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Abstract

Paclitaxel (PTX) nanocrystals (200 nm) were produced by crystallization from solution.
Antitumor efficacy and toxicity were examined through a survival study in a human HT-29 colon
cancer xenograft murine model. The antitumor activity of the nanocrystal treatments was
comparable with that by the conventional solubilization formulation (Taxol®), but yielded less
toxicity as indicated by the result of survival study. Tritium-labeled PTX nanocrystals were further
produced with a near infrared (NIR) fluorescent dye physically integrated in the crystal lattice.
Biodistribution and tumor accumulation of the tritium-labeled PTX nanocrystals were determined
immediately after intravenous administration and up to 48 hours by scintillation counting. Whole-
body optical imaging of animals was concurrently carried out; fluorescent intensities were also
measured from excised tumors and major organs of euthanized animals. It was found that drug
accumulation in the tumor was less than 1% of 20 mg/kg intravenous dose. Qualitatively
correlation was identified between the biodistribution determined by using tritium-labeled
particles and that using optical imaging, but quantitative divergence existed. The divergent results
suggest possible ways to improve the design of hybrid nanocrystals for cancer therapy and
diagnosis. The study also raises questions of the general role of the enhanced permeability and
retention (EPR) effect in tumor targeting and the effectiveness of bioimaging, specifically for
hybrid nanocrystals, in tracking drug distribution and pharmacokinetics.

© 2013 Elsevier B.V. All rights reserved.

"Correspondence to: Tonglei Li Department of Industrial and Physical Pharmacy College of Pharmacy, Purdue University Heine
Pharmacy Building 575 Stadium Mall Drive West Lafayette, IN 47907, USA Tel: 765-494-145 Fax: 765-494-654
tonglei@purdue.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hollis et al. Page 2

Keywords
paclitaxel; nanocrystals; hybrid; theranostics; chemotherapy; EPR; biodistribution

1. Introduction

Many anticancer compounds are poorly soluble in aqueous solutions. To enhance solubility,
these compounds are further compounded by chemicals and solvents. Furthermore, these
cytotoxic compounds can damage normal tissues and organs when given to patients
systematically. Over the last decade, significant efforts have been undertaken to develop
nanosized drug delivery vehicles as a tumor-targeting strategy, in which anticancer
compounds can be solubilized and encapsulated. The impetus to develop nanoparticle based
cancer therapy has been the enhanced permeation and retention (EPR) effect [1,2] that
facilitates the passive accumulation of particles (20-200 nm) in tumor tissues. This effect is
due to the rapid and disorganized growth of tumor blood vessels, which have abnormally
large interendothelial pores that allow for particle extravasation [3,4]. On the other hand,
diffusion of solubilized drugs into the tumor is impeded by the poor convective flow of
interstitial fluids due to lacking of lymphatic system as tumor grows. Thus, it is postulated
nanoparticles may provide a better delivery approach as they extravasate from the leaky
vasculature and localize in the tumor allowing for increased drug concentrations at the
action site. As the extravasation process relies on adequate numbers of nanoparticles being
present in the circulation, nanoparticles are often pegylated to attenuate their clearance by
the macrophage phagocytic system, which allows for their prolonged circulation.

Despite the popularity of the EPR effect in promoting nanomedicine research, questions
have been raised regarding how significant or reliable the effect is. Based on assessment of
literature data on the tumor accumulation of nanoparticles for cancer therapy, it is argued
that no more than 5% of the injected dose extravasates and accumulates in tumors [5]. The
extent of nanoparticle extravasation depends heavily on the interendothelial pore size, which
varies among tumor types and histological grades [6-8]. For example, certain tumors, such
as metastatic liver and prostate cancer, bear intrinsically low vascular densities [9], in which
the EPR effect strategy may not apply in the core of a large-sized tumor (e.g., 1-2 cm in
diameter) due to the absence of densely vascularized structures [10]. The hypoxic nature of
the tumor generally leads to the formation of necraotic tissues further preventing the access
by nanoparticles. Therefore, it becomes imperative to have a clear understanding of the
tumor accumulation, as well as the biodistribution and pharmacokinetics, when developing a
nanoparticle-based delivery system. Such knowledge is invaluable in further optimizing and
evaluating the delivery system with respect to the treatment efficacy and systematic toxicity.

Among various nanomedicine designs, nanocrystal formulation has been explored for
delivering antineoplastic agents. Nanocrystals can be produced either by top-down or
bottom-up approaches [11-13]. Besides existing as the most stable, crystalline state,
nanocrystals typically carry nearly 100% drug loading and can be directly administered as
solid particles intravenously. Compared with conventional solubilized delivery systems,
nanocrystals induce much less systemic toxicity and can thus be given at a higher dose in
order to achieve better therapeutic efficacy [14,15]. What has been pursued in our laboratory
is a nanocrystal design in which imaging agents are physically integrated or entrapped in the
crystal lattice of drug nanocrystal hosts [16]. These hybrid nanocrystals aim to
simultaneously achieve anticancer treatment and bioimaging, offering a simple and
potentially versatile platform of theranostics.
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Incorporation of bioimaging agents into traditional encapsulation delivery systems has been
investigated, including liposomes [17], polymersomes [18], polymeric nanoparticles [19],
and micelles [20]. The integrated imaging probes permit non-invasive tracking in vivo and in
real-time, potentially enabling longitude evaluation of tissue distribution, pharmacokinetics,
and therapeutic response. Amongst the available bioimaging modalities [21,22], optical
imaging have been mostly investigated in the pre-clinical studies due to its ease of operation,
high sensitivity, low running cost, and absence of radioactive irradiation [23,24]. This
modality has also been explored as a screening tool to evaluate the tumor targeting
efficiency of formulations having different physicochemical properties [25-30].

Nonetheless, limitations still exist in these designs, including low drug loading efficiency
and capacity [31], vehicle instability and drug leakage [32,33].

Despite the significant therapeutic improvement by nanocrystals, assessment of the in vivo
performance of nanocrystal injection remains largely limited. In particular, the knowledge of
biodistribution and tumor accumulation of nanocrystals is scarce. More importantly, it
almost remains unknown how hybrid nanocrystals function in vivo as a potential theranostic
platform. As such, tritium-labeled PTX nanocrystals in which an optical dye was physically
integrated were evaluated in a mouse xenograft model. In particular, tissue distribution and
tumor accumulation of the PTX hybrid nanocrystals were analyzed and correlated by both
scintillation and bioimaging. The objectives of the study included (a) to investigate the
efficacy and toxicity of Taxol and PTX nanocrystals by examining the survival of mice
treated by respective delivery systems, (b) to measure and compare the biodistribution and
tumor accumulation of 3H-Taxol and 3H-PTX hybrid nanocrystals in mice, and (c) to image
the mice treated by the hybrid nanocrystals and assess the bioimaging results based on the
biodistribution results by the isotope analysis. The measurements were performed in
athymic mice with HT-29 colon cancer xenograft implanted in the flank sites.

2. Materials and Methods
2.1. Materials

Paclitaxel (>99.5%, USP30) was purchased from 21CECPharm (United Kingdom). Tritium-
labeled paclitaxel (3H-PTX) in ethanol (= 97% chemical purity, 4 mCi/mmol, 0.145 mCi/
mL) was purchased from Moravek Biochemicals and Radiochemicals (Brea, CA). FP1-749
fluorophore (maximum excitation wavelength, Ae=750 nm; maximum emission, Ae;=782
nm) was obtained from Akina LLC (West Lafayette, IN). Ethanol (HPLC grade),
acetonitrile (HPLC grade), fetal bovine serum, penicillin streptomycin, and 0.25% trypsin-
ethylenediaminetatraacetic-acid (EDTA) were purchased from Fisher Scientific (Pittsburgh,
PA). Saline (0.9% wi/v sodium chloride) for injection was obtained from Hospira (Lake
Forrest, IL). All chemicals and solvents were utilized without further purification. HT-29
human colon adenocarcinoma cells and McCoy's 5A medium were purchased from ATCC
(Manassas, VA). Deionized water (by Milli-Q®, filtered through 0.2 pm membrane) was
used for all the experiments. 50 nm-Whatman® Nuclepore polycarbonate track-etched
membranes used for filtration were purchased from Fisher Scientific (Pittsburgh, PA).

2.2. Preparation of Pure PTX Nanocrystals and Taxol Formulation

Paclitaxel pure nanocrystals were produced by crystallization. Subsequent to precipitation
via an anti-solvent approach [16], the suspension was subjected to homogenization for 6
minutes in order to enhance the particle size uniformity. PTX nanocrystals were purified and
concentrated through a few filtration-rinsing-resuspension cycles; the resultant suspension
was stored in DI water at 4°C. Prior to each intravenous injection, the PTX nanosuspension
was diluted with saline to achieve a concentration of 3 mg/mL. The Taxol formulation was
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prepared by dissolving PTX into a 50:50 mixture of ethanol and Cremophor EL®; for
injection, the stock solution was diluted with saline to obtain a concentration of 3 mg/mL.

2.3. Characterization and Analysis of PTX Nanocrystals

Scanning electron micrographs were obtained by a Hitachi SEM 4300 (Hitachi High
Technologies America, Inc., Schaumburg, IL) at accelerating voltage of 3 kV. The samples
were sputter-coated with conductive layers of gold palladium (Au/Pd) for 1 minute at the
current of 20 mA. The longest dimension of the particles was estimated by SigmaScan
(Systat software, San Jose, CA), and the mean + S.D. (standard deviation) was calculated.
The hydrodynamic diameter and zeta potential were measured in deionized water and 10
mM NacCl, respectively, using a dynamic light scattering (DLS) system, Malvern Nano-ZS
Zetasizer (Worcestershire, United Kingdom). Chemical quantification of PTX was
conducted by a high-pressure liquid chromatography (HPLC, Waters Breeze, Milford, MA)
with a C18 5 pm column (4.6 x 150 mm) and a UV detector at 227 nm. Acetonitrile and
water (50:50) were pumped at a total flow rate of 2 mL/min. The column was equilibrated to
35 °C prior to sample injection (20 L) prior to sample injection (20 pL) of nanocrystal
suspension diluted in ethanol at a volume ratio of 1:100.

2.4. Preparation and Analysis of 3H-Taxol and 3H-PTX/FPI-749 nanocrystals

Tritium-labeled Taxol formulation (3H-Taxol) was prepared by spiking the solution
containing PTX at 30 mg/mL in a 50:50 (v/v) mixture of Cremophor EL and ethanol
with 3H-PTX and reaching the radioactivity of 2.058 mCi/mmol. Prior to the intravenous
injection, the stock was diluted with saline to reach a final concentration of 3 mg/mL.

3H-PTX/FP1-749 hybrid nanocrystals were produced by the same approach used in the
production of pure nanocrystals mentioned above. Specifically, 0.7 mL of 1 mg/mL FPI-749
was added to 20 mL deionized water in a 3-neck flask. 1 mL of 5 mg/mL (2.058 mCi/mol)
of 3H-PTX in ethanol was then added rapidly to the flask. The mixture was stirred with a
stirrer shaft and under intense sonication (F20D, Fisher Scientific, Pittsburgh, PA). The flask
was removed from the stirring station and subjected to vacuum to remove excess bubbles
generated by stirring. The mixture was then filtered through a 50-nm polycarbonate
membrane. The retentate was rinsed and re-suspended in water for additional filtration-re-
suspension cycles to remove any loosely bound fluorophores. The suspension was further
homogenized (Fisher Scientific PowerGen® 125, Pittsburgh, PA) to enhance the particle
size uniformity. A separate batch of PTX hybrid nanocrystals without 3H-PTX was
produced for scanning electron microscopy. To quantitate the radioactivity in the injection,
three 10 pL aliquots from the suspension were analyzed by a liquid scintillation counter, Tri-
Carb 2910TR (Perkin Elmer, Waltham, MA).

2.5. HT-29 Cell Culture

HT-29 human colon adenocarcinoma cells were cultured in McCoy's 5A medium
supplemented with 10% fetal bovine serum and 1% penicillin streptomycin in a humidified
incubator containing 5% CO», at 37 °C. To establish the HT-29 xenograft in nude mice,
HT-29 cells were harvested (by using 0.25% trypsin-EDTA) when the cells became 70-90%
confluent. The cells were suspended in a 50:50 mixture of sterile phosphate buffered saline
(PBS) and Matrigel (BD Biosciences, San Jose, CA) at a concentration of 3 x 107 cells/mL.
Cell suspensions were kept in ice before the inoculation.

2.6. Antitumor Activity and Treatment Toxicity

The animal study was conducted under a protocol approved by the University's Institutional
Animal Care and Use Committee (IACUC). Female nude outbred mice (Tac:Cr: (NCr)-
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Foxnl Nu) were obtained from Taconic at 4 weeks of age (14.5-20 g). Mice were acclimated
for one week after arrival. Subsequently, under anesthesia, each animal was identified by
pinching a tag to the ear and inoculated with 100 pL HT-29 cells (3 x 106) injected
subcutaneously to both sides of flank, respectively. The mice were monitored three times
every week with respect to body weight, tumor volume, and overall morbidity. The tumor
volume from each side of the flanks was measured by a digital caliper and calculated as
longest dimension x (shortest dimension)? / 2 and summed for the total tumor volume per
animal. Tumors became palpable (100-300 mm3) after nine days of inoculation. A total of
36 mice were randomized into 3 groups to be treated respectively by saline (control), Taxol,
and pure PTX nanocrystals. Intravenous injections of Taxol and PTX nanocrystals were
administered at the dose of 20 mg/kg via tail vein weekly on days 10, 17, 24, and 31 after
the cell inoculation; correspondingly, 150 pL of saline was administered to the control
group. Through the survival study, the endpoint was determined when an animal met one of
the following conditions: (i) it became moribund, (ii) the tumor reached 1,500 mm3 in size,
became ulcerated, or impeded its ability to attain food or water, (iii) it lost 20% of their body
weight, and (iv) it developed severe medical condition or adverse effects.

2.7. Tumor Accumulation and Biodistribution

The animal study was conducted under the same protocol as described above. A total of 111
athymic mice were randomized and grouped. Three mice were allocated to receive no
treatment (control). For the 3H-Taxol-treated group, 48 mice were allocated into 12 time
points (n = 4) accordingly: 5, 15, 30 minutes, 1, 2, 4, 6, 8, 24 hours, 2, 3, and 4 days. For
the 3H-PTX hybrid nanocrystals-treated group, 60 mice were divided into 15 time points (n
=4): 11, 15, 30 minutes, 1, 2, 4, 6, 8, 24 hours, 2, 3, 4, 5, 6, and 7 days. 3H-Taxol and 3H-
PTX/FPI-749 nanocrystals were diluted in saline and respectively administered
intravenously once at an equivalent dose of 20 mg/kg via the tail vein. Each mouse received
approximately 1 . Ci of tritium via the injection.

The animals in the PTX hybrid nanocrystal group were imaged by IVIS® Spectrum (Perkin
Elmer, Waltham, MA). Due to transportation and imaging duration, the first time point at
which animals could be euthanized was 11 minutes. Mice were euthanized at pre-determined
time points by CO» asphyxiation. After performing cervical dislocation, blood, tumor from
both sides of the flank, and major organs were collected, washed with DI water, and
weighed in pre-weighed scintillation vials before further analyses.

2.8. Tritium Analysis of Blood and Tissues

Blood and tissue samples were prepared according to the scintillation analysis protocol
provided by Perkin Elmer. Specifically, a blood sample (0.1-0.4 mL) was treated by 1 mL of
a mixture (1:1 v/v ratio) of tissue solubilizer Soluene® 350 (Perkin Elmer, Waltham, MA)
and ethanol prior to being incubated in a 50-60°C oven for at least 2 hours. Cooled back to
room temperature, the sample was decolorized by 500 pL of 30% hydrogen peroxide
solution. Once the decoloration reaction subsided, the sample was placed back in the oven
for another 30 minutes. 15 mL of liquid scintillation cocktail (Perkin EImer) was added to
the blood sample and the mixture was vortexed before being quenched for 1 hour in the
dark. The sample was then measured by a liquid scintillation counter.

Tumor and tissue samples were homogenized before the scintillation measurement. 50-200
mg of a homogenized tumor or tissue sample were digested with Soluene 350 and incubated
in an oven at 50-60°C for about 4 hours. Cooled back to room temperature, a sample was
decolorized with 200 pl of 30% hydrogen peroxide. Once the reaction was completed, the
sample was placed back in the oven for another 30 minutes. 15 mL and 10 mL of Hionic-
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Fluor were added to the blood and tissue samples, respectively, prior to quenching in the
dark for 1 hour. The sample was measured by a liquid scintillation counter.

2.9. Bioimaging

The mice treated by the PTX/FPI-749 hybrid nanocrystals were imaged by VIS Spectrum at
predetermined time points. The animals were imaged either from the dorsal or ventral side
under anesthesia. The following parameters were used for the imaging: Aexcitation = 745 nm,
Aemission = 800 nm, exposure time = 4 seconds, F stop = 2, binning = medium (8), and field
of view (FOV) = 13. Tumor and major organs from euthanized animals were also imaged
under the same set of parameters.

2.10. Statistical Analysis

Kaplan-Meier curves were generated for each treatment group and the comparison of overall
survival across treatment groups was performed by the log-rank test. Median time and the
percentage of survival at specific time point were estimated from the Kaplan-Meier curves.
Body weight change was plotted for each group. Pairwise comparison at each time point of
follow-up was calculated by the non-parametric Wilcoxon rank-sum test to account for non-
normality of the data. The tumor accumulation at specific time points between groups was
evaluated by analysis of variance, which included treatment group, time point, and
interaction between these two factors in the model.

3. Results and Discussion

3.1. Characterization of Pure and Hybrid PTX nanocrystals

Representative nanocrystal samples are shown in Figure 1. The averaged longest dimension
of the crystals was 200 nm estimated based on SEM images. The nanocrystals resembled a
well-defined, short, rod-like morphology. Summarized in Table 1 are the physical properties
of pure PTX nanocrystals used in the survival study. Because of a low aspect ratio and
narrow particle size distribution, as suggested by the polydispersity indices, particle size
values measured by DLS agreed fairly well with those estimated from SEM. The particle
size of PTX nanocrystals utilized for injection 1, however, was significantly smaller
(p<0.05) than those used for other injections (i.e., 2, 3, and 4). The zeta potential of PTX
nanocrystals (0.1 mg/mL) was measured as —9.8 £ 0.5 mV in 10 mM NaCl at 25 °C. To
minimize possible agglomeration and reduce Ostwald Ripening, nanocrystals should be
stored at 4 °C or freeze-dried.

Particle size is known to have impact on clearance and tumor uptake [5]. It is shown that
smaller particles (e.g., 50-300 nm) are commonly removed from the circulation relatively
slowly [34,35]. It is however difficult to generalize an optimal particle size to maximize the
exploit of the EPR effect, due to tumor heterogeneity as well as variations in particle
properties (e.g., size, shape, and surface charge) [7,8]. Nonetheless, it seems to be well
accepted that nanoparticles with the size up to 400 nm are able to take advantage of the EPR
effect [5,36]. To that end, by varying and optimizing growth conditions, nanocrystals of 200
nm were produced and utilized in this study.

3.2. Antitumor Efficacy and Treatment Toxicity

Nine days after the subcutaneous implantation of HT-29 cells to a total of 36 mice, tumor
xenografts became palpable. The animals were randomized equally into three groups and
treated by four weekly injections of saline, Taxol, and PTX nanocrystals, respectively. The
endpoint of the study was met on day 32 when all of the mice in the control group had to be
euthanized due to tumor size. The Kaplan-Meier survival curves were plotted in Figure 2A.
For those animals in the treatment groups that were euthanized before the end of the study,
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their tumors either exceeded 1500 mm3 or their weight loss was significant (more than
20%). The survival probability on day 30 of the control, Taxol, and PTX nanocrystal groups
were 16.7%, 66.7%, and 83.3%, respectively. The mice in the control group reached the
median survival time by day 25, while the median survival time was not reached for the
Taxol and PTX nanocrystal group when the study ended.

Furthermore, the log-rank analysis revealed that there was significant difference in treatment
efficacy between the control and Taxol groups (p = 0.003) as well as the control and PTX
nanocrystal groups (p = 0.001). There was no significant difference, however, between the
two treatment groups (p = 0.970). In addition, body weight was monitored through the
survival study (Figure 2B). Upon statistical analysis, the differences in the body weight
change between the two treatment groups were significant (p < 0.05) on days 16 and 23 (i.e.,
the 6! day after weekly injections) when the number of animals in each group was identical
(n =12). It is worth noting that, on the final day, day 32, 4 out of 8 mice in the Taxol group
had body weight loss of more than 5%, compared to just 1 out of 8 mice in the PTX
nanocrystal group. While the control and Taxol groups had similar weight loss profiles
(Figure 2B), the former had much poorer survival (Figure 2A). On the other hand, both
Taxol and nanocrystal groups showed similar survival traits and, yet, the former had
significant weight loss. Thus, the results suggest that the body weight loss likely resulted
from the solvent-induced toxicity. In spite of the similar efficacy when administered at 20
mg/kg, PTX nanocrystals offered safer delivery of PTX; higher dose may be warranted [37].

3.3. Tissue Distribution by Tritium Analysis

Tissue distribution of the drug in mice was analyzed through tritium-labeling and
scintillation counting. The conventional formulation, Taxol, has previously been shown to
distribute extensively to all major organs and to exhibit a non-linear, two compartmental,
pharmacokinetic profile [38,39]. The extensive tissue distribution of the drug and
solubilizing agents can potentially induce profound toxic effects, as suggested by the body
weight change (Figure 2B). Compared with the solubilized formulation, 3H-PTX
nanocrystals were cleared rapidly from the blood circulation. By 15 minutes after injection,
only 0.42 £ 0.12% of PTX per gram of blood was detected as opposed to 2.89 + 0.24%

of 3H-Taxol. This is in accordance with previous studies that have suggested that the
surfactant used in Taxol, Cremophor EL, could form micelles and solubilize the drug [40]
and may also allow free drug molecules to partition reversibly in circulating surfactants [41].

With respect to 3H-PTX nanocrystals, the significant decrease in blood concentrations
contrasted with high drug concentrations in liver, spleen, and lungs suggest that nanocrystals
were sequestered by the macrophages of the macrophage phagocytic system (MPS) within
minutes of intravenous administration. Despite the fact that close to 40% of the injected dose
was taken up by the liver, it seems that the entrapment of the nanocrystals in liver, most
likely by Kupffer cells, does not necessarily lead to significant adverse effects, especially
compared with the conventional solubilized formulation. An earlier study showed that
itraconazole nanocrystals after intravenous administration were engulfed by macrophages
and resided within the cytoplasm; the number of resident macrophages was also increased to
accommodate the particle burden when the dose was elevated [42]. Clearly, if the MPS
uptake of the nanocrystals does not result in significant toxicity, higher dose may be
possible, and liver may temporarily act as a depot site to release the drug back into the
circulation. Compared with the 3H-Taxol distribution (Figure 3A), 3H-PTX/FPI-749
nanocrystals were distributed rapidly to the major organs within the first 11 minutes (Figure
3B). Nonetheless, Figure 3B suggested the free 3H-PTX was redistributed from the clearing
organ (i.e., liver) back to the systemic circulation, especially at the 1- and 6-hour time
points. The decreased mean concentration of 3H-PTX in the liver was accompanied with an
increased mean concentration in the blood. This observation suggests that there was higher
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concentration of 3H-PTX that was redistributed than being cleared. Conversely, subsequent
to the intravenous injection of 3H-Taxol, 3H-PTX concentration in the blood circulation
continually decreased.

The relative amounts of the drug out of every injection in the major organs and tumor were
also analyzed for both 3H-Taxol and 3H-PTX nanocrystals (Figures 4A and 4B). Within the
first 10-15 minutes, the total percentage of PTX in the major organs and tumor was only
summed up to approximately 50%. The remainder of the injected dose was largely
distributed in other tissues, likely due to the lipophilic nature of the drug. It is striking to see
that less than 1% of the drug accumulated in the tumor. The comparison of tumor
accumulation between the two formulations will be further discussed later.

The nanocrystals used in the study were bare, without any functionalization or adsorption by
surfactants or polymers. Pegylation is a common practice to circumvent or delay the
recognition by the MPS, possibly due to the hydrophilic polymer shell that prevents
opsonins from attaching to the surface and subsequent phagocytosis [43,44]. There are a few
studies where drug nanocrystals were stabilized by PEG or PEG block polymers but they
were still sequestrated in MPS significantly [45-47]. Clearly, it is a challenging task to
secure surfactants to the surface of nanocrystals, especially during the administration and
blood circulation stages.

3.4. Tumor Accumulation

Tumor accumulations of the solubilized and nanocrystal formulations are plotted together
for comparison (Figure 4 inset). The values reached the maximum during 1 to 6 hours after
injection. Statistically, the tumor accumulation of 3H-Taxol was significantly higher than
that of 3H-PTX nanocrystals regardless of the time point (p < 0.0001). Furthermore, the
statistical interaction between the group and time variables was not significant (p = 0.182),
indicating that there was a consistent difference between the treatments across all time
points.

A major reason for the low tumor accumulation by the nanocrystals obviously lies in the
short duration in the blood circulation and the quick sequestration by MPS. Elevated tumor
intersitial pressure and unique vasculatures of HT-29 xenograft may also be responsible.
HT-29 tumors were reported be less vascular, for example, than the human colon
adenocarcinoma LS174T [48]. Conversely, the relatively high intratumoral accumulation
of 3H-Taxol may be ascribed to the micellar encapusulation by Cremophor EL [40].
Nonetheless, the tumor accumulation of 3H-Taxol continued to decrease after 6 hours,
corresponding well with the blood concentration profile. The clearance of the drug from the
tumor was likely facilitated by partitioning PTX reversibly into the circulating Cremophor
EL [41]. Interestingly, the tumor accumulation of 3H-PTX nanocrystals after 6 hours was
steadily maintained. It is likely that, once the nanocrystals successfully accumulated in the
tumor site, they would not be cleared easily due to relatively large particle size and
ineffective lympathic drainage surrounding the tumor. Also as pointed out earlier, it is
possible that the sequestered nanocrystals in MPS continued to dissolve releasing PTX
molecules (and even smaller particles) back to the blood stream and maintaining the drug
concentration in the tumor. The finding of initial sequestration of nanoparticules by
phagocytosis followed by slow release is commonly observed [35]. Relative to solution
formulation, nanocrystals are shown to have prolonged half-lives of elimination in murine
models [45-47,49,50]. Thus, it is highly possible that, upon multiple injections, drug
accumulation in the tumor will become significant, as demonstrated by the treatment
regimen in the survial study discussed above.Needless to say, the EPR effect as observed in
this study was minimal. If the Taxol formulation may be regarded as a nanoparticle delivery
system because of the possible micellar encapsulation of PTX, both nanosystems were
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“leaked” out to the tumor less than 1% of the total injected dose. In addition, the particle size
of the nanocrystals (ca. 200 nm) may be at the upper limit to take advantage of possible EPR
effect. Limited blood circulation time and engulfment of nanocrystals by macrophages may
also contribute to the minimal EPR effect observed.

3.5. Whole-Body Fluorescence Imaging

The feasibility and performance of 3H-PTX/FP1-749 nanocrystals as an optical imaging
system were evaluated in vivo. Mice injected with the hybrid nanocrystals were imaged at
the predetermined time points with an IVIS system from both the dorsal and ventral sides
(Figures 5 A and B). Three mice were allocated as control (no treatment). Apparently, strong
peripheral fluorescence signals were detected within the first few hours after injection. There
was also an increase in the fluorescence ratio between the tumor and peripheral areas
starting after 1 hour (Figure 5A). This seems to be supported by the tumor accumulation
data of the tritium-labeled drug that maximized at 1 hour (Figure 4 inset). The tumor was
significantly outstanding after 1 day and the overall intensity decreased after 5 days. From
the ventral side, the strongest intensity came from the liver area within a few minutes of
intravenous injection and remained the most outstanding throughout the observation period
(Figure 5B). After 30 minutes, intensity in the bladder area increased steadily for about 4
hours, indicating urinary clearance of the dye. The flank areas were also noticeable
particularly after 8 hours. The overall intensity became trivial after 5 days.

Nonetheless, discrepancies existed between the biodistribution results determined by tritium
labeling and what the whole-body fluorescence imaging indicated. This is particular true for
the tumor. The imaging data pointed out the tumor being a strongly fluorescent area. The
discrepancies could be caused by several reasons. First, the fluorescent signal is a
summation of the contributions by both entrapped and freely dissolved dyes. When a hybrid
nanocrystal dissolves, it releases both free drug and dye molecules. Consequently, when
most nanocrystals remained un-dissolved, a fluorescent image corresponds closely to where
nanocrystals reside; when the nanocrystals start to dissolve, the difference in biodistribution
between PTX as measured by scintillation counting and fluorescence images is expected to
become larger. For instance, fluorescent signal observed in the liver was mainly due to the
hybrid nanocrystals because it coincided with isotope accumulation in the site within a few
minutes. Conversely, that of the tumor may be generated from the free dye because the
tritium accumulation in the tumor was less than 1%. In addition, at 30 minutes after
injection, strong fluorescent signal started to appear in the urinary bladder area, indicating
that free FP1-749 molecules were renally cleared and excreted through the bladder. It was
also possible that a significant number of nanocrystals started to dissolve soon after the
injection. Second, because PTX is hydrophobic and the dye is hydrophilic, the two different
molecules are expected to have drastically different biodistribution preferences and
clearance pathways. A considerable amount of free dye molecules were accumulated in the
tumor region, possibly due to concentrated blood vasculatures in the milieu. Third, the
limitation in the penetration depth by fluorescence light signifies the surface layer of an
animal much more than deeper tissues and organs. Light scattering and absorption by blood
(oxyhemoglobin and deoxyhemoglobin) and water further attenuate the signal particularly
emitted from internal organs [51].

3.6. Ex vivo Imaging

Subsequent to euthanization by CO» asphyxiation, the tumor and major organs were excised
and imaged under IVIS (Figure 6). The total fluorescence intensities from individual organs
and tumors were normalized by the weight of a tissue and shown in Figure 7. While the
trends in the liver and spleen between the drug distribution and bioimaging were
comparable, the fluorescent intensities in the tumor, heart, lungs, and kidneys were much
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elevated. It is important to note that the fluorescence in heart, lungs, and kidneys dissipated
rapidly — indicated by the steep slopes — implying that the dye molecules were cleared out of
the system. In contrast, a temporal delay of clearance in tumor was observed.

The results further illustrate the limitation of using fluorescence imaging for biodistribution
detections of drug delivery systems. When the dye is released from the nanocrystals,
discrepancy appears. Still, coherence does exist, particularly in the liver in which 40-50% of
the hybrid nanocrystals were sequestered by macrophages. Strong fluorescent signals
observed also in the spleen and lungs were most likely contributed by entrapped FP1-749
from nanocrystals. As demonstrated in Figure 4B, the strong intensity in the tumor,
nevertheless, likely came from released, free dye molecules — for example, from
phagocytized nanocrystals — that re-entered the blood circulation. Moreover, light absorption
by hemoglobin in the NIR range can present an interference factor as well [52,53]. Blood-
rich organs (e.g., liver, spleen, and lungs) are known to attenuate the reflected fluorescent
signal the most [51], while tumor tissues, which are less vascular or have surface-proximal
vessels that are functional, do not attenuate as much.

4. Conclusion

Through the survival study, PTX nanocrystals were shown to be as effective as the
conventional Taxol formulation, but offer reduced toxic effects. The 3H-Taxol was
extensively distributed to major organs, while 3H-PTX/FP1-749 nanocrystals were rapidly
cleared from the blood circulation by the MPS with more than 40% of the injected dose
found in the liver. 3H-Taxol was maintained in plasma longer and accumulated in the tumor
at higher concentrations than 3H-PTX/FPI-749 nanocrystals. Yet, the concentration of 3H-
PTX in tumor was maintained quite steadily from 8 to 72 hours, suggesting the prolonged
retention and possible release of 3H-PTX from engulfed nanocrystals in the macrophages.
Still, less than 1% of the injected dose by either Taxol or PTX nanocrystals was present in
the tumor at any given time points.

Discrepancies were found between the biodistribution of the drug and the fluorescent
imaging of the whole body and excised tumor and tissues. Since tissues inherit different
molecular compositions and structures, they are optically distinctive in light attenuation,
which translated in consequential divergence in quantitative results. In addition, the
observed strong fluorescent intensity in the tumor was likely contributed by dissolved free
dyes that were accumulated in the region. The clearance of fluorescent molecules from the
tumor was reduced, possibly resulting from the impaired lymphatic drainage.

There are a few lessons that may be learned from this study regarding further development
of nanocrystal-based delivery systems, and other systems in general, for cancer therapy and
diagnosis. First, the EPR effect for both the solubilized formulation and nanocrystals was
similar and insignificant with regard to drug accumulation. If the tumor can be regarded as
an organ of its own, the drug concentration was much less than the concentration in other
major organs, especially liver, lungs, spleen, and kidneys. Obviously, the results were
affected by not just the delivery system, but also by the tumor type and its biology. Still,
such a low accumulation (less than 1%) could lead to tumor suppression and antitumor
efficacy. Therefore, for cancer therapy, the most critical is perhaps not to get more drugs to
the tumor, but to reduce drug accumulation in major organs or at least to steer the
biodistribution away from key organs (e.g., heart and brain) to reduce toxic effects. It is
equally important to avoid or minimize systemic side effects due to the usage of helper
chemicals for solubilizing and encapsulating a drug substance, for example, ethanol and
Cremophor EL, in the Taxol formulation. Cremophor EL has been reported as one of the
factors that generate Taxol's cardiac toxicity [54]. The biodistribution results demonstrated
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that drug accumulation in heart following nanocrystal administration was significantly less
than that achieved with the free Taxol formulation. On the other hand, the liver appeared to
tolerate high accumulation of nanocrystals, and such accumulation acted as a depot of the
drug and permitted the backflow of the drug toward the plasma and consequently the tumor.
The difference in the biodistribution between the two drug delivery systems suggests that,
when the EPR effect offer limited benefit, a drug delivery system - as well as dosing
regimen - may be better off by focusing on sparing core organs and maintaining a constant,
relatively low, drug concentration in the tumor.

Second, the difference in the biodistribution between the fluorescent dye and the drug
indicates that using the optical imaging for the indication of drug distribution can be limited
and misleading. This is not only because of the limitation of light penetration by the IVIS
system, but also due to the variation in the physicochemical properties of the two molecules
such as lipophilicity, which likely lead to the differences in biodistribution and clearance, as
demonstrated in our previous study in which the free dye and hybrid nanocrystals showed
distinct bioimaging results [16]. As the hybrid nanocrystals started to dissolve and release
the dye, the observed optical signal was a contribution of both nanocrystals and free dye
molecules. The imaging probe could become more and more diverged from drug location as
they further distributed.

Consequently, future development of pure and hybrid nanocrystals for cancer theranostics
will focus on the control of the biodistribution in major organs. Various dosing scheme
should be explored, in consulting with the absorption and clearance half-life of the drug
nanocrystals, because frequent injections and/or high concentration dosing may not lead to
the increase in drug concentration in the tumor but in healthy tissues and organs.
Furthermore, when using hybrid nanocrystals for theranostic purposes, the biodistribution of
the nanocrystals, free drug, and free probes need to be resolved and differentiated.
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Fig. 1.

SEM images of (A) PTX pure nanocrystals for weekly intravenous injections during the
survival study, (B) PTX hybrid nanocrystals without any radioactive payload. The scale bars
represent 1 pm.

J Control Release. Author manuscript; available in PMC 2014 November 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Hollis et al.

Page 16

A 120
100 <
80 |
T 60 -
2
c
=
D 40 4
R
20 4 —— Control
—— Taxol
—— PTX nanocrystals
0
¢ T 'r T T T ¢
5 1]) 15 20 25 30 35
Days after inoculation
B 10% -
*
5% -
(]
o
= |
g 0%
(&)
- |
= ‘
D 5%
)
=
>
'g -10% -
m
=

-15%

—+Control -WTaxol -#=PTXnanocrystals *p<0.05

20% At :
9 T 12 15 T 18 21 24

Days after inoculation

Fig. 2.

(A) The percent of animal survival versus time. Animals were administered either with
saline, 20 mg/kg Taxol or PTX nanocrystals at day 10, 17, 24, and 31 after inoculation
(n=12 on day 0). Tumors became palpable after nine days of inoculation (i.e. used as the plot
starting points). (B) Percent body weight change (mean £ S.D.) of animals in three treatment
groups up to day 23 after inoculation (prior to euthanization, n=12 for all the groups). The
days when the injections were given are marked by arrows.
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Fig. 3.
The distribution (mean + S.D.) of 3H-PTX in female nude mice after a bolus intravenous
injection of (A) 3H-Taxol and (B) 3H-PTX/FPI-749 nanocrystals at 20 mg/kg.
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The distribution (amount in blood or tissue/amount injected; mean + S.D.) of 20 mg/kg

(A) 3H-Taxol and (B) 3H-PTX/FPI-749 nanocrystals. Inset: The comparison of % amount
of 3H-Taxol and 3H-PTX/FPI-749 nanocrystals (mean + S.D.) in tumor. In tumor, 3H-Taxol
was significantly higher than that of 3H-PTX nanocrystals regardless the time point (p <
0.0001). The term “asap” refers to 5 and 11 minutes post-injection time of 3H-Taxol and 3H-
PTX/FPI-749 nanocrystals, respectively.
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Fig. 5.
IVIS® images of athymic mice injected with 3H-PTX/FP1-749 nanocrystals from (A) dorsal
and (B) ventral views. Tumors are marked in the images of pre-injection.
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IVIS® images of ex-vivo tissues of animals administered with 3H-PTX/FP1-749
nanocrystals.
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Fig. 7.

The fluorescence distribution (total efficiency (cm2)/gram of blood or tissue, mean + S.D.)
of 20 mg/kg 3H-PTX/FPI-749 nanocrystals. The term “asap” refers to 11 minutes post-
injection time.
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The physical characterizations (mean = S.D.) of PTX nanocrystals used during the survival study.

Table 1

Paclitaxel nanocrystals

Properties

Injection 1 | Injection 2 | Injection 3 | Injection 4
Particle size (SigmaScan) (nm) 149 + 44 198 + 63 193+ 63 195 + 62
Hydrodynamic diameter (DLS) (nm) 179+1 200+ 4 197 +3 198+ 2
Polydispersity Index 0.25+0.01 | 0.16+0.02 | 0.15+0.04 | 0.17+0.04
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