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therapeutic agents.

Improving cell uptake of metal compounds has became an important goal in the field of metal-based anticancer
agents. This may combat platinum resistance and side effects seen commonly in current anticancer che-
motherapy regimes. Here, we explore a novel degradable ruthenium-albumin hydrogel, which shows strong
luminescence for cell imaging and high selectivity for cancer cells versus non-cancer cells. This is an early in-
dication of the possibility of reducing unwanted side effects of metals by using bovine serum albumin hydrogel
as a delivery strategy. This work provides a strong basis for development of a new class of metal-based cancer

1. Introduction

Hydrogels are three-dimensional networks of hydrophilic natural or
synthetic polymers [1-4]. Due to their high-water content, tissue-mimic
physical and mechanical properties and biocompatibility, hydrogels
have the potency to be used in numerous biomedical applications such
as tissue repair [5], sensing [6,7], reconstructive surgery [8,9] and drug
delivery [10-12]. Protein based hydrogel materials are promising in
various biomedical applications because of their biocompatibility and
viscoelasticity with the advantage being their easy degradability in the
body [13-15]. Hydrogels made of bovine serum albumin (BSA) have
been extensively studied due to its good solubility, low cost and ex-
cellent ligand binding accessibility and intrinsic emission properties
[16-19].

Metal coordination complexes have attracted a great interest in the
fields of chemical sensors, chemotherapeutic agents and bioimaging
because they possess great biocompatibility, tuneable and intense
emission and long emission lifetimes [20-29]. However, there was only
one example of metal-based hydrogel that Peter J. Sadler et al. reported
a biocompatible platinum (IV)-G-quartets hydrogel as photoactivatable
prodrug for cancer therapy [30].

Conjugates of albumin can be effective for delivery of anticancer
drugs. Albumin contains a free thiol residue at cysteine-34, is abundant
in blood serum (ca.0.6 mM), rich in histidine [31], a physiological an-
tioxidant [32], and binds a wide range of biologically and clinically
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important molecules [33-35]. The effectiveness of albumin-coupled
anticancer drugs has been established clinically for doxorubicin
(INNO206; aldoxorubicin) [36], and albumin-based nanoparticle-en-
capsulated paclitaxel (Abraxane®) [37]. Recently, albumin-functiona-
lized metal complexes have been developed for cancer therapy, and
illustrate that a key role can be played by albumin in augmenting an-
ticancer activity [38-41].

In the previous research, scientists proposed an amount of Ru(II)
polypyridyl complexes for cancer therapy and luminescent imaging
[42-46]. Although both luminescent polypyridyl Ru complexes and
BSA hydrogels alone had been widely studied, to the best of our
knowledge, luminescent ruthenium-bovine serum albumin hydrogel
(Ru-BSA hydrogel) for cell imaging and cancer therapy has not been
studied in literature yet. The strategy to prepare metal-BSA hydrogel
could significantly expand the scope of hydrogels and metal-based
agents in biomedical applications.

In this study, we designed a novel Ru-BSA hydrogel, which was a
degradable material in biological system. The Ru-BSA hydrogel ex-
hibited strong luminescence and was used for cell imaging.
Interestingly, we observed that the green luminescence in the lysosome
was from BSA of the degraded Ru-BSA hydrogel, and the red lumines-
cence in the mitochondria was from the released Ru complex of the
degraded Ru-BSA hydrogel. The result meant that the Ru complex could
be released after Ru-BSA degradation in the living cells. Furthermore,
the Ru-BSA hydrogel exhibited greatly enhanced anti-cancer activity
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compared to the bare Ru complex and high selectivity for cancer cells
versus normal cells. This work developed a strategy to study Ru-BSA
hydrogel as a novel metal-based agent for cancer therapy.

2. Materials and methods
2.1. Materials

BSA is purchased from Sigma-Aldrich. Its concentration was mea-
sured by absorption method (the concentration was calculated by Asgo/
36850, 1lcm curve). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) and glutaraldehyde solution (25%, v/v) were
purchased from Alfa Aesar. The liver hepatocellular carcinoma (Hep-
G2) cell line and liver normal cell line (LO2) were purchased from
Sigma-Aldrich. Roswell Park Memorial Institute medium (RPMI-1640),
fetal calf serum (FCS), glutamine and penicillin/streptomycin were
purchased from Sigma-Aldrich.

2.2. Instruments

UV-visible absorption spectra were recorded on a Varian Cary 300
UV-vis spectrophotometer. The fluorescent spectra were measured on
JASCO FP-6500 Fluorimeter. The confocal images were visualized using
Zeiss 710 confocal microscopy (63 X oil-immersion objective). Surface
morphology of the prepared hydrogel was studied using JEOL 6335
Scanning Electron Microscope (SEM) operated at an accelerating vol-
tage of 10kV and 12 pA.

2.3. Synthesis of BSA and Ru-BSA hydrogel

Synthesis of BSA hydrogel: 4mL BSA (5mg/mL in water) and
210 uL glutaraldehyde solution (25%; v/v) were mixed quickly. The
final glutaraldehyde concentration was 1% (v/v). After 10s, BSA hy-
drogel was prepared. Synthesis of Ru-BSA hydrogel: The ruthenium
complex (1.2 mg/mL in water, 1 mL) and BSA (5 mg/mL in water, 4 mL)
were mixed and then 210 pL glutaraldehyde solution (25%; v/v) was
added into the mixture solution as a cross-linker. The clear orange Ru-
BSA hydrogel which did not flow upon inversion, was obtained within
50s. The hydrogel was further dialyzed with 8000 Da bag filter to re-
move the free ruthenium complex and redundant glutaraldehyde mo-
lecule. The Ru content of Ru-BSA hydrogel was measured by in-
ductively coupled plasma optical emission spectrometer (ICP-OES)
(Thermo Elemental Co., Ltd). The stock solution of BSA hydrogel was
20 mg/mL. The BSA concentration and Ru complex concentration of
Ru-BSA hydrogel were 20 mg/mL and 1.0 mg/mL, respectively.

2.4. In vitro enzymatic biodegradation test

In vitro degradation test was conducted in a small glass vial con-
taining 400 pug/mL BSA hydrogel or Ru-BSA hydrogel ([Ru
complex] = 20 ug/mL; [BSA hydrogel] = 400 ug/mL) and 5 mL of PBS
buffer (pH7.4 10 mM) with 1 mg/mL proteinase K. The pictures were
recorded at different time intervals (Oh, 1h, 2h, 4h, 12h and 24h).
After 5000g centrifugation for 30 min, the Ru complex contents in the
solution were measured by ICP-OES.

2.5. Cellular imaging

The cells were incubated with BSA hydrogel or Ru-BSA hydrogel
([Ru complex] = 20 ug/mL; [BSA hydrogel] = 400 ug/mL) at 37 °C for
4h and then co-stained with 500nM LysoTracker®Red or
MitoTracker®Green for 30 min. The cells were then washed three times
with PBS and visualized using Zeiss 710 confocal microscopy (63 X oil-
immersion objective). The excitation and emission wavelengths for Ru-
BSA: Aex = 488 nm, Aey = 600 = 30nm or Aex = 405nm, Aey =
500 + 30nm; LysoTracker® Red: Ay = 563 nm, Aey, = 595 = 30 nm.
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MitoTracker® Green: Aex = 488 nm, Aoy, = 520 = 30 nm.
2.6. ICP-OES analysis

Exponentially grown Hep-G2 cells were incubated with the Ru
complex or Ru-BSA hydrogel ([Ru complex] = 20 ug/mL; [BSA
hydrogel] = 400 ug/mL) for varying amounts of time at 37 °C. After
digestion, the cells were counted and divided into two portions. In the
first portion, the lysosome was extracted using a lysosome extraction kit
(Promega); in the second portion, the mitochondria were extracted
using a mitochondrial extraction kit (Promega). The samples were di-
gested with 60% HNO; at RT for 72 h. Each sample was diluted with
Milli-Q H,O to obtain 2% HNO3; sample solutions. The ruthenium
complex concentrations were determined using ICP-OES.

2.7. Cytotoxicity test

The cytotoxicity test was determined towards the Hep-G2 and LO2
cells. The cells were grown in RPMI-1640 according to the protocol
below. All media were supplemented with 10% v/v of FCS, 1% v/v of
2mM glutamine and 1% v/v penicillin/streptomycin. All cells were
grown as adherent monolayers at 310K in a 5% CO, humidified in-
cubator and passaged regularly at approx. 80% confluence.
Approximately 5 x 10° cells/well were seeded into 96-well plates,
followed by 24 h incubation for attachment. The cells were then ex-
posed to the hydrogels with different concentrations ([Ru
complex] = 0-100 ug/mL; [BSA hydrogel] = 0-2000 ug/mL). After
48h incubation, the cytotoxicity was measured by standard MTT
method. The change in optical density (OD) at 490 nm was monitored
using microplate reader (Promega).

3. Results and discussion
3.1. Synthesis of Ru-BSA hydrogel

The synthesis of the ruthenium polypyridine saturated coordination
complex was described in our previous report [47]. It had been char-
acterized using the MS, NMR and elemental analysis. We had studied
that the Ru complex showed MLCT absorption at 459 nm and red
phosphorescence from 550 to 700 nm. It was hydrophilic with a log P of
—2.23 and mainly accumulated in mitochondria in the living lung
cancer cells. It exhibited no cytotoxicity (ICso = 425uM) in the dark
after 4h treatment. However, it was highly toxic to A549 cancer cells
(ICs0 = 12.3uM) after 465nm blue light irradiation but not after
633 nm red light irradiation (ICso = 442 pM). Due to its poor dark cy-
totoxicity, we here use BSA hydrogel to deliver the ruthenium complex
to cancer cells and enhance its anticancer activity.

The Ru-BSA hydrogel was synthesized by a simple and rapid
method, which was showed in the experiment section. Briefly, the ru-
thenium complex and BSA were dissolved in water and then glutar-
aldehyde was added into the mixture solution as a cross-linker.
Glutaraldehyde predominantly crosslinks e-amino groups of lysine
within BSA [48]. After that, a clear orange hydrogel was obtained
within 50 s. The hydrogel was further dialyzed with 8000 Da bag filter
to remove the free ruthenium complex and redundant glutaraldehyde
molecule. ICP-OES study showed that the concentration of Ru complex
of Ru-BSA hydrogel was 1 mg in 20 mg BSA hydrogel. The schematic
representation of the Ru-BSA hydrogel was presented in Fig. 1.

3.2. Characterization of Ru-BSA hydrogel

We firstly studied the UV-vis spectra of Ru-BSA hydrogel, as shown
in Fig. S1. Both BSA hydrogel and Ru-BSA hydrogel exhibited absorp-
tion in a broad wavelength range (400-800 nm) compared to BSA so-
lution and Ru complex solution. And there was an obvious absorption of
Ru-BSA hydrogel at ~460 nm, which was assigned to the Ru complex.
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Fig. 1. The schematic diagram of the Ru-BSA hydrogel. The inserted vials were photographed under white light.
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Fig. 2. The emission spectra of BSA (400 ug/mL), Ru complex (20 pg/mL), BSA
hydrogel (400ug/mL) and Ru-BSA hydrogel ([BSA] = 400pug/mL; [Ru
complex] = 20 ug/mL), respectively; the wavelength of excitation was 488 nm.
The inserted vials were photographed under UV light irradiation.

Then the luminescent spectra were acquired upon 488 nm excitation. As
shown in Fig. 2. BSA hydrogel exhibited green emission between 450
and 550 nm. In contrast, Ru-BSA hydrogel showed strong red lumi-
nescence with the wavelength of emission between 550 and 650 nm.
We further observed that the Ru-BSA hydrogel exhibited green and red
emission upon 405nm and 488 nm excitation, respectively (Fig. S2).
This is probably the green emission upon 405 nm excitation was mainly
from the BSA and the red emission upon 488 nm excitation was from
the Ru complex. In addition, the maximum emission wavelength of Ru-
BSA hydrogel gradually red-shifted from 550 nm to 602 nm along with
increasing the ratios of the ruthenium complex in Ru-BSA hydrogel
(Fig. S3). These results meant that the emission of Ru-BSA hydrogel red-
shifted dramatically compare to the BSA hydrogel. This is probably due
to the red emission of the Ru complex.

To characterize the morphology of the Ru-BSA hydrogel, SEM
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measurements were employed. Both BSA hydrogel and Ru-BSA hy-
drogel exhibited a highly porous honeycomb-like structure with an ir-
regular shape in which the three-dimensional, interconnected macro-
pores represent water-filled areas (Fig. S4). The BSA hydrogel was
characterized with an average pore size of 1.2 um. The Ru-BSA hy-
drogel exhibited a bigger pore size of 3.4 um. The results mean that the
ruthenium complex joining in the BSA hydrogel can enlarge the pore
size. It is possible that the ruthenium complex occupied in the cavities
of BSA hydrogel. In addition, the ruthenium complex is positive charge
and the BSA hydrogel is negative charge. There is also probably an
electrostatic interaction between them.

3.3. In vitro enzymatic degradation of Ru-BSA hydrogel

As it is difficult to remove the unreacted residues after injection and
curing, biodegrability is one of the most important factors to evaluate
the merits of hydrogels [49]. The in vitro biodegradability of Ru-BSA
hydrogel was tested via proteinase K method [50]. Proteinase K is a
widely used enzyme for protein digestion, because it can hydrolyze the
amide bonds and also break ester bonds. As shown in Fig. 3a, the Ru-
BSA hydrogel was digested by increasing digestion time (0-24h) at
37 °C. The colour changes of the solution during the digestion process
were observed obviously, and then the concentrations of Ru contents in
the solution were measured by ICP-OES (Fig. 3b), indicating that the
ruthenium complex was released gradually by increasing digestion
time. We also measured the MS spectrum of the released complex in the
solution after proteinase K digestion. The result showed that the whole
Ru complex (m/z 666.1) was unabridged (Fig. S5).

3.4. Cellular location of Ru-BSA hydrogel

We dispersed the Ru-BSA hydrogel in PBS solution for in vitro ex-
periment. The particles size of the gel was 59 *= 6 nm. This result was
showed in Fig. S6 and it was highly stability in the PBS solution for
72h. Due to the luminescence property of Ru-BSA hydrogel, its dis-
tribution in the living cells was investigated using confocal laser scan-
ning microscopy. The images were collected under two different
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Fig. 3. (a) The Ru-BSA hydrogel (m(BSA hydrogel) = 10 mg; m(Ru complex) = 0.5 mg) and BSA hydrogel (10 mg) were digested in 1 mL proteinase K (1 mg/mL)
solution with increasing digestion time. (b) The Ru complex concentrations at each time were measured by ICP-OES.

excitation channels (Aex = 405nm and A, = 488 nm). As shown in upon 488 nm laser excitation, strong red luminescence was observed in
Fig. 4a-b, the green luminescence images were observed upon 405 nm the cells. Most interestingly, the green and red luminescence in the cells
laser excitation, whereas no red luminescence was observed. However, showed in the different location.
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Fig. 4. (a) Confocal microscopy images of the living Hep-G2 cells incubated with Ru-BSA hydrogel ([Ru complex] = 20 ug/mL; [BSA hydrogel] = 400 ug/mL, 4 h);
(b) is the enlarge view in (a); (c) confocal microscopy images of the cells colabeled with Ru-BSA hydrogel and LysoTracker®Green (500 nM, 30 min); (d) confocal
microscopy images of the cells colabeled with Ru-BSA hydrogel and MitoTracker®Red (500nM, 30 min); Ru-BSA: Aex = 405nm, Aem = 500 = 30nm or
Aex = 488 nm, Aoy, = 600 = 30 nm; LysoTracker®Red: Aex = 563 nm, Aeyy, = 595 + 30 nm; MitoTracker®Green: Ay = 488 nm, Ay = 520 + 30 nm.
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Fig. 5. Ruthenium concentrations determined in lysosome and mitochondria of
the Hep-G2 cells with exposure to the ruthenium complex or Ru-BSA hydrogel
([Ru complex] = 20 pg/mL) for 1-24 h by ICP-OES.

To investigate its specific sub-cellular location, the colocation ex-
periments with organelle commercial dyes were further studied. As
shown in Fig. 4c—d, the results demonstrated the green luminescence of
Ru-BSA hydrogel located in the lysosome with a Pearson's colocaliza-
tion coefficient of 78%. Whereas, the red luminescence of Ru-BSA hy-
drogel accumulated in the mitochondria with a Pearson's colocalization
coefficient of 86%. We speculated that the Ru-BSA hydrogel firstly
entered the cells via endocytosis (because green luminescence of Ru-
BSA hydrogel showed in lysosome), then the Ru-BSA hydrogel was
degraded by the enzymes in the cells, finally the ruthenium complex
was released and accumulated in the mitochondria. As we had reported
the bare Ru complex accumulated in the mitochondria [47]. The pure
BSA hydrogel was found to locate throughout the whole cells (Fig. S7).
These results suggested that the Ru-BSA hydrogel was degradable and
the Ru complex could be released in the living cells.

The amounts of Ru complex in lysosome and mitochondria of the
cells were quantitatively determined using ICP-OES. The Hep-G2 cells
were exposed to the Ru complex or Ru-BSA hydrogel at a concentration
of 20 ug/mL (The concentration was based on Ru complex) after 1-24 h
incubation. As shown in Fig. 5, in the short time incubation (1 h and
2h), the Ru contents of Ru-BSA hydrogel were mainly accumulated in
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the lysosome but not mitochondria. However, by increasing the in-
cubation time (3-24 h), we observed that more and more Ru complexes
were in the mitochondria. These results prove our speculation, that is,
the Ru-BSA hydrogel firstly enters the cells via endocytosis, then is
degraded by the enzymes in the cells, finally the ruthenium complex is
released and accumulates in the mitochondria.

3.5. Cytotoxicity of Ru-BSA hydrogel

The cytotoxicities of Ru complex, BSA hydrogel and Ru-BSA hy-
drogel towards liver cancer (Hep-G2) and liver normal (LO2) cells were
further studied. The result showed that BSA solution or BSA hydrogel
showed almost no cytotoxicity (the cell viabilities were all above 90%
at all concentrations) towards both Hep-G2 and LO2 (Fig. S8) and the
ICso values of the Ru complex towards Hep-G2 and LO2 were ap-
proximately 100 pg/mL. However, Ru-BSA hydrogel was highly toxic
towards Hep-G2 cancer cells (ICso = 15.6 = 1.3ug/mL) but not
normal liver LO2 cells (ICs5o = 106.2 = 4.6 ug/mL) (Fig. 6). The results
indicated that the Ru-BSA hydrogel enhanced anti-cancer activity
compared to bare ruthenium complex and exhibited high selectivity for
cancer cells versus non-cancer cells.

As reported, BSA could be used as a drug carrier and designed to
provide numerous gaps in the mesh to contain and carry a large number
of drugs [51,52]. Furthermore, BSA is a natural polymer endowed with
numerous advantages such as high safety, low immunogenicity, ex-
cellent biodegradability, good biocompatibility, facile modification,
and availability at low cost [51,52]. In addition, BSA accumulates
highly in activated cells, such as those in malignant tumour and in-
flamed tissues, to cover their increased need for amino acids and energy
[53,54]. Here we also proved that BSA can enhance the cellular uptake
ability of the ruthenium complex and improve the selectivity for tu-
mour cells versus non-cancer cells.

4. Conclusions

In conclusion, we designed a metal-based BSA hydrogel for cell
imaging and cancer therapy for the first time. The Ru-BSA hydrogel
exhibited strong green and red luminescence, which could be clearly
observed in the cells by confocal microscopy. Moreover, the Ru-BSA
hydrogel was degraded in lysosome in the living cells and the Ru
complex was released from the Ru-BSA hydrogel and accumulated in
the mitochondria. Interestingly, incorporation of Ru complex into BSA
hydrogel increased its cytotoxic potency towards Hep-G2 liver cancer
cells and the selectivity between normal and cancer cells (~6.8-fold).
This is an early indication of the possibility of reducing unwanted side
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Fig. 6. The cell viabilities of Hep-G2 cancer cells and LO2 normal cells treated with different concentrations of the ruthenium complex and Ru-BSA hydrogel for 48 h,

respectively. The concentrations were based on Ru complex.
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effec

ts by the use of the BSA hydrogel as a delivery strategy. Therefore,

this strategy provides a strong basis for development of a new class of
metal-based drugs as cancer therapeutic agents.

Abbreviations

BSA bovine serum albumin

Ru-BSA  ruthenium-bovine serum albumin

ICP-OES inductively coupled plasma-optical emission spectroscopy

SEM scanning electron microscope

Hep-G2 human liver hepatocellular carcinoma cell line

LO2 human normal liver cell line

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide

FCS fetal calf serum

RPMI-1640 Roswell Park Memorial Institute medium

MLCT

Metal-to-Ligand Charge Transfer
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