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Abstract

We report here a hepatoma-targeting multi-responsive biodegradable crosslinked
nanogel, poly(6-O-vinyladipoyl-D-galactose-ss-N-vinylcaprolactam-ss-Methacrylic
acid) P(ODGal-VCL-MAA), using a combination of enzymatic transesterification and
emulsion copolymerization for intracellular drug delivery. The nanogel exhibited
redox, pH and temperature-responsive property, which can be adjusted by varying the
monomer feeding ratio. Furthermore, the volume phase transition temperature (VPTT)
of the nanogelis was close to body temperature and can result in rapid thermal
gelation at 37 °C. Scanning electron microscopy also revealed that the
P(ODGal-VCL-MAA) nanogel showed uniform spherical monodispersion. With
pyren as a probe, the fluorescence excitation spectra demonstrated nanogel
degradation in response to glutathione (GSH). X-ray diffraction (XRD) showed an
amorphous property of DOX within the nanogel, which was used in this study as a
model anti-cancer drug. Drug-releasing characteristics of the nanogel were examined
in vitro. The results showed multi-responsiveness of Dox release by variation of
environmental pH values, temperature or the availability of GSH, a biological
reductase. In vitro cytotoxicity assay showed a higher anti-tumor activity of the
galactose-functionalized DOX-loaded nanogels against human hepatoma HepG2 cells,
which was, at least in part, due to specific binding between the galactose segments
and the asialoglycoprotein receptors (ASGP-Rs) in hepatic cells. Confocal laser
scanning microscopy (CLSM) and flow cytometric profiles further confirmed
elevated cellular uptake of DOX by the galactose-functionalised nanogels. Thus, we
report here a multi-responsive P(ODGal-VCL-MAA) nanogel with hepatoma-specific

targeting ability for anti-cancer drug delivery.

Keywords: P(ODGal-VCL-MAA); multi-responsive nanogels; glycopolymer;

hepatoma-targeting
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1. Introduction

Current drug delivery systems is largely dependent on passive diffusion of
pharmaceutical compounds from the delivering vehicles."” Due to the passive
diffusion and (EPR) effect, it has been challenging to develop a drug delivery system
that could achieve targeted drug delivery and accumulation in tumors.” Many efforts
have been made on the development of stimuli-responsive nanogels for delivery of
drug, protein and fluorenscence probe for biomedical applications.ﬁ'12 Nanogel,
formed from crosslinked polymeric particles, is a kind of hydrogel with tunable
chemical composition and three-dimensional physical structure. Its water content,
mechanical properties and biocompatibility could be precisely controlled.>™"
Nanogels exhibit great potential as delivery vehicles because their flexible size (from
nanometers to micrometers) and cross-linked interior network can enhance
drug-loading capacity. Their large surface area are suitable for multivalent

15-17

bioconjugation. For delivery of anti-cancer agents, multiple chemical

functionalities can be incorporated to the nanogels for targeted and environmental
responsive drug delivery.'®?” Malignant tumors often exhibit distinct characteristics

that are different from healthy tissues. As the nanogels delivery system are responsive

to the particular environmental factors, including glucose,zo'21 pH,22'23

26-29

temperature,%25 presence of redox reactions and a complex of

: . 30-33
multlresponswe,

this system can minimize the traditional adverse effects of
chemotherapy by restricting drug distribution in non-tumor tissues while enhancing

drug release and accumulation within tumors. Indeed, previous studies have reported
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prolonged systemic circulating period of these stimuli-responsive nanogels and their
increased tumor localization through the enhanced permeability and retention (ERP)
effect.”” In addition to the passive EPR effect, active tumor targeting could be
achieved by conjugation of bioactive targeting moieties, i.e., carbohydrate moities,
3337 folic acid, *® peptide39 and enzyme40 to the surface of microgel and nanoparticles.

The asialoglycoprotein receptor (ASGP-R) is one of the most
abundantly-expressed receptor in the mammalian hepatocytes. Terminal
B-D-galactose (GAL) or N-acetylgalactosamine residues have been recognized as
liver-specific targeting ligand for their binding affinity to the ASGP-Rs. Several
studies have reported the use of galactosylated polymeric nanoparticles as
hepatoma-targeting vehicles for drug, gene delivery and cell surface signal
transduction. *****” Enhanced hepatic uptake was observed after incorporation of
galactose residues or lactose moieties to proteins and drug-loaded polymers. Similar
results were also shown in nanoparticles and polymeric micelles that have been
functionalized with galactose or lactose residues and used as drug delivery carriers for
treatment of liver cancer.*'**

One limitation of nanogels is their poor biodegradability, which is caused by
non-cleavable cross-linkers used for copolymer conjugation. The disulfide bond
(-S-S-) is cleavable by endogenous free thiolglutathione (GSH) or metabolic thiols. It
has been one of the most commonly used degradable cross-link molecules for the

development of anti-cancer drug delivery systems (DDS), and showed excellent

biocompatibility and stability within the circulation system.43'44 The desirable

Page 4 of 33



Page 5 of 33

Nanoscale

redox-sensitivity of micelles is verified by changing the concentration of the reducing
agent GSH. GSH is an endogenous anti-oxidant that could translocate to the cell
surface with an intracellular level within millimolar range (1-10 mM) and
extracellular concentration typically at micromolar (20-40 pM) level. %272%%
Moreover, the intracellular GSH concentration is much higher in cancer cells, which
has been an important feature for the development of anti-cancer drug delivery
systems.

In the present study, we have designed a multi-responsive and biodegradable
nanogel-based drug delivery system with hepatocellular carcinoma targeting property
via galactose functionalization. A ligand-directed biodegradable P(ODGal-VCL-MAA)
nanogel was prepared. Drug releasing property in response to environmental pH,
thermo and redox changes was assessed using DOX as a model anti-cancer drug.
Cytotoxicity of the DOX-loaded nanogels was evaluated in human hepatocellular
cancer cells (HepG2) and cervical cancer cells (HeLa). Endocytosis of the nanogels

and intracellular release of DOX were observed in these two cell lines using confocal

microscopy. The up take of DOX by cancer cells was quantified via flow cytometry.

2. Experimental Section
2.1 Materials.

Alkaline protease from Bacillus subtilis (EC 3.4.21.14, a crude preparation of
alkaline serine protease, power, 100 U/mg) was purchased from the Wuxi Xue Mei

Technological Co. Ltd. N-vinylcaprolactam (VCL, 98% purity), N, N’-bis (acryloyl)
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cystamine (BAC), methacrylic acid (MAA) and ammonium persulfate (APS, 98%)
were purchased from Sigma Aldrich. Sodium dodecry sulfate (SDS) and
galactose were purchased from the Sinopharm Chemical Reagent Co., Ltd.
VCL was recrystallized from a n-hexane/toluene mixture. APS was
recrystallized from deionized water and dried under vacuum. All solvents were
of analytical grade and were dried by storing over activated 4 A molecular sieves for

24 h prior to use.

2.2 Nanogel preparation

To prepare the galactose-functionalized crosslinked nanogels, polymerizable
galactose derivatives, 6-O-vinyladipoyl-D-galactose (ODGal) was synthesized by
controllable regioselective enzymatic transesterification of D-galactose and
divinyldicarboxylates with alkaline protease as a catalyst in anhydrous pyridine as
reported before.*’

A series of galactose functionalized crosslinked nanogels of
poly(6-O-vinyladipoyl-D-galactose-ss-N-vinylcaprolactam-ss-methacrylic acid)
P(ODGal-VCL-MAA) were synthesized via free radical precipitation emulsion
polymerization. Polymerization was performed in a three-necked flask with condenser
attached. Briefly, 1.00 g of VCL and 100 mg MAA, 20.0 mg of SDS, 25.0 mg of
NaHCOs3, and 40.0 mg of BAC and 58 mg of sodium dodecyl sulfate (SDS) were
dissolved in 95 mL of deionized water. The solution was maintained at 70 °C

under a nitrogen purge and with stirring. After stirring for 30 min, 57 mg of APS was

Page 6 of 33



Page 7 of 33

Nanoscale

dissolved in 5 mL of deionized water and injected into the reaction mixture to
initiate polymerization. For synthesis of P(ODGal-VCL-MAA) nanogels, VCL,
MAA, NaHCOs;, SDS, and BAC were dissolved in the reactor at the beginning of the
reaction, then a shot of 10.0 mg of ODGal (1 wt % in respect to the sum of MAA and
VCL) was added into the reaction mixture after 30 min of polymerization for the
formation of ODGal-rich corona. The reaction was maintained under an N,
atmosphere at 70 °C for 6 h. The resulting dispersions were dialyzed (cutoff
8000-14000 Da) against water for 2 weeks to ensure complete removal of unreacted

monomers and other small molecules. The synthesis route is depicted in Scheme 1.

Scheme 1. Preparation of galactose-functionalized core crosslinked multi-responsive

nanogels and hepatoma-targeting for intracellular release of DOX.

2.3 Characterization

'H NMR was performed on a Bruker 400 MHz spectrometer using DMSO-d6 as
solvent. The degradation of nanogels was determined with a Fluoromax spectrometer
(F-7000, Hitachi, Japan) at room temperature. The UV-vis absorption spectra were
measured on a UV-vis spectrophotometer (UV-3150, Shimadzu) spectrometer. The
average hydrodynamic diameter of the P(ODGal-VCL-MAA) microgels in water
were measured by dynamic light scattering (DLS) (Brookhaven BI-200SM
goniometer) equipped with a solid state laser source emitting at 532 nm and fitted

with an external water bath and thermostat. The volume phase transition temperatures
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of the nanogels were examined by microcalorimetric analyses. Known amounts of the
dry polymers were equilibrated in distilled water, then 10 mg/mL solutions were
studied with a Setaram DSC I instrument. Measurements were performed with a
heating rate of 0.5 ‘C/min from 0 to 60 °C under a nitrogen atmosphere. The
transition temperature was defined as the temperature corresponding to the minimum
of the thermogram.46 Drug loading content (LC) and encapsulation efficiency (EE)
were measured with UV-vis spectrophotometer (UV-2550, Shimadzu, Japan). The
morphology change of microgels before and after adding 10 mM GSH for 4 h was
measured by scanning electron microscope (SEM, JEOL, ISM-7500F).

2.4 DOX-loading and In vitro drug release assay

DOX-loaded nanogels were prepared according to previously reported procedure.

814 The dried nanogels (10 mg) were then allowed to stir in water for 24 hours to
become fully swollen, and then samples were mixed with different amounts of DOX.
The resulting mixtures were stirred for 48 hours, and then centrifuged to precipitate
reddish DOX-loaded nanogels.

In vitro drug release experiments were performed as following. 10 mg of
freeze-dried DOX-loaded nanogels with 2 mL PBS buffer was placed into a dialysis
bag (MWCO 3500). Then the release system was suspended in 10 mL of different
temperature, pH buffer solution and aliqgout GSH in PBS solution. After a
predetermined period, 2 mL of solution was taken from release system for analysis,
and 2 mL of fresh medium was added into the release buffer. The DOX concentration

of each aliquot was determined by UV-vis analysis at 480 nm. All release experiments
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were carried out in triplicate. The release percentage of DOX was calculated using Eq.
(D:

Drug release (%) :%xmou)

0

Where M;is the amount of DOX released from the nanogels at time t and M _is the

amount of the DOX loaded in the nanogels.

2.5 In vitro cytotoxicity assay

Cytotoxicity of DOX-P(VCL-MAA) and DOX-P(ODGal-VCL-MAA) were
assessed using a cell counting kit-8 (CCK-8) as previously reported.47 Briefly, human
hepatoma HepG2 and cervical carcinoma HeLa cells were maintained in high-glucose
DMEM media (Hyclone) supplemented with 10% fetal bovine serum (FBS), 100
U/mL penicillin and 100 pg/mL under standard cell culture condition (37°C, 5%
CO,/95% air). For both HepG2 and HeLa, the cells were seeded at a density of
~5-6x10° cells per well in a 96-well culture plate each. After being in culture
overnight, the cells were treated with free DOX, DOX-P(VCL-MAA) and
DOX-P(ODGal-VCL-MAA) at a range of designated concentrations for 24 h. The
CCK-8 cell viability assay was performed according to the manufacturer’s

instructions (Dojindo, Japan).

2.6 Cellular uptake of DOX-loaded nanogels
Cellular uptake of DOX-P(VCL-MAA) and DOX-P(ODGal-VCL-MAA) by

HeLa and HepG2 cells was examined. Cell were seeded in confocal microscopic
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dishes at a density of ~2-3x10° cells per dish and cultured overnight. The cells were
then exposed to free DOX, DOX-P(VCL-MAA) and DOX-P(ODGal-VCL-MAA)
with a final Dox concentration of 5 pg/mL and incubated at 37°C for 0.5 or 2 h. Then
the cells were rinsed with PBS and stained with DAPI ( 1pg/mL) for 5 min. DOX
uptake was examined under a confocal laser scanning microscope (TCS, SP8, Leica,
Germany).

To quantify the uptake of Dox by the tumor cells, free DOX, DOX-P(VCL-MAA)
and DOX-P(ODGal-VCL-MAA) with a final DOX concentration of 5 pg/mL were
incubated with HepG2 or HeLa (~1x10°) cells for 2 h, following which cellular
fluorescent intensity was measured by flow cytometry as previously described.*
Intracellular DOX level of each sample was presented as average fluorescent

intensity.

3 Result and discussion

3.1 Synthesis of the galactose-functionalized crosslinked biodegradable nanogels
P(VCL-MAA) and P(ODGal-VCL-MAA) were first characterized by 'H NMR.

As shown in Fig. 1, unambiguous signals were observed at 6=0.8 and 1.3 (CH; and

CH; from MAA and VCL, respectively), 6= 2.0 (CH from MAA), 6=3.5-4.0 (CH; on

VCL ring), confirming the characteristic structure of P(VCL-MAA). Additional peaks

were also detectable at 6=4.5 and 6=6.0 from the P(ODGal-VCL-MAA) nanogel,

which confirms the presence of galactose glroups.45’49’50
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Figure 1. "H NMR spectra of P(VCL-MAA) and P(ODGal-VCL-MAA). '"HNMR

was performed on a Bruker 400 MHz spectrometer using DMSO-dg as solvent.

SEM images in Fig.2 revealed that the P(VCL-MAA) and P(ODGal-VCL-MAA)
nanogels were monodispersed spheres. The size of the microgels increased from 112
+ 3.5 nm to 138 £ 4.1 nm as the molar ratio of ODGal increased from zero to 7.5. It
was consistent with the DLS order. The average size of P(VCL-MAA) nanogels was
approximately 100-150 nm with a narrow distribution. In contrast, the
P(ODGal-VCL-MAA) nanogels were not so uniform in size. It may be due to the
presence of the ODGal segment, resulting in an increase in hydrophilicity of the
P(ODGal-VCL-MAA) nanogels. In aqueous environment, as the weight fraction of
ODGal increased, the growing polymer chains during precipitation polymerization
became more hydrophilic. The extended polymer chains failed to undergo efficient
chain collapse, leading to a reduced number of particle core and enlarged nanogel

size.

Figure 2. SEM images and DLS curves of P(VCL-MAA) (Al, A2),

P(ODGal-VCL-MAA) (B1, B2) and DOX-P(ODGal-VCL-MAA) (C1,C2) nanogels

in water (1 mg/mL).

3.2 The thermo, pH and redox responsive behavior
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Figure 3. Micro-DSC  thermograms of PVCL, P(VCL-MAA) and

P(ODGal-VCL-MAA) dispersions in aqueous solution.

Phase transitions of the polymeric nanogels were examined by differential
scanning calorimetry (DSC). Overall, thermal profile showed a 3 — 5 °C difference
between the volume phase transition temperatures of different nanogel compositions,
as a result of different relative hydrophilicity of the monomers. Increasing the content
of hydrophilic monomer ODGal led to an increase in the VPTT from 32.5 °C with
pure VCL to 35.7 and 37.9 °C when the polymers contain 5 and 10 % ODGal. As the
ODGal content increases, however, the hydrophilicity of the polymers increases.
When the nanogels collapsed, the chains aggregate with one another via a
hydrophobic interaction. There is a gain of entropy due to the release of water
molecules from around the hydrophobic moieties. This compensates for the loss of
entropy arising from the collapse of the polymeric chains resulting in a liquid/solid
phase transition. It hence becomes more difficult to compensate for the loss of entropy
due to polymer chain collapse, and the VPTT increase. o132

Electrostatic interaction and van der Waal forces could influence the dispersion
of nanogels in buffer, which are dependent on surface charge or environmental pH. By
changing the pH values, the nanogels could undergo dispersion or aggregation
depending on the overall polarity and the surface charges of the nanogels.3 053

Changes of surface charge of P(VCL-MAA) and P(ODGal-VCL-MAA) at different

pH are shown in Table 1. The nanogel composites exhibited only slight negative
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surface charge at low pH, which decreased markedly as the pH increased, as a result

of deprotonation of the acrylic acid groups.

Table 1: The reproducibility recipes and colloidal details of nanogels

Sample Feed molar ratio Dhb (nm)/PDI ¢ Zeta potential

(mv) ¢

pH pH pH pH
VCL MAA ODGal 25C 32°C 37°C
50 60 74 8.0

1 90 10 0 138.4/0.13 112.7/0.11 102.4/0.09 -2.3 -9.6 -134 -21.1
2 85 10 5 165.5/0.21 151.7/0.15 133.4/0.11 -1.7 -7.2 -122 -19.8
3 85 7.5 7.5 186.9/0.32 177.3/0.23 166.9/0.17 -15 -7.0 -108 -17.5

a Determined by gravimetric analysis

b Average diameter of nanogels and polydispersity index were determined by DLS at 25 C

¢ The zeta potential of the copolymer solutions was measured by a Zetasizer Nano ZS instrument
at room temperature.

To evaluate the reductase (GSH)-triggered degradation of P(ODGal-VCL-MAA),
morphological changes of the nanogels in response to GSH was examined. Fig. 4a-c,
are the SEM images of P(ODGal-VCL-MAA) nanogels after being exposed to GSH
for 0.5 h, 2 h and 4 h. It can be seen that exposure to 10 mM GSH for 4 h resulted in
disintegration and shape irregularity of the nanogels. Fluorescence excitation spectra
of the P(ODGal-VCL-MAA) nanogels dispersion was also obtained with a pyrene

concentration of 6.0x10° M (Fig. 4d). A sharp decrease of I339/I333 can be detected
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after addition of 10 mM GSH, indicative of a change of pyrene from hydrophobic to
the a polar aqueous property as a result of disulfide bonds cleavage of the copolymer

in response to redox changes and subsequent disassembly of the nanogels. **%

Figure 4. SEM graphs achieved after adding 10 mM GSH in nanogels dispersion and
incubation with nanogels for 2 h (A), 4 h (B) and after one day (C) in the presence of

GSH under ambient conditions.

3.3 The drug loading and releasing property

The X-Ray diffraction of DOX, P(VCL-MAA), P(ODGal-VCL-MAA) and
DOX-P(ODGal-VCL-MAA) were shown in the Fig. 5(A). As Eisenberg5 4 reported
that amorphous or crystalline structure of polymeric capsules play an important role in
the loading and release for a drug delivery system, therefore, the crystallinity of
samples was investigated with XRD measurement. Broad diffraction peaks were
observed in the XRD patterns of P(ODGal-VCL-MAA), indicating that the nanogels
were amorphous. In contrast, the XRD patterns of free DOX showed prominent
diffraction peaks, suggesting a high crystallinity.ss’56 Importantly, after DOX was
loaded into P(ODGal-VCL-MAA), the diffraction peaks and absence of DOX
intensity indicated that DOX was either molecularly dispersed or distributed in an

amorphous state when encapsulated into microspheres in P(ODGal-VCL-MAA).

Figure 5. (A) XRD spectra of DOX, P(VCL-MAA), P(ODGal-VCL-MAA) and
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DOX-P(ODGal-VCL-MAA); (B) In vitro release profiles of DOX from the

drug-loaded nanogels under different conditions.

Drug releasing behavior of P(ODGal-VCL-MAA) in response to different
stimuli was investigated and the results are shown in Fig. 5 (B).

DOX release from the P(ODGal-VCL-MAA) nanogel in response to different pH
was investigated. Since the physiological pH of late endosome, tumor extracellular
microenvironment, and normal tissue are 6.0, 6.5 and 7.4, respectively, the
DOX-releasing profiles were first assessed at these pH values. It was shown that the
DOX release rate increased as the pH decreased from 7.4 to 6.0. This pH-dependent
drug releasing property was likely due to the decreased interaction between the MAA
segment and DOX upon coinstantaneous protonation of the carboxyl groups and DOX
at lower pH. DOX release was the slowest from the P(ODGal-VCL-MAA), which
was perhaps due to the electrostatic attraction and hydrophobic interaction between
the nanogels and DOX. Drug releasing properties in response to environmental redox
changes were also investigated in parallel to assess whether the
galactose-functionalized nanogel could be degraded by reductase such as GSH. The
release rate of Dox was significantly enhanced in the presence of 10 mM GSH
regardless of environmental pH conditions, showing a maximum of 93% drug release
within 12 h.

Table 2: Drug loading and antitumor activity of P(VCL-MAA) and

P(ODGal-VCL-MAA) nanogels.
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Entrapment Loading
Sample IC50(HepG2) IC50(Hela)
efficiency (EE) content (LC)

Free DOX - - 0.41 pg/mL 0.49 pg/mL
P(VCL-MAA) 76.4% 10.7% 3.04 pg/mL 2.89 pg/mL
P(ODGal-VCL-MAA) 72.85 9.4% 0.63 pg/mL 2.76 pg/mL

The entrapment efficiency (EE) and drug loading (DL) are defined as follows.

_ Mass of drug loaded in the nanogels

Mass of drug feeded initially X 100%

__ Mass of drugloaded in the nanogels

Le= Mass of drug loaded nanogels X100%

3.4 Assessment of hepatic targeting property and anti-tumor activity

To evaluate the hepatic targeting property of the nanogel-based delivery system
and its cytotoxicity, human hepatoma HepG?2 cells were used since the galactose
groups are expected to recognize the ASGP-R that is overexpressed by HepG2.
Human cervical carcinoma cells, Hela which does not express ASGP-R were used as
negative control. The Cytotoxicity of Dox-loaded P(VCL-MAA) and
P(ODGal-VCL-MAA) was measured by CCK-8 assay. HeLLa and HepG2 cells were
treated with free DOX or DOX-loaded nanogels at a series of DOX concentrations
ranging from 0.01 to 10.0 pg/mL for 24 h. As shown in Fig. 7 and Table 2, the
viability of tumor cell was dose-dependent. DOX-loaded P(ODGal-VCL-MAA)
nanogels exhibited the highest cytotoxicity in HepG2 cells in comparison to
DOX-loaded P(VCL-MAA), which is lack of the liver-targeting galactose groups.
Indeed, the half-maximal inhibitory concentration (ICsp) values of free DOX,

DOX-P(VCL-MAA) and DOX-P(ODGal-VCL-MAA) for HepG2 cells were 0.41,
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3.04, and 0.63 pg/mL, respectively. Lower ICsg value suggests stronger cytotoxicity of
the galactose-functionalized DOX-P(ODGal-VCL-MAA), in comparison to
DOX-P(VCL-MAA) which is lack of galactose groups. It is noteworthy that the ICs
of DOX-P(ODGal-VCL-MAA) was close to that of free DOX, suggesting excellent
drug release and liver-specific targeting. Since hepatocytes could recognize galactose
conjugates terminated glycopolymers via receptor-mediated endocytosis, the
increased cytotoxicity was expected as a result of ligand receptor-mediated
recognition between the ODGal group and ASGP-R on the surface HepG2 cells.
Furthermore, the hepatic-specific targeting property of the P(ODGal-VCL-MAA) was
confirmed by results obtained from HelLa cells. The ICsy of free DOX,
DOX-P(ODGal-VCL-MAA) and DOX-P(VCL-MAA) for HeLa cells were at 0.49,
2.89, and 2.76 pg/mL, respectively, suggesting no preference in selectivity between

the galactose functionalized P(ODGal-VCL-MAA) and P(VCL-MAA) for Hela cells.

Figure 6. The viability of HepG2 (A1, A2) and Hela (B1, B2) cells at 24 h after
incubation with free DOX, DOX-P(ODGal-VCL-MAA) and DOX-P(VCL-MAA) at
DOX concentrations ranging from 0.01 to 10 pg/mL. Flow cytometric profiles of
HepG2 (A3) and Hela (B3) cells incubated with free DOX (a) DOX-P(VCL-MAA) (b)
and DOX-P(ODGal-VCL-MAA) (c) at 37 °C for 2 h. Cells incubated with PBS buffer

were used as control.

The cellular uptake of DOX by HepG2 and HeLa cells was quantified by flow
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cytometry. As shown in Fig.6 A3 and B3, DOX uptake by HepG2 cells was much
higher in the DOX-P(ODGal-VCL-MAA) group than that of DOX-P(VCL-MAA)
group. This was not observed in Hela cells, suggesting the selectivity preference of
hepatocytes for P(ODGal-VCL-MAA) nanogels as the result of galactose

modification.

Figure 7. CLSM images of HepG2 cells incubated with free DOX,
DOX-P(VCL-MAA) and DOX-P(ODGal-VCL-MAA) (5 ug/mL) for 0.5 h (a) and 2 h
(b). For each panel, the images from right to left show DOX fluorescence in cells

(red), cell nuclei stained by DAPI (blue) and overlays of the two images.

Figure 8. CLSM images of Hela cells incubated with free DOX, DOX-P(VCL-MAA)
and DOX-P(ODGal-VCL-MAA) (5 pug/mL) for 0.5 h (a) and 2 h (b). For each panel,
the images from right to left show DOX fluorescence in cells (red), cell nuclei stained

by DAPI (blue) and overlays of the two images.

CLSM was employed to examine the intracellular distribution of DOX after
HepG2 and Hela were incubated with free DOX, DOX-P(VCL-MAA) or
DOX-P(ODGal-VCL-MAA) nanogels for 0.5 h and 2.0 h. At 0.5 h, DOX (shown as
red fluorescence) was mainly observed in the cell cytoplasm in both HepG2 and Hela
cells (Fig. 8a,9a). However, at 2 h, DOX was mainly detected within the cell nuclei

(Fig. 8b,9b). In addition, morphological changes of membrane diffusion and nuclear
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shrinkage were only observed in HepG2 cells treated with DOX-P(OGla-VCL-MAA)
for 2 h, not in HeLa cells, again confirming the liver-specific targeting property of
P(OGla-VCL-MAA) nanogels.

According to a previous report by Zhong® er al, disulfide crosslinked
glyco-nanoparticles were efficiently taken up by HepG2 cells via a galactose and
asialoglycoprotein receptor (ASGP-R) receptor-mediated endocytosis mechanism, in
which DOX was released into the nuclei within 4 h. Zhou™ ez al found that due to the
rapid release of Cur triggered by the high concentration of GSH in tumor cells, as the
incubation period of HelLa cells with curcumin-loaded ether anhydride copolymer
(mPEG-ss-CPP-SA) micelles was elongated to 3 h, the cells exhibited obvious
morphological changes with cell rounding, chromatin condensation and nuclear
shrinkage compared with the 0.5 h incubation. Both Yang8 and Jen’’ prepared
multi-responsive microgels and micelles which possessed pH-sensitive comonomers
and thus DOX-loaded nanocarriers formed from these polymers were stable at blood
pH (7.4) and showed rapid drug release in an acid environment, resulting effective
inhibition of the growth of tumor cells due to the increased commulation of
therapeutic agent in tumor microenvironment. Combined with polymer
multiresponsive and asialoglycoprotein receptor (ASGP-R) targeting properties in our
work, we found that our nanogels could enhance the specific binding to liver cancer

cells and rapidly deliver DOX to the HepG?2 cell nuclei after incubation for 2 h.
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Conclusion

In the present study, we prepared a multi-responsive P(ODGal-VCL-MAA)
polymeric nanogel with hepatoma-targeting ability for anti-cancer drug delivery. The
DOX-loaded nanogels exhibited thermo, pH and GSH-responsive properties. The
results of cytotoxicity, CLMS and flow cytometry revealed that P(ODGal-VCL-MAA)
nanogels markedly enhanced DOX delivery and inhibition in human hepatoma
HepG?2 cells as the result of galactose-specific receptor-mediated endocytosis. Thus,
our galactose-functionalized multi-responsive nanogels could be potentially used for

drug delivery against hepatic cancers.
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