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Abstract
Recently, nanocarriers have been made to eliminate the disadvantages of chemotherapeutic agents by nanocarriers. Nanocar-
riers show their efficacy through their targeted and controlled release. In this study, 5-fluorouracil (5FU) was loaded into 
ruthenium (Ru)-based nanocarrier (5FU-RuNPs) for the first time to eliminate the disadvantages of 5FU, and its cytotoxic 
and apoptotic effects on HCT116 colorectal cancer cells were compared with free 5FU. 5FU-RuNPs with a size of approxi-
mately 100 nm showed a 2.61-fold higher cytotoxic effect compared to free 5FU. Apoptotic cells were detected by Hoechst/
propidium iodide double staining, and the expression levels of BAX/Bcl-2 and p53 proteins, in which apoptosis occurred 
intrinsically, were revealed. In addition, 5FU-RuNPs was also found to reduce multidrug resistance (MDR) according to 
BCRP/ABCG2 gene expression levels. When all the results were evaluated, the fact that Ru-based nanocarriers alone did 
not cause cytotoxicity proved that they were ideal nanocarriers. Moreover, 5FU-RuNPs did not show any significant effect 
on the cell viability of normal human epithelial cell lines BEAS-2B. Consequently, the 5FU-RuNPs synthesized for the first 
time may be ideal candidates for cancer treatment because they can minimize the potential drawbacks of free 5FU.
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Introduction

Colorectal cancer is one of the most common and malig-
nant cancers, and chemotherapy and colectomy are mainly 
used for treatment. In recent years, the number of colorectal 
cancers has increased worldwide [1]. Despite the remark-
able progress in the treatment of colorectal cancer, the poor 
properties of drugs such as solubility, dispersion, perme-
ability, and bioavailability, as well as the development of 

drug resistance, have a negative impact on treatment [2, 3]. 
For all these reasons, the search for new treatment options 
continues. Nowadays, nanodevices consisting of nanoscale 
materials such as proteins, protein complexes, tissues, chro-
mosomes, lipids, carbohydrates, and metals are used for the 
diagnosis and treatment of diseases. Due to the complexity 
of cancer, numerous treatments are still being attempted, but 
none of them can guarantee survival. However, nanoparti-
cles have many advantages, such as drug delivery vehicles, 
controlled release at the target site, and high drug concen-
trations that prevent potential side effects [4]. Due to the 
enhanced permeability and retention (EPR) effect, nanopar-
ticles in the 10–200 nm range tend to accumulate in tumor 
tissue by passive targeting. This is because the endothelium 
of tumor tissue has increased permeability compared to the 
endothelium of normal tissue. Therefore, passive tumor 
targeting takes place as this accumulation cannot occur in 
normal tissue [5]. In addition, the lack of a lymphatic drain-
age system in tumor tissue ensures that nanoparticles do 
not become trapped in the reticuloendothelial system [4]. 
The fact that nanoparticles are smaller than 200 nm offers 
many advantages over conventional chemotherapy, such as 
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increased drug uptake, longer circulation time, reduced drug 
resistance, targeted therapy, and controlled release [6]. Drug 
delivery systems can extend the physiological circulation 
time of drugs and increase targeted drug delivery. Delayed 
and controlled release systems can reduce side effects by 
regulating drug bioavailability and maintaining drug con-
centration at specific time intervals [7]. Drug release is cru-
cial for improving the therapeutic efficacy of drug-loaded 
nanoparticles and reducing dose-dependent toxicity [8, 9]. 
Various NPs can enhance the efficacy of 5FU in colon can-
cer cell lines [10].

Complexes of metals and heterocyclic ligands are of 
particular interest in bioinorganic chemistry because they 
are model compounds of metal proteins. In recent years, 
inorganic drugs have formed an important part of medical 
therapeutics, and the synthesis of N-coordinated metal com-
plexes has been intensively studied in coordination chemis-
try [11–13]. Ruthenium is preferred because it has low toxic-
ity to normal cells, is more readily absorbed by tumor cells, 
and is easily excreted from the body [13]. One of its main 
advantages is that it selectively targets and binds the patient's 
tissues, especially thanks to its ligand structure [14]. Unlike 
platinum, it has shown therapeutic effect in tumors resist-
ant to cisplatin by binding to DNA crosslinks at different 
sites [15]. Despite all these properties, studies on Ru-based 
nanoparticles are still nascent and very limited [16–19]. For 
cancer prevention, the synthesis and development of new 
molecules is very important for the selection and direct 
elimination of the target. As far as we know, RuNPs have 
been synthesized and studied for their various properties, 
but drug-loaded Ru nanocarriers have not been found in the 
literature. Moreover, only the cytotoxic effects of RuNPs 
have been evaluated by [20]. 5FU is an important antican-
cer agent that is frequently used in many types of cancer. 
Although the mechanism of action is still being investigated, 
various studies are carried out to investigate its effectiveness 
against cancer. However, drug resistance limits the clinical 
use of 5FU [21]. For these reasons, we searched for new 
drug delivery systems that would increase the effectiveness 
of 5FU. In this study, ruthenium nanocarrier loaded with 
5FU was synthesized for the first time and the effects of this 
nanocarrier on cancer cells were investigated. Additionally, 
the activity of free 5FU and 5FU-RuNPs on HCT116 colon 
cancer cell viability was compared.

Materials

RuCl3 (Ruthenium (III) chloride), NaBH4 (Sodium 
borohydride) and SDS (Sodium dodecyl sulfate) (Sigma 
Aldrich) used in the study were taken in analytical purity. 
Dialysis tubing cellulose membrane (Sigma Aldrich Company) 
was performed in drug release analyzes. Dulbecco's Modified 

Eagle Medium (DMEM) (Gibco, Thermofisher Scientific), 
Fetal bovine serum (FBS) (Sigma Aldrich), penicilin-
streptomicin (pen/strep) (Gibco, Thermofisher Scientific), 
and Sulforhodamine (SRB) (Sigma Aldrich) solution were 
used for cell culture analyzes. Hoescht33342 (ThermoFisher) 
and Propidium Iodide (PI) (BioLegend) were utilized 
in immunofluorescence analyzes. Anti-Beta actin (Cell 
signaling, 4970, USA), anti-BCRP/ABCG2 (Abcam, 130244, 
UK), anti-p53 (Abcam, 32389, UK), anti-Bax (Elabscience, 
E-AB-13814, USA), anti-Bcl2 (GeneTex, GTX100064, 
USA) primary antibodies and the secondary antibody (Santa 
Cruz Biotechnology, Inc., Santa Cruz Ca USA) were used in 
Western Blotting.

Methods

Preparation of Nano‑drug Composite

A wet chemical method (chemical reduction method) was 
used for the synthesis of Ru nanoparticles. A stock solu-
tion was prepared by dissolving 0.1 mM RuCl3 in 50 mL of 
water. After the stock solutions of 3 mM NaBH4 and 2 mM 
SDS were prepared, equal volumes (1:1:1 w/w-Ru:NaBH4: 
SDS) of all stock solutions were placed in a beaker and 
mixed with a magnetic stirrer for 15 min. The solution was 
used as a RuNP stock solution [22]. 5-FU was dissolved in 
water at a concentration of 1 mg/mL as 5-FU stock solution. 
The resulting NanoRu stock solution was mixed with the 
5-FU solution previously prepared in aqueous medium at a 
concentration of 1 mg/mL (1:1 w/w- RuNano:5-FU). The 
mixture was sonicated in an ultrasonic bath at room tempera-
ture for 15 min. The structure of the 5FU-RuNP structure is 
shown in Fig. 1.

Characterization of Ruthenium‑based Nanoparticles

Zeta Sizer Measurements

Zeta sizer measurements were made at room temperature. 
Dimensional analysis of Ru samples was performed by 
dynamic light scattering (DLS) measurements using Zeta-
sizer Nano ZS using 4 mW He–Ne laser operating at a wave-
length of 633 nm and a detection angle of 173°.

Energy Dispersive X‑ray Analysis (EDX)‑Field‑Emission 
Scanning Electron Microscopy (FE‑SEM) Analyses

For FE-SEM and EDX analysis, RuNPs and 5FU-RuNPs 
samples were dropped on glass substrate and coated with 
Au/Pd at 45 A0 thickness by Polaron sc 7620 mini sputter 
coater device. Regarding liquid samples’ analysis, imaging 
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was performed by dropping on glass substrates and putting 
on the device after drying.

Absorption Measurements

Absorption of aqueous solutions of synthesized materials 
was measured with Hach Lange DR 5000 Spectrophotom-
eter. Measurements were taken in the wavelength range of 
200–1100 nm using water as a reference for the reference 
part of the spectrophotometer and the solutions prepared for 
the sample part.

Drug Release Analysis

5FU medication release from NPs was studied in vitro in 
buffer solutions (pH 7.4) at 37 ± 0.5 °C using a dialysis tub-
ing cellulose membrane (average flat width 10 mm) (0.4 
in.) and PBS buffer solution. 5FU drug loaded on 1 mg/
mL nanocarrier was transferred to 2 ml dialysis membrane. 
Dialysis membrane size is approximately 16 cm, ambi-
ent temperature is approximately 37 ± 0.5 °C. Both ends 
of the dialysis membrane were closed. 5FU loaded on the 
nanocarrier in the dialysis membrane was left in 50 ml of 
buffer solution with pH: 7.4, and the release was followed 
for 50 h. 5 different concentrations were prepared with 5FU 
drug and their absorbance at 290 nm was determined by UV 
spectrophotometer.

Cell Culture Tests

The human colon cell line (ATCC) HCT116 was selected 
for this study. Cells were grown in DMEM with 10% FBS 
and 1% Pen/Strep in T75 culture flasks, and the degree of 
confluence of the cells was set at 80%. Then, 5000 cells were 
seeded in 96 wells and incubated at 5% CO2 and 37 °C. For 
the next day treatment, 6 different doses (0.7, 1.4, 2.8, 5.6, 
11.25, and 22.5 µl) of free 5FU, RuNPs, and 5FU-RuNPs 
were added to them and incubated again for 48 h. After 

48 h, the antiproliferative activity of free 5FU, RuNPs and 
5FU-RuNPs against colon cancer cell line (HCT116) was 
analyzed at least three times by SRB assay. The sulforho-
damine B (SRB) assay does not show metabolic activity 
like 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT). Instead of metabolic activity, SRB binds 
mainly stoichiometrically to proteins with this dye, so living 
cells can be determined [23]. Human epithelial cells (BEAS-
2B) were used as healthy controls, and cell viability was 
measured on this group.

Dose–response curves were generated to calculate the 
IC50 (concentration that inhibits the growth of 50% of cells) 
of the RuNPs. This parameter was used to compare the effi-
cacy of the 5FU-RuNPs.IC50 Calculator (AAT Bioquest) 
was used for IC50 calculation (https://​www.​aatbio.​com/​tools/​
ic50-​calcu​lator).

HOESCHT/PI Double Staining

HCT116 cells were seeded on 96-well plates with 5000 
cells/100 µl in each well. IC90 levels of free 5FU, RuNPs, 
and 5FU-RuNPs were administered, and after 24 h, the 
Hoescht33342/ PI staining protocol was used. 50 µL of 
the two dyes were added to the wells, from which super-
natants were taken from the working solution prepared at 
1 µg/mL and incubated at room temperature in the dark. 
Photographs were taken using a Nikon Eclipse Ts2 immu-
nofluorescence microscope.

Western Blot Analysis

In the cell lysates, the amount of total protein was deter-
mined by the Bradford method in a plate reader (Thermo 
Scientific Multiskan FC, 2011–06, USA) at a wavelength 
of 595 nm. 1 mg/ml bovine serum albumin (BSA) was 
used as a standard. For each sample, approximately 20 µg 
of total protein was loaded into SDS-PAGE and run at 
120 mV for 1 h. Transfer of protein samples in the gel onto 

Fig. 1   Schematic construction of 5FU-RuNPs

https://www.aatbio.com/tools/ic50-calculator
https://www.aatbio.com/tools/ic50-calculator
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PVDF membranes was performed using the transfer device 
(Biorad, USA) (incubation at 110 mV for 10 min). For the 
blocking process of the membranes, they were incubated 
in 5% skim milk at room temperature in an orbital shaker 
for 1 h. After blocking, the membranes were washed 5 
times for 5 min with TBS -T.

The primary antibodies anti-beta-actin, anti-BCRP/
ABCG2, anti-P53, anti-Bax, and anti-Bcl2 were prepared 
in 2.5% skim milk at ratios of 1/1000, 1/500, 1/750, 1/200, 
and 1/200, respectively. After labeling the membranes 
with the primary antibodies, they were incubated over-
night at + 4 °C. After washing the membranes with TBS 
-T, they were labeled with the secondary antibodies pre-
pared at a ratio of 1/1000 and incubated at room tempera-
ture for one hour. The antibody bands were visualized and 
analyzed on the Vilbert Laurmart Fusion Fx5 instrument.

Statistical Analysis

Experiments were repeated at least three times, and 
results were presented as mean ± standard deviation 
(SD). Between the groups, Kruskal–Wallis and one-way 
analysis of variance (ANOVA) tests were performed 
using GraphPad Prism version 5 software. p < 0.05 con-
sidered to be significant and p < 0.01 considered to be 
significant remarkably.

Results and Discussion

The Results of the Characterization of 5FU‑RuNPs were 
Determined Suitable to Penetrate into HCT116 Cells

While the specific peak of Ru nanoparticles [24] was 
detected at 280 nm according to UV–VIS Spectrum, this 
peak shifted to 291 nm when 5FU was bound to RuNPs 
(Fig. 2). This absorption peak, resulting from charge transfer 
from the oxygen atom to ruthenium at 280 nm, shifted to 
the visible region at 291 nm due to the interaction of ruthe-
nium with electro-negative atoms such as F, N, or O in 5FU. 
While the electronic π-π* transitions of the 5FU molecule 
are observed at 230 nm in the literature due to the aromatic 
ring and double bonds, they were detected at 233 nm in this 
study due to the solvent effect and RuNPs (i.e., environ-
mental effects) [25]. Since it was not measured in a vacuum 
environment of 200 nm and below, it was not evaluated.

As mentioned earlier, the measurements were per-
formed using the Zetasizer Nano ZS instrument. Each 
sample was measured three times, and the average of the 
three measurements was obtained. Figure 3 shows that 
the size distribution of RuNPs ranged from 13.54 nm to 
68.06 nm. However, nanoparticles larger than 100 nm were 
not detected. While the mean particle size was measured 
at 21 nm, the derived count rate was 90 (PDI: 0.607). The 
size distribution ranged from 37.84 nm to 122.4 nm when 

Fig. 2   UV–VIS spectrum of 
RuNPs and 5FU-RuNPs
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Fig. 3   ZetaSizer spectrums of a RuNPs and b 5FU-RuNPs

Fig. 4   a FE-SEM images b EDX spectrums of RuNPs and 5FU-RuNPs
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5FU was bound to RuNPs. The average particle size was 
50–60 nm. The derived count rate was 60 (PDI: 0.589). 
An increase in particle size was observed when 5 FU was 
bound to RuNPs. While the surface potential of RuNPs 
was -40.7 mV, it increased to -57.7 mV when 5FU was 
bound. However, the conductivity of the solution also 
increased. The change in surface potential also affected 
the Krebs assays. Looking at the count rate values, it can 
be seen that although the number of nanoparticles in the 
environment decreased, more mature nanoparticles were 
formed compared to the PDI values.

When examining FE-SEM and EDX data, it was found 
that, except for the strong peak of Si substrate material, 
C and O RuNPs originated from SDS, while the relative 
proportions of these elements increased when 5FU was 
bound (Fig. 4a). A decrease was observed in the amount 

of Ru. According to the images from FE-SEM, RuNPs 
were observed at 100 nm and below, while nanoparticles 
were detected at 100 nm and at the edges when 5FU was 
bound (Fig. 4b). It is normal to observe such agglomera-
tions when nano solutions, usually prepared as aqueous 
solutions in FE-SEM analyzes, are dried on the glass sub-
strate in a sterile environment at room temperature over-
night. However, the results are consistent with the zeta 
sizer aspect ratios.

Drug Release Studies of 5FU‑RuNPs were  
Found Effective

To evaluate the drug release profile, drug release from 
the nanocarrier loaded with 5FU was performed at physi-
ological pH, pH 7.4. According to the UV results, the 
wavelength of the 5FU anticancer drug was determined 
as 290 nm. From the measurements performed at different 
time points at this wavelength, the release of 5FU from 
the Ru nanocarrier is cumulative, especially in the first 
10–12 h, and the release percentage reaches about 85% 
within 12 h (Fig. 5). According to the UV results, there 
appears to be a gradual increase in the cumulative 5FU 
release rate from 5FU-RuNPs over time. In addition, the 
fact that 5FU from RuNPs has a high release rate of 85% 
is important for the drug effect to reach the targeted cancer 
cells at a high rate.

5FU‑RuNPs Significantly Decreased Cell Viability

5FU is a cancer drug with proven efficacy and is especially 
preferred in the treatment of colorectal cancer. However, it 
has many disadvantages, such as short half-life [26], rapid 
diffusion into tumor tissue, retention of 5FU in CRC [27], 
rapid degradation in the body, the need for higher doses for 

5FU-Ru-NPs
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Fig. 5   Cumulative drug release of 5FU from 5FU-RuNPs

Fig. 6   The graphic shows the difference between all group’s viabilities in each dose after 48 h. a HCT116. p = 0.0054. b BEAS-2B. p = 0.0033. 
n = 3, p < 0.01 compared with control
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more effective results [28], and high treatment costs [29]. 
The main goal is to minimize or eliminate these drawbacks 
to increase treatment success. Therefore, nanocarriers are 
ideal candidates for this purpose.

22.5 µg/mL 5FU most effectively inhibited cell growth 
of HCT116 cells (Fig. 6a). It is evident that 5FU-RuNPs are 
more effective than free 5FU. In this study, the cytotoxic 
effect of RuNPs not loaded with 5FU on HCT116 colon 
carcinoma cells and normal BEAS-2 control cells was also 
investigated, and no significant cytotoxic effect was found. 
These results indicate that metal based RuNPs are not toxic. 
Studies have shown that ruthenium complexes have very 
low toxicity in healthy tissues [30, 31]. BEAS-2B cells, the 
healthy control group, were also not significantly affected 
by free 5FU, RuNPs, and 5FU-RuNPs (Fig. 6b). All groups 
were compared with the control group and statistical signifi-
cance was found between the groups with free 5FU and 5FU-
RuNPs (p = 0.0183, p < 0.05). According to the IC50 values 
of HCT116 cells, the IC50 of free 5FU was 51.8897 µg/ml, 
while the IC50 of 5FU-RuNPs was 19.8122 µg/ml (Table 1). 
According to our findings, it is noteworthy that 5FU-RuNPs 
are 2.6 times more effective than free 5FU. Accordingly, the 
side effects of 5FU are reduced by treatment with a lower 
dose of the drug. Considering the results, the novel Ru nano-
carrier enhances the effect of 5FU and provides a promising 
option for cancer treatment.

On the other hand, the 5FU-RuNPs did not show significant 
cytotoxicity on BEAS-2B cells. For this reason, IC50 and IC90 
calculations could not be performed, and Western blotting and 
Hoescht/ PI staining were not performed with BEAS-2 cells.

Apoptosis was Increased with 5FU‑RuNPs Effect 
in Colorectal Cells

Hoechst 33342, a stain for the nuclei of living cells, and PI, 
a fluorescent stain for DNA in cells, are used to determine 
cell survival. PI binds mainly double-stranded nucleic acids 
in apoptosis, necrosis, and fixed cells, but cannot cross the 
membrane of living cells [32]. After the application of 5FU-
RuNPs, apoptosis was significantly increased in contrast to 
the control group. When the group treated with 5FU was 
compared with the group treated with 5FU-RuNPs, a lower 
percentage of dead cells was observed (Fig. 7). Moreover, 
apoptosis in HCT116 cells was increased by using a lower 
concentration of 5FU in a Ru nanocarrier loaded with 5FU.

Apoptosis‑related Proteins were Found Remarkably 
Changed with the Effect of 5FU‑RuNPs

Apoptosis is activated by altering the permeability of the 
mitochondrial membrane, which is involved in the intrinsic 
pathway [33]. The proteins BAX (pro-apoptotic) and BCL-2 
(anti-apoptotic) determine the fate of the cell through this 
pathway [34]. It has also been reported that p53, a tumor 
suppressor gene, activates apoptosis by affecting BAX gene 
expression [35]. Application of 5FU-RuNPs to HCT116 
cells significantly increased the protein expressions of pf 
Bax/Bcl-2 and p53 (p < 0.05). When we compare the effect 

Table 1   Comparison of  
IC50 values of free 5FU  
and 5FU-RuNPs treated 
HCT116 groups

Groups IC50 values (µg/
mL)

Free 5FU 51.8897
5FU-RuNPs 19.8122

Fig. 7   Cell death was detected 
by immunofluorescent images in 
groups. According to Hoescht/
PI double staining images of 
HCT116 groups, apoptotic cells 
were seen as pink color. The 
magnification of the figures 
for each group is 20 × and 40x, 
respectively. The percentages of 
apoptotic cells for each group 
were determined by comparison 
with the control group. n = 3, 
p < 0.05
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of 5FU with that of 5FU-RuNPs on colorectal cells, we see 
a marked increase in apoptotic proteins. (Fig. 8a–c). There-
fore, in this study, we found that apoptosis occurs via the 
intrinsic pathway.

5FU‑RuNPs Decrease the BCRP (ABCG2)‑mediated 
Multidrug Resistance in HCT116

MDR is a very important condition that negatively affects 
the response to 5FU treatment in colorectal cancer, as in 
most cancers, and must be overcome [36, 37]. Resistance to 
5FU is thought to be related to overexpression of dihydro-
pyrimidine dehydrogenase (DPD) by breast cancer resist-
ance protein (BCRP), also known as ABCG2, which leads 

to inactivation of 5FU [38]. ABCG2 also causes multidrug 
resistance by preventing the retention of many drugs in the 
cell for most treatments [39].

Membrane permeability and vascularity increase in 
tumor tissues. Therefore, nanoparticles between 10 and 
200 nm tend to accumulate in tissues in the form of pas-
sive targeting [5]. In addition, the controlled release of the 
drug increases the half-life of the drug in the tumor region 
[40], and they also override any mechanisms that cause 
drug resistance by passing through the extracellular and 
intracellular membranes [41].

It was found that the expression of BCRP statistically 
decreased (p < 0.05). In this study, while drug resistance in 
the control group was quite high at baseline, interestingly, 

Fig. 8   In HCT116 cells the impact of RuNPs on protein expression levels of Bax/Bcl-2, p53, and BCRP are shown. Data represented as 
mean ± SD. *p < 0.05 compared to control cells. **p < 0.01 compared with their respective control cells
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the amount of ABCG2 decreased significantly after treat-
ment with 5FU-RuNPs (Fig. 8d). It is suggested that Ru-
based nanoparticles loaded with 5FU may be a remarkable 
anticancer agent for cancer therapy.

Conclusion

Clearly, the efficacy of 5FU could not be achieved due to 
drug resistance, and treatment of colorectal cancer failed 
to produce results in some patients and resulted in death. 
The side effects in surviving patients significantly affect 
their quality of life. In recent years, several studies have 
been conducted to minimize or eliminate the failure rate 
of these chemotherapeutic agents. Nanocarriers provide 
very successful results with their targeted and controlled 
release. In this study, we successfully synthesized RuNPs 
loaded with 5FU for the first time. Considering the release 
profiles of 5FU-loaded Ru nanocarriers, their cytotoxic 
and apoptotic effects, and their effects on drug resistance, 
it is believed that 5FU-RuNps may be a promising new 
anticancer agent in cancer therapy. We believe that the 
synthesized novel nanoparticles will be an enabler for fur-
ther studies.
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