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Abstract: Carrier-mediated drug delivery systems are promising therapeutics for targeted delivery
and improved efficacy and safety of potent cytotoxic drugs. Nimesulide is a multifactorial cycloox-
ygenase 2 nonsteroidal anti-inflammatory drug with analgesic, antipyretic and potent anticancer
properties; however, the low solubility of nimesulide limits its applications. Drugs conjugated
with hyaluronic acid (HA) are innovative carrier-mediated drug delivery systems characterized
by CD44-mediated endocytosis of HA and intracellular drug release. In this study, hydrophobic
nimesulide was conjugated to HA of two different molecular weights (360 kDa as HA with high
molecular weight [HAH] and 43kDa as HA with low molecular weight [HAL]) to improve its
tumor-targeting ability and hydrophilicity. Our results showed that hydrogenated nimesulide
(N-[4-amino-2-phenoxyphenyl|methanesulfonamide) was successfully conjugated with both HA
types by carbodiimide coupling and the degree of substitution of nimesulide was 1%, which was
characterized by 'H nuclear magnetic resonance 400 MHz and total correlation spectroscopy. Both
Alexa Fluor® 647 labeled HAH and HAL could selectively accumulate in CD44-overexpressing
HT-29 colorectal tumor area in vivo, as observed by in vivo imaging system. In the in vitro
cytotoxic test, HA—nimesulide conjugate displayed >46% cell killing ability at a nimesulide
concentration of 400 uM in HT-29 cells, whereas exiguous cytotoxic effects were observed on
HCT-15 cells, indicating that HA—nimesulide causes cell death in CD44-overexpressing HT-29
cells. Regarding in vivo antitumor study, both HAL-nimesulide and HAH-nimesulide caused
rapid tumor shrinkage within 3 days and successfully inhibited tumor growth, which reached
82.3% and 76.4% at day 24 through apoptotic mechanism in HT-29 xenografted mice, without
noticeable morphologic differences in the liver or kidney, respectively. These results indicated
that HA—nimesulide with improved selectivity through HA/CD44 receptor interactions has the
potential to enhance the therapeutic efficacy and safety of nimesulide for cancer treatment.
Keywords: COX-2 inhibitor, nimesulide, hyaluronic acid, CD44, colorectal cancer

Introduction

Colorectal cancer (CRC) with insidious onset, low early diagnostic rate and poor long-
term prognosis, is one of the most common malignancies in industrialized countries,
and mortality from CRC is primarily attributable to metastatic cancer in the liver
or lung. The current treatment for patients with CRC is primary surgical resection
without or with chemotherapy using conventional chemotherapeutic agents such as
S-fluorouracil (5-FU), irinotecan and oxaliplatin.!* However, chemoresistance has been
widely observed and recognized as a key reason for the failure of CRC chemotherapy.**
Therefore, developing new strategies for CRC treatment has recently attracted the
attention of researchers.
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CD44 is a multifunctional cell surface receptor that
participates in many cellular processes, including growth,
survival, differentiation and motility.®* This receptor also
has an important role in cancer cell migration and matrix
adhesion in the cellular microenvironment, thereby enhanc-
ing cellular aggregation and tumor growth.!%!! Recently,
prominent expression of CD44 has been considered as
a hallmark of highly tumorigenic CRC cells'? and as a
component of an intestinal cancer stem cell gene signature
that predicts disease relapse in CRC patients.'* This signature
is specifically associated with CRC cells endowed with high
tumor-initiating potential as well as long-term self-renewal
capacity. Hence, CD44 represents a potential therapeutic
target for the treatment of CRC.'+1¢

Hyaluronic acid (HA), which is composed of disaccharide
repeats of D-glucuronic acid and N-acetyl-D-glucosamine, is
a linear polysaccharide that binds specifically to cell surface
receptors, such as CD44, RHAMM and ICAM-1, to activate
a wide range of intracellular signals and regulate various
cellular processes, including morphogenesis, wound heal-
ing, inflammation and pathologic conditions.!”"" In addition,
with its excellent hydrophilicity, high biocompatibility,
nontoxic and nonirritant properties, HA is a favorable natural
material for biomedical applications, such as cosmetics,?
cell therapy,” tissue engineering? and drug delivery.? %
One of the advantages of using HA conjugation is that it
improves the water solubility of hydrophobic drugs such
as paclitaxel and curcumin®*?* and provides the targeting
ability for drug delivery system. HA of different molecular
weights has various roles in the body. HA of high molar
mass (1,000 kDa) has important physiological roles in living
organisms, including the maintenance of the viscoelasticity of
liquid connective tissues and proteoglycan organization in the
extracellular matrix. HA of low molar mass is hypothesized
to induce receptor-mediated intracellular signaling, thereby
acting as an endogenous signal for T-cell activation and induc-
ing the processes of inflammation and angiogenesis.? !

Inflammation increases the development of precancer-
ous lesions at various anatomic sites. For example, a 13.6%
increased risk of prostate cancer is noted for patients who
previously suffered from prostatitis®> and a 25% increased
CRC risk due to ulcerative colitis has also been reported.”
Nimesulide, a selective cyclooxygenase 2 inhibitor, is a drug
with anti-inflammatory, analgesic, antipyretic properties®*3
and chemopreventive activity against urinary bladder, colon,
liver and breast carcinogenesis.***® It is reported that nime-
sulide induces cell apoptosis and inhibits tumor growth in
various types of cancer in both in vitro and in vivo studies;**

however, poor water solubility of nimesulide limits its
biomedical applications.** General dosage forms of nimesu-
lide are tablets or capsules for anti-inflammatory treatments. *
The injectable nimesulide formulation with ethanolamine,
L-cysteine, ethylenediaminetetraacetic acid (EDTA) and lactic
acid, was recently developed.*” New nimesulide formulation
for intravenous injection has been scarcely reported. In this
study, nimesulide was conjugated to HA to improve its water
solubility and tumor selectivity, and the antitumor efficacy
of HA—nimesulide conjugates with two different molecular
weights was evaluated in vitro and in vivo.

Materials and methods

Materials

HA (HA with high molecular weight [HAH] 360 kDa and
HA with low molecular weight [HAL] 43 kDa; Freda Bio-
pharm) was obtained from HolyStone (Taipei, Taiwan).
Nimesulide, 1-ethyl-3-(3-dimethylaminopropyl)-carbodi-
imide (EDC) hydrochloride, N-hydroxysuccinimide (NHS),
ethyl (hydroxyimino)cyanoacetate (Oxyma), fluorescein
isothiocyanate (FITC) isomer I, adipic acid dihydrazide
(ADH), penicillin—streptomycin—neomycin (PSN) solution
and 10% formalin were purchased from Sigma-Aldrich (St
Louis, MO, USA). Dimethyl sulfoxide (DMSO), dimethyl-
formamide and Pd/C (5%) were obtained from ACROS (New
Jersey, USA). For cell culture studies, Dulbecco’s Modified
Eagle’s Medium (DMEM), DMEM:Nutrient Mixture F-12
(DMEM/F12), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT), fetal bovine serum (FBS) and
0.25% trypsin—-EDTA were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Alexa Fluor® 647 cadaver-
ine was purchased from Thermo Fisher Scientific.

Synthesis of N-(4-amino-2-
phenoxyphenyl)methanesulfonamide
(NiNH)

To synthesize NiNH, for further HA conjugation, a solution
of 0.5 g of nimesulide (NiNO,) in 20 mL ethyl acetate was
hydrogenated at room temperature and atmospheric pressure
in the presence of 0.2 g Pd/C (5%) for 24 h (Figure 1). The
reaction was monitored by thin layer chromatography on
silica gel plates and visualized with ultraviolet light. After
the completion of the reaction, the catalyst was filtered,
and the filtrate was precipitated in excess ethyl ether and
evaporated in vacuo to provide NiNH, powder. The product
was verified by "H nuclear magnetic resonance (NMR) 400
MHz analysis using the following parameters: 'H NMR
(400 MHz, DMSO-d6; 8H 2.85 [s, 3H, CH,], 5.24 [deuterium
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Figure | Schematic illustration of the synthesis of (A) NiNH, and (B) HA-nimesulide conjugates.
Abbreviations: EA, ethyl acetate; EDC, |-ethyl-3-(3-dimethylaminopropyl)-carbodiimide; HA, hyaluronic acid; h, hours; NHS, N-hydroxysuccinimide; NiNH,, N-(4-amino-

2-phenoxyphenyl)methanesulfonamide.

exchangeable s, 2H, NH_], 6.01 [d, 1H, J=3 Hz], 6.2-6.3 [dd,
1H, J=3 Hz, 6 Hz], 6.9-7.2 [m, 4H], 7.3-7.5 [m, 2H], 8.73
[deuterium exchangeable s, 1H, NH]).44

Synthesis of HA-conjugated nimesulide

For HAH-nimesulide synthesis, | g of HAH was first dis-
solved in 500.0 mL of water and reacted with 20.0 mL of EDC/
NHS water solution (502 mg of EDC and 302 mg of NHS)
for 5 minutes. Then, 72 mg of NiNH, powder dissolved in
1 mL DMSO was added to activated HAH solution and made to
react for 12 h at room temperature. The resulting solution was
dialyzed using a 3500 molecular weight cutoff (MWCO) dialy-
sis bag against a large excess of 0.3 M NaCl solution and water
for 4 days. For HAL-nimesulide synthesis, 700 mg of HAL
was first dissolved in a solution mixture containing 140.0 mL of

water and 70.0 mL of DMSO, and made to react with 14.0 mL
of EDC/NHS solution (351 mg of EDC and 211 mg of NHS)
for 5 minutes. Then, 100.8 mg of NiNH, dissolved in 7.0 mL
of DMSO was added to the activated HAL solution. After
stirring for 12 h, the resulting solution was dialyzed using an
MWCO 3500 dialysis bag for 5 days, lyophilized and then
stored at 4°C for further studies. The structure of the sample
and the degree of substitution (DS) of HA—nimesulide, defined
as the number of nimesulide molecules per HA molecule, were
estimated by 'H NMR 400 MHz.%%3!

Synthesis of fluorescent dye-labeled HA

FITC-labeled HAH (HAH-ADH-FITC) was prepared by
chemical conjugation of FITC with the amine group of HA-
ADH through thiourea formation. First, 50 mg of HAH was
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dissolved in 12.5 mL of water and 114.8 mg of ADH was
added to HAH solution. Then, the pH of the reaction mixture
was adjusted to 4.75 by addition of 0.1 N HCl(aq),
of EDC was added to this mixture for activation of carboxyl

and 25.1 mg

group of HA. After 15 minutes, the reaction was quenched
by addition of 0.1 N NaOH(aq) and the resulting solution was
then transferred to pretreated dialysis tubing (MWCO 3500)
and dialyzed exhaustively against 0.3 M NaCl(aq) and water
for 4 days. The resulting solution was lyophilized and stored
at 4°C. The DS of ADH in HAH-ADH was measured by 'H
NMR 400 MHz.5>%* For HAH-ADH-FITC synthesis, HAH-
ADH (88 mg) was first dissolved in 35 mL water, mixed with
FITC solution (9.5 mg of FITC dissolved in 10 mL DMSO)
for 48 h at room temperature, and then the mixture was dia-
lyzed against 0.3 M NaCl -~ and pure water alternately using
an MWCO 12,000-14,000 dialysis bag. The resulting solu-
tion was lyophilized, analyzed by fluorescence spectrometer
(FP-6300; Jasco, Japan) and then stored at 4°C before use.

NIR dye (Alexa Fluor 647 cadaverine)-labeled HAH
(HAH-NIR dye) and HAL-NIR dye were synthesized by
activation of carboxyl group of HA. First, 40 mg of HAH
or HAL and 11 mg of Oxyma were dissolved in 4 mL water.
Then, 2 mL dimethylformamide was added to the HA solu-
tion. Second, 32 UL of DIC was added into the mixture
solution. After stirring for 5 minutes, 0.2 mg of NIR dye
dissolved in 100 pL water was added to the activated HA
solution and made to react for 24 h at room temperature.
Then, the solution was added to 32 uL of DIC and made to
react for 24 h. The resulting solution was dialyzed using an
MWCO 3500 dialysis bag for 5 days, lyophilized, analyzed
by fluorescence spectrometer (FP-6300; Jasco) and then
stored at 4°C before use.

GPC analysis of HA—nimesulide
conjugates

The molecular weight distribution of HA and HAH-—nimesulide
aqueous solution was assessed by the GPC system consisting
of a Waters 600 pump controller (Waters, Milford, MA,
USA), an injection valve with a 200 uL sample loop, ultra-
hydrogel 2,000 and 250 columns 7.8x300 mm (Waters), a
2,414 refractive index detector (Waters) and a photo diode
array (set to 254 nm, the ~7\,max of nimesulide; Waters), using
the mobile phase 0.02 M NH,H PO, . -and 0.3 M NaNO,
at 40°C at a flow rate of 0.7 mL/min.

Cell culture and flow cytometry analysis

HT-29 and HCT-15 human CRC cells were purchased
from American Type Culture Collection. HT-29 or HCT-15
human CRC cells were grown in T75 flasks using DMEM or

DEMM/F12 culture medium supplemented with 10% (v/v)
FBS and 1% PSN solution, respectively. The cells were main-
tained in a humidified incubator at 37°C in 5% CO, and sub-
cultured two to three times per week using 0.25% trypsin. To
evaluate CD44 receptor expression in HT-29 or HCT-15, the
cells were washed once with phosphate-buffered saline (PBS)
and then harvested with 0.25% trypsin—EDTA. The detached
cells were washed with PBS containing 1% FBS and 1%
penicillin/streptomycin (wash buffer), and resuspended in wash
buffer (1x10° cells/mL). Anti-CD44 antibodies conjugated
with FITC (CD44-FITC; eBioscience) were added at a dilution
of 1:200 and incubated in the dark on ice for 30 minutes. The
labeled cells were washed in PBS, fixed in PBS containing
4% paraformaldehyde and analyzed on an Accuri™ C6 (BD
Accuri cytometers; BD Biosciences, Ann Arbor, MI, USA).
The amount of cellular uptake of HAH-ADH-FITC by HT-29
and HCT-15 cells was assessed by flow cytometry. Briefly,
HT-29 or HCT-15 cells (1x10° cells/well) were seeded into
six-well plate for 24 h. HAH-ADH-FITC (FITC: 1 uM; HA-
dye: 1 mg/mL) was added to the cells for various incubation
time periods, respectively. The cells were washed once with
PBS and then harvested with 0.25% trypsin-EDTA. The
detached cells were resuspended in culture medium. The cells
were then analyzed by Accuri C® (BD Accuri cytometers)
using FL1 (533/30 nm). For apoptotic analysis, cells treated
with H,O, at 10 mM or HAL-nimesulide at 200 uM nimesu-
lide concentration for 48 h were harvested by trypsinization,
washed with PBS and resuspended in binding buffer (200 uL)
containing Annexin V-FITC (20 ug/mL) and propidium iodide
(20 pg/mL) for 30 minutes at room temperature. The cells were
then analyzed by Accuri C6 (BD Accuri cytometers) using FL1
(533/30 nm) and FL3 (610/20 nm).

Cytotoxicity assay

To evaluate the cytotoxicity of free nimesulide, modified
nimesulide NiNH,, HAH-nimesulide and HAL-nimesulide
conjugates on HT-29 and HCT-15 cells, the cells were seeded
in a 96-well plate at 1x10* cells/well with the medium supple-
mented with 10% FBS and 1% PSN solution and cultured
for 24 h prior to experimentation. Subsequently, the cells
were treated with a medium mixed with twofold serial dilu-
tions of nimesulide or an equivalent nimesulide concentra-
tion ranging from 400 to 3.125 uM. HAH- or HAL-treated
cells were used as a control group. After 48 h, the cells
were washed three times with PBS and incubated in fresh
medium containing MTT in the dark for an additional 3 h.
After removal of the medium, 100 uL of DMSO was added
into each well with continuous shaking for 30 minutes. The
results were read using a scanning multiwell plate reader
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at 570 nm (SpectraMax® M2e; Molecular Devices LLC,
Sunnyvale, CA, USA).

In vitro and in vivo fluorescence imaging
of HA-dye

To evaluate the cellular uptake and HAH-ADH-FITC bind-
ing affinity in different cell lines, HT-29 or HCT-15 cells
(5x10* cells/well) were seeded into glass coverslips for 24 h.
CD44-FITC or HAH-ADH-FITC (FITC: 1 uM; HA-dye:
1 mg/mL) was added to the cells for various incubation time
periods, respectively. CD44-FITC-treated groups served as
the positive control. Hoechst 33342 solution was added to the
cells and incubated for 10 minutes. After staining, the cells
were washed with 1x PBS three times, mounted onto glass
slides, and the fluorescent signals were examined by confocal
laser scanning microscopy at an excitation of 488 nm and
emission of 500-600 nm (Leica-SP5; Leica Microsystems,
Heidelberg GmbH, Germany).

Noninvasive in vivo imaging system (IVIS) experiments
were approved by the Institutional Animal Care and Use
Committee (IACUC) of National Chung Hsing University,
Taiwan, ROC (IACUC Permit No 104-020) based on the
Guide for the Care and Use of Laboratory Animals.** The
high-level CD44 expression cell line HT-29 was used to
establish a tumor animal model. Briefly, female athymic
nu/nu (nude) mice (aged 5—6 weeks, BioLASCO, Taiwan,
ROC) were sterilely and subcutaneously administered
2x107 HT-29 cells in the right flank. HAH-NIR dye solu-
tion (HAH-NIR dye: 20 mg/mL, 200 mg/kg) and HAL-NIR
dye solution (HAL-NIR dye: 20 mg/mL, 200 mg/kg) were
intravenously injected through the tail vein when the tumors
reached a volume of approximately 500-600 mm?. Images
were recorded by the caliper IVIS system (excitation filter:
640 nm, emission filter: 680 nm, exposure time: 1 sec, f/stop:
8)at 1,4, 8,24 and 48 h time points after injection. At the last
time point, the mice were sacrificed by cervical dislocation.
Fluorescence images of tumors, heart, liver, spleen, kidneys,
brain and muscle were also analyzed by IVIS imaging sys-
tem (IVIS® Spectrum CT; PerkinElmer Inc., Waltham, MA,
USA). The fluorescence images were quantified by Living
Image software (PerkinElmer Inc.).

Antitumor effects of HA—nimesulide
conjugates

The in vivo antitumor experimental protocols were approved
by IACUC of National Chung Hsing University, Taiwan,
ROC (IACUC Permit No 104-020) based on the Guide
for the Care and Use of Laboratory Animals.>* Female
BALB/cAnN.Cg-Foxnlnu/CrINarl nude mice (5-6 weeks

old, 20£2 g) were obtained from the National Laboratory
Animal Center (Taiwan). All mice were maintained in an
air-conditioned facility with an artificial light—dark cycle and
were provided with standard food and filtered water. The mice
were acclimated to this environment for at least 3 days prior
to subcutaneous injection in the right hindquarter with 2x107
HT-29 cells suspended in medium. Tumor size and body
weight were measured every 3 or 4 days for the duration of
the experiment. Tumor volume was calculated as 1/2(41/3)
(L/2)(W/2)H, where L is the length, W the width and H is
the height of the tumor. Treatments were initiated when the
tumors reached a volume of approximately 100 mm?® (day 0).
Mice were randomized into six treatment groups (n=4 per
group). The animals were injected with PBS (control group),
nimesulide or HA-nimesulide at 1.5 mg/kg equivalent
nimesulide concentration for three times per week. Mice that
received 50 mg/kg 5-FU once per week through the lateral
tail vein acted as the positive control group.’>>¢ Tumor size
and body weight were recorded for each mouse every 3 or
4 days. The percentage of tumor growth inhibition (TGI %)
was calculated from the relative tumor volume at day 24.

Necropsy and terminal deoxynucleotidyl
transferase dUTP nick end-labeling assay

analysis of tumor sections

Tumors were excised and weighed after the mice were sac-
rificed. Prior to immunohistochemical and hematoxylin and
eosin staining, the tumor tissue was fixed in formalin and
embedded in paraffin. Cell apoptosis was analyzed by a ter-
minal deoxynucleotidyl transferase dUTP nick end-labeling
(TUNEL) assay using a Click-iT® TUNEL Alexa Fluor Imag-
ing Assay Kit (Thermo Fisher Scientific), and the experimental
procedure was performed according to the manufacturer’s
instructions. Briefly, 2 um sections of tumors from mice in
each treatment group were immersed in 0.25% Triton® X-100
PBS solution. After washing with PBS, the slices were stained
with terminal deoxynucleotidyl transferase reaction cocktail
for 90 minutes at 37°C and washed with PBS. Next, Click-iT
reaction cocktail and Hoechst 33342 were used to stain the
sections in the dark to label apoptotic cells and cellular DNA.
After staining, Hoechst 33342 and Alexa Fluor® 488 fluores-
cence was observed by Leica SP5 confocal microscopy using
an excitation of 405 or 488 nm, respectively.

Results and discussion
Characterization of NiNH2 and

HA-nimesulide
NiNH, was synthesized through the hydrogenation of nime-
sulide. As shown in Figure 2, the peak of the amine group of
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Figure 2 'H NMR spectra of NiNO, (nimesulide) and NiNH,.

Abbreviations: NiNH,, N-(4-amino-2-phenoxyphenyl)methanesulfonamide; NMR, nuclear magnetic resonance.

NiNH, was identified at 5.24 ppm, indicating the successful
synthesis of NiNH, that can further conjugate to HA. Figure 3
depicts the 'H NMR spectra of HAH-nimesulide and HAL—
nimesulide, wherein a strong acetyl (-NHCOCH,) peak of
HA is identified at 2.0 ppm and peaks from the aromatic
protons of nimesulide are in the range of 7.6—6.8 ppm.
The DS of nimesulide in the synthesized HA—nimesulide
conjugates, which is defined as the ratio of nimesulide per
100 HA units, was calculated from the integration ratio of
the characteristic peaks of HA at 2.0 ppm and nimesulide
at 7.6-6.8 ppm. The DS of HA—nimesulide, defined as the
number of nimesulide molecules per HA molecule, was 1%
as estimated by 'H NMR 400 MHz. To further clarify the
maintenance of nimesulide structure after the conjugation
process, we used total correlation spectroscopy (TOCSY) to
determine each signal of nimesulide after HA conjugation.
As found in Figure 4, the TOCSY results clearly showed
two spin systems. The first spin system contained protons at
7.05 ppm (Ar’-2H, Ar’-6H), 7.18 ppm (Ar’-4H) and 7.39 ppm
(Ar’-3H, Ar’-5H), and the second spin system contained pro-
tons at 6.97 ppm (Ar-6H) and 7.33 ppm (Ar-5H), indicating
that nimesulide was successfully conjugated to HA. These
results are summarized in Table 1.

The molecular weight distribution of HA and
HA-nimesulide was measured by GPC (Figure S1).

HAH-nimesulide displayed a similar retention time as
original HA using the RI detector, indicating no apparent
change in the molecular weight distribution of HA after
nimesulide conjugation.

There are several strategies for hydrophobic drug—HA
conjugation. For example, HA modified with ADH can
successfully conjugate with hemisuccinate NHS activated
ester of paclitaxel.’? 4-Bromobutyric-paclitaxel can be
conjugated onto carbodiimide-activated HA by ester bond
formation in an organic solvent.”’ In this study, nimesulide
was conjugated to HA using an EDC/NHS coupling agent
in aqueous solution. After HA conjugation, the limitation of
nimesulide, that is, its poor water solubility (10.9 pg/mL),*
significantly improved to >600 pg/mL. A low degree of sub-
stitution of nimesulide was observed in the reaction between
hydrophobic nimesulide and hydrophilic HA in aqueous
phase. This result may be due to the amine group of NiNH,
being a weak nucleophile in the coupling reaction.

CD44 receptor expression and HA-
ADH-FITC binding affinity in HT-29

and HCT-15 cells

The level of CD44 expression in HT-29 and HCT-15
cells was first evaluated by flow cytometry. As shown in
Figure 5A, the positive quantitative fluorescence levels of
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Figure 3 'H NMR spectra of (A) NiNH,, (B) HAL-nimesulide- 1%, (C) HAH-nimesulide-1% and (D) free HAH.

Abbreviations: NiNH,, N-(4-amino-2-phenoxyphenyl)methanesulfonamide; NMR, nuclear magnetic resonance; HA, hyaluronic acid; HAH, HA with high molecular weight;
HAL, HA with low molecular weight.
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Figure 4 TOCSY (bold line) results for HA—nimesulide conjugate.
Abbreviations: HA, hyaluronic acid; TOCSY, total correlation spectroscopy.
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Table | 'H NMR spectroscopic data of aromatic ring of nimesulide ~ CD44 expression in HT-29 and HCT-15 cells were 62.5%

in HA-nimesulide conjugate and 18.4%, respectively. Thus, HT-29 was considered to

Position PPM  show a high level of CD44 receptor expression, whereas
Ar-3H 710 HCT-15 showed a low level of CD44 receptor expression.
2:2: ZZ; These expression phenomena were also determined by confo-
AF-2H, Ar-6H 7.05 cal microscopy. As shown in Figure 5B, FITC-conjugated
Ar-3H, Ar'-5H 739 CD44 antibody was clearly observed on the surface of HT-29
Ar'-4H 7.18 cells at 3 h. However, no apparent fluorescence signal was
Abbreviations: HA, hyaluronic acid; NMR, nuclear magnetic resonance. detected in HCT-15 cells at the same time, consistent with
A HT-29 HCT-15

800 Negative control 800 800 Negative control 800

102510° 10* 105 108 1072 102510° 10* 105 108 1072 102510° 10* 105 10° 1072 102510° 10 105 10° 1072
» FITC

B

Figure 5 (A) Flow cytometry analysis of CD44 expression in HT-29 and HCT-15 cells; (B) immunocytochemistry of CD44 expression in HT-29 or HCT-15 cells assessed by
confocal microscopy at a concentration of | UM CD44-FITC or | mg/mL HA-dye. Intracellular distribution of HAH-ADH-FITC at 3, 6 and 24 h posttreatment in (C) HT-29
and (D) HCT-15 cells. Hoechst 33342 (shown in blue) is used for nuclei labeling. CD44-FITC or HAH-ADH-FITC is shown in green. Scale bar: 10 um.

Abbreviations: ADH, adipic acid dihydrazide; FITC, fluorescein isothiocyanate; HA, hyaluronic acid; HAH, HA with high molecular weight.
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the CD44 expression results determined by flow cytometry
(Figure 5A). The selectivity of FITC-labeled HA on HT-29
and HCT-15 cells was also evaluated using confocal micros-
copy. As shown in Figure 5C and D, the fluorescence signal
of HAH-ADH-FITC was significantly observed in HT-29
cells at 6 h, whereas only a few green dots were observed
at 24 h in HAH-ADH-FITC-treated HCT-15 cells, indicat-
ing the selectivity of HAH-ADH-FITC for increased CD44
receptor expression in HT-29 cells and internalization by the
ligand-receptor pathway.*® Cellular uptake of HAH-ADH-
FITC in HT-29 and HCT-15 cells were also analyzed by flow
cytometry. The results showed that the FITC* cell expression
in HT-29 and HCT-15 was 66.8% and 36.3% (Figure S2)
after 3 h of incubation, respectively. At 6 and 24 h of incu-
bation, the expression of FITC* cells in HT-29 and HCT-15
increased to 73.4% and 50.6%, respectively. The mean
fluorescence intensity in HAH-ADH-FITC-treated HT-29
groups was higher than that of HCT-15 groups, indicating
more uptake of HAH-ADH-FITC in HT-29 cells.

A

HAL-NIR

HAH-NIR

Dye

Figure 6 (Continued)

Noninvasive IVIS imaging of HA-NIR dye
in HT-29 subcutaneous colorectal tumor-
bearing mice

To evaluate tumor accumulation of NIR dye-labeled HA with
different molecular weights in vivo, HAH-NIR dye or HAL-
NIR dye was intravenously injected into mice and the fluores-
cence signals of NIR dye were monitored by IVIS. Obviously,
mice that received HAH-NIR or HAL-NIR revealed apparent
fluorescence signals from 1 to 48 h postinjection, whereas
quick elimination of free NIR dye was observed (Figure 6A).
This result indicates that HAH-NIR or HAL-NIR swiftly dis-
tributed to the whole body during circulation after injection.
To further investigate tumor accumulation of HAH-NIR or
HAL-NIR, the fluorescence intensity of tumor area observed
in Figure 6A was analyzed and the quantitative result was
shown in Figure 6B. Significantly increased fluorescence
intensity of HAH-NIR in the tumor area was detected as
time increased. The fluorescence intensity showed three-

fold increase at 48 h postinjection, compared to that at 1 h
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Figure 6 In vivo fluorescence imaging of HA-NIR dye with different molecular weight of HA.

Notes: (A) Time-dependent distribution of HA-NIR was measured by the IVIS Xenogen imaging system after HA-NIR dye administration intravenously (HA-NIR dye:
20 mg/mL, 200 mg/kg). (B) Quantification of fluorescence signal on the tumor site (n=3). (C) Fluorescence spectra of HAH-NIR, HAL-NIR and dye. (D) The fluorescence
images of each organ and (E) fluorescence quantification of the tumor images of mice treated with HAL-NIR, HAH-NIR or free dye at 48 h postinjection (n=3).
Abbreviations: HA, hyaluronic acid; HAH, HA with high molecular weight; HAL, HA with low molecular weight; IVIS, in vivo imaging system; min, minimum, max, maximum;

RO, region of interest.

postinjection. Interestingly, the fluorescence intensity on
the tumor area in HAL-NIR group reached a plateau at 8 h
postinjection intravenously. Compared to the results of HAL-
NIR group, HAH-NIR showed a lower tumor accumulation
at 1 h postinjection, which may be due to the 34% lower
fluorescence intensity of HAH-NIR at the initial 20 mg/mL
concentration of HA-NIR (Figure 6C).

Uptake of HAH-NIR or HAL-NIR in different organs
was determined in mice at 48 h postinjection and the results
are shown in Figure 6D. Clearly, significantly higher accu-
mulation of both NIR dye-labeled HA was observed in the
liver, which is responsible for the elimination of HA from
the circulation.’>® Besides, it was found that HA-NIR
accumulated in the tumor region, indicating active targeting
ability of HA in CD44 receptor overexpressing tumors.°!:¢2
HA-NIR was also found to be present in spleen and heart.
To further investigate the differences in tumor accumulation
between HAH-NIR and HAL-NIR at 48 h postinjection, the

fluorescence intensity of isolated tumor (Figure 6D) was
analyzed by Living Image software. As shown in Figure 6E,
the quantification of fluorescence signals of isolated tumor
revealed two times higher fluorescence intensity of HAH-
NIR than that of HAL-NIR group, indicating the higher
accumulation of HA with high molecular weight in CD44-
overexpressing HT-29 tumors.

Cell growth inhibition by HA—nimesulide

Cell viability in the presence of NiNO, (nimesulide), NiNH,
(modified nimesulide), HA-nimesulide and HA was evalu-
ated by MTT assay in HT-29 and HCT-15 cells. As shown
in Figure 7A, the IC, of free nimesulide was approximately
1,600 uM in HT-29 and HCT-15 cells; however, the cell
survival rate of NiNH_-treated groups was >78% in both
HT-29 and HCT-15 cells at 1,600 uM. After HA was added
to the cells and incubated for 48 h, the cytotoxicity of HA in
HT-29 cells and HCT-15 cells slightly increased. As shown
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Figure 7 (A) Cell viability assessment of NiNH, and NiNO, (nimesulide) in HT-29 and HCT-15 cells. (B) Viability of HT-29 cells in HAL-nimesulide-1% or HAH-
nimesulide-1% for 48 h and (C) cell viability of HT-29 and HCT-15 cells treated with HAH-nimesulide- 1% for 48 h.
Abbreviations: NiNH,, N-(4-amino-2-phenoxyphenyl)methanesulfonamide; HA, hyaluronic acid; HAH, HA with high molecular weight; HAL, HA with low molecular

weight.

in Figure 7B, HAL—nimesulide conjugate displayed 42.4%
cell killing ability, whereas HAH-nimesulide gave a survival
rate of 52.9% at the equivalent nimesulide (400 uM) con-
centration in HT-29 cells. Exiguous cytotoxic effects were
observed on HCT-15 cells, indicating that HA—nimesulide
causes cell death in high-level CD44 expressing HT-29 cells
(Figure 7C).

NiNH, is one of the major metabolites of nimesulide,”
and the nitro group of nimesulide can be fully reduced to an
amine group through catalysis by P450 and/or reductase.®
The toxicity of nimesulide to hepatocytes has been previously
observed®>*¢ which is attributed mainly to the nitro group in its
structure.®” After reduction, NiNH, exhibits reduced toxicity
than nimesulide in hepatocytes because nimesulide is a
powerful protonophoretic uncoupler and NAD(P)H oxidant.®’
In addition, NiNH, can completely suppress the uncoupling
and NAD(P)H oxidant effects on mitochondria.®®® In this
study, the nitro group of nimesulide was reduced to amine first

and then grafted onto HA, suggesting that HA—nimesulide
might reduce the liver toxicity effects of free nimesulide.

Apoptotic analysis of HA—nimesulide-
treated HT-29 cells

To further confirm the role of programmed cell death
involved in the cytotoxic effect of HAL—nimesulide, apop-
totic analysis using Annexin-V/propidium iodide double
staining was performed in HAL-nimesulide-treated HT-29
cells. As shown in Figure 8A and B, the sum percentage
of cell apoptosis, including late apoptosis (Q2) and early
apoptosis (Q3), was 81.1% (Q2 and Q3: 25.6% and 55.5%,
respectively) in H,O,-treated cells (positive control groups),
whereas cell apoptosis percentage was 2.9% in negative
control group (Q2 and Q3: 0.3% and 2.6%, respectively).
Upon treatment with HAL—nimesulide at 200 uM nimesulide
concentration, the percentage of apoptotic cells increased to
47.1% (Q2 and Q3: 4.6% and 42.5%, respectively) as shown
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Figure 8 Apoptotic analysis of HT-29 cells using Annexin V-FITC and Pl double staining.

Notes: (A) Negative control group; (B) cells treated with H,O,at 10 mM as positive control group and (C) cells treated with HAL-nimesulide at 200 UM nimesulide
concentration for 48 h. The X-axis represents the density of Annexin V-FITC, whereas the Y-axis represents the density of PI.

Abbreviations: FITC, fluorescein isothiocyanate; Pl, propidium iodide; HA, hyaluronic acid; HAL, HA with low molecular weight.

in Figure 8C. Interestingly, significantly high percentage of
early apoptosis was observed in HAL-nimesulide-treated
cells (Figure 8C, Q3), compared with that of H,O -treated
cells (Figure 8B, Q3), indicating different mechanisms
of cell apoptosis.

In recent years, nimesulide has been shown to inhibit
cancer cell growth and exert antitumor effects against
hypopharyngeal carcinoma cells,*' lung tumors™ and gas-
tric adenocarcinoma cells.* Jia-Jun et al demonstrated that
nimesulide inhibits the proliferation of hypopharyngeal
carcinoma cells by survivin inhibition and caspase-3, Bcl2
and Bax expression.*! Li et al found that nimesulide induces
gastric adenocarcinoma cell apoptosis and cell cycle arrest by
up-regulation of P27kip1.% In this study, we demonstrated
that HA—nimesulide significantly induced early apoptosis
in HT-29 colorectal cells as reported previously, leading to
cell-killing activity for further cancer treatment. The detailed
mechanisms remain unclear, and related evaluations are
ongoing at our lab.

HA—nimesulide inhibits the growth of

nude mice bearing HT-29 xenografts

The antitumor effects of HAL-nimesulide and HAH-
nimesulide conjugates were assessed in HT-29 xeno-
grafted tumor model. All tumor-injected mice had similar
thigh size on day 0. The dosage of free nimesulide and
nimesulide conjugated to HA used in the study was
1.5 mg/kg three times weekly; 50 mg/kg 5-FU was admin-
istered once per week by intravenous injection. Figure 9
depicts decreases in tumor volume with HAL—nimesulide
(TGI % =82.3%15.0%) and HAH-nimesulide (TGI % =
76.4%16.9%) < 5-FU (TGI % =70.7%%17.0%) < free

nimesulide (TGI % =55.9%16.9%), compared with untreated
control animals. The antitumor effects of HA—nimesulide
conjugates may be due to the release of glycosylated or
oligosaccharide nimesulide from HA-nimesulide conju-
gates after HA degradation, because we observed on NMR
oligosaccharide nimesulide signals after hyaluronidases
treatment (data not shown). Studies investigating the mecha-
nisms of HA—nimesulide inhibition of tumor growth and
the detailed structures of glycosylated or oligosaccharide
nimesulide are ongoing in our laboratory.

Examination of hematoxylin and eosin-stained tissue
sections revealed differences in tissue morphology between
the treatment groups. As shown in Figure 10, no notice-
able morphologic differences were observed in the liver or
kidney in each group. Importantly, the tumor region revealed
scathe phenomena after the injection of HA—nimesulide,
whereas cell mitosis was easily observed in the PBS control
group and nimesulide-treated group. To determine whether
HA-nimesulide induced cell death through tumor cell apop-
tosis, the frequency of apoptotic cells in paraffin-embedded
HT-29 tumor sections from each group was analyzed in a
TUNEL assay. As shown in Figure 11, the colocalization of
nuclei (Hoechst staining, shown in red) and TUNEL-positive
apoptotic cells (green) in tumor sections was significantly
increased in the group with HA-nimesulide, whereas no
significant TUNEL fluorescence was observed in the control
group. Few green fluorescence positive cells were observed
in the nimesulide-treated group. These observations further
corroborate the results of our in vitro cytotoxicity studies.

Du et al demonstrated that CD44* cells isolated from
CRC have the capacity for clonal expansion and xenograft
initiation, but CD44 knockdown in cells significantly inhibits
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Figure 9 In vivo antitumor effects of HA—nimesulide in nude mice bearing HT-29 xenografts.

Notes: Nude mice were implanted subcutaneously with HT-29 cells and treated three times weekly with 0.2 mL PBS, nimesulide (1.5 mg/kg), HA—nimesulide (1.5 mg/kg
equivalent nimesulide concentration) or 5-FU (50 mg/kg) once per week. (A) Tumor size and (B) body weight of mice after treatment with drugs. (C) Organ morphology,
tumor weight and (D) TGI % after treatment with drugs. Statistical significances were determined using the One-way ANOVA followed by Bonferroni tests, *P<<0.05.
Abbreviations: 5-FU, 5-fluorouracil; ANOVA, analysis of variance; HA, hyaluronic acid; HAH, HA with high molecular weight; HAL, HA with low molecular weight; PBS,
phosphate-buffered saline; TGI, tumor growth inhibition.
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end-labeling.

tumor initiation and development in nude mice.”’ Clinical
research has indicated that CD44* CRC patients retain a high
risk of recurrence.”” Hence, CD44 expression in CRC has
been found to have a vital role in both in vivo and clinical
studies. It is reported that patients with long-standing inflam-
matory bowel disease have an increased risk of developing
CRC. The as-prepared HA—nimesulide conjugates may
have the potential to act as antitumor/inflammatory agents
to treat CD44* CRC tumor and inflammatory bowel disease.
Recently, it was demonstrated that HA-based nanoparticles
or liposomal capping HA-based nanoparticles significantly
prolonged the blood circulation time, enhanced accumulation

in CD44* tumor area and improved therapeutic efficacy of
doxorubicin in vivo.” In this study, the as-synthesized HA-
nimesulide conjugate was in hydrogel form that could be
injected into mice intravenously, and it successfully inhibited
the growth of CD44-expressing HT-29 tumor in vivo. It is
believed that HA—-nimesulide conjugate hydrogel has a great
potential to be administrated topically for other biomedical
applications.

Recently, improvement in water solubility or circulation
time of potential drugs has attracted the attention of
researchers. Pegylation is useful approach to achieve this goal
in clinical drug delivery systems such as pegylated interferon
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0-2b or pegylated liposomes.™” Halyation of drugs can be
anew class of drug—polymer platforms for CD44-targetable
delivery system. In antitumor studies, HA—nimesulide can
inhibit HT-29 tumor growth, but cannot completely eradi-
cate the whole tumors. Further combination treatments of
HA-nimesulide with current chemotherapeutic drugs such
as 5-FU or irinotecan might be necessary for cancer therapy.
After combination with HA—nimesulide, the dosage of che-
motherapeutic drugs for effective antitumor treatments can be
reduced, thereby decreasing the side effects of chemotherapy.
Related studies are ongoing in our lab.

Conclusion

In our research, we successfully overcame the limitation
of hydrophilicity of nimesulide using drug—HA conjugated
delivery system by carbodiimide coupling and the structure of
HA-nimesulide was characterized by '"H NMR 400 MHz and
TOCSY. HA—nimesulide conjugate showed high selectivity
to CD44-overexpressing HT-29 tumors in inducing potent
cell toxicity in vitro. Regarding in vivo studies, dye-labeled
HA displayed tumor accumulation as observed by IVIS, and
HA-nimesulide exhibited remarkable antitumor activity
by apoptotic mechanisms without noticeable morphologic
differences in the liver or kidney in HT-29 xenografted
mice. Thus, HA-nimesulide delivery systems have a great
potential as a new class of bioconjugated and tumor-targeted
chemotherapeutic drugs for cancer treatment.
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Supplementary materials
The GPC spectrum (Figure S1A) results show that the reten-
tion time of hyaluronic acid (HA)-nimesulide is similar to
original HA. This indicates that the molecular weight would
not change obviously. The GPC spectrum (Figure S1B)
shows that nimesulide was conjugated to HA by amide bond
formation.

The results showed that after 3 h of incubation, the fluo-
rescein isothiocyanate (FITC)" cells in HT-29 and HCT-15
were 66.8% and 36.3% (Figure S2), respectively. At 6 and

24 h of incubation, the expression of FITC" cells increased
(Figure S2). However, the mean fluorescence intensity in
HAH-adipic acid dihydrazide (ADH)-FITC-treated HT-29
groups was stronger than in HCT-15 groups. It means
the HAH-ADH-FITC uptake amount in HT-29 cells was
higher than in HCT-15 cells. These results suggest that the
HAH-ADH-FITC uptake by cells was not only regulated
by the ligand—receptor pathway, but also mediated by
endocytosis.
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Figure S1 GPC spectrum of HAH-nimesulide and HAH, samples evaluated by (A) refractive index detector and (B) photo diode array.
Abbreviations: PDA, phtodiode array; Rl, refractive index.
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Figure S2 Cellular uptake of HAH-ADH-FITC in HT-29 and HCTI5 cells.

Abbreviations: ADH, adipic acid dihydrazide; FITC, fluorescein isothiocyanate; MIF, mean fluorescence intensity.
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