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ABSTRACT: A series of conjugated hyaluronic acid particles (HAP),
composed of a hydrophobic anticancer drug core and hydrophilic
cyclodextrin/hyaluronic acid shell, were prepared through self-assembling
and characterized by 'H NMR titration, electron microscopy, zeta
potential, and dynamic light-scattering experiments. The nanometer-
sized HAP thus prepared was biocompatible and biodegradable and was
well-recognized by the hyaluronic acid receptors overexpressed on the
surface of cancer cells, which enabled us to exploit HAP as an efficient
targeted delivery system for anticancer drugs. Indeed, HAP exhibited ;
anticancer activities comparable to the commercial anticancer drug P

cisplatin but with lower side effects both in vitro and in vivo.

B INTRODUCTION

The design of advanced drug-delivery systems with high
therapeutic efficacy toward malignant tumors and insignificant
toxicity to normal tissues is still one of the most challenging
tasks in medicinal chemistry." For an effective drug-delivery
system, a high level of water solubility, controlled release,
targeted delivery, biocompatibility and biodegradability, and
simplified delivery should all be incorporated. In recent years, a
variety of supramolecular drug-delivery sgstems, including
1iposomes,2_4 inorganic nanoparticles,s_ polymeric mi-
celles”™™® and carbon nanomaterials,"*™*® have been con-
structed from multiple functional components through non-
covalent interactions. However, some concerns still remain for
these delivery systems regarding the potential for long-term
toxicity as well as the metabolic fate.”*™>* Consequently, the
clever design and prudent choice of materials are vital to the
development of new advanced drug-delivery systems.
Polysaccharides have been widely exploited as building
blocks for constructing nanometer-sized particles for drug
delivery because of their excellent properties such as low
toxicity, biocompatibility, biodegradability, stability, low cost,
hydrophilicity, bioadhesion ability, and facile chemical mod-
ification.>™*’ In particular, hyaluronic acid (HA), a water-
soluble biocompatible and biodegradable polysaccharide, has
been used as a targeting agent and delivery vehicle in many
drug-delivery systems and also as a diagnostic agent for
carcinoma®® > because it can specifically recognize various
cancer cells that overexpress HA receptors (CD44 and
RHAMM (hyaluronan-mediated motility receptor)) on the
cell surface.>' ™3¢ For instance, Kim, Park, and co-workers>”
reported that nanoparticles composed of 54-cholanic acid and
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near-infrared fluorescence dye bound to HA recognized
malignant tumor cells and tissues in vitro and in vivo. Peer,
Shimaoka, and co-workers*"** constructed liposome-based
nanoparticles covered with HA, encapsulating condensed
small-interfering RNA, that selectively targeted leukocyte
integrins to achieve highly efficient intracellular delivery and
gene-silencing activities in vivo. Lee, Chen, and co-workers*
demonstrated that Zn"—dipicolylamine complexes tethered to
HA strongly bound siRNA and delivered it into HA-receptor-
positive cancer cells.

In the present work, we chose cyclodextrin (CD) as a
polysaccharide to be grafted to the HA backbone because CD is
water-soluble, nontoxic, and commercially available at low cost
and because, more importantly, CD can host various inorganic/
organic/bioorganic molecules and ions in its hydrophobic
cavity with high size/shape selectivity both in aqueous solution
and solid state. Additionally, CDs have been used as convenient
building blocks for constructing nanostructured functional and
bioactive materials.**** As a consequence of the encapsulation
of the hydrophobic moiety of drug into the CD cavity,
anticancer drugs and prodrugs, such as adamplatin, are
noncovalently bound to the conjugated polysaccharide, which
eventually self-assemble to form nanoparticles (HAP, Scheme
1). The use of HAP as a targeted drug-delivery system is
inherently advantageous because of three attributes: (1) HAP
has a hydrophilic HA backbone that specifically recognizes
cancer cells and concomitantly protects adamplatin prodrug
from the aqueous environment that inactivates cisplatin®
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Scheme 1. Chemical Structures and Synthetic Routes for HACD
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“HACDs were synthesized by side-chain modification using an amide condensation reaction.

Table 1. Characterization of HACDs with Different Degrees of Substitution

sample feed ratio” Mw’b M,*
HA 0 4.6 x 10Y 4.8 x 10*
HACD-5.6 0.25 5.0 x 10* 5.5 x 10*
HACD-11.5 0.5 5.7 x 10* 5.8 x 10*
HACD-16 1 6.3 x 10* 6.7 x 10*
HACD-17 2 6.4 x 10* 69 x 10*

M2 M,/M, DS R, (nm)°
3.1 x 10* 1.54 none 10.4
3.3 x 10* 1.66 5.58 10.4
3.6 X 10* 1.60 11.50 10.4
4.0 x 10* 1.68 16.43 10.4
4.1 x 10* 1.69 17.16 10.3

“Molar feed ratio of f-cyclodextrin to sugar residues of HA polymer. ®Molecular weights were estimated from 'H NMR spectra. “Weight-averaged
molecular weights were obtained from GPC. dNumber-averaged molecular weights were obtained from GPC. “Hydrodynamic radius of HACDs

were measured by a viscosity detector in GPC experiment in PBS. TMole
hyaluronate purchased from commercial sources.

cular weights were obtained according to the specification of sodium

before it can reach the malignant tissues, (2) numerous CDs
incorporated in HAP efficiently carry adamplatin prodrugs
through encapsulation of the adamantyl group,*” and (3) after
entering a cancer cell through receptor-mediated endocytosis,
encapsulated adamplatin prodrug is released through the
enzyme-triggered degradation of HAP by HA-degrading
intracellular enzymes, hyaluronidase-1 and -2 (Hyal-1 and -2),
that are overexpressed in tumor tissues.*”**~>" This strategy is
expected to provide a simple and versatile approach to the
design and fabrication of various supramolecular targeted drug-
delivery systems with high activity and low toxicity.

B RESULTS AND DISCUSSION

Synthesis. A series of HACDs, incorporating 5.6—17 -CDs
grafted to a HA chain, were synthesized by the amide
condensation reaction of sodium hyaluronate with mono-6-
deoxy-6-ethylenediamino-f-CD in phosphate buffer solution
(PBS) and characterized by 'H NMR spectroscopy and gel
permeation chromatography (GPC). The number of grafted f-
CDs per HA, here defined as the degree of substitution (DS),
was controlled by changing the feed ratio of mono-6-deoxy-6-
ethylenediamino-f-CD to HA polymer. As can be seen from
Figure S1, '"H NMR spectra of HACDs showed the
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characteristic signal of H1 proton of f-CD at ca. 5 ppm and
signals assignable to HA protons and #-CD’s H2—H6 protons
at 3 to 4 ppm. The DS was determined by comparing the
integrated peak area of the H1 proton of S-CD versus that of
the N-acetyl protons of HA at 1.97 ppm. In view of the fact that
at least six repeating units of HA are needed for achieving
multiple HA—CD44 interactions in the tumor-targeting
bioconjugates bearing HA and cytotoxic agents,”> the HACDs
obtained in the present study are considered to have enough
numbers of repeating units to interact with CD44. Moreover,
the weight-averaged molecular weights (M,) of HACDs
determined by GPC (M,, values were determined by SEC
columns with reference to poly(ethylene oxide), see Figures
$2—S6, Supporting Information) matched well with the
molecular weights evaluated from 'H NMR spectra, and the
DS and molecular weight of HACD decreased as the feed ratio
of #-CD was reduced. The characterization data for HACDs of
different DSs are summarized in Table 1. Adamplatin prodrug
was synthesized by a reported method® with slight
modification. It is known that the modification of cisplatin
with adamantane does not impede its anticancer activity.”* By
using a modified thiourea reaction,> the configuration of

dx.doi.org/10.1021/jm4014168 | J. Med. Chem. 2013, 56, 9725—-9736
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Figure 1. "H NMR spectral titration of adamplatin prodrug with native #-CD. (a) "H NMR spectra of 1 mM adamplatin upon addition of 0, 0.2, 0.6,
1.0, 1.4, 2.0, 2.6, 3.0, 3.4, 4.0, 4.6, 5.0, 5.4, 6.0, 7.0, 8.0, 9.0, and 10.0 mM p-CD (spectrum 1—18) in D,O containing 5% DMSO-dj at 25 °C. (b)
Nonlinear least-squares fit of the chemical-shift changes of the adamantyl proton peak at § 1.9 (panel a) as a function of the f-CD concentration.

adamplatin prodrug was confirmed to be the cis isomer (see
Figures S7 and S8, Supporting Information).

Complexation of Adamplatin Prodrug with -CD. We
employed native f-CD as a reference host to evaluate the
complexation behavior of adamplatin prodrug with the #-CDs
tethered to HA. As shown in Figure 1a, the "H NMR signals of
adamantyl protons showed gradual downfield shifts with
accompanying shape changes upon incremental addition of -
CD, indicating inclusion of the adamantyl moiety of adamplatin
prodrug in the A-CD cavity.’® In addition, the Job’s plot
showed a maximum at a molar fraction of 0.5 (see Figure S9,
Supporting Information), indicating a 1:1 stoichiometry
between the adamplatin prodrug and $-CD. This is reasonable
because the two cis-adamantyls of adamplatin cannot be
simultaneously accommodated in two -CD cavities as a result
of the large steric hindrance. A nonlinear least-squares fit of the
titration data (Figure 1b) allowed us to determine the stability
constant (Kg) of adamplatin prodrug with $-CD as (4.1 + 0.4)
X 10° M. Similarly, the adamantyl protons of adamplatin
showed downfield shifts upon addition of HACD-17, but they
were unchanged upon addition of sodium hyaluronate (see
Figure S10, Supporting Information). These results support the
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formation of a HACD/adamplatin assembly through the
noncovalent interactions of multiple adamplatin molecules
with the f-CD moieties of HACD.

Characterization of HAP. The facile binding of adamplatin
by the $-CD units in HACD enabled us to prepare HAP by
simply mixing HACD and adamplatin. High-resolution trans-
mission electron microscopy (HR-TEM), atomic force
microscopy (AFM), scanning electron microscopy (SEM),
dynamic light scattering (DLS), and zeta potential experiments
revealed the morphological and structural features of HAPs.
The HR-TEM images shown in Figures 2a and S11 indicate
that HAP-17, HAP-16, HAP-11.5, and HAP-5.6 exist as
spherical nanoparticles with average diameters of ca. 60, 70,
90, and 150 nm, respectively, and that these particles tend to
aggregate during the preparation process through hydrogen-
bonding interactions of carboxylic and hydroxyl groups in
HACDs. A series of HAP-17 nanoparticles, containing the f-
CD unit and adamplatin prodrug at different ratios, were
prepared to elucidate the relationship between the DS and the
HAP size. TEM images revealed that the diameter of HAP-17
dramatically increased from 70 to 380 nm with decreasing
adamplatin content (see Figure S12, Supporting Information,).

dx.doi.org/10.1021/jm4014168 | J. Med. Chem. 2013, 56, 9725—-9736
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Figure 2. Typical (a) TEM, (b) SEM, and (c) AFM images of HAP-17. (d) DLS result for CONTIN plots of HAP-17 in PBS.

This result suggests that the hydrophobicity of adamplatin
prodrug included in the cavity of f-CD plays an important role
in determining the particle size. Thus, the low DS and therefore
low drug loading in HACD-5.6 led to the formation of less
compact hydrophobic cores and larger-sized aggregates among
the polysaccharide nanoparticles prepared.

The SEM image (Figure 2b) gave similar morphological
information, showing many aggregated nanoparticles. The
AFM and SEM images of control samples (see Figures S13
and S14, Supporting Information) showed amorphous
structures for sodium hyaluronate and HACD. The AFM
image also revealed the fine structure and dimension of HAP-
17. As shown in Figure 2c, the height of a collapsed
nanoparticle was ca. 6.1 nm, which is very close to the total
height of two B-CD cavities (ca. 1.7 nm), two included
adamplatin (ca. 2.0 nm), and two saccharide units of hyaluronic
acid (1.8 nm). The DLS results showed that HAP aggregates
have a narrow distribution with a hydrodynamic diameter of ca.
180 nm calculated by cumulant analysis (Figure 2d).

Furthermore, the zeta potential of HAP was measured as ca.
—20 mV (see Figure S1S, Supporting Information), and this
negatively charged biocompatible surface of HAP may prolong
the circulation time of HAP in vivo,” eventually facilitating the
delivery and release of adamplatin prodrug. Additionally, the
formation of HAP was also readily apparent by visible
observation (see Figure S16, Supporting Information). GPC
analyses revealed that the hydrodynamic radii (R,) of HACDs
with different DSs were nearly the same at ca. 10 nm, and the
aqueous solution of HACDs showed a weak Tyndall effect.””
Upon complexation of adamplatin, the Tyndall effect was
observed with great enhancement, indicative of the formation
of larger aggregates in solution.

The biocompatibilities of adamplatin prodrug itself and
HAP-17 were comparatively studied in PBS. Adamplatin
prodrug was dispersible in water by adding DMSO as
cosolvent, but it immediately precipitated in PBS at 2 mM
concentration even in the presence of DMSO (see Figure S17B,
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Supporting Information). In contrast, as a consequence of the
hydrophilic hyaluronic acid shells incorporated, HAP-17 was
well-dispersed in PBS for months even at a net adamplatin
prodrug concentration of 2 mM (see Figure S17A, Supporting
Information). In addition, we further performed DLS and zeta
potential experiments of HAP-17 in a 10% fetal calf serum
(FCS) solution. As seen in Figure S18, FCS alone exhibited
two main diameter distributions around 8 and 50 nm, and the
mean hydrodynamic diameter was calculated as 23.5 nm. After
adding HAP-17, three diameter distributions were shown in the
DLS data; that is, the ones around 7 and 40 nm were assigned
to FCS, and the one around 160 nm was assigned to HAP-17.
The mean hydrodynamic diameter was calculated as 96 nm,
corresponding to the average diameter values of FCS and HAP-
17. Similarly, the zeta potential of HAP-17 in FCS (—13 mV)
was also ascribable to the joint contribution of FCS (—6.3 mV)
and HAP-17 (—20 mV). Collectively, these results may
demonstrate that the serum environment cannot dramatically
affect the stability of HAP-17 in vitro and in vivo. The
enhanced biocompatibility could facilitate the accumulation of
HAP-17 nanoparticles specifically in tumor tissue sites, as
described later. The loading level of adamplatin in HAP-17 was
studied by atomic emission spectrometry. As shown in Figure
3a, the Pt content maximized at a 1:1 adamplatin prodrug/p-
CD ratio, and no flocculation was observed in the presence of
excess HACD-17 (Figure 3b), implying a near optimal
condition for preparing polysaccharide nanoparticles. Con-
sequently, the polysaccharide nanoparticles comprising equi-
molar adamplatin prodrug and S-CD units were subjected to
further cytotoxicity and tumor-growth inhibition studies.

The biodegradation and releasing behavior of HAP in vitro
were investigated by performing the enzymatic hydrolysis of
HA. As shown in Figure 4, although the hydrodynamic
diameter of HAP-17 was maintained at ca. 150 nm, the
scattered-light intensity dramatically decreased by approx-
imately 90% in the presence of hyaluronidase. Moreover, no
spherical structure of HAP-17 was observed in the TEM image,

dx.doi.org/10.1021/jm4014168 | J. Med. Chem. 2013, 56, 9725-9736
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Figure 3. (a) [Pt] in HAP-17 as a function of the adamplatin/f-CD in
HACD-17 ratio. (b) Photographs of HAP-17 solutions after injecting
adamplatin of 0.057, 0.13, 0.26, 0.52, 1.03, and 2.06 mM
concentrations (i—vi) into HACD-17 ([-CD in HACD-17] = 0.51

in nice agreement with the disappearance of the Tyndall effect
after the treatment with hyaluronidase. These results jointly
indicated that the obtained polysaccharide nanoparticles were
disassembled as soon as the endo-N-acetylhexosaminic bonds
in the hyaluronic acid chains were specifically hydrolyzed to
low-molecular-weight oligomers upon exposure to hyaluroni-
dase.>®

Anticancer Activities in Vitro. Cytotoxicity experiments
were performed to evaluate the anticancer activities of HAP in
vitro, where HAP-17 was used as a candidate nanoparticle for
the anticancer treatment because of its small size, facilitating the
receptor-mediated endocytosis of cancer cells. As shown in
Figure S19, the IC, values of cisplatin, adamplatin, and HAP-
17 toward the MCF-7 cell line (a type of human breast cancer
cells that abundantly overexpress HA receptors on the cell
surface®>*”) were measured as 27,°° 8.2, and 5.6 uM,
respectively, by the MTT assay, which indicated the enhanced
anticancer activity of HAP-17. In addition, as shown in Figure
Sa, HAP-17 displayed a better anticancer activity than cisplatin,
adamplatin prodrug, and adamplatin/f-cyclodextrin complex
toward MCF-7 cancer cells. Compared with cisplatin, which
also enters MCF-7 cancer cells by membrane permeation,
lipophilic adamplatin prodrug more effectively penetrates into
the lipid bilayer of the cell membrane and shows better
anticancer activity. By lacking the specific HA components, the
nontargeted adamplatin/f-CD complex exhibited a relatively
high cytotoxicity toward both normal and cancer cells. The
hydrophilic HA shell of HAP-17 specifically recognizes MCE-7
cancer cells by strongly binding to HA receptors on the cell
surface, and it enters cells through receptor-mediated
endocytosis. Subsequently, the nanoparticle disassembles to
release the adamplatin moiety. As a result, HAP-17 shows the
best anticancer activities toward MCEF-7 cancer cell lines.
Moreover, the anticancer activity of HAP-17 dramatically
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Figure 4. (a) CONTIN plots of hydrodynamic diameter and (c) TEM image of HAP-17 after hydrolyzation by hyaluronidase for 3 h. (b) Scattering-
light intensity and (d) Tyndall effect of HAP-17 before (left) and after (right) hydrolyzation by hyaluronidase for 3 h.
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Figure 6. Relative cellular viability of SKOV-3 cell line: (a) 24 and (b) 48 h after the treatment with cisplatin, adamplatin prodrug, adamplatin/f-CD

complex, HAP-17, HACD-17, and HAP-17 with an excess of HA.

decreased by 44% when the HA receptors of MCF-7 cells were
bound by an excess amount of HA polymer.

Significantly, cellular toxicity tests using the NIH3T?3 cell line
(mouse embryonic fibroblast cell line, HA receptor-nega-
3961) a5 a model cell line devoid of HA receptors showed
that the relative cellular viability of HAP-17 stayed at 93% after

24 h, which was much higher than that of cisplatin (41%),

tive
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adamplatin prodrug (21%), and adamplatin/$-CD complex
(48%). This indicates that the HAP-17 nanoparticle is much
less toxic to cells that do not express HA receptors than
cisplatin, adamplatin prodrug, and adamplatin/#-CD complex.
In the control experiment, HACD-17 showed no cytotoxicity
toward both the MCF-7 and NIH3T3 cell lines. In addition, the
morphological changes of cancer and normal cells in the

dx.doi.org/10.1021/jm4014168 | J. Med. Chem. 2013, 56, 9725-9736
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Figure 7. Bright-field (left), fluorescence (center), and merged (right) images of MCF-7 (top) and NIH3T3 cells (bottom) incubated with FITC-

HAP for 6 h.
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Figure 8. Apoptosis of MCF-7 cancer cells without (top) and with (bottom) the treatment with HAP-17 for 24 h. The fluorescence of Hoechst
33342, Alexa Fluor 488—AnnexinV, and PI was observed from the suspended MCE-7 cells in the dark field. The nuclei were stained by Hoechst
33342, and cells in the early and late stages of apoptosis were stained by AnnexinV and PI, respectively.

presence of cisplatin, adamplatin prodrug, HAP-17, and
HACD-17 revealed that HAP-17 more effectively damaged
the cancer cells than cisplatin and adamplatin prodrug (Figure
Sc—e), whereas HAP-17 was less toxic toward normal cells than
cisplatin and adamplatin prodrug (Figure Sj—m). This result
was fully consistent with that obtained in the cell-counting
experiments. Furthermore, the viability data at 48 h (see Figure
$20, Supporting Information) showed much more positive
results than that obtained at 24 h, verifying the conclusions
mentioned earlier. Therefore, we may conclude that the HAP-
17 nanoparticle is more active against cancer cells and has a
much lower cytotoxicity toward normal cells than cisplatin,
adamplatin prodrug, and adamplatin/f-CD complex. A
plausible explanation is that the high affinity of the HA shell
of HAP-17 toward the HA receptors on cancer cells facilitates
the receptor-mediated endocytosis of HAP-17 into the cancer
cells, but this process is impeded in NIH3T3 cells to a great
extent because of the lack of HA receptors.

Furthermore, the cytotoxicity experiments with SKOV-3
cancer cells, a human ovarian cancer cell line sensitive to
cisplatin, were performed to evaluate the anticancer activities of
HAP-17. As shown in Figures 6 and S21, the cellular viability of
the SKOV-3 cell line (16.9%) was much lower than that of the
MCEF-7 cell line (29.5%) after incubation with cisplatin for 48 h.
HAP-17 showed a much higher inhibition effect on the viability
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of SKOV-3 cells than cisplatin, adamplatin prodrug, and
adamplatin/p-CD complex after incubation for 24 and 48 h.
However, this inhibition effect dramatically decreased upon
addition of HA. These results support our contention that
HAP-17 selectively recognizes HA-receptor-positive cancer
cells and enhances the killing ability toward cancer cells
through a receptor-mediated-internalization process.

The efficient uptake of HAP into cancer cells was confirmed
by fluorescent confocal images. HACD was labeled with
fluorescent dye (FITC) through an amide condensation
reaction to form FITC-HACD (see Figure S22, Supporting
Information), and fluorescent FITC-labeled nanoparticles
(FITC-HAP) were constructed by physically mixing FITC-
HACD and adamplatin prodrug. After incubation with FITC-
HAP for 6 h, MCF-7 cancer cells showed the bright green
fluorescence of FITC, and, in sharp contrast, NIH3T3 cells
exhibited only slight fluorescence, demonstrating that HAP was
internalized into the cancer cells via receptor-mediated
endocytosis (Figure 7).

Furthermore, we also investigated the cellular apoptosis
effect of HAP-17 using the in situ counterstaining method. As
shown in Figure 8, MCF-7 cancer cells were stained by Alexa
Fluor 488—AnnexinV and PI after treatment with HAP-17. The
morphological changes, such as cell-membrane foaming and
apoptotic bodies, were clearly observed in these targeted cells,

dx.doi.org/10.1021/jm4014168 | J. Med. Chem. 2013, 56, 9725—-9736
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showing that HAP-17 induced obvious apoptosis in MCEF-7
cancer cells.

Tumor-Growth Inhibition Experiments in Vivo. To
evaluate the antitumor effects of HAP in practical applications,
tumor-growth inhibition experiments in vivo were performed
using BALB/c nude mice bearing SKOV-3 cancer cells that
possess strong tumorigenic ability and sensitivity toward
cisplatin and its derivatives.”> As shown in Figure 9a, mice
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Figure 9. Tumor-growth inhibition experiments in vivo. (a) Tumor-
growth curves for BALB/c nude mice bearing SKOV-3 cancer cells
treated with blank control (PBS), HAP-17, cisplatin, and adamplatin
prodrug. The injected dose was normalized to 3.5 mg kg™ cisplatin.
The differences between cisplatin and HAP-17 that were statistically
significant are indicated with asterisks (P < 0.0S). The delta symbol
indicates that mice in the cisplatin group started to die at day 15. (b)
Picture of tumors in the blank control, HAP-17, cisplatin, and
adamplatin prodrug groups.

with tumor were divided into four groups, one of which was
untreated (blank control), and the other three groups were
injected with HAP-17, cisplatin, and adamplatin prodrug by the
tail vein. The tumor volumes of mice in the untreated group
increased dramatically over the entire experimental period. On
the basis of the aforementioned results (see Figure S17,
Supporting Information), we infer that the low water solubility
and poor biocompatibility significantly reduced the activity of
adamplatin prodrug, ultimately resulting in the negligible
antitumor efficiency for the adamplatin prodrug-treated group
in vivo. In contrast, HAP-17 nanoparticles showed a better
antitumor activity than the commercial anticancer drug
cisplatin, giving a tumor-growth inhibition of up to 82% by
day 21, which was in good agreement with the result evaluated
by the weight of tumors (80%). It is noteworthy that cisplatin
exhibited serious adverse effects toward mice and caused
continuous body-weight loss'® and death during the entire
experimental period (Figure 10). The survival rate of mice was
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only 16.7% by day 25 because of the high toxicity of cisplatin
toward normal cells and tissues. In contrast, the mice in the
other three groups showed no appreciable body-weight loss or
death. These results were consistent with the cytotoxicity
experiments in vitro. A possible mechanism is the specific
binding of HA on the backbone of HAP to the HA receptors
overexpressed on tumor cells, which not only allows for the
receptor-mediated endocytosis of HAP into tumor cells and
tissues but also prevents the normal cells and tissues from
damage. The anticancer activities and side effects of HAP-17,
cisplatin, and adamplatin prodrug were visually distinguishable
in the physical appearance of mice in terms of tumor size and
body weight (Figures 9b and S23, Supporting Information).

B CONCLUSIONS

In this study, we constructed a series of conjugated
polysaccharides composed of hyaluronic acid (HA) main
chain and cyclodextrins (CD) side chains. The HA—CD
conjugates incorporating adamplatin prodrug self-assembled to
form nanoparticles (HAP) possessing a hydrophilic HA
backbone for recognizing cancer cells and CDs for carrying
hydrophobic drugs. HAP was comprehensively tested as a
delivery system for an adamplatin prodrug in vitro and in vivo.
Its antitumor activity in mice was comparable to cisplatin but at
much reduced toxicity. The present methodology provides a
versatile HA platform for targeted drug delivery and transport
into cancer cells while exhibiting minimal uptake into normal
tissues.

B EXPERIMENTAL SECTION

Materials Preparation. All chemicals were reagent-grade unless
noted otherwise. f-CD was recrystallized twice from water and dried
in vacuo at 90 °C for 24 h prior to use. Sodium hyaluronate (M,, = 46
000), cisplatin, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC), N-hydroxysulfosuccinimide sodium salt (NHSS), potassium
tetrachloroplatinate (II) (K,PtCl,), fluorescein isothiocyanate isomer I
(FITC), and hyaluronidase were purchased from commercial sources
and used as received. Mono-6-deoxy-6-ethylenediamino-f-CD was
prepared by a literature procedure.*® 1-Adamantylamine was prepared
by treating 1-adamantylamine hydrochloride with excess ammonia
followed by filtration, washing with water, and drying in vacuo.

Instruments. NMR spectra were recorded on a Bruker AV400
instrument. For the AFM measurements, a sample solution (0.2 mg/
mL) was dropped onto newly clipped mica and air-dried, and the
residue obtained was examined in tapping mode in the air under
ambient conditions using a Veeco Nano IIla Multimode AFM
instrument. High-resolution transmission electron microscope
(HRTEM) images were obtained on a Tecnai G*> F20 microscope
instrument operated at 200 kV. The samples were prepared by placing
a drop of solution (0.2 mg/mL) on a carbon-coated copper grid. The
samples for SEM measurements were prepared by dropping each
sample solution onto a coverslip followed by evaporation of the
solvent at room temperature. SEM experiments were performed on a
Shimadzu SS-550 scanning electron microscope. The sample solutions
for DLS experiments were prepared by filtering each solution through
a 450 nm syringe-driven filter (JET BIOFIL) into a clean scintillation
vial. The samples were examined on a Brookhaven BI-200SM laser
light scattering spectrometer equipped with a digital correlator (BI-
9000AT) at 4 = 636 nm at 25 °C. All DLS measurements were
performed at the scattering angle of 90°. The zeta potential was
recorded on a Brookhaven ZETAPALS/BI-200SM at 25.5 °C. GPC
measurements were employed to examine the weight-averaged
molecular weights (M,,) of polymers on a four detection size-exclusion
chromatograph (Four-SEC) containing a Waters 1525 separation
module connected with a Viscotek M302 four detector array, a
combination of refractive index, light scattering (LS angle, 7 and 90°;
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Figure 10. (a) Body-weight curves for BALB/c nude mice bearing SKOV-3 cancer cells after treatment with blank control (PBS), HAP-17, cisplatin,
and adamplatin prodrug. The differences between cisplatin and HAP-17 that were statistically significant are indicated with asterisks (P < 0.01). The
delta symbol indicates that mice in the cisplatin group started to die at day 15. (b) Survival curves of BALB/c nude mice bearing SKOV-3 cancer cells
after treatment with HAP-17, cisplatin, adamplatin, and blank control (PBS).

laser wavelength, 4 = 532 nm), viscosity detector, and UV—vis
detector. Two mixed-bed SEC columns (GMHyz-M and GMH,z-H
from Viscotek) were used. Poly(ethylene oxide) was used as the
calibration standard, and 0.1 M phosphate buffer (pH = 7.2) was used
as the mobile phase at a flow rate of 1.0 mL min™' at an operating
temperature of 25 °C. The fluorescent confocal images were carried
out on an Olympus FV1000S-IX81 fluorescence microscope (A, = 405
nm, 25 °C).

Preparation of -CD-Modified Hyaluronate Acid (HACD). 1-
Ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDC) (167.7 mg,
0.875 mmol) and N-hydroxysulfosuccinimide sodium salt (NHSS)
(190 mg, 0.875 mmol) were added to a solution of sodium
hyaluronate (M,, = 46 000) (100 mg, 2.17 pmol) in phosphate buffer
solution (PBS, 0.1 M, pH 7.2) (30 mL), and the mixture was stirred at
25 °C for 30 min. Then, various amounts of mono-6-deoxy-6-
ethylenediamino-f-CD (73.6—588.5 mg, 0.0625—0.5 mmol) in PBS
(10 mL) was added, and the mixture was stirred for 24 h at room
temperature. The resulting solution was dialyzed against an excess
amount of deionized water for 5 days. After being freeze-dried,
HACD:s with different degrees of substitution were obtained as white
powder. 'H NMR (400 MHz, D,0, ppm): (1) HACD-5.6: § 1.95 (s,
3H, H of methyl group of HA), 3.02—3.91 (m, 12.04H, H of HA and
C-3, C-5, C-6, C-2, C-4, and methylene on ethanediamine group of f-
CD), 4.44—4.48 (m, 2H, H of HA), 5.02—5.08 (m, 0.34H, H of C-1 of
p-CD); (2) HACD-11.5: & 1.98 (s, 3H, H of methyl group of HA),
3.05—4.14 (m, 14.19H, H of HA and C-3, C-S, C-6, C-2, C-4, and
methylene on ethanediamine group of #-CD), 4.47—4.51 (m, 2H, H of
HA), 5.05—5.11 (m, 0.7H, H of C-1 of #-CD); (3) HACD-16: § 1.95
(s, 3H, H of methyl group of HA), 3.04—3.94 (m, 16.23H, H of HA
and C-3, C-5, C-6, C-2, C-4, and methylene on ethanediamine group
of f-CD), 4.43—4.48 (m, 2H, H of HA), 5.02—5.08 (m, 0.99H, H of
C-1 of f-CD); (4) HACD-17: 6 1.97 (s, 3H, H of methyl group of
HA), 3.06—3.93 (m, 16.24H, H of HA and C-3, C-5, C-6, C-2, C-4,
and methylene on ethanediamine group of #-CD), 4.45—4.50 (m, 2H,
H of HA), 5.04—5.10 (m, 1.06H, H of C-1 of §-CD).

Preparation of FITC/f-CD-Modified Hyaluronate Acid (FITC-
HACD). Amino-functionalized FITC was prepared according to
reported procedures.®* 1-Ethyl-3-(3-dimethyl aminopropyl)-carbodii-
mide (EDC) (83.8 mg, 0.44 mmol) and N-hydroxysulfosuccinimide
sodium salt (NHSS) (95 mg, 0.44 mmol) were added to a solution of
sodium hyaluronate (M, = 46 000) (50 mg, 1.08 gmol) in PBS (0.1
M, pH 7.2) (30 mL), and the mixture was stirred for 30 min at 25 °C.
Then, mono-6-deoxy-6-ethylenediamino-f-CD (294.2 mg, 0.5
mmol) and amino-functionalized FITC (112.4 mg, 0.25 mmol) in
PBS (10 mL) were added, and the mixture was stirred at room
temperature for 24 h. The resulting solution was dialyzed against an
excess amount of deionized water for 7 days. After being freeze-dried,
FITC-HACD was obtained as pale-yellow powder. The content of
FITC molecules in the conjugate was calculated as 0.22 wt %, which
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was determined using a UV—vis calibration curve of amino-
functionalized FITC at A = 485 nm.

Preparation of Adamplatin Prodrug. Adamplatin prodrug was
prepared by literature procedures with slight modification.”® In brief,
K,PtCl, (210 mg, 0.51 mmol) dissolved in distilled water (S mL) was
added to a solution of KI (672 mg, 4.05 mmol) in distilled water (2
mL). The mixture stood for 1S min to obtain a dark brown aqueous
solution of K,Ptl, 1-Adamantylamine (152 mg, 1 mmol) was
suspended in distilled water (5 mL) and added to the above-
mentioned solution to immediately form a yellow precipitate. The
mixture was stirred overnight at 30 °C and filtered, and the yellow
precipitate was washed with distilled water until no halide ion was
detected. The obtained yellow solid was suspended in a mixed solvent
composed of water and acetone (1:1, 60 mL) again, and AgNO;
(157.1 mg, 0.92 mmol) was added. The mixture was stirred for 48 h at
25 °C in the dark. The resulting mixture was filtered, and KCI (69.0
mg, 0.92 mmol) was added to the filtrate. The pale-yellow precipitate
appeared immediately after the removal of acetone under reduced
pressure and was filtered, washed repeatedly with distilled water, and
dried. The adamplatin prodrug was obtained as a pale-yellow solid
(63% yield). '"H NMR (400 MHz, DMSO-ds, TMS): 5 1.58—1.62 (m,
6H, H of adamantane), 1.90—2.08 (m, 9H, H of adamantane), 4.43
(brs, 1H, part of H of —NH,). ESI-MS m/z: 533.1 [M — CI]*, 496.3
[M — 2Cl — HJ".

Preparation of HACD-Adamplatin Nanoparticles (HAPs).
Adamplatin prodrug (0.19 mg, 0.34 umol) in DMSO (30 uL) was
added to a solution of HACD-17 (1.27 mg, 0.02 ymol, containing 0.34
umol B-CD) in deionized water/PBS (1 mL), and then the mixture
was ultrasonicated for 10 min. The resulting HAP-17 solution ([Pt] =
0.34 mM) was stored at 4 °C. Other HAPs with different DSs by /-
CD were prepared by similar procedures.

Loading Level of Adamplatin in HAP-17. HACD-17 (4.8 mg,
0.076 pmol, containing 1.28 ymol S-CD) was dissolved in deionized
water (2.5 mL), and then various amounts of adamplatin (0.081—2.92
mg, 0.14—5.14 ymol) in 75 uL of DMSO were added to the solution
prepared above. Any insoluble substance was removed through a
syringe filter (450 nm), the filtrate was dialyzed against an excess
amount of deionized water for 1 h, and the volume of the resulting
solution was standardized to 5 mL. The concentration of platinum in
the solution was determined using atomic emission spectrometry.

Enzyme-Triggered Drug-Release Experiments. Adamplatin
prodrug (0.17 mg, 0.30 umol) in DMSO (30 yuL) was added to a
solution of HACD-17 (1.13 mg, 0.018 ymol, containing 0.30 gmol f-
CD) in deionized water (10 mL), and then the mixture was
ultrasonicated for 10 min. After that, hyaluronidase was added (the
final concentration of hyaluronidase was 0.5 TU mL™'), and the
solution was stirred for 3 h at 37 °C. The obtained solution was
subjected to examination by DLS, TEM, and Tyndall effect.
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Cytotoxicity Experiments. MCF-7 human breast cancer cells,
NIH3T3 mouse embryonic fibroblasts, and SKOV-3 human ovarian
cancer cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), which was supplemented with 10% fetal bovine serum
(FBS), in 24-well plates (2 X 10* cells mL™", 1 mL per well) for 24 h.
The cells were incubated with cisplatin, adamplatin, HAP-17, HAP-17
+ excess HA, and HACD-17 ([Pt] = 17 uM, [HACD] = 1 uM). After
incubation for 24 and 48 h, the relative cellular viability was measured
using a cell-counting assay.

Furthermore, MTT assays were performed to evaluate the ICs,
values of adamplatin and HAP-17 toward the MCF-7 cell line. Briefly,
MCEF-7 human breast cancer cells were cultured for 24 h in DMEM
supplemented with 10% FBS in 96-well plates (1000 cells in 100 yL of
medium per well). The cells were incubated with adamplatin and
HAP-17 at different concentrations for another 24 h. The cell
inhibitory rates were determined by the MTT assay. All data are
presented as the mean + standard deviation.

Fluorescent Confocal Imaging. MCF-7 human breast cancer
cells and NIH3T3 mouse embryonic fibroblasts were cultured for 24 h
in DMEM supplemented with 10% fetal bovine serum (FBS) in 6-well
plates (2 x 10* cells mL™, 2 mL per well). The cells were incubated
with FITC-HAP ([adamplatin prodrug] = 17 uM, [FITC-HACD] = 1
uM). After incubation for 6 h, the culture medium was removed, and
the cells were washed with PBS and subjected to observation by a
fluorescence microscope.

Apoptosis Experiments. MCF-7 human breast cancer cells were
cultured in DMEM supplemented with 10% fetal bovine serum (FBS)
in 6-well plates (5 X 10* cells mL™", 2 mL per well) for 24 h. The cells
were incubated with HAP-17 ([adamplatin prodrug] = 17 uM,
[HACD-17] = 1 uM) for 24 h, and they were then washed with cold
PBS. The cells were detached with tryptase and then resuspended in
PBS. After centrifugation (800 rpm) for 3 min, the supernatant was
discarded, and the cells were resuspended in 1X annexin buffer (100
uL) and treated with Alexa Fluor 488—Annexin V (15 uL), PI solution
(2 pL), 600x Hoechst 33342 solution (20 uL), and 1X annexin buffer
(80 pL). The suspension was incubated at room temperature for 15
min and then centrifuged (400 rpm) for S min. The supernatant was
discarded, and the cells were resuspended in 1X annexin buffer (100
uL). The cells were observed using a fluorescence microscope.

Animal Model Experiment. All experimental procedures were
approved and in accordance with China’s National Code of Animal
Care for Scientific Experimentation. The experiment was also assessed
by the Animal Experimentation Ethics Committee of Nankai
University. Four-week-old female BALB/c nude mice (n 24)
received 5 X 10° SKOV-3 cells in DMEM (100 uL) into the left groin
by subcutaneous injection. When the tumor volume reached 50—100
mm® (ca. 14 days after tumor implantation), the mice were divided
into four groups (six mice per group). The groups were injected with
200 uL of either PBS, HAP-17, cisplatin, and adamplatin prodrug
every 3 days through the tail vein. The doses were set at 3.5 mg kg™’
cisplatin. The tumor volumes (V) were measured using a caliper every
2 days and calculated using the following equation: V = 0.5 X (tumor
length) X (tumor width)®. The relative tumor volumes were calculated
as V/V, (V, is the tumor volume when drug injection began).

Statistical analysis of the data was carried out using the Student’s ¢
test. Differences were considered statistically significant if the P value
was <0.0S.

B ASSOCIATED CONTENT

© Supporting Information

Characterization of HACDs, adamplatin prodrug, and HAPs;
Job’s plot of adamplatin prodrug and f-CD; ICs, of HAP-17
and adamplatin prodrug; cytotoxicity after drug treatment for
48 h; synthetic route for FITC-HACD; and side-effect images
of drug-treated cancer-bearing nude mice. This material is
available free of charge via the Internet at http://pubs.acs.org.
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