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KEYWORDS Abstract Infections are the main cause for delayed wound healing. Graphene oxide (GO) and cer-

ium oxide nanoparticles are used for many biomedical applications because of their biocompatibil-
Wound healing; ity and therapeutic property. Cerium Oxide (CeO,)/Graphene Oxide (GO) nanocomposite was
Antibacterial activity; synthesized in this work. It shows good antimicrobial property against wound pathogens. The
ROS; aggregation of CeQO, particles on GO results in the generation of reactive oxygen species (ROS)
LDH and inhibits microbial growth. The synthesized nanocomposites were analysed by X-ray diffraction,
Transmission electron microscopy, Raman Spectroscopy, UV-vis diffuse reflectance spectroscopy
and Fourier transformation-IR spectroscopy. The antimicrobial activity of CeO,/GO nanocompos-
ite was tested against Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa) Staphylo-
coccus aureus (S. aureus) and Salmonella typhi (S. typhi). Well diffusion method, growth curve
studies, bio film inhibition studies and colony count studies were done in both presence and absence
of visible light. The mechanistic investigation was done by the determination of reactive oxygen spe-
cies (ROS), Lactate dehydrogenase leakage (LDH) assay and DNA fragmentation assay.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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methods and technologies to enhance the treatment efficiency.
They create cost effective ways to treat various pathological
and biological conditions worldwide. Nanotechnology is
emerging as a promising field and nanomaterials are being uti-
lized in various biomedical applications where these nanoscale
materials show unique and distinguished properties
(Venkatasubbu et al., 2011; Prasanna and Venkatasubbu,
2018). By using these properties novel drugs and delivery
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systems are being produced to enhance the treatment in med-
ical as well as biological application (Rajendran et al., 2018).

The skin is the largest organ in human body which is safe-
guarding our body against external chemical, biological and
physical damages. It acts as a protective barrier for our body
against microorganisms (Morgado et al., 2014; Fayemi et al.,
2018). The composition of skin consists of multiple flat layers
which are responsible for its functions. But this protective bar-
rier can be disrupted by injuries or wounds which may occur
due to chemical, physical, thermal and microbial injury to
the body which interne result in microbial infection in the
wound (Aslam et al., 2017). These wounds are determined as
the disruption of anatomical and cellular continuity of the tis-
sue. Wounds also results in the disruption of epithelial conti-
nuity in the skin with or without the loss of underlying
connective tissue. Wound infection is one of the major causes
that delays the process of wound healing and turns the wound
into chronic wounds. Bacterial infection in wounds are one of
the major issues in wound therapy (Prakash et al., 2020). Con-
tamination, colonization, local infection, spreading of invasive
infection, and septicaemia are the different stages of wound
infection (Niranjan et al., 2019). Biofilm formation is the key
factor in wound infection. Biofilms are self-secreted extracellu-
lar polysaccharide matrices that provide protection for bacte-
ria. Biofilm formation leads to increase in infection rate,
resilience towards environmental stress and metabolic effi-
ciency. The presence of biofilm can further complicate the
interaction between the bacteria and dermal injury
(Devanand Venkatasubbu and Anusuya, 2017; Niranjan
et al., 2019; ThamaraiSelvi et al., 2018).

Natural derived materials such as chitosan, sodium algi-
nate, cellulose, amniotic membrane are highly biocompatible
but due to its pH instability, high production cost, low
mechanical strength, requires additional transporter/carrier.
Time required for the production lead to path for alternative
materials (nanomaterials) (Ansari and Husain, 2012; Ali and
Ahmed, 2018; Chibber et al., 2013; Salem et al., 2015). Thus,
nonmaterial shows a promising way for solving these prob-
lems. It was found that the inorganic nonmaterial’s like metal
and metal oxides are preferred compared to organic com-
pounds due to their stability (Salem et al., 2015; Sawai,
2003). Metal oxide nanoparticles undergo rapid free radical
generation. This leads to further generation of reactive oxygen
species (ROS) which creates oxidative stress causing cell dys-
function in microorganism (Kaushik et al, 2019;
Venkatasubbu et al., 2018; Shah et al., 2012). Over last few
years research has been encouraged on the field of using metal
oxide and carbon-based nanoparticle for antibacterial applica-
tion (Matharu et al., 2020). Various metal oxide nanoparticles
such as TiO,, ZnO, SnO,, Al,O3, MgO, ZrO, AgO and car-
bon based materials like CNT, graphene, fullerene, quantum
dot had been widely studies. However, research in carbon
based metal oxide nanocomposites (CeO,/GO) against wound
infection pathogen is inadequate (Matharu et al., 2018).

Graphene is a thin sheet of carbon atoms which are bonded
by sp? hybridization having a hexagonal configuration. It has
allotropes like graphene oxide (GO) and reduced graphene
oxide (rGO) (Priyadarsini et al., 2018; Matharu et al., 2018).
GO has unique physical and chemical properties like high
aspect ratio, thermal conductivity large surface area, electronic
conductivity, ease to functionalize via different bonding, and
better dispensability in water (Abdelhamid and Wu, 2013).

Due to its distinguished property graphene oxide had been
explored in various biological field such as drug delivery, anti-
cancer, sensing and antibacterial application (Wu et al., 2014;
Matharu et al., 2020). GO has more reactive groups that can
interact strongly with cells and cell surfaces, showing higher
affinity for bacteria and can produces an oxidative stress on
its interaction that results in cell apoptosis intern high antibac-
terial property (Quinteros et al., 2016; Gao et al., 2017; Bassler
et al., 2008; Hussein et al., 2019; Khan et al., 2015). GO indi-
vidually shows photocatalytic activity. GO/metal oxide
nanocomposite leads to increase in the photocatalytic activity,
which further helps in anti-bacterial mechanism by increase
rate of ROS production (Karthik et al., 2017; Cao et al.,
2016). But GO shows concentration dependent activity which
was reported elsewhere (Prakash et al., 2019).

Cerium oxide (CeO,) is a rare earth metal oxide having a
cubic fluorite structure. It has extensive industrial applications
in medical, optical and catalysis technology. In biomedical
industry, CeO, is gaining much attention because of its antiox-
idant, antibacterial, anticancer and biocompatibility property.
(Farias et al., 2018; Pelletier et al., 2010; Abdelhamid et al.,
2014). Various findings reveal that the size and agglomeration
of CeO, plays an important role in anti-microbial activity
(Chen and Stephen, 2018). The antioxidant property of cerium
nanoparticles (CNPs) is an noticeable activity, for the inci-
dence of many chronic diseases which can be closely associated
with oxidative stress (Farahmandjou et al., 2016). CeO, shows
good photo catalytic activity which further enhances the pro-
duction of ROS against bacterial cells causing cell death via
apoptosis pathway (Farias et al., 2018).

In this work we have prepared carbon material based metal
oxide nanocomposites (CeO2/GO). The CeO,/GO nanocom-
posite was analyzed for its antibacterial activity and mecha-
nism of inhibition against wound infection causing pathogens.

2. Materials and methods

2.1. Synthesis of cerium oxide nanoparticles

CeO; nanoparticle was synthesized by co-precipitation method
(Farahmandjou et al., 2016). 2.17 g Ce(INO3)3-6H,O was dis-
solved in 250 ml distilled water, and the concentration of Ce
(NO3); solution was 0.02 M. 250 ml K,CO; solution
(0.03 M) was prepared. 50 ml Ce (NOs);3 solution and 20 ml
K,CO; solution was added to 100 ml of deionised water drop
by drop under constant stirring. A white precipitate was
formed at pH 6. Finally, after centrifugation and drying at
65 °C for 2 h, the precipitate was calcined at 600 °C for 3 h.

2.2. Synthesis of graphene oxide

Graphite powder (2 g) was added to concentrated H,SOy,
(50 ml) under continuous stirring in ice bath. Under vigorous
stirring, KMnQOy (6 g) was added slowly to the solution. The
ice bath was removed after the addition of KMnO, followed
by stirring the mixture at 35 °C for 24 h till it became pasty
brownish in colour. 100 ml distilled water was added slowly
to dilute the solution. The temperature was increased to
98 °C and stirred for 15 min. The colour changes to dark
brown. 200 ml of distilled water was added under continuous
stirring. The resultant solution was further treated with
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H,0, which changes the solution from dark brown to yellow
colour that indicated the end of the reaction. It was sonicated
for 30 min. The solution was centrifuged with 10% HCI and
then with distilled water at 3000 rpm for 40 min. The precipi-
tate obtained was dried at 80 °C for 24 h (Chen et al., 2013).

2.3. Synthesis of cerium oxide/graphene oxide nanocomposite

The CeO,/GO nanocomposites was synthesized by dropping
GO solution (0.09 g in 100 ml of deionised water) into CeO,
aqueous solution (0.01 mol of Ce(NO3); under continuous stir-
ring followed by addition of 0.03 M K,COj; to attain pH 8.
Afterwards the sample was kept for ageing and the product
was separated by filtration followed by washing and drying
at 60 °C for 12 h (Chen et al., 2011).

2.4. Anti-bacterial assay

The anti-bacterial activity was tested against four bacteria
Escherichia coli (E.coli), Pseudomonas aeruginosa (P. aerugi-
nosa) Staphylococcus aureus (S. aureus)and Salmonella typhi
(S.typhi)using agar diffusion method at various concentra-
tions (25 pg, 50 pg, 75 pg, 100 pg,). The nutrient agar plate
was inoculated with the test organisms and was evenly spread
out. The wells were made using a cork borer with a diameter of
6 mm. The samples were loaded in wells and the plates incu-
bated at 37° C for 24 h with samples under both presence
and absence of visible light. Illumination was carried out using
a 220-240 Volt, 50 Hz, LED bulb of 5 W with a luminescence
of 450 Lm. The distance between the bulb and the plate were
fixed at 10 cm and same parameters were fixed for illumination
in rest of all the experiment. The development of zone of inhi-
bition around the well was measured and recorded (Baskar
et al., 2017).

2.5. Growth curve analysis

To examine the bacterial growth in the presence of GO, CeO,
and CeO,/GO nanocomposite, the test organisms were cul-
tured in Luria-Bertani medium (LB) along with different con-
centrations of the synthesized samples. They are kept in orbital
shaking incubator at 180 rpm and incubated at 37 °C in both
presence and absence of visible light. A control was maintained
without addition of the sample. Spectrophotometer (Shimadzu
UV-Spectrophotometer) was used to record the bacterial
growth by taking the optical density at every 2 h (for 24 h)
in presence and absence of visible light incubated sample. Illu-
mination was carried out using a 5 W LED bulb of 220-240 V,
50 Hz, and 450Lm with a distance of 10 cm between the plates
and bulb (same illumination parameters were carried out for
the rest of all bacterial experiment) (Baskar et al., 2017).

2.6. Determining the MIC

The Minimum Inhibitory Concentration Assay (MIC) is the
process of finding the lowest concentration of a given sample
to inhibit particular bacteria by colony count analysis. Differ-
ent concentrations of nanoparticles (NPs) and nanocomposite
(NC) were added to medium having different bacteria E. coli,
P. aeruginosa, S. aureus and S. typhi and were serial dilution

and cultured in nutrient agar medium. For 24 h the plates were
then incubated at 37 °C. After incubation the plates under
both presence and absence of visible light showing the lowest
visible growth for the bacteria in the lowest concentration
are considered as final MIC of the sample (Venkataprasanna
et al., 2020).

2.7. Determining the biofilm activity

A flat bottom polystyrene plates having individual 96-well
were filled with 180 pl of single bacterial species and cultured
for 24 h with MIC concentration of GO, CeO, and CeO,/
GO. The plates were incubated for 4 h at 37° in both presence
and absence of visible light. After incubation, the wells were
washed with 200 ul distilled water to remove excess bacterial
medium. After drying the wells, 0.1% of crystal violet solution
was added with distilled water in the well (200 upl per).
Removal of excess stain on the wells was carried out by wash-
ing it with 300 pl of distilled water. In the end solubilisation of
adherent cells was done with 200 pl of ethanol. The absorbance
of these wells was then checked by a florescent microscope.
The absorbance difference between control and treated wells
was considered as an index of bacterial adherence to the sur-
face and thus shows the antibiofilm activity. The percentage
of inhibition was calculating using formula (Prema et al.,
2020).

bacterial cells treated with nanoparticles
1— . 100
non treated bacterial control cells

2.8. Lactate dehydrogenase leakage assay

The integrity of the bacterial cell membrane treated with NPs
was assessed using lactate dehydrogenase assay kit (TOX-7
Siga). Bacterial cells were cultured for 6 h with MIC values
of given NPs and NC. After incubation, the medium was cen-
trifuged, after which the LDH assay was done in accordance to
the manufacturer’s protocol. Cells treated with 1% Triton X
100 were used as positive control and untreated cells were used
as negative control. The samples were incubated under pres-
ence and absence of visible light. An absorbance analysis
was done at 490 and 690 nm with spectrophotometer ((Shi-
madzu UV-Spectrophotometer). The release percentage was
calculated using a formula:

LDH Release% = ((A —B) +(C—A)) x 100

where A = LDH content present in the sample; B = LDH
content present in the culture medium; C = maximal LDH
content left after cell lysis (Baskar et al., 2017).

2.9. Cellular interaction of CeO,/GO nanocomposite

Cellular interaction of nanocomposite was analysed using
Transmission Electron Microscope (JEOL 2000 Fx-II, Tokyo,
Japan). The given bacterial cultures were treated and incu-
bated with NC for 24 h at 37 °C and the control group was
maintained in the absence of NPs with samples being incu-
bated separately under both presence and absence of visible
light. The culture was centrifuged and the obtained cell pellet
was observed (Baskar et al., 2017).
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2.10. Determining the reactive oxygen species (ROS)

Estimation of intracellular superoxide was done using fluo-
rimeter process by using DCF-DA which is fluorescence sensi-
tive. The cells were seeded in 96- Orifice plate where DCF-DA
was added to each well and incubated for 30 min. Later PBS
solution was used to remove additional DCF-DA after which
a culture medium was added. Cells were seeded with NPs at
their MIC concentration and incubated in absence and pres-
ence of visible light for 24 h. The excited and emitted fluores-
cence intensity was read on a fluorescence spectrophotometer
at wavelength of 485 nm (Kumari et al., 2014).

2.11. DNA fragmentation assay

The bacteria were incubated for 24 h with MIC values of NPs
and NCs where 40 pl of SDS with proteinase K of 5 pl mixture
was used. TEG buffer (50 mM Glucose, 25 mM Tris HC1 and
10 mM EDTA, pH 8.0) of 200 pul was later put in to extract
DNA in a suspended cell pellet form. Keep the pellet for incu-
bation at 56 °C for an hour. Add phenol/ isoamylalcohol/
chloroform of equalratiosand centrifuge the resultant sample
at 4 °C. RNase of 800 pl was added with absolute ethanol
and 400 pl of 0.1 M sodium acetate that results in DNA pre-
cipitation. The DNA was cleaned and air dried before dissolv-
ing it in 1 ml of TE (Tris EDTA) buffer solution. The pattern
of DNA was observed by running it in 30 ml of agarose gel
with Ethidium bromide (EtBr) (Baskar et al., 2017).

2.12. Statistical analysis

All the experiments were carried out in triplicates (n = 3) and
the data were obtained as mean + S.D. The p-value of < 0.05
was considered to be statistically significant and the statistical
analysis was done by using one-way ANOVA.

3. Results

Fig. 1 shows the XRD patterns of GO, CeO, and CeO, /GO.
The XRD pattern of graphene oxide shows a wide peak at

=
s
Z
[}
(=
[
£
T . I M T * 1 ” 1 * I .
10 20 30 40 50 60 70
2 Theta (Degree)
Fig. 1 XRD image of GO, CeO,, CeO,/GO nanocomposite.

20 = 11.6° with (001) crystal plane. This confirms the XRD
pattern profile as graphene oxide. The d spacing calculated
for it is 0.386 nm (Siburian et al., 2018). The XRD image con-
firms the polycrystalline nature of CeO, NPs. The peaks at
20 = 28.56°, 33.1°, 47.55°, 56.43° with respect to the (111),
(200), (220), (311), (222) crystal plane are in well accordance
to JCPDS number 65-5923. The XRD profiling of CeO,/GO is
similar to CeO,.

FTIR spectrum of GO, CeO, and CeO,/GO nanocompos-
ite was shown in Fig. 2. For spectrum of GO, the absorption
peaks at 1103 cm ™!, 1384 cm™! corresponds to the stretching
and vibration of C—O and C=O0 bond. Absorption peak of
CO, is observed at 1732 cm™' and the asymmetric stretching
of 2359 cm™ . The presence of OH, C—H bond and vibration
is seen at 3442 cm ™! and 2923 cm ™! respectively (Kumar et al.,
2013). In FTIR CeO, NPs the FTIR intense peak was shown
at 484 cm ! corresponding to the Ce—O—Ce stretching mode
which is ant symmetric in nature (Kannan and Sundrarajan,
2014). All spectra showed bands around the 400—680 cm™".
These absorption peaks are attributed to vibration mode of
the CeO,. The weak absorption peaks at 2354 cm™! results
in bending vibration of C—H band. In addition to this a large
band at 3435 cm™! is present, which is associated with the
vibration of OH group corresponding to the residual water
and/or hydroxyl groups (Prabaharan et al., 2016; Calvache-
Muioz et al., 2017). The FTIR stretching spectrum of CeO,
/GO NC share identical peaks with CeO, and GO. The FTIR
spectrum of CeO, /GO NC shows peak at 484 cm ™! including
the bands at 2354 cm™' and 3435 cm™' of C—H and OH
respectively. The absorption peak at 1103 cm™', 1384 cm™!
and 2359 cm ™! represents C—0, C—=0 bond and CO, respec-
tively. This confirms the presence of both CeO, and GO NPs in
the CeO,/GO nanocomposite.

Supporting Fig. 1 shows the Raman spectrum of GO,
CeOsand CeO, /GO nanocomposite. The Raman spectrum
of GO (Fig. 3a) shows 2 strong bands, which are G band
and D band at 1605 cm™' and 1354 cm™' respectively. The
Ip/Ig value of graphene oxide is found to be 0.86 (Chen
et al., 2013). CeO, (Fig. 3b) have a single Raman mode at

Ce0,/GO
CeO,
9
Y
(2]
c
©
E
£
7]
[
o
'—
~
V\W\‘m T :/ y
1103 - 2389 a8z
T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)
Fig. 2 FTIR analysis of GO, CeO, and CeO,/GO
nanocomposite.



7684

G. Sharma et al.

467 cm ™', The Raman spectrum of CeO, /GO nanocomposite
(Fig. 3c) shows the intense peak of CeO, at 454 cm™! resulted
due to the blue shift of the F,, band from 467 em™' to
454 cm™".

Fig. 3 shows the UV-vis spectra for GO, CeO, and CeO, /
GO nanocomposite. GO (Fig. 3a) shows an absorption value
at 239 nm and has a shoulder peak at ~290 nm. CeO,
(Fig. 3b) shows a UV-visible absorption value at 349 nm.
The energy band gap of CeO, and CeO, /GO was observed
at 3.1 eV and 3.09 eV respectively.

Fig. 4 represents the TEM image of GO, CeO, and CeO, /
GO nanocomposite. It shows the shape, size and morphology
of the samples. (Fig. 4a) shows the layered nano sheet structure
of GO. (Fig. 4b) shows the CeO, agglomerated nanoparticles.
The estimated size of particles was 10-25 nm. Further by
observing (Fig. 4c) it is evident that the CeO, nanoparticles
were anchored on the GO nanosheet structure. The red arrow
indicates the cerium oxide nanoparticles whereas the yellow
arrow indicates the graphene oxide sheet. EDX analysis
(Fig. 4d) confirms the presence of CeO, and GO in the
nanocomposite.

The inhibitory activity of the samples were studied for
different concentrations on different bacteria like E. coli
(gram-negative), P. aeruginosa (gram-negative) S. aureus
(gram-positive) and S. typhi (gram-negative) by agar diffusion
method. The concentrations used were (25 pg/ml, 50 pg/ml,
75 pg/ml, and 100 pg/ml). (Fig. 5) shows the antibacterial

activity of GO, CeO,and CeO, /GO. Gives the zone of inhibi-
tion of GO, CeO, and CeO, /GO. The inhibitory activity of the
samples were studied for different concentrations on different
bacteria like E. coli (gram-negative), P. aeruginosa (gram-
negative) S. aureus (gram-positive) and S. typhi (gram-
negative) by agar diffusion method. The concentrations used
were (25 pg/ml, 50 pg/ml, 75 pg/ml, and 100 pg/ml). Shows
the antibacterial activity of GO, CeO, and CeO, /GO. In the
zone of inhibition of GO, CeO, and CeO, /GO. GO shows
an distinct antibacterial property in both gram-positive and
gram negative bacteria showing a value of 6.1 mm at 25 pg/
ml, 7 mm at 50 pg/ml, 7.5 mm at 75 pg/ml and 8.2 mm at
100 pg/ml for an E. coli (gram negative). In P. aeruginosa
6.5 mm at 25 pg/ml, 6.9 mm at 50 pg/ml, 7.5 mm at 75 pg/ml
and 8.2 mm at 100 pg/ml. For S. typhi the inhibition was
6.8 mm at 25 pg/ml, 7.2 mm at 50 pg/ml, 7.8 mm at 75 pg/ml
and 8.7 mm at 100 pg/ml. S. aureus (gram-positive) shows
6.5 mm at 25 pg/ml, 8.3 mm at 50 pg/ml, 8.9 mm at 75 pg/ml
and 9.5 mm at 100 pg/ml inhibition zone against S. fyphi in
absence of visible light. Whereas CeO»also shows zone of inhi-
bition of 6.5 mm at 25 pg/ml, 8.6 mm at 50 pg/ml, 9.1 mm at
75 pg/ml and 10.2 mm at 100 pg/ml for E.coli. For P. aerugi-
nosa the zone of inhibition was 6.4 mm at 25 pug/ml, 9.1 mm
at 50 pg/ml, 10 mm at 75 pg/ml and 11.1 mm at 100 pg/ml. A
slight increase in the inhibition activity was observed when
compared to E. coli (gram-negative). Similarly inhibition of
7.2 mm at 25 pg/ml, 8.5 mm at 50 pg/ml, 9.5 mm at 75 pg/ml
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Fig. 4 TEM image of nanocomposites (a) GO, (b) CeO,, (c) CeO,/GO, (d) EDX analysis of CeO,/GO.

and 10.7 mm at 100 pg/ml was shown for S. typhi. S. aureus
(gram-positive) shows inhibition of 6.2 mm at 25 pg/ml,
8.3 mm at 50 pg/ml, 9.1 mm at 75 pg/ml and 10 mm at
100 pg/ml in absence of light. The CeO,/GO nanocomposite
shows an inhibition zone of 6.4 mm at 25 pg/ml, 9 mm at
50 pg/ml, 9.6 mm at 75 pg/ml and 10.7 mm at 100 pg/ml against
E. coli (gram negative). Against P. aeruginosa it shows an inhi-
bition of 6.7 mm at 25 pg/ml, 8.9 mm at 50 pg/ml, 10.5 mm at
75 pg/ml and 11.4 mm at 100 pg/ml. Similarly against S. typhi
we observe an inhibition of § mm at 25 pg/ml, 8.8 mm at
50 pg/ml, 10 mm at 75 pg/ml and 11.3 mm at 100 pg/ml. S. aur-
eus shows inhibition of 7 mm at 25 pg/ml, 8.4 mm at 50 pg/ml,
9.7 mm at 75 pg/ml and 10.6 mm at 100 pg/ml in absence of vis-
ible light. Further antibacterial activity of CeO,/GO, CeO, and
GO nanoparticles in presence of visible light shows an increase
in the zone of inhibition. GO NPs showed an inhibition of
6.3 mm at 25 pg/ml, 7.2 mm at 50 pg/ml, 7.6 mm at 75 pg/ml
and 8.4 mm at 100 pg/ml for E.coli whereas for P. aeruginosa
inhibition of 6 mm at 25 pg/ml, 7.2 mm at 50 pg/ml, 7.6 mm
at 75 pg/ml and 8.4 mm at 100 pg/ml was observed. For S. typhi
inhibition was 7 mm at 25 pg/ml, 7.4 mm at 50 pg/ml, 7.8 mm at
75 pg/ml and 8.7 mm at 100 pg/ml. S. aureus shows inhibition
zone of 6.8 mm at 25 pg/ml, 8.3 mm at 50 pg/ml, 9.3 mm at

75 pg/mland 9.7 mm at 100 pg/ml which also shows a sharp rise
in inhibition zone. SimilarlyCeO, NP show an inhibition of
6.8 mm at 25 pg/ml, 9.1 mm at 50 pg/ml, 9.7 mm at 75 pg/ml
and 10.8 mm at 100 pg/ml against E. coli. For P. aeruginosa
the inhibition was 6.2 mm at 25 pg/ml, 9.7 mm at 50 pg/ml,
10.6 mm at 75 pg/ml and 11.4 mm at 100 pg/ml. S. typhi showed
an inhibition of 8.8 mm at 25 pg/ml, 8.7 mm at 50 pg/ml,
9.7 mm at 75 pg/ml and 11.1 mm at 100 pg/ml. S. aureus here
shows an inhibition zone of 7 mm at 25 pg/ml, 8.6 mm at
50 pg/ml, 9.4 mm at 75 pg/ml and 10.6 mm at 100 pg/ml which
shows a sharp rise in inhibition zone suggesting that the
antibacterial activity of CeO, NP increases. CeO,/GO showed
the highest inhibition of 6.8 mm at 25 pg/ml, 9.3 mm at
50 pg/ml, 10.3 mm at 75 pg/ml and 11.5 mm at 100 pg/ml
respectively in E. coli whereas for P. aeruginosa inhibition of
6.6 mm at 25 pg/ml, 9.1 mm at 50 pg/ml, 10.7 mm at
75 pg/ml and 11.7 mm at 100 pg/ml. S. typhi shows inhibition
of 9.2 mm at 25 pg/ml, 9.7 mm at 50 pg/ml, 10.6 mm at
75 pg/ml and 12.1 mm at 100 pg/ml. For S. aureus the values
of inhibition shown were 7.5 mm at 25 pg/ml, 8.3 mm at
50 pg/ml, 10.2 mm at 75 pg/ml and 11 mm at 100 pg/ml.

The growth curve analysis of the bacteria with NPs and NC
were examined at a regular interval (up to 24 h) by measuring
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OD at 600 nm under both presence and absence of visible light.
Fig. 6 Shows the bacterial growth curve of GO, CeO, and
Ce0,/GO. In general, the growth curve of a bacteria consists
of different growth phases: lag, log, exponential and ends at
death phase. By observing the growth inhibition in Fig. 6
under the normal condition bacterial cells reached an exponen-
tial phase rapidly between 10 and 14 h margin. In presence of
nanoparticles at 50 pg, 75 pg, 100 pg concentration for CeO,/
GO, GO and CeOsthere was a gradual shortening in the log
phase. The growth phase of bacterial organisms is different
for all control and appears at different time. For E. coli and
S. typhi the growth appears after 20th hour (h), whereas for
S. aureus it appears at 21th h and for P. aeruginosa it appears
after 23th h.

E. coli in absence of visible light treated with CeO, (Fig. 6
(a.3) shows an abrupt decrease in growth at 16th h of 10.4% at
50 pg whereas growth inhibition increased to 13.7% and
15.1% for 75 pg and 100 pg respectively. At 24th h bacterial
mortality decreased by 24.3%, 28.2% and 36.5% for 50 pg,
75 ng and 100 pg respectively. GO (Fig. 6 (a.1) shows a linear
growth whereas at 14th h 50 pg and 75 pg shows 14% to 18%
growth inhibition whereas at 100 pg inhibition increases to
10.2%. At 24th h the increase in inhibition were 22%, 25.2%
and 34.5% for 50 pg, 75 pg and 100 pg respectively. For
Ce0,/GO (Fig. 6 (a.5) shows a constant retardation in cell
mortality is observed where the death rate rises from 15% to
18% from 16th to 18th h for 75 pg and 100 ng. For 24th h
an overall decrease in growth inhibition of 29%, 32.2% and
39.3% for 50 pg, 75 pg and 100 pg respectively. E. coli treated
with CeO, (Fig. 6 (a.4) in presence of visible light shows a con-
stant but intense growth inhibition with a restricted growth
phase of 2—4 h initially, whereas at 22nd h there is an overall
drop in growth by 32.3% and 38% for 75 pug and 100 pg

GO - Dark GO - Light

CeO, - Dark

respectively and for 50 pg it shows an overall 24.3% of inhibi-
tion. For 24th h cell mortality decrease by 34.4%, 39.2% and
45.3% for 50 pg, 75 pg and 100 pg respectively. Treatment
with GO (Fig. 6 (a.2) showed a linear growth inhibition pat-
tern and a restricted phase for growth at 0-2 h, but an increase
in percentage of inhibition was observed in presence of visible
light compared to the absence where at 24th h 100 pg showed a
particularly strong increase in growth inhibition of 37% fol-
lowed by 29.7% and 23.6% at 75 ug and 50 pg respectively.
For CeO,/GO (Fig. 6 (a.6) a restricted phase for growth at
24 h at all concentration it shows a higher inhibition rate in
visible light on interaction with E.coli where at 24th h the cell
mortality rate decreased to 31.4%, 36.5% and 45% for 50 pg,
75 pg and 100 pg respectively showing more growth inhibition
activity for E.coli in presence of visible light than in absence
which was observed for CeO, and GO NPs also.

P. aeruginosa was treated with CeO, (Fig. 6 (b.3)in absence
of light where at 8th h an intense drop was observed in 75 pg
and 100 pg at 18% and 21% and a faint but constant drop was
observed for 50 pg at 11%. At 24th hour the inhibition rate
changes and only 100 pg shows an overall stronger inhibition
rate with 45.4% whereas 50 pg and 75 pg show a growth inhi-
bition of 35% and 38.4% respectively. When treated with GO
(Fig. 6 (b.1) shows a stable and increased inhibition rate at
24th h of 33.6%, 36.5% and 42.4% for 50 pg, 75 pg and
100 pg respectively. CeO,/GO (Fig. 6 (b.5) shows a linear
growth inhibition compared to control. At concentration of
50 pg, 75 pg and 100 pg show a progressive increase at 24th
h it shows inhibition percentage of 33.8%, 38.5% and 45%
respectively. Influence of visible light was checked on the
growth inhibition of P. aeruginosa when treated with CeO,
(Fig. 6 (b.4). At 8th h a high cell mortality was seen in 50 ug
for 13% whereas 75 pg and 100 pg showed high inhibition at
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Ce0,/GO-Dark

Ce0,/GO- Light

E.coli

Absorbance at 600 nm

Absorbance at 600 nm

Paeruginosa
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Fig. 6  Growth curve of GO (a.1, a.2, b.1, b.2, c.1, ¢c.2,d.1 and d.2), CeO, (a.3, a.4, b.3, b.4, c.3, c.4, d.3 and d.4) and CeO,/GO(a.5, a.6,
b.5, b.6, c.5, c.6, d.5 and d.6) with concentrations of 50 pg, 75 pg, 100 pg treated with E. coli, S. typhi, S. aureus and P. aeruginosa under

absence and presence of visible light respectively.
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22.5% and 24% respectively. At 24th h the inhibition rate
observed was 36.8%, 40% and 47.4% for 50 pg, 75 pg and
100 pg respectively. For GO (Fig. 6 (b.2)) at 14th hour the per-
centage of inhibition at 100 pg is 25% than 50 ug and 75 pg
with 16.5% and 18% further showing a good inhibition in
the progression. For CeO,/GO (Fig. 6 (b.6)) a high rate of
growth inhibition was observed. 50 pg and 75 pg showed a
similar rate of inhibition whereas 100 pg a stronger inhibition
rate. At 24th h a rise in inhibition was seen showing an overall
rate of 38%, 41% and 46.1% for 50 pg, 75 pg and 100 pg
respectively. Overall a good inhibition percentage was
observed in presence of visible light than in dark condition.

S. aureus was treated with CeO, (Fig. 6 (c.3)) in absence of
light. 50 pg and 75 ug show a stepwise increase in bacterial
growth inhibition whereas for 100 pg a constant increase in
inhibition rate was observed. At 10th h the growth inhibition
rate was 12%, 15.4% and 21.2% and at 12th h 13.2%,
15.3% and 19.8% for 50 pg, 75 pg and 100 pg respectively.
This shows a constant and the step wise inhibition of growth.
GO (Fig. 6 (c.1)) shows a similar trend of growth inhibition as
CeO,. At 10th h 11.3%, 12.6%, 19.6% growth inhibition for
50 pg, 75 pg and 100 pg respectively. At 24th h the percentage
of decrease in cell mortality was 23%, 28%, 33%. At 24th h
Ce0O,/GO (Fig. 6 (c.5)) shows an overall progressive growth
inhibition at of 26.3%, 31.4% and 36.6% for 50 pg, 75 pg
and 100 pg respectively. Interaction with visible light showed
a slight increase in the growth inhibition rate when S. aureus
was treated with CeO, (Fig. 6 (c.4)). Growth inhibition rate
at 12th h was 15%, 18.3% and 23.5% whereas at 24th h the
rate increased to 32%, 36.5% and 39.3% for 50 pg, 75 pg
and 100 pg respectively. For GO (Fig. 6 (c.2)) similar increase
was seen. At 10th h growth inhibition of 12%, 17.8% and
21.4% whereas at 24th h we observe 31.5%, 33.3% and
38.8% at 50 pg, 75 pg and 100 ug respectively where 75 ng
and 100 pg show a closer inhibition trend than 50 pg. For
Ce0,/GO (Fig. 6 (c.6)) the rate of inhibition shows intense
change compared to CeO, and GO NPs. At 14th h the growth
inhibition was 17%, 19.5% and 24.4% whereas at 24th h we
observe 29.3%, 35.5% and 40.5% for 50 pg, 75 pg and
100 pg respectively.

S. typhi in absence of light treated with CeO, (Fig. 6 (d.3)
shows a step wise decrease in growth at 50 pg and 75 pg show-
ing a sharp change at 16th and 22th h with 21% and 22% for
50 pg and 26% and 32.4% for 75 pg respectively. GO (Fig. 6
(d.1) at 22th h showed an increase bacterial cell growth inhibi-
tion with 19.8%, 24% and 35.4% for 50 pg, 75 ug and 100 pg
respectively. CeO,/GO (Fig. 6 (d.5) shows the maximum inhibi-
tion with 28.3%, 34.4% and 38.6% for 50 pg, 75 pg and 100 pg
respectively at 24th h. In presence of visible light an overall
change in the cell mortality of S. typhi was observed. For
CeO, (Fig. 6 (d.4) a restricted growth phase was observed for
0-4 h. So at 6th h decrease in cell mortality was seen at 14%,
18.4% and 26.3%, also at 14th h similar trend was observed
with 19%, 24% and 31.8% for 50 pg, 75 pg and 100 pg respec-
tively. Here we can observe 100 pug showing better growth inhi-
bition than 50 pg and 75 pug. For GO (Fig. 6 (d.2) a constant
growth inhibition was seen where a restricted phase for growth
at 02 h was initially observed. At 24th h the overall inhibition
rate observed was 23.8%, 27.2% and 39.4% for 50 pg, 75 ug
and 100 pg respectively. CeO,/GO (Fig. 6 (d.6) at 24th h the cell
mortality rate was 31.7%, 40.5% and 48% for 50 pg, 75 pg and
100 pg respectively, where 50 pg shows less inhibition rate com-

pared to 75 pg and 100 pg. Overall CeO,, GO and CeO,/GO
show an increase in inhibition rate in the presence of visible
light for S. typhi at all concentration.

The colony count assay was carried out for CeO,/GO. Sup-
porting Fig. 2 Shows serial dilution carried out for CeO,/GO
in presence and absence of visible light for E.coli, P. aerugi-
nosa, S. aureus and S. typhi. Table | represents the MIC values
for NPs where the particles exhibit a good inhibition in pres-
ence of light than absence. MIC values of GO are 18 pg/ml
and 16 pg/ml for E.coli (Gram-negative) in absence and pres-
ence of visible light whereas the MIC values for S. aureus
(Gram-positive) are 22 pg/ml and 21 pg/ml in absence and
presence of light showing higher MIC than CeO,. The CeO,
NPs against E.coli shows a MIC value of 16 ug/ml in absence
of visible light whereas in presence of light it showed 14 pg/ml
showing a decrease in MIC under the influence of visible light.
For S. aureus, CeO, NPs showed a MIC of 18 pg/ml and
20 pg/ml under absence and presence of visible light respec-
tively which can be due the gram positive nature of the bacteria
showing a change in cell membrane structure and composition
of cell wall which can affect the interaction of NPs with the
bacterial cell (Madigan Michael et al., 1997). The MIC value
of P. aeruginosa for CeO, NPs is 17 pg/ml and 15 pg/ml
whereas for S. typhi were 18 pg/ml and 17 pg/ml under absence
and presence of light respectively. The MIC of CeO,/GO
nanocomposite expressed a lower value and higher inhibition
concentration compared to GO and CeO,. For E.coli
(Gram-negative) the values are 16 pg/ml and 13 pg/ml under
absence and presence of visible light. MIC of S. aureus
(Gram-positive) are 16 pg/ml and 14 pg/ml under absence
and presence of visible light which still showed a lower value
and higher inhibition concentration compared to GO and
CeO,which evidently shows the high inhibition activity of
the NC. The MIC value for P. aeruginosa are 16 pg/ml and
13 pg/ml whereas for S. typhi were 15 pg/ml and 12 pg/ml
under absence and presence of light respectively.

The Biofilm inhibition activity of GO, CeO, and CeO,/GO
nanocomposite was examined using the MIC values in the
absence and presence of light. (Fig. 7a) shows the bio film inhi-
bition activity in absence of visible light in which the percent-
age of inhibition by GO NPs showed 37.2%, 32.3%, 27% and
30.1% for E. coli, P. aeruginosa, S. aureus and S. typhi respec-
tively. SimilarlyCeO, NPs for the four bacterial strain E. coli,
P. aeruginosa, S. aureus and S. typhi were observed to be 38%,
38.8%, 30.1% and 33.3% respectively. Biofilm inhibition of
Ce0,/GO nanocomposite in turn had maximum activity show-
ing a sharp increase in the inhibition. It was 38.2%, 39.6%,
30.9% and 35% for E. coli, P. aeruginosa, S. aureus and S.
typhi respectively showing increased reactive species produc-
tion which helps in overall biofilm inhibition. Fig. 7b gives
the biofilm inhibition activity in presence of visible light for
the GO, CeO,NPs and CeO,/GO NCs. GO shows an inhibi-
tory concentration of 39.2%, 34.2%, 30.1% and 32.2%
whereas CeO, shows an inhibitory concentration of 42.2%,
44.9%, 38.1% and 40.4% for E. coli, P. aeruginosa, S. aureus
and S. typhi respectively. Similarly CeO,/GO nanocomposite
shows a high inhibition percentage in presence of light with
inhibition percentage of 44%, 48.1%, 39% and 41.9% for
the bacterial strains E. coli, P. aeruginosa, S. aureus and S.
typhi respectively.

Fig. 8 shows the generation of reactive oxygen species by
GO, CeO, and CeO,/GO nanocomposite were examined using
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Table 1 Represents the minimum inhibitory concentration (pg/ml) of GO, CeO, and CeO, /GO with Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus and Salmonella in absence and presence of visible light.

Escherichia coli

Pseudomonas aeruginosa

Staphylococcus aureus Salmonella typhi

Dark Light Dark Light Dark Light Dark Light
MIC of GO (pg/ml) 18 16 20 17 22 21 20 18
MIC of CeO, (ug/ml) 16 14 17 15 18 20 18 17
MIC of CeO,/GO (ng/ml) 16 13 16 13 16 14 15 12

100
(a)
809
[ ceo,
I c:0,/Go
60

Biofilm inhibition (%)

E.coli P. aeruginosa S.aureus S. yphi

Biofilm inhibition (%)

E.coli P. aeruginosa S.aureus

S. typhi

Fig.7  Biofilm inhibition percentage of GO, CeO, and CeO,/GO nanocomposite (a) Absence of visible light (b) Presence of visible light*
indicates a significant increase compared to the respective control (p < 0.05).

the MIC value in presence and absence of light on four bacte-
ria’s E. coli, P. aeruginosa, S. aureus, and S. typhi. Similarly, in
presence of light, we can observe a similar but an increased
production of reactive oxygen species in all bacterial strains
when treated with GO, CeO, and CeO,/GO where the highest
increase is seen for CeO,/GO.

As the membrane integrity of the cell gets lost the Lactate
dehydrogenase enzyme leaks out and its level is risen in extra-

cellular matrix. It is described as the enzyme that helps in the
respiration activity of cell which is found in cytosol. LDH
helps in catalysis of lactate into pyruvate conversion. In this
study by taking the MIC values the level of Lactate dehydro-
genase is used as an indicator for membrane integrity. Fig. 9a
and (Fig. 9b) shows the results of LDH assay for GO, CeO,
and CeO,/GO nanocomposites in absence presence of visible
light respectively. LDH released by the bacterial cells treated

Fluorecense intensity (490 nm)

E.coli

P. aeruginosa S.aureus S. typhi

Fluorecense intensity (490 nm)

E.coli S.aureus

P. aeruginosa

S. typhi

Fig. 8 ROS of analysis of GO, CeO, and CeO,/GO nanocomposite against E. coli, P. aeruginosa, S. aureus and S. typhi, * indicates a
significant increase compared to the respectively control (p < 0.05) (a) Absence of visible light (b) Presence of visible light.
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by GO, CeO, and CeO,/GO nanocomposites are higher than
the untreated cells (control). CeO,/GO shows the highest val-
ues. The percentage LDH leakage in presence of CeO, is
20.1%, 18.12% 11.99% and 15% for E. coli, P. aeruginosa,
S. aureus, and S. typhi respectively in absence of light. The per-
centage LDH leakage in presence of visible light increase to
26.04%, 29.02% 21.9% and 18% for E. coli, P. aeruginosa,
S. aureus, and S. typhi respectively. The percentage of LDH
release observed for GO was very less in comparison with
CeO, where the release was seen as 3.62%, 3.01%, 3.01%
and 2.42% for E. coli, P. aeruginosa, S. aureus, and S. typhi
respectively in absence of light and the percentage of LDH
leakage in presence of visible light had a slight increase of
3.99%, 3.49% 3.2% and 2.48% for E.coli, P. aeruginosa, S.
aureus, and S. typhi respectively. The LDH leakage in CeO,/
GO has increased to 26.37%, 24.56% 18.55% and 19.33%
for E. coli, P. aeruginosa, S. aureus, and S. typhi respectively
in absence of light. Similarly in presence of light it was
28.91%, 30% 27.11% and 20% for E. coli, P. aeruginosa, S.
aureus, and S. typhi respectively. This indicates a high leakage
percentage in comparison to GO and CeO,.Fig. 10.

The Fig. 10 Shows the DNA fragmentation of bacteria with
and without treatment with CeO,/GO nanocomposite under
the absence and presence of visible light. DNA was isolated
from the bacteria after interaction with CeO,/GO nanocom-
posite. No DNA fragmentation was observed in the test organ-
isms treated with GO, CeO, and CeO,/GO nanocomposite in
both absence and presence of visible light. The DNA of the test
bacterium is not damaged by the samples. There is no DNA
fragmentation observed in both presence and absence of light.

The Transmission Electron Micrograph of CeO,/GO
nanocomposite treated and untreated E. coli, P. aeruginosa,
S. aureus, and S. typhi are shown in Fig. 11. Here Fig. 11
(a.1, b.1, c.1 and d.1) shows the image of bacterial cell treated
with CeO,/GO nanocomposites in absence of light whereas
Fig. 11 (a.2, b.2, ¢.2 and d.2) shows the image of bacterial cell
treated with CeO,/GO nanocomposites in presence of light.
TEM image shows the surface morphology of untreated native
cells having intact, smooth and not damaged. The TEM image
of bacterial membrane treated with CeO,/GO nanocomposites
in absence of light showed an absorption of nanocomposites in
the cellular matrix of bacterial cell. TEM image of bacteria in

presence of visible light we observe disintegration and frag-
mentation of cell membrane caused by CeO,/GO nanocom-
posites. Additionally, clusters of particles were observed near
and inside bacterial cell. The red markers in the image indicate
the particles that were present inside the cell membrane
whereas the green markers indicate the rupture in bacterial cell
after the treatment with the CeO,/GO nanocomposites. Simi-
larly the blue markers indicate the aggregation the particles
near the bacterial cell wall.

4. Discussion

In Fig. 1 we observed the disappearance of (00 1) peak of gra-
phene oxide in the XRD pattern of CeO,/GO nanocomposite.
This could be due to the intercalation of CeO, NPs which
damages the structure of graphene oxide having regular stacks
(Zhong and Yun, 2015). This proves that the cerium oxide and
graphene oxide forms a composite. For Fig. 2 the FTIR shows
different vibration modes of the given functional group of GO,
Ce0; and CeO,/GO at the different given peaks which con-
firms the overall presence the nanoparticles. In nanocompos-
ites CeO; nanoparticles are decisively bonded to the
graphene oxide sheet by coordinating with oxygen in C—OH
and forming a bidentate complex with carboxyl. Moreover,
the shift in the absorption peak of OH deformation and
stretching, appearance of peak at 2923 cm ™' are due to the
influence of coordination between oxygen and Cerium on the
surface of GO. Supporting Fig. 1 represents the Raman spec-
troscopy of GO, CeO, and CeO, /GO nanocomposite. For GO
Supporting Fig. 1a the G band represents the presence of gra-
phitic carbon and D band is associated with the partial disori-
entation in graphitic domains or structural defects. Also the
Ip/Ig ratio was calculated that provides the intensity ratios
of D to G (Ip/Ig) band that is used to estimate the size of
sp” graphitic region. Here Supporting Fig. 1b peak confirms
the cubic nature of CeO,. Supporting Fig. 1¢c shows a blue shift
of the F», band which can be explained due to the charge
transfer from GO sheets to CeO, nanoparticles. This results
in the increase in the concentration of Ce*” in CeO, /GO
nanocomposite. This explains the anlchoring of CeO,
nanoparticles in GO sheets (Jiang et al., 2012). In Fig. 3 we
observe the UV-vis spectra for GO, CeO, and CeO, /GO

(a) (b) = .
—_— il
30 o - Control 30 o Control
B Go B o
* % [ <0, I o,
25+ I c-0,/Go 239 I C<0,/GO|
%
§ 20 4 ” k3 i 20 o
= 15+ & 154
= 2
Q
s | —
10 4 10 =
5. 5
0=

E.coli

P. aeruginosa S.aureus S. yphi

E.coli

P. aeruginosa S.aureus S. typhi

Fig. 9 LDH release assay of GO  CeO, and CeO,/GO nanocomposite against E. coli, P. aeruginosa, S. aureus and S. typhi, * indicates a
significant increase compared to the respectively control (p < 0.05) (a) Absence of visible light (b) Presence of visible light.
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(@)

Fig. 10 DNA fragmentation analysis of nanocomposite, (a) Absence of light (b) Presence of light (S1, S2) E. coli, (S3, S4) Pseudomonas
aeruginosa, (S5, S6) Staphylococcus aureus and (S7, S8) S. typhi. S1, S3, S5 and S7 are bacteria control DNA and S2, S4, S6 and S8 are
bacteria DNA treated with synthesised samples.

Presence Absence of
Conitrol of light light
.’2 5
2]
E.coli
P.aeruginosa
S.aureus
S.typhi

Fig. 11  Cellular interaction of CeO, /GO with E. coli, P. aeruginosa, S. aureus and S. typhi under absence and presence of visible light.
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nanocomposite. Where for GO (Fig. 3b) the peak here repre-
sent the transition (4-4) of C—C interaction and transitions
(n-4) for C=O0 group respectively (Siburian et al., 2018). In
CeO, /GO nanocomposite (Fig. 3c) show a red shift in the
absorption value but no significant change is observed in the
shoulder peak. This red shift indicates the interaction between
GO and CeO,NPs. The energy band gap of CeO, and CeO, /
GO indicates the absorption of light in the visible region.
Hence, the absorption ability of the given GO and CeOais
improved by its interaction where CeO, /GO will have more
absorption and photocatalytic activity than CeO, individually.
In Fig. 5 the antimicrobial effect of graphene oxide under
absence of light can be due to the influence of two factors:
mechanical damage to the bacterial cell membrane by the
sharp ends of GO and by the initiation of oxidative cell death
(Verma and Samdarshi, 2016). Under presence of visible light
there is a sharp rise in inhibition zone. This is due to photo cat-
alytic activity of GO and CeO,which increases on the interac-
tion with light (Egorova et al., 2018). The antimicrobial
activity of CeO, NPs under absence of light is concentration
dependent. When the concentration of the nanoparticles was
increased we can see an increase in the zone of inhibition. It
also produces an oxidative stress on bacterial membrane due
to the conversion of Ce** to Ce**. By electrostatic interaction
CeO, NPs gets attached to the bacterial cell membrane. They
undergo an oxidative stress by gain of electrons from conver-
sion of Ce** to Ce*". Due to this reason the gram-negative
bacteria are more susceptible to antibacterial activity than
gram-positive due to the presence of thick cell wall made of
peptidoglycan containing linear polysaccharides which is diffi-
cult to penetrate (Sawai, 2003). Following this CeO,/GO
showed the highest inhibition due to increased photocatalytic
activity of cerium oxide and graphene oxide. The light excites
the cerium nanoparticles anchored on graphene sheets which
helps in transfer of photo radicals on the graphene oxide.
The equilibrium between adsorption and desorption was bro-
ken and transfer of more charged particles can easily occur
through the molecular matrix. Also layer-structured GO
helped in the distribution of nanoparticles evenly, which could
lead to an enhanced photocatalytic activity (Egorova et al.,
2018; Cao et al., 2016). Overall a good inhibition percentage
was observed in presence of visible light than in dark condition
against all strains which can be observed at every point from
Fig. 6. The results in Fig. 7 Shows good biofilm inhibition
activity against E. coli, P. aeruginosa, S. aureus and S. typhi
in which the highest inhibition percentage was observed for
Ce0,/GO. Comparing the inhibition percentage of GO and
CeO, NPs we can clearly observe GO causes oxidative stress
on the biofilm (Liu et al., 2011), though CeO, also exhibits
higher inhibition due its high efficiency of ROS generation
(Chen et al., 2018). In presence of visible light a sharp increase
in inhibition activity for CeO,/GO can be observed due to the
photocatalytic property of CeO, NPs which shows an
increased production of oxidative stress due to the presence
of oxygen vacancy which promotes the catalytic activity (Liu
et al., 2011; Chen et al., 2018; Garcia et al., 2012). We also
observe inhibition activity on Gram-negative bacteria’s
(E. coli, P. aeruginosa and S. typhi) was more than the
Gram-positive bacteria (S. aureus) due to the presence of thick
cell wall that is made of peptidoglycan containing linear
polysaccharides which is difficult to penetrate. Fig. 8 Shows
the production of reactive oxygen species. CeO,/GO compos-

ite shows the highest production of ROS in the absence of light
(Fig. 8a) and in the presence of presence light (Fig. 8b). The
production of reactive oxygen species by CeO, can be due to
redox cycles of cerium oxide between Ce®* and Ce** which
produces an oxidative stress on bacterial cells causing cell pro-
liferation to stop and can even cause cell death by apoptotic or
necrosis pathway (Kumari et al., 2014; Lin and Huang, 2000).
An increase in ROS generation was observed in CeO, due to
its photocatalytic properties. GO on other hand showed a very
less production of ROS in absence of visible light but the pro-
duction in turn increases in presence of light which can be due
to the two-dimensional planar structure of GO that could
facilitate the rapid transport of charge carriers, hence leading
to an effective charge separation and production of ROS
(Siburian et al., 2018). Similarly the high production of ROS
is seen in CeO,/GO in presence of visible light due to the redox
and photocatalytic properties of CeO,. GO is also an excellent
acceptor of the electrons generated by CeQO,. This could sup-
press the charge recombination and make more charge carriers
to produce ROS (Zhang and Blewett, 2018; Li et al., 2014). In
the LDH assay of Fig. 9 in absence of visible light We can
observe that GO NPs though shows antibacterial activity
and ROS generation still graphene oxide doesn’t show much
change in cell integrity and viability. In the CeO, NPs induces
cytotoxicity in bacterial cell due to which an increase in LDH
is observed which was influenced by changing the cell integrity
and in the end causing cell death (Kumari et al., 2014). In pres-
ence of visible light the increase can be explained due to the
photo activity of CeO, where the cationic part of CeO, like
Ce*" are produced due to photo activation which later inter-
acts with the negatively charged area and penetrates the bacte-
rial cell that causes change in cell integrity, LDH leakage and
ultimately cell death (Magdalane et al., 2017; Zuchowska
et al., 2017). CeO,/GO shows the highest values this confirms
that the interaction of GO and CeO,NPs as a nanocomposite
enhances the antibacterial activity. In Fig. 10 there was no
fragmentation of DNA observed in both presence and absence
of light. The mechanism of bacterial inhibition is not by DNA
fragmentation which directly induces a bacterial cell apoptosis
(Hashem et al., 2015; Kumar et al., 2011; Roos and Kaina,
2013). For Fig. 11 we observe disintegration and fragmenta-
tion of cell membrane also the results suggests the adsorption
of nanoparticles to the bacterial cell walls accounts for their
toxic effects (Pelletier et al., 2010).

5. Conclusion

In this work, GO, CeO, and CeO,/GO were prepared and
characterized. The prepared CeO,/GO composites confirm
the antibacterial activity against wound infection pathogens
in both presence and absence of visible light condition. It
shows a higher antibacterial activity in presence of visible light.
The mechanism of inhibition is observed through the genera-
tion of ROS and damage in membrane integrity. DNA frag-
mentation is not observed in the bacterial cells. The rate of
biofilm inhibition by the nanocomposite is higher when com-
pare to nanoparticles. Thus the synthesized CeO,/GO
nanocomposites proves that the incorporation of CeO, NPs
into GO enhances the overall antibacterial activity of the sam-
ple against bacterial species present in the wound and shows a
potential application in wound infection.
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