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Abstract: Alpha (a)-glucosyl rutin (Rutin-G) was modified to the surface of titanium dioxide (TiOz)
nanoparticles (NPs) with hydrogen peroxide (H20:2) to improve the accumulation of TiO2 NPs in
cancer cells. Rutin-G acts as a competitive inhibitor of glucose and is hypothesized to bind to glucose
transporter 1 (Glutl), leading to selective internalization of Rutin-G-modified-NPs (RutinG-TiOx
NPs). RutinG-TiOx NPs were characterized for its optical properties using UV-Vis spectroscopy.
Chemical bonds and surface functional groups were determined using Fourier transform infrared.
Hydrodynamic size and zeta potential were analyzed using dynamic light scattering. Rutin-G
modification on the NPs was confirmed with a relative Rutin-G amount of 22.8% on RutinG-TiOx
NPs. These NPs demonstrated 3-fold higher cellular uptake than our previously developed titanium
peroxide NPs with polyacrylic acid (PAA) surface-modified (PAA-TiOx NPs) on MDA-MB-231 cells.
Although releasing less H20:2 (39.5 pmol/g-NPs), RutinG-TiOx NPs exhibited a comparable radio-
sensitization effect to X-ray irradiation at 5 Gy, compared to PAA-TiOx NPs. Hence, RutinG-TiOx
NPs offer potential selective targeting to minimize healthy tissue toxicity while maintaining the
radio-sensitization effect on breast cancer cells.

Keywords: titanium oxide nanoparticles; rutin; radio-sensitizer; breast cancer

1. Introduction

Radiation therapy (radiotherapy) in cancer treatment targets damages at a cellular level. The use
of ionizing radiation in radiotherapy causes DNA breaks, leading to replication failure in cancer cells.
Free radicals released from the radiation add to the selective toxic effect on cancer cells. Nevertheless,
this therapeutic radiation has side effects, such as acute damage to surrounding healthy tissues and
prolonged impact by inducing new cancers [1,2]. Innovations to optimize radiation dose while
limiting the side effects to normal cells were studied [3]. Deep inspiratory breath hold (DIBH) is one
of the techniques used during radiation treatment. This method allowed left-sided breast cancer
patients to receive a mean heart dose of less than 4 Gy to reduce cardiac radiation exposure during
the irradiation [3,4]. Another strategy is reprogramming mitochondrial function to increase tumor
oxygenation and enhance tumor response to radiotherapy [5]. Metformin for diabetic treatment was
reported to be used in combination with radiotherapy and acted as a radio-sensitizer by inhibiting
mitochondrial respiration in diabetic breast cancer patients [6]. Targeting glucose uptake in solid
tumors is also an approach to radio-sensitize tumor cells by preventing glutathione recycling using
2-deoxyglucose (2DG) [5].
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Our previous studies revealed that modifying titanium dioxide (TiOz) nanoparticles (NPs) with
hydrogen peroxide (H202) and polyacrylic acid (PAA) on the NPs surface offers a potential radio-
sensitizer to X-ray radiation [7]. The continuous release of H2O: from these titanium peroxide NPs
with PAA (PAA-TiOx NPs) is the key factor for its radio-sensitization effect [8], which contributed to
tumor growth inhibition for pancreatic tumor xenograft model in mice when compared to irradiation
alone [9]. PAA-TiOx NPs exploit the enhanced permeability and retention effect for tumor
accumulation. However, accumulation in the liver was observed [10]. To improve the accumulation
of NPs in targeted cells, in this study, we develop a surface modification of TiO2 NPs with H20O2 using
a-glucosyl rutin (Rutin-G) and established as RutinG-TiOx NPs.

Rutin is one of the glycoside derivatives of flavonoid quercetin. These flavonoids were reported
to have antioxidant and pro-oxidant activities depending on concentration and reaction conditions,
thus arising therapeutic interests [11]. With additional glucosyl group compared to rutin, Rutin-G
exhibited better water solubility, resistance to light, and had the same physiological activities as intact
rutin [12]. The modification of Rutin-G on the NPs surface is hypothesized to be a competitive
inhibitor of glucose in the cells. Therefore, it facilitates the inhibition of membrane protein glucose
transporter 1 (Glutl), leading to more selective NPs internalization. Glutl is one of the glucose
transporters that overexpressed in cancer cells, including breast cancer cells MDA-MB-231 [13]. The
current study revealed that RutinG-TiOx NPs exhibited higher cellular uptake than PAA-TiOx NPs
modified with PAA molecular weight of 5,000 (MW 5,000) on the MDA-MB-231 breast cancer cell
line. RutinG-TiOx NPs also have a comparable radio-sensitization effect to PAA-TiOx NPs at 5 Gy of
X-ray irradiation. Thus, RutinG-TiOx NPs may limit non-targeted accumulation while offering a
radio-sensitization effect as PAA-TiOx NPs have.

2. Results and Discussions

2.1. Characterization of Nanoparticles

2.1.1. Visual Observation and UV-Vis Spectra

To modify Rutin-G on TiO2 NPs with H20z, we first determined the amount of Rutin-G for TiO:z
NPs dispersion in phosphate-buffered saline (PBS) by observing the dispersibility. No precipitation
was observed after 24 h at > 7 mg Rutin-G with 20 mg TiO2 NPs (Figure S1 (A)). This mass ratio
implied that the higher the Rutin-G amount, the better the steric hindrance of the NPs, and prevents
NPs aggregation in ionic solution. This mass ratio was then used to synthesize RutinG-TiO2 NPs.
Next, H202 was added to RutinG-TiO2 NPs, and the mixture was examined for dispersion in water
and PBS. Precipitation was immediately formed when the NPs were dispersed in water, as shown in
Figure 1(A). The changing acidity may cause precipitation since 30% hydrogen peroxide is acid, thus,
the shifting pH value may affect the dispersion in water. On the contrary, adding H20: resulted in
well-dispersed NPs in PBS (Figure 1(B)). It may be due to the buffered solution maintaining the pH
value of the mixture. Hence, the modification of RutinG-TiO2 NPs with H202 (RutinG-TiOx NPs)
could be achieved in an ionic solution without aggregation.
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Figure 1. Physical appearance of the mixture after H2O2addition onto TiO2 NPs dispersed in (A) water and (B)
PBS; (C) UV-Vis absorbance spectra of RutinG-TiOx NPs; (D) FT-IR spectra of RutinG-TiOx NPs.
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Further evaluation was conducted to confirm Rutin-G modification on the NPs. We employed
UV-Vis spectroscopy to analyze the light absorption behavior of the modified NPs. Since Rutin-G has
catechol moiety in the structure, it is suggested that surface complexes will be formed due to TiO:
NPs interaction with Rutin-G [14]. The complexes may be indicated in the absorbance spectra from
UV-Vis spectroscopy. Figure 1(C) shows the absorbance spectra of RutinG-TiOx NPs, which are
increased in wavelength and absorbance compared to TiO2 NPs. The more increased absorbance
rather than red-shifted [15] may resulted from H20O: presence in RutinG-TiOx NPs, which have UV
absorption spectra at 200 — 300 nm [16]. H202 as an oxidizer may also affect the interaction between
Rutin-G and TiO2 NPs. In addition, Rutin-G is bulkier than rutin, because of additional glucose
residues bound to rutin, and possesses a better hydrophilicity than Rutin [12]. Those properties may
result in weak physical adsorption, reduced charge transfer, and less spectral shift. Despite the
observation, the increased absorbance at 300 — 500 nm (Figure 1(C)) may indicate that Rutin-G was
adsorbed and bound to the TiOx NPs surface.

Here, we also attempted to modify PAA-TiOx NPs with Rutin-G and analyzed the absorbance
spectra. Figure 51(B) and Figure S1(C) showed that RutinG-PAA-TiOx NPs with PAA MW 1,800 and
PAA MW 5,000, respectively, have similar spectra trends to RutinG-TiOx NPs. Slightly higher
absorbances observed from PAA-TiOx and RutinG-PAA-TiOx NPs modified with PAA MW 5,000
compared to those modified with PAA MW 1,800 were suggested from an increased adsorption layer
thickness of PAA with higher MW [17].

2.1.2. Fourier Transform Infrared (FT-IR) Spectra

The FT-IR spectra of RutinG-TiOx NPs compared to bare TiO2 NPs and Rutin-G are shown in
Figure 1(D). The infrared (IR) spectra of Rutin-G showed a broad band at 3600 — 3000 cm™
corresponding to the vibrations of hydroxyl group (O - H). A band at 2931 cm! corresponds to alkane
(C — H) stretching vibrations, and peaks at 1652 — 1454 cm! exhibited the aromatic C=C and C=0
stretching vibrations. A band at 1069 cm! can be attributed to C — OH groups of sugars [18]. The IR
spectra of TiO2 NPs showed a band around 1620 cm™ which may correspond to the stretching mode
of Ti — OH and was ascribed to the adsorption of water on TiO2 NPs surface [19]. A strong band at
1384 cm corresponds to Ti — O modes [20]. After modification with H202, RutinG-TiOx NPs IR
spectra showed a band at 2900 — 2800 cm™" which can be attributed to the combination band of O - H
and H - O - O - Hbending from H202 [21]. Bands at 1651, 1362, and 1048 cm™ can be associated with
Rutin-G bounded to the surface of NPs.

Modification of Rutin-G on PAA-TiOx NPs was also evaluated. It was observed that bands at
1053 cm™ and 1054 cm? of RutinG-PAA-TiOx NPs (MW 1,800) (Figure 51(D)) and RutinG-PAA-TiOx
NPs (MW 5,000) (Figure S1(E)), respectively, should be from Rutin-G modified to PAA-TiOx NPs. In
addition, bands at 1706, 1569, and 1457 cm! may indicate NPs surface coated with PAA [7].

2.1.3. Size and Zeta Potential

Dynamic light scattering was employed to evaluate the hydrodynamic diameter of modified
NPs. The average size of RutinG-TiOx NPs in water and culture media (DMEM supplemented with
FBS) was 73.8 + 0.5 nm and 182.1 + 1.6 nm, respectively. Increased size in culture media is likely due
to protein corona formed around inorganic NPs because NPs adsorb sets of proteins from the culture
media [22]. The distinct increased size was not the case in PAA-modified NPs, regardless of the MW
of PAA. The average size of RutinG-PAA-TiOx NPs (MW 1,800) and RutinG-PAA-TiOx NPs (MW
5,000) in culture media were smaller than RutinG-TiOx NPs. However, the average size in water was
larger (Table S1). Carboxyl groups of the PAA modified on NPs become deprotonated in water, thus
causing more negative charge on NPs surface. On the other hand, proteins from the culture media
are generally negatively charged, making the electrostatic repulsion rise [17,23]. Consequently,
protein adsorption to PAA-modified NPs is less than that of RutinG-TiOx NPs, and this is indicated
by the smaller size. Although RutinG-TiOx NPs in culture media showed a slightly higher PdI value
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(0.2) than PAA-modified NPs (0.1), the values were quite low and indicated that the modified NPs
were stable, and neither of them had significant aggregation in culture media.

The considered stable and non-aggregated characteristics are also indicated in water for the
modified NPs. Generally, the average size of RutinG-TiOx NPs in water was smaller than PAA-
modified NPs because of PAA modification on the NPs (Table S1). RutinG-PAA-TiOx NPs (MW
5,000) showed smaller size than RutinG-PAA-TiOx NPs (MW 1,800) due to different polymer
conformation of PAA. Polymer conformation of lower MW PAA is flatter than higher MW PAA.
Higher MW PAA has more loops and tails, making the chains more extended, leading to better steric
stabilization and well-separated NPs. Different conformation is also the reason for the more negative
zeta potential of RutinG-PAA-TiOx NPs (MW 5,000), as the conformation pushes the slippage plane
outward [17]. The moderately strong negative surface charge of all modified NPs indicates good
colloidal dispersion and reduced aggregation, supporting the hydrodynamic size observation.
Although RutinG-TiOx NPs may have similar electrostatic stabilization to RutinG-PAA-TiOx NPs
(MW 5,000) based on zeta potential (Table S1), the latter may provide additional steric stabilization
because of the extended PAA conformation.

2.1.4. Rutin-G Amount

The relative amount of Rutin-G on modified NPs was calculated based on thermogravimetric
analyses at 100 — 500°C (Figure S2). The weight loss of modified NPs between the temperature range
was associated with Rutin-G decomposition. The weight at 500°C was applied to the calculation as
complete Rutin-G and PAA decomposition were assumed to be at 500°C (Table 52). RutinG-TiOx
NPs carried 22.8% Rutin-G, while PAA-modified NPs showed approximately one-third of the
amount. Rutin-G amount on RutinG-PAA-TiOx NPs (MW 1,800) and RutinG-PAA-TiOx NPs (MW
5,000) was 7.3% and 7.9%, respectively. Since both PAA-modified NPs carried a similar amount of
Rutin-G, it is suggested that PAA chain length does not significantly impact Rutin-G modification.
Instead, PAA modification may reduce the available binding sites for Rutin-G, and steric hindrance
from PAA may limit Rutin-G adsorption onto the NPs. According to this analysis, we focused on
RutinG-TiOx NPs for further assays to investigate the effect of Rutin-G-modified NPs on breast
cancer cells treated with X-ray radiation, compared to previously studied PAA-TiOx NPs (MW 5,000)

[7].

2.1.5. Hydrogen Peroxide Released from RutinG-TiOx NPs

A previous study suggested that the radio-sensitizing effect of PAA-TiOx NPs (MW 5,000) was
related to H20: released from the NPs in the liquid phase [7]. In this study, we evaluated whether
Rutin-G modification affects this characteristic. At first, we determined the adsorbed H202 amount
to RutinG-TiO2 NPs or PAA-TiOz2 NPs by measuring the remaining amount of H2O2in the filtrate of
the mixture. The MW of PAA used in this assay was 5,000. It was revealed that after 24 h, H202 was
adsorbed onto the RutinG-TiO2 NPs at 794.8 umol/g-NPs. This amount was approximately 2-fold the
time of the adsorbed amount of PAA-TiO2 NPs (392.5 umol/g-NPs). A steady state was observed at
48 h with a similar amount of adsorbed H20: (Figure 2(A)).
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Figure 2. (A) Concentration of H202 (umol/g nanoparticles) adsorbed to RutinG-TiO2 NPs / PAA- TiO2 NPs (MW
5,000) (1 mg/mL) with 1 mM as H20: initial concentration; (B) Concentration of H2O:released to dialysate from
the mixture of RutinG-TiO2 NPs / PAA- TiO2 NPs (MW 5,000) and H202. Data represent the mean + standard
deviations from three replicates.

The steric hindrance due to PAA modification on the NPs surface may be the reason for less
adsorbed H202o0nto PAA-TiO2 NPs. However, we observed that H2O2 presented in the dialysate from
the PAA-TiO2 NPs mixture was a 3-fold time of which was detected from the RutinG-TiO2 NPs
mixture (Figure 2(B)). Considering the adsorbed amount of H202 onto each NPs, it was revealed that
the H202 released amount from RutinG-TiOx NPs was less than PAA-TiOx NPs, 39.5 umol/g-NPs
and 219.8 umol/g-NPs, respectively. It was suggested that not only the adsorbed H2O2 contributes to
the H20O:released ability of PAA-TiOx NPs, but also the Ti — OOH structure from TiO2 NPs itself [7].
Adsorbed H20:2 is indeed not completely desorbed from the NPs surface. Nevertheless, H20:
adsorbed onto RutinG-TiOx NPs exhibited some degree of irreversibility. The different surface
modifications may cause this discrepancy. PAA may retain H20: yet is capable of releasing it
reversibly, while with Rutin-G modification, the dynamics of H20O2 adsorb-desorb may change and
result in a 5-fold time lower release compared to PAA modification. Although having a lower H20z
release profile than PAA-TiOx NPs, we subjected RutinG-TiOx NPs to cell assays to evaluate whether
Rutin-G modification affects the NPs behavior and effect on cancer cell treatment.

2.2. Cell Assays

2.2.1. Cell Cytotoxicity

WST assay was conducted to analyze the potential cytotoxicity of RutinG-TiOx NPs compared
to PAA-TiOx NPs on MDA-MB-231 cells. Figure 3 showed that both NPs cytotoxicity was
concentration- and time-dependent. Within 1 h, the NPs effect may not be apparent due to the short-
time contact. The cytotoxicity effect was more distinct after 4-h and 24-h incubation, and both NPs
showed a comparable effect. According to the result, we applied 0.25 mg/mL for 4 h on subsequent
cell uptake assays.

A 100 B 100
A "
§ 80 § 80
£ A .3
z ° 9 £ & R
£ £ —0
| 6 et {}J F)
> s
3 3 8
O a0 o
g 2
2 2
£ =
© =
& 2 & 2
—4—1h -e-4h -8-24h —-1h -e-4h -8-24h
0 0

o
e
=

0.8 0.9 1

°

01 02 03 04 05 06 07 08 09 1
PAA-TiOx NPs concentration (mg/ml)

0.2 0.3 0.4 0.5 0.6 0.7
RutinG-TiOx NPs concentration (mg/ml)
Figure 3. Cytotoxicity effect of (A) RutinG-TiOx NPs and (B) PAA-TiOx NPs (MW 5,000) to MDA-MB-231 cells

with incubation time of 1, 4, and 24 h. Data represent the mean + standard deviations from three replicates.

2.2.2. Cellular Uptake

The cell uptake of RutinG-TiOx NPs on MDA-MB-231 cells was determined by analyzing the
titanium (Ti) amount in the cell lysate, which was quantified by X-ray fluorescence. The amount of
Ti was normalized to the total protein concentration of the cell lysate. Figure 4(A) showed that more
Ti was detected from cell lysate treated with RutinG-TiOx NPs than those treated with PAA-TiOx
NPs. This result indicated that RutinG-TiOx NPs internalized more by the cells with Ti amount of 3.3
+ 0.4 x 10?3 pug/ug protein. This amount was 3 times higher than from PAA-TiOx NPs treatment (1.1 +
0.1 x 10 ug Ti/ug protein). We also analyzed the Ti amount in the cell lysate after treatment with
RutinG-PAA-TiOx NPs (Figure S3). It was implied that RutinG-TiOx NPs were taken up more by the
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cells than RutinG-PAA-TiOx NPs, regardless of the PAA MW. These results can be correlated to the
relative amount of Rutin-G on each modified NPs, as shown in Table S2. Therefore, to confirm

whether the enhanced uptake was due to Rutin-G modification, we performed a competitive assay
by blocking Glutl.

* %k

* %

3.5 4

2.5 4

1.5

Uptake (x1073 pg Ti / pg protein)
~

0.5 4

Control PAA-TiOx NPs RutinG-TiOx NPs

Figure 4. Titanium amount in cell lysate of MDA-MB-231 cells treated with PAA-TiOx NPs and RutinG-TiOx

NPs. Data represent the mean + standard deviations from three replicates, ** p < 0.01.

WZB117, a Glutl inhibitor, was employed in this study as it was reported to inhibit the
expression of Glutl mRNA and protein, and suppress the glucose uptake in MDA-MB-231 cells [24].
In agreement, Figure S5(A) showed that WZB117 caused a significantly lowered uptake of glucose
derivative 2-deoxy-D-glucose (2DG) in MDA-MB-231 cells. The 2DG uptake was reduced by 1.5-fold
compared to the cells without WZB117 treatment. Hence, we confirmed that WZB117 effectively
inhibited glucose uptake in our cell system. Therefore, we applied RutinG-TiOx NPs to MDA-MB-
231 cells treated with WZB117 and compared them to those without WZB117 treatment. Figure S5(B)
showed that WZB117-treated MDA-MB-231 cells internalized 1.4-fold less RutinG-TiOx NPs than
MDA-MB-231 cells without WZB117 treatment. However, the difference was not statistically
significant, possibly due to the protein corona on RutinG-TiOx NPs, as discussed in Section 2.1.3.
Thus, the Glutl targeting is hindered to some degree. Nevertheless, these results implied that RutinG-
TiOx NPs exhibited enhanced internalization to MDA-MB-231 cells, compared to PAA-TiOx NPs, by
targeting Glutl on the cells and the Rutin-G modification mediates it.

2.2.3. Colony Formation

The radio-sensitizing effect of RutinG-TiOx NPs was assessed using a colony formation assay.
As depicted in Figure 5(A), the cells survival fraction (SF) decreased with increasing X-ray doses and
RutinG-TiOx NPs. Similar declining SF trends were also exhibited with the treatment of RutinG-TiO:
NPs and PAA-TiOx NPs. Compared to RutinG-TiOz NPs, RutinG-TiOx NPs generated lower SF. The
effect of RutinG-TiO2 NPs was comparable to that of the control. On the other hand, PAA-TiOx NPs
exhibited even lower SF than RutinG-TiOx NPs. Figure 5(B) showed the extracted results from the SF
curve, and it showed that SF with treatment of PAA-TiOx NPs was significantly lower than with
RutinG-TiOx NPs at 3 Gy. Higher dose of X-ray clearly induced more pronounced damage to the
cells, yet the SF from these two NPs were comparable. The more impactful effect of PAA-TiOx NPs
compared to RutinG-TiOx NPs is likely due to a higher amount of H20O: release from PAA-TiOx NPs,
as discussed in Section 2.1.5. The higher H20:2 release may contribute to the enhanced oxidative stress
and radio-sensitization, thus resulting in a significant reduction of SF at 3 Gy. In comparison, with a
dose of 5 Gy, the radio-sensitizing effect from both NPs may become saturated under the current
experimental conditions. The role of H20: presence in improving the X-ray radiation was confirmed
as RutinG-TiO: NPs exhibited significantly higher SF at both 3 and 5 Gy compared to RutinG-TiOx
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NPs. This indicates that additional ROS generation may work synergistically with X-ray radiation to
further damage the cells.
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Figure 5. (A) Survival fraction curve of MDA-MB-231 cells treated with NPs and X-ray radiation at 3 Gy and 5
Gy; (B) Survival fraction of the cells with RutinG-TiOx NPs treatment compared to PAA-TiOx NPs treatment in
combination with X-ray radiation. Data represent the mean + standard deviations from three replicates, * p <
0.05, ** p <0.01.

The X-ray radiation was exposed immediately after the application of the NPs. Thus, the results
indicated that the surface chemistry of the NPs plays a role in the radio-sensitizing effect. Despite
exhibiting a trend toward slightly less radio-sensitization effect than PAA-TiOx NPs, RutinG-TiOx
NPs in a longer time incubation demonstrated the advantage in terms of selective targeted delivery
to Glutl-overexpressed cancer cells, including MDA-MB-231 cells (Figure 4). Higher cellular uptake
of RutinG-TiOx NPs may facilitate the damage limitation to surrounding healthy cells. Additionally,
it exhibits a comparable radio-sensitization effect to PAA-TiOx NPs (Figure 5). Hence, based on these
results, RutinG-TiOx NPs are superior to PAA-TiOx NPs.

3. Materials and Methods

3.1. Nanoparticles

3.1.1. PAA-TiOx NPs

TiO2 NPs (STS-01, Ishihara Sangyo Kaisha, Osaka, Japan) were modified with PAA (MW 1,800
or MW 5,000) and H20zaccording to the previous method [7]. Briefly, TiO2 NPs were surface modified
with PAA through hydrothermal reaction to obtain PAA-TiO2 NPs. PAA-TiO: NPs were
subsequently mixed with 6% H2O2solution, resulting in PAA-TiOx NPs.

3.1.2. RutinG-TiOx NPs

Different masses of Rutin-G (1-10 mg) from Wako Pure Chemical Industries Ltd., Osaka, Japan
were tested on a fixed amount of TiO2 NPs (20 mg) in PBS. Precipitation of the NPs was observed
after 24 h to determine the Rutin-G amount to disperse the NPs. RutinG-TiOx NPs were synthesized
by initially dissolving Rutin-G in distilled water and adding TiO2 NPs with continuous stirring. The
mixture was centrifuged (5,000x g, 30 min) five times with distilled water using a centrifugal filter
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(3,000 MWCO). The residue was then dispersed in PBS and subsequently added with H20:. Further
centrifugation was performed as in the previous step to remove excess materials. The residue was
dispersed in distilled water as RutinG-TiOx NPs.

3.1.3. RutinG-PAA-TiOx NPs

Rutin-G (100 mg) was dissolved in distilled water (35 mL) prior to the addition of PAA-TiOx
NPs (0.5 mL) with continuous stirring. Excess materials were removed by centrifugation (5,000 g, 30
min) two times using a centrifugal filter (3,000 MWCO). RutinG-PAA-TiOx NPs were dispersed in
distilled water.

3.2. Characterization of Nanoparticles

UV-Vis spectroscopy was employed to determine the synthesis of NPs. Absorption spectra of
0.01 mg/mL NPs were recorded within the wavelength range of 200 to 800 nm. FTIR was performed
to further study the surface chemistry of NPs using Jasco FT/IR-460 Plus (Jasco International Co., Ltd.,
Tokyo, Japan) with a scanning range of 500-4000 cm™. The potassium bromide pellet method was
used in FTIR analysis. The size and zeta potential of synthesized NPs were characterized by dynamic
light scattering using Zetasizer Nano ZS (Malvern Instrument Ltd., Worcestershire, UK).
Thermogravimetric analysis was conducted using ThermoplusEVO2 (Rigaku, Tokyo, Japan). Freeze-
dried samples (5 mg) were measured under Nitrogen gas with a heating rate of 10°C/min up to 500°C.
Morphology of the NPs was observed using a transmission electron microscope (JEM-2100F, JEOL,
Tokyo, Japan) [25].

3.3. Evaluation of Hydrogen Peroxide Adsorption and Release

The adsorption and release of H2O2 from the NPs were analyzed as previously described [25].
For adsorption analysis, RutinG-TiOz or PAA-TiO2 NPs (1 mg/ml) in PBS were mixed with H20: (1000
pmol/g) at room temperature using a rotary incubator. The mixture was sampled over time and
followed by ultrafiltration (3,000 MWCO) for 10 min at 12,000 rpm. The remaining H20O2concentration
in the filtrate was measured using a hydrogen peroxide fluorometric detection kit (Enzo Biochem,
Inc., Farmingdale, NY, USA). The mixture was packed in a cellulose dialysis tube for release analysis
and put in a 200-mL-baffled flask for dialysis in PBS (100 mL). Dialysis was conducted at 37°C and
120 rpm with sampling over time. The desorbed H202 from the NPs in the dialysate was measured
using the adsorption analysis method. The adsorbed H202 amount was the difference between the
initial H202 concentration and the remaining concentration detected in the filtrate. The released H2O
amount was calculated as the difference between H20: concentration in dialysate and unadsorbed
H20.

3.4. Cytotoxicity Assay

MDA-MB-231 (human breast cancer cell line) was used in this study to determine the effect of
modified NPs. The cells (5 x 10¢/well) were cultured in 96-well plate for 24 h in Dulbecco's modified
Eagle medium (DMEM) High Glucose (Nacalai Tesque, Inc., Kyoto, Japan) supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic solution (100 U/mL penicillin, 100 ug/mL streptomycin,
and 0.25 ug/mL amphotericin B). Following the incubation, cells were washed with PBS and NPs in
the medium were applied to the cells for 1, 4, and 24 h. Cells were then washed three times with PBS
before adding the medium. Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) reagent was added to
each well. After incubation for 2 h, the absorbance at 490 nm was observed.

3.5. Cellular Uptake of Nanoparticles

Cells (1.5 x 10¢ cells) were cultured into 100-mm-dish overnight. The medium was replaced with
DMEM (Glucose-free), and incubation was continued for another 1 h. The NPs were applied to the
cells for 4 h followed by cells collection using trypsin-EDTA. Cells were then lysed using RIPA buffer
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for total protein measurement using a bicinchoninic acid (BCA) assay. Cell lysate was also subjected
to titanium concentration measurement using XRF. Cell lysate (13.5 puL) was mixed with 100 ppm
Cobalt solution (1.5 uL). The mixture (10 pL) was dropped on a glass slide and heated on a hot plate
for water evaporation. The NPs uptake was normalized to the total protein concentration.

Cellular uptake was also analyzed on Glutl-inhibited cells to confirm the targeting ability of
modified NPs. WZB117 (10 uM) was added to a fresh medium for a further 24 h incubation of the
overnight-grown cells. Subsequent procedures were carried out as described above. WZB117 ability
to inhibit Glutl was determined by evaluating the uptake of glucose derivative, 2DG. A glucose
cellular uptake measurement kit (Cosmo Bio Inc., Tokyo, Japan) was used to calculate the glucose
uptake normalized to the total protein concentration in the cell lysate.

3.6. Colony Formation Assay

Cells (1 x 10° cells/well) were cultured into 6-well plate for 24 h. Cells were then treated with 1
mL NPs (1 mg/mL) and subsequently irradiated with X-ray (5 Gy) using MX-160Labo (Medi-X-Tech
Co., Ltd., Chiba, Japan). The control group was cells treated with PBS. Cells were re-plated into 6-
well plate and incubated for 10 days. Colonies were stained with 1 mM methylene blue, and the
survival fraction was determined using the following equations.
Equation (1) was used to calculate plating efficiency (PE).
Number of colonies observed

PE = (1)

Number of seeded cells

Equation (2) was used to determine survival fraction (SF).

PE of treatment group (x Gy)
SF = @)
PE of control group (0 Gy)

3.7. Statistical Analysis

All data were presented as the mean * standard deviation of three replications per condition. A
two-tail Student’s t-test was performed to statistically analyze the data. A p-value < 0.05 was
considered to be statistically significant.

4. Conclusions

RutinG-TiOx NPs were synthesized and characterized. These NPs can release H2O: in the
dispersion, which may lead to ROS generation and radio-sensitization to X-ray radiation. Compared
to PAA-TiOx NPs, RutinG-TiOx NPs internalized more to MDA-MB-231 cells, likely due to Rutin-G
modification mediating a selective interaction to the Glutl-overexpressed cells. This surface
modification was also suggested to contribute to its radio-sensitization effect, comparable to the
results of PAA-TiOx NPs shown after immediate single-dose irradiation. This study suggests that
RutinG-TiOx NPs potentially provide (1) selective targeting delivery to minimize exposure to healthy
surrounding tissues and (2) radio-sensitization effect to X-ray irradiation on MDA-MB-231 cells.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Characterization of modified NPs; Figure S2: Thermograph of TiO:z
NPs and modified NPs; Figure S3: Cellular uptake of modified NPs; Figure S4: Confirmation of Glutl targeting
ability of Rutin-G; Table S1: Hydrodynamic size and zeta potential of modified NPs; Table S2: Relative amount
of Rutin-G based on thermogravimetric weight loss.
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