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Theragnostic multifunctional nanoparticles hold great promise in simultaneous diagnosis of disease, targeted
drug delivery with minimal toxicity, and monitoring of treatment. One of the current challenges in cancer
treatment is enhancing the tumor-specific targeting of both imaging probes and anticancer agents. Herein,
we report tumor-homing chitosan-based nanoparticles (CNPs) that simultaneously execute cancer diagnosis
and therapy (cancer theragnosis). These CNPs are unique for their three distinctive characteristics, such as
stability in serum, deformability, and rapid uptake by tumor cells. These properties are critical in increasing
their tumor targeting specificity and reducing their nonspecific uptake by normal tissues. To develop these
CNPs into novel theragnostic nanoparticles, we labeled them with Cy5.5, a near-infrared fluorescent (NIRF)
dye, for imaging and also loaded them with paclitaxel (PTX-CNPs), an anticancer drug, for cancer treatment.
Cy5.5 labeled PTX-CNPs exhibited significantly increased tumor-homing ability with low nonspecific uptake
by other tissues in SCC7 tumor-bearing mice. Theragnostic nanoparticles, Cy5.5 labeled PTX-CNPs, are highly
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useful for simultaneous diagnosis of early-stage cancer and drug delivery.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recently, nanotechnology and molecular imaging have been
combined to generate multifunctional nanoparticles that simulta-
neously facilitate cancer theragnosis [1]. Theragnostic nanoparticles
show great promise in the emerging field of personalized medicine,
because they allow detection as well as monitoring of an individual
patient's cancer at an early-stage, and delivering anticancer agents
over an extended period for enhanced therapeutic efficacy. Moreover,
real-time, non-invasive monitoring of the theragnostic nanoparticles
enables clinicians to rapidly decide whether the regimen is effective in
an individual patient or not [2]. For these reasons, cancer theragnosis
with multifunctional nanoparticles presents a promising new strategy
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in cancer treatment. Successful clinical applications of cancer
theragnosis require discovery of highly efficient tumor-homing
nanoparticles which can diagnose and deliver targeted therapy.
Cancer researchers have been actively exploring various tumor
targeting nanoparticles made of lipid-based micelles, natural/syn-
thetic polymeric particles, and inorganic particles for cancer ther-
agnosis [3-5]. However, the results of tumor targeting have not been
as good as one would expect from the targeted delivery, and this may
be due to the factors that are not well understood in tumor targeting
by nanodelivery systems. Nanoparticles with the size in the range of
200 nm are known to accumulate at the solid tumor site by the so-
called enhanced permeation and retention (EPR) effect, resulting in
efficient accumulation in solid tumor tissues [6]. Unfortunately, if we
examine the reported literature data carefully, in vivo studies have
shown that the tumor specificity of the nanoparticles was only slightly
better than the controls. Nanoparticles introduced into the circulating
blood are quickly removed by the immune system from the body [7,8].
Indeed, a number of nanoparticles with different characteristics (e.g.,
different surface chemistry, size, surface charge, and molecular
weight) were proven unsatisfactory in in vivo tests with regard to
stability, biodistribution, and tumor targeting specificity [9,10].
Furthermore, the final in vivo destination of nanoparticles has been
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largely unknown, because it is difficult to acquire direct and non-
invasive images on the nanoparticles in animal studies.

Herein, we introduce a new concept for creating theragnostic
nanoparticles that was based on polymeric nanoparticle technology
and molecular imaging. We designed tumor-homing chitosan-based
nanoparticles (CNPs) containing a near-infrared fluorescent (NIRF)
dye and an anticancer drug (Fig. 1A) [11-13]. Unlike other nanopar-
ticles commonly used in drug delivery, these CNPs are more efficiently
localized at tumor tissues by the EPR effect. These tumor-homing
profiles of the CNPs in vivo were monitored and compared with control
carrier systems, such as water-soluble polymer and polymeric beads,
in tumor-bearing mice by non-invasive optical fluorescence image.
Furthermore, the theragnostic potential of the drug-loaded CNPs was
evaluated by their tumor specificity, targeted delivery of the drug and
in vivo monitoring of therapeutic responses, simultaneously.

2. Materials and methods
2.1. Synthesis of theragnostic chitosan-based nanoparticles

Synthetic details of Cy5.5-labeled and PTX-encapsulated chitosan-
based nanoparticles (PTX-CNPs) are described in Supplementary

information. Briefly, first, water-soluble glycol chitosan (GC,
Mw =250 kDa) were chemically modified with hydrophobic 5p-
cholanic acid in the presence of N-hydroxysuccinimide (NHS) and 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDAC), as previously reported [ 14-17]. The freshly synthesized glycol
chitosan-5p-cholanic acid conjugates had 15044.5 molecules of
hydrophobic 5@3-cholanic acids per one glycol chitosan (glycol
chitosan-5B-cholanic acid;so, Mw =301 kDa). Second, the glycol
chitosan-5p3-cholanic acid conjugates were labeled with the NIRF
dye, hydroxysuccinimide ester of Cy5.5. On average, each molecule of
glycol chitosan-5R-cholanic acid contained 4.8 4+0.7 molecules of
Cy5.5 (Cy5.548-glycol chitosan-53-cholanic aicd;so, Mw =306 kDa).
Finally, 10 wt.% of water insoluble paclitaxel (PTX) was encapsulated
into the Cy5.5 labeled CNPs by a simple dialysis method (see
Supplementary information). The produced Cy5.5 labeled and PTX-
encapsulated CNPs (PTX-CNPs) with a higher drug loading efficiency
of 92% were well dispersed in distilled water and PBS under sonication.
As control nanoparticles, polystyrene bead (PS) containing amine
moieties (Polybead® Amino Micospheres 0.2 pm, Polysciences, Inc.
Warrington, PA) were also labeled with monoreactive hydroxysucci-
nimide ester of Cy5.5 and the Cy5.5 labeled PS particles were used as
rigid and non-deformable particles in vitro and in vivo experiments.
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Fig. 1. (A) Conceptual description of a theragnostic nanoscale particle designed for cancer imaging and treatment. The theragnostic chitosan-based nanoparticles (CNPs) can
preferentially accumulate at the tumor tissue by the enhanced permeation and retention (EPR) effect due to their unique properties, such as stability in blood, deformability, and fast
cellular uptake. (B) Chemical structure of the glycol chitosan conjugates labeled with Cy5.5, a near-infrared fluorescent (NIRF) dye, and modified with hydrophobic 53-cholanic acid.
(C) ATEM image of Cy5.5-labeled CNPs (1 mg/ml) in distilled water. (D) Bright field and NIRF images of the Cy5.5-labeled CNPs in PBS. The NIRF image was obtained using a Cy5.5
filter set (ex=674 nm, em =695 nm). (E) Time-dependant size distribution of Cy5.5-labeled CNPs in PBS at 37 °C was confirmed using dynamic light scattering. (F) Filtration of
water-soluble glycol chitosan (GC), CNPs, and polystyrene (PS) beads through filters of different pore sizes (0.8 pm, 0.45 um, and 0.2 um). The amount of each particle passed through
the filters was quantified through NIRF intensity of the filtrate. (G) In vitro stability of the Cy5.5-labeled CNPs was determined using an SDS-PAGE test. Cy5.5-labeled GC polymers
and CNPs were incubated in 10% serum for 6 h at 37 °C and their migratory positions were monitored using a Cy5.5 filter set.
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2.2. Characterizations of CNPs and PTX-CNPs

The average size and morphological shapes of Cy5.5 labeled CNPs
and PTX-CNPs in distilled water or PBS were measured using dynamic
light scattering (1 mg/ml in PBS) (see Supplementary information, Fig.
S1) and transmission electron microscopy (TEM) (1 mg/ml in distilled
water). The deformability of CNPs was evaluated using a simple
filtration test described as follows. 100 ul of Cy5.5-labeled CNPs
solution (1 mg/ml) in PBS was continuously passed through syringe
filter membranes (cellulose acetate, Millipore) with decreasing pore
sizes (0.8,0.45, and 0.2 um). After the filtration test, NIRF images of the
filtered solution were observed using a 12-bit CCD camera (Kodak
Imaging Station 4000 MM, New Haven, CT) equipped with a Cy5.5
bandpass emission filter set (680 to 720 nm; Omega Optical). The
stability of Cy5.5-labeled CNPs was confirmed by measuring the
molecular weight changes of each sample following incubation with or
without 10 wt.% serum in PBS at 37 °C for 6 h. Both samples of Cy5.5-
labeled GC polymer and Cy5.5-labeled CNPs (1 mg/ml) were dissolved
in reaction buffer (10 mM Tris-HCl (pH 7.5), 150 mM Nacl, and 1 mM
EDTA) with or without 10 wt.% serum at 37 °C. After incubation for 6 h,
each sample was loaded onto a vertical slab gel consisting of a 5%
stacking gel and a 10% separating gel. All gels were run at a constant
voltage (120 V) in a Tris/glycine/SDS buffer. After the SDS-PAGE test,
NIRF images of the gels were obtained with a 12-bit CCD camera
equipped with a Cy5.5 bandpass emission filter set.

2.3. In vitro drug release profile of the PTX-CNPs

To determine the in vitro drug release profile, 10 wt.% PTX-
encapsulated CNPs were dispersed in 1 ml of PBS (pH 7.4) by
sonication and were placed in cellulose ester membrane tubes
(molecular weight cutoff=12 kDa-14 kDa, Spectrum®, Rancho
Dominquez, CA). The test tube was immersed in 10 ml of PBS and
gently shaken at 37 °C in a water bath at 100 rpm. Samples of PBS
solution were taken at predetermined time intervals and analyzed
with isocratic reversed-phase HPLC [14].

2.4. Cytotoxicity of CNPs and PTX-CNPs

Murine squamous cell carcinoma cells (SCC7) were originally obtained
from the American Type Culture Collection (Rockville, MD) and cultured
in RPMI 1640 (Gibco, Grand Island, NY) containing 10% (v/v) FBS (Gibco)
and 1% (w/v) penicillin-streptomycin at 37 °C in a humidified 5% CO,-
95% air atmosphere. Cells were seeded at a density of 5 x 10> cells/well in
96-well flat-bottomed plates, and allowed to adhere overnight. After
2 days post-incubation of each sample in the cell culture system, the
cytotoxicity of free PTX dissolved in 50% (v/v) ethanol/Cremophor, CNPs,
and PTX-CNPs was measured using MTT assay. The data are expressed as
the percentages of viable cells compared to the survival of a control group
and were presented as mean+s.e. (n=5).

2.5. Animal models

All animal care and experimental procedures were performed
according to the regulation of Kyungpook National University's
Animal Care Committee. To generate an early-stage tumor model,
athymic C3H-He] nude mice (average weight=20 g) were anesthe-
tized in an isoflurane chamber and 1x 10° or 3 x 10° SCC7 cells in 50 pl
of saline were injected subcutaneously in the pectoral or dorsal sides
of mice. After 6, 8, 12, 15, and 18 days, mice were sacrificed and tumor
tissues were excised. The time-dependant angiogenic vessel forma-
tion of each tumor was confirmed with a rat anti-mouse CD31
monoclonal antibody (Pharmingen, San Diego, CA). After 8 days post-
injection, the excised tumor tissues had grown to diameters of
between 2.64-0.3 and 6.2+ 0.5 mm and they showed newly formed
angiogenic vessels at their peripheral regions (Supplementary

information, Fig. S2). The in vivo biodistribution of Cy5.5 labeled
CNPs or PTX-CNPs were confirmed by inoculating 3 x 10° SCC7 cells in
the dorsal side of male athymic C3H-He] nude mice (average
weight =20 g). After the injection of tumor cells, when the tumor
reached 7-8 mm in diameter, the mice were used for in vivo imaging
studies within 10 days.

2.6. In vivo and ex vivo NIRF imaging

In vivo NIRF imaging was performed using a Kodak Image Station
4000 MM. The illumination settings (lamp voltage, filter, and
exposure time, etc.) used were identical to those in the animal
imaging experiments and all the NIRF emission data were normalized
to photons per second per centimeter squared per steradian (p/s/cm?/
sr) [12,18]. All fluorescence images were acquired with a ten-second
exposure time. The tumors and major organs were dissected and
imaged again. For a quantitative comparison, tumor contrasts were
calculated by dividing the NIRF intensities at the tumor area by those
of normal tissue areas. All data calculated using the regions of interest
(ROIs) were drawn over tumor and normal tissues and the results
were presented as mean4s.e. (n=23). For histological evaluation,
excised tumors and other organs were frozen in Cryomatrix (frozen
specimen embedding medium) at —20 °C, and sectioned into 6 um
slices. The NIRF image of each tissue section was viewed by
fluorescence microscopy (Carl Zeiss, Oberlcochem, Germany) with a
Cy5.5 filter set (Supplementary information, Fig. S4).

2.7. In vivo efficacy studies

The subcutaneous dorsa of C57BL/6 male mice (7 weeks old; 20 g)
were inoculated with 3 x 108 SCC7 cells. Mice were divided into four
groups (n=10), and treated with one of the following treatments: (i)
saline, (ii) CNPs, (iii) free PTX (20 mg/kg), and (iv) PTX-CNPs (20 mg/
kg). Once the tumor diameter was approximately 7-8 mm, each
treatment was administered via a tail vein every three days for
12 days. The tumor volume was recorded for each tumor-bearing
mouse for only 18 days since all the free PTX-treated mice were dead
within 21 days. The length and width of the tumors were measured by
digital calipers, calculating tumor volume using the following
formula: (width?xlength)/2. Also, the survival rate of each group
was recorded for 30 days. Eighteen days post-injection, the acute
toxicity of each formulation was confirmed by counting the number of
WBC after collecting blood samples from normal mice, free PTX-
treated mice, and PTX-CNP-treated mice (n=3). After 18 days, mice
were sacrificed and tumor tissues were isolated. The excised tumors
were fixed with 4% (v/v) formaldehyde in PBS (pH 7.4) and sectioned
into 6 um slices. Apoptotic and non-apoptotic cells in tumor tissues
were histologically evaluated with hematoxylin and eosin (H&E)
staining, DAPI staining and terminal deoxynucleotidyl transferase-
mediated nick end labeling (TUNEL) assays, with a commercial
apoptosis detection kit (Promega Corp., WI).

2.8. Statistical analysis

Differences between experimental and control groups were
determined using one-way ANOVA and deemed statistically signifi-
cant (indicated by an asterisk (*) in figure) if p <0.05.

3. Results

3.1. Physicochemical properties, cellular uptake, and tumor specificity of
the CNPs

Glycol chitosan (GC) (Mw=250kDa) was modified in the
presence of chemical catalysts to introduce 150+4.5 molecules of
hydrophobic 5B-cholanic acid per polymer [19,20]. These glycol
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chitosan-5p-cholanic acid conjugates were labeled with an average of
4.8 4+0.7 molecules of monoreactive hydroxysuccinimide Cy5.5, a
NIRF imaging agent (Fig. 1B) [10]. When the conjugates were
dissolved in aqueous solutions, they spontaneously self-assembled
into stable nanoparticles under sonication. Transmission electron
microscopy (TEM) and dynamic light scattering analyses of these
CNPs revealed that they were spherical with 260 4+-30 nm in diameter
(Fig. 1C, Supplementary information, Fig S1). They produced a strong
NIRF signal with a Cy5.5 filter set (Fig. 1D), facilitating non-invasive
imaging of the nanoparticles in live animals. In phosphate-buffered
saline (PBS) at 37 °C, the CNPs remained dispersed and maintained
their original average particle size for up to one month (Fig. 1E).
Interestingly, although the average size of CNPs was as large as
260 nm, over 95% of the CNPs easily passed through a 0.2-um filter
membrane. This is partly due to the deformable property of CNPs. In
contrast, rigid and non-deformable Cy5.5-labeled polystyrene beads
(PSs) with 200 nm size were retained on hydrophilic cellulose acetate
filters (0.45 um) (Fig. 1F). In addition, during the SDS-PAGE stability
test, CNPs maintained their particulate stability, even after a six-hour
incubation in 10 wt.% serum solution (Fig. 1G), which confirmed
previous observations that particles composed of numerous polymer
conjugates are stable in SDS-PAGE running buffer [21]. In contrast, the
linear glycol chitosan (GC) polymers migrated through the gel with
ease and are visible in Fig. 1G as the bottom band.

3.2. Tumor targeting efficacy of Cy5.5-labeled CNPs

To evaluate whether the CNPs can indeed specifically target tumors in
vivo, we used an early-stage tumor model in which murine squamous
carcinoma cells (SCC7; 1x10° and 3x10°) were inoculated into the
pectoral and dorsal sides of live C3H-He] nude mice. After eight days,
tumors with different sizes had grown and developed angiogenic vessels
around their peripheral regions, a hallmark of early-stage tumors, as
confirmed by CD31 immunoassay (Supplementary information, Fig. S2).
To visualize different early-stage tumors in mice, 3.3 umol of Cy5.5-
labeled CNPs (5 mg/kg) was administrated intravenously into the tail
vein. At one day post-injection, both pectoral and dorsal early-stage
tumors were clearly delineated from the surrounding normal tissue,
demonstrating the tumor targeting specificity of CNPs, wherein the
NIRF signal is proportional to tumor size (2.6 + 0.3 mm; solid arrows,
6.2 4+ 0.5 mm, dot arrows) (Fig. 2A). The excised smaller pectoral tumor
(size =2.6 mm) was positive for tumor cells, according to hematocxylin
and eosin (H&E)- and DAPI-stained images, and angiogenic vessels had
developed around the tumor's peripheral region, as demonstrated by a
CD-31 immunoassay (Fig. 2B). NIRF images revealed that the Cy5.5-
labeled CNPs accumulated throughout the tumor tissue. In control
experiments, Cy5.5, GC, and CNPs, all with equimolar amounts of Cy5.5
(0.16 yumol), were intravenously injected into the SCC7 tumor-bearing
nude mice (Fig. 2C). 1 h after injecting the Cy5.5-labeled GC polymers
and CNPs, strong fluorescence was observed throughout the entire
animals. Mice treated with free Cy5.5 showed the minimum NIR
fluorescence, due to the rapid clearance of the dye from the body. At 12 h
post-injection of GC and CNPs, the NIRF images revealed clearly
delineated tumors. Importantly, in mice treated with CNPs, tumors
showed undiminished fluorescent intensity for up to 3 days, but in mice
treated with water-soluble GC, the NIRF signal within the tumors rapidly
decreased after 1day post-injection. The substantially higher tumor
contrast (tumor to background (muscle) ratio) in CNP-treated mice as
compared with those given water-soluble GC or free Cy5.5 suggested
that the CNPs preferentially accumulated in tumor tissues (Fig. 2D).

3.3. Time-dependent biodistribution of CNPs
We subsequently monitored the time-dependent in vivo biodis-

tribution of the CNPs after intravenous injection into nude mice
bearing pectoral subcutaneous SCC7 tumors of about 7-8 mm in

diameter (Fig. 3A). The mice treated with 3.3 pmol of CNP (5 mg/kg)
showed a strong NIRF signal throughout the whole body within 1 h of
injection, indicating that the CNPs rapidly circulated in the blood-
stream. Subcutaneous tumors could be delineated from the surround-
ing background tissue at 12 h post-injection, and they exhibited a
maximum NIR signal beginning at 1 day post-injection. It should be
noted that the tumors maintained this maximal NIRF intensity for
3 days, but the NIRF signal persisted for up to 10 days post-injection,
with a gradual decrease in signal in the tumor. Fig. 3B shows the
higher tumor contrasts as compared with control muscle tissues. The
NIRF signal in tumors was 6 times higher than that in muscle at 1 day
post-injection, and it gradually decreased over the course of ten days.
Upon ex vivo evaluation of excised tissues (liver, lung, spleen, kidney,
heart, and the tumors themselves), we observed by far the strongest
NIRF intensity in the tumor tissue. This indicated that the CNPs were
mainly taken up by the tumors, whereas the CNP uptake in normal
tissues was not predominant (Fig. 3C). Also, NIRF microscopy of ex
vivo tumor specimens revealed the strongest NIRF intensity, but
negligible NIRF signal was observed in normal tissues (Supplementary
information, Fig. S3). In addition, the NIRF total photon counts per
gram of each organ from tumor tissues were 4-7 folds higher than
those from other organs, providing a decisive evidence that the tumor
targeting property of CNPs is much higher than the controls (Fig. 3D).

3.4. In vivo fate of the anticancer drug-loaded CNPs

To utilize the CNPs as a theragnostic agent, CNPs were loaded with an
anticancer agent and evaluated whether harboring a therapeutic agent
changed their in vivo distribution. For these experiments, paclitaxel (PTX,
Fig. 4A) was encapsulated into the Cy5.5-labeled CNPs to examine
whether the nanoparticles could facilitate drug delivery concurrently with
early-stage tumor imaging (Fig. 4A). A dialysis method allowed successful
loading of 10% (w/w) PTX into the Cy5.5-labeled CNPs (PTX-CNPs) with as
high drug loading efficiency as 92%. The hydrophobic PTX was easily
incorporated into the hydrophobic 53-cholanic acid inner multicores of
CNPs [14]. Conceivably, this PTX-CNPs could minimize adverse effects,
namely anaphylaxis and severe hypersensitivity, of the current PTX
formulation attributed to the Cremophore EL and ethanol used for
solubilizing free PTX [22]. The average mean diameter of PTX-CNPs
slightly increased from 260 nm to 310 nm with drug loading (Fig. 4B,
Supplementary information, Fig. S1), and they were stable under aqueous
conditions for up to one month. Fig. 4C shows the release profiles of PTX-
CNPs in PBS (pH 7.4, 37 °C). Over the first 6 h, the CNPs quickly released
35% of their PTX, followed by a sustained release of the remaining PTX.

To test and optimize the theragnostic particle-based protocol in our
murine tumor model, different formulations of PTX-CNPs (5, 10, or 20 mg
PTX/kg) were prepared by correlating the encapsulated PTX concentra-
tion to the NIRF intensity of each nanoparticle. Each formulation was
intravenously administered to nude mice harboring 7-8 mm SCC7 tumors
and the outcome was quantified through NIRF imaging (Fig. 4E). The NIRF
intensities within the tumors increased with respect to the drug
concentration, demonstrating the dose-dependent delivery of these
theragnostic nanoparticles to the tumors. The NIRF intensity in tumor
tissues also proportionally increased with the frequency of injections up to
a maximum three-day spacing, in that the tumors exhibited strong NIRF
signals for up to 3 days post-injection, after which the NIRF signal
decreased gradually. The theragnostic efficacy of PTX-CNPs could be
maximized by repeating the injections every third day. Of note, the tumor
contrast (tumor to muscle ratio) proportionally increased according to the
drug concentration and repeated injection time, indicating the excellent
tumor targeting specificity of PTX-CNPs in tumor-bearing mice (Fig. 4F).
At this optimal protocol, repeated injections of PTX-CNPs at three-day
intervals could greatly increase the drug concentration in target tumors,
resulting in enhanced therapeutic efficacy of the nanoparticulate CNP
formulation with minimized toxicity to normal tissues. Ex vivo tissue
specimen analysis clearly demonstrated that in the dose-dependent
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Fig. 2. (A) In vivo imaging of Cy5.5-labeled CNPs in tumor-bearing mice. The early-stage tumor models were generated by injecting subcutaneously 1x 10° or 3 x 10° SCC7 cells into
the pectoral and dorsal sides of C3H-He] nude mice. After eight days, different size of tumors had grown to 2.6 4- 0.3 mm (solid arrow) and 6.2 4- 0.5 mm (dotted arrow). At 1-day
post-injection of 3.3 umol of Cy5.5-labeled CNPs (5 mg/kg), the NIRF images were obtained using a 12-bit CCD camera equipped with a Cy5.5 bandpass emission filter (NIRF signal
scale: 121-2087). (B) The smaller pectoral tumor was positive for tumor cells, as confirmed by H&E staining. Fluorescence microscopic images show the CD-31-positive angiogenic
vessels (yellow) and DAPI-stained tumor cells (blue). Intravenously injected, Cy5.5-labeled CNPs were visualized in tumor tissues (red) (original magnification x 100). (C) Time-
dependent tumor targeting specificity of free Cy5.5, Cy5.5-labeled GC polymers, and Cy5.5-labeled CNPs, all with equimolar amounts of Cy5.5 (0.16 umol), in SCC7 tumor-bearing
mice (tumor diameter =7-8 mm). (NIRF signal scale: 52-2390). (D) Tumor to background (muscle) ratio as a function of time after administration of Cy5.5, Cy5.5-labeled GC
polymers, and Cy5.5-labeled CNPs in SCC7 tumor-bearing mice. All data represent mean + s.e.

tumor targeting ability of PTX-CNPs; even when high doses of PTX-CNPs
were administered twice over a three-day period, the NIRF intensity from
the normal tissue (except the liver) was barely detectable above the
background levels (Fig. 4G). With regard to liver tissues, NIRF increased
with the drug concentration, but the intensity was consistently much
lower than that from the tumors.

3.5. Theragnostic potential of PTX-CNPs

In addition to confirming tumor-specific targeting, NIRF imaging was
also utilized to directly monitor tumor growth rate in response to Cy5.5-
labeled PTX-CNP administration in live animals. This is to demonstrate
that our theragnostic particles could noninvasively track therapeutic
efficacy.

Fig. 5A shows the tumor specificity of the PTX-CNPs (20 mg/kg PTX)
and the resulting tumor growth rates of the SCC7 tumors (about 7-8 mm
in diameter). As before, the NIRF signal from the tumor tissue increased
proportionally with the number of Cy5.5-labeled PTX-CNP injections, up
to 5 times in 3 days (solid arrows), confirming the tumor targeting
specificity of PTX-CNPs. When tumor growth was monitored over a period
of 18 days, the NIRF images showed that in control mice, the tumor
growth rate rapidly increased (data not shown), but tumors maintained a
constant size in mice given five repeated injections of CNPs. After the final
injection at day 15, the tumor growth subsided, due to the anticancer

effect of PTX within the CNPs. In these optimization studies, the
therapeutic nanoparticles successfully mediated both drug delivery and
molecular imaging in our nude mouse model.

The optimized treatment protocol, derived from our NIRF imaging
data, was used to evaluate the detailed therapeutic efficacy of CNPs in
an immunocompetent mouse model, SCC7 tumor-bearing C57BL/6
male mice. After their subcutaneous tumors grew to 7-8 mm in
diameter, comparative efficacy studies were performed by dividing
the animals into five groups (n=10 per group) in a way that
minimized tumor size differences among the groups. Using the
previously-reported maximal tolerated dose (MTD) of 20 mg/kg for
PTX as a reference point [21], we administered the following
formulations, using four intravenous injections every third day: (i)
saline, (ii) empty CNPs, (iii) PTX (20 mg/kg) in ethanol/Cremophore
solution, and (iv) PTX-CNPs (20 mg/kg encapsulated PTX) in saline.
Therapeutic efficacy was examined by measuring tumor volumes over
the course of 18 days (Fig. 5B). The measurement was limited to
18 days, because all mice treated with free PTX were dead within
21 days. The results demonstrated that administration of free PTX and
PTX-CNPs significantly suppressed tumor growth as compared with
vector controls (saline and empty CNPs). Treatment with saline or
empty CNPs did not mediate any therapeutic efficacy, and the mean
tumor volumes at the end of the study for these groups were
8000 mm> and 7900 mm?, respectively. The PTX-CNP-treated mice



224 K. Kim et al. / Journal of Controlled Release 146 (2010) 219-227

Tumor contrast (Tumor/Musle)
P

01234586 7891011
Time (days)

n
o
(=1
o

1800 |
1600 [
1400 |
1200
1000 |

NIRF Intensituy (p/sfcm?/sr) per gram J

heart liver kidney spleen lung tumor

tumor liver

BN R4 IRSES 20

»7I

8day

spleen kidney heart lung
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into tumor-bearing mice (n=3). (C) NIRF images of the dissected major organs harvested from Cy5.5-labeled CNP-treated mice. The first row represents the bright field images of
individual organs. A strong NIRF signal was observed in tumor tissues at all experimental times. (D) Ex vivo imaging of SCC7 xenograft tumor showed higher NIRF signal than other
organs at all time points. A quantification of in vivo targeting characteristics of Cy5.5-labeled CNPs was recorded as total photons per centimeter squared per steradian (p/s/cm?/sr)
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demonstrated that in the most dramatic reduction in tumor volume;
the final mean tumor load was 1000 mm? by the end of the study
(mean+s.e., n=4, ANOVA at 95% confidence interval), significantly
smaller than in mice given the free PTX formulation (2400 mm?).
These results suggested that the superior tumor specificity of PTX-
CNPs might have enhanced the efficacy of the anticancer drug,
increasing the therapeutic drug concentration in tumor tissues. We
also performed histological staining of the excised tumors, and an
independent pathologist evaluated the slides. Median tumors excised
from PTX-CNP-treated mice exhibited a reduction in the number of
cancerous cells and an increase in apoptotic cell nuclei, as demon-
strated by H&E staining and TUNEL assays, respectively (Fig. 5C). In
contrast, the saline- and empty CNP-treated tumors contained larger
numbers of tumor cells and exhibited few signs of apoptosis.
Importantly, PTX-CNP treatment greatly enhanced mouse survival
rates (Fig. 5D). Eight of the 10 PTX-CNP-treated mice survived the 30-
day study, but all the mice in the free PTX-treated groups had succumbed
by day 21, most likely due to the severe toxicity of the free PTX

formulation. Within the control groups, only 6 and 5 mice from the saline-
and empty CNP-treated mice, respectively, survived to the end of the
experiment, due to rapid unchecked tumor growth. These results,
supported by our in vitro cytotoxicity studies, suggested that the PTX-
CNPs enhanced the tumor-specific delivery of PTX while curtailing its
associated cytotoxicity. In addition, to assess the acute toxicity of each
treatment regimen in vivo, we analyzed WBC counts within each
experimental group after 18 days of treatment (Fig. 5E). The free PTX-
treated mice showed substantially reduced WBC counts, compared to
PTX-CNP-treated mice. These results indicated that encapsulating the PTX
within the nanoscale particles greatly reduced its severe toxicity [14].

4. Discussion

There has been considerable interest in the development of
nanotechnology platforms to diagnose and treat cancer by using
targeted delivery and controlled drug release. Many approaches have
been proposed to develop nanoparticle constructs containing a
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targeting moiety, such as antibody, aptamer, and small molecular
ligand, for optimized tumor homing with reduced nonspecific
accumulation [22,23]. These targeting moieties showed selective
delivery of nanoparticles into tumors or selective detection in tumors.
Despite of their improved selectivity, they still have to overcome an
obstacle that large percentages of nanoparticles continue to accumu-
late in the liver and spleen. Conventional wisdom in tumor targeting is
based on the EPR effect of nanoparticles, and so it has been assumed
that all nanoparticles, as long as the size is in the range of 200 nm or
less, will automatically go to the solid tumor by the EPR effect [3-5].
However, the amount of a nanodelivery system delivered to the tumor
site is only slightly larger than that of the control. Apparently,
nanoparticulate delivery systems are not working well as we all
expected. In contrast with the conventional nanocarriers, however,
the CNPs used in this study progressively accumulated in the tumor

tissues by the EPR effect within 24 h and lasted up to 10 days with
considerably low uptake in the liver and spleen.

The efficiency of the EPR effect in vivo was significantly affected by
different types of carriers regardless of size. In this study, the
deformable CNPs showed highest tumor-targeting efficiency. The in
vivo clearance rate was notably determined by the size and the
deformability of the nanoparticles. Generally, nanoparticles of 150-
300 nm are mainly found in the liver and the spleen [24]. Therefore,
the size of engineered long-circulatory nanoparticles must be either
smaller than the critical size or deformable enough in order to avoid
the in vivo filtration systems. In vivo, this deformability might enable
these CNPs to pass through biological barriers, such as micro-size
blood vessels and membranes in the body. In addition, the rapid
cellular uptake characteristic of the CNPs facilitates delivery of anti-
cancer drugs and imaging agents into the cytoplasmic compartment
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of target tumor cells [15]. The exact mechanism of rapid cellular
uptake is not clearly understood yet, but the nanoparticulate structure
is critical, as linear water-soluble GC polymer is not taken up by the
cells. Taken together, we can suggest that the unique characteristics of
the CNPs that we observed in vitro (i.e., stability in blood, deform-
ability, and rapid cellular uptake) may have contributed significantly
to their tumor targeting by the EPR effect in vivo.

5. Conclusion

In conclusion, we developed and characterized the theragnostic CNPs
which deliver a fluorescent probe for live imaging and PTX for cancer
treatment, simultaneously. These therapeutic CNPs accumulated at the
tumor tissues much more efficiently than water-soluble linear polymer or
polystyrene beads. The fast cellular uptake of the CNPs resulted in higher
therapeutic efficacy. The NIRF label allowed us to noninvasively monitor

the in vivo fate of the nanoparticles in live animals. Under the optimized
treatment protocol, administration of PTX-loaded CNPs greatly dimin-
ished tumor size while minimizing the severe toxicity associated with free
PTX administration. Furthermore, our results suggested that this
methodology could be used to evaluate the performance of other
nanoscale drug carriers in cancer therapy, without sacrificing a large
number of animals. We anticipate cancer theragnosis with these CNPs
presents a new strategy in cancer treatment, in which early-stage cancer
diagnosis, drug delivery, and real-time non-invasive monitoring for
therapeutic efficacy are carried out simultaneously.
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