.9999 b = 0.0682 L mg−1 0.9996

K 14.4191344 L mg 1= − K 6.82 L mg 1= −

Freundlich model 1/n = 0.2397 0.9739 1/n = 0.2901 0.9987
n = 4.1718 n = 3.4470
Kf = 36.1234 mg−1 Kf = 38.4241 mg−1

Temkin isotherm B = 29.957 J mol−1 0.9282 B = 29.454 J mol−1 0.9760
Kt = 0.5038 Kt = 0.4890
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pyridine carboxyaldehyde (5.0 mmol, 535 mg), 2 mL of acetic
acid, and thiosemicarbazide (5.0 mmol, 531 mg) in EtOH (20
mL) was mixed and refluxed for 3 h, and the reaction was
followed by TLC using 20% EtOAc/n-hexane as an eluent.
The product was immediately precipitated and the reaction

mixture was cooled down, filtered off, and washed with EtOH
to afford the final product C7H9N5S (I) with a yield of 87%.
C7H9N5S (I). 1H-NMR [400 MHz, DMSO-d6] δ: 11.63 (s,
1H, NH), 8.56 (d, 1H, J = 8.4 Hz, Ar-H), 8.34 (brs, s, 1H,
NH2), 8.27(d, 1H, J = 8.4 Hz, Ar-H), 8.17 (brs, s, 1H, NH2),

Figure 9. (a) Pseudo-first order and (b) pseudo-second order for adsorption of azine I onto II at pH 2, 5, and 9.
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8.07 (s, 1H, CH=N), 7.81 (t, 1H, J = 8.0 Hz, Ar-H), 7.37 (t,
1H, J = 5.2 Hz, Ar-H); 13C-NMR [100 MHz, DMSO-d6] =
178.4 (CS), 153.3 (CN), 149.3 (CN), 142.5, 136.6,
124.1, 120.3 (C-aromatic); anal. calcd. (%): C, 43.06; H, 4.65;
N, 35.87; S, 16.42; found: C, 43.07; H, 4.65; N, 35.89; S,
16.43; FTIR (KBr, cm−1): 3435 cm−1 (NH), 3264 cm−1, and

3159 cm−1 (NH2); 1527 cm−1 Ar(CC),1464 cm−1 (CS),
and 1433 cm−1 (CHN).

Preparation of the PAAN/CS-Ag@AgCl Nanohybrid II. The
synthesis of the PAAN/CS-Ag@AgCl hybrid was performed
according to the procedure reported by Salahuddin et al.52 with
slight modification. Briefly, 0.5 mL (5.4 mmol) of aniline

Figure 10. (a) Pseudo-first order and (b) pseudo-second order for adsorption of azine I onto III at pH 2, 5, and 9.
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monomer, 0.15 g (1 mmol) of anthranilic acid (AA), and 0.01
g (0.0774 mmol) of AgNO3 were added to 40 mL of CS
solution (1 wt % in 0.05 M HNO3) and stirred for 24 h until
complete dispersion. In an ice bath, 2.2 g of FeCl3 dissolved in
25 mL of H2O was introduced to the dispersion and left under
sonication for 2 h. The polymerization under a nitrogen
atmosphere was conducted for 12 h and the resulting product
was purified using a membrane bag (Spectrum Medical
Industries, Inc.; Mw cut-off: 3500 Da) in 0.05 M HNO3. The
resulting product (PAAN/CS-Ag@AgCl (II)) was collected by
centrifugation (15,000 rpm for 20 min) and dried in an oven at
80 °C. The same procedure was done using 0.05 g (0.0003
mmol) of AgNO3 to afford the PAAN/CS-Ag@AgCl nano-
hybrid III.
Loading of Azine I on PAAN/CS-Ag@AgCl Nanohybrids IV

and V. Azine I was loaded into nanohybrids II and III to
afford IV and V, respectively, by diffusion. Various
concentrations of azine I (10, 20, and 30 ppm) were stirred
with 20 mg of PAAN/CS-Ag@AgCl nanohybrid (II or III)
and the study was focused on the concentration of 20 ppm of
azine I which shown the optimum results. The mixture was
then centrifuged, and absorption of supernatant solution was
measured by UV at λmax = 314 nm. The concentration of the
free azine I was then determined from the azine I calibration
curve, and the azine I loading efficiency (LE) (%) was
calculated from eq 5.53

loading efficiency(%)
amount of drug loaded on carrier

amount of carrier loaded with drug
100= ×

(5)

Adsorption Isotherm Models. Langmuir isotherm,
Freundlich isotherm, and Temkin isotherm were applied on
the loading of azine I onto II and III hybrids (eqs 6−8).

C
q b q

C
q

1e

e max

e

max

=
·

+
(6)

where Ce is the azine I equilibrium constant, qe is the azine I-
loaded amount at equilibrium, the maximum adsorption
capacity is qmax (mg/g), and the Langmuir constant related
to the energy of adsorption capacity is b.

q K
n

Clog log
1

loge f e= +
(7)

where qe is the azine I concentration in solid at equilibrium, Ce
is the azine I concentration in solution at equilibrium, Kf is the
Freundlich isotherm constant related to adsorption capacity,
and n is the Freundlich isotherm constant related to adsorption
intensity.

q
R
b

K
R
b

Cln lne
t t

et= +
(8)

where b is the Temkin constant, which is related to the heat of
sorption (J mol−1), and Kt is the Temkin isotherm constant (L
g−1).

Adsorption Kinetic Models. Pseudo-first order and
pseudo-second order were used to explain the azine I loading
process onto the II and III nanohybrids.54

q q q
K

tlog( ) log
2.303te e

1− = −
(9)

t
q K q

t
q

1

t 2 e
2

e

=
·

+
(10)

where qe and qt are the amounts of azine I adsorbed at
equilibrium and at time t, respectively, K1 is the pseudo-first-
order rate constant, and K2 is the pseudo-second-order rate
constant.

Figure 11. Release profile of azine I from nanohybrids (a) II and (b) III at pH = 2 and 7.4.

Table 3. Analysis of the Kinetic Models of the Release Profiles of Azine I Samples for IV and V at pH 2 and 7.4

zero order first order Higuchi Hixson−Crowell Korsmeyer−Peppas

pH K1 R2 K2 R2 K3 R2 K4 R2 K5 R2 n

2 IV 0.3114 0.8067 0.0019 0.8253 0.6227 0.8067 0.1038 0.8067 0.4963 0.7565 0.2246
7.4 0.1048 0.7183 0.0005 0.7264 0.2097 0.7183 0.0349 0.7183 0.2427 0.8297 0.1177
2 VV 9.5785 0.9151 0.0035 0.9376 0.9432 0.9095 0.1462 0.9164 2.365 0.9422 0.3401
7.4 0.0421 0.9029 0.0002 0.9058 0.0841 0.9029 0.014 0.9029 0.2288 0.87 0.4311
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Release Measurement. The in vitro release profile of
azine I from loaded nanohybrids was measured by placing 20
mg of sample suspended in the dialysis membrane in 0.3 mL of
buffer solution (the buffer was prepared according to
Abdelwahab et al.55) and immersed in 25 mL of buffer
medium at pH 2 and 7.4 under stirring (400 rpm) at 25 °C.
Then, 2 mL of buffer solution was collected at each time to
determine the concentration of azine I by a spectrophotometer
at λmax = 314.
Antimicrobial Activity. The antibacterial activity of

carriers against E. coli and S. aureus bacterial strains was
tested. The zone of inhibition was measured by the agar
diffusion method.56 The nutrient agar media were prepared,
sterilized, and poured into sterile Petri dishes. Media were
allowed to solidify, and then the bacteria were inoculated from

the cultivated bacterial suspension with the aid of the swapping
method followed by boring in the plate with the aid of a cork-
borer to achieve a certain size of the cavity. Nanohybrid
suspensions before (II and III) and after loading (IV and V)
azine I were poured in the hole and incubated for 24 h at 37
°C. The zone of inhibition was measured in mm, and bacterial
activity was compared with free azine I.57
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Table 4. Inhibition Zones (mm) of Loaded and Free
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code S. aureus E. coli

azine I 11 ± 0.2 mm 9 ± 0.3 mm
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