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This study was aimed at determining the cytotoxic efficacy of graphene oxide (GO) and thiourea-reduced oxide (T-rGO)
nanosheets against human prostate cancer cells and their antibacterial activity against E. coli mastitis. X-ray diffraction, Raman
spectroscopy, Fourier transformed infrared spectroscopy, and scanning electron microscopy were used to study the
physicochemical properties of the fabricated GO and T-rGO. The cytotoxicity of GO and T-rGO in human prostate cancer
cells was examined using cell survival test, DNA laddering, and cell cycle analysis. The antibacterial effectiveness of GO and T-
rGO was tested using E. coli mastitis. The study revealed that cell viability was lowered by GO and T-rGO in a concentration-
dependent trend. The production of reactive oxygen species and hydroxyl radicals was found to increase following the
treatment. DNA was harmed because of oxidative stress, causing laddering. Both GO and T-rGO demonstrated good
antibacterial activity against E. coli mastitis. The findings of this research work provide insightful information about functional
graphene derivatives for potential biomedical applications, primarily cancer treatment.

1. Introduction

Nanotechnology is now the most prospective sector for
developing novel biotechnological and nanomedical applica-
tions [1]. Graphene is a carbon atom monolayer [2, 3] that is
single and closely packed. Even though graphene-like struc-
tures had been researched since the mid-twentieth century
[4–6] and free-standing ultrathin graphene sheets were
photographed in 1962 by Boehm et al. [3], massive single-
layered graphene sheets were not successfully isolated until

2004 [7, 8]. Since its discovery in 2004 [7] by K.S. Novoselov
and A.K. Geim, graphene has attracted great interest, thanks
to its intriguing and fascinating physiochemical properties
such as fracture strength [9], high surface area [10, 11],
mobility of charge carriers [12], outstanding electrical con-
ductivity [13], resilient mechanical strength [14], exceptional
thermal conductivity [15], and facile functionalization [16,
17]. As components in devices, graphene and chemically
modified graphene are potentially utilized in diverse applica-
tions in energy-storage [18] foam [19], paper-like substances
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[20, 21], polymer composites [22, 23], liquid crystal device
[24], and mechanical resonators [25].

Graphene oxide (GO) and reduced graphene oxide
(rGO) have shown interesting antibacterial activity [26].
Membrane stress is caused by the sharp edges of graphene
nanosheets and consequently induces physical damage to
cell membranes, jeopardizing bacterial membrane integrity
and permitting RNA leakage [27].

Drug/gene delivery, cancer therapy, biosensing, bioima-
ging, scaffold for cell culture [28], stem cell biology [29],
antiviral [30], and tissue engineering [31–33] are just a few
of the medical and biological applications for graphene and
its derivatives. Besides these, few studies investigated their
biomedical applications such as medication loading and
delivery [34, 35].

Sun et al. and Liu et al. investigated PEGylated nanoscale
graphene oxide as a nanocarrier to load anticancer drugs
into cells via noncovalent physisorption [34, 35]. Further,
graphene-based materials demonstrated exceptional electro-
chemical and optical properties, as well as the ability to
adsorb a wide range of aromatic biomolecules through either
stacking or electrostatic contact. This makes them suitable
materials for attaching functional groups consisting of oxy-
gen to their honeycomb, such as six-atom carbon rings. To
help targeted imaging and medicine delivery, graphene oxide
can be easily changed with a targeting ligand [36].

According to Lulu et al. [37], GO-PLL-SDGR-function-
alized graphene oxide was examined as a nonviral tumor tar-
geting carrier in si-RNA delivery systems to actively target
tumors. Ting et al. [38] reported that chitosan- (CS-) func-
tionalized GO (GO-CS) strongly activated RAW 264.7 cells
and triggered more cytokines, thereby facilitating cellular
immune response. This was attributed to the synergistic
immune stimulatory impact of GO and CS. The as-
fabricated GO-CS proved to be a promising nanoadjuvant
for vaccinations and immunotherapy.

According to the World Health Organization (WHO),
prostate cancer is the world’s fifth most prevalent cancer,
the second most common malignancy in men, and the
second leading cause of cancer death [39–41]. On the
other hand, mastitis is the most costly and economically
destructive disease in the dairy business. Physical, chemi-
cal, and generally bacteriological alterations in milk, as
well as pathological abnormalities in glandular tissues
and leukocytes, characterize this inflammation of the
mammary glands [42, 43]. Bovine mastitis is the most fre-
quent infectious disease that affects dairy cows, and it
limits the production of various dairy products [44].
Treatment costs, milk disposal due to high bacterial load,
milk production reduction, culling of high-producing
affected animals, and additional labor costs while handling
affected animals are all elements that contribute to the
high-cost involvement [45].

In this regard, the development of new medicines for
prostate cancer and mastitis is critical. Future research on
new anticancer drugs could benefit greatly from the use of
grapheme nanosheets. Thiourea’s chemical structure makes
it an excellent reducing and effective capping agent
simultaneously.

The first objective of this study consists of using thiourea
to synthesize and characterize graphene derivatives, namely,
graphene oxide (GO) and reduced graphene oxide (rGO).
The second objective is to determine if GO and rGO may
be cytotoxic to human prostate cancer cells and the E. coli
mastitis bacterium, which is frequently utilized in research
on cytotoxicity, oxidative stress, cancer, and bacterial infec-
tions. Furthermore, determining the cytotoxicity/toxicity of
reduced graphene oxide and GO on human prostate cancer
cells and the E. coli mastitis bacteria is the study’s primary
aim. The new aspect of this work is the modified Hummers
method adopted to manufacture GO from raw graphite
powder and oxidants like KMnO4, NaNO3, and 98 percent
H2SO4. This paper presents a straightforward and cost-
effective method for producing water-soluble rGO from
thiourea, which has a wide range of medicinal uses. Besides,
the drawbacks of traditional chemotherapy treatments for
cancer are the lack of selectivity, systemic toxicity, and che-
moresistance. More precise and targeted cancer treatment
using nanomaterials like graphene derivatives could success-
fully reduce negative side effects while providing accurate
diagnosis and efficient therapy.

2. Materials and Methods

The graphite powder was purchased from Sigma-Aldrich.
Analytical grade NaOH, thiourea, KMnO4, anhydrous etha-
nol, H2SO4 98%, HCl 36%, and hydrogen peroxide (H2O2)
30% were also obtained from Sigma-Aldrich. All reagents
were used without further purification. Deionized water
(DW) was used to prepare all aqueous solutions. The
remaining chemicals were also purchased from Sigma-
Aldrich unless otherwise specified.

2.1. Synthesis of GO. Graphite oxide was produced by the
modified Hummers’ method [46] using graphite as raw
material with KMnO4, NaNO3, and 98% H2SO4 as oxidants.

2.2. Synthesis of T-rGO. 500mg of GO was dispersed in
250mL water using ultrasonication for 1 h and 30min to
generate GO dispersion. After that, 500mg of thiourea was
added to the dispersion under stirring and refluxed at 94°C
for 24 h in a typical reduction experiment. The brown color
of the GO dispersion changed to black after the reduction
process.

2.3. Characterization. As previously described [47–49], the
crystalline structure of GO and T-rGO was checked by pow-
der X-ray diffraction using Rigaku Miniflex II-C equipped
with Cu-Kα radiation (λ = 0:15406 nm). Raman spectra
were recorded at room temperature with an excitation wave-
length of 532nm using Agiltron Peak Peaker Pro 532. Mor-
phological observations were carried out by scanning
electron microscopy using Tescan Vega 3, Czech Republic
nation. Prior to imaging, GO and T-rGO powders were fixed
onto an Al sample holder and then coated with gold. The
nature of bonds and functional groups were determined by
Jasco FTIR 6600FT-IR spectrometer, using KBr pellets. The
sample’s thermal stability was investigated using an
EXSTAR SII TG/DTA 6300 and thermogravimetric analysis
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(TGA) under nitrogen environment, up to1000°C at a heat-
ing rate of 10°C/min.

2.4. Cell Line and Culture. The NCCS in Pune, India, pro-
vided the human prostate cancer cell line PC3. When the
cells reached 80 percent confluence, they were passaged
every three to five days with 0.25% trypsin and 0.05% ethyl-
ene diamine tetra acetic acid (EDTA) solution. The cultiva-
tion of the cells was carried out in F-12K medium, and the
incubation was performed under 5% CO2 atmosphere at
37°C using a ThermoFisher Scientific (India) incubator. In
Kaighn’s modified Ham’s F-12 medium, 2mM of L-gluta-
mine, 10% fetal bovine serum, 1500mg/L sodium bicarbon-
ate, and 1% penicillin-streptomycin (100U/mL
streptomycin and 100U/mL penicillin) were used [50, 51].

2.5. Reagents. HiMedia Laboratories provided Kaighn with
its modified Ham’s F-12 medium. Cistron Laboratories pro-
vided the fetal bovine serum (FBS). Trypsin water-soluble
tetrazolium salt (WST-8) and dimethyl sulfoxide were pro-
vided by Sisco Research Laboratory Chemicals, Mumbai
(DMSO). Sigma-Aldrich, Mumbai, provided the additional
reagents and chemicals.

2.6. Cell Culture and Exposure to GO and T-rGO. The cell
culture was performed as described in the literature [50,
51]. Human prostate cancer cells (PC-3) were cultured in
Kaighn’s modified Ham’s F-12 medium with 10% FBS,
2mM glutamine, and 100U/mL penicillin-streptomycin in
a humidified 5% CO2 incubated at 37°C. The medium was
supplied three times a week, and the cells were passaged at
subconfluence. The cells were harvested at roughly 75% con-
fluence using 0.25 percent trypsin-EDTA and seeded in
75 cm2

flasks, 96-well plates, or 6-well plates, depending on
the study. The medium was replenished after 24 h with fresh
medium and varied concentrations of GO and T-rGO
(1000-7.8μg/mL); the cells without GO and T-rGO were
used as control. The vitality of the treated cells, DNA frag-

mentation, cell cycle pattern, and cell morphology were
tested after 24 h incubation period.

2.7. WST-8 Cell Viability Assay. The WST-8 assay was used
to determine cell viability, as previously described [52, 53].
In a 96-well plate, 1 × 104 cells (human prostate cancer
PC-3 tumor) were planted in 100μL Ham’s F-12 medium
containing 10% FBS. The cells were then washed twice with
100μL serum-free Ham’s F-12 medium and incubated in
100μL serum-free Ham’s F-12 medium containing varying
concentrations of GO or T-rGO suspensions. After 24 h of
exposure, the cells were washed twice with serum-free
Ham’s F-12 medium. The WST-8 solution was then applied
to each well containing 100μL serum-free Ham’s F-12
medium. After 1 h of incubation, 80μL of the mixture solu-
tion was transferred to another 96-well plates to avoid resid-
ual GO or T-rGO affecting the absorbance at 450 nm using a
microplate reader. To determine if GO and T-rGO reacted
directly with the WST-8 reagent, cell-free control tests were
carried out. Typically, 100μL of GO or T-rGO suspensions
with varying concentrations were placed into 96-well plate,
with 10μL WST-8 reagent solution added to each well; this
mixed solution was incubated at 37°C for 1 h under 5%
CO2. Then, they were centrifuged after incubation, and
50μL of each supernatant was transferred to a new 96-well
plate. At 450nm, the optical density was observed.

2.8. Cell Cycle Analysis. In 6-well plates, 2 × 105 human pros-
tate cancer cells were platted and cultured for 24 h. After
having been treated with IC50 doses of GO (125μg/mL)
and T-rGO (62.5μg/mL), the monolayer of cells was grown
for 24h. The treated cells were centrifuged after being
washed with sterile PBS. The cells were then given 0.2mL
of propidium iodide (10μg/mL) and incubated for 30min.
Flow cytometry was used to observe at 488nm [54].

2.9. DNA Fragmentation. The platting of 2:0 × 105 human
prostate cancer cells was carried out in 6-well plates and cul-
tured in a CO2 incubator to achieve convergence. The cells
were treated with different quantities of GO (IC50 concentra-
tion of 125μg/mL) and T-rGO (IC50 concentration of
62.5μg/mL) after they reached confluence. After collecting
the cells with TPVG, the cell suspension of 1.5mL was put
into an Eppendorf tube. After that, centrifugation of the cells
was carried out for 10min at 200 × g and 4°C. Then, the pel-
let was vortexed vigorously with 0.5mL TTE solution. This
technique facilitated the release of fragmented chromatin
from nuclei as well as the breakdown of nuclear structure
(due to Mg++ chelation by EDTA in the TTE solution) post
cell lyses (because of the existence of Triton X-100 in the
TTE solution). The centrifugation of solution was performed
at 20,000 g for 10min at 4°C in order to isolate split DNA
from undamaged chromatin. The supernatant was then dis-
carded with care, and TTE solution of 500μL was supple-
mented to the particle. After that, 500μL of ice-cold NaCl
was supplied and vigorously refluxed. After the salt was
introduced, histones were stripped from DNA. After that,
ice-cold isopropanol of 700μL was supplied and violently
refluxed; this was then let to precipitate overnight at -20°C.
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Figure 1: XRD patterns of GO and T-rGO.
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The DNA pellet was recovered by centrifuging at 20,000 g for
10min at 4°C and rinsing with 500–700μL of ice-cold 70%
ethanol. This was centrifuged for 10min at 20,000 g at 4°C.
The DNA pellet was dissolved in 20–50μL of TE buffer
and kept at 4°C. Electrophoresis of this DNA was performed
in normal TE buffer. To achieve a final concentration of 1×,
the DNA was combined with loading buffer (10×) and bro-
mophenol blue dye. This made loading samples into the
wells and monitoring their mobility over the gel easier. The
electrophoresis was terminated after the dye reached about
3 cm from the end of the gel. To visualize the gel, a UV
transilluminator was employed [55, 56].

2.10. Cell Morphology. Human prostate cancer cells (1 × 105
cells per well) were planted in 6-well plates and kept for 24 h.
The cells were cultivated in GO (IC50 concentration) con-
centrations of 1000, 125, and 7.8μg/mL and then in T-
rGO concentrations of 1000, 62.5, and 7.8μg/mL (IC50 con-
centration). As control, the cells cultivated without GO and
T-rGO were employed. After 24h of exposure, the morphol-
ogy of the cells was evaluated under an optical micro-
scope [57].

2.11. Isolation of the Bacterium. Milk samples were collected
from a dairy cow with clinical mastitis (veterinary diagnosis
done at Department of Clinical Microbiology, Madras Vet-
erinary College, and Chennai, India). The samples were ana-
lyzed for the presence of Escherichia coli (E. coli). A mix of
cultural, morphological, and biochemical methods was used
to localize the bacteria. Microscopic examination was per-
formed after 24 h on blood agar plates. Oxidase, catalase,
and indole tests were carried out.

2.12. Characterization of the Isolate. The pathogen E. coli
was used in this study, which was isolated from a clinical
instance of cow mastitis. Cultural and biochemical features
verified the strain; it was kept in slants till further usage [58].

2.13. Media Preparation and Bacterial Growth Analysis. The
method of Gurunathan et al. [59] was used for media prep-
aration and bacterial growth analysis. In a nutshell, E. coli
was grown under aerobic conditions at 37°C in Luria-
Bertani (LB) broth comprising of 20 g of tryptone, 15 g of

extract of yeast, and 10 g of sodium chloride per L of
mastitis-affected cow milk. To attain the required initial
optical density, the cells were collected by centrifugation,
rinsed thoroughly with phosphate-buffered saline (PBS; pH
7.3), and reconstituted in suitable fresh medium such as
LB or saline. The introduced cultures were cultured in
50mL tubes in a shaker (120 rpm) at 37°C till they reached
a stationary phase (tube volume/medium volume -1/10).
By measuring the absorbance at 600nm on a regular basis,
the growth was measured. The cultivation of bacteria was
carried out on LB agar slants and kept in a glycerol stock
solution at -70°C. Complete experiments were carried out
three times independently, unless specified otherwise.

2.14. Turbidity Assay. By means of a UV spectrophotometer,
bacterial culture was assessed based on its turbidity at
OD600. In LB medium, E. coli was treated with GO and T-
rGO. As a control, E. coli that had not been treated was
employed. E. coli cells were spun down at 5000 rpm for
10min and the supernatant was removed. The pellet (bacte-
rial cells) was redissolved in PBS after the supernatant (solu-
ble graphene components) was discarded. At 3 h intervals,
the treated and untreated samples were monitored at
600 nm. For each experiment, three separate runs were car-
ried out.

2.15. Cell Preparation. E. coli was isolated from mastitis-
affected cow milk and cultured in LB medium at 37°C. Dur-
ing the midexponential growth phase, the cells were
extracted. For 10min, the cells were centrifuged at
6000 rpm. To eliminate leftover macromolecules and other
growth medium elements, isotonic saline solution was used
to wash the cells three times. The pelleted cells were then
resuspended in an isotonic saline solution. Cell samples con-
taining 106 to 107CFU/mL were obtained by diluting bacte-
rial cell suspensions.

2.16. Cell Viability. After treating the bacteria with GO and
T-rGO, the vitality of the cells was evaluated. E. coli cells iso-
lated from mastitis-affected cow milk were treated with GO
and T-rGO at varied doses (0, 25, 50, 75, 100, 125, and
150μg/mL) in isotonic saline solutions for 2 h at 37°C and

Figure 2: SEM images of GO and T-rGO.
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200 rpm. Isotonic saline solution without GO and T-rGO
was used as control. Following the treatment, the reaction
mixture of 100μL was made up to 1mL, from which 50μL
was used for plating. The method of colony counting was
used to assess the vitality of E. coli cells. 100μL each of ten-
fold dilutions was cultured overnight at 37°C on LB plates.
The colonies on the test plates were quantified and con-
trasted with those on the control plates. All the treatments
were carried out in duplicate three times.

2.17. Observation of Cell Morphology. Cell suspensions of E.
coli were subjected to silicon wafers and exposed to 1%
osmium tetroxide and 2% glutaraldehyde. After that, dehy-
dration of the cells was carried out in ethanol concentrations
ranging from 30, 50, 70, 80, 90, and 100% for 15min. The
sputter-coating of dried cells with gold was performed for
SEM imaging using JEOL field emission SEM (JSM-6700F).

2.18. Measurement of ROS Generation. The quantitative
analysis of superoxide anions was conducted according to
the assembly specifications. Sigma-Aldrich (catalogue num-
ber TOX2) provided the in vitro toxicology assay kit (based
on sodium 2,3,bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
(phenylamino)-carbonyl-2H-tetrazolium inner salt (XTT).
The culturing of E. coli cells was carried out in LB medium,
rinsed in PBS, and resuspended at a density of 2 × 108 poten-
tial cells/1mL in PBS. From a stock solution, XTT was mixed
with the cell lysate at a dosage of 125M (7.5mM made in
PBS). The culturing of cell suspensions was performed on
a rotating shaker at 30°C for the durations specified (2 and
4h). The supernatants were utilized to measure the absor-
bance at 450nm after the serial dilutions were whirled in a
microfuge. Reducing XTT was the control used in the defi-
ciency of cells.

2.19. DNA Laddering. The E. coli cells had been grown in LB
medium, rinsed with PBS buffer, and then reconstituted in
PBS at a dose of 2 × 108 inoculums. After being treated for
24 h with 100μg/mL GO and T-rGO, the pellet was resus-
pended in 250μL cell extraction buffer comprising 50mM
Tris–HCl, pH 8.0, 10mM EDTA, 0.1M NaCl, and 0.5%
SDS. The homogenate was processed for 1 h at 37°C with
0.5mg/mL RNase A and then overnight at 50°C with
0.2mg/mL proteinase K.

Following phenol extraction, 25mL (1/10 vol) of 7.5M
ammonium acetate and 250mL (1/10 vol) of isopropanol
were used to isolate DNA in the aqueous layer. Electropho-
resis was carried out at 70V in a 1% agarose gel comprising
1mg/mL ethidium bromide, and DNA fragments were visi-
ble by presenting the gel to UV light. The photographs of the
same were taken.

2.20. Physicochemical Properties
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2.20.1. X-Ray Diffraction Analysis. X-ray diffraction pattern
(Figure 1) displays typical characteristic peaks of GO, i.e.,
(002) and (100) reflections located at 10.12° and 42.68°,
respectively, in agreement with JCPDS card no. 75-2078
[60]. After thiourea reduction of graphene oxide (T-rGO),
the main reflection (002) is shifted significantly to 25.18°,
whereas (100) remain unchanged, in agreement with JCPDS

card no. 03-0401 [61]. Furthermore, after reduction, the
broadening of peaks becomes more important. The shift in
position and broadening of the peaks may be associated with
the reduction of graphene oxide to rGO using thiourea, and
the above results corroborate well with the literature [62,
63].

2.20.2. SEM Observations. SEM images of GO and T-rGO
are shown in Figure 2. On the surface of GO, a few layers
of clustered, square molded, and folded sheets are seen
securely connected with one another to form a regular load-
ing network. The exterior layer of GO sheets has a thin floor
cover in wavy shapes, perhaps because of the leftover water
atoms present and hydroxyl or carboxyl collecting, revealing
flimsy layers of nanosheets. The GO paper-like layers are
stacked one on top of the other. SEM image of T-rGO’s
reveals simple and undulated silk wave morphology. The
observed morphologies corroborate with the literature [64,
65].

2.20.3. FTIR Analysis. The FTIR spectra of GO and T-rGO
are shown in Figure 3. The bands located at 3365, 1729,
1230 cm-1, and 1035 cm-1 are assigned to the vibration and
deformation of O-H groups, C=O stretching vibration, C-
O (epoxy) stretching vibration, and C–O–C stretching,
respectively. The above observed bands confirm the presence
of several types of oxygen-containing species in GO. The
FTIR spectroscopy of graphene is very different from that
of GO. The FTIR spectrum of T-rGO’s reveals primarily
the presence of OH stretching band at 3424 cm-1, signifying
that GO has been significantly reduced throughout the deox-
ygenating process. The forces of assimilation tops compar-
ing to oxygen practical gathering nearly disappeared.
Overall, FTIR analysis demonstrates that during the reduc-
tion phase of GO, the oxygen-containing species have been
totally removed [66, 67].
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Figure 6: Effects of GO and T-rGO on cell viability of PC-3 human prostate cancer cells. The viability of PC-3 human prostate cancer cells
was determined after 24 h exposure to different concentrations of GO and T-rGO using the WST-8 assay.

Table 1: Anticancer effect of GO on PC3 cell line.

Sample
Concentration

(μg/mL)
Dilutions

Absorbance
(O.D)

Cell
viability (%)

1 1000 Neat 0.158 24.61

2 500 1 : 1 0.220 34.26

3 250 1 : 2 0.279 43.45

4 125 1 : 4 0.339 52.80

5 62.5 1 : 8 0.393 61.21

6 31.2 1 : 16 0.462 71.96

7 15.6 1 : 32 0.501 78.03

8 7.8 1 : 64 0.541 84.26

9 Cell control — 0.642 100

Table 2: Anticancer effect of T-rGO on PC3 cell line.

Sample
Concentration

(μg/mL)
Dilutions

Absorbance
(O.D)

Cell
viability (%)

1 1000 Neat 0.128 19.93

2 500 1 : 1 0.176 27.41

3 250 1 : 2 0.225 35.04

4 125 1 : 4 0.287 44.70

5 62.5 1 : 8 0.322 50.15

6 31.2 1 : 16 0.377 58.72

7 15.6 1 : 32 0.426 66.35

8 7.8 1 : 64 0.487 75.85

9 Cell control — 0.642 100
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2.20.4. Raman Spectroscopy Analysis. Raman spectroscopy
helps in determining carbon compounds’ structure and
nature. The G-band and D-band appearing around 1586
and1350 cm-1 are the most common species to distinguish
between graphene derivatives. The G-band corresponds to
the E2g phonon of C sp2 particles, whereas the D-band is a
breathing technique of the A1g symmetry k-point phonon.

As shown in Figure 4, the Raman spectrum of GO dis-
plays two main broad and low intensity bands located at
1589 cm-1 and 1352 cm-1, corresponding to G-band and D-
band, respectively. After reduction, the Raman spectrum of
T-rGO displays similar G-band and D-band. It can be
noticed that bands’ position remains similar but there is a
significant increase in the intensity, signifying an improve-
ment of the crystallinity after the completion of reduction

from GO to T-rGO. Furthermore, the ID-band/IG-band ratios
from the recorded Raman spectra are as follows: 0.96 and
1.24 for GO and T-rGO, respectively. This further confirms
the completion of the reduction process of GO using thio-
urea induced reduction and the successful formation of T-
rGO.

This relation represents a measure of structural defects.
The information got from Raman spectroscopy of decreased
graphene oxide accommodated a primary change because of
the course of decrease; the G pinnacle and D pinnacle were
both broadened and were moved to around 20 cm-1, individ-
ually [68, 69].

2.20.5. TGA Analysis. Thermogravimetric analysis has been
carried out under dry air to investigate the thermal
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Figure 7: Detection of apoptosis in PC-3 human prostate cancer cells.
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characteristics of the GO nanosheets (see Figure 5). The
elimination of oxygen-containing species and carbon oxida-
tion with complete decomposition is examined as function
of mass loss. For GO, the TGA curves display three distinc-
tive stages: (I) up to 100°C with 15wt.% corresponding to
moisture content present in the samples of GO and T-
rGO; (II) up to 250°C with 25wt.% associated to the water
molecules and hydroxyl group functional groups present in
between the sheets of GO; and (III) above 250°C with grad-
ual and monotonous mass reaching around 35wt.% at
1000°C and is attributed to removal of the CO or CO2 func-
tional groups present at the edges of the sheets of GO.

After reduction, the TGA curve of T-rGO exhibits a dif-
ferent behavior, a gradual and steady mass loss reaching
about 40wt.% at 1000°C. Additionally, the TGA curves of
GO and T-rGO confirm that T-rGO are more thermally sta-
ble than the GO [70].

2.21. Biological Tests

2.21.1. Induced Cytotoxicity by GO and T-rGO in PC-3
Human Prostate Cancer Cells. Figure 6 illustrates the effects
of GO and T-rGO on PC-3 human prostate cancer cells via-
bility. The WST-8 test was used to determine the vitality of
PC-3 human prostate cancer cells after 24 h of exposure to
various doses of GO and T-rGO.

In human prostate cancer cells, the efficacy of GO and T-
rGO as potential inhibitory agents was investigated. The
doses of 125μg/mL GO and 62.5μg/mL T-rGO caused
dose-dependent reductions in cell viability corresponding
to 52.80% and 50.15%, respectively. Nonetheless, T-rGO
was found to be more active than GO, as shown in
Tables 1 and 2. T-rGO appeared to play the role of a chem-
ical agent in inhibiting the survival of human prostate cancer
cells. Further, GO was found to be less damaging than T-
rGO for a range of cancer and noncancerous cells in previ-
ous studies [71, 72]. Jaworski et al. [73] reported similar
results; the viability of human glioblastoma cells was lowered
by 54% at a concentration of 100μg/mL graphene
nanoplatelets.

2.21.2. Flow Cytometric Analysis of Cellular Apoptosis. The
results were obtained for apoptosis detection in PC-3 human

prostate cancer cells. The cell cycle analysis using flowcyto-
metry was used to investigate the apoptotic effect of GO
and T-rGO -(A Control), (B-GO treated cells) and (C-T-
rGO) treated cells, which are displayed in Figure 7. The find-
ings demonstrates that cell aptotosis was the primary source
of the cell death brought on by GO and T-rGO. rGO was
found to be more efficient than sample GO because to the
large proportion of dead cells. PI was used to label apoptotic
cells. However, staining has not been performed on normal
cells using graphene [74, 75].

2.21.3. DNA Laddering. Figure 8 depicts the DNA fragmen-
tation of PC-3 human prostate cancer cells treated with GO
and T-rGO. DNA was extracted from PC-3 cells of both
treated and untreated; electrophoresis was performed on
an agarose gel (lane 1, T-rGO; lane 2, GO; lane 3, control;
and lane 4, DNA marker).

DNA laddering was utilized to examine the DNA frag-
mentation caused by GO and T-rGO in human prostate can-
cer cells. From Figure 8, it can be observed that after 24 h of
treatment, T-rGO demonstrated a greater damage to the
DNA than GO, which could be associated with the presence
of fewer smooth edges [76, 77].

The rapid mobility and sharp edges of graphene may
explain rGO’s genotoxicity. Penetration of graphene nano-
sheets into a cell’s membrane can partially destroy the cell’s
membrane, resulting in cell death. The RGO protein can
then interact directly with the DNA in the cell’s nucleus.
This is supported by experimental evidence demonstrating
that the genotoxicity threshold for graphene is substantially
lower than the cytotoxicity threshold, which can be
explained by the direct interaction between graphene and
nuclear DNA.

The difference between GO and rGO in terms of geno-
toxicity is that rGO may be more effective in damaging cell
membranes and penetrating into cells because they are
hydrophobic and have many more rough edges. They have
the ability to bind directly with nuclear DNA, causing sub-
stantial genotoxicity. GO has finer edges and hydrophilic
qualities, and it appears to be less powerful in terms of acces-
sing cell compartments and reacting with DNA, resulting in
the absence of genotoxic effects [77, 78].

2.21.4. Cell Morphology. Figures 9(a) and 9(b) reveal the
changes of the morphology of human prostate cancer cells
after 24 h of treatment with GO and T-rGO. It can be
observed that the cell morphology of the control cells is
unaffected. The GO-treated cells are found denser, more
oval, and distended than the control cells. T-rGO-treated
cells are similarly thick, oval, and gruff in appearance com-
pared to the control cells. Following therapy with GO and
T-rGO, the number of cells has been similarly reduced.
The obtained results corroborate with the results in the liter-
ature. According to Yun-Jung et al. and Hinzmann et al., GO
and RGO caused severe morphological alterations in human
ovarian cancer cells A2780, including loss of cell shape, dis-
ruption of cell monolayers, and reduction of cell adhesion,
all of which indicated reduced cell survival [79, 80].

1 2 3 4

Figure 8: DNA fragmentation of PC-3 human prostate cancer cells
treated with GO. T-rGO DNA was isolated from treated and
untreated PC-3 cells and electrophoresis on agarose gel (lane 1,
rGO; lane 2, T-rGO; lane 3, control; and lane 4, DNA marker).
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2.21.5. Effect of GO and T-rGO on Bacterial Growth. During
the first stage, the growth curve of E. coli mastitis bacteria in
LB medium has been measured with and without GO and T-
rGO (100μg/mL) for 15 h under aerobic conditions. As a
result, the exponential growth patterns of E. coli mastitis
bacteria control strains were identical. After treatment, the
cells were spun down in centrifuge, rinsed with deionized
water, and assessed for culture at 600 nm. The standard devi-
ation was represented by the error bars. Control was the iso-
tonic saline solution without graphene-based compounds.

The effects of GO and T-rGO on E. coli growth are illus-
trated in Figure 10. It can be noted that the growth of E. coli
was reduced after treatment with both GO and T-rGO,
reaching up to 89.79% and 87.66% following 15h treatment,
respectively. The antibacterial efficacy was slightly higher for
T-rGO than GO. This agrees with the literature [81, 82].

When GO was introduced to bacterial culture at 25μg/
mL, bacteria grew quicker and to a greater optical density
than cultures without GO. Ruiz et al. [81] explained why
bacteria grew two and three times more on filters coated
with 25 and 75μg of GO than on filters without GO. Gra-
phene materials were found to have significant antibacterial
activity by Liu et al. [82].

2.21.6. Dose-Dependent Antibacterial Efficacy of GO and T-
rGO. We investigated the concentration dependence of anti-
bacterial activity of GO and reduced graphene oxide on
Escherichia coli mastitis bacteria in order to verify the syn-
thesized GO and reduced graphene oxide functions. To
avoid any chemical residues in LB medium, cells were cul-
tured in LB medium, spun down, and resuspended in PBS.
GO or reduced graphene oxide dispersion at various

Anticancer effect of T-rGO on PC3 cell line
Normal PC3 cell line

Toxicity 1000 𝜇g/mL

Toxicity 62.5 𝜇g/mL Toxicity 7.8 𝜇g/mL

Anticancer effect of GO on PC3 cell line
Normal PC3 cell line

Toxicity 1000 𝜇g/mL

Toxicity-125 𝜇g/mL Toxicity-7.8 𝜇g/mL

Figure 9: Morphology of PC-3 human prostate cancer cells treated with GO and reduced graphene oxide.
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Figure 10: Effect of various graphene materials GO and T-rGO on the growth of E. coli mastitis bacteria.
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concentrations (0, 25, 50, 75, 100,125,150,175, and 200μg/
mL) were used with E. coli mastitis bacterial cells
(106CFU/mL) for 2 h at 37°C with a 200 rpm shaking speed.

Figure 11 displays the dosage-based antibacterial efficacy
of GO and T-rGO for E. coli. It can be observed that the
growth of E. coli was reduced as the concentration of GO
and T-rGO increased [83].

2.21.7. Time-Dependent Antibacterial Activity of GO and T-
rGO. The antibacterial efficacy of GO and reduced graphene

oxide was studied over time. With similar concentrations of
cell biomass, GO and reduced graphene oxide dispersion
(100μg/mL) were cultured with E. coli mastitis bacteria.

At several time points such as 1, 2, 3, and 4h, the vitality
of E. coli mastitis bacteria was noted. After 1 h of incubation,
the losses of viability of E. coli mastitis were 33.08% and
26.15% for GO and T-rGO, respectively. Further increase
in contact time resulted in significant reduction of growth,
reaching 86.92% and 81.92% for GO and T-rGO, respec-
tively. Moreover, it was noted that the bactericidal activity
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Figure 11: Effect of concentration-dependent GO and T-rGO in E. coli mastitis bacteria cell viability.
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of GO was superior to that of T-rGO. Cell death occurred in
all 4 h incubation.

When comparing GO and reduced graphene oxide dis-
persions, we discovered that dispersions of GO had much
stronger antibacterial activity than rGO dispersions at all
incubation intervals evaluated. Figure 12 displays the time-
dependent antibacterial activity of GO ans T-rGO cells.

2.21.8. ROS Generation. One often hypothesized toxicologi-
cal mechanism of nanoparticles is the formation of reactive
oxygen species (ROS). We wanted to see if graphene mate-
rials were capable of causing oxidative stress. The control
cells without graphene materials had not produced any ROS.

The production of reactive oxygen species (ROS) is
linked to a material’s toxicity. The results are shown in
Figure 13. The GO and T-rGO at 100μg/mL increased the
generation of superoxide radical anions by 2.02 and 1.6
times, respectively, after 4 h of treatment as compared to
the control [77, 84, 85].

The findings suggested that the graphene nanomaterials’
higher bacterial toxicity was due to more sharpening of the
nanomaterials’ edges, resulting in stronger contact interac-
tion with the cell membrane and/or better charge transfer
between the bacteria and the nanomaterials, resulting in
more bacterial cell membrane damage.

2.21.9. Destruction of Bacterial Membranes. SEM was used to
illustrate interactions between graphene-based materials and
E. coli mastitis bacterial cells in order to determine how
graphene-based materials kill bacteria. After exposure to GO
or reduced graphene oxide dispersions, most E. coli mastitis
bacterial cells flattened and lost their cellular integrity.

Nanomaterials cause membrane stress in bacterial cells,
resulting in cell structure destruction; additionally, we dis-
covered that GO dispersion produced thin layers of nano-
sheets, whereas reduced graphene oxide dispersion
primarily contained larger aggregated particles.

E. coli mastitis bacteria mingled with GO and reduced
graphene oxide in distinct ways, according to a comparison
of cells interacting with GO and reduced graphene oxide.

The majority of E. coli mastitis bacterial cells were indi-
vidually wrapped with thin layers of GO nanosheets, as seen

in the figures. E. coli mastitis bacterial cells, on the other
hand, were frequently encased in massive, reduced graphene
oxide aggregates. The aggregation/dispersion of graphene-
based materials might play a key role in their antibacterial
properties, as evidenced by the distinct behavior of GO
and reduced graphene oxide found in SEM images.

The interactions of graphene-based derivatives with E.
coli were examined by recording SEM images before and
after treatment. Figures 14(a)–14(c) depict the bacterium’s
interaction with the grapheme nanosheets [83].

2.21.10. DNA Laddering. To investigate whether oxidative
stress could cause DNA fragmentation, which is one of the
hallmarks of apoptosis and a good sign of cellular failure,
DNA laddering test has been carried out.

DNA was isolated and examined from E. coli mastitis
bacterial cells that had been treated with 100μg/mL GO
and reduced graphene oxide for 2 h.

The results demonstrated that after 2 h of treatment, nei-
ther graphene nor reduced graphene oxide-treated cells
showed any significant response; nevertheless, after 6 h treat-
ment, the cells showed a minor effect of DNA fragmenta-
tion. Surprisingly, cells exposed to GO and reduced
graphene oxide for 24h showed a significant effect of DNA
fragmentation, implying that cells required a longer time
exposure to GO and reduced graphene oxide to generate
ROS, which led to DNA fragmentation.

Based on our findings, we infer that the antibacterial
activity of GO and reduced graphene oxide was due to
direct contact of E. coli with sharp nanosheets, resulting
in the creation of reactive oxygen species (ROS) and
DNA fragmentation, leading to cell death. This study
revealed that GO and decreased graphene DNA breakage
and cell death [86, 87].

After 2 h of treatment with 100μg/mL of GO and T-
rGO, the DNA of E. coli showed no changes. Mild alter-
ations were observed after 6 h of treatment. Surprisingly,
DNA fragmentation occurred only after 24 h. This was dem-
onstrated through DNA laddering, as reported in the litera-
ture [86–88]. Figure 15 displays the DNA fragmentation of
E. Coli mastitis bacteria treated with GO and T-rGO.

Figure 15: DNA fragmentation of Escherichia coli mastitis bacteria treated with GO and T-rGO.
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3. Conclusion

In a variety of biological applications, such as cancer treat-
ment, bacterial control, viral inactivation, and drug adminis-
tration, graphene and materials linked to it are frequently
used. The present study shows a straightforward method
for producing GO and rGO from graphene by employing
thiourea. The physiochemical characteristics of GO and T-
rGO were investigated using XRD, SEM, FTIR, Raman spec-
troscopy, and TGA.

According to the results, GO and T-rGO nanosheets
showed cytotoxicity and caused cell death in human prostate
cancer cells. The obtained results showed that rGO was cyto-
toxic at concentrations as low as 62.5μg/mL. Furthermore,
these results are better than that reported by Kretowski
et al., where the cytotoxicity was found to occur at a mini-
mum concentration of 100μg/mL [89].

Additionally, reactive oxygen species were produced,
and DNA fragmentation was brought on by the interaction
of GO and T-rGO nanosheets with E. coli. Additionally, it
was discovered that GO and T-rGO damage bacterial cells.
These findings imply that GO and T-rGO could both be uti-
lized as pharmacological agents in therapeutic procedures.

Additionally, functionalized nanoparticle composites and
drug/siRNA-mediated combination therapy may defeat
induced mutagenesis and frequently recurrent cancers
brought on by chemotherapeutic agents, indicating that the
functionalized nanoparticle composites may be used as adju-
vant agents to enhance the therapeutic effect thus treat cancer
and bacterial cells. Clinically, the elimination of all cancer and
bacterial cells may be facilitated by a novel therapy that com-
bines nanoparticles with a medication or siRNA that targets
cancer-initiating cells. Additionally, this graphene-based com-
pound (a medicine with nanoparticles enclosed) has great
benefits as a powerful antibacterial and anticancer agent.
However, more research is necessary to shed light at the
molecular level to examine in more detail the actions of
drug/siRNA-mediated combination therapy, functionalized
nanoparticle composites, cancer, and bacterial cells.

Additionally, nanoparticle-mediated therapy can treat
cancers that have repeatedly relapsed due to induced cell
death, mutation, and chemotherapeutic agent-caused muta-
genesis. In the clinical setting, a combination therapy using
nanoparticles and a medication that specifically targets
tumor-initiating cells will probably make it easier to eradi-
cate dead cancer cells.

This study offers potential redox biological mecha-
nisms, gene modulations involved in cell death, and signif-
icant signalling pathways like cell survival and cell death.
However, more research is necessary to better elucidate
at the chemical and biological levels for graphene’s diverse
effects on tumor cells.

Because of their exceptional characteristics, including
large specific surface area and outstanding physicochemical
properties, graphene and its derivatives are gaining more
and more interest for their potential use in bone tissue engi-
neering. Nonetheless, further research is necessary to be car-
ried out on graphene nanocomposites and related molecular
biology mechanisms.
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