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Introduction: A novel biocomposite chitosan/graphite based on zinc-grafted mesoporous
silica nanoparticles (CGZM-bio) was synthesized and the antibacterial activities of this
compound along with that of Zn-MSN nanoparticles were investigated.

Methods: The CGZM-bio biocomposite was synthesized using sol-gel and post-synthesis
method under UV radiation. The characterizations of the samples were carried out using FTIR,
XRD, SEM, and nitrogen adsorption and desorption. The antibacterial activity was carried out
against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) after 18 h at 310 K.
Results: The suspension samples of the Zn-MSN and CGZM-bio (2-100 pg.mL ") presented
antibacterial activities against S. aureus and E. coli. The minimum inhibitory concentration
(MIC) values against E. coli for the Zn-MSN and CGZM-bio samples were 10 and 5 pg.mL ™",
respectively, while the MIC against S. aureus for both nanomaterials was 10 pg.mL™".
Discussion: The antibacterial activities of these materials are due to the generation of radical
oxygen species such as "OH, H,0,, and O, > during the UV radiation via the generation of the
electron—hole pairs which in turn damage the bacteria cells. These nanomaterials may be used
in biomedical devices as antibacterial agents.

Keywords: Zn-MSN, Staphylococcus aureus, Escherichia coli, antimicrobial activity, UV
radiation, electron—hole pair

Introduction
One of the serious risks for human life with long-lasting disruptive disease is
bacterial infections which is the fourth cause of death in the world.! The antimi-
crobial properties of metal nanoparticles (MNPs) and metal oxide nanoparticles
(MONPs) are currently studied in various applications of science such as medicine
and pharmaceutics.>” The effect of MNPs and MONPs has been credited to their
small size and high ratio of surface to volume that make the suitable conditions for
interaction of MNPs and MONPs with bacterial membranes.* Studies found that
the bactericidal activity of metal species is related with its valence form® and
researchers have shown that the higher valence state is the stronger and more active
the antimicrobial action.®” The MONPs including silver, titanium, bismuth and zinc
oxide nanoparticles have been exhibited antimicrobial effects against Gram-positive
and -negative bacteria.® ' These materials are able to control bacterial growth.
Silver nanoparticles have long been known as bactericide materials'*'* which
currently exploited in many applications in various fields including medical science, '’
antibacterial water filter'® and cosmetics.'” These nanoparticles have been shown the
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most antimicrobial activity among all nanomaterials.'®2°

Recently, composites containing metal atoms dispersed on
silica support have been attracted to their high antibacterial
activity.?! The scientists were reported high antibacterial
activities for silver-silica and silver-silica-polymer nanocom-
posites which have used in wound dressings and coating of
catheters.'?? In addition, several antibacterial activities were
reported for ZnO nanoparticles in recent years.” ' Moreover,
zinc oxide is a low-price semiconductor with simple prepara-
tion process, biocompatibility nature and highly active
photo-catalyst.” These nanomaterials showed notable anti-
microbial properties toward a wide range of bacterial types.
These nanomaterials have been fixed, impregnated or
inserted in other materials such as natural or artificial poly-
mers to enhance their biocidal properties.”*

Chitosan as a useful natural hydrophilic polymeric
matrix has been widely applied recently due to its excel-
lent chemical and biological characteristics.”**> Chitosan
is prepared from chitin, which is easily extracted from
crustacean shells such as fungi, crabs, insects, prawns
and other crustaceans.”® This natural polymer shows non-
toxic, biodegradable, biocompatible, bioactive and antimi-
crobial properties which have made it suitable to apply in
medicinal chemistry.>”2° Chitosan is a weak base due to
the presence of an amine group into its structure thus it has
solubility in dilute acidic solutions in which this NH,
group converts into the water-soluble protonated form of
NH; " Nowadays, chitosan has been widely studied as an
antibacterial and anti-fungi material in different forms of
solutions, films and composites.27 Furthermore, the anti-
bacterial property of chitosan changes with notice to fabric
samples. This activity of chitosan is due to the interaction
between lone pair electrons on the nitrogen atom of amine
group with membrane of microbes.*® Therefore, it is clear
that this interaction can be easily carried out between
chitosan and microbes because of formation of binds
with DNA, glycosaminoglycans and proteins which result-
ing in an increase in the antibacterial effect.?’ Since these
interactions are weak, the antimicrobial property is weak
when chitosan applies alone.*®*'~?

In the last decade, several kinds of chitosan composites
have been synthesized in order to use as bactericides.>***
Various types of materials have been applied to form
composite with chitosan such as carbon nanotube (CNT),
graphene oxide and graphite. Among numerous carbon
types, graphite possesses especial properties such as large
surface area, high porosity and good conductivity.>®
Graphite has recently attracted attention as feasible and

cheap filler in composite structures.’ These outstanding
properties may be applicable at the nanoscale, if graphite
can be used as thin nanoplatelets.*® The pure graphite in
the form of small thin layers has been studied as substrates
to improve the physical and chemical properties of
nanomaterials.***° Metal-carbon composites showed anti-
microbial activity against E. coli.*' Since the dispersion of
carbon substrates such as graphene, CNT and graphite is
problematic, the use of these materials as antimicrobial
agents is limited. Moreover, the direct contact of carbon
materials leads to cell damage, subsequently causing cell
death.** To improve the antibacterial property of graphene
and CNTs, functionalization with metallic nanoparticles
has been reported.** **

Mesoporous silica nanoparticles (MSN) with posses-
sing ordered porous structure, high surface area, large pore
size and volume can be acted as hosts for MNPs which
resulted in better dispersion of metal sites on the MSN
surface.***> The use of MSN as host for metal nanoparti-
cles is an interesting suggestion that increases antimicro-
bial efficiency.*®*’

In this study, a biocomposite of chitosan and graphite
based on zinc-modified MSN was synthesized and their
antibacterial activities were investigated against Gram-
positive and Gram-negative microbes like Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli). The main
goal of this work is to combine the antimicrobial of Zn-MSN
and chitosan accompanied with graphite in order to design
biocompatible antibacterial biomaterials.

Materials and Methods

Chitosan and graphite were purchased from Kimiya Azma
and Black Diamond Companies, Iran, respectively. All other
chemicals including cetyltrimethylammonium bromide
(CTAB), tetraethylorthosilicate (TEOS), zinc nitrate, and
ammonia solution were purchased from Merck Company.

Experimental

Preparation of Zinc Incorporated MSN (Zn-MSN)
Mesoporous silica nanoparticles (MSN) were synthesized by
a sol-gel method using cationic surfactant cetyltrimethylam-
monium bromide (CTAB) as a template and tetraethylortho-
silicate (TEOS) as the source of silicon in basic conditions.**
Cetyltrimethylammonium bromide (CTAB, 1.24 g) was dis-
solved in double-distilled water (250 g), then ethanol
(55 mL) and ammonia solution (10.5 mL, 28%) were
added, respectively. After vigorous stirring for approxi-
mately 20 min at 298 K, tetraethylorthosilicate (TEOS,
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2.7 mL) was added to the mixture. The resulting mixture was
stirred for an additional 2 h at 298 K and allowed to rest for
24 h at the same temperature under UV radiation (8 W). The
gel molar composition which was applied for the synthesis of
the pure MSN was 1.1 TEOS:0.7 CTAB:16 ammonia:91
Ethanol:1053 H,0. The sample was then collected by cen-
trifugation at 20,000 rpm for 20 min and washed with deio-
nized water and absolute ethanol three times and dried at
383 K for 8 h prior to calcinations. Then, surfactant was
removed by calcinations of MSN (1 g) in air at 823 K for
3 h. Zn-incorporated MSN (denoted as Zn-MSN NPs) was
prepared by incorporation of zinc into the pure MSN. In this
reaction, zinc nitrate (Merck) was used as a precursor of Zinc
and the initial molar ratios of Si/Zn was 10. The Zn-MSN
samples were synthesized by adding MSN (1 g) into an
aqueous solution (50 mL) of zinc nitrate (0.13 g) at
353 K for 12 h followed by centrifugation and drying at
383 K overnight prior to calcination in air at 823 K for

4 h with a heating rate of 1 K min".

Synthesis of Chitosan/Graphite/Zn-MSN
Biocomposite (CGZM-Bio)

A suspension of Zn-MSN (1 g) in distilled water (100 mL)
was sonicated for 30 min. In a separated container,
a combination of chitosan (0.2 g), pure graphite (0.1 g),
and distilled water (100 mL) were sonicated for 30 min in
a separate container. The chitosan-graphite mixture was
slowly added to the Zn-MSN suspension and the pH of the
mixture was adjusted at 89 by micro-addition of NaOH
(0.1 M). It was then stirred in a water bath at 343 K for 30
min under UV radiation. The precipitate was washed with
distilled water (2 x 40 mL) and dried in a vacuum oven at
333 K.

Antibacterial Test

The antibacterial activities of Zn-MSN nanoparticle and
Chitosan/Graphite/Zn-MSN biocomposite were examined
against two-pathogenic strains of Escherichia coli (E. coli),
a Gram-negative bacterium, and Staphylococcus aureus
(S. aureus), a Gram-positive bacterium, using agar disc dif-
fusion method. The antibacterial activities were measured by
paper disk diffusion assay in terms of minimum inhibitory
concentration (MIC) and minimum bactericidal concentra-
tion (MBC). In this method, the samples were cultured into
a Muller Hinton (MH) and nutrient agar with pH 7.3 on Petri
dishes prepared using the E. coli and S. aureus growth media.
The microbes were sprayed evenly on the top of the plates
using a sterile glass rod. The microbes were allowed to dry

for 10 min. Then, the test solutions of the samples with
different concentrations were dropped into the disk. The
culture medium was incubated for 18 h at 310 K. After
that, a No. 0.5 Mc-Farland Standard suspension sample,
which is equal to 1.5 x 10® Colony-Forming Units per mL
(CFU.mL™"), was prepared. The standard dilution micro
method was used to perform the antimicrobial effectiveness
exams on MH dishes.*®
Aqueous dispersions of the Zn-MSN nanoparticle and
the CGZM-bio samples at several different concentrations
were prepared from the initial aqueous dispersion samples.
In order to obtain a uniform distribution, the nutrient MH
medium was heated to 323 K. In the next step, 10 mL of
each sample solution was separately added into Petri
dishes including 30 mL of nutrient MH medium. Total
volume of 40 mL was kept in each Petri dish and the
solution was hardened with MH after 15 min. Then, on
each sample, 100 pL of the suspension of microbe was
added and spread on the surface of MH medium including
the mentioned samples. The Petri dishes were incubated at
310 K for 18 h in a shaking incubator (150 rpm) to grow
the microbes. The results were compared to those standard
dishes of each of microbes’ growth intensity tests in the
absence of Zn-MSN NPs or CGZM-biocomposite. The
quantitative measurements of the bactericidal activities of
Zn-MSN and CGZM-bio were carried out based on the
number of CFU growth of bacteria suspension with less
concentration (104 CFU) in MH media with different
concentrations of Zn-MSN and CGZM-bio samples. In
the meantime, all tests were compared to those of the
control sample. All experiments were carried out three
times for the Zn-MSN nanoparticle and biocomposite
under sterile conditions and their results were averaged.
The quantitative antibacterial activities were calculated
based on decrease ratio (in percent) of the microbes
according to eq. 1. as below:
R=""""y 100 (1)

n;

where R is the percentage reduction ratio, #; is the number of
bacterial colonies Petri dishes in the control sample test Petri
dishes and nyis the number of bacteria colonies in those Petri
dishes after treatment with Zn-MSN and CGZM-bio. In vitro
antimicrobial activities of the samples were investigated
using disc diffusion method with MH by determining of
inhibition zone size in millimeters (mm) according to the
standards of the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) standards.*
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The antibacterial effects of Zn-MSN and CGZM-bio
were investigated against two pathogenic strains of E. coli
and S. aureus. The initial concentrations of the cultures for
the Zn-MSN nanoparticles and CGZM-bio were No. 0.5
Mc-Farland Standard suspension for both microbes, which
were determined by using the agar dishes test. Paper plates
(disc samples size of 6 mm) coated with the Zn-MSN
nanoparticles and CGZM-bio were sterilized by dropping
ethanol onto these materials and aging for 10 mins, then
placed on the surface of MH which was seeded by 1 mL of
microorganism culture. The dishes were inoculated at 310
K for 18 hrs. The inhibition zone size of the disks was
measured to determine the antibacterial activity of each
sample. An average of three test measurements was used
for each sample. In this study, some disks including
Amikacin (AN) and Erythromycin (E) standard antibiotics
placed on the surface of MH were also applied.

Characterization of the Biocomposite

The crystallinity of catalysts was measured with a Bruker
Advance D8 X-ray powder diffractometer with Cu K,
(1 = 1.5418 A) radiation as the diffracted monochromatic
beam at 40 kV and 40 mA. Nitrogen physisorption analysis
was conducted on a Quantachrome Autosorb-1 at 77 K. Before
the measurement, the sample was evacuated at 573 K for

3 h. The bulk Si/Zn molar ratio of 10 was determined by
Bruker S4 Explorer X-ray fluorescence spectroscopy (XRF)
using Rh as anode target material operated at 20 mA and 50 kV.
XRF analysis showed that the Si/Zn ratio of 10 framework was
actually 9.3.

Fourier transform infrared (FTIR) measurements were
carried out using an Agilent Carry 640 FTIR spectrometer.
The morphology and average particle size of the catalyst
were estimated from scanning electron microscope (SEM).
A scanning electron microscope equipped with an energy
dispersion X-ray spectrometer (EDX) was conducted on
SEM (JEOL JSM-6701 F) to observe the morphology as
well as to obtain the elemental analysis of the catalyst.
Before observation by SEM-EDX, the sample was coated
by Pt using a sputtering instrument.

Results and Discussion

Catalyst Characterization

The pure MSN was synthesized through the sol-gel method
and the Zn-MSN sample was prepared by post-synthesis
technique, respectively. XRD patterns of the MSN, Zn-
MSN and CGZM-bio samples with Si/Zn molar ratio of
10 are given in Figure 1. The pure MSN exhibited four
diffraction peaks included an intense peak of 100 and
three small peaks of 110, 200 and 210 at low angle degree
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Figure | XRD patterns: (A) low degree at 0-10° for MSN, Zn-MSN, and CGZM-bio; (B) high degree at 10-80° for Zn-MSN, and CGZM-bio.
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at 20 of 2.2-5.6°. All these diffraction peaks showed the
presence of 2D hexagonal (p6mm) structure with a d;go-
spacing of approximately 3.7 nm. Incorporation of zinc
atoms into MSN decreased the intense peak of 100 due to
a decrease in the order of mesoporous structures.
Introducing of chitosan and graphite into the Zn-MSN
nanoparticles drastically reduced this intense peak and con-
sequently have completely altered the mesoporous structure
to a less order structure. The small shift in the peak position
from 2.35° in MSN to 2.20° in Zn-MSN could be explained
by the substitution of Si specious with zinc atoms with
larger atomic radius which led to a decrease in the inter-
planar spacing of MSN (Figure 1A). The high angle XRD
patterns at 10-80° for the MSN, Zn-MSN-10 and CGZM-
bio samples are shown in Figure 1B. The X-ray microana-
lysis of these materials exhibited the presence of zinc atoms
in their structures. The peaks corresponded to the diffrac-
tions of 001, 101 and 102 planes indicated the presence of
ZnO phase in these nanostructures.”'

The diffraction patterns also revealed that the Zn-MSN
samples had a good crystallinity. Intercalation of zinc ions
within the interlayer spacing of MSN resulted in an
increase in the basal spacing due to the replacement of
exchangeable interlayer atoms. The existence of chitosan
and graphite into the MSN framework was also reflected
by the presence of the amorphous structure, as shown in
the diffraction patterns of Figure 2B.

Adsorbed volume [cm*{STP)g™]

0 02040608 1

CGZIM-bio

0 0.2 04 0.6
Relative pressure (P/Puo)

0.8 1

Table 1 shows the physical properties of the MSN, Zn-
MSN, and CGZM-bio samples. The surface area was
decreased from 892 m”g ' in MSN to 475 m®g ' in Zn-
MSN, which was due to the loading of Zn species into the
pure MSN. It consequently decreased the pore volume and
pore size of Zn-MSN. This result probably due to the
plugging of some pores by zinc atoms that caused
a change of the pore size from 3.41 nm in MSN to 3.36
nm in ZN-MSN and also altered the pore volume from
0.72 cm®g ' in MSN to 0.43 cm’g ' in Zn-MSN.*

An introduction of chitosan and graphite to the meso-
porous Zn-MSN nanoparticles completely changed the
structure of microporous material. It is believed that chit-
osan and graphite thoroughly plugged most of pores and
drastically reduced the pore surface area of CGZM-bio to
13 m’g"" while increased the pore size to 36.6 nm. These
results clearly showed that this biocomposite possesses
a dense structure with a wide pore and the SEM images
confirmed its morphology (Figure 3).

Figure 2A and B show nitrogen sorption isotherms and
the corresponding pore size distribution of the MSN, Zn-
MSN NPs, CGZM-bio samples which were calculated by
NLDFT method. The nitrogen sorption isotherm patterns of
these nanomaterials showed type IV isotherms for the pure
and Zn-modified MSN which are an indication of the pre-
sence of mesoporous nanomaterials with cylindrical pores,
and showed type III Isotherm for CGZM-bio which is

0.5

04

=
w
L]

Zn-M5SN

=
fa
L]

Pore volume (cm?® g1)

CGZM-bio

0.1

0 2 4 6 8 10

Pore diameter (nm)

Figure 2 (A) Nitrogen sorption isotherms and (B) pore size distribution for the MSN, Zn-MSN NPs, and CGZM-bio samples.
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Table | Physical Characteristics of the MSN, Zn-MSN NPs and
CGZM-Bio Samples

Sample S (m%g) Vp (cm’/g) W (nm)
MSN 892 0.72 341
Zn-MSN NPs 475 0.43 3.36
CGZM-bio 13 0.10 36.6

Abbreviations: S, BET surface area (m%/g) obtained from N, adsorption; V,, total
pore volume (cmslg); W, pore size (nm) obtained from BJH method.

attributed to the microporous structure (Figure 2A). The
high resolution of CGZM-bio sample was observed in the
square which clearly exhibited the microporous construction
with extra-framework structure. The isotherms of the MSN
and Zn-MSN show the inflection characteristic of capillary
condensation at a relative pressure (P/Pg) of around 0.1-0.3
which exhibits the existence of porous structures with small
and uniform mesopore structures.’> A small increase at high
relative pressure of around 0.9-1.0 in the Zn-MSN indicated
the presence of the external-framework porosity which is
a clear evidence of less ordered mesoporous structure due to

the zinc atoms loaded into the pure mesoporous silica mate-
rials. For CGZM-bio composite, a slow increase was
observed from 0 to 0.9 relative pressure that attributes to
the microporous structure while a sharp increase at P/P,
around 0.9-1.0 indicates the presence of an extra-
framework structure into the biocomposite. Figure 2B exhi-
bits the pore size distribution of MSN, Zn-MSN NPs and
CGZM-bio. The results showed that the incorporation of
chitosan, graphite and zinc atoms almost plugged the bio-
composite pores which led to the formation of several pore
diameters into the composite framework.

The morphologies of MSN, Zn-MSN and CGZM-bio
were observed using SEM and TEM images which are
shown in Figure 3. The results showed uniform spherical
particles with particle sizes of 70—-130 nm for MSN and Zn-
MSN, along with its EDX elemental. Changes on the surface
structure of CGZM-bio were also obvious from its SEM
image as presented in Figure 3C. A big spherical layer-like
feature with sizes of more than 200 nm was also observed for
CGZM-bio. The rough surface of the biocomposite revealed

Figure 3 SEM and TEM images of the (A, D) MSN, (B, E) Zn-MSN NPs, (C, F) CGZM-bio samples.
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that the Zn-MSN nanoparticles have been assembled on chit-
osan and graphite layers led to the formation of big spherical-
layered structure. The TEM images of MSN, Zn-MSN and
CGZM-bio are shown in Figure 3(D-F). The mesoporous
framework of the MSN was confirmed by TEM (Figure 3D)
which exhibited regular and parallel pore structure.”® The
TEM image of the Zn-MSN sample (Figure 3E) shows mate-
rial grains with a regular array of mesoporous structure. Zn
atoms are well dispersed in the silica matrices. The TEM of
CGZM-bio sample (Figure 3F) shows the spherical monolithic
grains in this sample. The framework silica mesopores are
wormhole-like throughout the grain. No clear long-range
order in the pore structure was detected.>*

Si

n° 8
-
x T 0
£
s 6
o}
05
4 Co
3
2
1 Zn
0 Co Co Zn Zn
0 5 10 15
keV

Figure 4 Energy-dispersive X-ray spectroscopy of the Zn-MSN sample.

The EDX analysis, shown in Figure 4, indicated to the
presence of silicon, zinc and oxygen in the Zn-MSN
nanomaterials.

Figure 5 shows the FTIR spectroscopy of the MSN, Zn-
MSN NPs and CGZM-bio samples. The silanol (Si-OH)
groups of MSN and zinc-modified MSNs were observed as
the broad bands at the range of 3100-3700 cm ™ '. These wide
peaks assigned to the non-acidic silanol groups which are
located on the external surface of the mesoporous
structure.”> A small sharp band at the region of 3405 cm™'
indicated to the presence of amine group within the biocom-
posite material. In addition, two sharp bands at 2923 and
2852 c¢m ' are clear evidence of the C-H stretching due to
the presence of chitosan and graphite species in the biocom-
posite structure. The peaks around 1636 cm ™' corresponds to
amide structure of chitosan.>® Grafting of zinc into the MSN
structure formed a sharper band at 3445 cm ' due to the
reaction of silanol groups with Zn atoms and formation of
the Si-O-Zn band.*® There are no remarkable differences in
the d;go-spacing or pore diameters and also in the band
intensities in this region (3445 cm™') for MSN and Zn-
MSN which show that their primary particle sizes are
comparable.”” Two vibration peaks of FTIR spectrum
located at the regions of 465 and 1070 cm™ ' are associated
with the Si-O stretching frequency in the mesoporous silica
materials, in which these peaks correspond to the bonds O—
Si—O and Si—O-Si, respectively. Whereas the absorption
peak at 796 cm™ ' assigned to the Si-O-Si bending vibration
in the sample structures.’®

The proposed structure of CGZM-bio was shown in
Scheme 1. It is suggested that the Zn-MSN is linked to

CGZM-bio

Zn-MSN

AYAN
A

\
MSMN \
~ e \
o~ |
f \ll Il\ FIJI
A VN I
“-.__,/ I| "'.I || l
o lk\ |\1 | IU'
1
1 465
A A A L A I+I A
4000 3550 3100 2650 2200 1750 1300 850 400
Figure 5 FTIR spectra of MSN, Zn-MSN NPs, and CGZM-bio in the region of 400-4000 cm '
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Scheme | Proposed structure for CGZM-biocomposite.

chitosan through electrostatic bands between amine groups
of chitosan and Zn atoms of Zn-MSN nanoparticles while
there are other bands between graphite molecules with Si-
O-Si bands of Zn-grafted MSN nanomaterials.

Evaluation of Antibacterial Activity
The antibacterial activity of the Zn-MSN nanoparticles and
CGZM-bio suspensions against E. coli and S. aureus was
studied in aqueous MH agar by disk diffusion and their MIC
and MBC were measured. The MBC is the lowest concentra-
tion (ug mL ") at which a material will kill more than 99% of
the existing microbes. The MIC is the concentration at which
the solution becomes turbid. A lower MIC corresponds to
higher antimicrobial efficiency.” In terms of MIC, we found
an inverse relationship between the particle size and activity.
For the qualitative valuation of antimicrobial activity of the
stated materials, MH disk including the noticed nanoparticles
and biocomposite with different concentrations were insemi-
nated with bacterial suspension 1.5 x 10® CFU. The results
showed that the bacteria growth on MH plates was observed
after 18 h at different concentrations of the Zn-MSN nanopar-
ticles and CGZM-bio ranging from 5, 10 and 100 pg mL ™",
The control sample occurred with 0 pg mL™" Zn-MSN and
biocomposite in 1% acetic acid solution and the microbes
were completely grown after 18 h at 310 K. The results
showed the MIC values of Zn-MSN and CGZM-bio against
E. coli were 10 pgmL™" and 5 pgmL™", respectively, and
against S. aureus were 10 pg.mL ™" for both nanomaterials.
The MIC value for control sample was measured about
900 pg.mL ™" for E. coli®® and 1550 pg.mL™" for S. aureus.!
The results exhibited that there was no bacteria growth at the
MIC values and above, therefore these concentrations are the
effective inhibition in both the bacterial growth.

According to the published results, the antibacterial
activity of chitosan and graphite was weak when used

alone.***> The mechanism of the biocomposite is the
inhibition of bacterial growth, may be through the forma-
tion of cationic section on the zinc atom and amine group,
and interact with the anionic part on the microbial cell
surface, and may destroy bacterial growth by damaging
®' The inhabitation

mechanism of bacterial growth for the Zn-MSN nanopar-

the exchanges with the medium.

ticles is probably via the interaction between zinc sites
with the bacterial membrane.

Recently, N. Padmavathy and R. Vijayaraghavan
(2008) have stated the qualitatively antimicrobial effect
of ZnO nanoparticle suspensions with sizes of 12 nm and
45 nm toward E. coli in aqueous Luria Bertani (LB) broth
by disk diffusion. They have reported the quantitative
measurement of 80 pg.mL ' against E. coli at 310
K.°3 Sharifian-Esfahni et al (2017) were synthesized
the chitosan-modified iron oxide (SPIO/CTS) nanocompo-
site to improve the antibacterial activities against . coli
and S. aureus. The results showed that the SPIO/CTS
nanocomposite exhibited MIC values of 45 pg.mL™" for
E. coli® In another study, Hu et al (2017) prepared
a nanocomposite based on using zinc oxide with silver
nanoencapsulated in polyvinylpyrrolidone and polycapro-
lactone (PVP/PCL) nanofibers to increase the antibacterial
effectiveness against S. aureus and E. coli under MH broth
medium. The results indicated that the suspension of this
nanocomposite able to inhibit bacterial growth against
these two microbes.® This increased antibacterial strength
is probably due to the enhanced stability of the biomaterial
in aqueous medium since that the composite of chitosan/
graphite protected the Zn-MSN nanoparticles from aggre-
gation. The significant antibacterial activity over E. coli
under low concentration of the biocomposite can be used
as an ideal nanomaterial with long-lasting effect in green
industrials.

Comparison of inhibition zone diameter (IZD) test for
Amikacin (AN) (30 pg.disk™") and Erythromycin (E)
(15 pg.disk ') as two standard antibiotics, the Zn-MSN
NPs and CGZM-bio that have content of 5, 10 and 100 pg.
mL™" on MH plate against E. coli and S. aureus bacterium.
The 1ZD surrounding both samples were observed with the
average diameter of 21+l mm against E. coli for both
samples of Zn-MSN NPs and CGZM-bio with the concen-
trations of 10 pg.disk '. The results were 22+1 mm and
24+1 mm against S. aureus for Zn-MSN NPs and CGZM-
bio, respectively, with the concentrations of 10 pg.disk .

The results of the antimicrobial activities of the sam-
ples indicated that the organic layer of chitosan/graphite
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related to the biocomposite probably is responsible for
more strength of the activity of the biocomposite due to
the better dispersion of the Zn-MSN NPs on the surface of
the Chitosan/graphite part. Any IZD were not observed
around the control samples against both bacteria using this
disk. Table 2 shows the obtained results for two samples of
the Zn-MSN NPs and CGZM-bio against both bacteria of
E. coli and S. aureus.

Several factors can be caused that the Zn-MSN NPs
and CGZM-bio to be bactericidal. The mechanism that
antibacterial agents and antibiotics act through the oxida-
tive stress generated by reactive oxygen species (ROS).%
Park and his colleagues have been explained that the
generation of ROS was the reason for the antibacterial
activity of metal.®’

In this study, zinc oxide is the source of the ROS for-
mation which leading to the S. aureus and E. coli inhibition.
The mechanism of the activity of Zn-MSN NPs and bio-
composite is based on the generation of the oxygen species
which the
microorganisms.®® The high reactive species such as "OH,
H,0, and 0,> were formed. Since Zn-MSN part can be
activated by UV radiation through the generation of elec-

by these materials cause damage to

tron-hole pairs (e h") which dissociated H,O molecules
into OH and H'. Superoxide radical anions ('O, ) were
formed after dissolving oxygen molecules, which reacted
with H' to generate HO," radicals, resulting generate hydro-
gen peroxide anions of HO, due to collision with electrons.
These anions react with H" and produce H,0, molecules
that penetrate the bacterial membrane and kill the
microbes.®

7Zn — MSN + h0 — e +h*

0, +H" — HO, -

HO; - +H+e™ — H,0,

The superoxide and hydroxyl radical possesses negative
charges which cannot penetrate into the membranes of
bacteria and contact only with the outer surface of the
microbes. However, hydrogen peroxide can penetrate into
the bacterial membranes.’” An explanation of the antimi-
crobial effect of Zn-MSN NPs probably based on the
rough surface of this nanoparticle due to their surface
defects.”" This surface roughness provides a mechanical
damage of the membrane of E. coli.

In this study, the minimum inhibitor concentration (MIC)
range of the Zn-MSN and CGZM-bio nanomaterials was
between 2 and 100 (ug/mL) for both E.coli and S. aureus
bacteria. According to the obtained results, the concentra-
tions of 5 and 10 pg/mL for CGZM-bio and Zn-MSN
showed the minimum inhibitor against E. coli microbe,
while the minimum inhibitor concentration for both nanoma-
terials against S. aureus was 10 pg/mL. The MIC and MBC
results of both samples of Zn-MSN and CGZM-bio against
E.coli and S. aureus bacteria were approximately equal.

Thus, the sample suspensions in lower concentrations
than 10 and 5 pgmL™' for Zn-MSN and CGZM-bio,

respectively, show less antibacterial activity against
E. coli and S. aureus bacteria, respectively. This may be
due to the presence of the low zinc content to generate the
mentioned radical species. The growth of E. coli bacterium
at lower concentration of 5 pg.mL ' around the disk
including biocomposite and the growth of S. aureus at
lower concentration of 10 pg.mL™" around the disk of Zn-
MSN can be evidenced to confirm the direct relation

between bacterial activity and Zn concentration. On the

+ - . . .
h"+H;0 — O, other hand, the zinc is not toxic at these low concentra-
10 0. tions, since this metal is an essential cofactor in many
e +0, — O, .
cellular processes. Therefore, the bacterial colony
Table 2 IZD, MIC and MBC of the Zn-MSN NPs and CGZM-Bio Samples
Bacteria | I1ZD MIC Standard Standard 1ZD MIC MBC
Control Control Antibiotic AN | Antibiotic
. Zn- CGZM- | Zn-MSN CGZM-Bio | Zn-MSN CGZM-Bio
Sample Sample (30 pg.disk ') E (15 pg. A _ _ _ _
4 L MSN Bio (ng.- mL™") | (ug. mL™") (ug. mL™") | (ug. mL™")
(mm) (ng. mL7) disk ™)
(mm) | (mm)
E. coli 0 900 201 20 1 201 | 21 10 5 10 5
S. aureus | 0 1550 13£1 21l 2+ | 24l 10 10 10 10

Abbreviations: CGZM-bio, biocomposite chitosan/graphite based on zinc-grafted mesoporous silica nanoparticles; Zn-MSN, Zinc-grafted mesoporous silica nanoparticles;
EUCAST, European Committee on Antimicrobial Susceptibility Testing; E. coli, Escherichia coli; S. aureus, Staphylococcus aureus; FTIR, Fourier Transfer Infra-Red; SEM,
S Emission Microscopy, TEM, Transmission Emission Microscopy; BET, Burette Emmer Teller; XRD, X-ray diffraction.
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Figure 6 Images of the antibacterial tests against E. coli for (A) 5 pg/mL of CGZM-bio, (B) 10 pg/mL Zn-MSN, and the antibacterial tests against S. aureus for 10 pg/mL (C)

CGZM-bio, and (D) Zn-MSN.

generation in the amounts less than MIC, demonstrating
that Zn species are the supplement promoting the meta-
bolic performance of bacteria at the low concentrations.

Figure 6 shows the photography of the antibacterial
activities against E. coli and S. aureus bacteria for the
CGZM-bio, Zn-MSN samples.

Conclusion

The novel Zn-MSN NPs and CGZM-bio nanomaterials were
prepared using UV radiation and their antimicrobial activities
were investigated. The biocomposite nanomaterial was
synthesized based on an inorganic part (Zn-MSN) combined
with chitosan/graphite as the organic part. The colloidal
solutions of the Zn-MSN nanoparticles and CGZM-bio ran-
ging from 5, 10, and 100 ug mL ™" exhibited the antibacterial
activity against gram-positive (S. aureus) and gram-negative
(E. coli) microbes on MH dishes after 18 h at 310 K at all
three concentrations. The MIC values of Zn-MSN NPs and

CGZM-bio against E. coli were 10 pg.mL ™" and 5 pg.mL ",
respectively, and against S. aureus were 10 pg.mL " for both
nanomaterials. The MBC values of Zn-MSN and CGZM-bio
against E. coli and S. aureus were almost the same as those
MIC values.

The inhibition zone diameter (IZD) surrounding the
samples was observed with the average diameter of
2141 mm against E. coli for both samples of Zn-MSN
NPs and CGZM-bio with the concentrations of 10 pg.
disk™'. Similar observation against S. aureus resulted in
22+1 mm and 24+1 mm against S. aureus for Zn-MSN
NPs and CGZM-bio, respectively, with the concentrations
of 10 pg.disk '. The antibacterial characteristic of the Zn-
MSN NPs and biocomposite is based on the generation of
oxygen species such as "OH, H,O, and O, by these
materials which cause damage of the microorganisms.
Therefore, these nanomaterials may be suitable for anti-
bacterial applications in biomedical devices.
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