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Abstract

Galactose residues could be specifically recognized by the asialoglycoprotein receptor (ASGPR)
which is highly exhibited on liver tissues. However, ASGPR has not been widely investigated on
different tumor cell lines except for hepatoma carcinoma cells, which motivates us to investigate
the possibility of galactose serving as a board tumor ligand.

In this study, a galactose (Gal)-based probe conjugated with fluorescence dye MPA (Gal-MPA) was
constructed for the evaluation of tumor affinities/targeted ability on different tumor cell lines. In
the vitro cell study, it was indicated that the fluorescence probe Gal-MPA displayed higher cell
affinity to tumor cells (HepG2, MCF-7 and A549) than that of the normal liver cells 102. In the vivo
dynamic study of Gal-MPA in tumor-bearing mice (HepG2, MCF-7, A549, HCTI116, U87,
MDA-MB-231 and S180), it was shown that its high tumor targeted ability with the maximal tu-
mor/normal tissue ratio reached up to 6.8. Meanwhile, the fast tumor-targeted ability within 2
hours and long retention on tumor site up to 120 hours were observed. Our results demonstrated
that galactose should be a promising broad ligand for multiple tumor imaging and targeted therapy.

Subsequently, Gal was covalently conjugated to doxorubicin (DOX) to form prodrug Gal-DOX
for tumor targeted therapy. The therapeutic results of Gal-DOX than DOX being better sug-
gested that galactosylated prodrugs might have the prospective potential in tumor targeted
therapy.

Key words: Asialoglycoprotein receptor (ASGPR), broad ligand, multiple tumor imaging, multiple
tumor targeted therapy, galactosylated, Near-infrared (NIR)

Introduction

ASGPR including asialoglycoprotein receptor 1
(ASGPR1) and asialoglycoprotein receptor 2
(ASGPR?) is reported as a kind of galactose-binding
receptor expressed in hepatocytes with a high capac-
ity [1, 2]. When ASGPRs bind its targeted ligands, the
complexes can be internalized by clathrin-mediated
endocytosis, and the ligands are released from AS-
GPRs to allow receptors to recycle to the cell mem-
brane. The key to keeping the concentration of recep-

tors on cell surfaces is the fast cycling of the internal-
ized receptors [3]. Owing to the specific binding of
galactose to ASGPR, galactose moieties can be used as
targeted ligands for drug delivery and internalized by
ASGPR-mediated endocytosis [4, 5].

Yang et al [6]. reported that galactose-containing
quantum dots (Gal-QDs) could selectively bind to
HepG2 cells, and their accumulation after endocytosis
could be clearly visualized with a fluorescence mi-
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croscope. Peca et al [7]. found that poly
(DL-lactide-co-glycolide)-co-poly ~ (ethylene  gly-
col)-10%-triblock-galactose conjugates were expected
to be useful in liver-specific drug delivery. Galacto-
sylated chitosan-polycaprolactone (Gal-CH-PCLs)
could be used as promising carriers for hepato-
cyte-targeted delivery of curcumin [8].

Unfortunately, few studies are carried out to in-
tensively investigate the affinity of galactose to dif-
ferent tumor cells though early studies reported that
ASGPR was also expressed on Caco-2 and HT-29 tu-
mor cells [9, 10]. This intact study motivated us to
develop a galactosylated probe for multiple tumor
imaging and therapy.

Optical molecular imaging has been applied as a
promising modality in tumor diagnosis and targeted
therapy. Since Near-infrared (NIR) light (700~900 nm)
has a comparatively weak absorption for most tissue
chromophores, such as oxyhemoglobin,
de-oxyhemoglobin and melanin, it is able to penetrate
tissues deeply and be used in small animal studies [12,
13]. ICG, approved by the U.S. FDA, is a kind of hy-
drophilic organic dye with NIR fluorescence, which is
less toxic on cells or tissues [11]. So it is suggested to
use ICG or ICG derivatives as contrast agents for NIR
fluorescence imaging. The probes, as the contrast
agents, should be targeted to the tumor cells quickly.
What's more, the probes are supposed to be cleared
from other normal organs both completely and
quickly. And hydrophilic compounds can be quickly
cleared from the body because of the properties like
its rapid dissolution.

In this study, hydrophilic ICG derivative MPA
was firstly linked with Gal to form a novel fluores-
cence probe (Gal-MPA) for the imaging of ASGPR
over-expressed tumors. Optical properties, cell affin-
ity, cytotoxicity and biodistribution in normal mice
and tumor-bearing mice were evaluated. Afterward,
anticancer drug DOX was covalently linked with Gal
to form Gal-DOX and its anti-tumor efficacy was sys-
tematically studied in vitro and in vivo.

Experimental procedure

Materials and Instruments

MPA was homebuilt. 2-Amino-D-galactose hy-
drochloride, N-hydroxysuccinimide (NHS), rhoda-
mine B (RhB), 1-ethyl-3-[3-diMethylaminopropyl]
carbodiimide hydrochloride (EDC) and doxorubicin
hydrochloride (DOX) were purchased from Sig-
ma-Aldrich (Shanghai, China). RPMI 1640, strepto-
mycin, penicillin, fetal bovine serum (FBS) and tryp-
sin-EDTA were bought from Gibco (Life Technolo-
gies, Shanghai, China). All other reagents used in the
study were of certified analytical reagent grade

(Shanghai Chemical Reagent, Shanghai, China).
Q-TOF Micro-Mass Spectrometer (Waters, USA)
was used to identify structures of products. A laser
confocal fluorescence microscopy (FV 1000, Olympus,
Japan) was used for in vitro cell fluorescence imaging.
Our homebuilt-NIR fluorescence imaging system was
used in vivo real-time imaging. The NIR system is
composed of an excitation laser (A= 7659 nm, N
L-FC-2.0-763 laser light), a high-sensitivity NIR CCD
camera (PIXIS 512 B, Princeton Instrumentation) and a
800 nm long pass filter for capturing the fluorescence
from the tissues. In addition, another 808 nm laser
(LIMO, Dortmund, Germany) was incorporated as a
background light to obtain animal profiles.

Experiments of Gal-MPA

Synthesis and characterization of Gal-MPA

Gal-MPA was synthesized as following proce-
dures [18]: First, MPA (5.0 mg) was mixed with
EDC ‘HClI (4.8 mg) and NHS (0.6 mg) in anhydrous N,
N-Dimethylformamide (DMF, 2.0 mL). The mixture
was stirred under the condition of dark and room
temperature for 4h. Then the solution was mixed with
galactosamine (1.1 mg) dissolved in pyridine (2.0 mL).
Next, the mixture was stirred in dark at room tem-
perature overnight. Subsequently, the crude product
was dried and obtained in the freezing rotary evapo-
rator. After that, it was purified by Sephadex G10
column with phosphate buffer saline (PBS). Due to the
limitation of our fluorescence microscope without
NIR fluorescence path, it was necessary to conjugate a
visible light dye RhB to galactosamine to form
Gal-RhB for in vitro cells fluorescence imaging test
[12-17]. Furthermore, its conjugation process was the
same with that of Gal-MPA.

UV-vis spectrophotometer (JH 754PC, Shanghai,
China) was acquired to record the absorption spectra.
Fluorescence spectras of Gal, MPA and Gal-MPA
were measured by using an 52000 eight-channel op-
tical fiber spectrofluorometer equipped with a NIR
laser (763 nm). For the purpose of characterizing the
chemical structure of the probe, the products were
identified by Q-TOF Micro Mass Spectrometer (Wa-
ters). The Fourier transform-Infrared spectra (FT-IR)
was utilized by an FT-IR 8400S spectrometer (Shi-
madzu. Japan). 'H nuclear magnetic resonance ('H
NMR) spectra was recorded by NMR spectrometer
(Bruker AV-500 NMR Spectrometer, Germany).

In vitro experiments

Cell culture

The cell lines for the experiment in vitro were
purchased from American Type Culture Collection
(ATCC, USA). HepG2 (human hepatocellular carci-
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noma cell line), A549 (human pulmonary epithelial
cell line), HCT116 (human colon carcinoma cell line)
and L02 (human normal liver cell line) were cultured
in RPMI 1640, which were supplemented with 10%
FBS, 100 pg/mL penicillin and 100 pg/mL strepto-
mycin. MCF-7 (human breast cancer cell), U87 (hu-
man glioblastoma cell line) and MDA-MB-231 (human
breast cancer cell line) were cultured in DMEM, which
were supplemented with 10% FBS, 100 pg/mL peni-
cillin and 100 pg/mL streptomycin. Cells were pre-
served at 37 °C in a humidified atmosphere contain-
ing 5% CO..

Qualitative analysis of Cell affinity

For the purpose of investigating the targeted
ability of galactose conjugated fluorescence probe,
HepG2, MCE-7, A549 and L02 cells were seeded in
laser scanning confocal microscope (LSCM) culture
dishes with a density of 5x10* cells/well and later
incubated at 37°C in a humidified atmosphere of 5%
CO,. After the 70% area of culture dishes was occu-
pied by cells, the cells were treated with 10 pM
Gal-RhB or RhB solution (Gal-RhB and RhB were ad-
justed to have the same fluorescence intensity), and
subsequently incubated under the same conditions for
2 h. The blocking experiments were performed with
an incubation of the cells with saturated galactose for
1 h at 37°C prior to the treatment with Gal-RhB. The
red fluorescence of RhB was collected by green light
(520 nm) excitation. For Hoechst staining of the nu-
cleus, the cells were incubated with 40 pL of Hoechst
33342 solution (10 pg/mL) for 20 mins and then
washed with PBS for three times before being imaged.
The experiments were carried out in triplicate (n = 3)
[12-17].

Quantitative analysis of Cell affinity

Flow cytometry was used to quantify the uptake
of the Gal-RhB and RhB of HepG2 tumor cells and L02
normal cells. About 10° cells were seeded in 6-well
plates and incubated overnight. Then Gal-RhB and
RhB solution (10 pM) were added into each well after
refreshing the RPMI 1640 mediums (Gal-RhB and RhB
were adjusted to have the same fluorescence intensi-
ty). The blocking experiments were carried out in the
same way of the qualitative analysis mentioned
above. Cells were washed with PBS (pH 7.0) for three
times when they had been incubated for 2 h at 37°C.
Subsequently, the cells were digested and centrifu-
gated at 1000 rpm for 5 mins. Then the cells were re-
suspended in PBS (500 pL) and analyzed by the flow
cytometer at once. The experiments were carried out
in triplicate (n = 3) [12,17].

Cytotoxicity

MTT assays were performed on various cell lines

containing HepG2, MCF-7 and L02 cells for the pur-
pose of evaluating the potential cytotoxicity of Gal,
MPA and Gal-MPA. The cells were seeded onto
96-well plates (1x10* cells/well) and then incubated
with samples dissolved in PBS for 24 h at 37°C (The
concentration of Gal, MPA and Gal-MPA was respec-
tively 100 pM). 10 pL of MTT solution (5.0 mg/mL)
was added into each well. Next, after incubating for 4
h, the medium of MTT was gently discarded and then
150 pL of DMSO was added into each for dissolution.
Before measuring the absorbance, the plate was care-
fully shaken. Ten minutes later, all test samples were
assayed by ELISA and the cell viability was calculated
using the following formula: Cell Viability = Mean
absorbance of test wells/ Mean absorbance of un-
treated control wells x100%. The experiments were
carried out in triplicate (n = 3).

In vivo experiments

Tumor xenografts

All animal experiments were performed in
compliance with the Animal Management Rules of
the Ministry of Health of the People's Republic of
China. The animal research was approved by Jiangsu
Science and Technology Department of China (Permit
Number: SYXK (SU) 2012-1035). All the experiments
were performed with isoflurane (2%) to minimize
suffering.

Athymic nude mice (BALB/c-nu) (about 20g), 4
to 6 weeks old, purchased from Shanghai Charles
River Laboratories, which were feeding in the specific
pathogen free (SPF) conditions (Temperature: 20-24°C,
Humidity: 50-70%, Ventilation: 10~20 times air ex-
changes/h, Light/dark: 14 / 10 h). The cages were
mainly made by polycarbonate with stainless steel
skylight covers for easy cleansing and sterilization.
The 6 nude mice were put in a cage so that they could
have sufficient space to move around. The bedding
material (pre-processed granulated wooden meal)
was replaced every day to keep warm, clean and dry.
Nude mice were fed with pre-processed granulated
pellets and purified water which were purchased
from Charles River Laboratories (Shanghai, China).

They were subcutaneously injected with a sus-
pension of about 5x10° cells (HepG2, MCF-7, A549,
HCT116, U87 and MDA-MB-231) in 100 pL PBS (0.01
M, pH7.2) into their axillary fossa. When the size of
tumors reached 0.1 cm in diameter, the mice were
randomly assigned into three groups (n = 6) and im-
mobilized in Lucite jig for in vivo imaging. The ex-
periments were carried out in triplicate (n = 3) [12-17].

Dynamics and biodistribution of Gal-MPA in nude
mice
Gal-MPA (10 nmol) dissolved in 0.2mL of PBS
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was injected into the tail vein of nude mice bearing
L02 normal explant. Meanwhile, a control group was
set up by injecting MPA (10nmol) dissolved in 0.2 mL
PBS in HepG2 tumor bearing nude mice. Then the
home-built NIR imaging system was utilized to assess
the distribution of the samples in mice.

Some points were paid attention to: First, NIR
fluorescent images were all displayed with the same
excitation intensity. Second, a series of images were
collected at predetermined time intervals. Third, P/N
and L/N ratios were analyzed and compared. Based
on the ROI function of the analysis, the ratio was cal-
culated by the formula as follows: P/N ratio = phyma
tissue signal/normal signal (muscle), L/N ratio =
signal in liver/normal signal (muscle). The experi-
ments were carried out in triplicate (n = 3) [12-17].

Targeted ability of Gal-MPA in tumor-bearing nude
mice

The targeted ability of Gal in the probe was
evaluated by using two groups of HepG2 tu-
mor-bearing mice. For the purpose of exploring the
targeted ability of the probe in different ASGPR over
expression tumors, mice bearing HepG2, MCEF-7,
A549, HCT116, U87 and MDA-MB-231 tumors were
administered with Gal-MPA for NIR imaging. To
perform the blocking experiments, we injected 0.2 mL
saturated galactose 0.5 h before Gal-MPA. Certainly,
the formula of P/N and L/N ratios and the concen-
tration of Gal-MPA were all the same as mentioned
above.

The usage of ex-vivo imaging was not only con-
firming the signal source but also comparing the dy-
namic behavior of Gal-MPA. The mice were sacrificed
at a certain time by dislocating the cervical vertebra
after injection and the main organs were excised and
imaged in dark so as to compare the clearance of the
probe. All of the experiments above were carried out
in triplicate (n = 3) [12-17].

Assessments of ASGPRs expression level

To evaluate the ASGPRs expression, four cell
lines (HepG2, MCF-7, A549 and L02) were utilized by
real-time PCR. Briefly, with RNeasy Kit, total RNA
was extracted from freshly isolated cancer cells. RNA
(3 pg) from each cancer cell line was converted into
cDNA by using Superscript III reverse transcriptase.
Then cDNA was used for the amplification of re-
al-time PCR with Homo-ASGPR primer.

Homo-ASGPR primer (202 bp): Sense primer:
5-TGTTGCCATCAATGACCCCTT-3' and antisense
primer: 5'-CTCCACGACGTACTCAGCG-3; Ho-
mo-ASGPR1  primer (81 bp): Sense primer:
5'-GCTGGAGAAACAGCAGAAGG-3' and antisense
primer: 5'-CGCAGGTCAGACACGAACT-3'; Ho-

mo-ASGPR2  primer (73 bp): Sense primer:
5'-TCCCAGGAGAGGAAATCCAT-3' and antisense
primer: 5-CATGGAGCAGAGACGCTGT-3'. The
product length was 73 bp.

Experiments of Gal-DOX

Synthesis and characterization of Gal-DOX

Gal-DOX was synthesized by the following
method: 9.6 mg EDC and 1.15 mg NHS were added
into 2 mL PBS (pH 7.0) with 2.12 mg galacturonic acid
(molar ratio of galacturonic acid: EDC: NHS is 1:5:1).
After 4 h of stirring, 5.8 mg doxorubicin hydrochlo-
ride (DOX) was added into the above activated Gal
solution (molar ratio of galacturonic acid: DOX is 1:1).
Next, the mixture was stirred in dark at room tem-
perature, and purified by filtration over a Sephadex
G10 column.

UV-vis spectrophotometer (JH 754PC, Shanghai,
China) was acquired to record the absorption spectras
of DOX and Gal-DOX. Fluorescence spectras of DOX
and Gal-DOX were measured using an 52000
eight-channel optical fiber spectrofluorometer
equipped with a NIR laser (763 nm).

Anti-tumor experiments in vitro

MTT assays were performed on HepG2, MCF-7
and L02 cells for evaluating the anti-tumor effect of
DOX and Gal-DOX (DOX and Gal-DOX were ad-
justed to have the same amount of DOX as 10
pg/mL).The operation of this experiment was the
same as 2.2.4.

Acute toxicity experiments

The acute toxicity of DOX and Gal-DOX was
investigated on normal mice. 30 ICR mice (aged 4
weeks, weighed 20-22 g, equal number of male and
female) were randomized into 3 groups. DOX and
Gal-DOX (adjusted to have the same amount of DOX
as 5 mg/kg, 0.2 mL) were intravenously injected into 2
groups of mice respectively. The mice under the con-
trol group were injected with Saline (0.2 mL).The mice
were sacrificed at 7 days post-injection and the major
tissues (heart, liver and kidney) were excised for his-
topathology. The pathological changes of the tissues
were evaluated [15].

Therapeutic efficacy in S180 tumor-bearing mice

30 ICR mice with S180 (aged 4 weeks, weighed
20-22 g, equal number of male and female) were ran-
domly assigned into 3 groups and injected in tail vein
with saline, DOX, and Gal-DOX separately (DOX, and
Gal-DOX were adjusted to have the same amount of
DOX as 5 mg/kg, 0.2 mL). Every day each mouse
underwent tail vein injections once and the body
weight as well as tumor diameter were measured.
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Survival rate =Ns/Nt x100% (Ns : the number of sur-
viving mice , Nt : the number of total mice ).

The tumors of 3 groups were excised for histo-
pathology analysis at 15 day post-injection to further
investigate the therapeutic effects of DOX and
Gal-DOX. Tumor tissues were fixed with 10% neutral
buffered formalin and embedded in paraffin. Then
tumor tissues were sliced to 8 mm and stained with
Hematoxylin and Eosin (H&E) and observed by
Olympus optical microscope [15].

Statistical analysis

P values were calculated by the software of Grap
hpad Prism and data was expressed as mean + SD.
Significant differences were determined by using the
Student's t test (p value < 0.05) when
there were two variables.

When there were several variables (more than
two), one way ANOVA was used to identify whether
there was significant difference among these varia-
bles. Then, Tukey's Honestly was utilized to find

which two groups had significant difference in de-
tails.

Results

Synthesis and characterization of Gal-MPA

The Gal was covalently conjugated with MPA
through common amidation reaction, as described in
Methods (Fig.1). The successful conjugation was
characterized by optical spectra, Mass spectrum,
FT-IR and 1H NMR respectively.

The absorption and emission spectra of Gal,
MPA and Gal-MPA were displayed in Fig. 2 A and
Fig. 2 B. The whole characteristic absorption peaks of
the constituent components were shown in the ab-
sorption spectra of Gal-MPA. A characteristic absorp-
tion peak of MPA at 782 nm in the absorption spectra
of Gal-MPA and the emission peak of Gal-MPA at 829
nm undoubtedly denominated that Gal-MPA had the
same fluorescence property as MPA.

Galactosamine

N _Na+ OH oloH
S0y COOM S0; Ho[ o Na+  SINJ~oH _—
@ [ @ OH OH SOy oc 3
: S L\~ EDCNHs NH 2, L $)
i @ »- L s N
& g N -2 /
S0y 038 Na+ ﬂsos- ‘038 Na+
MPA Gal-MPA
0 OH
“o o HO
I AL s goe‘
QO 0 OHO
— -..._
)%, H
Galacturonic acid
DOX Gal-DOX
Figure 1 Synthesis routine of Gal-MPA and Gal-DOX.
A B
2.0 1000
—Gal
— MPA
8 1.54 % - — Gal-MPA
= £ —RhB
£1.0] % el —— Gal-RhB
2 £ 400-
< 0.5 g
2004
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Wavelength(nm)

Wavelength(nm)

Figure 2 The optical characterizations of Gal-MPA and Gal-RhB. (A) The absorption spectra of Gal, MPA, Gal-MPA, RhB, and Gal-RhB. (B) The emission spectra of Gal,

MPA, Gal-MPA, RhB, and Gal-RhB.
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Mass spectrum and FT-IR depicted the chemical
structure of Gal-MPA. In mass spectrum (Fig. 3 A), the
highest peak at 1081.9 m/z indicated the conjugation
of MPA and Gal effectively. A new band, caused by
secondary amines, existed at 16454 cm? in FT-IR
spectra (Fig. 3 B) called the interactive bonding, which
suggested the substitution of the amino group of
2-Amino-D-galactose hydrochloride. The band which
centered at 3383.8 cm™ could be attributed to primary
amines stretching. The result from FT-IR spectra of
MPA, Gal and Gal-MPA significantly indicated that
the emergence of the characteristic stretching and
bending vibrations was boosted by the formation of
an amide bond linking Gal to MPA. Furthermore,
Gal-MPA had the bands of 1100.3 cm?, 1004.3 cm™?
and 920.6 cm-!, which were similar with the bands of
11074 cm?, 1013.4 cm? and 913.7 cm?! of MPA.
Gal-MPA had the band of 2928.5 cm™ which was
comparable to the band of 2942.7 cm! of Gal.

The successful conjugation of Gal to RhB for in
vitro study was also confirmed by its optical spectra,
as shown in Fig. 2 A and Fig. 2 B. The maximum ab-
sorption peak at 566 nm and the maximum emission
peak at 593.5 nm of Gal-RhB showed that Gal didn’t
change the optical property of RhB largely.

A
10 1081.9
5
1083.9
5¢8.5 1084.9
B R e e m/z
600 700 800 900 1000 1100
B

b4
0
N
[=2]
N

<
Gal-MPA 54,
@

1617.2

-
o~
<
=)

2
1539
1033.4

13292,

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1
Figure 3 The structural characterizations of Gal-MPA. (A) Q-TOF Micro-MS

profile of Gal-MPA ([MH]: 1081.9). (B) Fourier transform infrared (FT-IR) spectra of
Gal-MPA.

Qualitative analysis of Cell affinity

Owing to the lack of NIR fluorescence channel in
our current fluorescence microscope, Gal-RhB was
utilized for in vitro cells fluorescence imaging [12-17].
As shown in Fig. 4, fluorescence images of free RhB
and Gal-RhB incubated with different cell lines
(HepG2, MCF-7, A549 and LO2 cells) for 2 hours were
acquired and compared. Obviously, the free RhB did
not display any affinity to all the cells. As expected,
tumor cells HepG2, MCF-7 and A549 incubated with
Gal-RhB exhibited strong fluorescece signals, which
indicated Gal-RhB was mediated into the tumor cells
through the Gal-ASGPR mediation. Furthermore, the
fluorescence intensities were greatly reduced in can-
cer cells by the prior addition of excess galactose,
which implied the competitive binding of free galac-
tose to ASGPR. Much weak fluorescence was scat-
tered in the normal liver cells of L02, which might be
due to the low ASGPR expression on LO02 cell lines.
Quantitative analysis was shown in Fig. 4 E. There
were significant differences between the fluorescence
intensities of Gal-RhB & RhB and Gal-RhB & blocking
in HepG2, MCF-7 and A549 cells.

Quantitative analysis of Cell affinity

The flow cytometry analysis was used to quan-
titatively investigate the uptake behavior of Gal-RhB
in different cells. The result was in keeping consistent
with that of cell fluorescence imaging under the mi-
croscopy. Fig. 5 displayed the representative cytome-
try analysis of cancer cells HepG2 and normal liver
cells L02 incubated with Gal-RhB. Apparently, more
Gal-RhB were mediated into the HepG2 than that of
RhB. The blocking experiment with free galactose
greatly hindered the uptake of Gal-RhB into the tumor
cells. Similar with Fig. 4 D, no significant difference
was observed in the uptake of Gal-RhB and RhB by
LO02 cells.

Cytotoxicity

To assess the cytotoxicity of Gal-MPA, MTT as-
say was performed at 24 h post-incubated with
Gal-MPA on HepG2, MCF-7 and L02 cell lines (Fig. 6
A). Similar profiles were found on these cell lines
from the results of the viability. At different concen-
trations (ranged from 3.125 to 100 pM), Gal-MPA
didn't show any conspicuous cytotoxicity. Even at a
high concentration of 100 pM, neither of Gal, MPA
nor Gal-MPA exhibited apparent cytotoxicity (Fig. 6
B).
Targeted ability of Gal-MPA in tumor-bearing
mice

Same amounts of Gal-MPA were intravenously
injected to the tumor-bearing mice (HepG2, MCEF-7,
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A549, HCT116, U87, MDA-MB-231 and S180) to
evaluate the dynamics and biodistribution of
Gal-MPA. Simultaneously, the blocking experiments
with free galactose were also performed under the

A

Hochest RhB Merge

same conditions. After injection of Gal-MPA, all the
mice were healthy and lively with glossy pelage
which attributed to the non-toxicity of Gal-MPA.

blocking

Hochest

RhB

Z\

Mean Fluorescence Intensity
[\*]
il
*

HepG2 MCF-7

Il RhB

(/74 Gal-RhB
NN blocking

A549 Loz

Figure 4 Laser confocal fluorescence microscopy images of (A) HepG2, (B) MCF-7, (C) A549 tumor cells, and (D) L02 normal cells, processed by uptake
of RhB and Gal-RhB. (The blocking experiments were performed by adding Gal into the cells before Gal-RhB incubation.) (E) Fluorescence intensity of different samples

determined in different cells.

A B
e Cel| coONtrol Cell control
RhB RhB
/ — — - blocking = = = blocking
f Ey = =Gal-RhB = = Gal-RhB
£ |
= 1
[}
9 HepG2 LO2
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FL1H::RhB FL1H::RhB

Figure 5 Flow cytometry histograms. Quantative analysis of cell affinity evaluation of different groups (RhB, Gal-RhB and blocking) on (A) HepG2, and (B) LO2 cells lines.
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Figure 6 Cytotoxicity assay (24 h). (A) The cell viability of HepG2, MCF-7 and LO2 cells incubated with different concentration of Gal-MPA. (B) The cell viability of HepG2,

MCF-7 and LO2 cells incubated with 100 uM of Gal, MPA, Gal-MPA.

As shown in Fig. 7 A, the fluorescence signal of
Gal-MPA in HepG2 tumor-bearing mice was found
distributed all over the body at 0.5 h post-injection
and accumulating in liver at 2 h post-injection. The
tumors could be exactly identified from the sur-
rounding background tissues at 2 h post-injection and
the bright signal lasted for 120 h post-injection. On the
contrary, no fluorescence appeared in tumor sites
with the prior injection of free galactose (Fig. 7 B). The
fluorescence in liver was attenuated quickly after 2
hours injection. This may be due to the competitive
binding of free galactose to the ASGPR. Similar
tendencies were observed in other different tu-
mor-bearing (MCF-7, A549) mice, as shown in Fig. 7
C-E. As shown in Fig. 7 F, the fluorescence signals at
24 h post-injection in the tumor of HCT116, U87,
MDA-MB-231 and S180 were strong even though the
tumor size was small. The fluorescence ratios at tumor
phyma to normal muscle (P/N ratio) and liver organ
to normal muscle (L/N ratio) at different time inter-
vals were respectively illustrated in Fig. 7 F and Fig. 7
G. The maximum of P/N ratio was displayed at 6 h
post-injection of Gal-MPA, with 6.8+0.212 for HepG2
and 5.8+0.31 for MCF-7 tumor-bearing mice. And
significant differences existed in the P/N ratio of
HepG2 & L02, HepG2 & MPA, MCF-7 & L02 and
MCE-7 & MPA tumor-bearing mice. Interestingly, the
L/N in all the experimental mice were relatively
lower compared to the tumor sites (Fig. 7 G), which
might be due to the higher expression of ASGPR in
tumor tissues than in liver tissues. In addition, as ob-
served, Gal-MPA were subsequently clear from the
body through the kidney. (Because of the wa-
ter-solubility of Gal-MPA, it is excreted from the body
through the kidney. The fluorescence signal in the site
of kidney is due to the emiction of the mouse being
imaged. More strong fluorescence signal in kidney
will be detected when the bladder of the mice is full of
urine. If the mouse do not have urine, the fluorescence
signal in the kidney would be much weaker. Galac-
tose can't increase the excretion of the particles from

the kidney.)

To confirm the targeted ability of Gal-MPA in
tumors, a cohort of experimental tumor-bearing mice
were euthanized at different time points and the main
organs were excised for ex-vivo fluorescence imaging
(Fig. 7 H). Gal-MPA distributed mostly in MCEF-7
tumors at 96 h post-injection (Fig. 7 H-a), indicating
the long retention time. In the blocking group (Fig.
7H-b), the fluorescence mostly vanished except in the
kidney at 12 h, confirming the effective blocking of
galactose and renal excretion pathway. Fig. 7 H-c and
Fig. 7 H-d showed a similar tendency of fluorescence
imaging in organs of HepG2 tumor-bearing mice. The
fluorescence intensities in the tumors were distinct
regardless of the tumor species. Free MPA didn't
show tumor targeted ability (Fig. 7 H-e), which sup-
ported the selectivity of Gal-MPA to tumors. So
Gal-MPA could be utilized as a broad agent for a va-
riety of tumor diagnosis. Ex-vivo fluorescence images
of isolated organs/tissues were consistent with the in
vivo imaging, indicating the reliability of in vivo im-
aging. Additionally, no accumulation of the free dye
MPA showed in HepG2 tumor and the liver (Fig. 7 I),
testifying that it was not MPA but galactose leading
Gal-MPA to enter tumor cells (Fig. 7 A-E). The fluo-
rescence intensities in other organs quickly disap-
peared within 4h except the kidneys which showed
bright fluorescence signal, indicating that the hydro-
philic dye MPA had a fast renal clearance.

The dynamics and biodistribution of Gal-MPA in
normal mice were shown in Fig. 7 J. The fluorescence
in liver organ was gradually attenuated compared to
the free MPA, implying the specific binding of
Gal-MPA to the ASGPR which was displayed on
normal liver cells.

ASGPR expression level

As displayed in Fig. 8, ASGPR expression level
in HepG2, MCF-7, A549 and LO2 cells explained the
reason why the uptake of galactose in tumor cells
increased.
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Figure 7 In vivo NIR fluorescence imaging. Target or block experiment of
Gal-MPA at different post-injection time intervals in (A, B) HepG2 tumor-bearing
mice, (C, D) MCF-7 tumor-bearing mice and (E) A549 tumor-bearing mice. The
blocking experiments (B, D) were performed by injecting Gal into the tail vein of nude
mice at 0.5 h before Gal-MPA injection. (F)Target experiment of Gal-MPA at 24 h
post-injection in (F-a) HCTI116, (F-b) U87, (F-c) MDA-MB-231 and (F-d) S180
tumor-bearing mice. (G) Statistical comparison of phyma tissue-to-normal tissue
(P/N) ratio of samples in mice. (H) Liver-to-normal tissue (L/N) ratio of samples in
mice. (l) Fluorescence images of isolated organs separated from different tu-
mor-bearing mice:(l-a Organs separated from MCF-7 tumor-bearing mouse at 96 h
after injecting Gal-MPA. |-b Organs separated from the blocking experiment at 12 h
for MCF-7 tumor-bearing mice. I-c Organs separated from HepG2 tumor-bearing
mouse at 12 h after injecting Gal-MPA. I-d Organs separated from the blocking
experiment at 12 h for HepG2 tumor-bearing mice. I-e Organs separated from
HepG2 tumor-bearing mouse at 12 h after injecting MPA.) (J) Fluorescence images of
nude mice bearing HepG2 tumor with injection of MPA. (K) Fluorescence images of
normal mice with injection of Gal-MPA. (L) In vivo fluorescence images of Gal-MPA in
nude mice bearing L02 normal explant at different post-injection intervals.
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ASGPR1 was highly expressed in HepG2 cells
(Fig. 8 A). The relative ASGPR1 expression level in the
different tumor cell lines was in the order of
HepG2>MCF-7>A549. The normal liver cells L02 dis-
played the lowest ASGPR1 expression level. The
ASGPR1 expression level was consistent with the or-
der of the tumor targeted abilities. To clarify the
function of ASGPR2, its expression level was also
plotted in Fig. 8 B.

As for Fig. 4, it analyzed and depicted that the
relative fluorescence intensities in HepG2, MCEF-7,
A549 and L02 cells displayed a similar profile with
that of ASGPR1 expression (Fig. 8). It showed that
ASGPR1 might be the major receptor for the probe
uptake. In contrast, L02 cells with high ASGPR2 ex-
pression exhibited weak fluorescence intensities, in-
dicating that ASGPR2 might not be the key receptor
for the probe mediation. Furthermore, the addition of
free galactose prior to the Gal-RhB incubation suc-
cessfully blocked the uptake of Gal-RhB probe, im-
plying the mediation mechanism by the ASGPR. So
the results above led to a conclusion that the inter-
nalization of Gal-RhB into ASGPR1 positive tumor
cells (HepG2, MCF-7 and A549) might be a kind of
ASGPR1 mediated endocytosis, which could be
competitively and effectively inhibited by galactose.
Owing to over expression of ASGPR1 in a variety of
tumor cell lines, ASGPR1 might be considered as a
broad biomarker for tumor diagnosis and targeted
therapy.

L02 cells with low expression level of ASGPR1
and high expression of ASGPR2 were implanted into
the mice. As expected, Gal-MPA was distributed less
in the L02 mass (Fig. 7 L) and the fluorescence disap-
peared quickly within 4 h, which implied that the
uptake of Gal-MPA by tumor cells might be mediated
by the binding of galactose to ASGPRI.

Anti-tumor efficacy of Gal-DOX in vitro

To take advantage of the capability of galacto-
sylated compounds in tumor targeted therapy, Gal
was covalently conjugated to doxorubicin (DOX) to
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form prodrug Gal-DOX. MTT assay was carried out,
DOX and Gal-DOX were adjusted to have the same
amount of DOX on HepG2, MCF-7 and L02 cell lines
(Fig. 9). As shown in Fig. 9 A, DOX and Gal-DOX
showed dose-dependent anti-tumor activity to HepG2
cells. low concentration of DOX and Gal-DOX exhib-
ited similiar anti-tumor efficacy. At the highest dose
of 10 pg/mL, the inhibition ratio of Gal-DOX was
54.3% of total cells, which is much higher than that of
DOX (40.1%), And the cell viability of HepG2 and
MCEF-7 tumor cells incubated with DOX was higher
than that of Gal-DOX, with opposite phenomena ob-
served in normal cells LO2 (Fig. 9 B ). These results
might indicate that the specific binding of Gal to the
over-expressed ASGPR1 on the surface of HepG2 and
MCE-7 tumor cells increased the intracellular uptake
of Gal-DOX through receptor-mediated endocytosis,
and thus, enhanced the antitumor activity of
Gal-DOX. The normal cells LO2 with less ASGPR1
level did show high cell viability, suggesting the low
cytoxicity of Gal-DOX on ASGPR1 low expression
cells.

Toxicity of Gal-DOX on normal mice

The acute toxicity of Gal-DOX was assessed on
normal mice, with DOX and saline as control (Fig. 10).
And 7 days post-injection of the samples at the dose of
5 mg/kg, the blood serum was separated for bio-
chemical parameters test and the main organs (heart,

liver and kidney) were excised for histological analy-
sis.

Blood serum biochemical parameters

The blood serum biochemical parameters were
plotted in Fig. 10 A. ALT, AST and BUN were similar
in all the treated groups, while CK displayed signifi-
cant difference (P<0.05) between DOX and GAL-DOX
treated groups.

A rise of ALT was considered as a vital sign of
liver damage. Various types of hepatitis and drugs
like anti-tumor drugs could definitely increase the
amount of ALT, which was caused by liver damage
and therefore changing the hepatocyte membrane
permeability, leading intracellular ALT transferring
towards circulatory blood.

AST existed in tissue cells, most of which was in
myocardial cells, less existing in liver cells and the
least staying in the blood serum. Only when the heart
was seriously necrotized or destroyed can lead to an
increase of AST concentration in blood serum.

CK, mainly in the skeletal muscles, brain and
myocardium, had a crucial value being utilized in
diagnosis of myocardial infarction.

Results indicated that DOX could cause a severe
myocardial damage. However, when the DOX was
conjugated to Gal, the heart damage was significantly
reduced because of the less accumulation of
GAL-DOX in heart tissues (Fig. 10 A).
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ratio of HepG2, MCF-7 and L02 cells incubated with DOX and Gal-DOX (DOX and Gal-DOX were adjusted to have the same amount of DOX as 10 pg/mL).
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Figure 10 Acute toxicity experiments. (A) The serum ALT, AST, CK and BUN levels after administration of saline, DOX and Gal-DOX after 7 days.(B) Histologic
examination on hearts, livers and kidneys from normal mice which were respectively treated by saline, DOX and Gal-DOX at 7-day postinjection.

Histological analysis

Fig. 10 B showed that myocardial fibers of
Gal-DOX treated groups and control groups observed
on the longitudinal side were clear and nucleus stayed
in the middle. There were no damage on epicardium
or endocardium and no anapetia, inflammatory cells
infiltration and necrosis observed. In contrast, in DOX
treated group, several myocardial fibers appeared
vacuolar degeneration and little necrosis observed.

For the liver, since much glucogen was stored in
endochylema, leading hepatocytes' outline unclear
whether the hepatocytes were degenerate or were not
verified exactly. However, light vacuolar degenera-
tion was displayed in spite that no obvious necrosis
were observed. Membranes of kidneys in each sample
looked holonomic. Cortical and medullary areas
could be clearly identified. Glomerulus appeared no
change of plenty, atrophy or necrosis. Besides, sac-
cules showed no eclasis and membrane cells in sac-

cules didn't increase. The capillary lumen didn't ex-
pand. Merely a few of epitheliums showed hydroncus
but not necrosis. Glomerulus and mesenchyma were
normal as well.

Overall, the DOX-treated group showed some
damages on heart, which was exactly its major
drawback of DOX. On the contrary, the Gal-DOX
treated group showed similar histological structure as
those of control group, with no obvious abnormalities
or lesions, indicating the reduced toxicity by the Gal
targeting.

Therapeutic evaluation of Gal-DOX in S180
tumor-bearing mice

Therapeutic effect of the DOX, Gal-DOX and sa-
line treated group mice were investigated. Tumor
size, survival rates and body weight of mice treated
by saline, DOX, Gal-DOX were plotted in Fig. 11. Due
to the lack of inhibition and the infinitely growth of
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tumor, tumor size of the mice in control group (0.92
cm) was the largest and the increment of body weight
(30.75 g) also far exceeded that of other groups.

With the same amount of DOX, the tumor size in
Gal-DOX-treated group was greatly reduced com-
pared to the DOX-treated group. No mouse died in
the Gal-DOX-treated group after 14 days while the
survival rate of DOX treated group was only 50%.
These results further supported the targeted ability of
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Gal-DOX, increasing the accumulation of DOX in
tumor sites and decreasing the systematic toxicity.

In addition, H&E tumor tissue sections at 14 day
post-injection were histologically examined, as shown
in Fig. 11 E. Larger necrosis region with pathological
calcification was observed in Gal-DOX group than
that of DOX group, while all the tumor cells were still
normal in the saline treated group, which further
proved the better therapeutic effect of Gal-DOX.
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Figure 11 Comparison of the therapeutic efficacy.(A) Diameter of tumor in different groups within 14 days.(B) Survival rate of mice in different groups within 14 days.(C)
Changes of body weight of mice in different groups.(D) Tumor tissues gotten from the mice with different samples.(E) H&E stained tumor tissues gotten from the mice with

different samples.

Discussion

Owing to the specific binding feature of galac-
tose to ASGPR which was highly expressed on the
surface of a variety of tumor cells, Gal-MPA was de-
signed and successfully synthesized as a broad tu-
mor-imaging agent on a broad of tumor cells in this
study.

The high affinities to ASGPR overexpressed tu-
mor cells (Fig. 4, Fig. 5) and the competitive blocking
experiments confirmed that Gal-MPA was mediated
into the tumor cells by ASGPR. The correlation be-

tween cell uptake and ASGPR expression suggested
that ASGPR1 might mediate the internalization of
Gal-MPA into multiple tumor cells by endocytosis.

Due to the hydrophilic property, Gal-MPA was
able to reach the tumor site quickly within 2 hours
post-injection (HepG2, MCF-7, A549, HCT116, U87,
MDA-MB-231 and S180) (Fig. 7). Besides, the high
tumor-targeting ability with P/N at the maximal of
6.8 and long tumor retention time (~120 hours) indi-
cated that Gal-MPA is qualified for multiple tumor
diagnosis and Gal is an ideal ligand for tumor tar-
geted therapy.
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To validate the better therapeutic effect of ga-
lactosylated compound, Gal-DOX was synthesized as
a prodrug for tumor targeted therapy. The higher
tumor inhibition capability of Gal-DOX than that of
DOX was demonstrated in the S180 tumor bearing
mice. The enhanced antitumor activity of Gal-DOX is
attributed to the high accumulation of Gal-DOX on
tumor sites than that of DOX. Results indicated that
Gal-DOX was a promising antitumor drug for broad
tumor- targeted therapy.

Normal liver cells are devided into hepatic
parenchymal cells, Interstitial cells, et al. Hepatic
parenchymal cells are the main cells which function-
ate. LO2 cell line is one kind of human hepatic paren-
chymal cell. But LO2 cells can't represent the normal
liver cells. Long-term treatment by Gal-DOX might
also result in biotoxicity on the normal tissues. This
side effect of the proposed treatment would be at-
tributed to the uptake of the Gal-DOX by other types
of cells such as macrophage, lymphocyte and so on
and then the accumulation in the normal tissue. In the
future work, we will investigate the double targeting
therapy by conjugating another tumor-targeting lig-
and (RGD, folate and so on) to improve the tu-
mor-selectivity.
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