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In this study, we covalently conjugated polyethylene glycol-linked lactobionic acid (PEG-LA) onto the
surface of laponite (LAP) nanodisks for targeted delivery of doxorubicin (DOX) to liver cancer cells.
LAP nanodisks were firstly modified with 3-aminopropyldimethylethoxysilane to introduce amino groups
on the surface, and then PEG-LA were successfully conjugated to form targeted LM-PEG-LA nanodisks
via EDC chemistry. Finally, anticancer drug DOX was encapsulated into the synthesized nanocarriers
with an exceptionally high loading efficiency of 91.5%. In vitro release studies showed that LM-PEG-
LA/DOX could release drugs in a sustained manner with a higher speed at acid condition than at
physiological one. MTT assay results proved that LM-PEG-LA/DOX displayed a significant higher
therapeutic efficacy in inhibiting the growth of hepatocellular carcinoma cells (HepG2 cells) than
untargeted ones at the same DOX concentration. The targeting specificity of LM-PEG-LA/DOX was
further demonstrated by flow cytometric analysis and confocal laser scanning microscopy. The developed
LA-modified LAP nanodisks could serve as a targeted carrier for efficient loading and specific delivery of

different anticancer drugs to liver cancer cells.

Introduction

Developing efficient drug delivery systems (DDS) has been a
major challenge in cancer chemotherapy. Till now, various types
of nano-devices, such as micelles,” ? dendrimers,” * carbon
nanotubes,™ ¢ and nanoclays’ have been used to encapsulate
anticancer drugs, and the obtained DDS display significant
advantages in improving the solubility of drugs, controlling drug
release properties, and passively targeting tumor tissues through
EPR effect.® However, those systems still inevitably cause
undesirable side effects due to the lack of tumor-specific delivery.
Therefore, specific peptides (RGD* '%) or biological ligands (folic
acid,'" '? hyaluronic acid,” etc'*'®) with an enhanced binding
affinity toward certain receptors expressed by cancer cells have
been attached onto the surface of nanocarriers to construct
targeted drug delivery systems.

Asialoglycoprotein receptor (ASGPR) has been demonstrated
to have high expression on the surface of hepatocytes and several
human carcinoma cell lines, and show strong binding efficiency
with galactose.'”' Therefore, galactose-bearing lactobionic acid
(LA) has been exploited as a targeting agent to realize targeted
delivery to liver cancer cells. For example, Xu et al. used LA-
conjugated dioleoylphosphatidyl ethanolamine as a component to
build docetaxel-loaded solid lipid nanoparticles, and proved that
this delivery system showed lower systemic toxicity and targeted
antitumor efficacy in murine model.? Villa et al. synthesized LA-
modified chitosan microbubbles to deliver doxorubicin (DOX) to
hepatocarcinoma cells specifically.'® In our previous studies, LA
was linked on polyamidoamine dendrimer directly or through

poly(ethylene glycol) as a spacer, which endowed dendrimers the
active targeting ability to hepatocarcinoma cells.'"> * All these
studies clearly demonstrated that attachment of LA could
improve the specific accumulation of nanocarriers in tumors and
increase the cellular uptake by cancer cells overexpressing
ASGPR via receptor-mediated endocytosis.

In recent years, Laponite (LAP), a kind of synthetic clay, has
attracted much attention in drug delivery applications due to its
unique structure and properties.* It has a typical layered structure
similar to natural hectorite, and can be stably dispersed in water
with a diameter of about 25 nm and a thickness of 1 nm for each
platelet. Hence, various of drug molecules, such as tetracycline,”
amoxicillin,* and itraconazole,?”*® can be inserted in the layered
structure of LAP forming a sandwich-like drug delivery system.
Among them, positively charged drug molecules could be
encapsulated within LAP with extremely high payloads due to the
negatively charged surface of LAP and its high cationic exchange
capacity.”” ** In our previous work, positively charged DOX
molecules were encapsulated within LAP with a loading
efficiency of 98.3%, and LAP/DOX showed a better therapeutic
efficacy than free DOX in vitro.*' Following work demonstrated
that LAP/DOX nanodisks passively targeted tumors via the
enhanced permeability and retention (EPR) effect and displayed a
better in vivo antitumor efficacy than free DOX.>* However, the
lack of specificity to cancer cells is still an impassable barrier in
the application of LAP-based drug delivery system. Therefore, it
is highly desirable to modify LAP nanodisks with targeting
functionalities in order to fully unleash the potential of LAP as a
nanocarrier for drug delivery.

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



New Journal of Chemistry

In this paper, we synthesized PEG-LA modified LAP
nanodisks for targeted delivery of anticancer drug DOX to liver
cancer cells. First, amine groups were introduced on LAP
nanodisks  through the surface modification of 3-
aminopropyldimethylethoxysilane (APMES). And then PEG-
linked LA (LA-PEG-COOH) and PEG monomethyl ether with
one carboxyl terminal group (mPEG-COOH) were covalently
bonded on nanodisks via EDC chemistry to form targeted LM-
PEG-LA and untargeted LM-mPEG carriers, respectively. And
their structures and properties were extensively characterized by
TGA, TEM, 'H NMR, FTIR spectrometry, and dynamic light
scattering (DLS). After loading DOX, the complexes were further
evaluated by UV-vis spectroscopy and DLS. In vitro drug release
was performed under both acidic and physiological conditions.
Furthermore, in vitro antitumor efficacy of drug-loaded nanodisks
was determined via MTT assay on a hepatocellular carcinoma
cell line (HepG2 cell). Finally, the targeted delivery and
intracellular uptake of LM-PEG-LA/DOX nanodisks were
investigated by flow cytometry (FCM) and confocal laser
scanning microscopy (CLSM).

Experimental
Materials

LAP was purchased from Zhejiang Institute of Geologic and
Mineral Resources, and DOXeHCl was purchased Beijing
Huafeng Pharmaceutical Co., Ltd.. Lactobionic acid (LA), 3-
aminopropyldimethylethoxysilane ~ (APMES),  1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC), and
N-hydroxysuccinimide (NHS) were from J&K Chemical Ltd..
PEG monomethyl ether with one end of carboxyl group (mPEG-
COOH, Mw = 2000) and a dual functional PEG with one end of
amine group and the other end of carboxyl group (NH,-PEG-
COOH, Mw = 2000) were from Shanghai Yanyi Biotechnology
Corporation. All the other chemicals and solvents were purchased
from Sinopharm Chemical Reagent Co., Ltd. (China). HepG2
cells (a human liver adenocarcinoma cell line) and MCF-7 cells
(a human breast cancer cell line) were obtained from the Institute
of Biochemistry and Cell Biology (the Chinese Academy of
Sciences, Shanghai, China). Dulbecco's modified eagle medium
(DMEM) medium, minimum essential medium (MEM) medium,
fetal bovine serum (FBS), penicillin, and streptomycin were from
Hangzhou Jinuo Biomedical Technology. MTT and Hoechst
33342 were from Sigma. All of the cell culture flasks and plates
were from NEST Biotechnology (Shanghai, China). Water used
in all experiments was purified using a Milli-Q Plus 185 water
purification system (Millipore, Bedford, MA) with resistivity
higher than 18 MQ-cm.

Preparations

LM-NH, nanodisks. LAP was modified with APMES to
introduce amino groups on the surface, as shown in Scheme 1.
Briefly, LAP was dispersed in water at the concentration of 10
mg/mL under vigorous magnetic stirring overnight until a
homogeneous solution was obtained. Then, an APMES solution
was prepared by diluting 100 pL of APMES in 4.90 mL of water,
and then was dropwise added into 25 mL of LAP solution. The
reaction was undertaken at 50 °C water bath for 16 h. Finally, the
reaction mixture was dialyzed against water (9 times, 2 L) for 3 d

using a dialysis membrane with a molecular weight cutoff of
8000-14000 to obtain the product LM-NH,.

LA-PEG-COOH nanodisks. LA-PEG-COOH was synthesized
according to our previous report.'> Briefly, LA (0.1 mmol, 35.83
mg), equal molar equivalents of EDC (19.17 mg) and NHS
(11.50 mg) were dissolved in NaH,PO,-Na,HPO, buffer (pH =
6.0, 0.02 M, 10 mL) under vigorous magnetic stirring for 3 h.
Then, the activated LA solution was dropwise added to equal
molar equivalent of NH,-PEG-COOH solution and stirred for 3 d
at room temperature. The reaction mixture was dialyzed against
water (9 times, 2 L) using a dialysis membrane (MWCO of 500-
1000) for 3 d to remove the excess reactants. Finally, the pure
product LA-PEG-COOH was obtained by lyophilization.

LM-PEG-LA nanodisks. LA-PEG-COOH (34.27 mg, in 5 mL
of water) was first activated by five molar equivalents of EDC
and NHS with vigorous stirring for 3 h. The activated LA-PEG-
COOH was dropwise added into the LM-NH, solution (6.276
mL, 52.33 mg) under vigorous shaking. After 3 days, the reaction
mixture was dialyzed against water (9 times, 2 L) for 3 d using a
dialysis membrane (MWCO of 8000-14000) to remove the excess
reactants to get LM-PEG-LA. As a control, untargeted LM-
mPEG was also synthesized by conjugating mPEG-COOH on
LM-NH, by a similar method.

Characterization techniques

'H NMR spectra were collected using a Bruker AV400 nuclear
magnetic resonance spectrometer. Samples were dissolved in
D,O before measurements. FTIR spectrometry was performed
using a Nicolet Nexus 670 FTIR (Nicolet-Thermo) spectrometer.
All spectra were recorded using a transmission mode with a
wavenumber range of 650-4000 cm™. TEM was performed using
a JEOL 2010F analytical electron microscope (JEOL, Japan)
operating at 200 kV. An aqueous solution of nanodisks (1
mg/mL) was dropped onto a carbon-coated copper grid and air
dried before measurements. Thermogravimetric analysis (TGA)
was carried out using a TG209F1 (NETZSCH Instruments Co.,
Ltd., Germany) thermogravimetric analyzer. The samples were
heated from room temperature to 700 °C at a rate of 20 °C/min
under nitrogen atmosphere. Zeta potential and dynamic light
scattering (DLS) measurements were carried out using a Malvern
Zetasizer Nano ZS model ZEN3600 (Worcestershire, U.K.)
equipped with a standard 633 nm laser.

Loading of DOX

The concentrations of LM-PEG-LA and LM-mPEG solution
were set at 6 mg/mL, and an aqueous solution of DOX (2
mg/mL) was prepared. Then, equal volume of DOX and carrier
solutions were mixed and magnetically stirred for 24 h to ensure
the sufficient interact and encapsulating. The mixture solutions
were then centrifugated (5000 rpm, 10 min) and resuspended in
water for 3 times to remove the unloaded free DOX. Finally, LM-
PEG-LA/DOX and LM-mPEG/DOX solutions were stored in
dark at room temperature. To determine the drug loading
efficiency, the supernatants after 3 times centrifugation were
collected, and the free DOX concentration in the supernatants
was quantified using Lambda 25 UV-vis spectrophotometer
(Perkin Elmer) at 480 nm with the standard absorbance-
concentration calibration curve at the same wavelength. The drug
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loading efficiency and drug loading content of DOX were
calculated according to the following equations:

Drug loading efficiency (%) = (Wo-W,)/W, X 100%

Drug loading content (%) = (W¢-W)/WL % 100%
where Wy, W, and W represent the initial DOX mass, the DOX
mass in the supernatant, and the mass of nanocarriers
respectively.

Release of DOX from LM-PEG-LA/DOX

The in vitro release kinetics of DOX from LM-PEG-LA/DOX
nanodisks under different pH conditions (pH = 5.4 and 7.4) were
monitored using UV—vis spectroscopy. Briefly, 2 mL of LM-
PEG-LA/DOX nanodisks (2.5 mg/mL) were placed in a dialysis
bag with a MWCO of 10000, and dialyzed against 8§ mL of
phosphate buffered saline (PBS) solution (pH = 7.4) or acetate
buffer solution (pH = 5.4) in a sample vial. All these samples
were in triplicate and incubated in a vapor-bathing constant
temperature vibrator at 37 °C. At each predetermined time
interval, 1 mL of release medium was withdraw and then 1 mL of
respective fresh buffer solution was added. The released DOX
was quantified using UV-vis spectrometry at 480 nm.

MTT cell viability assay and cell morphology observation

HepG2 cells were regularly cultured in 25 mL culture flask with
5 mL of DMEM (10% FBS, 1% penicillin-streptomycin) medium
in a humidified incubator with 5% CO, at 37 °C. The next day,
the medium was substituted by fresh medium consisting of PBS,
LM-mPEG, LM-PEG-LA, free DOX, LM-mPEG/DOX, and LM-
PEG-LA/DOX, respectively. The concentration of DOX in drug-
loaded groups was set at 2 ug/mL, and the concentrations of
nanocarriers were the same as those drug-loaded ones. After 24 h
incubation, MTT solution (10 pL, 10 mg/mL) was added to each
well. After incubation at 37 °C for 4 h, 100 pL DMSO was added
to dissolve the purple MTT formazan crystal. Then, the plates
were read at 570 nm using a Microplate Reader (MK3, Thermo).
Mean and standard deviation for the triplicate wells for each
sample were reported. In parallel, before MTT assay, the
morphology of cells after treatment for 24 h was observed using a
Leica DM IL LED inverted phase contrast microscope with a
magnification of 200x for each sample.

To better evaluate their therapeutic efficacy, HepG2 cells were
treated with LM-PEG-LA/DOX, LM-mPEG/DOX and free DOX
at the final drug concentration of 0.4, 0.8, 1.2, 1.6, and 2.0 ng/mL
for 24 h. The cell viability was measured by standard MTT assays
as described previously.

Confocal microscopy

Confocal microscopy (Carl Zeiss LSM 700, Jena, Germany) was
used to observe the cellular uptake of the LM-PEG-LA/DOX and
LM-mPEG/DOX according to our previous report.' Briefly,
cover slips with a diameter of 14 mm were sequentially treated
with 5% HCI, 30% HNO;, and 75% alcohol and then fixed in a
24-well tissue culture plate. In this study, MCF-7 cells with low
level of ASGPR expression were used as negative control, and
cultured in MEM (10% heat-inactivated FBS, 1% penicillin-
streptomycin) medium in a humidified incubator with 5% CO, at
37 °C.2 5x10* HepG2 cells or MCF-7 cells were seeded into each
well with 1 mL fresh medium and cultured at 37 °C and 5% CO,
for 12 h to allow the cells to attach onto the cover slips. Then, the

medium was discarded, and 1 mL fresh medium containing PBS
(control), free DOX, LM-mPEG/DOX and LM-PEG-LA/DOX
with the final DOX concentration of 2 pg/mL was added into
each well. The cells were incubated at 37 °C and 5% CO, for
another 4 h. After that, the cells were rinsed with PBS for 3 times,
fixed with glutaraldehyde (2.5%) for 15 min at 4 °C, and
counterstained with Hoechst 33342 (1 mg/mL) for 15 min at
37 °C using a standard procedure. The DOX fluorescence was
excited with a 488 nm argon blue laser, and the emission was
collected through a 505-525 nm barrier filter. Finally, the samples
were imaged using a 63xoil-immersion objective lens.

Flow cytometry

Flow cytometry was used to detect the targeting efficacy of LM-
PEG-LA/DOX and LM-mPEG/DOX. Approximately 2x10°
HepG2 cells or MCF-7 cells per well were separately seeded in
24-well plates the day before the experiments to bring the cells to
confluence. Then the medium was replaced with 1 mL fresh
medium containing PBS, free DOX, LM-PEG-LA/DOX or LM-
mPEG/DOX at DOX concentration of 2 pg/mL. After 4 h
incubation, the cells were rinsed with PBS for 3 times,
trypsinized, centrifugated, resuspended in PBS, and analyzed
using a Becton Dickinson FACS Calibur flow cytometer
equipped with an argon laser (488 nm). The DOX fluorescence of
1x10* cells was measured and the mean fluorescence was
quantified from the gated viable cells.

Targeted cancer cell inhibition

To explore the targeted cancer cell inhibition effect, HepG2 cells
were seeded into a 96-well plate with a density of 1x10* per well.
After cultured for 24 h to bring the cells to confluence, the
medium was replaced with 200 puL fresh medium containing free
DOX, LM-mPEG/DOX, and LM-PEG-LA/DOX at a final DOX
concentration of 10 pg/mL. After 4 h, the medium was discarded
and the cells were washed with PBS for 3 times. Then fresh
medium without DOX was added and the cells were continuously
cultured at 37 °C for another 24 h. Finally, the viability of cells
was measured using MTT assay.

Statistical analysis

One-way ANOVA statistical analysis was performed to evaluate
the experimental data. 0.05 was selected as the significance level,
and the data were indicated with (*) for p < 0.05, (¥¥*) for p <
0.01, and (***) for p < 0.001, respectively.

Results and discussion
Synthesis and characterization of LM-PEG-LA

LAP is a layered inorganic nanomaterial with hydroxyl groups
located in the interlayer space and at the edge of individual
particles. It has been reported that silane coupling agents can be
used to introduce new functional groups on the surface of LAP.**
3* But trifunctional silane molecules may self-condense and link
the clay sheets together, which may reduce the loading capacity
and compromise its stability. In contrast, monofunctional silane
molecules may only react at the edges of the crystalline sheets.*
Therefore, in this study, monofunctional APMES was chosen to
modify amine groups on the surface of LAP nanodisks at first.
Then, targeting agent LA-PEG-COOH was conjugated on LM-
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NH, via EDC chemistry in order to endow the nanodisks specific
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Scheme 1 Scheme of the synthesis of LM-mPEG/DOX and LM-PEG-LA/DOX.
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Fig. 1 (a) TGA curves of LAP, LM-NH,, LM-mPEG, and LM-PEG-LA;
TEM micrographs of LAP (b), and LM-PEG-LA (c, d).

delivery to hepatocarcinoma cells. It is postulated that the PEG
spacer could increase the flexibility of LA and improve the
colloidal stability as well."”” Finally, drug loaded LM-PEG-
LA/DOX were obtained by the encapsulating of anticancer drug
DOX, as shown in Scheme 1.

To demonstrate the successful surface modification of LAP,
TGA analysis was carried out to measure the weight loss of LAP,
LM-NH,, LM-mPEG, and LM-PEG-LA (Fig. la). Compared
with the pristine LAP, LM-NH, exhibited approximately 2.33%
weight loss from 200 °C to 600 °C corresponding to the thermal
decomposition of the organic molecules.*® This result proved that
silane coupling agents had been conjugated onto the surface of
LAP. In the same temperature range, LM-mPEG and LM-PEG-
LA displayed about 48.52% and 52.46% weight loss respectively,
demonstrating the successful modification of mPEG and PEG-
LA. And the higher weight loss of LM-PEG-LA than LM-mPEG
may results from the additional LA modification on nanodisks
(about 3.94 wt%). Furthermore, the successful modification can
be proved directly through the TEM micrographs of LAP (Fig.
1b)

(@)
—PRGLA — LM-mPEG
JL._.A,..AL‘ N M
6 5 4 3 2 1 0 0
ppm ppm
© O ]
— LM-PEG-LA \/
R
—— LM-PEG-L.A
», —— PEG-LA
& é A‘t :; é i (‘) 3600 3000 2400 1800 1200 600

ppm Wavenumber (cm™)

Fig. 2 'H NMR spectra of PEG-LA(a), LM-mPEG(b), and LM-PEG-
LA(c); FTIR spectra of LM-NH,, LM-PEG-LA, and PEG-LA (d).

and LM-PEG-LA (Fig 1c,1d). LAP nanodisks showed a round
shape with a clear boundary at diameter of about 30 nm. In
contrast, grey shadows appeared on the outlayer of LM-PEG-LA
nanodisks, indicating the successful coverage of polymer (PEG-
LA) on the surface of LAP nanodisks.

The chemical structure of synthesized PEG-LA, LM-PEG-LA
and LM-mPEG were characterized by 'H NMR spectroscopy (Fig.
2). In the spectrum of PEG-LA, the distinct peak at 3.59 ppm was
assigned to the -CH,- protons of PEG, and the proton peaks at
3.73 to 4.14 ppm were associated with LA moieties, verifying the
successful synthesis of PEG-LA.*"*® And the average number of
LA coupled to each PEG was estimated to be 0.72 based on NMR
integration. After surface modification, a prominent peak at 3.64
ppm related to PEG appeared in the spectra of LM-mPEG and
LM-PEG-LA, indicating that PEG chain was linked on
nanodisks. The spectrum of LM-PEG-LA also displayed a peak at
3.83 ppm associated with LA, demonstrating that targeting agent
LA was conjugated on LAP with a PEG spacer. FTIR
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spectroscopy was also performed to confirm the surface
modification of LAP (Fig.

Table 1. Zeta Potential and Hydrodynamic Diameter of LAP,
LM-NH,, LM-mPEG, LM-PEG-LA, LM-mPEG/DOX, and LM-

PEG-LA/DOX.
Sample Zeta Potential Hydrodynamic
(mV) Diameter (nm)
LAP -39.6+0.7 86.5+5.1
LM-NH, -12.0£2.0 184.0+1.9
LM-mPEG -14.1+1.2 354.7+£13.1
LM-PEG-LA -13.9+1.4 335.0+12.7
LM-mPEG/DOX -11.3£1.1 384.0+14.4
LM-PEG-LA/DOX -10.8+0.7 379.0+16.1

2d for LM-PEG-LA and Fig. 2S for LM-mPEG). A band at 1260
cm’' appeared in the spectrum of LM-NH, can be assigned to the
irregular stretching vibration of Si-O bond, suggesting the
successful silanization reaction.” In the spectrum of LM-PEG-
LA, the absorption bands around 2884, 1466, 1341, 1242, 1148
and 1105 cm™ were assigned to the CH, stretching and the C-O-C
vibration of the ether methylene units in PEG, indicating that
PEG-LA was conjugated on LAP nanodisks.***' Therefore, FTIR
results were in good agreement with "H NMR results, confirming
the successful synthesis of LM-mPEG and LM-PEG-LA.

Since the size and surface charge may play a crucial role in
determining the fate of a drug delivery system in body, it is
important for the DDS to have suitable size and good colloidal
stability. Table 1 displays the hydrodynamic diameters and zeta
potentials of LAP, LM-NH,, LM-mPEG, and LM-PEG-FA
measured by DLS. After the modification by silane coupling
agents, the zeta potential of nanodisks decreased dramatically
from -39.6+0.7 mV of pristine LAP to -12.0+2.0 mV of LM-NH,.
It is interesting to note that the silanization step is unable to
reverse the surface potential of LAP due to the inherent large
negative potential of the LAP. Meantime, the hydrodynamic
diameter of LM-NH, expanded during the silanization step
(184.0+£1.9 nm). The increscent size suggests that some of
nanodisks aggregate slightly during the modification, and the
formed LM-NH, has the similar colloidal stability as pristine
LAP in aqueous solution. Further modification of mPEG or PEG-
LA on nanodisks has neglectable effect on the surface potential of
nanodisks, but induces a significant increase in hydrodynamic
diameter as 354.7+13.1 nm of LM-mPEG and 335.0+12.7 nm of
LM-PEG-LA. This may be attributed to the formation of some
aggregates by the interaction of PEG polymer chains modified on
nanodisks.*? And the highly solvated hydrophilic PEG chain may
provide additional stability for both LM-mPEG and LM-PEG-LA
(Table S1), which will be favorable for drug loading and delivery
in body.

DOX loading and release

In our previous study, we showed that DOX molecules can be
encapsulated in the interlayer space of pristine LAP with a high
loading efficiency.’' In this study, a similar process was used to
encapsulate DOX in the surface-modified nanodisks. UV-Vis
spectroscopy was applied to verify the encapsulation as shown in
Fig. 3a. There was no significant absorption in the spectra of pure
LM-mPEG and LM-PEG-LA, while after loading DOX, both
LM-mPEG/DOX and LM-PEG-LA/DOX exhibited an enhanced

absorption at 480 nm, which is a characteristic strong absorption
peak of DOX. This clearly demonstrated that DOX had been
incorporated in both LM-mPEG and LM-PEG-LA. And the drug
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Fig. 3 (a) UV-vis spectra of DOX, LM-mPEG, LM-PEG-LA, LM-
mPEG/DOX, and LM-PEG-LA/DOX; (b) In vitro release of DOX from
LM-PEG-LA/DOX at 37 °C under different pH conditions.

0

loading efficiency and loading content of DOX in LM-PEG-LA
(in LM-mPEG) were 91.5% (93.4%) and 30.5% (31.1%), which
are similar to those of unmodified LAP. This indicated that the
surface modification only happened on the edges of LAP, and
would not significantly influence its interlayer structure for drug
loading. Meantime, different from LAP delivery system reported
in previous study,” LM-mPEG/DOX and LM-PEG-LA/DOX
showed similar zeta potential and hydrodynamic size after the
encapsulation of DOX due to the additional stability provided by
the PEG chains on surface (Table 1). Therefore, both LM-mPEG
and LM-PEG-LA have a quite uniform size distribution and
sufficient stability even after drug loading, which is essential for
their further biomedical applications.

The release properties of DOX from LM-PEG-LA/DOX under
acidic (pH = 5.4) and physiological (pH = 7.4) conditions were
investigated (Fig. 3b). It can be seen that the release of DOX
from LM-PEG-LA/DOX nanodisks followed a sustained manner
under both pH conditions. About 45.1% DOX was released at pH
5.4 after 5 days, while only 5.2% of DOX was released at pH 7.4
at the same time point. This is likely attributed to the different
solubility of DOX under different pH conditions. At an acidic
condition, the salt form of DOX-HCI can be easily released from
the interlayer space of LM-PEG-LA due to its good solubility. In
contrast, under physiological condition, DOX is deprotonated to

This journal is © The Royal Society of Chemistry [year]
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form a hydrophobic neutral molecule, which may hinder the
release. Therefore, DOX was released from LM-PEG-LA/DOX
nanodisks with a slower rate at physiological pH than under
acidic condition. This pH dependent release behavior is indeed

100
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Fig. 4 In vitro MTT viability assay of HepG2 cells treated with PBS, LM-
mPEG, LM-PEG-LA, DOX, LM-mPEG/DOX, and LM-PEG-LA/DOX
for 24 h. The concentration of DOX in drug-loaded groups was set at 2

pg/mL. The data are expressed as mean = S.D. (n =3).

desirable for anticancer drug delivery system. The slower release
at neutral pH can decrease the amount of drug released during
body circulation and weaken the side effect to normal tissues, and
once the drug loaded nanodisks are uptaken by cancer cells where
the pH is lower, a faster release of DOX can be expected leading
to better attack to tumor cells.

Antitumor efficacy of LM-PEG-LA/DOX

The antitumor efficacies of LM-mPEG/DOX and LM-PEG-
LA/DOX were evaluated by a standard MTT colorimetric assay,
and HepG2 cells with high-level ASGPR expression were used as
a model cell line. Fig. 4 shows the viability of HepG2 cells after
treatment with LM-mPEG, LM-PEG-LA, free DOX, LM-
mPEG/DOX and LM-PEG-LA/DOX for 24 h. It appeared that
over 90% of HepG2 cells were alive after being treated with LM-
mPEG or LM-PEG-LA, indicating the good biocompatibility of
synthesized carriers (more data in Fig. S2). In contrast, free DOX
and drug loaded nanodisks caused a significant decrease in cell
viability when compared with the untreated control (p < 0.001 for
each). This suggested that the therapeutic activities of LM-
mPEG/DOX and LM-PEG-LA/DOX are solely related to the
loaded drug DOX. In addition, the morphology of HepG2 cells
after treatment was observed in order to further confirm the
biocompatibility of the synthesized carriers and the therapeutic
activity of the drug-loaded complexes (Fig. S3). The HepG2 cells
treated with LM-mPEG and LM-PEG-LA were attached on the
plate and maintained their normal morphology, similar to the
control group. After treatment with LM-mPEG/DOX and LM-
PEG-LA/DOX, HepG2 cells became detached from the plate and
existed in round shape, meaning that cells have undergone
apoptosis just as those treated with free DOX.

To further compare the antitumor efficacy of DDS and free
drugs, the cell viabilities of HepG2 cells treated with DOX, LM-
mPEG/DOX and LM-PEG-LA/DOX at different concentrations

were evaluated as shown in Fig. 5. It can be seen that both LM-
PEG-LA/DOX and LM-mPEG/DOX nanodisks are able to inhibit
the growth of HepG2 cells in a dose-dependent manner, similar to
free DOX drug. The half-maximal inhibitory concentration (ICs)
of DOX (1.90 pg/mL) was found to be 1.35 times higher than that
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Fig. 5 In vitro MTT assay of HepG2 cells treated with DOX, LM-

mPEG/DOX and LM-PEG-LA/DOX at different DOX concentrations for
24 h. The data are expressed as mean + S.D. (n=3).

of LM-mPEG/DOX (1.40 pg/mL), and 1.67 times higher than
that of LM-PEG-LA/DOX (1.14 ng/mL). At the same DOX
concentration, both LM-PEG-LA/DOX and LM-mPEG/DOX
exhibited significantly higher therapeutic efficacy than DOX (p <
0.001), which may be attributed to the more efficient cellular
uptake of DOX by the aid of nano-sized carriers. More
importantly, LM-PEG-LA/DOX displayed a significantly higher
inhibition of cell viability (p < 0.01) in comparison with LM-
mPEG/DOX. This is likely due to the efficient cellular uptake of
DOX via the receptor-mediated endocytosis between the LA
modified on nanodisks and ASGPR overexpressed on liver cancer
cells, which were confirmed by the FCM and CLSM data below.

Confocal microscopy and flow cytometry

To verify the intracellular uptake of LM-PEG-LA/DOX, the red
fluorescence of DOX was detected via CLSM imaging (Fig. 6 for
HepG2 and Fig. S4 for MCF-7 cells). Cells treated with PBS
showed only Hoechst 33342-counterstained blue fluorescence in
their nuclei. After 4 h of incubation with DOX, LM-mPEG/DOX
and LM-PEG-LA/DOX, HepG2 cells displayed red fluorescence
signals associated with DOX. And cells treated with LM-PEG-
LA/DOX and LM-mPEG/DOX shows more red dots than those
treated with DOX, indicating that drug-loaded nanodisks have
more cellular uptake for HepG2 cells when compared with free
DOX. It is worth noting that cells incubated with the drug-loaded
nanodisks showed more red dots in both cytosol and cell nucleus
and more aggregations around cell membrane than those treated
with free DOX, suggesting the internalization of drug-loaded
nanodisks, instead of the small amount of released DOX.
Moreover, LM-PEG-LA/DOX nanodisks showed stronger red
signals in HepG2 cell nucleus and cytosol than those treated with
LM-mPEG/DOX, indicating the specific uptake and
internalization of LM-PEG-LA/DOX nanodisks. For comparsion,
MCEF-7 cells with low ASGPR expression displayed similar red
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fluorescence signals after treated with LM-PEG-LA/DOX and
LM-mPEG/DOX under the same experimental condition. This
confirms that the modification of lactobionic acid on the surface
of laponite is able to enhance the cellular uptake of LM-PEG-
LA/DOX to cancer cells with high ASGPR expression.

Hochest 33342

20 pm 2
2

Merged

Control

Free DOX

'

20 pm 2 2 20 um

Fig. 6 CLSM images of HepG2 cells treated with PBS, free DOX, LM-
mPEG/DOX, LM-PEG-LA/DOX with a DOX concentration of 2 pg/mL
for4 hat 37 °C.

.
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Fig. 7 Flow cytometric analysis of HepG2 and MCF-7 cells treated with
free DOX, LM-mPEG/DOX and LM-PEG-LA/DOX at a DOX
concentration of 2 pg/mL for 4 h, respectively.

FCM assay was performed to quantify the cellular uptake by
incubating LM-PEG-LA/DOX or LM-mPEG/DOX with HepG2
cells or MCF-7 cells for 4 h (Fig. 7). Compared with the free
DOX, both LM-mPEG/DOX and LM-PEG-LA/DOX nanodisks
resulted in an obvious increase in the fluorescence signal within
the cells (Fig. S5). This indicates the effective cellular uptake of
LM-mPEG/DOX and LM-PEG-LA/DOX nanodisks, which is in
agreement with the CLSM imaging data. Further quantitative
FCM data revealed that HepG2 cells treated with LM-PEG-
LA/DOX displayed a significantly enhanced mean fluorescence

than those with LM-mPEG/DOX (p < 0.01). In contrast, MCF-7
cells with low ASGPR expression displayed similar fluorescence
intensities after treated with either LM-mPEG/DOX or LM-PEG-
LA/DOX. This result implies that the specific cellular binding
and uptake of LM-PEG-LA/DOX only occurs with cancer cells
with high-level ASGPR expression. Therefore, combining the
CLSM and FCM results, lactobionic acid modified LM-PEG-LA

100 |-

skksk
80|
F **
60 |
40}
20}
0

DOX LM-mPEG LM-PEG-LA
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Fig. 8 MTT assay of HepG2 cells treated with free DOX, LM-
mPEG/DOX, and LM-PEG-LA/DOX at a DOX concentration of 10
pg/mL for 4 h, followed by replacing the cell medium with DOX-free
fresh medium and incubating for another 24 h.

nanodisks could specifically and efficiently deliver DOX to
ASGPR-ovearexpressing cancer cells via receptor-mediated
binding and intracellular uptake, which may result in enhanced
therapeutic efficacy to targe cancer cells.

Targeted therapeutic efficacy of LM-PEG-LA/DOX

To evaluate the targeted antitumor efficacy of LM-PEG-LA/DOX,
HepG2 cells were separately treated with LM-mPEG/DOX and
LM-PEG-LA/DOX for 4 h, and followed by rinsing with PBS to
remove the non-bound nanodisks. Then the cells were cultured in
fresh medium for 24 h before MTT assay (Fig. 8). It is clear that
free DOX-treated HepG2 cells had a higher viability than those
treated with LM-PEG-LA/DOX and LM-PEG/DOX at the same
drug concentration (p < 0.001), suggesting the limited cellular
uptake of free DOX within 4 h. It is worth noting that the
viability of HepG2 cells treated with LM-PEG-LA/DOX was
much lower than those treated with LM-mPEG/DOX at the same
DOX concentration (p < 0.01). Therefore, LM-PEG-LA/DOX are
able to exert specific therapeutic effect to liver cells
overexpressing ASGPR via receptor-mediated targeting (Fig. 5),
which is very important for targeted drug delivery to cancer cells.

Conclusions

In summary, we successfully synthesized lactobionic acid-
modified laponite nanodisks through the step-by-step surface
modification of laponite with silane coupling agent and targeting
agent PEG-LA. The formed nanodisks can load DOX with a high
loading efficiency of 91.5% and release drug in a sustained
manner with pH-responsiveness. More importantly, lactobionic
acid modified laponite can specifically target HepG2 cells
expressing high-level ASGPR and show a higher therapeutic

This journal is © The Royal Society of Chemistry [year]
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efficacy than both free DOX and untargeted ones at the same
drug dosage level. Considering the facile encapsulating method,
good Dbiocompatibility and improved colloidal stability,
lactobionic acid-modified laponite may serve as a targeted
delivery carrier for efficient loading and specific delivery of
different anticancer drugs to liver cancer cells.
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Figure Captions

Scheme 1. Scheme of the synthesis of LM-mPEG/DOX and LM-PEG-LA/DOX.

Figure 1. (a) TGA curves of LAP, LM-NH,, LM-mPEG, and LM-PEG-LA; TEM micrographs of LAP
(b), and LM-PEG-LA (c, d).

Figure 2. "H NMR spectra of PEG-LA(a), LM-mPEG(b), and LM-PEG-LA(c); FTIR spectra of LM-
NH,, LM-PEG-LA, and PEG-LA (d).

Figure 3. (a) UV-vis spectra of DOX, LM-mPEG, LM-PEG-LA, LM-mPEG/DOX, and LM-PEG-
LA/DOX; (b) In vitro release of DOX from LM-PEG-LA/DOX at 37 °C under different pH conditions.
Figure 4. In vitro MTT viability assay of HepG2 cells treated with PBS, LM-mPEG, LM-PEG-LA,
DOX, LM-mPEG/DOX, and LM-PEG-LA/DOX for 24 h. The concentration of DOX in drug-loaded
groups was set at 2 pg/mL. The data are expressed as mean + S.D. (n =3).

Figure 5. In vitro MTT assay of HepG2 cells treated with DOX, LM-mPEG/DOX and LM-PEG-
LA/DOX at different DOX concentrations for 24 h. The data are expressed as mean + S.D. (n=3).
Figure 6. CLSM images of HepG2 cells treated with PBS, free DOX, LM-mPEG/DOX, LM-PEG-
LA/DOX with a DOX concentration of 2 pg/mL for 4 h at 37 °C.

Figure 7. Flow cytometric analysis of HepG2 and MCF-7 cells treated with free DOX, LM-
mPEG/DOX and LM-PEG-LA/DOX at a DOX concentration of 2 pg/mL for 4 h, respectively.

Figure 8. MTT assay of HepG2 cells treated with free DOX, LM-mPEG/DOX, and LM-PEG-
LA/DOX at a DOX concentration of 10 pg/mL for 4 h, followed by replacing the cell medium with

DOX-free fresh medium and incubating for another 24 h.
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Lactobionic acid-modified laponite can deliver doxorubicin specifically to hepatocarcinoma cells
overexpressing asialoglycoprotein receptor and display a significantly enhanced therapeutic efficacy.



