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The present study is imported to solve two critical problemswe face in our daily lifewhich aremicrobial pollution
and colon cancer. One pot green synthesis of a water soluble polyelectrolyte complex (PEC) between cationic
polysaccharide as N,N,N-trimethyl chitosan chloride (TMC) and anionic polymer as poly (acrylic acid) (PAA) in
presence of silver nanoparticles to yield (TMC/PAA/Ag) nanocomposites with different Ag weight ratios. Struc-
ture of TMC, PAA and TMC/PAA (PEC)were proved via different analysis tools. TMC/PAA and its Ag nanocompos-
ites are used as antimicrobial agents against different pathogenic bacteria and fungi to solve microbial pollution.
TMC/PAA-Silver nanocomposites had the highest antimicrobial activitywhich increaseswith increasing Ag %. Cy-
totoxicity data confirmed also that TMC/PAA/Ag (3%) had the most cytotoxic effect (the less cell viability %) to-
wards colon cancer. TMC/PAA (PEC) was formed through electrostatic interactions between N-quaternized (-
N+R3) groups in TMC and carboxylate (-COO−) groups in PAA.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Microbial pollution is considered as one of the major problems that
concerns health worldwide. It is caused by pathogenic microbes via dif-
ferent diseases including diarrhea, abdominal pain, nausea, vomiting,
hemorrhagic colitis and hemolytic uremic syndrome, pyogenic liver ab-
scess, meningitis and pneumonia. Pathogenic bacteria such as Staphylo-
coccus aureus (S. aureus) and Bacillis subtilis (B. subtilis) areGrampositive
bacteria, while, Escherichia coli (E. coli) and Klebsiella pneumoniae (K.
pneumoniae) are Gram negative bacteria. Moreover, pathogenic fungi
may include Geotricum candidum (G. candidum) and Aspergillus
fumigatus (A. fumigates). Researchers exert great efforts to develop ef-
fective antimicrobial agents to control microbial pollution [1–5]. In
past decades, metal nanoparticles were of interest to material science
researchers, as they were used in different fields as; catalysis [6, 7], bio-
sensing [8], antimicrobial [9, 10], cancer therapies [11],…etc.

Cancer is a global problem threatening human life as it involves ab-
normal cell division [12]. Colorectal cancer (CRC) is known as human
colon cancer and it is considered the third most dangerous cancer
type [13]. It spreads in many countries such as United States, Korea,
China and Japan [14, 15]. However, in Egypt, previous studies showed
that colon cancer patients under age 30, 40 and 50 represent 20%, 35%
med).
and 59%, respectively, of the total colon cancer patients in Egypt [15].
In 2015, it was diagnosed in over one million people and caused death
to 608,700 persons worldwide [16, 17].

Silver nanoparticles, AgNPs, are considered one of the important
noblemetal nanoparticles that are used in biological fields as antimicro-
bial agents, due to their inhibitory effect against pathogenic microor-
ganisms [10, 18–20]. Also, they are added to skin ointments and
creams to heal burns and wounds infection [19]. Recently, AgNPs were
used in cancer therapy [21]. AgNPs were synthesized via reduction
using reducing agents [22]. However, the reducing agents are highly re-
active and having both biological and potential environmental risks
[23].

Green synthesis of AgNPs has been reported using non-toxic reduc-
ing agents such as living organisms, plant leaves and seed extracts
[24–26]. Recently, theywere synthesized by natural polysaccharides in-
cluding chitosan, agar, locust bean gumandxanthan gumasmild reduc-
ing agents depending on hydroxyl groups (-OH) on its backbone.
Polysaccharides are low cost, nontoxic and biocompatible reducing
agents [23, 27].

This study aims to synthesize water soluble polyelectrolyte complex
(PEC) via electrostatic interactions between N,N,N-trimethyl chitosan
chloride (TMC) and poly (acrylic acid) (PAA) in acidic conditions to
“green” synthesize AgNPs forming water soluble nanocomposites
(TMC/PAA/Ag) with potential antimicrobial and antitumor activities.
TMC was synthesized by reacting chitosan (Ch), which is a cationic
polysaccharide, with a methylating agent like dimethyl sulfate (CH3)
2SO4 [28, 29].
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TMC has excellent properties including; non-toxicity, biodegradabil-
ity, biocompatibility, antimicrobial activity [9, 30]. While, PAA is an an-
ionic water soluble synthetic polymer, having carboxyl (-COOH) groups
along its backbone [31]. PAA has a good antibacterial activity and used
as a stabilizing agent during preparation of AgNPs [31–33].

TMC/PAA (PEC) and TMC/PAA/Ag nanocomposites were synthe-
sized in different weight ratios of Ag (1%, 2% and 3%) then were charac-
terized via different analysis tools and were examined as antimicrobial
agents against pathogenic microorganisms as well as antitumor agents
against Human Colon cancer cell.
2. Materials & methods

2.1. Materials

Chitosan (Ch)was purchased fromOxford-London, UK (DD 90–95%)
and the viscosity average molecular weight was 160,000 g mol−1. Poly
(acrylic acid) (PAA) (25 wt% aqueous solution) was purchased from
Alfa Aesar®-Germany (Average molecular weight = 210,000 g mol−
1). Sodium chloride (NaCl), sodium hydroxide (NaOH), hydrogen chlo-
ride (HCl) and silver nitrate (AgNO3) were purchased from Merck-
Germany. Dimethyl sulfate ((CH3)2SO4) was purchased from Loba-
chemi Pvt. Ltd., Mumbai-India. Visking® dialysis tubing regenerated
cellophane (Molecular weight cut off 12,000–14,000 g mol−1) was pur-
chased from Serva Electrophoresis, Heidelberg-Germany. Staphylococ-
cus aureus (S. aureus, RCMB 010028) and Bacillus subtilis (B. subtilis,
RCMB 010067) as Gram-positive bacteria, Escherichia coli (E. coli, RCMB
010052) and Klebsiella pneumoniae (K. pneumoniae, RCMB 010093) as
Gram- negative bacteria and Aspergillus fumigatus (A. fumigatus, RCMB
02568), Geotricum candidum (G. candidum, RCMB 05097) as fungi,
were provided by the regional center for mycology and biotechnology
Azhar University-Egypt. Human colon cancer cell lines (HCT-116) and
Mammalian cell lines (African green monkey kidney cell lines (VERO
cells)) were obtained from VACSERA-Tissue Culture Unit. Crystal violet
and trypan blue dye were purchased from Sigma Aldrich, Germany.
Fetal bovine serum, L-glutamine, gentamycin, Dulbecco's modified
Eagle's medium (DMEM) and 4-(2-hydroxyethyl)-1-piperazine ethane
sulfonic acid (HEPES) buffer solution were purchased from Lonza,
Basel - Switzerland.
2.2. Methods

2.2.1. Preparation of N,N,N-trimethyl chitosan chloride (TMC)
N,N,N-trimethyl chitosan chloride (TMC) was prepared via de Britto

D. et al. method [34]. Briefly, 2 g of Ch was suspended in 32 mL of di-
methyl sulfate and 8 mL of dist. Water then was stirred for 15 min
then both NaOH solution (2.4 g/10 mL distilled water) and 1.78 g NaCl
were added dropwisely to Ch solution during 10 min. After that, the so-
lution was stirred well for 6 h at room temperature (~25 °C). Purify the
resulting product using dialysis tubing regenerated cellophane (molec-
ular weight cut off 12,000–14,000 g mol−1) in distilled water for three
days. Thefinal productwas obtained byprecipitation in acetone then fil-
tration. Finally, the product was dried under vacuum (Scheme 1). The
structure of TMC was elucidated using 1H-NMR and FTIR analysis.
2.2.2. Preparation of water soluble TMC/PAA polyelectrolyte complex
1.0 g of TMCwas dissolved in 100mL of distilledwater and the pH of

this solution was adjusted to 2.0 using 0.1 M HCl then it was added
dropwisely to a solution of PAA (1.0 g/100 mL of distilled water) and
stirred for 1 h at 30 °C. The final product was precipitated in acetone
then it was filtered and dried in vacuum oven at 40 °C for 24 h till con-
stant weight (Scheme 1). TMC/PAA was designated as polyelectrolyte
complex (PEC) [35].
2.2.3. Preparation of TMC/PAA/Ag nanocomposites
PEC (TMC/PAA) (1 g) was dissolved in 10 mL of distilled water in a

round-bottomed flask (25 mL) under constant stirring. Different quan-
tities of AgNO3 were dissolved in less amount of distilled water then it
was added slowly to the previous solution in dark conditions with con-
tinuous stirring at room temperature for 24 h to yield different percent-
ages of Ag nanoparticles (1%, 2% and 3%)-Scheme (1). The color of PEC
turned from light yellow into dark brownish yellow after adding
AgNO3 which indicated the reduction of Ag ions to Ag NPs inside the
polymer matrix [9, 23, 36].

2.2.4. In vitro antimicrobial activity
Agar well diffusion method [37] was used for in vitro antimicrobial

activity measurements for TMC, PAA, TMC/PAA (PEC) and TMC/PAA/
Ag nanocomposites against Staphylococcus aureus (RCMB 010028) and
Bacillus subtilis (RCMB 010067) as Gram-positive bacteria and against
Escherichia coli (RCMB 010052) and Klebsiella pneumoniae (RCMB
010093) as Gram-negative bacteria using nutrient agar medium and
against Aspergillus fumigatus (RCMB 02568) and Geotricum candidum
(RCMB 05097) as pathogenic fungi using sabouraud dextrose agar me-
dium in presence of Ampicillin as reference drug for Gram-positive bac-
teria, Gentamicin as reference drug for Gram-negative bacteria
and Amphotericin B as reference drug for fungi. The well diameter
was 6 mm (mm) using 1 mgmL−1 from tested samples and reference
drugs in presence of water as solvent control. For bacteria, the plates
were incubated at 37 °C for 24 h, while, the incubation was 48 h at 25 °C
for fungi. After incubation, the diameter of the inhibition zones ofmicrobial
growth for tested samples was measured and was compared with that of
the reference drugs. Its values were the average of three reproducible ex-
periments and expressed as mean (± standard deviation) (SD). The mini-
mum inhibitory concentration (MIC), which is the lowest concentration
of an antimicrobial agent that will inhibit the visible growth of a microor-
ganism after overnight incubation,was determined by the brain heart infu-
sion broth micro dilution method using 96-well micro-plates [38, 39].

The inoculated of themicrobial strainswas prepared from24 h broth
cultures and suspensions were adjusted to 0.5 McFarland standard tur-
bidity (105 CFUmL−1). 1.0 mg of tested samples was dissolved in 1.0
mL H2O to obtain 1000 μg mL−1 stock solution, positive and negative
controls were included in each plate. Sterile broth (100 μL) was added
to the well from row B to H, while, the stock solutions of samples
(100 μL) were added to the wells in rows A and B. The mixture of sam-
ples and sterile broth (100 μL) in row Bwere transferred to each well in
order to obtain a twofold serial dilution of the stock samples (500, 250,
125, 62.5, 31.30, 15.60, 7.81, 3.90, 1.95, 0.98 and 0.49 μg mL−1). For an-
tibacterial activity, plateswere incubated at 37 °C for 24 h. However, for
antifungal activity, they were incubated at 25 °C for 48 h. Microbial
growth was evaluated by the presence of turbidity and the pellet was
at the bottom of the well. ELISA reader device was used for measuring
the optical density of each well at 520 nm.

2.2.5. Antitumor activity
Human colon cancer (HCT-116) cell lines were propagated in

Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10%
fetal bovine serum, 1% L-glutamine, 4-(2-hydroxyethyl)-1-piperazine
ethane sulfonic acid (HEPES) buffer and 50 μg mL−1 Gentamycin,
then they were maintained in a humidified atmosphere with 5% CO2

at 37 °C. They were subcultured two to three times a week. For cell via-
bility assays, HCT-116 cell lineswere seeded inmedium at a cell concen-
tration of 1 × 104 cells/well in 96-well plates then fresh medium
contains various concentrations of tested polymer samples (TMC/PAA
(PEC), TMC/PAA/1% Ag and TMC/PAA/3% Ag) using H2O as solvent was
added to previous seeded cells after 24 h. Two-fold serial dilutions
(3.9, 7.8, 15.6, 31.25, 62.5, 125, 250, 500, 1000 μg mL−1) of the tested
samples were added to confluent cell monolayers dispensed into 96-
well, flat-bottomed microliter plates using a multichannel pipette
which were incubated at 37 °C in a humidified incubator with 5% CO2



Scheme 1. Preparation of TMC, TMC/PAA (PEC) and TMC/PAA/Ag nanocomposites.
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for a period of 48 h. After incubation, different concentrations of tested
samples were added, and the incubation was continued for 24 h at 37 °C
and yield of cell viability was determined by a colorimetric method. After
incubation, 1% crystal violet solution was added to each well for at least
30 min. All experiments were carried out in triplicates and cell viability
of each tested sample was calculated according to its optical density.
The optical density was measured with the microplate reader at 490 nm
to determine the percentage of cell viability according to the following
equation:

Cell Viability% ¼ 1− ODt=ODcð Þ½ � � 100

Where, ODt is the mean optical density of wells treated with the tested
sample and ODc is the mean optical density of untreated cells. The cyto-
toxicity effect of TMC/PAA/Ag(3%) nanocomposite on African green mon-
key kidney cell lines (VEROcells)wasperformedby the samemethod. The
halfmaximum inhibitory concentrations (IC50) of tested samples,which is
defined as the sample concentration required to cause toxic effects in 50%
of intact cells, were estimated in every case fromdose response curve, it is
the relation of cell viability % of tested samples and its concentration, using
Graphpad Prism software (San Diego, CA. USA) [40, 41].

3. Instrumentation

Proton Nuclear Magnetic Resonance (1H-NMR) spectra of tested
samples (Ch, TMC, PAA and TMC/PAA PEC) were scanned by Varian
Mercury VX-300 NMR Spectrometer and its spectra were run at 300
MHz in DMSO/Trifluoroacetic acid (TFA) as solvent for Ch and D2O as
solvent for remaining samples. Fourier Transform Infrared (FTIR) spec-
tra of tested samples were recorded using Jasco FTIR 4100 spectrometer
(Japan) through the frequency range of 600–4000 cm−1. Diameter of
prepared AgNPs was examined by High Resolution Transmission Elec-
tron Microscope (HR-TEM), Tecnai G20, FEI, Netherland. The surface
morphology of TMC, TMC/PAA (PEC) and nanocomposites samples
was examined by a field emission scanning electron microscope, FE-
SEM (Quanta 250 FEG). The elemental analysis of TMC/PAA/3% Ag was
studied with energy dispersive X-Ray analyses (EDX) unit that is at-
tached with FE-SEM and set up with energy 5.4 kev. X–Ray Diffraction
(XRD) spectra of TMC, TMC/PAA (PEC) and TMC/PAA/Ag nanocompos-
ite were obtained using an X–ray powder diffractometer (X'Pert PRO
with secondary monochromator, Cu-radiation (λ = 1.542 Å) at 45
K.V., 35 M.A. and scanning speed 0.02°·s−1). The diffraction peaks be-
tween 2θ=4°− 70°.

4. Results & discussion

4.1. Proton nuclear magnetic resonance (1H-NMR) spectroscopy

Synthesis of TMC andwater-soluble TMC/PAA PECwas proven using
1H-NMR spectra-Fig. 1(a,b) which showed the main signals of Ch and
TMC. 1H-NMR spectrumof Chwas discussed previously by the same au-
thors [32] as it showed two singlet signals at δ = 1.8 and 2.8 ppm
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corresponded to protons of themethyl (–CH3) group of the remainedN-
acetyl (-NHCOCH3) groups and protons bonded to C2 of N-glucosamine
and N-acetyl glucosamine, respectively [42, 43]. In addition, multiplet
signal at δ=3.5–3.8 ppm assigned to protons bonded to C3, C4, C5 and
C6 of glycopyranose unit [H3,H4,H5 and H6] and two singlet signals at
δ = 4.7 and 8.3 ppm referred to protons bonded to anomeric C1 of
glycopyranose unit [H1] and protons of amino (-NH2) groups, respec-
tively [34, 42, 44, 45]. Moreover, two sharp signals appeared at δ =
2.5 and 9.6 ppm related to dimethyl sulphoxide (DMSO) and
trifluoroacetic acid (TFA), respectively, as solvents. While, 1H-NMR
spectrum of TMC showed singlet signal at δ=1.9 ppm referred to pro-
tons of remaining N-acetyl glucosamine units, also, it showed a low in-
tensity singlet signal at δ = 2.8 ppm corresponded to protons of
monomethyl amino (-NH(CH3)) groups and sharp singlet signals at
3.0 and 3.2 ppm related to both protons of dimethyl amino (-N(CH3)2)
groups and protons of N-quaternized amino (-N+(CH3)3) groups, re-
spectively. Moreover, low intensity singlet signal at δ = 3.3 assigned
for protons of methyl group which are connected to oxygen No. 6 (O6-
CH3), this is an evidence on the synthesis of TMC with low degree of
O-methylation using (CH3)2SO4. In addition to that, multiplet signals
appeared at δ=3.6–4.2 ppm were attributed to protons bonded to C3,
C4, C5 and C6 of glycopyranose unit [H3,H4,H5 and H6] and multiplet
Fig. 1. 1H-NMR of a) Chitosan b
signals appeared at δ= 5.0–5.3 ppm corresponded to proton bonded
to anomeric C1 of glycopyranose unit [H1]. Furthermore, singlet signal
at δ=8.3 ppm referred to protons of amino (-NH2) groups disappeared
in TMC spectrum, as TMC did not have remaining amino groups [34,
45–47]. There were sharp signals at δ = 4.6 ppm related to D2O as a
solvent.

N-Quaternization percentage (DQ%) in TMCwas calculated from the
following equation:

DQ %ð Þ ¼ −Nþ CH3ð Þ3
� �

=9
� �

= H1½ � � 100

Where; [(-N+ (CH3)3)] corresponded to the integral area under the sig-
nal of theN,N,N-trimethyl protons at δ=3.2 ppmand [H1] related to in-
tegral area under the signal of H1 proton at δ=5.0–5.3 ppm [45]. DQ %
of TMC was calculated as 70%.

Furthermore, 1H-NMR spectrum of PAA (Fig. 1c) showedmain char-
acteristic signals of PAA. Triplet signal at δ= 1.7–2.0 ppm referred to
protons of methylene (-CH2) groups and singlet signal at δ=2.5 ppm
corresponded to proton of methine (-CH) groups on the backbone of
PAA. In addition to, a sharp singlet signal at δ = 4.8 ppm related to
D2O as a solvent [48]. Moreover, Fig. 1(d) showed 1H-NMR spectrum
of TMC/PAA (PEC). This spectrum exhibited characteristic signals of
) TMC c) PAA d) TMC/PAA.
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both TMC and PAA. Signals at δ = 1.5–2.2 ppm related to protons of
bothmethylene (-CH2) andmethine (-CH) groups in PAA. These signals
were shifted to less chemical shifts than their original values in Fig. 1(c),
because of the consumption of carboxylic acid (-COOH) groups in the
formation of (PEC) with TMC. While, signals of TMC appeared at δ=
2.5 ppm assigned to protons of remaining N-acetyl glucosamine units,
at δ= 3.2 ppm assigned to protons of quaternization of monomethyl
amino (-N+H2(CH3)) groups, at δ = 3.3 ppm assigned to protons of
quaternization of dimethyl amino (-N+H(CH3)2) groups and at δ =
3.3 ppm assigned to protons of N-quaternized amino (-N+(CH3)3)
groups. Also, multiplet signal at δ=4.0–4.7 ppm attributed to protons
bonded to C3, C4, C5 and C6 of glycopyranose unit [H3,H4,H5 and H6]
and signal at δ = 4.9–5.0 ppm corresponded to proton bonded to
anomeric C1 of glycopyranose unit [H1]. However, sharp signal at δ=
4.8 ppm related to solvent (D2O) and small signal at δ = 8.5 ppm
assigned to remaining carboxylic acid groups on PAA backbone.
4.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra (Fig. 2a) illustrated the main peaks of Ch and TMC. It
had proven the synthesis of TMC and its comparison to Ch. The spec-
trum of Ch was reported by the same authors [32] and it showed the
main peaks of Ch described as follows: absorption peak at 3435 cm−1

due to stretching vibration of O\\H and N\\H bonds and this peak
was broad due to the H-bonding interactions. In addition to, absorption
peaks at 2918 and 2879 cm−1 assigned to symmetric stretching vibra-
tions of alkyl (C\\H) groups, while absorption peaks at 1653 and
1597 cm−1 corresponded to stretching vibration of carbonyl (C_O)
bond of the remaining N-acetyl groups (-NHCOCH3) and N\\H bending
vibration of amino (-NH2) groups, respectively [34, 49, 50]. Moreover,
absorption peaks around 1155 and 895 cm−1 corresponded to C\\O\\C
bending vibration in saccharide repeated unit in Ch and broad peaks at
1080 and 1031 cm−1 assigned for C\\OH stretching vibration of 2nd
and 1ry alcohol on the backbone, respectively [34, 49, 51]. On the
other hand, FTIR spectrum of TMC showed a broad peak at 3435 cm−1

related to stretching vibration of both O\\H and N\\H bonds, however,
it has less intensity than the same peak in Ch as it is converted to differ-
ent groups like; -NH (CH3), -N (CH3)2 and -N+ (CH3)3, so the hydrogen
bonding interactions between O\\H and N\\H decreased between TMC
chains. This in addition to the new peak appeared at 1647 cm−1

corresponded to the -C_O stretching vibration of remaining N-acetyl
groups [51]. Furthermore, new absorption peak appeared at 1465 cm−1

assigned for the bending vibration of methyl groups of N-alkylated (-NH
(CH3), -N(CH3)2 and -N+(CH3)3) groups in TMC [52].
Fig. 2. FTIR Spectra of a) Ch and TMC b) PAA, TMC
FTIR spectra (Fig. 2b) showed themain peaks of PAA, TMC and TMC/
PAA (PEC). FTIR spectrumof PAA showeda broad peak at 3432 cm−1 re-
sulted from H-bonding interactions between hydroxyl (-OH) groups of
carboxylic acid on PAA backbone [31] and absorption peak exhibited at
1710 cm−1 corresponded to carbonyl (-CO) stretching vibration in car-
boxylic acid groups [53]. Moreover, two absorption peaks appeared at
1632 and 1450 cm−1 related to symmetric and asymmetric stretching
vibration of carboxylate (-COO−) groups [54]. FTIR spectrum of TMC/
PAA (PEC) showed a broad absorption peak at 3432 cm−1 corresponded
to –OH and –NH groups in TMC and –OH groups in PAA. In addition to
two peaks at 1710 and 1647 cm−1 related to carbonyl (-C_O)
stretching vibration of carboxylic acid in PAA and remaining N-acetyl
groups in TMC, respectively. Sharp absorption peak appeared at 1553
cm−1 attributed to carboxylate (-COO−) stretching vibration groups,
also sharp peak at 1416 cm−1 related to bending vibration of –CH
bonds in methyl groups of N-quaternized (-N+H2(CH3), N+H(CH3)2
and -N+(CH3)3) groups in TMC that shifted from 1465 cm−1 in TMC
to 1416 cm−1 through PEC formation with PAA via H-bonding interac-
tions between N-quaternized groups in TMC and carboxylate groups
in PAA. The FTIR spectrum of synthesized TMC/PAA/Ag nanocomposites
(Fig. 2c) exhibited shift stretching vibrations peaks of TMC/PAA (PEC)
due to coordination bond/electrostatic attraction between Ag+ ions
and hydroxyl and carboxylate ions present in PEC during formation of
Ag nanoparticles, this observation was in agreement with literature
[36, 55, 56].

4.3. Scanning electron microscopy (SEM)

Surface morphology of Ch, TMC, TMC/PAA (PEC) and TMC/PAA/Ag
nanocomposites was examined via scanning electron microscopy
(SEM) with magnification (×500) and their images were illustrated in
Fig. (3). The surface of Ch appeared as large regular crystalline structure,
as a result of the strong intermolecular H-bonding interactions between
its chains [57]. While, the surface of TMC appeared smooth due to de-
struction of these intermolecular H-bonding and insertion of N-methyl
groups into TMC chains led to destruction of the crystallinity of Ch,
this observation was in agreement to literature [35]. Moreover, TMC/
PAA (PEC) surface was rough and porous with globular shape due to
the presence of carboxylic and N-quaternized groups on PEC chains
and formation of electrostatic interactions between both of them, this
was shown obviously in a small inserted image with magnification
(×5000).

However, surface of TMC/PAA/Ag nanocomposites appeared
rough porous with lustrous Ag particles imbeddedwithin thematrix,
Ag NPs were referred in a separated image with magnification
and TMC/PAA c) TMC/PAA and TMC/PAA/Ag.



Fig. 3. SEM images of Ch, TMC, TMC/PAA and TMC/PAA/Ag.
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(×5000) due to the presence of Ag nanoparticles throughout poly-
meric matrix.

4.4. Transmission electron microscopy (TEM)

Transmission electronmicroscopy images and their histograms of
particles size distribution of Ag NPs with different weight ratios 1%,
2% and 3% were shown in Fig. 4(a–c). The results indicated that the
synthesized Ag NPs were spherical in shape and polydispersed
throughout the thin layer of polymeric matrix, while the histograms
(Fig. 4d–f) showed two particle diameter regions, small Ag NPs
particles of diameter range (5–30 nm) and large particles of diame-
ter ˃30 nm. It was shown that small particle diameter range (5–30
nm) dominated nanocomposites with less Ag weight ratio (1% Ag
NPs), while the diameter range of particles increased with increasing
the Ag weight ratios, so nanocomposites with 2% Ag NPs had parti-
cles of diameter range (30–45 nm) and 3%Ag NPs nanocomposites
had particles diameter of range (30–65 nm).

The elemental analysis of TMC/PAA/Ag (3%) was studied using EDX
(energy dispersive X-ray analysis) and the results were illustrated in
(Fig. 5). The EDX pattern showed the presence of Ag, this indicated
the synthesis of Ag NPs.



Fig. 4. TEM images of nanocomposites with a) 1% Ag b) 2% Ag c) 3% Ag with histograms of particle size distributions of d) 1% e) 2% f) 3% Ag nanoparticles.
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4.5. X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns of TMC, TMC/PAA (PEC) and TMC/
PAA/Ag (3%) nanocomposites are illustrated in Fig. 6(a). XRD pattern
of TMC showed one broad diffraction peak at 2θ = 19.5° with small
intensity, so, TMC had less crystalline nature due to the presence of N-
methyl groups on TMC chains that led to the destruction of the intermo-
lecular hydrogen bonding among TMC chains. In addition, the XRD
pattern of TMC/PAA (PEC) showed one broad diffraction peak at 2θ=
Fig. 5. EDX pattern f
19° with more intensity than the same diffraction peak in TMC alone
due to the presence of H-bonding and electrostatic interactions be-
tween TMC and PAA chains, so, TMC/PAA (PEC) was more crystalline
than TMC, while the XRD pattern of TMC/PAA/Ag (3%) nanocomposite
indicated the disappearance of the broad diffraction peak of TMC/PAA
(PEC) - Fig. 6(a) - after preparing Ag nanoparticles which indicated
the destruction of the crystalline region of TMC/PAA through the prep-
aration of Ag (NPs) in situ. This observation was similar to the green
synthesis of Ag nanoparticles in situ within bagasse and in presence of
or TMC/PAA/Ag.



Fig. 6. XRD patterns of a) TMC, TMC/PAA (PEC) and TMC/PAA/Ag nanocomposites and b) TMC/PAA/Ag nanocomposites (magnification).

713M.H. Abu Elella et al. / International Journal of Biological Macromolecules 111 (2018) 706–716
quaternized chitosan/rectorite [10, 20]. Fig. 6(b) showed different dif-
fraction peaks at 2θ=29.9°, 34.5°, 39.7°, 41.5°, 46.5° and 49.2° that in-
dicated the crystalline nature of Ag nanoparticles that were prepared by
green synthesized method.
Table 1A
Antimicrobial activity of TMC, PAA, TMC/PAA (PEC) and TMC/PAA/Ag nanocomposites with dif

Samples Inhibition zone diameter (mm)

Gram-negative bacteria G

E. coli K. pneumoniae S

Gentamicin (Reference) 22.3 ± 0.18 25.8 ± 0.58 –
Ampicillin
(Reference)

– – 2

Amphotericin B
(Reference)

– – –

TMC 9.3 ± 1.50 12.3 ± 1.20 1
PAA 13.6 ± 0.63 15.2 ± 0.58 1
TMC/PAA
(PEC)

19.5 ± 1.50 21.2 ± 0.58 2

TMC/PAA/
1% Ag

21.6 ± 0.72 22.4 ± 1.20 2

TMC/PAA/
2% Ag

23.2 ± 0.63 23.9 ± 1.50 2

TMC/PAA/
3% Ag

23.7 ± 1.50 25.2 ± 1.20 2

Table 1B
MIC (μg mL−1) of TMC, PAA, TMC/PAA (PEC) and TMC/PAA/Ag nanocomposites with different

Samples MIC (μg mL−1)

Gram-negative bacteria G

E. coli K. pneumoniae S

Gentamicin (Reference) 0.98 0.49 –
Ampicillin
(Reference)

– – 0

Amphotericin B
(Reference)

– – –

TMC 250 250 2
PAA 125 62.50 6
TMC/PAA
PEC

3.90 1.95 3

TMC/PAA/
1% Ag

1.95 0.98 1

TMC/PAA/
2% Ag

0.98 0.98 0

TMC/PAA/
3% Ag

0.98 0.49 0
4.6. Antimicrobial activity

Results of antimicrobial activity of TMC, PAA, TMC/PAA (PEC) and
TMC/PAA/Ag nanocomposites against tested pathogenic
ferent weight ratios (1%, 2% and 3%) against pathogenic microorganisms.

ram-positive bacteria Fungi

. aureus B. subtilis A. fumigatus G. candidum

– – –
7.4 ± 0.18 32.4 ± 0.10 – –

– 23.7 ± 0.10 28.7 ± 0.20

1.6 ± 0.63 13.7 ± 0.58 11.5 ± 1.20 10.2 ± 0.72
4.9 ± 1.20 16.3 ± 1.50 14.2 ± 1.50 13.6 ± 0.63
0.4 ± 1.20 22.3 ± 0.58 18.2 ± 0.58 21.9 ± 0.63

1.6 ± 0.37 23.4 ± 0.58 19.6 ± 1.20 22.5 ± 1.50

2.5 ± 0.72 25.4 ± 1.50 21.2 ± 0.63 23.4 ± 0.58

4.3 ± 0.63 26.3 ± 0.72 23.3 ± 1.20 25.5 ± 0.58

weight ratios (1%, 2% and 3%) against pathogenic microorganisms.

ram-positive bacteria Fungi

. aureus B. subtilis A. fumigatus G. candidum

– – –
.49 0.49 – –

– 0.98 0.49

50 125 250 250
2.50 62.50 125 125
.90 0.98 7.81 1.95

.95 0.98 3.90 0.98

.98 0.49 1.95 0.98

.98 0.49 0.98 0.49



Fig. 7. Cytotoxicity effects of TMC/PAA (PEC) and TMC/PAA/Ag nanocomposites on HCT - 116 cells after incubation 24 h (right) a) Control sample (untreated cells) b) cells treated by TMC/
PAA (PEC) c) cells treated by TMC/PAA/Ag (1%) d) cells treated by TMC/PAA/Ag (3%) nanocomposites at concentration 1000 μg mL−1.
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microorganisms using Agar well diffusion method in presence of refer-
ence drugs are tabulated in Tables 1A and 1B. The most acceptable
mechanism of chitosan and N-quaternized chitosan derivatives is the
electrostatic attraction forces between the positive charges of N-
quaternized (-N+R3) groups along chitosan chains and the negative
charges onmicrobial cellmembrane [29, 58, 59]. So, TMC has antimicro-
bial activity against both pathogenic bacteria and fungi due to the elec-
trostatic forces between N-quaternized (-N+(CH3)3) groups on TMC
chains (degree of quaternization DQ 70%) and the electronegative
charges on the cytoplasmic membrane microorganisms cell surface.
The cytoplasmic cell membrane contains proteins and phospholipids
and polymer chains may cause strong interactions with cell membrane
through H- bonding interactions [59, 60]. The interaction of TMC was
similar to the interaction between quaternized carboxymethyl chitosan
with negative charges on Algae cell surface that led to Algae inhibition
[61]. Also, the results showed good antimicrobial activity for PAA due
to H-bonding interactions of carboxylic acid (-COOH) groups on PAA
backbone with the cytoplasmic cell membrane of microorganisms.
The results indicated that TMC/PAA (PEC) had higher antimicrobial
activity than parent TMC and PAA, because PEC was prepared in
acidic medium so it increased the cationic charges on -N+H2CH3

and -N+H(CH3)2 groups, in addition to –N+(CH3)3 on TMC chains,
Fig. 8. Cytotoxicity effects of TMC/PAA/Ag (3%) nanocomposites on VERO cell lines at different c
(left), while images of VERO cell lines after incubation for 24 h with different nanocomposite c
which increases the electrostatic interactions with the negatively
charged cell membranes of the microorganisms. After dipping
AgNPs throughout TMC/PAA matrix, the antimicrobial activity
against pathogenic bacteria and fungi increased with increasing
AgNPs content % in polymeric matrix - Table 1(A). Ag NPs have
good antimicrobial activity due to their interaction with both sulfur
atoms found in cell membrane proteins and compounds containing
phosphorus in cells, so they damage these cells through their attack
on the respiratory chain with these cell division [10, 62]. Also, AgNPs
have high antibacterial activity because of its high surface area that
interacts with bacterial cell wall [63]. From suggested mechanisms,
Ag NPs were proven to be better antimicrobial agents. Furthermore,
the results of TMC/PAA with 3% Ag NPs showed the most antimicro-
bial activity with less MIC values-Table 1(B) in the range 0.49–0.98
μg·mL−1 that was similar to the investigated reference drugs.

4.7. Cell viability assays

Cytotoxicity effect of different concentrations (3.9, 7.8, 15.6, 31.25,
62.5, 125, 250, 500, 1000 μg mL−1) of tested samples (TMC/PAA, TMC/
PAA/Ag nanocomposites with Ag ratios (1% and 3% Ag) on cell viability
of HCT-116 colon cancer cells was investigated and was represented by
oncentrations compared to untreated cells and error bars represent the standard deviation
oncentrations (right).
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dose response curve - (Fig. 7), which showed that the cytotoxicity ef-
fects of tested samples increased with increasing the concentration of
samples, so at concentration 1000 μg mL−1, there was a strong decrease
in cell viability %. Fig. (7) showed that 500 μg mL−1 of TMC/PAA, TMC/
PAA/Ag (1%) and TMC/PAA/Ag (3%) killed 69.2%, 83.1% and 89.6% of
the cells, respectively. While, 1000 μg mL−1 of previous samples
killed 82.6%, 89.8% and 93.5% of the cells after 24 h incubation. More-
over, IC50 was calculated for tested samples. IC50 of TMC/PAA was
174 μg mL−1, TMC/PAA/Ag nanocomposites was 118 μg mL−1 (for
1% Ag) and 22.5 μg mL−1 (for 3% Ag). Cytotoxicity data confirmed
that TMC/PAA/Ag (3%) had the highest cytotoxicity effect (the less
cell viability %). The data showed that cytotoxicity assays of TMC/
PAA and its Ag nanocomposites were better than others in literature
(TMC-g-PVA) and (TMC/Alginate, ALG, and TMC/ALG/Ag nanocom-
posites) [11, 64]. The images of cancer cells that were treated with
the tested samples are shown in Fig. (7), illustrating the variousmor-
phological changes that occurred to cancer cells after treatment with
1000 μg mL−1 concentrations of the samples due to their cytotoxic
effects. Cell shrinkage occurred and the cells became smaller in size
and the cytoplasm became condensed and more tightly packed. Cyto-
toxic effect increases with the increase in Ag content (%Ag). The cyto-
toxicity of TMC/PAA/Ag (3%) nanocomposite was also studied on
African green monkey kidney cell lines (VERO cells) and the results
are illustrated in Fig. (8). The results showed that TMC/PAA/Ag (3%)
nanocomposite had less cytotoxicity effect on healthy VERO cell lines.
IC50 of nanocomposite was much higher than 1000 μg mL−1, so the re-
sults exhibited no significant destructive effect for the nanocomposite
was observed on VERO cell lines. This observation was in agreement
with literature [11].

5. Conclusion

Water soluble PEC based on N,N,N-trimethyl chitosan chloride (TMC)
as a cationic polymer and poly(acrylic acid), PAA, as an anionic polymer
was synthesized. The structure of PEC was proven with different analysis
tools such as: 1H-NMR, FTIR, XRD and SEM techniques. The results
showed that PEC formed through electrostatic interactions between N-
quaternized groups in TMC and carboxylate anion groups in PAA. Green
synthesis of TMC/PAA/Ag nanocomposites with different weight ratios
of Ag (1%, 2% and 3%) depends on hydroxyl groups on TMC as a self-
reducing agent in presence of PAA as a self-stabilizing agent.

Synthesis of TMC/PAA/Ag nanocomposites was proven using FTIR,
SEM, TEM/EDX and XRD techniques. The results confirmed the prepara-
tion of AgNPs through PEC chains. While, TEM and its histograms
showed that the synthesized Ag NPs were spherical in shape and
polydispersed having different particle diameter ranges, a small size
range (5–30 nm) that dominated in TMC/PAA/Ag nanocomposites
with 1% Ag and two large size diameter ranges, (30–45 nm) for 2% Ag
and (30–65 nm) for 3% Ag nanocomposites.

Antimicrobial activity results showed that TMC/PAA (PEC) had
higher antimicrobial activity against pathogenic Gram-positive and
Gram-negative bacteria and fungi than TMC and PAA alone.

However, TMC/PAA/Ag nanocomposites had the highest antimicro-
bial activity compared with the tested reference drugs and its antimi-
crobial activity increased with increasing Ag weight ratio (%).

Cytotoxicity assays data of TMC/PAA and its Ag nanocomposites
were better than others used before in literature. It was also shown
that TMC/PAA/Ag (3%) had the highest cytotoxicity effect (the less cell
viability %) on Colon cancer line. Also, the results exhibited no signifi-
cant destructive effect of the nanocomposites on VERO cell lines.
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