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Cis-platinum has been widely used as a first-line chemotherapy agent in clinics for more than 40 years.
Although considerable efforts have been expended for developing platinum-based nano drug delivery
systems (NDDS) to resolve the problems of low water solubility, short half-life, and severe side effects of
cis-platinum, it remains challenging to apply these nanoplatforms to cancer treatments in clinics on
account of the issues related to safety, complex fabrication procedures, and limited cellular uptake.
Herein, we constructed a novel cis-platinum delivery system with hydroxyethyl starch (HES), which is
a semisynthetic polysaccharide that has been used worldwide as colloidal plasma volume expanders
(PVE) in clinics for several decades. By combining TEM, AFM, and DLS, we have found that HES particles
are colloidal nanoparticles in solution, with diameters ranging from 15 to 40 nm as a function of
molecular weight. We further revealed that HES adopted a hyperbranched colloidal structure with rather
compact conformation. These results demonstrate that HES is a promising nanocarrier to deliver drug
molecules. Taking advantage of the poly-hydroxyl sites of HES, we constructed a novel HES-based cis-
platinum delivery nanoplatform. HES was directly conjugated with cis-platinum prodrug via an ester
bond and decorated with an active targeting molecule, lactobionic acid (LA), contributing toward higher
in vitro antitumor activity against hepatoma carcinoma cells as compared to cis-platinum. These results
have significant implications for the clinically used plasma volume expander-HES and shed light on the
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Introduction

Cis-platinum is a famous anticancer chemotherapeutic agent
found by Barnett Rosenberg and his colleagues in 1969." Since it
was first approved by the FDA in 1978, cis-platinum has been
widely used in clinics to treat many kinds of cancers (e.g.,
breast, liver, ovarian, head and neck cancers).>* After its cellular
uptake either by passive diffusion or by copper transporters, cis-
platinum attacks DNA, blocks replication, and induces cell
apoptosis.* Owing to this unique antitumor mechanism, cis-
platinum—one of the most common chemotherapeutic
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clinical translation of HES-based nano drug delivery systems.

agents—has excellent anticancer efficacy and non-cross drug
resistance. However, the water solubility of cis-platinum is not
appreciable, which hinders its cellular uptake and antitumor
activity. It has also been reported that almost 65-98% of cis-
platinum is preferentially combined with proteins in the
plasm after intravenous administration.® This protein combi-
nation process can further hinder cis-platinum from entering
into cancer cells and reduce antitumor efficiency. This
nonspecific combination can also affect the function of proteins
and induce some serious systemic toxicity, such as nephrotox-
icity, myelosuppression, and neurotoxicity.® Therefore, devel-
oping platinum-based drugs with improved cellular uptake,
higher antitumor efficacy, and reduced side effects is still
a pressing unmet need.”"*

With the development of nanotechnology, a series of nano
drug delivery systems (NDDS) have been developed for cancer
chemotherapy to simultaneously prolong drug -circulation,
enhance tumor accumulation, increase specific cancer cell
uptake, improve antitumor efficiency, and reduce side effects.”
Nanoparticles with good biocompatibility can stealthily circu-
late in the blood and selectively accumulate at the tumor site by
the enhanced permeation and retention (EPR) effect or active
tumor targeting with specific ligand modifying the surface of
the nanoparticles.'® A specific ligand can improve the receptor-
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mediated endocytosis by targeting receptors overexpressed by
cancer cells.* The loaded drugs are encapsulated or conjugated
within the nanoparticles to achieve superior water solubility
and sustained or stimulated drug release. To take advantage of
these properties of nanoparticles, several NDDS have been
designed to deliver cis-platinum, such as micelles,"*™"” den-
drimers,"" nanoscale coordination polymers,**** nanogels,**
and inorganic nanoparticles.”*** However, it remains chal-
lenging to apply these nanoplatforms to clinical cancer treat-
ment on account of the following reasons. First, there are
certain safety concerns about most nanoplatforms that are
undegradable. The accumulation of these materials in the
human body may induce toxicity in normal tissues.”**® Second,
the fabrication process requires complex procedures, tedious
chemical purifications, and/or harsh conditions that can result
in reduced efficacy or increased costs. Third, these stealth
nanoparticles capable of long circulation are still hindered by
compromised cellular uptake, resulting in limited antitumor
efficacy. Therefore, constructing a nanoplatform with biode-
gradable materials and tumor-specific ligands for cis-platinum
delivery by simple and robust procedures can facilitate the
clinical translation of cis-platinum-loaded NDDS.

Hydroxyethyl starch (HES) is a semisynthetic polysaccharide
and used as one of the first-line colloidal plasma volume
expanders (PVE) in clinics for decades, showing commendable
physiochemical properties, biocompatibility, and biodegrad-
ability. As an FDA-approved biocompatible polymer, HES has
also been used widely in drug delivery systems to improve drug
solubility and stability, extend half-life time, and achieve
passive cancer targeting. Taking advantage of the abundant
hydroxyl groups on the polysaccharide, HES can conjugate with
drug molecules, specifically targeting ligands or hydrophobic
chains. To improve the water solubility and antitumor efficacy,
HES has been successfully conjugated with drug molecules,
such as doxorubicin,*”?** 5-Fu,* 10-CPT,***' paclitaxel,** doce-
taxel,>* and methotrexate** for cancer chemotherapy. Hence,
employing HES to conjugate with cis-platinum could be
a promising way to potentiate the anticancer efficacy of cis-
platinum. Most importantly, developing a cis-platinum
delivery platform based on HES has promising clinical appli-
cation prospects because the utilization of HES has been
approved by numerous clinical practices.

Herein, we constructed a novel cis-platinum delivery system
with clinically used HES. First, to conjugate with HES, cis-
platinum was oxidized into Pt(iv) and functionalized with
a carboxyl group, as previously reported.*® Then, by two simple
esterification reactions, the cis-platinum prodrug, Pt-COOH(w),
and the active targeting molecule, lactobionic acid (LA), were
linked with HES via ester bonds. Finally, after this simple
fabrication process, LA-HES-Pt was obtained. The water solu-
bility of cis-platinum can be significantly improved after
conjugation with HES. According to our previous reports, HES is
a nanoparticle that can passively target a tumor site by the EPR
effect. Moreover, LA can actively target hepatoma cells with
a high-level expression of ASGPR, promoting cellular endocy-
tosis." After entering into cancer cells, conjugated Pt(w) is
reduced to Pt(u) because of GSH, ascorbic acid, thioalcohol, and
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low pH. Hence, cis-platinum can be released, leading to DNA-
induced apoptosis.*® This simple fabrication process and FDA-
approved raw materials (cis-platinum, HES, and LA) endow
LA-HES-Pt with high druggability and significant clinical
translation potential. To the best of our knowledge, this is the
first study in which HES has been used to deliver cis-platinum
in cancer chemotherapy.

Materials and methods

Materials

HES 25/0.5 (molecular weight: 25 kDa; molar substitution of
hydroxyethyl: 0.5), 70/0.5, 130/0.4, 200/0.5, and 480/0.5 were
gifts obtained from Wuhan HUST Life Science & Technology
Co., Ltd. (Wuhan, China). cis-Diammineplatinum dichloride
(cis-platinum, 65%), hydrogen peroxide solution (H,O,, 30%),
N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDCI, 98%), 4-dimethylaminopyridine (DMAP, 99%), and
succinic anhydride (99%) were purchased from Aladdin
Reagent Inc. (Shanghai, China). LA (97%) was purchased from
Macklin Reagent Inc. (Shanghai, China). Cyanine5 mono NHS
ester (Cy5-NHS, 95%) was purchased from Lumiprobe (USA). All
the other chemicals were of the analytical grade and used as
received. Human liver cancer cell line, HepG-2, and murine
breast cancer cell line, 4T1, were obtained from Shanghai
Institutes for Biological Sciences.

General measurements

The "H NMR spectra were measured by a 600 MHz NMR spec-
trometer (Bruker, Ascend™ 600 MHz) at room temperature.
Fourier-transform infrared (FT-IR) spectra were recorded by an
FT-IR spectrometer (Bruker, Vertex 70) with an ATR accessory.
The UV spectra were measured by a UV spectrophotometer
(Persee, TU-1901). Transmission electron microscope (TEM,
Hitachi, HT7700) and atomic force microscope (AFM, Bruker,
MultiMode V8) images were used to characterize the
morphology of HES. A dynamic light scattering analyzer (Mal-
vern, Zetasizer Nano ZS90) was used for the measurement of the
colloidal properties of HES. Gel permeation chromatography
(GPC) was used to study the molecular weight and conformation
of HES. X-ray diffraction (XRD) spectra were measured by an
XRD diffractometer (PANalytical, Empyrean). Atomic absorp-
tion spectrometer (AAS, Perkin Elmer, AA 300) and inductively
coupled plasma optical emission spectrometry (ICP-OES,
Thermo, iCAP 7000) were used for platinum quantification in
platinum conjugates and cellular uptake, respectively. A
microplate reader (Thermo, Multiskan) was used to perform 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assays. Flow cytometer (Berkman Coulter,
CytoFLEX) and confocal microscope (Olympus, FV1000) were
used to analyze the cellular uptake of Cy5-labeled HES
conjugates.

TEM characterization

HES samples (200 pg mL™') were dripped onto the copper
mesh, dried in air, and stained with 0.2% phosphotungstic acid
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for 30 s and characterized with TEM at 80 KV acceleration
voltage. HES-Pt and LA-HES-Pt samples were dripped on the
copper mesh, dried in air, and directly observed with TEM.

AFM characterization

HES samples were dissolved in deionized water and diluted to
20 ug mL . The diluted solutions were dripped with 10 uL on
fresh mica, dried in air, and characterized by AFM in the Sca-
nAsyst mode.

GPC characterization

Different HES samples dissolved in an acetate buffer with
a concentration of 10 mg mL " were characterized by GPC. The
mobile phase was acetic acid/sodium acetate buffer and the
flow rate was 0.5 mL min . The column temperature was
controlled at 35 °C. The wavelength of the laser detector was set
at 658.0 nm.

Synthesis of c,t,c-[PtCl,(OH),(NH;),]

Briefly, cis-platinum (1.00 g, 3.33 mmol) was suspended in
deionized water (25.0 mL). To the solution, H,0, (35.0 mL, 30.0
mmol) was added and the resulting mixture was stirred at 50 °C
for 1 h. Then, the precipitate was isolated by filtration and
sequentially washed with water, ethanol, and ether. The ob-
tained precipitate was dried under vacuum to give a yellow
powder (816 mg; yield: 73.3%).

Synthesis of ¢,t,c-[PtCl,(OH)(0,CCH,CH,CO,H)(NH3),]

Succinic anhydride (150.1 mg, 1.5 mmol) was added to a solu-
tion of ¢,t,c-[PtCl,(OH),(NHj3),] (500 mg, 1.5 mmol) in DMSO (40
mL) and the resulting mixture was stirred at room temperature
for 12 h. Then, the reaction mixture was precipitated with ether.
The precipitate was isolated by centrifugation, washed with
acetone and ether thrice, and dried under vacuum to give
a yellow powder (590 mg; yield: 90.6%).

Synthesis of HES-Pt

The synthesized Pt-COOH (100 mg, 0.23 mmol) was dissolved
in DMF (16 mL). To this solution, HES (100 mg; glucose unit: 0.6
mmol), EDCI (220.1 mg, 1.15 mmol) and DMAP (71.0 mg, 0.58
mmol) were added and the resulting mixture was stirred at
45 °C for 48 h. Then, the reaction mixture was dialyzed against
water for 3 days and lyophilized (102 mg; yield: 51.0%).

Synthesis of LA-HES-Pt

LA (100 mg, 0.28 mmol) was dissolved in DMF (20 mL). To the
solution, HES-Pt (100 mg; glucose unit: 0.52 mmol), EDCI
(268.4 mg, 1.4 mmol), and DMAP (85.5 mg, 0.7 mmol) were
added and the resulting mixture was stirred at 45 °C for 48 h.
Then, the reaction mixture was dialyzed against deionized water
for 3 days and lyophilized (109 mg; yield: 54.5%). Based on the
"H NMR spectrum, we calculated that there are around 104 LA
molecules on each HES nanoparticle.
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The platinum loading content (DLC) of HES-Pt and LA-HES-
Pt were determined by an atomic absorption spectrometer,
which was calculated as

DLC (%) = Wt (loaded Pt)

= . 100°
Wt (Pt-loaded conjugates) X /

where Wt (loaded Pt) is the weight of the loaded platinum and
Wt (Pt-loaded conjugates) is the weight of Pt-loaded conjugates.
From the drug loading content, we calculated that there are
around 23 cisplatin molecules in LA-HES-Pt.

Cellular uptake

To investigate the cellular uptake mechanism of LA-modified
HES (LA-HES), ASGPR-overexpressed HepG-2 cells were
selected, whereas 4T1 cells without ASGPR expression were
selected as the negative control. HES and LA-HES were labeled
by fluorochrome Cy5 for confocal imaging and flow cytometry
analysis. Briefly, HepG-2 and 4T1 cells were seeded into glass
bottom cell culture dishes at 5 x 10* cells per well. After incu-
bating with HES-Cy5 or LA-HES-Cy5 (200 pug mL™ ") for 12 h, the
medium was removed and the cells were washed with PBS
buffer (pH 7.4, 6.7 mmol L") thrice. Then, the cells were fixed
with 4% paraformaldehyde and stained with DAPI for confocal
imaging. To investigate the competitive inhibition effect of LA
on the cellular uptake of LA-HES-Cy5, HepG-2 cells were pre-
incubated with LA (500 pg mL ") for 4 h followed by incubation
with HES-Cy5 or LA-HES-Cy5 (200 pg mL™") for 12 h. Then, the
cells were fixed with 4% paraformaldehyde and stained with
DAPI for confocal imaging. The cellular uptakes of HES-Cy5 and
LA-HES-Cy5 were also quantified by flow cytometry.

The cellular uptakes of HES-Pt and LA-HES-Pt were quanti-
fied by ICP-OES. Briefly, HepG-2 cells were seeded into 12-well
plates at a cell density of 2 x 10 cells per well. After incubating
the cells with cis-platinum, Pt-COOH, HES-Pt, and LA-HES-Pt
for 6 h, the medium was removed and the cells were washed
with PBS thrice. Then, the cells were harvested and counted.
The cell suspensions were digested with a mixture of nitric acid
(65-68%, 2.0 mL) and perchloric acid (70-72%, 0.15 mL) at
320 °C for 30 min. After cooling to room temperature, the above
solutions were diluted to 10 mL with deionized water and
measured by ICP-OES at 214.4 nm.

Biocompatibility assessment

The murine fibroblast cell line, 3T3, was used to evaluate the
biocompatibility of HES. Briefly, 3T3 was seeded into a 96-well
plate with a cell density of 5 x 10° per well. After culturing
overnight, different HES samples were incubated with 3T3 cells
at concentrations ranging from 0.1 pg mL™" to 1000 ug mL ™" for
24 h. Then, MTT assays were used to determine the cell viability,
as previously reported. Cells incubated only with the medium
were used as the reference for 100% viability.

In vitro antitumor activity

MTT assays were used to evaluate the in vitro cytotoxicity of cis-
platinum, Pt—-COOH, HES-Pt, and LA-HES-Pt against human
hepatoma cells, HepG-2. Briefly, HepG-2 cells were seeded into

This journal is © The Royal Society of Chemistry 2019
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96-well plates with a cell density of 5 x 10° per well. After
culturing overnight, 4-well cells were incubated with different
materials at various concentrations. After 24 h incubation, MTT
assays were used to determine the cell viability as previously
reported. Cells incubated only with the medium were used as
the reference for 100% viability.

Statistical analysis

All the data were presented as the mean value + standard
deviation (SD). Statistical analysis was performed by the
Statistical Product and Service Solutions (SPSS) program with
independent samples T-test. The statistical significance was
established at p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001.

Results and discussion

Derived from waxy maize that contains more than 95% amylo-
pectin, HES is a semisynthetic polysaccharide and has been
used as the first-line colloidal PVE for several decades in
clinics.*® HES can be categorized into various classes based on
its molecular weight, molar substitution of hydroxyethyl, and
hydroxyethylation substitution pattern (C2/C6 ratio).”” These
parameters affect the endogenous a-amylase, which selectively
cleaves o-(1,4)-glycosidic bonds but not the branching o-(1,6)-
glycosidic bonds and mediates the degradation of HES in blood,
thereby determining the in vivo pharmacokinetics of HES and
facilitating the tailoring of the in vivo fates of HES by simply
modulating these parameters. Although safety concerns have
been raised for acute kidney injury and increased risk of
mortality when HES is administered to seriously ill patients
requiring acute volume resuscitation (particularly to patients
with severe sepsis and those in intensive care),”**" HES has
extremely low immunogenicity, presumably owing to the
common structural features between HES and glycogen, both of
which are branched polysaccharides.”” A good manufacturing
practice, high water solubility, tailorability, biocompatibility,
biodegradability, and well-defined and proven in vivo safety
features not only facilitate HES to be widely applied in clinics as
PVE,***™** cryoprotectant,***® organ preservation solutions,*
granulocytes separation solutions,®* and cell culture
medium,> but also to be a promising drug carrier with prom-
ising clinical translation potential.>>*” To this end, various drug
delivery systems have been recently developed based on HES,
including HES and small drug conjugates;*’***>3*°® HES and
protein conjugates;***® HES-derived nanocolloidosomes;* and
HES-based nanoparticles,**” capsules,®*”* and hydrogels.”””
Although HES has been applied in clinics for over 50 years, its
fundamental conformation, structure, and morphology are
largely unknown. To retain the branched structure of amylo-
pectin, hydrodynamic diameters around dozens of nanometers
have been frequently measured in HES solutions with
DLS.**3%%5976 TEM and AFM imaging has revealed that HES
exhibits a colloidal structure in self-assembled nano-
particles®””” and conjugates.®® Nonetheless, the conformation
and structure of a single HES particle remains an enigma.
Without such information, correlating the structure of HES with
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clinical uses and safety concerns is impossible, and the rational
clinical applications of HES and clinical translations of HES-
based drug delivery systems will be limited. Initially, the
conformation and structure of single HES, with different
molecular weights, will be systematically scrutinized by
a combination of DLS, TEM, AFM, GPC, and NMR.

HES conformation

To comprehensively understand the conformation of HES, HES
with different molecular weights, namely, 480 kDa, 200 kDa,
130 kDa, 70 kDa, and 25 kDa, have been studied by a combi-
nation of GPC and DLS. As shown in Table 1, the average
molecular weight of HES 480/0.5, HES 200/0.5, HES 130/0.4,
HES 70/0.5, and HES 25/0.5 measured by GPC are 426.1 x 10,
206.1 x 10%, 134.0 x 10°, 92.4 x 10, and 34.2 x 10°> g mol ",
respectively. The polydispersity values of five HES samples are
between 1.95 and 3.88, indicating a relatively wide molecular
weight distribution. Fig. S1f shows that the GPC spectra of
different HES samples are significantly overlapped with each
other, suggesting that HES samples have a relatively wide
molecular weight distribution. These results are similar to the
others.”®”® Considering the production practice of HES, the
observed results in the GPC are reasonable as HES is retained by
the membrane separation technique.

The conformational coefficient « is a good indicator of the
conformation of macromolecules and can be obtained with the
following equation:

R, = kM* 1)
taking the logarithm of both the sides of eqn (1):
lgR,=lgk+algM (2)

where R, is the radius of gyration, k is the proportionality
constant, and M is the molar mass of the individual polymer
molecule. Therefore, a can be obtained by measuring R, and
molar mass. Fig. S21 shows the double logarithmic plot of HES
480/0.5, HES 200/0.5, and HES 130/0.4. A linear fit can be
applied to each sample to calculate «.°>”® As shown in Table 1,
the « values of HES 480/0.5, HES 200/0.5, and HES 130/0.4 are
0.46, 0.42, and 0.42, respectively. Due to the bad data quality of
HES 25/0.5 and HES 70/0.5, the « value of HES 25/0.5 and 70/0.5
could not be determined. It is reported that « is equal to 1 for
rigid rods, 0.5-0.6 for random coils, and 0.33 for hard
spheres.**** The « values of our HES samples are slightly lower
than that of random coils, indicating that HES has a relatively
compact conformation rather than a linear one. Our results are
in good agreement with those reported by others.” Further, p-
ratio is another indicator for the conformational quantification
of macromolecules. The p-ratio is known as the ratio of the
gyration radius to the hydrodynamic radius (Ry/Ry,); these radii
can be measured by GPC and DLS, respectively. As shown in
Table 2, the p-ratio values of our HES samples are between 1.04
and 1.13. It was reported that the p-ratio is equal to 0.778 for
hard spheres, 0.977 for dendrimers, 1.225 for a hyper-branched
polymer, and 1.73 for a random coil of linear macromolecules

Nanoscale Adv., 2019, 1, 1002-1012 | 1005
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Table 1 GPC characterizations of HES®
Polydispersity Conformational RMS radius
Sample M, (x10° g mol ™) (My/M,) coefficient « (nm)
HES 480/0.5 426.1 3.77 0.46 19.6
HES 200/0.5 206.1 3.88 0.42 11.6
HES 130/0.4 134.0 1.95 0.42 8.1
HES 70/0.5 92.4 2.77 — 8.4
HES 25/0.5 34.2 2.38 — —

“ M, average molecular weight. RMS radius, root mean square radius.

Table 2 DLS characterizations and p-ratio of HES®

p-ratio
Sample Dy, PDI Ry, (1’11’1’1) (Rg/Rh)
HES 480/0.5 35.0 = 1.6 0.412 £ 0.024 17.5 1.12
HES 200/0.5 20.6 = 0.6 0.227 £ 0.005 10.3 1.13
HES 130/0.4 15.5 £ 0.7 0.118 £ 0.054 7.8 1.04
HES 70/0.5 15.4 £ 0.6 0.308 £ 0.023 7.7 1.09

“ Dy, hydrodynamic diameter. Ry, hydrodynamic radius. Ry, radius of
gyration.

in a f-solvent.** The p-ratio values of our HES samples are
between dendrimers and hyper-branched polymers, indicating
that HES has a relatively compact conformation.*> Meanwhile,
the "H NMR spectra of HES were investigated to confirm that
HES is a hyperbranched polymer, and there are many hydroxyl
sites that can be modified (Fig. S3 and S41). Collectively, the 'H
NMR spectra, «, and p-ratio corroborate that HES can adopt
a compact conformation.

HES morphology

The size distributions of HES in an aqueous solution have been
reported in previous studies.**”®”” However, the morphology of
HES is largely unknown, particularly that of a single HES
particle. TEM and AFM have been widely employed to directly
characterize the morphology of macromolecules.””** Here, TEM
and AFM were utilized to characterize the morphology of HES
480/0.5, HES 200/0.5, and HES 130/0.4. HES was negatively
stained by phosphotungstic acid and characterized by TEM at
a low acceleration voltage (80 kV). Fig. 1A shows that HES
particles are nearly spherical (white) for each single HES.
Moreover, all the HES samples have a spherical shape. The AFM
images consistently show that HES are nearly spherical particles
(Fig. 1C). These results are consistent with the relatively
compact conformation of HES and indicate that the HES
nanoparticles are intrinsic. The diameters of HES determined
by TEM and AFM are in accordance with those determined by
DLS (Fig. 1B and D and Table 2). To be specific, the diameters of
HES 130/0.4, 200/0.5, and 480/0.5 determined by TEM charac-
terization are 14.74 + 2.01 nm, 20.64 + 2.03 nm, and 28.75 +
4.79 nm, respectively (Fig. 1B). The AFM results are consistent
with the TEM results (Fig. 1D). The hydrodynamic diameter (Dy,)
values of HES 130/0.4 and 200/0.5 are 15.5 &+ 0.7 nm and 20.6 +
0.6 nm, respectively, which are similar to the TEM and AFM

1006 | Nanoscale Adv., 2019, 1, 1002-1012

results. However, the Dy, value of HES 480/0.5 is 35.0 & 1.6 nm,
which is slightly larger than those in the TEM and AFM results.
This may be attributed to the significant swelling effect of HES
480/0.5 in the aqueous solution (Table 2). Further, we found
that the hydrodynamic diameter of HES decreased with
increasing concentration, suggesting the hydrodynamic diam-
eter of HES is dependent on the osmotic pressure and implying
that HES particles are soft nanoparticles that can be squeezed
by osmotic stress (Fig. S5t). The DLS, TEM, and AFM images
corroborate the fact that the size of HES increases with its
molecular weight, and the diameters of HES 480/0.5, HES 200/
0.5, and HES 130/0.4 are in the range of 10-40 nm, which is
beneficial for prolonged in vivo circulation and passive tumor
targeting via the EPR effect.”®”® The diameters of HES with
different molecular weights and degrees of substitution were
also measured by DLS, AFM, and TEM in previous
studies.?®*3*¢%%%7¢ However, integrating GPC, DLS, and TEM with
AFM for uncovering the structure and morphologies of HES has
been seldom reported. The combination of various advanced
characterization techniques facilitates the complete apprecia-
tion of HES. The revealed colloidal structure of HES might
correlate with acute kidney injury when administered as PVE in
clinics, as branched HES might get stuck in the glomeruli of
kidneys. Nonetheless, more systematic studies are required,
particularly for undertaking clinical trials. Taken together, the
GPC, DLS, TEM, and AFM results corroborate the colloidal
structure of HES.

Pt delivery system based on HES nanoparticles

Based on the understanding that HES particles are intrinsic
nanoparticles with a suitable size for in vivo circulation and
passive tumor targeting, we constructed a novel prodrug of cis-
platinum further modified with LA, which can specifically bind
to the ASGPR overexpressed on the surfaces of hepatoma cells,
HepG-2.*° There are many advantages of this drug delivery
system (LA-HES-Pt). First, HES has excellent solubility and good
biocompatibility and biodegradability, which can improve cis-
platinum solubility and stability.***%*** Second, LA-HES-Pt
can attain passive cancer targeting due to the EPR effect of
HES, and it can also be specifically taken up by hepatoma cells
via ASGPR-LA-mediated endocytosis pathways. Third, HES, cis-
platinum, and LA have been approved for clinical practice,
which endows LA-HES-Pt with high druggability.** Last, but not
the least, platinum is a high-atomic-number element, which

This journal is © The Royal Society of Chemistry 2019
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profiles of HES with different molecular weights.

facilitates the direct detection of HES under TEM observations
without the need for staining. As shown in Fig. 2A, LA-HES-Pt
was synthesized through three simple steps. Pt-COOH, a rami-
fication of cis-platinum, was firstly prepared according to
a previously method reported.** Then, HES-Pt was synthesized
via an esterification reaction between the carboxyl group of Pt-
COOH and hydroxyl group of HES. Finally, HES-Pt was modified
with galactose moieties via an esterification reaction between
the carboxyl group of LA and hydroxyl group of HES. Several
studies have shown that HES 200/0.5 exhibits prolonged in vivo
circulation and excellent tumor accumulation.?®?*° Here, HES
200/0.5 was selected as the starting material to synthesize LA-
HES-Pt. The successful synthesis of HES-Pt and LA-HES-Pt was
confirmed by "H NMR, FT-IR, and UV (Fig. 2B, C and S6A-Ct).

This journal is © The Royal Society of Chemistry 2019

The "H NMR spectra of Pt-COOH show the characteristic
signals of succinyl at 2.50-2.62 ppm (Fig. S6At) and the FT-IR
spectra of Pt-COOH are in accordance with those reported in
the literature*** (Fig. S6Bt), suggesting the successful synthesis
of Pt~-COOH. The "H NMR spectra of HES-Pt also show the
characteristic signals of succinyl (Fig. 2B) and the FT-IR spectra
of HES-Pt show the characteristic band of an ester bond at
1718 em ™" (Fig. 2D), indicating that Pt~-COOH is successfully
conjugated onto HES through the ester bond. When compared
with HES-Pt, the characteristic signal of LA at 4.50 ppm appears
in the "H NMR spectra of LA-HES-Pt (Fig. 2C), suggesting the
successful synthesis of LA-HES-Pt. Collectively, 'H NMR and FT-
IR effectively demonstrate the successful synthesis of HES-Pt
and LA-HES-Pt. The platinum loading content of HES-Pt and

Nanoscale Adv., 2019, 1, 1002-1012 | 1007
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LA-HES-Pt are 6.4% and 2.6%, respectively, as determined by
the atomic absorption spectrometer.

The size distribution of HES, HES-Pt, and LA-HES-Pt are
measured by DLS (Fig. 2E); their hydrodynamic diameters are
18.09 + 3.89, 19.25 + 3.94, and 20.00 + 2.94 nm, respectively
(Table 3), indicating the insignificant size changes after Pt-
COOH and LA conjugation. Due to the high atomic number of
platinum, platinum can effectively absorb the incident elec-
trons in TEM imaging, resulting in high contrast with HES.

Table 3 DLS and drug loading characteristics of HES, HES-Pt, and LA-
HES-Pt

Drug loading

Sample Diameter (nm) Zeta potential (mV) (%)
HES 18.09 + 3.87 1.35 + 2.03 —

HES-Pt 19.25 + 3.94 —1.31 £+ 0.04 6.4
LA-HES-Pt 20.00 £ 2.94 —2.06 + 0.57 2.6

1008 | Nanoscale Adv., 2019, 1, 1002-1012

After coupling with platinum, the resultant conjugate can be
easily characterized by TEM without staining. HES-Pt based on
HES 130/0.4, HES 200/0.5, and HES 480/0.5 were characterized
by TEM (Fig. S7t). HES-Pt exhibits nearly spherical morphology
and the size increases with the molecular weight of HES, which
is consistent with the results of HES characterized by TEM and
AFM (Fig. 1). Further, the TEM image of LA-HES-Pt shows that
LA-HES-Pt exhibits nearly spherical nanoparticles (Fig. 2F).
Moreover, the XRD spectra of HES, HES-Pt, and LA-HES-Pt show
an amorphous characteristic, indicating that the morphology of
those samples characterized by TEM and AFM exhibit single
molecular, and not crystalline, morphology (Fig. S6Dt). The
average diameter of LA-HES-Pt determined from the TEM image
is 19.35 + 2.50 nm (Fig. 2G), which is consistent with the
hydrodynamic diameter determined by DLS. The zeta potentials
of HES, HES-Pt, and LA-HES-Pt in PBS buffer are 1.35 + 2.03,
—1.31 4+ 0.04, and —2.06 + 0.57 mV, respectively, indicating that

This journal is © The Royal Society of Chemistry 2019
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they are neutral. Collectively, these results confirm that HES-Pt
and LA-HES-Pt are intrinsic nanoparticles, like HES.

To investigate the cellular uptake of HES and LA-modified
HES (LA-HES), ASGPR-overexpressed HepG-2 cells were
chosen, and 4T1 cells without ASGPR expression were chosen as
the negative control. Fluorescent dye Cy5 was conjugated onto
HES and LA-HES for confocal imaging and flow cytometry
analysis. Human liver cancer HepG-2 cells with ASGPR over-
expression were incubated with Cy5-labeled HES and LA-HES
for 12 h. As expected, an increased Cy5 signal was observed in
the LA-HES-Cy5 group when compared with that in HES-Cy5 by
confocal laser scanning microscopy (CLSM) (Fig. 3A). This
indicated that increased HES was taken into HepG-2 cells after
modification with LA. Meanwhile, this uptake could be inhibi-
ted by the preincubation with additional free LA by competition
uptake (Fig. 3A). Quantitative flow cytometry measurement
further revealed that the cellular uptake of HES was enhanced
by 4.1 times by the modification of LA molecules (Fig. 3B and C),
while the endocytosis of HES-Cy5 was not affected by the pre-
incubation of free LA with HepG-2 cells. These results suggest
that the uptake of LA-HES-Cy5 by HepG-2 cells is via the ASGPR-
LA-mediated endocytosis pathway. The cellular uptake of LA-
HES-Cy5 is similar to that of HES-Cy5 on ASGPR-negative 4T1
cells (Fig. S8A-CT), further confirming the ASGPR-LA-mediated
endocytosis of LA-HES-Cy5 on HepG-2 cells.

Since it is reported that the modification of hydrophilic HES
inhibits the cellular uptake of drug conjugates,”®** several tar-
geting molecules have been used to improve the cellular uptake
of HES-based drug delivery systems, such as iRGD-HES,*” FA-
HES (folic acid),®® and Gal-HES (galactosamine).*®® Further, it

A. HepG2

HES-Cy5

HES-Cy5
+lactobionic acid

LA-HES-Cy5

LA-HES-Cy5
+ lactobionic acid

View Article Online

Nanoscale Advances

has been reported that the cellular uptake of nanoparticles
modified by LA (galactose moiety) is high on ASGPR-positive
cancer cells via ligand-receptor-mediated endocytosis.*
Herein, we successfully conjugated LA with HES and investi-
gated its cellular uptake properties. Taken together, these
results show that LA modification can promote the cellular
uptake of HES, particularly on ASGPR-overexpressed cells due to
ASGPR-LA-mediated endocytosis.

To study the cellular uptake of HES-Pt and LA-HES-Pt, the
intracellular platinum content was measured by ICP-OES
(Fig. 4A). HepG-2 cells were incubated with cis-platinum, Pt-
COOH, HES-Pt, and LA-HES-Pt (10 pg mL ™" of platinum) for 6 h,
and the intracellular platinum content was determined there-
after. To be specific, the intracellular platinum content of cis-
platinum, Pt-COOH, HES-Pt, and LA-HES-Pt determined by
ICP-OES are 0.02 + 0.01 pg, 0.01 + 0.01 pg, 0.06 + 0.01 pg, and
0.26 £ 0.01 pg for every 10° cells, respectively (Fig. 4A). Pt-
COOH exhibits a reduced cellular uptake as compared to cis-
platinum, which can ascribe to the enhanced hydrophilicity of
Pt-COOH, preventing the interaction between Pt-COOH and
cell membranes.'® HES-Pt exhibits enhanced cellular uptake as
compared to both Pt-COOH and cis-platinum, implying the
advantage of conjugation with HES. LA-HES-Pt exhibits the
highest cellular uptake, with intracellular platinum content
15.6 times higher than that of cis-platinum and 4.3 times higher
than that of HES-Pt. These results surprised us with a signifi-
cant improvement in the platinum uptake for 15.6 times when
compared with that of cis-platinum. When compared with the
previously reported platinum drug delivery systems in which
platinum uptake was improved by 9.8 times by micelles™ and

M HepG2 blank
HES-Cy5
M HES-Cy5+lactobionic acid
| BILAHESCYS
LAHES-Cy5+lactobionic acid

Cy5 intensity

Fkk

Cy5 Fluorescence Intensity

Fig. 3 Cellular uptake of HES-Cy5 and LA-HES-Cy5. (A) CLSM images of HepG-2 cells incubated with HES-Cy5 and LA-HES-Cy5 for 12 h, and
HepG-2 cells preincubated with 500 pg L™ LA for 4 h followed by incubation with HES-Cy5 and LA-HES-Cy5 for 12 h. The scale bar is 40 pm,
applicable for all the images. (B) Flow cytometry analysis of HepG-2 cells incubated with HES-Cy5 and LA-HES-Cy5 for 12 h, and HepG-2 cells
preincubated with 500 pg L™ LA for 4 h followed by incubation with HES-Cy5 and LA-HES-Cy5 for 6 h. (C) Mean fluorescence intensity
determined by flow cytometry. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. implies not significant. Data are represented as mean + SD (n = 3).
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8.3 times by cationic lipid-assisted nanoparticles respectively,'
our results have shown the best cellular uptake efficiency.

The in vitro cytotoxicity values of HES-Pt and LA-HES-Pt
against HepG-2 cells were finally evaluated by MTT assays
(Fig. 4B). Cis-platinum, HES-Pt, and LA-HES-Pt exhibit cytotox-
icity in a dose-dependent manner. LA-HES-Pt exhibits the
highest cytotoxicity against HepG-2 cells, with ICs, value that is
5.3-fold lower than that of cis-platinum and 4.4-fold lower than
that of HES-Pt (Fig. S10 and Table S2+). To be specific, the ICs,
values of cis-platinum, HES-Pt, and LA-HES-Pt were 11.34 ng
mL ", 9.40 pg mL ", and 2.14 pg mL ™", respectively. Pt~-COOH
shows no cytotoxicity by MTT assay. Meanwhile, the biocom-
patibility of HES is also confirmed with MTT assay against
murine fibroblast 3T3 cells (Fig. S97).

Although several platinum drug delivery systems have been
developed, only a few of these reported systems are more effi-
cient than the cis-platinum system.*® It is mainly on the account
of limited cellular uptake. Herein, our results have indicated
that LA-HES-Pt have the highest cytotoxicity to HepG-2 cells.
This can be ascribed to the efficient cellular uptake by ASGPR-
LA-mediated endocytosis (Fig. 4A). The platinum conjugated
on LA-HES-Pt was reduced to cis-platinum by GSH, ascorbic
acid, thioalcohol, and low pH after entering into the cell,
leading to DNA-induced apoptosis.”® HES-Pt also exhibits
enhanced cellular uptake as compared to cis-platinum, but the
cytotoxicity of HES-Pt is similar to cis-platinum, which may be
ascribed to the insufficient intracellular Pt release of HES-Pt.*>¢
Due to this limited cellular uptake, Pt~-COOH exhibits minimal
cytotoxicity, which is also consistent with previous reports.*
When compared with previous reports, our results also show
the best in vitro anti-hepatoma efficiency for platinum drug
delivery systems. Taken together, based on our rational design,
the in vitro antitumor activity of LA-HES-Pt against HepG-2 cells
is significantly enhanced when compared with cis-platinum.

Outlook and concluding remarks

In summary, a novel cis-platinum delivery nanoplatform, LA-
HES-Pt, is constructed based on clinically used colloidal PVEs,
namely, HES, to enhance the cellular uptake and cytotoxicity of

1010 | Nanoscale Adv., 2019, 1, 1002-1012

cis-platinum. GPC, DLS, TEM, and AFM corroborate that HES
particles are spherical. In vitro experiments verified that LA-
HES-Pt can actively target HepG-2 cancer cells with a high-
level expression of ASGPR and promote cellular endocytosis to
exert better antitumor effects than cis-platinum. Remarkably,
the intracellular platinum content increases 15.6 times and ICs,
decreases 5.3-folds for LA-HES-Pt when compared with cis-
platinum. By revealing the structure of clinically used PVE,
namely, HES, this study has significant clinical implications,
paving the road for clinical translations of HES-based NDDS.
Since HES, cis-platinum, and LA have been approved for clinical
practice, the reported LA-HES-Pt has significant clinical trans-
lation potential and warrants further in vivo investigations.
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