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Abstract:

Bone metastases are the main reason for death in males suffering from advanced
prostate cancer. This study aimed to create zoledronic acid and graphene oxide
conjugation for anticancer therapy. The process of conjugation was confirmed by
several characterization methods including UV-VIS spectrophotometry, Fourier
Transform Infrared Spectroscopy (FTIR), and atomic force microscope (AFM). the
cytotoxicity of 400, 600, and 800 pg/ml to each GO, ZOL, and ZOL-GO was
evaluated on a human hepatic cell line (WRL 68) and human prostate cancer cell
line (PC3) using an MTT assay. The antitumor mechanisms of ZOL-GO were
examined by cell cycle analysis. The results demonstrated That ZOL-GO caused a
reduction in the cell viability of WRL 68 and PC3, with 1C50 values of about 932.9
and 787.9 ug/ml respectively. The cell cycle distribution was evaluated after treating
the prostate cancer cells (PC3) with 800ug/mL of ZOL-GO, the results showed the
presence of a highly significant arresting effect in the G1 phase (P< 0.002) than the
untreated cells (control). Our findings demonstrate the potential antitumor activity of
using GO as a nanocarrier to improve the therapeutic efficacy of prostate cancer.

Keywords: PC3 cell line, antitumor, cell cycle, chemotherapy, drug delivery
ol Cdhad) daSeY Al cilasadls Jasijall dlig a3l Gaalald ¢yl saliaal) 4.SulS0all
alinl) A jiial) cilivg ) Uy

2GlA aa a2 asll ae Sa L we Qi L)
Ghall ok, 2ok daals |, aglal) 3IS 250AY) bl
Ghall Canil 28 S1) daals ,aglal) IS 3ls asle!

ADAl)
Cdon L adiall Gl sl Glaje (e Ogilay AL die Gl ) e oa Analaall Jilail)
idee aSh 5 sy L lapudl 0] Ghal) wuusly elig el (mes ol sla) G Al o
Gsts el AnsVL gl Ccadall (s @y G L gl b e wall DA e obEY)
uygd Jigail ehyenll it 2edSU i) Julaily ¢ dumasiill (FTIR) - 3030 863l) seaase -(AFM)
SShall glal) dsedd) i 5400, 600, and 800 pg/ml (. JI GO 5 ZOL 4 ZOL-GO

*Email: hala.aljendeel@gmail.com

4241


mailto:hala.aljendeel@gmail.com

Alsahlanee et al. Iragi Journal of Science, 2022, Vol. 63, No. 10, pp: 4241-4253

) Ol A€ AT (golall Jaall e WRL 68( ) oludll cibisgyall ¢Uajud (gsial) Laall o PC3
OLial ahadiuly MTT J ol sliae il jasd 2 ZOL-GO  cujgll sl 5y50 st DA e
of k) ZOL-GO J aall eliy 4lls (alias) b s WRL 68 5 PC3ai e ¢ IC5) als
Ol WS Aadles 2o Bdal) 550 355 it 5. il e o [ ahes <o 787.9 5932.9 s
gyl (PC3) (e da [ s Sae 800 pe ZOL-GO  age iigh ,ib a5mg miliill jglily ¢

Uyl 3 LUGT (P< 0.002) ) il mngs «(Bhaed)) dalleddl je DAY ae 43l
A3y Jainall oyl sliaall Jaliil) Lal) ihea GOl g pull s Mall Aladl) (pesat] (553 JalaS

1. Introduction

Bone metastasis is a malignant condition that greatly reduces the patient's chances of
survival [1-3]. Chemotherapy is one of the most successful therapies for bone metastasis [4].
An effective bisphosphonate medicine, Zoledronic acid (ZOL) reduces the level of tumor cells
while also inhibiting the resorption of bone, making it an ideal treatment for cancer patients.
[5, 6]. Due to the kidney's ability to more effectively filter ZOL particles, greater doses of the
drug are required [7]. Because the complex size will rise when a sufficient drug carrier is
used, the rate at which the medication is filtered through the kidneys will be slowed down,
and as a result, it will take longer for the medication to be absorbed into the body. [5]. In
addition to this, the medication is released from the drug carrier systems at a slower rate,
which decreases the likelihood of unpleasant adverse effects occurring. These side effects are
typically brought on by the condition of elevated dosages of the administered drug.[8]. Drug
carriers for several anti-cancer treatments have been developed using graphene oxide, often
known as GO, which is a layer of graphene that is one atom thick. The acronym GO is most
often abbreviated to simply GO. The chemical structures of GO nanoparticles and ZOL both
contain aromatic rings, making it possible for ZOL to form conjugates with GO through
noncovalent interactions. In addition to stacking, hydrophobic interactions and hydrogen
bonding are two more types of connections that can occur.[1]. Metastasis (cancer spreading to
bones from many other organs such as the kidney, lung, thyroid, and especially the breast and
prostate) occurs in about 70% of people with primary bone cancer. [6]. Using
bisphosphonates as a metastatic treatment has been common practice for decades [6, 9-12]. A
newer bisphosphonate, Zoledronic acid (ZOL), appears to be better at treating metastasis. [13-
16] It's still difficult to use small ZOL particles here since the free drug is easily filtered
before it gets to the tumor. [17, 18]. Because of this, it is necessary to administer bigger doses
of the drug, which, in turn, raises the probability that undesirable side effects will become
apparent. Acute inflammatory response, osteonecrosis of the jawbone, kidney failure, renal
disease, electrolyte imbalance, and corneal inflammation are all potential side effects of this
medication.[19-21]. Many different types of drug delivery systems are available, including
poly(lactide-co-glycolide)[22], folates targeting liposome [23], -tricalcium phosphates[24],
hydroxy-apatite[25], and gelatine[26], can be used to boost the effectiveness of ZOL and
reduce the risk of adverse effects. High surface area, biocompatibility, and chemical
modifiability of carbon allotropes make them promising candidates as drug carriers that can
be used in place of traditional ones. [27]. Particularly, Drugs can be transported to cancer cells
more effectively with the help of graphene tubes (CNT), graphene oxide (GO), carbon black,
and nanodiamonds, among other materials [28]. In addition to these carbons, graphite oxide
(GO) is distinguished by a number of apparent advantages, some of which are low production
cost, and the existence of two exterior chemically reactive surfaces, the ease with which it can
be manufactured and modified, as well as the complete absence of potentially hazardous
metallic particles during its manufacture [29]. According to the findings of some studies [30,
31], the capacity of loading that GO possesses is larger than that of CNT. In addition to this, it
has been discovered that CNT and carbon black have a higher degree of cytotoxicity than GO
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does [15]. Because of this fact, the researchers that participated in this study concluded that
GO would be the most suitable carrier for ZOL. Graphene in its oxidized state is referred to as
GO, and it can be functionalized with a variety of groups, including hydroxyls, diols,
epoxides, carboxyl, and ketones [32]. With the assistance of GO acting as a drug delivery
carrier, anti-cancer medications such as doxorubicin [33], camptothecin [34], paclitaxel [35],
pirfenidone [36], and Adriamycin [7, 34, 37] have been transported across the body with the
help of GO as a drug carrier. The purpose of the current work was to conjugate the
nanoparticles GO with the ZOL, describe these conjugates, and examine the possible
anticancer impact as cytostatic agents in the treatment of prostate cancer bone metastases. In
addition to this, one of our goals was to investigate the underlying processes that are
responsible for the antitumor impact.

Materials and Methods
ZOL, GO and complexes Preparation

Making ZOL samples required mixing 5 ml of ultra-pure water with 2 mg/ml of zoledronic
acid monohydrate (Sigma-Aldrich, >98 percent, HPLC) as a stock solution. The stock
solution was then diluted by DMEM (Dulbecco's Modified Eagle Medium) and stirred
overnight with a magnet (Isolab-340) to produce three separate samples with concentrations
of 12.5, 50, and 200 M. The stock solution was prepared by mixing 4.5 ml of ultra-pure water
with 0.5 ml of GO (Sigma-Aldrich, 2 mg/ml, the average diameter of a sheet: 22 m) and
agitating it with a vortex at room temperature for 30 minutes in order to make varied
concentrations of GO. After diluting the standard solutions with DMEM, a sonicator was used
to stir for 30 minutes, yielding GO concentrations of 11, 7, 2, 91, and 0, 73 ng/ml. As
revealed in Table 1, the GO and ZOL suspensions were then combined to form ZOL-GO
complexes with various components. To prepare the stock solutions, DMEM was added, and
the mixture was sonicated for fifteen minutes, but then agitated with a magnet overnight to get
the desired concentrations of GO and ZOL in the suspensions.

Table 1: The composition of several ZOL-GO samples was determined.

Conjugation of zoledronic with Graphene oxide ng mlI™ Zoledronic acid (micromolar)
graphene oxide

First sample

Second sample
Third sample

Conjugation characterization
UV-VIS spectrophotometer

1.25 mg/ml zoledronic acid, 0.25 mg/ml graphene oxide, and 1.25 mg/ml Zoledronic-
Graphene combination were generated in ultrapure water. UV vis spectrophotometer
examined ZOL-GO combination (Nanodrop Spectrophotometer, Thermo Technical, USA)

[1]

Fourier transforms infrared

FTIR Instruments were used to examine the chemical properties of ZOL conjugated with Go
in the spectrum of 4000400 cm™ at a frequency of 2 cm™. The ZOL-GO therapeutic
complexes' efficacy was examined in cell culture experiments using PC3 cells and WRL 68
cells [20].
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Atomic force microscope

This technique investigated GO and ZOL-GO nanoparticle surface morphology using the
Inc. SPM-AA300 (U.S.). 5 droplets of GO and ZOL-GO nanoparticle solution were roasted at
110 °C for 30 minutes. The probe force on the sample surface can be utilized to continually
screen the sample's 3D morphology/topography. This technique involves making a raster scan
of the tested material while considering distance and force. For unique sample topography,
the sample-tip force must be carefully considered [38].

Cell Culture

Human hepatic cell line (WRL68) and prostate cancer cell line (PC-3) were collected from
Al-Nahrain University's biotechnology center- Baghdad, Iraq. Among the cancer cells, bone
metastases are common. We employed DMEM along with fetal bovine serum (10%), and 100
U/mL of both penicillin, and streptomycin to keep these cell lines alive. Dulbecco's Modified
Eagle Medium Temperatures of 37 degrees Celsius and 5% CO2 were decided upon for all
cell lines. There have been investigations on cell survival, multiplication, and colony
formation in passages as small as 10 [39, 40]

cell viability assessment

According to Ulukaya and colleagues' findings, the MTT assay was used to evaluate how
the ZOL-GO drug complexes affected the viability of the cells [41]. To summarize, 2.5 x 10°
cells were planted into 96-well plates, then placed inside the incubator at 37 degrees Celsius
for 24 hours to facilitate attachment. On the next day, various concentrations (400, 600, and
800 pg/ml) of GO, ZOL and ZOL-GO were applied to the connected cells in order to treat
them. There were three separate sets of tests conducted for each concentration. After a
treatment period of 72 hours, DMEM was withdrawn from each well, and then 0.5 mg/ml of
MTT solution was applied. The newly generated formazan crystals were dissolved in DMSO
(170 pL /well) following an incubation period of 4 hours at 37 degrees Celsius. Afterwards,
the plates were subjected to mechanical agitation for ten minutes, and the optical density was
established using the microplate reader at 575 nm (Bio-rad, Germany). A log dosage
inhibition curve was utilized in the analysis, to determine the IC50 values of the samples.

Cell Cycle Study

A commercial Cycle Test (TM plus DNA kit) was also used to investigate the FTC-133
cell cycle following the injection of ZOL-GO (BD Bioscience). Assays were carried out in
Malaysia at the University of Malaya's Natural Products Research and Drug Discovery
Center. Human prostatic cancerous cells that pre-treated with ZOL-GO at concentrations
(400, 600, and 800 ug/ml, sequentially) for a time of 72 h were collected and placed in 70%
ethanol at temperature of -4 °C overnight. The cells were subsequently treated using 50
mg/mL PI staining liquid together with 0.1 mg/mL RNase A at room temperature within 30
minutes in the dark. A flow cytometer and Multicycle software system (Beckman Colter,
Brea, CA) was used to examine the DNA content of these cells[42].

Data Acquisition and Analysis

BD FACS flow cytometers are equipped with linear fluorescence magnification and
forward scattering (FSC) and on the side-scatter (SSC) monitoring. A flow cytometer
equipped together with an argon-particle laser illuminating at wavelength 488 nm excited Pl
in the dark blue-to-green scale. The sample was processed at a minimum absorption rate of 60
cycles per second, and the histograms were examined using the appropriate DNA analyzer.
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Examining the data statistically

GraphPad, version 6.0, was used to do the statistical analysis in the data (USA). The records
are stated as the means multiplied by the standard variation. (mean = SD). There were
noticeable variances between the groups. A one- or two-way Student's t analysis was utilized
to evaluate the data ANOVA, if necessary. P value below than or equal to 0.05 was evaluated
significantly.

2. RESULTS AND DISCUSSION
Photonic characterization of the ZOL-GO complex

The FTIR spectral data of GO as well as the ZOL-GO complex were generated at
concentrations ranging from 200 ng/ml to 11.7 ng/ml as revealed in Figurel. The stretching
mode of O-H [43, 44] can be identified in the FTIR spectra of GO by the bands located at
3562, 3465,1631,1224cm-1. There may be a connection between the band at1610 cm-1 and
the C=0 bending mode originated from the carboxyl group [43-46]. At a frequency of 1393
(38,39), the O-H distortion band was located. It is possible that the C-O functional group [44]
was responsible for the formation of the band at 1083 cm-1. In addition, the band that is
located at 918 cm-1 may be attributed to the presence of epoxy groups in the structure of GO
[45, 46]. In the ZOL-GO spectra, the bands located at 3334 and 3292 cm-1 were related to O-
H groups [43-46].
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Figure 1: FTIR Scales for A: Graphene oxide, B: Zol-Go at the concentration ranging from
(200 ng/ml to 11.7 ng/ml).
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This was the same relationship that was found in the spectrum of GO. Additionally,
Imidazole's CH=CH group vibrations are responsible for the bands at 1591 and 1612 cm-1,
whereas the band at 962 cm-1 is attributable to the C-C bonds' stretching vibration. [47, 48].
The C-H bonds stretching vibrations in the ring of imidazole [21, 47-49] are responsible for
the band that has a frequency of 1460 or 1392 cm1. The bands that were discovered at 1195
and 1261 cm-1 could have been caused by P-O bending vibrations and P=0O bending
vibrations, correspondingly [48]. In the spectra of ZOL-GO, besides ZOL band, there were
two additional GO-related bands. These bands were found in the middle of the spectrum.
There is a possibility that the C=0 bending vibration from the GO carboxyl groups [43-
46]was the cause of the 1612 cm-1 band. It is possible that the GO functional group (C-OH) is
responsible for the appearance of the band at 1085 cm-1. The existence of these bands served
as evidence that ZOL and GO had been conjugated. According to the results of the FTIR
analysis, the drug complexes were successfully synthesized

Characterization of Zoledronic and Graphene oxide conjugation by UV-VIS
spectroscopic analysis

The ZOL-GO conjugation was characterized via means of UV-vis spectrometry[1]. The
UV-vis scales of zoledronic, graphene oxide, and zoledronic-graphene oxide are visualized in
Figure 2. The peak of ZOL and GO are at a wavelength of 209 and 230 nm, correspondingly.
The fact that ZOL was stacked on GO can be determined from the peaks that appeared in the
UV-vis spectroscopy of coupled ZOL-GO. The peak of the UV-vis spectra of conjugated
ZOL-GO that is connected to ZOL has shifted from 209 nm to 198 nm, indicating that it has
been shifted. During this study, ZOL-GO complexes were created for the possible purpose of
medication delivery.

Absorbance

190 210 230 250 270 290 310 330 350 370 390

W ave length (nm)

Figure 2: UV-Vis spectrophotometer, Absorbance for Zoledronic, Graphene oxide and Zol-
Go recorded in aqueous solution.

According to the results of the FTIR analysis, the drug complexes were successfully

synthesized. This observation provided confirmation for the findings of the study [1, 20]
which demonstrated coupling of ZOL and GO through UV-vis spectroscopic analysis.
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Atomic force microscope Analyses

AFM was applied to measure the superficial roughness, topography, as well as
morphology (AFM). This approach gives atomic level 2D and 3D images of
nanoparticles[50]. The 2D and 3D AFM pictures of ZOL-GO were presented in Figure 3,
while Figure 4 revealed particle size distribution of ZOL-GO. AFM was used to measure the
size of ZOL-GO nanoparticles as indicated in Table 2. According to the results, the average
particle size of ZOL-GO was 73.23nm.

Figure 3: Nanoparticle ZOL-GO topologies shown in 2D and 3D using Atomic Force
Microscopy.

Table 2: The findings of the AFM investigation of the ZOL-GO Average Size

Avg. Diameter:73.23 nm <=10% Diameter:45.00 nm
<=50% Diameter:65.00 nm <=90% Diameter:110.00 nm
: . Volu . Volu
Diameter(n | Volume C umulat |Diameter(n me C umulat |Diameter(n me C umulat
m)< (%) ion (%) m)< (%) ion (%) m)< (%) ion (%)
45.00 9.98 9.98 90.00 3.27 | 75.86 135.00 0.54 | 96.73
50.00 12.34 22.32 95.00 4.17 | 80.04 140.00 0.54 | 97.28
55.00 7.44 29.76 100.00 3.63 | 83.67 145.00 0.73 | 98.00
60.00 8.35 38.11 105.00 2.54 | 86.21 150.00 0.54 | 98.55
65.00 9.80 47.91 110.00 2.36 | 88.57 160.00 1.09 | 99.64
70.00 7.80 55.72 115.00 290 | 9147 165.00 0.18 | 99.82
75.00 6.90 62.61 120.00 2.36 | 93.83 175.00 0.18 | 100.00
80.00 5.81 68.42 125.00 1.45 | 95.28
85.00 4.17 72.60 130.00 091 | 96.19
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Figure 4: Distribution of ZOL-GO nanoparticles by particle size

The viability and morphology of PC3 prostate cancerous cells

MTT assay was used to test various concentrations of free GO, ZOL, and the conjugate
ZOL-GO ranging from 10 to 1000 ug mL™ for 24 hr. on prostate cancer cells (PC3) and
normal cell lines (WRL 68). According to Figure 5, conjugated ZOL-GO is more cytotoxic
than free GO and ZOL, both of which showed dose-dependent cytotoxicity. Free ZOL and
GO have ICs, of 785.7 and 778.1 pg mL™ respectively against PC3, while the 1Cso of
conjugated ZOL-GO was 787.9 against PC3.on the other hand the 1Cso of GO, ZOL, and
ZOL-GO conjugation against WRL68 were 841.8, 880.2 and 932.7, respectively. The cell
viability of PC3 and WRL 68 at the 1Cso concentration was 47.9% and 89% for PC3 cells and
WRL68, respectively.
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Figure 5: Cytotoxic effect of graphene-oxide loaded Zoledronic acid against human
Prostate cancer (PC3) and human hepatic cells (WRL86) cell lines after 72 hr., incubation at
37°C.using A: GO (graphene oxide), B: ZOL (Zoledronic acid), and C: conjugated ZOL-GO
*: p-value < 0.05- significant.

After treating WRL-68 with GO, ZOL, and conjugated ZOL-GO, all drugs showed moderate
or low cytotoxic effects on normal cell lines. It is possible that ZOL-GO has a synergic effect,
resulting in a lower PC3 cell survival percentage than would be achieved with the use of
simply ZOL. Using an acridine orange analysis, Mohajeri et al.[51] found that
conjugated ZOL-GO had this impact, as evidenced by the results; The presence of the GO
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carrier most probably enhanced the drug's effectiveness. It was thought that absorption and
cell permeation through the bilayer membrane were the two processes that were responsible
for drug internalization in GO-affected cells. MCF-7 cells morphology changed when the
ZOL-GO combination was utilized, which requires further investigation [51]. The ZOL-GO
complexes tested on bone marrow-derived mesenchymal stem cells (BM-MSCs) with Alamar
blue had no significant negative impact on those cells, according to the results of the study.
Much other research [52-55] has also found that ZOL had no negative effects on BM-MSC
viability; these results back up those other studies' conclusions. The ZOL and ZOL-GO
combinations did not significantly diminish the survival of BM-MSCs; however, they
drastically minimize the survival of MCF-7 cells, which is beneficial for such treatment of
bone metastases[20].

Cell cycle analysis

A flow cytometer detected DNA following propidium iodide staining [56]. Cell cycle phase.
An experiment was done to determine whether the decrease of PC3 cell viability by
conjugated ZOL-GO was associated with cell cycle arrest.
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Figure 6: Influence of ZOL-GO on the distribution of prostate cancer cell line (PC3) cell
cycle phase, A: Flow cytometry histogram has shown the distribution of PC3cell at different
cell cycles (Gap 1, Synthesis, and Gap 2 / M) phases, used treatment control, 400, 600, and
800pg/mL for 24 hr., B: Mean cell counts differences at cell cycles (Gap 1, Synthesis, and
Gap 2/ M) phases.
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Using ZOL-GO at doses of 400, 600, and 800g/mL for 24 hours, the distribution of the cell
cycle was determined. When ZOL-GO concentration was increased in a dose-dependent
manner from 400 g/mL (56.2 percent) up to 800 g/mL (61.6 percent), the cell population
increased significantly in the G1 phase, as shown in Figures (3-10) A and B, in comparison to
the control with the p-value of around 0.002. ZOL-GO caused a high buildup of cells in the
G1 phase, resulting in the expansion of cell percentage in the G1 phase, indicating G1 cell
cycle arrest. We also saw a decrease in the number of cells within S+G2/M phase. However,
at this stage, there were no notable changes in the S phase to go along with the rise of G1. At
800ug/mL, the G2/M population reduced by 14.5 percent in contrast to the control after 24
hours of treatment, with p-values as low as 0.0001 for both treatments. These data suggest
that ZOL-GO may decrease the growth of PC3 cells by altering cell cycle regulators.
Apoptosis and cell cycle arrest are regarded to be the most essential targets for creating anti-
cancer medicines. It's possible that inhibiting the growth of tumor cells could lead to cell
death through a process known as "programmed cell killing." According to the results of the
flow cytometric study, ZOL-GO induced an accumulation of PC3 cells in the G1 phase in
such a dose-dependent manner, suggesting that the movement from the G1 to S phase was
prevented by ZOL-GO. This accumulation was mostly seen at 800ug/ml.

Conclusion

The influence of ZOL, GO, and conjugated ZOL-GO on WRL 68 and PC3 cell lines was
examined. zoledronic and graphene oxide did not impact WRL 68 vitality. Based on the
findings of our study, ZOL-GO that were evaluated shows a greater affinity for cancer cells
than they do for normal cells. ZOL-GO exhibited cytotoxicity that varied with concentration.
Additionally, the findings of this study demonstrated that ZOL-GO is a more cytotoxic
substance than its base form ZOL demonstrated significantly increased cytotoxic effects
against these cells by increasing apoptosis and interfering with cell cycle progression.
Considering the rapidly developing field of graphene-based medicine, the findings that we
have provided in this study have the potential to perform a vital part in the growth of future
applications of ZOL-GO in the treatment of prostate cancer and metastasis treatments.
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