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(P. aeruginosa) PAO1 and Staphylococcus aureus (S. aureus). Synthesized CS-ZnO nanocomposite was character-
ized with the DLS (Dynamic Light Scattering), FTIR (Fourier Transform Infrared), XRD (X-ray Diffraction) and
SEM (Scanning Electron Microscope). The minimum inhibitory concentrations (MICs) against P. aeruginosa
PAO1 and S. aureus determined using broth microdilution methods. The influence of sub-MIC (1/4 MIC) and

ﬁmﬂzbial agents MIC concentration of CS-ZnO nanocomposite and gentamicin alone and in combination on biofilm formation
Chitosan was also determined. A four-fold MIC reduction in S. aureus and P. aeruginosa PAO1 treated by the gentamicin
Gentamicin loaded CS-ZnO nanocomposite, and 84% reduction of biofilm formation for P. aeruginosa PAO1 and 77% reduction
Nanocomposite of biofilm formation for S. aureus, was observed compared to the gentamicin alone (P < 0.05).

Zinc oxide

This study showed the important role of nanocomposite in designing novel antibacterial and antibiofilm agents

to combat the P. aeruginosa and S. aureus biofilm-related infections.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The excessive use of antibiotics to fight bacterial infections caused
the increased bacterial resistance to multiple antibiotics [1]. The resis-
tance is due not only to the uncontrolled use of antibiotics, but also to
the fact that pathogenic bacteria are capable of adapting to various en-
vironments and develop self-defense strategies such as survival in
biofilms [2]. In general, the biofilms are comprised of the microbial com-
munities which protected with the extracellular polymeric matrix [3].
The attendance of biofilm increases bacteria resistance to conventional
antibiotics with up to 1000-fold compared to their planktonic (free-liv-
ing) equivalents. Biofilms are responsible for around 60% to 85% of
human bacterial infections [1,4]. Biofilm-related infections are drasti-
cally decreased susceptibility to conventional antibiotics, and these are
hard to eradicate with antibiotic therapy alone [5].

During the last decades, many efforts were taken to develop
ecologically-friendly and low cost, natural or synthetic substances as
treatment agents [1]. The incidence of acute infections of antibiotic

* Corresponding author at: Immunology Research Center, Faculty of Medicine, Tabriz
University of Medical Sciences, Tabriz, Iran.
E-mail address: rezaee.mohammad@gmail.com (M.A. Rezaee).

https://doi.org/10.1016/j.ijbiomac.2020.09.037
0141-8130/© 2020 Elsevier B.V. All rights reserved.

and/or multidrug-resistant bacteria at a worrying rate caused several
researches interest to evaluate the antibacterial and antibiofilm activi-
ties of different substances [4].

Chitosan (CS) is considered a medically significant material due to its
unique properties such as biocompatibility, biological activity,
nontoxicity, bioadhesion, antioxidant, antibiofilm, and antimicrobial ac-
tivities [6,7]. CS is an abundant natural polysaccharide biopolymer,
widely used in the medical field [8]. The antibacterial and antibiofilm
properties of CS are due to the presence of its positive charge amino
groups which cause a reaction with bacterial membrane [8,9]. Further-
more, CS with vast surface areas modifies the bacterial membrane pen-
etrability via the membrane incorporation and leads to bacteria's death
[10,11].

Zinc oxide (Zn0O) is another material which received more attention
due to its antibacterial and antibiofilm activities against a wide range of
bacteria [12]. ZnO has revealed great against bacteria pathogens by gen-
erating the reactive oxygen species (ROS) and decreasing membrane
structure integrity [13]. Green production of ZnO NPs has been done
via various plant extracts, for example, Cassia fistula, Ocimum, Trifolium
pratenese [14] and Rosa canina [15]. Rosa canina is a medicinal plant re-
lated to family Rosaceae. Rosehip or the small fruit of Rosa canina is rec-
ognized for its high content of vitamin C. Furthermore, the rosehip has a
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high level of antioxidants such as flavonoids and phenolic compounds.
Due to the reports, rosehip possesses preventive and curative activity
against a broad range of diseases such as renal, inflammatory, gout,
and gastric disorders [16]. The preparation of NPs using plant extract
is a new technique which is a low-cost and eco-friendly process [14].
ZnO can be combined with other nanomaterial or antibiotics to develop
antibacterial and antibiofilm properties and less toxicity for human cells
[17].

CS can be used as supportive material for metal NPs [18]. CS-ZnO
(CS-ZnO) nanocomposite is obtained from the incorporation of ZnO
into the CS NPs [19]. CS-ZnO nanocomposites can become a strong anti-
bacterial and antibiofilm agents due to the co-employment of antibacte-
rial activities of CS and ZnO NPs [1]. Several researches suggested the
synthetic compounds in combination with antibiotics to control
antibiotic-resistant bacteria [17,19,20].

The gentamicin related to aminoglycoside antibiotics family is
widely used to treat several hospital-acquired infections. These antibi-
otics were effectively used against Gram-negative [21]. The gentamicin
is bacteriocidal and its mode of action by preventing normal protein
synthesis by linking it to the highly-conserved A-site of bacterial 16S
subunit of 30S rRNA [22]. This binding leads to the distraction of proof-
reading in the protein synthesis process; as a result, bacterial virulence
factors production, including biofilm, can be disturbed [23,24].

Moreover, the incidence of serious infections caused by bacteria's
biofilm in an alarming level which prompted many researches to ex-
plore the antibiofilm activities of different materials [4,25]. Therefore,
we evaluated the effect of CS and ZnO NPs and CS-ZnO nanocomposite
with/without gentamicin on biofilm formation of P. aeruginosa PAO1
and S. aureus.

2. Materials and methods
2.1. Experimental procedure

2.1.1. Materials

CS (molecular weight 50-190 kDa, DA 75), sodium
tripolyphosphate (TPP), gentamicin stock solutions (10 mg/mL) and
zinc nitrate hexahydrate Zn(NOs),-6H,0 with 98% purity was bought
from Sigma-Aldrich, Mueller Hinton agar/broth (Merck, Germany),
Tripticase soy broth (Merck, Germany) and strains of P. aeruginosa
PAO1 and S. aureus ATTC25923.

>

2.1.2. Preparation of chitosan nanoparticles

CS NPs were created with the ionic crosslinking of CS with TPP, as
previously described [26,27]. In brief, about 0.1% CS solution was pre-
pared in a 1% acidic solution, and a 1% TPP solution was prepared in de-
ionized water. NPs were produced by dropwise addition of 1 mL of
prepared TPP solution into 10 mL CS solution under stirring at 4 °C tem-
perature about 30 min. The formed NPs were separated with the centri-
fugation at 12,000 rpm for 45 min they were washed twice with
deionized water and lyophilized.

2.1.3. Preparation of ZnO nanoparticles

The pure ZnO NPs were synthesized with the fruit extract of Rosa
canina, as previously described [15]. For the preparation of extract, har-
vested Rosa canina fruits were washed with deionized water and
retained in shading to dry. The flesh of the fruits was cautiously pow-
dered and weighted. About 10 g of powder was dispersed in 100 mL de-
ionized water, ultrasonicated for 30 min three times, and incubated in
the oven at 60 °C for 10 min. The rose-color of mixture demonstrated
that the extraction had happened. To get pure product, the mixture
sieved, centrifuged, and lastly preserved in refrigerator at 180 °C for ad-
ditional experiments.

ZnO NPs were synthesized by the conventional heating (CH) tech-
nique. For this purpose, 5 mL of 0.05 M zinc nitrate solution was
added into 10 mL of prepared Rosa canina extract. The final pH was
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adjusted at 6.0 by adding 1 N NaOH solution. The solution was held
under severe stirring at 150 °C for an additional 5 h until a change of
color happens. After cooling at room temperature, it was centrifuged
at 5000 rpm for 10 min, and solid sediment was attained. The sediment
was washed twice with the deionized water and dried at 60 °C for 5 h.
This sediment was heated in a furnace at 400 °C for 4 h. At last, the
solid white product was attained that was completely powdered using
a mortar.

2.14. Preparation of chitosan-zinc oxide nanocomposite

CS-ZnO nanocomposite was synthesized by dispersing 1.0 g ZnO
powder in 100 mL of 1% acetic acid solution to get zinc cations. 1.0 g
of CS was added in the solution and ultrasonicated for 15 min. Freshly
prepared 1 N NaOH solution was added dropwise to bring pH 10. The
solution was incubated in the water bath for 3 h at 60 °C. After cooling
at room temperature, it was filtered, and a white precipitate was
found which was washed twice with deionized water and dried at
60 °C [28].

2.1.5. Preparation of gentamicin coated nanoparticles

To prepare the gentamicin loaded CS and ZnO NPs, the method de-
scribed by Voicu et al. [20] was used. The fresh-prepared NPs (0.06 g)
was dispersed in 10 mL gentamicin 1% acidic solution (10 mg/mL),
ultrasonicated for 30 min, and held under stirring at room temperature
for 24 h. After the centrifugation, the supernatant solution was
discarded, and precipitate of NPs coated with gentamicin was dried.
To prepare gentamicin loaded CS-ZnO, the method described by Vasile
etal. [19] was used. In brief, 0.1 g ZnO was dispersed in 5 mL gentamicin
solution (0.03 g gentamicin). Then, 5 mL aqueous solution comprising
ZnO-gentamicin nanopowder was added to 10 mL of 1% acidic solution
of CS (0.1 g) under magnetic stirring at room temperature few minutes.
The CS-ZnO-gentamicin nanopowders were found by drying the gel.

2.2. Experimental techniques

2.2.1. Particle size distribution and zeta potential measurements

Size (Z-average mean) and zeta potential of the NPs was analyzed by
Dynamic Light Scattering (DLS) method using Malvern Zetasizer
(Malvern Instruments Ltd., UK) at a scattering angle of 135° at ambient
temperature (25 + 3 °C).

2.2.2. Electron microscope images

The scanning electron microscopy tests were done by FESEM (FEI
Nova NanoSEM 450, USA, and MIRA3 TESCAN-XMU, USA) to investigate
the size and the morphology of synthesized NPs.

2.2.3. X-ray diffraction

X-ray powder diffraction patterns were found with an XRD diffrac-
tometer (Kristalloflex D500, Siemens, Germany). The powders were ex-
posed to Cu Ko radiation at 40 kV, current of 40 mA and wavelength of
1.540 A within the diffraction angles (26) of range 5-75° at room tem-
perature. A scan rate of 1° min~! was employed.

2.24. Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectra were determined using the
KBr pellet method on an infrared spectroscopy (Tensor 27, Bruker,
Germany) within the 400-4000 cm ™! frequency range. A total of 30
scans and a resolution of 1 cm™! were employed in receiving the
spectra.

2.2.5. Standard curve of gentamicin

The gentamicin samples were prepared in PBS solution (pH = 7.4)
in the various concentrations (30, 40, 50, 60, 70, 80 and 90 ug/mL).
10 mL of assay samples were blended with 0.1 mL of freshly prepared
ninhydrin reagent 1.25% (w/v) and incubated in a water bath at 95 °C
for 5 min. The tubes were then cooled in an ice-water bath, and each
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solution's absorption at 400 nm was recorded using a UV spectropho-
tometer. The gentamicin standard curve was drawn, and the corre-
sponding data was regressed as standard equation [29].

2.2.6. Drug Loading

The drug entrapment efficiency of NPs was specified by separating
the NPs from the aqueous medium containing non-loaded drugs with
the centrifugation at 12,000 rpm for 30 min. The absorption of free gen-
tamicin in the supernatant was recorded with the UV at 400 nm, and the
amount of gentamicin was calculated due to the above standard curve.
The gentamicin entrapment efficiency of NPs was calculated with re-
cording the absorption of unbound gentamicin at 400 nm using the for-
mula [30,31]:

__ Total gentamicin-Free gentamicin "

Total gentamicin 100

Drug entrapment (%)

2.2.7. Drug release

The gentamicin release was photometrically assessed using UV-
spectrophotometer. The gentamicin release tests were done with im-
mersing the samples (20 mg) in 10 mL PBS (pH: 7.4) in static conditions
(120 rpm) at 37 °C for up to 24 h. At the determined times (0, 15,
30 min, 1, 2, 4, 6, 12 h), 300 pL aliquot was collected from supernatant
of samples, centrifuged at 12,000 rpm for 5 min and evaluated using
UV-spectrophotometer after interaction with ninhydrin as described
at Section 3.5. Then, the percentage of gentamicin release was calcu-
lated with considering the specification of its absorbance peak at
400 nm. These data were compared to a calibration curve obtained
from UV absorbance amount at 400 nm of a series of gentamicin con-
centrations. The tests were performed in triplicate and the results
were reported as a mean [32].

2.2.8. Qualitative assay of the antimicrobial activity

The qualitative assay was carried out with disc diffusion method. The
overnight culture of bacteria suspensions was adjusted to 0.5 McFarland
standards and was used to inoculate onto plates containing Mueller
Hinton (MH) agar medium. Filter papers (¢ 9 mm, pore size 0.45 um)
saturated with 20 pL of stock solution of each NPs were placed in the
center of MH agar plates (stock solution = 10 mg/mL). The negative
(blank disc) and positive controls (antibiotic stock solution-
gentamicin 20 pg/mL) was used. After incubation of plates for 18-24 h
at 37 °C, the inhibition zones' diameter was reported in mm. The tests
were carried out in triplicate, and the results were reported as a mean +
standard deviation [19,20].

2.2.9. Quantitative assay of the antimicrobial activity

The Minimum Inhibitory Concentrations (MICs) values of tested
chemical compounds were evaluated with the microdilution method,
in polystyrene 96-well microplate, two-fold serial dilutions of CS NPs,
Zn0 NPs and CS-ZnO nanocomposite (2048, 1024, 512, 256, 128, 64,
32 and 16 pg/mL) and gentamicin and CS NPs, ZnO NPs and CS-ZnO
nanocomposite combination with gentamicin (128, 64, 32, 16, 8, 4, 2,
1, 0.5, 0.25 and 0.125 pg/mL) was prepared. In brief, 100 pL sterile MH
broth were distributed in sterile 96 well plates, and serial dilutions of
each chemical compound were added in the wells. The overnight cul-
ture of bacteria was adjusted to 10° CFU/mL in wells. MH and MH broths
involving the bacterial inoculum were considered as negative and pos-
itive controls, respectively. The plates were incubated for 18-24 h at
37 °C. After the incubation period, MIC was determined as the lowest
concentration of tested chemical compounds which inhibited the visible
growth of bacteria. The tests were carried out in triplicate, and the re-
sults were reported as a mean =+ standard deviation [33].
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2.2.10. Biofilm formation

The biofilm formation was measured in a polystyrene 96-well mi-
croplate. The overnight culture of bacteria strains was incubated for
24 h at 37 °Cin Tryptic Soy Broth (TSB) containing 1% glucose in the ab-
sence and presence of 1/4 MIC and MIC concentrations of chemical com-
pounds. The medium was removed; wells involving biofilms were
washed twice with normal saline and were fixed with 150 pL of 99%
methanol. The microplate dried at room temperature, and the wells
were stained with 200 mL of 0.1% crystal violet for 15 min, washed
twice with distilled water, and dried at room temperature. Then, dye at-
tached to biofilm was solubilized with 200 mL of 33% glacial acetic acid,
and the absorbance was recorded at 570 nm. The experiments were
performed in triplicate and the results were reported as absorption
means [34].

Control OD—Test OD

Control OD x 100

Percentage of biofilm inhibition (%) =

2.2.11. Cytotoxicity studies

The cytotoxicity of CS-ZnO nanocomposite was evaluated by the
MTT assay. Human fetal skin fibroblasts (HFFF2) cultured in Dulbecco
modified Eagle medium (DMEM, high glucose formulation; Gibco
BRL) supplemented with 10% (v/v) fetal bovine serum were seeded in
triplicate into 96-well plates at a density of 1 x 10* cells/well. The
cells were exposed by two different concentrations of CS-ZnO nano-
composite, including 128 and 64 pg/mL. All exposed cells were incu-
bated for 24-48 h at 37 °C under 5% CO2. Afterward, 200 pL of new
medium containing MTT solution (5 mg/mL) was replaced in each
well and incubated for 3 h at 37 °C.

The MTT solution was cautiously removed, and 200 pL of dimethyl
sulfoxide (DMSO) was added to dissolve the formazan crystals in each
well. The absorption of solubilized formazan was recorded at 570 nm
with a microplate reader (BioTeck, Bad Friedrichshall, Germany). The
cells without NPs were considered as a control group. The viability of
cells was calculated with following formula [15,35]:

_ Mean absorbance of each group

A o
Viability of cells (%) = Mean absorbance of control group

x 100

2.3. Statistical analysis

Statistical analyses were evaluated using GraphPad Prism vs. 8 soft-
ware program. Statistical significance was tested by One-way ANOVA
analysis and P-value < 0.05 was considered as significant.

3. Results
3.1. Size and zeta potential of synthesized nanoparticles

The size distributions of each NP were analyzed with the dynamic
light scattering (DLS) method. The mean diameter of CS NPs, ZnO NPs
and CS-ZnO nanocomposite were 60.3, 243.7, and 277.5 nm, respec-
tively. After loading gentamicin to CS NPs, ZnO NPs and CS-ZnO nano-
composite, their size were changed to 63.1, 251.5 and 284.5 nm
(Fig. 1). The zeta potential indicates the charge of a particle related to
surrounding circumstances. The surfaces of CS and ZnO NPs have posi-
tive and negative charges, respectively. Zeta potential of CS NPs, ZnO
NPs and CS-ZnO nanocomposite was 24.6, —18.2, and 14.7 mV, respec-
tively. After loading gentamicin to CS NPs, ZnO NPs and CS-ZnO nano-
composite, their zeta potential were changed to 39.7, —12.8, and
29.4 mV, respectively, as shown in Fig. 2.
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Fig. 1. Size distribution nanoparticles of chitosan (CS) and zinc oxide (Zn0O) and chitosan-zinc oxide (CS-Zn0O) nanocomposite.

3.2. Electron microscope images analysis

The size and morphology of the prepared NPs was studied by SEM.
Due to Fig. 3, the CS NPs exhibited spherical morphology with mean di-
ameter of 50-100 nm. Also, ZnO NPs showed rod morphology with
mean diameter of 24-34 nm. After coating ZnO NPs with CS, rod shaped
ZnO NPs were coated with spherical CS, in which the whole size became
33-49 nm.

3.3. FTIR spectroscopy

The FTIR spectrum of CS and ZnO NPs and CS-ZnO nanocomposite
with/without gentamicin were presented in Fig. 4. As shown in the in-
frared spectrum of CS, characteristic peak at 3474 cm™! can be attrib-
uted to the -NH, and -OH groups, the presence of a peak at
1732 cm™!, demonstrating that the linkage between the phosphate
groups of TPP and ammonium ions of chitosan. The sorption of gentami-
cin formed gentamicin-loaded CS. The peak at 3474 cm ™! (-NH, and -
OH groups) in the spectrum of gentamicin-loaded NPs were shifted to
3442 cm™! and became sharper.

In the FTIR spectrum of ZnO NPs, the strong adsorption bands ob-
served at 417 cm ™!, which was related to the characteristic adsorption
of ZnO. The broad peak at 2925 cm ™! can be attributed to the ~-OH
groups of the adsorbed water molecules. Other peaks in the lower
wavenumbers 1348, 1560, 1509, and 1043 cm ™! correspond to the car-
bonates in the sample. Also, the gentamicin loaded from the ZnO NPs
was checked by FTIR spectroscopy. The vibration mode of alkyl C—H

50
40
30
20
10

'

stretch, amine N—H stretch, and O—H stretch observed in the
2924-3422 cm™'. NHF and NHJ symmetric bend were observed at
1627 and 1508 cm™! with lower energy than free gentamicin (1637
and 1533 cm™!), demonstrating an interaction between ZnO and
these moieties. The small intensity of Zn—O vibration compared to gen-
tamicin characteristic vibration could demonstrate a high load of genta-
micin into the NPs.

In CS-ZnO nanocomposite, a new broad adsorption peak at the
400-500 cm™! was observed, which ascribed to the vibration of
0—Zn—O groups. The characteristic peak at 3447 cm™"!, corresponding
to the stretching vibration of -NH and —OH of CS was shifted to higher
wavenumber 3450 cm~! in CS-ZnO nanocomposite. The peak at
1732 cm™! assigned to the bending vibration of~-NH group present in
CS, was shifted to lower wavenumber 1646 cm™' in the CS-ZnO nano-
composite. Similar phenomena were observed with the peaks of C=0,
3’-OH, and 5’-OH groups. The reason for the above phenomena was
the formation of hydrogen bands between ZnO and CS. The position of
ZnO diffraction peaks; hence the inter planer spacing was slightly
shifted. This shift is attributed to the reaction of ZnO with CS. The peak
at 3450 cm~! (-NH, and -OH groups) in the spectrum of gentamicin-
loaded NPs was sharper and separately shifted to 3419 cm™".

3.4. X-ray diffraction (XRD) pattern of nanoparticles

The XRD plot of CS NPs, ZnO NPs, and CS-ZnO nanocomposite are
presented in Fig. 5.
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Fig. 2. Effect of gentamicin (GEN) on nanoparticles zeta potential of chitosan (CS), zinc oxide (ZnO) and chitosan-zinc oxide nanocomposite (CS-ZnO).
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Fig. 3. SEM micrograph of chitosan nanoparticles (a), zinc oxide nanoparticles (b), chitosan-zinc oxide nanocomposite (c).

CS NPs shows two board characteristic peaks at 20 = 10.5° and 26 =
20.59°. These two peaks corresponded to CS NPs hydrated crystalline
structure. ZnO NPs showed the peaks at 26 = 31.9° (100), 34.5° (002),
36.4°(101),47.8°(102),56.9° (110),62.8° (103), and 67.7° (112) corre-
sponding to the hexagonal wurtzite structure of ZnO NPs (JCPDC card
No 36-1459). The XRD profile of ZnO-CS nanocomposite indicated the
key peaks corresponding to CS and ZnO NPs; nevertheless, in compari-
son with pure CS and ZnO NPs the intensity of CS-ZnO nanocomposite
peaks was lower, this may be due to the interaction between CS and
ZnO NPs functionalities. The XRD pattern of CS-ZnO nanocomposite
demonstrated that the crystalline ZnO NPs structure was preserved
even after the contact with CS. The presence of two sets of diffraction
bound corresponding to ZnO and CS NPs confirms the prosperous crea-
tion of CS-ZnO nanocomposite

2252

3.5. Drug entrapment and release of gentamicin from nanoparticles

The standard curve of gentamicin was presented in Fig. 6, where the
scattered dots demonstrated the experimental data, and the blue line
demonstrated the regression equation:

Y — 0.0134X—0.2971
(RZ - 0.9989)

where Y demonstrates the absorbance of nanoparticle dissolution at
400 nm; X demonstrates the gentamicin concentration, and R? is the as-
sociated factors. 0.9989 of R? value indicates that the regression equa-
tion matched well with the experimental data, and the equation can
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be used to evaluate the number of drugs. Due to the standard curve and
formula mentioned above, drug entrapment values with NPs synthe-
sized under the acceptable situation can be calculated as 95.6%, 58.4%,
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Fig. 5. XRD pattern of the nanoparticles of chitosan (CS) and zinc oxide (ZnO) and
chitosan-zinc oxide (CS-ZnO) nanocomposite.
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and 53.8% for CS NPs, ZnO NPs, and CS-ZnO nanocomposite,
respectively.

The release of gentamicin from gentamicin-loaded CS and ZnO NPs
formulations provided a diphasic profile were determined with an ini-
tial burst release during the first 2 h, provided by a sustainable release
profile. Around 90-95% of the gentamicin was released from NPs after
first 2 h. The initial burst release may be ascribed to the distribution of
gentamicin molecules which are localized near the surface of NPs. In
other words, the gentamicin is lightly bound to the surface of NPs dis-
tributes out into the water-phase. The release of gentamicin from the
gentamicin-loaded CS-ZnO nanocomposite was almost complete after
8 h. After 8 h, 88% of gentamicin amounts were released. The release
curve was demonstrated in Fig. 7.

3.6. Antibacterial studies

The qualitative screening with the filter paper saturated at a concen-
tration of 20 L of stock solution (10 mg/mL) was effective against bac-
teria. The results obtained with the qualitative assay indicated that the
growth inhibition zone is drastically increased by adding the active an-
tibiotic compared to NPs alone. CS-ZnO-gentamicin nanocomposite in-
creased the growth inhibition zone from 13.8 to 18.6 mm for
P. aeruginosa PAO1 and 14.2 to 21.8 mm for S. aureus compared to CS-
Zn0 nanocomposite. The results showed that CS-ZnO-gentamicin nano-
composite has an increased growth inhibition zone of 12.9% and 16% for
P. aeruginosa PAO1 and S. aureus compared to gentamicin alone, respec-
tively. The experimental results are shown in Figs. 8 and 9.

The MIC assay indicated that CS-ZnO-gentamicin nanocomposite
inhibited both S. aureus and P. aeruginosa PAO1 growth at much lower
concentrations than nanocomposite alone. For P. aeruginosa PAO1, CS-
ZnO-gentamicin MIC value was declined from 128 pg/mL to 0.5 pg/mL,
while for S. aureus, MIC value was declined from 64 pg/mL to
0.125 pg/mL. The results are shown in Fig. 10. The results also proved
that CS-ZnO-gentamicin nanocomposite had a four-fold MIC reduction
in S. aureus and P. aeruginosa PAO1 compared to gentamicin alone.
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3.7. Effect on biofilm formation

CS and ZnO NPs and CS-ZnO nanocomposite with/without gentami-
cin were tested in the concentrations of 1/4 MIC and MIC range against
both P. aeruginosa PAO1 and S. aureus biofilms (Fig. 11). A significant re-
duction in biofilm development was observed, when bacterial strains
were treated with 1/4 MIC and MIC of all chemical components
(P < 0.05). The concentration of MICs (128 pg/mL for P. aeruginosa
PAO1 and 64 pg/mL for S. aureus) of CS-ZnO nanocomposite had a
great biofilm decline of 63% and 67% for P. aeruginosa PAO1 and
S. aureus, respectively. CS-ZnO nanocomposite with gentamicin in the
concentration of MIC (0.5 and 0.125 pg/mL for P. aeruginosa PAO1 and
S. aureus, respectively) was drastically decreased the biofilm formation
of 84% and 77%, respectively. Furthermore, CS-ZnO nanocomposite
with gentamicin was shown the great antibiofilm activity against
P. aeruginosa PAO1 and S. aureus compared to gentamicin alone
(P < 0.05). As the results showed, CS-ZnO nanocomposite had great
antibiofilm activity than CS and ZnO NPs, so we selected CS-ZnO for
cell viability studies.

3.8. Cytotoxicity assay results

Biocompatibility and nontoxicity are essential for NPs which used in
the clinical antimicrobial and antibiofilm applications. Therefore, the
toxicity of CS-ZnO nanocomposite for different concentrations was eval-
uated using HFFF2 cells by MTT assay. The cell viability of prepared CS-
ZnO nanocomposite on HFFF2 cells was presented in Fig.12. Nanocom-
posite had no cytotoxic effects on HFFF2 cells in the effective bacteri-
cidal dose concentrations.
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4. Discussion

P. aeruginosa and S. aureus are important opportunistic pathogens
which are the most common pathogens causing biofilm-related infec-
tions in the human [36,37]. The inhibition of biofilm formation of
these bacteria is among the most important strategies to control infec-
tions [34]. The main goal of this work was to synthesize CS-ZnO-
gentamicin nanocomposite and assess antibiofilm activity on
P. aeruginosa and S. aureus. The nanoparticles of CS, ZnO, and CS-ZnO
nanocomposite were synthesized with the simple ionic cross-linking
using TPP, conventional heating, and chemical precipitation technique,
respectively. Then, the gentamicin was loaded on freshly prepared
nanoparticles of CS and ZnO. At the same time, for the synthesis of CS-
ZnO-gentamicin nanocomposite, we incorporated gentamicin coated
ZnO nanoparticles into CS solution to obtain a hybrid inorganic-
organic material (the ratio of CS to ZnO was 1:1). The synthesized CS-
ZnO nanocomposite morphology was the combination of nanospheres
and nanorods with size distributions of 277.5 nm and positive surface
charge (+14.7 mV). While, after gentamicin loading on nanocomposite,
its size and zeta potential was changed to 284.5 nm and +29.4 mV
respectively.

The effect of different natural and synthetic compounds on biofilm
formation in selected bacteria was investigated [38]. Several researches
showed that the NPs of CS and ZnO had great antibacterial and
antibiofilm activities in planktonic and biofilm forms of bacteria
[19,39,40]. The synergistic activity of CS and ZnO NPs and CS-ZnO nano-
composite with gentamicin was evaluated on the growth and biofilm
formation of P. aeruginosa PAO1 and S. aureus. Due to our results,
gentamicin-loaded NPs demonstrated increased antibacterial activity
on these bacteria compared to the gentamicin. The present study is in
close agreement with previous studies in antibacterial activity by NPs
such as ZnO NP and gentamicin-loaded ZnO NPs against the

——7n0O-GEN

10 12 14

Fig. 7. The gentamicin (GEN) release from the nanoparticles of chitosan (CS), zinc oxide (ZnO) and chitosan-zinc oxide (CS-ZnO) nanocomposite.
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b

Fig. 8. Antibacterial activities of chitosan-zinc oxide nanocomposite (A) and chitosan-zinc oxide-gentamicin nanocomposite (B) on P. aeruginosa PAO1 (a) and S. aureus (b) culture.

P. aeruginosa and S. aureus [20]. Besides, a similar result was obtained in
the ZnO/gentamicin-CS composite, in which the composite inhibits the
growth of P. aeruginosa and S. aureus [19]. To determine the antibacte-
rial efficiency of NPs with/without gentamicin against P. aeruginosa
PAO1 and S. aureus, we investigated their possible antibiofilm activity
in the concentration ranges of MIC and 1/4 MIC. Our findings showed
that NPs with/without gentamicin drastically decrease biofilm forma-
tion of P. aeruginosa PAO1 and S. aureus. In this regard, several studies
were conducted; Lee et al. demonstrated that Zn?>* and ZnO NPs had
no bactericidal activity against P. aeruginosa in the concentration levels
of <3 mM, surprisingly they had the antibiofilm activity [41], which is
contributed to the generation of reactive oxygen species (ROS) on the
surface of ZnO which could induce serious damage on bacterial cells.
Also, the attachment of ZnO NPs on the bacterial surface or cumulating
of NPs in the cytoplasm area induces the disturbance of cellular action
and destruction of the bacterial membrane [42,43]. Lara et al. reported
that ZnO NPs could significantly reduce biofilm-production in
P. aeruginosa, demonstrating that ZnO NPs have a wide spectrum and

25

B P. aeruginosa PAOI

maybe an alternative option for the treatment of P. aeruginosa infections
[40].

Several studies showed that the sub-MIC concentrations of CS NPs
and silver nanowires could inhibit bacterial biofilm formation [44,45].
There is a layer of anionic-charged lipopolysaccharide with poor
strength and sustainability at the outer membrane of P. aeruginosa.
Therefore, the lipopolysaccharides can be attached to the amino groups
of CS NPs with cationic-charged and afterward, fragmented. Thus, the
CS NPs cause bacterial death with altering bacteria permeability via
membrane integration. In S. aureus, the cell wall is composed of the sev-
eral layers of peptidoglycan which reduces the permeability of CS NPs
[46,47]. Due to the results obtained by Lin et al., gentamicin-loaded
nanotubes titanium could significantly inhibit bacterial adhesion and
biofilm development in comparison to Flat titanium and/or nanotubes
with no drug loading in S. aureus and Staphylococcus epidermidis [48].
Studies reported that iron NPs (FeOOH NPs) and gentamicin-loaded
gold (Au) NPs inhibited P. aeruginosa biofilm at the initial attachment
phase and maturation phase of biofilm development, respectively

21.8

1S, aureus

Fig. 9. Measured growth inhibition zone (mm) of chitosan nanoparticles (CS), zinc oxide nanoparticles (Zn0O), and chitosan-zinc oxide nanocomposite (CS-ZnO) in combination with/

without gentamicin (GEN) against P. aeruginosa PAO1 and S. aureus.
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Fig. 11. Effect of nanoparticles of chitosan (CS), zinc-oxide (ZnO) and chitosan-zinc oxide (CS-ZnO) nanocomposite in combination with/without gentamicin (GEN) at concentrations 1/4

MIC and MIC on biofilm development of P. aeruginosa PAO1 and S. aureus P < 0.05.

[49,50]. NPs of ZnO and CS decrease bacterial attachment, replication,
and biofilm development due to their robust antibacterial activity
[45]. Huang et al. reported that the metabolic activity and secretion of
exopolysaccharide in the biofilms of Escherichia coli and S. aureus was
significantly diminished after the treatment of sulfonated CS [51].

P. aeruginosa PAO1 and S. aureus produce extracellular polymeric
substances (EPS) which play a vital role in the primary bacterial attach-
ment to the surface of host cells and in developing an intricate biofilm
structure which resulted in difficult treatment management with the
host immune system and classical antibiotics [36,37]. EPS is one of the

Analaysis of MTT assay
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Fig. 12. Cytotoxicity effects of chitosan-zinc oxide nanocomposite (CS-ZnO) on HFFF2 cells. Cells without nanocomposite were used as a control.
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key strategies of bacteria for antibiotic resistance. Moreover, EPS reduc-
tion is regarded as one of the mains restrictive of biofilm development
[52]. The antibiofilm effect of NPs can be due to the inhibition of EPS de-
velopment which proved that NPs disrupt EPS production, thereby re-
ducing biofilm formation [17,53].

Kalishwaralal et al. [54] reported that inhibition of bacterial biofilms
with NPs could be due to the creation of several water channels in the bio-
film. The bacteria use these pores to transport nutrients; therefore, NPs can
spread from these channels and perform as an antibacterial agent in bio-
film. Another possible mechanism for the antibiofilm activity of NPs is re-
lated to the inhibition of efflux pumps [55]. Gupta et al. showed the
effective role of efflux pumps in developing the biofilm and the expression
of efflux pumps is revealed to be directly regulated in biofilms which in-
creases antibiotic resistance [55]. Besides, Padwal et al. [56] indicated NPs
with antibiotics act as efflux pump inhibitors. They suggested that NPs
can inhibit efflux pumps through binding to the active site of efflux
pumps, block the extrusion of antibiotics outside the cells and distract efflux
kinetics. They have already been discovered the inhibitory effect of ZnO NPs
on NorA and MexAM-OPrM efflux pumps of S. aureus and P. aeruginosa, re-
spectively [57,58]. Due to these researches, the inhibition or down-
regulation of efflux pumps with NPs could provide a hopeful method to de-
celerate and/or inhibit the biofilm formation of bacterial pathogens.

5. Conclusions

CS-ZnO nanocomposite was synthesized with a simple chemical
precipitation method with a particle size of 277.5 nm and a surface
charge of +14.7 mV. Cytotoxicity of CS-ZnO nanocomposite was deter-
mined with the MTT assay. The results showed that CS-ZnO nanocom-
posite had no cytotoxic effects on HFFF2 cells in the effective
bactericidal dose concentrations. The incorporation of gentamicin
loaded ZnO nanoparticles in CS solution showed slow release rate of
drug compared to gentamicin loaded ZnO and CS nanoparticles. As all
three components (gentamicine alone, ZnO NPs, and CS NPs) showed
the antibacterial and antibiofilm activity, while the highest antibacterial
and antibiofilm activity was observed in gentamicin loaded CS-ZnO
nanocomposite due to the synergistic action of gentamicin and CS-
Zn0 nanocomposite. The results proved a four-fold MIC reduction in
S. aureus and P. aeruginosa PAO1 compared to gentamicin alone as
well as 84% reduction of biofilm formation for P. aeruginosa PAO1 and
77% reduction of biofilm formation for S. aureus. Therefore, these combi-
nations can lead to developing the new combined therapy against
P. aeruginosa and S. aureus biofilm-related infections.
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