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This study introduces new amphiphilic low-molecular-weight chitosan (ALMC) and imidazolium ionic liquid
(IIL) as encapsulating agents for in-situ ruthenium nanoparticles (RuNPs) synthesis, resulting in Ru-
nanobicomposites (RNBCs: Ru/IIL, RNBC1; Ru-IIL/ALMC, RNBC2) with mean diameters of (2.16-5.19 nm).
RNBCs display remarkable collodial stability with high {-potential values ((+39.95)-(+48.07) mV) and uniform
size distribution with low polydispersity index values (0.23-0.21). In vitro experiments revealed that RNBCs had
potent anti-cancer properties, with ICso values indicating that they were more toxic to HepG2 cells (ICso = 2.16
+ 0.17-9.12 £ 0.71 pg/ml) than CaCo-2 cells (IC5p = 0.61 + 0.25-11.05 + 0.48 pg/ml). Specifically, IIL and
ALMC’s dual-encapsulated RuNPs (RNBC2) could be a potential anticancer drug. RNBC2 increased intrinsic
apoptotic markers P53 and Bax gene expression and inhibited Topo II, damaging liver cancer cells. These findings
show that RuNPs’ encapsulating materials affect their interactions with cancer cells and enhance their anticancer
capabilities.

1. Introduction

Human hepatoma, also known as hepatocellular carcinoma (HCC),
and colon carcinoma (CRC) are two prevalent types of cancer that pose
significant health risks to individuals worldwide. These malignancies
are characterized by their aggressive nature and potential to metasta-
size, leading to poor prognoses if not detected and treated early
(Yapasert et al., 2020). Treating human hepatoma and colon carcinoma
poses significant challenges due to the development of resistance
mechanisms and the occurrence of side effects. Resistance to chemo-
therapy is a major obstacle in the management of these malignancies.
Cancer cells acquire resistance through various mechanisms, including
altered drug metabolism, increased drug efflux, altered drug targets, and
activation of prosurvival signaling pathways. These resistance mecha-
nisms can render standard chemotherapeutic agents ineffective, leading
to treatment failure. Additionally, side effects associated with

chemotherapy can be debilitating for patients. The toxicities of
chemotherapy drugs can affect various organ systems, such as the
gastrointestinal tract, bone marrow, and nervous system. These side
effects can significantly impact the patient’s quality of life and limit the
effectiveness of treatment (Anwanwan et al., 2020, Cardenas and
Abrishami, 2023). Therefore, the current approaches and future di-
rections in chemotherapeutic treatments for human hepatoma and colon
carcinoma involve the use of combination therapies, nanomedicines,
and personalized medicine, which hold great promise in overcoming
drug resistance and improving treatment outcomes (Qin et al., 2023).
In recent years, nanomedicine has emerged as a promising field for
cancer treatment, with nanomaterials such as noble metal nanoparticles
(NMNPs) showing great potential for delivering therapeutic agents to
tumor sites (Wicki et al., 2015). However, there are still several chal-
lenges that need to be overcome for the successful implementation of
NMNPs-based cancer nanomedicine. One of the major challenges is the
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limited stability and biocompatibility of NMNPs, which can lead to
toxicity and unwanted side effects (Giri et al., 2023). Behzad et al.
emphasize the importance of developing surface modification tech-
niques to enhance the stability and biocompatibility of NMNPs. By
functionalizing the surface of NMNPs with biocompatible polymers or
targeting ligands, it is possible to improve their stability in physiological
conditions and reduce their toxicity (Behzad et al., 2021). Another
challenge is the efficient and targeted delivery of NMNPs to tumor sites.
The use of active targeting strategies, such as the conjugation of tar-
geting ligands to NMNPs, enhances their accumulation in tumors. In
conclusion, overcoming the challenges associated with NMNPs-based
cancer nanomedicine requires the development of surface modifica-
tion techniques, active targeting strategies, stimuli-responsive drug
release systems, and a rigorous evaluation of their safety and efficacy.

Among NMNPs, ruthenium nanoparticles (RuNPs) have gained
considerable attention due to their unique physicochemical properties,
such as their small size and well-designed morphlogy, and their ability to
selectively target tumor cells (Ali et al., 2017, Samir et al., 2023). RuNPs
have been shown to exert their anticancer effects through a variety of
mechanisms. Firstly, RuNPs can trigger both intrinsic and extrinsic
apoptotic pathways, killing cancer cells. This occurs as a result of
mitochondrial malfunction and cell death brought on by the generation
of reactive oxygen species (ROS). Secondly, RuNPs can inhibit cancer
cell proliferation by interfering with cell cycle progression. They can
induce cell cycle arrest at specific checkpoints, such as the G1/S or G2/
M phases, thereby preventing cancer cells from undergoing uncontrolled
division. In addition, RuNPs have the capacity to suppress angiogenesis,
which is pivotal for tumor development and spread. They can interfere
with signals necessary for angiogenesis, leading to the suppression of
new blood vessel formation and subsequent tumor regression (Zhou
et al., 2016, Xia et al., 2022). However, RuNPs are often prone to ag-
gregation, oxidation, and other degradation processes, which can
significantly limit their stability and functionality (Gutel et al., 2009).
Surface modification techniques offer a promising solution to address
these challenges and improve the stability of RuNPs.

One commonly employed surface modification technique, to stabi-
lize RuNPs sterically and electrostatically, is the functionalization of
RuNPs with ionic liquids (IILs) (Salas et al., 2011, S Campbell et al.,
2013). In recent years, the use of imidazolium ionic liquids (IILs) has
gained significant attention in the field of RuNPs stabilization due to
their unique properties, such as high thermal and chemical stability, low
volatility, and tunable solubility (Salas et al., 2011, S Campbell et al.,
2013). Moreover, the use of IILs has been shown to improve the size and
morphology of the nanoparticles, as well as their dispersibility in various
solvents. The stability of MNPs and IILs is due in part to electrostatic and
steric interactions that do not alter the surface properties of the nano-
particles (Verma et al., 2019, Hassanpour et al., 2022). Additionally,
because of their remarkable physical features, ILs are also suitable en-
vironments for the synthesis and stability of RuNPs (S Campbell et al.,
2013).

Notably, chitosan was selected as an ideal stabilizing agent due to its
inexpensiveness, renewability, ease of chemical modification, and
hosting capabilities for entrapping NMNPs via strong interactions be-
tween the polymer’s amino groups and the metal surfaces (Shukla et al.,
2013). Furthermore, chitosan is widely used in a wide range of
biomedical application domains thanks to its low toxicity, tailored
biodegradability, and high biocompatibility (Geng et al., 2023). In
particular, the low molecular weight chitosan (LMC) has been well
documented for its potential biological action in numerous biomedical
studies, including those on COVID-19, anti-inflammatory, antioxidant,
antibacterial, antitumoral, and antiviral activity (Jaber et al., 2022,
Kedir et al., 2022).

These impressive findings motivated us to persist in our quest to
develop innovative drugs (Elshaarawy et al., 2017, Elshaarawy et al.,
2020, Refaee et al., 2022). In this study, we detail the production of
novel ionic liquids (IILs) and amphiphilic low molecular weight chitosan
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(ALMC) as a combined reducing and stabilizing agent for the creation of
Ru-nanobiocomposites (RNBCs). Additionally, the pharmacological
properties of the RuNPs-based nanocomposites were evaluated.

2. Materials and instrumentations

All chemicals, solvents, and other compounds used in this investi-
gation, along with detailed information on their characteristics and their
origins, are found in the electronic supplementary material (ESMt). Our
prior research provided us with the raw materials including glycidyl-
dimethylhexadecyl ammonium chloride (GDMHAC), LMC, and cuminyl
chloride (1). Moreover, the ESM7 detailed the synthesis and character-
ization of N-benzylidene LMW (BLMC) and imidazolium ionic liquids
(IILs, 2a,b). Microanalytical, spectral methods (FTIR, UV-Vis, NMR Qs!
NMR, '3C NMR, !'B NMR, '°F NMR, and ESI-MS), and physical mea-
surements were used to examine the structural and physical features of
new materials. Information on the tools employed in these in-
vestigations is found in the ESM{ as well.

2.1. Preparation of IIL-coated RuNPs (RNBC1)

A full stepwise protocol used for the preparation of the starting
materials and intended RNBCs is depicted in Fig. 1. IIL-coated RuNPs
were prepared using a protocol modified from Parida et al work (Parida
et al., 2022). Briefly, the preparation was carried out by adding 31.11
mg of RuCls (0.15 mmol) to 3 mL of IIL (2b) and 15 mL of dry THF in a
Schlenk flask at room temperature (RT), and then stirring the mixture
for 2 h at 750 rpm. The resulting dark yellow solution was then
degassed, heated to 80 °C, and stirred for a further 2 h. After cooling the
reaction mixture to RT, NaBH4 (30.26 mg, 0.8 mmol) was added while
stirring vigorously. The development of RuNPs was indicated by the
dark yellow solution’s gradual blackening. For the full conversion of
ruthenium salt to Ru(0) and the generation of NPs, stirring at room
temperature was continued for 24 h. This was verified by UV-Vis
spectroscopic analysis. If the broad absorption band in the precursor’s
spectrum disappears after reduction, it means all the Ru™® ions have
been converted to Ru(0) (see Fig. 1).

Afterward, the reaction mixture was centrifuged for 15 min at 8000
rpm and 15 °C to collect the IIL-coated RuNPs (RNBC1). Following this
initial centrifugation, RuNPs were re-suspended in a mixture containing
15 mL of acetone and 20 mL of diethyl ether, and the combined mixture
was re-centrifuged. One more time, this procedure was repeated. The
subsequent step was dissolving the resultant sticky, black substance in 5
mL of methanol and centrifuging it with 25 mL of diethyl ether. At 15°C,
all centrifugations were conducted for 15 min at 8000 rpm. Finally, the
resulting glossy black product was vacuum-dried at 35 °C until it
reached a constant weight.

2.2. Preparation of ALMC/IIL-coated RuNPs (RNBC2)

50 mg of ALMC (0.1 % W/V) and 500 mg of IIL (2b) were dissolved in
50 mL of dry THF and magnetically agitated for 60 min to prepare a
homogenous suspension. The solution was then subjected to a 30-minute
ultrasonic treatment. After that, 177 mg of RuCls is added to the
aforementioned solution and stirred at 80 °C for 2 h. Following cooling
to RT, 378 mg of NaBH4 was slowly added to the ALMC/IIL/RuCl;
mixture while vigorously stirring. The content was subsequently sub-
jected to a 6-hour ultrasonic treatment to form a homogeneous disper-
sion. Afterward, the reaction mixture was centrifuged for 15 min at
8000 rpm and 15 °C to collect the Ru-IIL/ALMC (RNBC2). After that, the
RNBC2 was washed three times with ultrapure water, ethanol, and
finally diethyl ether to remove the unreacted materials. After washing,
the obtained product was vacuum-dried at 40 °C until it reached a
consistent weight.
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Fig. 1. Step by step synthesis of ALMC (A); IIL (2b) (B); and as well thier utlization in the prepration of stablized RuNPs-based NBCs (C).

2.3. Cytotoxicity performance

Two medically significant cancer cells (hepatocellular (HepG2) and
colorectal (CaCo-2) carcinomas) as well as normal human liver cells
(THLE2) were used to test the novel Ru-nanocomposites’ cytotoxic ef-
fects. According to our previous studies, we used the MTT assay to
perform these analyses, which are described in detail in the ESM{
(Elshaarawy et al., 2017).

2.4. Gene expression assessment

The expression levels of the P53, BAX, and Bcl2 genes in untreated
and NBC2-treated HepG2 cells were compared using the real-time PCR
(RT-PCR) method. This was accomplished by culturing HepG2 cells in
tissue culture dishes and then treating them with NBC2 at an inhibitory
dose (2.16 g/mL) for 24 h. Following the manufacturer’s protocol, RNA
was initially extracted using a Qiqamp mini kit (Qiagen; USA). The total
cellular RNA was then subjected to RT-PCR analysis using one-step
QuantiTecht SYBR green (Qiagen; USA) to quantify gene expression of
P53, Bax, and Bcl2 before and after NBC2 treatment, according to a

previous work (Abdel-Megeed et al., 2022). Table S1 (ESMt) provides
the primer sequences and experimental settings used in this analysis.
The comparative CT (2°22°T) method was applied to determine the
relative expression for each gene (Abdel-Megeed et al., 2022).

2.5. Topoisomerase inhibitory effect

The most potent anticancer agent (RNBC2) was tested for its capacity
to inhibit human DNA topoisomerase II (Topo II) using an enzyme-
linked immunosorbent assay (ELISA) kit, following the kit’s in-
structions. All of the samples and reagents were set up according to the
work processes (Topcu, 2001, Asghar et al., 2023). The protocol used to
perform these analyses was described in detail in the ESM+.

2.6. Statistical methods

The results of this study were graphically presented, statistically
analyzed, and mathematically treated using the programs OriginPro
9.1.32 and SPSS v17. A result was considered to be statistically signifi-
cant if its P value was < 0.05.
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3. Results and discussion
3.1. Synthesis

Intially, a three-step protocol is established to synthesize the desired
imidazolium ionic liquids (IILs, 2a,b) from tert-butylbenzene (TBT) (see
Fig. 1). To begin, a mixture of dimethoxymethane, chlorosulfonic acid,
and zinc iodide was used to chloromethylate TBT, producing 4-(tert-
butyl)benzyl chloride (TBBC, 1). Then, in an inert atmosphere, 3-(4‘tert-
butyl benzyl)-1,2-dimethyl imidazolium chloride (2a) was prepared by
quaternizing 1,2-dimethylimidazole with the TBBC under refluxing
conditions. Submitting 2a to anion metathesis with BF; at under
ambient conditions yielded the corresponding imidazolium tetra-
fluoroborate ionic liquid (2b). On the other hand, the amphiphilic low
molecular weight chitosan (ALMC) was prepared by O-quaternization of
LMC with glycidyldimethylhexadecyl ammonium chloride (GDMHAC)
through three consecutive reactions: NHj-protection by Schiff-base
condensation, O-quaternization, and NHy-deprotection by acidic hy-
drolysis. Eventually, the single-layered IIL-encapsulated RuNPs
(RNBC1) and dual-layered IIL/ALMC-encapsulated RuNPs (RNBC2)
were prepared by the thermal reduction of its chloride precursor (RuCls)
using NaBH, as a reducing agent and mediated with IIL/THF or IIL/
ALMC/THF, as a green solvent and stabilizing agent, in an inert
environment.

3.2. Physicochemical characterization

3.2.1. Physical characterization

An excellent yield of IIL (2b, 81.9 %) was realized, and the resulting
yellow oil had a density of 1.621 g/cm? and an intrinsic viscosity [4] of
439.25 cP. In addition, thermogravimetric analysis (TGA) (Fig. S1,
ESM7) demonstrates that 2b has high thermal stability (decomposition
temperature 399 °C). An important factor in nanoparticle formation,
molecular transport, and stability is IL-viscosity. Extremely viscous
media, such as ILs, dramatically inhibit nanoparticle diffusion,
increasing nanoparticle stability and extending lifetime by a factor of
ten-thousand times compared to that in conventional low-viscosity sol-
vents (Kraynov, 2011). IIL 2b’s high viscosity also offers the another
advantage via lowering the chance of agglomeration of RuNPs by pre-
venting their thermal mobility.

On the other hand, the 5 values for the aqueous solutions of LMC and
ALMC in NaCl (0.1 M) were measured and used to calculate their
average molecular weight (M,y) using MHS equation (Eq. (1)) (El-Sayed
et al., 2021a,b):

Ml = K (Ma)* @

The values of My, were calculated as 24.51 KDa for LMC, while 39.37
KDa ALMC, which correspond to polymerization degree (DP) of ~ 143
and ~ 141, respectively.

The C-potential was used to test the physical stability of novel Ru
nanocomposites (RNBC1 and RNBC2) in water. Table S2 (ESM{) shows
that, consistent with their cationic character, both the RuNPs-based
nanocomposites and their stabilizers (IIL and ALMC) exhibited highly
positive {-potential values. Interstingly, the {-potential of both nano-
composites exceeds the characterised stability limit for nano-
formulations (30 mV) (Hassan et al., 2022). Furthermore, RNBC2 had a
higher {-potential than RNBC1, indicating that RNBC2 has greater
physical stability.

3.2.2. Structural characterization

At first, we used the outcomes of the titrimetric and elemental ana-
lyses (EA) to determine the deacetylation degree (DD%) of LMC and the
quaternization degree (QD) of ALMC as reported in our previous work
(El-Sayed et al., 2021a,b). The findings of these calculations were rep-
resented in Table S2 (ESMY). Noteworthy, ALMC’s N/C ratio is lower
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than that of LMC’s, indicating that the quaternization process was suc-
cessful. Moreover, the EA results for ALMC are inconsistent with a full
quaternization of the amino group for LMC with the GDMHAC fragment,
implying a partial quaternization.

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
analysis was used to measure the amounts of Ru present in RNBC1 and
RNBC2. The Ru contents in the RNBC1 and RNBC2 were 165300 ppm
(16.53 w%) and 199200 ppm (19.92 %), respectively. The higher con-
tent of RuNPs in the hybrid IIL/ALMC -based nanobiocomposite
(RNBC2) compared to the only IIL-based nanobiocomposite (RNBC1)
can be attributed to the combined effects of the stabilizing properties of
both components, the increased surface area and binding sites for
nanoparticle deposition provided by chitosan, and the synergistic in-
teractions between the IIL and ALMC.

ESI-MS (electrospray ionization mass spectrometry) is an essential
technique for studying the structural characteristics of ionic liquids. In
this context, the ESI-MS of IIL (2b) was measured, and the spectrum was
given in the ESM7 (Fig. S2). 2b exhibits a major peak at m/z 243.2 a.m.
u., corresponding to the molar mass of a monovalent cation formed
owing to the departure of the BF4 anion [M - BF4]1™. In addition, several
fragmentation peaks were observed at m/z 187.1, 172.3, and 157.1 a.m.
u. assignable to the consecutive departure of isobutene [M - BF3 - C4Hg] ™
and methyl radicals [M - BF; - CH3]™ & [M - BF; — 2 (CH3)]" from the
native IIL, respectively.

The FTIR spectrum of IIL (2b) (Fig. S3, ESM{) shows absorption
bands at 3157, 2960, 1600, 1196, 874, 702, and 581 cm’l, which are
related to the vibrational modes of stretching associated with benzyl-
imidazolium cation (alkyl C—H, C=N, and benzyl groups) (Ibrahim
et al., 2008, Sidek et al., 2017, El-Sayed et al., 2021a,b). Additionally,
the characteristic (BF4) vibration band can be seen at 1065 cm !
(Elshaarawy and Janiak, 2014). On the other hand, typical vibration
bands for LMC (O—H/N—H, 3398 cm™'; bending N—H, 1649 cm™};
amide C=0, 1589 cm™}; and glycoside (C—O—C) group 837 cm 1) and
GDMHAC fragment (methyl groups, 2958, 2881 cm™!; RyN*, 1511 and
669 cm’l) may be seen in the spectru of ALMC (Fig. S4, ESM7). How-
ever, with significant alterations due to the grafting reaction, is indica-
tive of its successful (El-Sayed et al., 2021a,b). As for the ruthenium
architectures (RNBC1 and RNBC2), it is clear that RuNPs have been
immobilized in the IIL (2b) matrix for RNBC1 and the IIL/ALMC matrix
for RNBC2 due to the profound impacts of nanoruthenium on the
distinctive peaks of FTIR spectra for both matrices. Specifically, the OH,
NH,, and C=0 peaks at 3389, 1600, and 1593 cm™! were shifted (see
Fig. 2A) due to their interactions with the RuNPs.

The absence of the distinctive peak associated with the ruthenium
precursor (RuCls) in the spectra of the nanocomposites (as shown in
Fig. 2B) suggests that the reduction of ruthenium ions (Ru®*") has been
effectively achieved through the use of NaBH4, facilitated either by IIL or
an IIL-ALMC combination. As an ionic liquid, IIL has a high solubility for
both polar and non-polar compounds. This property allows for better
dispersion and interaction between the Ru(IIl) ion and the reducing agent,
enhancing the efficiency of the reduction reaction. Moreover, the low
viscosity of IIL facilitates mass transfer and diffusion of reactants, ensuring
efficient contact between the Ru(IIl) ion and the reducing agent (Schmolke
et al., 2019). On the other hand, the IIL-ALMC combination may facilitates
the reduction of Ru(IIl) ions to Ru(0) in the presence of NaBHy in several
ways. Firstly, the interactions between IIL and ALMC may lead to the
formation of a stable microenvironment. This microenvironment provides
a confined space where the reduction reaction can take place efficiently.
Secondly, the ALMC can coordinate with the Ru(Ill) ions, forming com-
plexes that enhance the reactivity of the Ru(III) ions towards the reducing
agent, NaBH,. This coordination promotes the transfer of electrons from
NaBHy,4 to the Ru(Ill) ions, facilitating the reduction process. Additionally,
the presence of ALMC helps in stabilizing the reduced RuNPs formed
during the reduction reaction, preventing their agglomeration and
ensuring their uniform dispersion (Zein et al., 2024). According to these
results, Ru®" has been converted entirely to Ru(0).
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Fig. 2. (A) FTIR spectra of IILs (2b), IIL-coated RuNPs (RNBC1), and IIL/ALMC-coated RuNPs (RNBC2) showing the major destinctive absorbtion bands: (1), C=N;
(2), R4N"; (3), BFy; (4), glycoside group; (5), imidazolium cation; (6), benzyl group. (B) UV-Vis spectra of IILs (2b), ALMC, RuCls, RNBC1, and RNBC2.

The 'H NMR spectrum of IIL (Fig. S5, ESMt) reveals two distinct
proton peak configurations. Two doublets and a multiplet in the
7.74-7.62 ppm range, which can be attributed to the the protons in
imidazolium and phenyl resonances, were seen in the first down-field
set. In contrast, multiple singlet peaks can be observed in the first
high-field set (5.41-1.41 ppm), ascribed to the resonances of the
benzylic, tert-butyl, and methyl protons. Meanwhile, the '3C NMR
spectrum of IIL (Fig. S6, ESM{) shows two sets of carbon signals in the
low-field (160.28-121.08 ppm) and high-field (50.31-9.87 ppm) re-
gions, corresponding to the resonances of the carbon skeleton for the
benzylimidazolium cation and alkyl side chains, respectively. In addi-
tion, a two singlets in the B NMR (—148.28 ppm) and 19 NMR (-1.29
ppm) spectra of IIL (Fig. S7-8, ESM{) further verify the presence of
counter tetrafluoroborate anion in this ionic liquid. On the other hand,
the 'H NMR spectrum of ALMC exhibits remarkable changes as
compared to that of LMC (Fig. S9, ESM{Y). Specifically, the ALMC
spectra almost completely lacked the NH; signal distinctive of LMC
(5.18 ppm), indicating a great quaternization degree. In addition, a new
singlet appeared at 3.22 ppm, and multiplet peaks appeared between
3.50 and 0.88 ppm, possibly representing methyl and hexadecyl proton
resonances in the GDMHAC segment.
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3.3. Morphological characterization

The TEM nanograph of IIL-coated RuNPs (RNBC1) illustrated in
Fig. 3A shows the formation of a thin film of IIL around nanoparticles,
which acts as a monolayer protective shell formed of IIL encasuplating
the RuNPs. This shell effectively mitigates nanoparticle aggregation,
enabling the RuNPs to maintain a homogeneous dispersion within the
mixture. Moreover, the RuNPs exhibited a primarily spherical
morphology, characterized by a mean particle diameter (MPD) of 2.16
nm, as depicted in Fig. 3C. This MPD was calculated by measuring the
diameters of 75 individual nanoparticles from its TEM picture using
ImageJ software, and finally calculating the average diameter. Addi-
tionally, the RuNPs displayed a low degree of polydispersity (PDI =
0.23), suggesting a uniform size distribution of the nanoparticles.
Regarding the double-layered coated ruthenium nanoparticles (RNBC2),
the presence of a stiff protective shell effectively inhibits the agglom-
eration of the ruthenium nanoparticles (as shown in Fig. 3B), resulting in
their uniform dispersion within a homogeneous mixture. Moreover, the
RuNPs exhibited a primarily spherical morphology, characterized by a
mean particle diameter (MPD) of 5.19 nm as depicted in Fig. 3D.
Additionally, the RuNPs displayed a low PDI value of 0.21, suggesting a
uniform size distribution of the RuNPs. Overall, the TEM image provides
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Fig. 3. TEM images of RuNPs-based nanocomposites: (A) RNBC1 and (B) RNBC2. PSD histograms of: RuNPs (C) RNBC1 and (D) RNBC2.
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visual evidence of the effectiveness of the protective shell in maintaining
the dispersion of ruthenium nanoparticles, offering promising oppor-
tunities for their utilization in various scientific and technological
domains.

3.4. Cytotoxicity studies

The cytotoxic activity of RNBCs was tested in vitro using the MTT
assay on two different medically relevant cancer cell lines (HepG2 and
CaCo-2). One of the most powerful anticancer drugs, staurosporine
(STP), was utilized as a standard in this investigation (Chae et al., 2000).
The CaCo-2 and HepG2 cell proliferation as a function of successive
concentrations of these nanocomposites is shown in Fig. 4A,B. The re-
sults demonstrated a statistically significant (P < 0.05) reduction in the
viability of CaCo-2 and HepG2 cells following treatment with RNBCs.
Additionally, the RNBC dose and cell line type affected anticancer
effectiveness differently. Meanwhile, HepG2 cells respond to treatments
substantially better than CaCo-2 cells do. Furthermore, the RNBC2
nanocomposite outperformed the RNBC1. Overall, the higher cytotox-
icity of RNBCs could be attributed to their ultra-small size. The findings
of this study align with previous research indicating that the size of
nanoparticles (NPs) plays a crucial role in determining their cytotox-
icity. The smaller the NPs, the more significant the negative impact on
the viability of cancer cells (Lewinski et al., 2008). The small size and
special hydrophilic coating of RuNPs allow them to penetrate the cell
membrane more efficiently than larger ones, which can result in more
significant damage to the cellular structure. Futhermore, the higher
surface area to volume ratio of smaller RuNPs, which may increase the
amount of reactive oxygen species (ROS) produced upon contact with
cells. ROS are known to cause cellular damage and lead to oxidative
stress, which can ultimately result in cell death (Lewinski et al., 2008).

According to the data presented in Table 1, the ICs5¢ values for RNBC2
were determined to be 2.16 + 0.17 pg/ml against HepG2 cells and 4.59
+ 0.25 pg/ml against CaCo-2 cells. These findings indicate that RNBC2
exhibits the highest efficacy as an anticancer medication against both
cancer cells. Comparatively, the ICsy values for RNBC1 were 9.12 +
0.71 pg/ml against HepG2 and 11.05 + 0.48 pg/ml against CaCo-2 cells,
indicating that it was less cytotoxic toward these cancer cell lines. Most
crucially, when tested for cytotoxicity against normal cells, the new
RNBC2 had a high ICs value of 25.81 + 1.45 pg/ml, indicating that they
had little impact on healthy cells (THLE2). Thus, compared to normal
THLE2 cells, cancer cells were more susceptible to RNBC2's toxicity, as
measured by a greater selectivity index (SI) values (SIgepg2, caco-2 =
11.94/ 5.61. Furthermore, the RNBC2 could be a more secure and
effective anticancer candidate than the commercial anticancer
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Table 1

1Cs values (ug/ml) of the encapsulated RuNPs (RNBC1 and RNBC2) toward the

eximaned cells.
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Sample Cellline RNBC1 RNBC2 STP
ICso + SEM (pg/ml)  HepG2  9.12+0.71  216+0.17  10.94 +
0.53
CaCo-2 11.05 + 4.61 + 0.25 4.14 £ 0.31
0.48
THLE2 37.65 + 25.81 + 16.33 +
1.76 1.45 0.92
SI" (HepG2/ CaCo- 4.13/3.41 11.94/ 5.61 1.65/ 3.95

2)

# SI was calculated utilizing the formula (Eq. 2) (Alfaifi et al., 2022): SI =

ICso of sample against cancer cells

(Eq. 2).

ICs¢ of sample against normal cells

compound (STS) (SIgepg2/ caco-2 = 1.65/ 3.95). Therefore, Further
studies on the effects of the ruthenium nanocomposite on the expression
levels of enzymes P53, Bax, and Bcl2, as well as topoisomerase II ac-
tivity, are crucial for gaining a comprehensive understanding of the
mechanism underlying its anticancer effect. By investigating these spe-
cific aspects, we can unravel the intricate interactions between the
nanocomposite and key cellular pathways involved in cancer develop-
ment and progression. Such investigations will not only enhance our
knowledge of the therapeutic potential of this nanocomposite but also
pave the way for the development of more targeted and effective
treatments for cancer.

Interestingly, the anticancer activity of the new Ru-
nanobiocomposite (RNBC2) against HepG2 and CaCo-2 is significantly
higher than the previously reported RuNPs and ruthenium-complexes
(see Table S3, ESM{). This could be ascribed to the RuNPs possess
inherent anticancer properties coupled with the ALMC/IIL vehicles
provide a stable and targeted delivery system. This combination allows
for the efficient uptake of RNBC2 by cancer cells, leading to enhanced
therapeutic effects. The results demonstrated a remarkable improve-
ment in anticancer activity compared to previously studied RuNPs and
ruthenium-complexes. This advancement holds great promise for the
development of more effective and targeted cancer therapies, poten-
tially offering new treatment options for patients. Further research and
clinical trials are needed to fully explore the potential of RNBC2 and its
implications in cancer treatment.
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3.5. Topoisomerase II inhibitory activity

Topoisomerase is an enzyme that helps to regulate DNA topology in
cells, and its activity can affect gene expression, cellular metabolism and
other important cellular functions. Therefore, it is crucial to research
how topoisomerase activity is affected by RNBC2, how this biochemical
reaction occurs, and how this effect may be applied for potential me-
dicinal and therapeutic purposes. To that objective, the inhibition of
topoisomerase II (Topo II) by RNBC2 was studied. When compared with
control HepG2 (Topo II = 489.2 + 23.8 ng/mL), Topo II activity is
significantly decreased (p < 0.01) when HepG2 cells treated with
RNBC2, with a resulting value of 181.4 + 6.11 ng/mL (see Fig. 5A).
Interestingly, RNBC2 was a more potent inhibitor of the Topo II enzyme
than the chemotherapeutic inhibitor Staurosporine (STS) which can
lower the enzyme to 208.9 + 4.39 ng/mL (57.2 % reduction compared
to control HepG2), while RNBC2 was able to decrease the Topo II
enzyme to 181.4 + 6.11 ng/mL, a reduction of 62.9 % compared to
HepG2 control (see Fig. 5A). This great inhibitory effect was thought to
be due to the direct interaction between the RuNPs and the topoisom-
erase enzyme, inhibiting cellular activities related to DNA replication
and transcription. Furthermore, RuNPs have also been found to induce
oxidative stress in cells, leading to damage to proteins, lipids, and DNA
(Cai et al., 2017). These results demonstrate that RNBC2 have a signif-
icant impact on topoisomerase activity, suggesting that RNBC2 may be
used as a potential chemotherapeutic tool to target topoisomerase ac-
tivity. In addition, RNBC2 could potentially be used in future treatments
to modulate gene expression and other cellular functions.

3.6. Effect of the RNBC2 on P53, Bax and Bcl2 expressions in HepG2
cells

The regulation of apoptosis is a complex process intimately linked to
the balance between pro- and anti-apoptotic signaling pathways. P53,
Bax, and Bcl2 are major players in the regulation of this process. P53 is a
tumor suppressor gene that can induce and initiate apoptosis by upre-
gulating Bax and downregulating Bcl2. Bax is a proapoptotic protein
that can induce cytochrome c release from the mitochondria and acti-
vate the caspase cascade. Bcl2 is an anti-apoptotic protein that can
inhibit cytochrome c release and prevent activation of the caspase
cascade. Together, P53, Bax, and Bcl2 are integral components of the
apoptotic cascade and are essential for the proper regulation of cell
death and survival (Brambilla et al., 1996, Basu, 2022). Therefore, in-
vestigations have been done into how RNBC2 affects the expressions of
P53, Bax, and Bcl2 enzymes (See Fig. 5). After HepG2 cells were exposed
to the ICsp dosage of RNBC2 for 24 h, the levels of P53, Bax, and Bcl2
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were assessed by ELISA. Fig. 5A,B demonstrates that, in comparison to
untreated HepG2 cells, Bax and P53 levels were substantially increased
in RNBC2-treated HepG2 cells (five- and six-times, respectively). Con-
trary, the decrease in Bcl2 (fourfold) was much smaller in RNBC2-
treated HepG2 cells compared to uninfected cells. As can be seen from
these data, apoptosis in HepG2 cells is induced by RNBC2 in a p53-
dependent fashion. Upon being exposed to RNBC2, HepG2 cells
trigger the tumor-suppressor gene p53, which in turn may alter the inner
mitochondrial membrane’s normal function and lead to a change in
membrane potential. These results showed that activation of the pro-
apoptotic gene (Bax) suppresses the release of the anti-apoptotic pro-
tein (Bcl2). Thus, apoptotic pathways are activated, and cell death oc-
curs, due to the balance between pro- and anti-apoptotic proteins. DNA
damage, oxidative stress, and mutations are just some of the things that
can set cells on the path to apoptosis.

Notably, the results of zeta potential and morphological properties of
Ru nanocomposites play a crucial role in supporting the findings of their
superior anticancer activity as well as their capacities to up-regulate P53
and Bax, while down-regulating Bcl2. A high zeta potential indicates a
strong electrostatic repulsion between particles, preventing their ag-
gregation. This is important because the nanocomposites need to
maintain their stability and remain dispersed in order to effectively
interact with cancer cells. Furthermore, the morphological properties of
nanoparticles, such as their size, shape, and surface characteristics, also
contribute to their anticancer activity. RuNPs with a smaller size
generally have a higher surface area, which translates to increased
interaction with cancer cells. Additionally, nanoparticles with nano-
sphere shapes can exhibit enhanced cellular uptake and improved tar-
geting of cancer cells. The ability of Ru nanocomposites to up-regulate
P53 and Bax, while down-regulating Bcl2, is another crucial aspect
supporting their superior anticancer activity. P53 and Bax are tumor
suppressor proteins that play important roles in regulating cell cycle
arrest and apoptosis, while Bcl2 is an anti-apoptotic protein that inhibits
cell death. The up-regulation of P53 and Bax and the down-regulation of
Bcl2 can promote apoptosis in cancer cells, leading to their death. The
mechanism through which these nanoparticles achieve the up-
regulation of P53 and Bax and the down-regulation of Bcl2 is likely
multifaceted. The cationic chitosan/imidazolium coating of the RuNPs
may facilitate their internalization into cancer cells and enable the
release of the encapsulated ruthenium. Once inside the cells, ruthenium
can potentially interact with cellular components, such as DNA or pro-
teins, and trigger signaling pathways that lead to the desired changes in
gene expression.

I HepG2

HepG2/RNBC2
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Fig. 5. Topo II activity and changes in p53, Bax, and Bcl-2 gene expression, as measured by polymerase chain reaction (PCR), following 24 h of treatment with

RNBC2 (ICsq dosage).
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4. Conclusion

This study was multi-tasking, initially, new derivatives of imidazo-
lium ionic liquid (IIL) and amphiphilic low-moleular-weight chitosan
(ALMC) have been successfully synthesized as well as structurally and
mophologically characterized. Therafter, IIL and ALMC were used as
encapsulating materials for RuNPs to fabricate Ru-nanobicomposites
(RNBCs: Ru/IIL, RNBC1; Ru-IIL/ALMC, RNBC2). The spectral and
microscopic techniques validated the success of RNBCs formation. The
high ¢-potential values of RNBCs ((+39.95) - (+48.07) mV) indicates a
strong electrostatic repulsion between particles, preventing their ag-
gregation, and colloidal stablity. TEM nanographs showed that RuNPs in
both RNBCs were mostly nanospheres with low MPD values (2.16-5.19
nm) and polydispersity index (0.23-0.21), suggesting a uniform size
distribution. These findings are beneficial for the anticancer potential of
the new Ru-nanobicomposites. The in vitro tests showed that RNBCs had
effective anti-cancer effects, with ICsg values that showed that they were
more toxic to HepG2 cells than CaCo-2 cells. Specifically, the dual-
encapsulated RuNPs by IIL and ALMC (RNBC2) could offer a prom-
ising anticancer agent. RNBC2 showed superior Topo II inhibitory ac-
tivity and was effective in up-regulating P53 and Bax gene expersions,
markers of the intrinsic apoptotic pathway, causing damage to liver
cancer cells. These findings highlight the importance of the encapsu-
lating materials for RuNPs in their interactions with cancer cells and
their potential as effective anticancer agents. Further research in this
area can help advance our understanding of the underlying mechanisms
and potentially lead to the development of novel and more targeted
cancer therapies.
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