1duasnueln Joyny vVd-HIN 1duasnueln Joyny vd-HIN

yduasnuey Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Biomaterials. 2012 September ; 33(26): 6186-6193. doi:10.1016/j.biomaterials.2012.05.029.

Theranostic nanoparticles based on PEGylated hyaluronic acid
for the diagnosis, therapy and monitoring of colon cancer

Ki Young Choi&b1, Eun Jung Jeon®!, Hong Yeol Yoon2d Beom Suk Lee®€, Jin Hee Na2f,
Kyung Hyun Min&f, Sang Yoon Kim®, Seung-Jae Myung?, Seulki LeeP, Xiaoyuan ChenP®, Ick
Chan Kwon?, Kuiwon Choi?, Seo Young Jeong’, Kwangmeyung Kim&™, and Jae Hyung
Parkd.”

aBiomedical Research Center, Korea Institute of Science and Technology, Seoul 136-791, Korea

bLaboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, MD 20892

¢Department of Internal Medicine, The Catholic University of Korea School of Medicine, Seoul,
Korea

dDepartment of Polymer Science and Engineering, Sungkyunkwan University, Suwon 440-746,
Republic of Korea

€Department of Otolaryngology, Asan Medical Center, University of Ulsan College of Medicine,
Seoul 138- 736, Korea

fDepartment of Life and Nanopharmaceutical Sciences, Kyung Hee University, Seoul 130-701,
Korea

9Department of Internal Medicine and Asan Digestive Disease Research Institute, Asan Medical
Center, University of Ulsan College of Medicine, Seoul 138-736, Korea

Abstract

Colon cancer is the second leading cause of cancer-related death in the United States. The
considerable mortality from colon cancer is due to metastasis to other organs, mainly the liver. In
the management of colon cancer, early detection and targeted therapy are crucial. In this study, we
aimed to establish a versatile theranostic system for early tumor detection and targeted tumor
therapy by using poly(ethylene glycol)-conjugated hyaluronic acid nanoparticles (P-HA-NPs)
which can selectively accumulate in tumor tissue. For the diagnostic application, a near-infrared
fluorescence (NIRF) imaging dye (Cy 5.5) was chemically conjugated onto the HA backbone of
P-HA-NPs. After intravenous injection of Cy5.5-P-HA-NPs into the tumor-bearing mice, small-
sized colon tumors as well as liver-implanted colon tumors were effectively visualized using the
NIRF imaging technique. For targeted therapy, we physically encapsulated the anticancer drug,
irinotecan (IRT), into the hydrophobic cores of P-HA-NPs. Owing to their notable tumor targeting
capability, IRT-P-HA-NPs exhibited an excellent antitumor activity while showing a reduction in
undesirable systemic toxicity. Importantly, we demonstrated the theranostic application using
Cy5.5-P-HA-NPs and IRT-P-HA-NPs in orthotopic colon cancer models. Following the systemic
administration of Cy5.5-P-HA-NPs, neoplasia was clearly visualized, and the tumor growth was
effectively suppressed by intravenous injection of IRT-P-HA-NPs. It should be emphasized that
the therapeutic responses could be simultaneously monitored by Cy5.5-P-HA-NPs. Our results
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suggest that P-HA-NPs can be used as a versatile theranostic system for the early detection,

targeted therapy, and therapeutic monitoring of colon cancer.
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1. Introduction

Colon cancer causes approximately 50,000 deaths in the United States and 655,000 deaths
throughout the world per year [1, 2]. As of 2010, colon cancer was the second leading cause
of cancer-related death in the United States [1]. Given the considerable mortality from colon
cancer due to metastasis to other organs, early detection is highly essential for management
of colon cancer. If detected at an early stage, colon cancer can be prevented by the removal
of adenomatous polyps [3-5]. However, in many cases, colon cancer is detected in late
stages due to the poor sensitivity and specificity of conventional screening methods.
Although a variety of screening modalities, including fecal occult blood test [6],
sigmoidoscopy [7], optical colonoscopy [8] and virtual colonography [9], have been
developed, the miss rate of colon cancer is still considerable. For instance, the overall miss
rate of colonoscopy is 24%. Furthermore, the miss rate increases up to 27% for flat and
depressed neoplasms or adenomas smaller than 5 mm [10, 11].

The failure of colon cancer detection allows for metastases to other organs. It has been
reported that almost 70% of colon cancer patients are diagnosed with metastatic disease. Of
the patients with metastatic colon cancer, more than 70% experience hepatic metastases
[12]. Nevertheless, treatments of patients with metastatic colon cancer are highly limited
because a considerable proportion of metastatic colon cancer is unresectable. For the
treatment of metastatic colon cancer, chemotherapeutics with various combinational
regimens have been widely considered a viable treatment option [13-16]; however, systemic
chemotherapy has an insufficient therapeutic efficacy. In addition, undesirable
biodistribution of anti-cancer drugs following systemic administration causes severe side
effects. Furthermore, the systemic toxicity limits the injectable drug doses and thereby
further lowers the therapeutic efficacy. To overcome these drawbacks in current diagnostic
and therapeutic systems, it is necessary to develop a novel system that enables early
diagnosis and targeted therapy [17].

Our group has developed poly(ethylene glycol) (PEG)-conjugated hyaluronic acid
nanoparticles (P-HA-NPs) for tumor targeting [18, 19]. In previous studies, we
demonstrated that systemic administration of P-HA-NPs resulted in selective accumulation
of the nanoparticles in tumor tissue through the enhanced permeation and retention effect
[20-23] and strong receptor binding to the HA receptor (CD44), which is over-expressed in
various cancer cells [24-29]. In addition, P-HA-NPs hold great potential for tumor
theranostics, owing to their physicochemical flexibility. Due to plentiful functional groups
including carboxylic acid and hydroxyl groups on the HA backbone, P-HA-NPs can be
modified with various diagnostic agents or therapeutic molecules. Moreover, P-HA-NPs can
also accommodate hydrophobic molecules like imaging agents and anticancer drugs in their
hydrophobic inner cores via hydrophobic interactions [19]. These tumor-targeting attributes
and multifunctionalities of P-HA-NPs offer promising possibilities for the early diagnosis
and targeted therapy of colon cancer. Despite the great potential of P-HA-NPs for
theranostics, the detailed application has not been yet explored.
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Therefore, in this study, we aimed to establish a potent theranostic system based on P-HA-
NPs for early diagnosis and targeted therapy of colon cancer. To evaluate the theranostic
efficacy of P-HA-NPs, we labeled P-HA-NPs with a near-infrared fluorescent (NIRF) dye,
Cy5.5, through chemical conjugation and physically encapsulated the anticancer drug
irinotecan (IRT) into the hydrophobic cores of the nanoparticles. The theranostic potential of
the P-HA-NPs was assessed in various mice colon cancer models including HT29 human
colon cancer xenografts, liver-implanted colon cancer models, and orthotopic colon cancer
models.

2. Materials and Methods
2.1. Materials

Sodium hyaluronate (MW = 2.344x10° Da, Lifecore Biomedical, Chaska, MN) was used
after dialysis against distilled water, followed by lyophilization. 5B-cholanic acid (CA),
monomethoxy PEG-amine (MPEG, MW = 5 kDa), 1-ethyl-3(3-dimethylaminopropyl)
carbodiimide (EDC), adipic acid dihydrazide (ADH), 1-hydroxybenzotriazole (HOBY),
irinotecan hydrochloride (IRT), and azoxymethane (AOM) were obtained from Sigma-
Aldrich Co. (St. Louis, MO, USA). Dextan sodium sulfate (DSS) was purchased from MP
Biochemicals, LLC (Aurora, OH, USA). The NIR dye (Cy5.5) was purchased from
Amersham Biosciences (Piscataway, NJ, USA). The water used for synthesis and
characterization was purified via distillation, deionization, and reverse osmosis (Milli-Q
Plus). HT29 (colon cancer cells) and CT26 (colon cancer cells) were purchased from the
American Type Culture Collection (Rockville, MD, USA). All other chemicals were
analytical grade and used without further purification.

2.2. Preparation and characterization of theranostic P-HA-NPs

2.2.1. Cy5.5-labeled P-HA-NPs—The synthetic details are described in our previous
reports.[18, 19] To synthesize amphiphilic HA-5@-cholanic acid conjugate bearing ten 5p-
cholanic acids per 100 sugar residues of HA, the hydrophilic HA polymer was chemically
modified with a hydrophobic bile acid CA through amide formation. Furthermore, mPEG-
HA-CA conjugates, modified with five mPEG per 100 sugar residues of HA, were prepared
via chemical conjugation of mPEG-amine into the HA backbones on the surface HA-NPs in
the presence of EDC and HOBt. The resulting conjugates were purified through dialysis.
The PEG content in the conjugate was determined using *H NMR (600MHz
Superconducting FT-NMR Spectrometer, Varian, CA, USA), for which the sample was
prepared by dissolving the conjugate in £2,0/CD30 D (1v/1v). The particle sizes of the HA-
NPs were measured at the concentration of 1 mg/ml using a dynamic light scattering (DLS)
system. For the diagnostic applications of P-HA-NPs, the conjugates were labeled with the
near infrared fluorophore, Cy 5.5.

2.2.2. IRT-loaded P-HA-NPs—To evaluate the anti-cancer efficacy of P-HA-NPs, we
prepared IRT-loaded P-HA-NPs (IRT-P-HA-NPs) using the O/W emulsion method. In
detail, 20 mg of P-HA-NPs were dispersed in 20 ml of DW. IRT was dissolved in cold DW,
and 1.5 molar equivalents of hydrochloric acid was added to the IRT solution with stirring.
After precipitation, the IRT solution was filtered through a 0.45-pm filter membrane, and
then precipitates remaining on the filter membrane were washed twice with cold water prior
to freeze-drying. The resulting powder was dissolved in methylene chloride at
predetermined concentrations. The IRT solutions were added into the P-HA-NP solutions
drop-wise with sonication, followed by dialysis against distilled water to remove unloaded
drugs and organic solvent, and then lyophilized. When the resulting samples were dispersed
in phosphate-buffered saline (PBS, pH 7.4) by sonicating three times for 2 min each using a
probe-type sonifier (VCX-750, Sonics & Materials, CT, USA) at 90 W, the nanoparticles
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readily formed. The sizes of the IRT-P-HA-NPs were measured using dynamic light
scattering (DLS). The concentration of nanoparticles was kept constant at 1 mg/ml. The
loading content of IRT in P-HA-NPs was determined using a UV spectrometer at 365 nm.

2.3. Diagnostic application of Cy5.5-P-HA-NPs using an NIRF imaging technique

In vivoreal-time NIRF imaging was achieved using the eXplore Optix system (ART
Advanced Research Technologies Inc., Montreal, Canada). All of the data were calculated
using the region of interest (ROI) function of the Analysis Workstation software (ART
Advanced Research Technologies Inc., Montreal, Canada), and values are presented as
means + SE for groups of three animals. The fluorescence images of the Cy5.5-P-HA-NPs
in dissected organs and tumors were obtained using a Kodak imaging box in the same
manner as previously reported.[18, 19]

2.3.1. HT29 human colon cancer xenograft—HT29 human colon cancer xenografts
were prepared as follows. Three male BALB/c nude mice (seven weeks old, 20-25 g) were
acclimatized to tap water and an ad libitum basal diet for seven days. A suspension of 1 x
107 HT 29 cells in physiological saline (100 ) was injected into the subcutaneous dorsa of
the nude mice. These mice were maintained on a basal diet and tap water. When the tumor
diameter reached around 5 mm, Cy5.5-P-HA-NPs were injected into the tail vein of the
HT29 human colon cancer xenografts to evaluate the diagnostic efficacy. /n vivowhole
body images of Cy5.5-P-HA-NPs in live animals were obtained at predetermined time
points. At 48 h after injection, mouse organs and tumors were removed, and fluorescence
signals for Cy5.5-P-HA-NPs were detected in the dissected organs and tumors using a
Kodak imaging box.

Intravital tumor tissue images were obtained using an Olympus OV100 and 1100 Intravital
Scanning Laser Microscope (Olympus Corp., Tokyo, Japan). To visualize tumor tissue, the
HT29 colon cancer xenografted mice were anesthetized with 2 % isoflurane in 2 I/min O.
The tumor tissue was then exposed by creation of an incision in the skin at the tumor site,
followed by intravenous injection of fluorescein isothiocyanate (FITC)-labeled dextran (10
mg/kg) to visualize the tumor vasculature and injection of Cy5.5-P-HA-NPs (5 mg/kg) to
monitor their traces in the tumor tissue. At 1 h after i.v. injection of both molecules, NIRF
intravital tumor tissue images were obtained.

2.3.2. AOM-induced orthotopic colon cancer model—Azoxymethane (AOM)
treatment in A/J mice has been shown to induce colon tumors that mimic the adenoma-to-
carcinoma sequence of sporadic colon cancer in humans.[30] Four male A/J mice (Japan
SLC, Inc., Hamamatsu, Japan) aged five weeks were acclimatized to tap water and an ad
libitum basal diet for seven days. Three mice were injected intraperitoneally with 10 mg/kg
body weight of AOM (Sigma-Aldrich Co. St. Louis, MO) in saline once per week for six
weeks. These mice, as well as an untreated control mouse, were maintained on a basal diet
and tap water. In a previous study,[31] it was demonstrated that tumors were induced in the
colons of mice treated with AOM at 12 weeks after the final injection of AOM, and the
number of tumors increased with time. At 20 weeks after the final injection, the number of
tumors as well as the ratio of adenocarcinomas to adenomas significantly increased.
Accordingly, Cy5.5-P-HA-NPs were injected into the tail veins of AOM-induced colon
cancer models to evaluate the diagnostic efficacy of Cy5.5-P-HA-NPs at 20 weeks after the
final injection of AOM. Six hours later, three orthotopic colon cancer mice and one control
mouse were sacrificed, and the colons were surgically excised and examined using the
eXplore Optix system and a Kodak imaging box.
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2.3.3. Liver-implanted colon cancer model—A liver-implanted colon cancer model
was established by inoculating the left lobe of the liver with murine colon cancer cells
(CT26), as described in a previous report.[32] Three male BALB/c nude mice (seven weeks
old, 20-25 g) were acclimatized to tap water and an ad libitum basal diet for seven days.
Two mice were anesthetized with intraperitoneal (i.p.) injections of ketamine and xylazine.
After anesthesia, laparotomy was performed with direct injection of 3 x 10° CT26 mice
colon cancer cells in 20 pl of saline into the left lobe of the liver. These mice were
maintained on a basal diet and tap water. At 14 days after subcutaneous inoculation with
CT26 colon cancer cells, Cy5.5-P-HA-NPs were injected into the tail vein of the liver-
implanted colon cancer models to evaluate the diagnostic efficacy. /n7 vivo whole body
images of Cy5.5-P-HA-NPs in live animals were obtained at predetermined time points. At
48h after injection, mouse organs were removed, and fluorescence images for Cy5.5-P-HA-
NPs in dissected organs and tumors were acquired using a Kodak imaging box.

2.4. Therapeutic application of IRT-P-HA-NPs for colon cancer treatment

To evaluate the antitumor efficacy of IRT-P-HA-NPs, HT29 tumor-bearing mice were
prepared as described above. Mice were divided into three groups: (i) normal saline (the
control group), (ii) free IRT at 10 mg/kg, and (iii) IRT-P-HA-NPs at 10 mg IRT/kg. Once
tumors reached 5 mm in diameter, each sample was injected once every three days, for a
total of five injections. The survival rates of the mice were recorded, and tumor volumes
were calculated as ax£#x0.52, with aand & being the largest and smallest diameters,
respectively. Histological changes in major organs and tumor tissues were evaluated using
hematoxylin and eosin (H&E) staining methods.

2.5. Therapeutic monitoring of IRT-P-HA-NPs using Cy5.5-P-HA-NPs

Twenty-four male BALB/c mice were acclimatized to tap water and an ad libitum basal diet
for seven days. Twenty-one mice received a single intraperitoneal injection of AOM (10 mg/
kg body weight) and, commencing one week later, these animals were given drinking water
containing 2% (w/v) DSS for seven days, followed by maintenance on a basal diet and tap
water. The remaining three mice received the basal diet and tap water throughout the
experiment. In a previous report [31], we demonstrated that tumors were induced in the
colons of mice treated with AOM/DSS at six weeks after the final administration of DSS,
and the number of tumors increased with time. In this study, to detect tumorigenesis of
Cy5.5-P-HA-NPs, we intravenously injected Cy5.5-P-HA-NPs into the three AOM/DSS-
induced orthotopic colon cancer models at 12 weeks after the final administration of DSS.
Six hours later, the mice were sacrificed, and the colons were surgically excised and
examined using the eXplore Optix system. After monitoring neoplasia in the mice models,
we divided the remaining 18 mice into three groups: (i) normal saline (the control group),
(ii) free IRT at 10 mg/kg, and (iii) IRT-P-HA-NPs at 10 mg IRT/kg. Each sample was
injected once every three days, for a total of five injections. At 40 days after the start of
therapy, we intravenously injected Cy5.5-P-HA-NPs into the 18 AOM/DSS-induced mice
and three control mice to monitor therapeutic responses to the administration of IRT-P-HA-
NPs. Six hours later, mice were sacrificed, and the colons were surgically excised and
examined using the eXplore Optix system. For polyp examination, colons were retrieved
and fixed in 4% (v/v) buffered formalin solution, dehydrated with a graded ethanol series,
and embedded in paraffin. The paraffin tissue was sliced to obtain 6--thick sections.
Paraffin-embedded colon sections were stained using H&E staining methods. Polyps were
examined under a dissection microscope by an experienced pathologist at the Catholic
Medical Center as previously reported [33].
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2.6. Statistical analysis

The statistical significances of differences between groups were determined using a one-way
ANOVA. A p<0.05 was considered significant and is specified in the figures with an
asterisk.

3. Results and Discussion

3.1. Preparation and characterization of theranostic P-HA-NPs

In an effort to develop a tumor-targeted theranostic system, we prepared self-assembled P-
HA-NPs containing either an antitumor drug IRT or a NIRF dye Cy5.5. First, we prepared
amphiphilic PEG-HA-5B-cholanic acid conjugates, as previously described [18, 19]. Owing
to their amphiphilic properties, the resulting conjugates were self-associated in an aqueous
condition, readily forming P-HA-NPs (256 nm in diameter), as listed in Table 1. Second, the
P-HA-NPs were chemically labeled with Cy5.5 on their HA shell for diagnostic application.
Moreover, the hydrophobic anticancer drug IRT was physically loaded into the hydrophobic
inner cores of the nanoparticles using an O/W emulsion method. Interestingly, the particle
sizes of P-HA-NPs decreased once the IRT was loaded. This phenomenon may be due to the
fact that the drug-loading process results in a more compact nanostructure of P-HA-NPs
through hydrophobic interactions between IRT and the hydrophobic inner cores of P-HA-
NPs. The particle sizes of the IRT-P-HA-NPs increased with the feed ratio. As the feed ratio
increased by over 40%, the particle size sharply increased, resulting in a diameter of 404
nm. On the other hand, the loading efficiency of the IRT gradually decreased as the feed
ratio of the IRT increased. When the feed ratio increased by over 30%, the loading content
did not significantly increase, although the feed ratio increased. Therefore, IRT 30%-P-HA-
NPs, which had an approximate diameter of 238 nm and a loading content of 19%, were
chosen for use in further experiments. The /n vitro drug release rate and cytotoxicity tests of
IRT-P-HA-NPs were also carried out. IRT was gradually released from nanoparticles within
12 hours (Supporting Information Figure S2) and exerted a dose-dependent cytotoxicity to
HT29 human colon cancer cells (Supporting Information Figure S3). The nanoparticles
exhibited cytotoxicity comparable to free IRT at low concentrations (0.5, 5 and 50 pg/ml)
and slightly superior at a high concentration (100 pg/ml). Because HT29 cells are known to
over-express CD44 [34, 35], the increase in cytotoxicity can be explained by the efficient,
receptor-mediated endocytosis of IRT-P-HA-NPs loaded with IRT.

3.2. Diagnostic application of Cy5.5-P-HA-NPs

We employed Cy5.5-P-HA-NPs to evaluate their diagnostic potential for the critical early
detection of tumors in both HT29 human colon cancer xenografts and azoxymethane
(AOM)- induced orthotopic colon cancer models.

3.2.1. Diagnosis of small-sized HT 29 colon tumors—First, we tested the efficacy of
Cy5.5-P-HA-NPs for detecting small tumors—approximately 5 mm in diameter—in HT29
human colon cancer xenografts. As shown in Figure 1a, the tumors inoculated on the dorsa
of the nude mice were clearly visualized 1 h after Cy5.5- P-HA-NP injection. Interestingly,
Cy5.5-P-HA-NPs were rapidly extravasated from the blood vessel into the tumor tissue and
were evenly distributed in the tumor tissue at 1 h (Fig. 1b). The fluorescence signals in
tumors continued to increase up to 6 h post injection and then gradually decreased with time.
Whole body imaging, on the other hand, exhibited only weak signals and rapidly decreased
1 h post injection. The average fluorescence signals for tumors increased nearly three-fold
compared to the whole body signals at 48 h post injection (Fig. 1c). With time, tumor tissues
were clearly distinguished from normal tissues. The excellent diagnostic potential of P-HA-
NPs was also confirmed with ex vivo NIRF images (Fig. 1d). Furthermore, CD44
expression in HT29 tumor tissues was evaluated by histological analysis. As shown in
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Supporting Information Figure S4a, a great expression of CD44 was observed in HT29
tumor tissues.

3.2.2. Diagnosis of early-stage orthotopic colon tumors—Early-stage tumors in an
orthotopic colon cancer model were also monitored using Cy5.5-P-HA-NPs. For clinical
applications, it is of high importance to confirm the diagnostic potential of Cy5.5-P-HA-NPs
in a human-like colon cancer model. The AOM-induced orthotopic colon cancer model
closely resembles human sporadic colon cancer because it shows the adenoma-to-carcinoma
sequence characteristic of human colon cancer. As shown in Figure 2a, NIRF signals clearly
delineated the margin of adenomas as well as carcinomas after the systemic administration
of Cy5.5-P-HA-NPs. It is important to note that, although the polyps were very small
(approximately 1~3 mm in diameter) and at an early stage (adenoma stage), their strong
fluorescence intensities were markedly distinguished from the background signals, resulting
in excellent colon cancer detection.

3.2.3. Diagnosis of liver-implanted orthotopic colon tumors—Hepatic metastases
of colon cancer contribute to the considerable death rate of patients. To decrease mortality
by colon cancer, the metastases should be monitored in parallel with treatment. In this study,
a liver-implanted CT26 colon cancer model was prepared to mimic liver-metastatic colon
cancer, and the diagnostic potential of Cy5.5-P-HA-NPs was evaluated after systemic
administration. Figure 3a shows /n vivo real-time NIRF images of liver-implanted colon
cancer models. Following intravenous injection of Cy5.5-P-HA-NPs, the colon tumors
implanted into the liver tissue were clearly detected /n7 vivo. From the /n vivoimages, it was
possible to estimate the size and location of tumors. Ex vivo organ images clarified that the
strong NIRF signals of /n vivowhole body images precisely corresponded to tumor sites
(Fig. 3b). Further analysis of the tumor sites confirmed liver tumorigenesis by tissue analysis
(Fig. 3c).

3.3. Therapeutic application of IRT-P-HA-NPs for colon cancer treatment

The therapeutic efficacy of P-HA-NPs loaded with IRT (IRT-P-HA-NPs) was evaluated
using the animal model with HT29 colon cancer. The tumor volume and the survival rate of
the mice were determined after intravenous injections of IRT-P-HA-NPs at a dose of 10 mg
IRT/Kkg into the tumor-bearing mice once every three days (Figure 4a, b). The saline-treated
control group exhibited a rapid increase in tumor size over time. The group treated with free
IRT also showed significant tumor growth. In contrast, significant suppression of tumor
growth was observed in the group treated with IRT-P-HA-NPs, suggesting that IRT-P-HA-
NPs have a high therapeutic efficacy. Figure 4b shows the survival rate of the mice treated
with each of the different samples. Surprisingly, 50% of mice treated with free IRT died
after 15 days, and nearly 90% of mice had died within 28 days, indicating that IRT has
severe systemic toxicity. However, the group treated with IRT-P-HA-NPs exhibited a higher
survival rate than either the positive or negative control groups; more than 60% of the mice
survived up to 28 days. To scrutinize their therapeutic efficacy and systemic toxicity, we
further collected histological images of major organs and tumors using the H&E staining
method (Figure 4c and Supporting Information Figure S5). As expected, the images
suggested that IRT-P-HA-NPs effectively eradicated the tumor tissue, whereas only
piecemeal necrosis was observed in the liver tissues. However, severe diffuse necrosis was
found in greater than 70% of liver tissues of the IRT-treated mice. This severe liver toxicity
of IRT might account for the poor survival rate of IRT-treated mice. These results
demonstrate that conventional treatment with IRT can adversely affect liver tissues,
inducing undesirable systemic toxicity. On the other hand, IRT-P-HA-NPs specifically
delivered IRT into the tumor tissues and effectively suppressed tumor growth with limited
systemic toxicity.
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3.4. Therapeutic monitoring of IRT-P-HA-NPs using Cy5.5-P-HA-NPs

Based on the above diagnostic and therapeutic results, the applications of P-HA-NPs were
extended to therapeutic monitoring. Since colon cancer is a rapidly progressing disease that
easily metastasizes to other organs, therapeutic monitoring and personalized treatment are
imperative for effective therapy. Here, we evaluated the theranostic efficacy of P-HA-NPs in
AOM/dextan sodium sulfate(DSS)-induced orthotopic colon cancer models according to the
predetermined administration plan. First, to determine the effect of Cy5.5-P-HA-NPs on
tumorigenesis, we randomly selected three mice for intravenous injections of Cy5.5-P-HA-
NPs. The NIRF images revealed considerable tumorigenesis in all colons tested (Figure 5a).
The histological results confirmed that polyps, detected in the NIRF images, included an
average of approximately three cancerous lesions and five polypoid lesions per colon
(Figure 5b). Moreover, the immunohistochemical results exhibited a considerable amount of
CDA44 expressed in an AOM/DSS-induced colon tumor tissue by comparison with a normal
colon tissue (Supporting Information Figures S4b, c). Thereafter, the mice were
administered by three kinds of samples: (i) normal saline (the control group), (ii) free IRT at
10 mg/kg (the IRT group), and (iii) IRT-P-HA-NPs at 10 mg IRT/kg into the remaining
mice (the IRT-P-HA-NP group). At 40 days, we intravenously injected Cy5.5-P-HA-NPs
into the mice to monitor therapeutic responses. As shown in Figure 5a, the therapeutic
responses to the IRT-P-HA-NPs were monitored using a simple NIRF imaging technique,
and resulted in clear differentiation in the therapeutic efficacies among the groups.

It was not surprising that, among all groups tested, the most significant tumor growth was
detected in the control group. The IRT-P-HA-NP group exhibited significant suppression of
tumor growth, demonstrating the effective therapeutic efficacy of IRT-P-HA-NPs. The
fluorescence intensities of the IRT-P-HA-NP group were notably lower than those of the
other groups. The average number of cancerous lesions (4.6 in the IRT-P-HA-NP group vs.
8 in the control group and 6 in the IRT group) and tumor weight (0.29 g in the IRT-P-HA-
NP group vs. 1.1 in the control group and 0.52 in the IRT group) were also significantly
lower compared to those in the other groups (P < 0.05).

The above results demonstrate that P-HA-NPs can be used as a platform nanocarrier for
tumor theranostics. The use of P-HA-NPs enables the detection of tumors at an early stage
and also significantly suppresses tumor growth, while reducing severe systemic toxicity.
Furthermore, therapeutic responses can be monitored with P-HA-NPs, which may facilitate
rapid therapeutic decisions.

4. Conclusions

Improved management of colon cancer greatly depends of the development of a versatile
theranostic system that enables early detection and targeted therapy to improve current
techniques that have a high miss rate of colon cancer leading to metastases. In this study, we
created a theranostic carrier system based on PEGylated HA nanoparticles containing either
NIRF imaging dye (Cy 5.5) or an anticancer drug (IRT). With intravenously injected Cy5.5-
P-HA-NPs, small-sized and early-stage colon tumors as well as liver-implanted colon
tumors were effectively visualized using a NIRF imaging technique. Owing to their
remarkable tumor targeting ability, IRT-P-HA-NPs exhibited significant suppression of
tumor growth with a reduced systemic toxicity. Furthermore, the therapeutic responses could
be simultaneously monitored with Cy5.5-P-HA-NPs. Our results suggest that the P-HA-NPs
have promising potential as theranostic nanoparticles for effective tumor therapy.
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Figure 1. NIRF imaging of small-sized HT29 colon tumors

(a) Whole body images of athymic nude mice bearing HT29 tumors after intravenous
injection of Cy5.5-P-HA-NPs as a function of time. Arrows indicate the sites of tumors. (b)
Intravital fluorescence images of tumor vasculature and Cy5.5-P-HA-NPs. (c)
Quantification of the NIRF intensities in the whole bodies and tumor tissues were estimated
from the mean fluorescence intensities in 1000 mm? for whole bodies and in 25 mm? for the
tumor tissues. Error bars represent the standard deviation (/=3). (d) £x vivo fluorescence
images of organs and tumor excised at 48 h post-injection of NPs (5mg/kg).
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a Colon Cancer Normal Colon

Figure 2. NIRF imaging of early-stage orthotopic colon tumors

(a) Representative colon images of AOM-induced orthotopic colon cancer models after

intravenous injection of Cy5.5-P-HA-NPs. White and red arrows indicate adenomas and
adenocarcinomas, respectively. (b) Representative histological images of normal colon,

adenoma and adenocarcinoma slices stained using hematoxylin and eosin.
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Figure 3. NIRF imaging of liver-implanted CT 26 colon tumors

(a) Whole body images of athymic nude mice bearing CT26 colon tumors in their liver
tissues after intravenous injection of Cy5.5-P-HA-NPs as a function of time. Arrows
indicate the sites of tumors. (b) Ex vivo fluorescence images of tumor-bearing livers and
organs excised at 48 h post-injection of NPs (5mg/kg). (c) Representative histological
images of normal liver and tumor slices stained with hematoxylin and eosin.
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Figure 4. Therapeutic efficacy of IRT-P-HA-NPs

Page 14

(a) Tumor growth and (b) survival rate of HT29 human colon cancer xenografts treated with

saline, free IRT and IRT-P-HA-NPs at a dose of 10 mg IRT/kg. (c) Representative
histological images of liver and tumor slices stained using hematoxylin and eosin. The

organs were excised at 30 days after the start of administration. Arrows indicate necrosis in

tissues. Asterisk symbols (*) denote statistically significant differences (*: p<0.05)
calculated using the one-way ANOVA test. Error bars in a and b represent standard

deviations (n=8).
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Figure 5. Therapeutic monitoring of orthotopic colon tumors

(a) Diagram of the general procedure (b) Representative colon images of AOM/DSS-
induced orthotopic colon cancer models that were pre-treated or treated with saline, IRT or
IRT-P-HA-NPs. Images acquired at 6 h after intravenous injection of Cy5.5-P-HA-NPs.
White and red arrows indicate adenomas and adenocarcinomas, respectively. Quantitative
results of (c) histological polyp examination and (d) tumor weight. Asterisk symbols (*)
denote the statistically significant differences (*: p<0.05) calculated using the one-way
ANOVA test. Error bars in a and b represent the standard deviations (n=6).
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Table 1

Characteristics of IRT-Loaded P-HA-NPs

Samples Loading Contents (%) Loading Efficiency (%) Mean Diameter (nm)
P-HA-NP - - 255.7+29

IRT 10%-P-HA-NP 9.69+0.1 96.97 +0.9 1448 + 1.5

IRT 20%-P-HA-NP 13.23+0.1 66.16 + 0.7 168.8 +10.7

IRT 30%-P-HA-NP 18.74 £ 0.5 62.49 + 1.5 238.3+6.9

IRT 40%-P-HA-NP 18.85+0.3 47.13+£0.7 287.0+4.0

IRT 50%-P-HA-NP 21.05+0.8 42117 404.0 £14.5
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