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Abstract

Nanotechnology has enabled significant advances in the areas of cancer diagnosis and therapy.
The field of drug delivery is a sterling example, with nanoparticles being increasingly used for
generating therapeutic formulations of poorly water-soluble, yet potent anticancer drugs. Whereas
a number of nanoparticle-drug combinations are at various stages of preclinical or clinical
assessment, the overwhelming majorities of such systems are injectable formulations and are
incapable of being partaken orally. The development of an oral nano-delivery system would have
distinct advantages for cancer chemotherapy. We report the synthesis and physicochemical
characterization of orally bioavailable polymeric nanoparticles composed of N-
isopropylacrylamide, methylmethacrylate, and acrylic acid in the molar ratios of 60:20:20
(designated NMA622). Amphiphilic NMA622 nanoparticles show a size distribution of <100 nm
(mean diameter of 80 £ 34 nm) with low polydispersity and can readily encapsulate a number of
poorly water-soluble drugs such as rapamycin within the hydrophobic core. No apparent systemic
toxicities are observed in mice receiving as much as 500 mg/kg of the orally administered void
NMAG622 for 4 weeks. Using NMAG22-encapsulated rapamycin (“nanorapamycin”) as a prototype
for oral nano-drug delivery, we show favorable in vivo pharmacokinetics and therapeutic efficacy
in a xenograft model of human pancreatic cancer. Oral nanorapamycin leads to robust inhibition of
the mammalian target of rapamycin pathway in pancreatic cancer xenografts, which is
accompanied by significant growth inhibition (P < 0.01) compared with control tumors. These
data indicate that NMAG22 nanoparticles provide a suitable platform for oral delivery of water-
insoluble drugs like rapamycin for cancer therapy.
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Introduction

Systemic delivery of poorly water-soluble (hydrophobic) drugs remains a major problem in
clinical pharmacology. In the WHO Model List of Essential Medicines, as many as 25% of
drugs are considered poorly water-soluble, using the Food and Drug Administration
Biopharmaceutics Classification System for drug solubility (1). The conventional excipients
used for solubilizing these agents [e.g., Cremophor EL, Tween (polysorbate)-80, etc.] can, in
turn, lead to incidental adverse effects, including acute hypersensitivity reactions, fluid
retention, and peripheral neuropathy (2, 3). The hunt for “solvent-free” formulations for
commonly used hydrophobic drugs has led to the development of nanoparticle and
liposomal drug delivery platforms, many of which have either been approved for clinical use
(e.g., Abraxane, DaunoXome, or Doxil) or are undergoing evaluation in clinical trials
(reviewed in ref. 4). Of note, the vast majorities of these improved formulations are
administered i.v. and are not suitable for oral delivery.

Multiple lines of evidence suggest that cancer patients prefer the increased convenience,
home-based administration, and “pill” formulation of orally administered regimens than that
of parenteral drugs (5, 6). In some of these randomized trials, oral delivery was also
associated with a decreased incidence of drug-related adverse effects, without compromising
on efficacy (5, 6). Although concerns have been raised about potential nonadherence to oral
regimens, more recent meta-analysis data suggest that oral chemotherapy is a reliable option
for patients with solid tumors, both in the metastatic and adjuvant settings (reviewed in ref.
7). Cost-benefit reports of oral chemotherapy in the United States and elsewhere are scant;
however, studies analyzing cost effectiveness of oral versus traditional i.v. regimens for
colorectal cancer in Europe and Canada suggest significant savings with the former route,
even with the higher individual costs for the new orally delivered drugs (8).

Here we report the synthesis and in vivo characterization of polymeric nanoparticles capable
of systemic drug delivery through the oral route. Rapamycin (sirolimus), a macrolide used in
the setting of transplantation as an immunosuppressant, has more recently been shown to be
a potent anticancer agent in a variety of solid tumor models (9). Rapamycin is an inhibitor of
the mammalian target of rapamycin (mTOR) pathway, which has a physiologic role in
protein synthesis and cap-dependent translation, but can facilitate tumorigenesis and
angiogenesis on aberrant activation (10). In addition, the mTOR pathway contributes to
resistance toward common chemotherapeutic agents (e.g., microtubule inhibitors, platinum
compounds, and tyrosine kinase inhibitors) through induction of cell survival pathways, and
therapeutic synergy between rapamycin and many of these aforementioned drugs is
demonstrable on combinatorial therapy (11, 12). Although a promising anticancer agent with
favorable toxicity profile, rapamycin is a prototype for a poorly water-soluble, hydrophobic
drug with low oral bioavailability (13). We report the favorable pharmacokinetic profile and
therapeutic efficacy of an orally bioavailable polymeric nanoparticle encapsulated
formulation of rapamycin (“nanorapamycin”) and show the overall utility of our platform
for in vivo drug delivery through the oral route.
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Materials and Methods

Synthesis of NMA622 and NVA622 Polymeric Nanoparticles

A copolymer of N-isopropylacrylamide and acrylic acid, with either methylmethacrylate or
vinylpyrrolidone, was synthesized through free radical polymerization, as shown in the
accompanying flowchart (Fig. 1A). N-Isopropylacrylamide, methylmethacrylate,
vinylpyrrolidone, and acrylic acid were obtained from Sigma-Aldrich. N-
Isopropylacrylamide was recrystallized with hexane; methylmethacrylate, vinylpyrrolidone,
and acrylic acid were freshly distilled before use. Thereafter, the monomers N-
isopropylacrylamide, methylmethacrylate, and acrylic acid (designated NMAG622) or N-
isopropylacrylamide, vinylpyrrolidone, and acrylic acid (designated NVA622) were
dissolved in water in a 60:20:20 molar ratio, respectively. Polymerization was initiated with
ammonium persulfate (Sigma) as an initiator in a nitrogen (N5) atmosphere. Ferrous sulfate
(FeSOy; Sigma) was added to activate the polymerization reaction and also to ensure
complete polymerization of the monomers. In a typical experimental protocol for NMA622
synthesis, 66.6 mg N-isopropylacrylamide, 19.4 pL freshly distilled methylmethacrylate, and
14.0 pL acrylic acid (also freshly distilled) were added to 10 mL of water. To cross-link the
polymer chains, 30 uL of N,N-methylene-bis-acrylamide (Sigma; 0.049 g/mL) were added
to the aqueous solution of monomers. The dissolved oxygen was removed by passing
nitrogen gas for 30 min. Thereafter, 15 UL of FeSO,4 (0.5% wi/v) and 13 puL of ammonium
persulfate (5% w/v) were added. In case of NVA622, the respective weights and volumes
were N-isopropylacrylamide 65 mg, vinylpyrrolidone 21 L, and acrylic acid 13.7 L,
FeSO,4 20 pL, ammonium persulfate 20 pL (20% wi/v), and TEMED 20 pL. Polymerization
was done at 30°C for 24 h in a N»s atmosphere. After the polymerization was complete, the
total aqueous solution of polymer was subjected to dialysis for 6 to 8 h to remove any
residual monomers. Dialysis was done using a Spectrapore cellulose membrane dialysis
tubing (molecular weight cutoff, 12 kDa) with a repeated exchange of water every 2 h. The
dialyzed solution was then lyophilized immediately to obtain a dry powder for subsequent
use, which was easily redispersible in aqueous media.

Loading of Rapamycin in NMA622 or NVA622 Polymeric Nanoparticles

Rapamycin (sirolimus) was purchased from LC Laboratories. Rapamycin loading into
polymeric nanoparticles was done using a postpolymerization method. In this process of
loading, the drug is dissolved after the copolymer formation has taken place, and rapamycin
is directly loaded into the hydrophobic core of nanoparticles by physical entrapment.
Physical entrapment was carried out as follows: 100 mg of the lyophilized polymer were
dispersed in 10 mL distilled water and stirred to reconstitute the micelles. Free rapamycin
was dissolved in chloroform (1% w/v) and the drug dissolved in CHCl3 was added to the
nanoparticle solution slowly with low heating to evaporate the chloroform. Additional drug
encapsulation was facilitated within the polymeric nanoparticles by constant vortexing and
mild sonication in a Branson 5510 water bath sonicator (Process Equipment & Supply, Inc.).
Compared with the turbid suspension observed with free rapamycin dispersed in water,
nanorapamycin resulted in a transparent solution (Fig. 1B). The drug-loaded nanoparticles
were then lyophilized to dry powder for subsequent use.
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In vitro Release Kinetics of Nanorapamycin

A known amount of lyophilized polymeric nanoparticles (200 mg) encapsulating 6 mg of
rapamycin was dispersed in 20 mL phosphate buffer at two different pH conditions
(“neutral” at pH 7.4 and “acidic” at pH 5.0) and the solution was divided among 20
microfuge tubes (1 mL each). The tubes were kept in a thermostable water bath set at 37°C.
Free rapamycin is completely insoluble in water; therefore, at predetermined intervals of
time, the solution was centrifuged at 3,000 rpm for 5 min to separate the released (pelleted)
rapamycin from the loaded nanoparticles. Thereafter, the released rapamycin was
redissolved in 1 mL of ethanol and the absorbance was measured spectrophotometrically at
273 nm. The concentration of the released rapamycin was then calculated using a standard
curve of rapamycin in ethanol. The percentage of rapamycin released was determined from
the equation

[Rapamycin]

rel 100

Rel -
elease(%) [Rapamycin],

where [Rapamycin]y is the concentration of released rapamycin collected at time t, and
[Rapamycin]yt is the total amount of rapamycin initially entrapped in the nanoparticles.

In vivo Pharmacokinetics of Oral Nanorapamycin

All animal experiments were approved by the Animal Care and Use Committee of Johns
Hopkins University and animals were maintained in accordance to the guidelines of the
American Association of Laboratory Animal Care. A series of pharmacokinetic studies were
done using the two available oral nano-encapsulated rapamycin formulations (NMA622 and
NVA622) in non-tumor-bearing CD1 mice to determine the superior formulation for further
in vivo studies.

Experiment 1—Three separate cohorts of four mice were given oral doses of free
rapamycin dissolved in water (“control”), NMA622, or NVA622 at an equivalent dose of 15
mg/kg of the active compound. Blood samples were obtained at 2 h after dosing.

Experiment 2—To determine equitable systemic distribution of orally administered
nanorapamycin, blood was obtained at 2 h after dosing by cardiac puncture and from the
facial vein in three mice receiving a single dose of 15 mg/kg of nanorapamycin (NMA622).

Experiment 3—The objective of this study was to perform head-to-head pharmacokinetic
comparison of the two oral nanorapamycin formulations (NM622 and NVA622), and
further, to compare these to the available commercial oral rapamycin (Rapamune). Two
independent cohorts of six mice were administered a single oral dose of NMA622 or
NVAG622, equivalent to 15 mg/kg of active compound, and a third cohort of mice was
administered an equivalent dose of oral Rapamune (Wyeth Pharmaceuticals). Blood samples
were obtained from all cohorts at 30 min and at 2, 4, 8, and 24 h for determining free
rapamycin concentration. Pharmacokinetics data were analyzed by noncompartmental
methods (WinNonlin Standard, version 3.1 software, Pharsight Corporation). Individual
maximum serum concentration (Cpmax) and time to reach Cpmax (Tmax) Values at steady
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state were obtained by visual inspection of the semilogrithmic plots of serum concentrations
versustime. Area under the concentration versus time to infinity curve (AUCq_infinity) wWas
calculated by the log-linear trapezoidal method. The elimination rate constant (z) was
determined from the slope of the terminal phase of the serum concentration versus time
curve using uniform weight. The elimination half-life (T1,») was calculated as 0.693 divided
by z Standard equations for apparent volume of distribution (Vd/F) and total clearance
(CI/F) were used.

In vivo Toxicity Studies of Void NMA622 Polymeric Nanoparticles in Mice

To determine any incidental toxicities from longer-term administration of the polymeric
nanoparticles, wild-type CD1 mice (n = 4 per treatment arm; 2 males, 2 females) were
treated with 500 mg/kg per day of void (i.e., not loaded with drug) NMA622 nanoparticle
solution via oral gavage. Mice were monitored daily for behavioral abnormalities, and total
body weights were measured weekly. After 4 wk, the mice were euthanized and
comprehensive necropsies with organ harvests done.

Generation of S.c. Pancreatic Cancer Xenografts and Oral NanorapamycinTherapy

S.c. pancreatic cancer xenografts were generated as described elsewhere, using Panc198, a
low-passage human pancreatic cancer xenograft that is highly sensitive to the injectable
rapamycin analogue temsirolimus (CCI-779; refs. 14, 15). To generate xenografted cohorts
for drug treatment studies, freshly harvested Panc198 xenograft tissue was cut into cubes of
~1 mm3 under sterile conditions. Fresh tumor chunks were then s.c. implanted bilaterally
into the flanks of male CD1 nu/nu athymic mice. Three weeks after s.c. implantation, the
xenograft tumor volumes were assessed using digital calipers as described elsewhere (16).
Nine mice with bilateral xenografts were then randomized to receive either PBS p.o., oral
nanorapamycin (NMAG622 at an equivalent dose of 15 mg/kg of free drug), or oral
Rapamune (15 mg/kg) for 4 wk via oral gavage, at three mice per arm. In the three
remaining mice, only one flank tumor was engrafted, and these were randomly divided
among the three arms. Thus, the final control and treatment cohorts each composed of seven
Panc198 xenografts across four CD1 nu/nu mice. Tumor volumes and mouse body weights
were measured weekly. Mice were euthanized at the end of treatment; organs and xenograft
tumor tissues were harvested and preserved in 10% formalin solution for histology and
immunohistochemical studies or snap-frozen for Western blot analysis.

Blood Sampling and Determination of Rapamycin Concentrations

Whole blood (300 L) was collected using EDTA-coated Microvette CB300 capillary tubes
(Braintree Scientific) and stored at —80 °C until use. Free rapamycin blood concentrations
were determined in the laboratory of Dr. Frederick Smith (Children’s Memorial Hospital,
Chicago, IL) using a high-performance liquid chromatography-tandem mass spectrometer
(Waters 2795 liquid chromatograph coupled to a Micromass Quattro Micro TMS) as
described elsewhere (17, 18).

Free rapamycin concentrations in harvested xenograft tumor tissue samples were measured
in the Johns Hopkins Pharmacology Analytical core facility. In brief, tumor tissue
homogenates were prepared by diluting 1:10 (w/v) in human plasma before extraction using
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acetonitrile-n-butylchloride (1:4, v/v) containing known quantities of benzylphenylurea as
the internal standard. After liquid extraction and evaporation, the sample was dissolved in
100 pL of acetonitrile/water (50:50, v/v). The analytes were separated on a Waters X-Terra
MS C18 (50 x 2.1 mm, 3.5 um) column using a mobile phase consisting of acetonitrile/2
mmol/L ammonium acetate (70:30, v/v) containing 0.1% formic acid using isocratic flow at
0.15 mL/min for 7 min. Rapamycin was monitored by tandem mass spectrometry with
electrospray positive ionization. Calibration curves were generated over the range of 5.5 to
2,200 ng/qg for tissue.

Immunohistochemistry

Immunostaining was done on formalin-fixed paraffin-embedded tissue sections as described
elsewhere (15) with slight modifications. Anti—phospho-p70 S6 kinase (Thr389; 1A5)
antibody (#9206, Cell Signaling Technology) was used at 1:200 and visualized using the
PowerVision+Poly-HRP IHC kit (Immunovision Technologies) following the standard
protocol. Slides were counterstained with Harris hematoxylin solution. For Ki-67 (MIB1)
staining, anti-Ki67 primary antibody (clone K2, Ventana Medical Systems) was used in
combination with a Ventana Benchmark Autostainer. Antigen retrieval was done in EDTA
buffer (pH 9.0) for 16 min, and the incubation time with the primary antibody was 32 min.
The reaction was developed and visualized with the iView Detection Kit (Ventana Medical
Systems).

Western Blot Analysis

Western blot analysis for mTOR activation was done as previously described with some
minor modifications (19). For protein detection, the following antibodies were used:
phospho-p70 S6 kinase (#9206, Cell Signaling; 1:1,000), p70 S6 kinase (H-160, Santa Cruz
Biotechnology; 1:200), and actin (I-19, Santa Cruz Biotechnology; 1:200).

Statistical Analysis

Two-tailed t test and Mann-Whitney U test were done using Prism version 5.01 (GraphPad
Software, Inc.). P < 0.05 was regarded as statistically significant. Diagrams show means and
SDs unless indicated otherwise.

Results
Synthesis and Characterization of NMA622 and NVA622 Polymeric Nanoparticles

Polymeric nanoparticles of N-isopropylacrylamide, methylmethacrylate, and acrylic acid
(NMAG622) or N-isopropylacrylamide, vinylpyrrolidone, and acrylic acid (NVA622) were
synthesized by random copolymerization of the vinyl end groups present in amphiphilic
monomers (Fig. 1). The copolymer formed showed an amphiphilic character with a
hydrophobic inner core and a hydrophilic outer shell, the latter being composed of water-
soluble moieties like amides and carboxylates that project from the monomeric units.

The formation of water-soluble copolymer was assessed by nuclear magnetic resonance
spectroscopy. In Fig. 2A, we illustrate a typical H nuclear magnetic resonance spectrum
and chemical shift assignments of the copolymer formed, using NMA622 as an example.
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The figure also displays the structures of the monomeric units, with the dashed line
representing the vinyl end groups involved in polymerization. Polymerization is clearly
indicated by the absence of proton resonance of vinyl end groups of the monomers.
Resonance can be observed at the upfield region (8 = 1.2— 2.3 ppm), attributable to the
saturated protons of the polymeric network. The broad resonance peak at 6 0.8 to 1.0 ppm is
contributed by the CH3 protons of the isopropyl group in N-isopropylacrylamide as well as
from the CHj3 protons of the methylmethacrylate moiety. The signal peaks at & 3.8 ppm and
8 3.5 ppm are assigned for the -NCH (CH3), protons of N-isopropylacrylamide and the -
OCHj3 proton of methylmethacrylate. The broad signal peak from the amidic protons of N-
isopropylacrylamide can be observed at the downfield region of the spectrum (& 7.4-8.0

ppm).

Particle Size, Morphology, and Surface Charge of the Polymeric Nanoparticles

The average particle size and the polydispersity index of NMA622 and NVA622
nanoparticles were studied by dynamic light scattering, and only NMA622 is illustrated for
sake of brevity. The representative size distribution of the copolymeric nanoparticles is
illustrated in Fig. 2B, which clearly shows a narrow size distribution with the average
particle diameter of ~80 + 34 nm and a polydispersity index of 0.119. The size and
morphology of the polymeric nanoparticles were further confirmed with transmission
electron microscopy (Fig. 2C). Both low-magnification (right) and high-magnification (left)
images shown here show spherical morphology and near-complete homogeneous dispersion
of the nanoparticles. The nanoparticle size observed in transmission electron microscopy
was consistent with the results obtained by dynamic light scattering. Zeta potential
measurements confirmed a comparable negative surface charge for both nanoparticles,
specifically —10.3 + 3.94 for NMAG622 and —12.8 + 3.66 for NVA622.

In vitro Release Kinetics

The in vitro release profile of rapamycin from the drug-loaded NMA622 polymeric
nanoparticles at “neutral” (pH 7.4) and *“acidic” (pH 5.0) is shown in Fig. 2D. A clear
distinction is observed for the release kinetics between the two different pH conditions, with
an enhanced “burst” effect at the acidic pH within the first 2 hours. Over the next 24 hours,
there is increasing parity between the two pH conditions, culminating in ~100% release
observed at 168 hours (day 7).

In vivo Pharmacokinetics of NMA622 and NVA622 Compared with Rapamune in Non —
Tumor-Bearing Mice

In experiment 1 (Fig. 3A), only trace amounts of rapamycin (<20 ng/mL) were detectable by
high-performance liquid chromatography in the plasma of mice receiving free rapamycin in
water. In contrast, significant blood levels of rapamycin (~2,500-3,000 ng/mL) were
observed with both NMAG622- and NVA622-encapsulated nanorapamycin, and no
significant difference was apparent in this single time point experiment. The rapamycin
concentrations between central venous blood and peripheral blood in experiment 2 (Fig. 3B)
were nearly identical at the two sites, confirming equitable systemic distribution of the drug
and establishing the validity of using peripheral blood for the time course study in
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experiment 3. Figure 3C illustrates the mean rapamcyin blood concentrations for orally
administered NMA622- and NVA622-encapsulated rapamycin compared with an equivalent
single dose of Rapamune over a 24-hour period. Significant rapamycin blood concentrations
were detectable as early as 30 minutes after oral administration, with both nanoparticle
formulations. NMA622 displayed a biphasic release/distribution of rapamycin within the
first 4 hours after drug administration; this characteristic parallels the in vitro release
Kinetics, as previously described. The mean area under the concentration time curve
(AUCo.infinity) Was 21,975.7 ng h/mL for NMA622, 11,432.4 ng h/mL for NVA622, and
9536.7 ng h/mL for Rapamune; the differences were not statistically significant due to the
large coefficients of variation. The Cppax values were 1,684.9 ng/mL for NMA622, 1,837.9
ng/mL for NVA622, and 580.0 ng/mL for Rapamune, whereas the corresponding Tyax
values were 1.5, 1.33, and 6.67 hours, respectively. There were no significant differences
with elimination half-life, clearance, and volume of distribution between the two
nanorapamycin formulations (data not shown). In light of the favorable AUCq.jnfinity of
NMAG622 compared with NVA622, all subsequent in vivo experiments in mice were done
with NMAG622 nanoparticles.

Lack of Apparent Systemic Toxicities with Void Oral NMA622 in Mice

Before initiation of treatment studies with oral nanorapamycin, we established the
preliminary safety profile of the nanoparticle carrier (NMA622) on longer-term
administration than the single-dose experiments described above. VVoid NMAG622 polymeric
nanoparticles were administered orally at 500 mg/kg daily to four wild-type CD1 mice (two
male, two females) for a period of 4 weeks. No behavioral abnormalities or weight loss was
observed during the course of therapy in any of the mice receiving void NMA622 (Fig. 4A).
No gross residua of the nanoparticles were seen within the lumen of the gastrointestinal
tract, consistent with the biodegradability of the nanoparticles. Histologic examination of
major visceral organs (liver, kidney, lung, intestines, etc.) showed no apparent signs of
toxicity with NMA622 nanoparticles (Fig. 4B).

Oral Nanorapamycin Inhibits the Growth of Pancreatic Cancer Xenografts

To evaluate the in vivo therapeutic efficacy of oral nanorapamycin and to perform a head-to-
head comparison with Rapamune, we used a previously described low-passage pancreatic
cancer xenograft, Panc198, which is highly sensitive to the injectable rapalogue,
temsirolimus (15). Cohorts of athymic mice with s.c. Panc198 xenografts were randomly
assigned into one of three arms: PBS only p.o. (control), oral nanorapamycin (NMA622
formulation encapsulating 15 mg/kg equivalent rapamycin), or oral Rapamune (15 mg/kg),
administered once daily for 4 weeks. As depicted in Fig. 5A and B, treatment with either
oral nanorapamycin or Rapamune resulted in significant growth retardation of s.c. Panc198
xenograft tumors compared with control mice, with significant differences in average tumor
volumes observed from weeks 2 through 4. Although the average xenograft volumes were
marginally smaller in nanorapamycin-treated mice than in the Rapamune arm, this
difference was not statistically significant. We did not observe any behavioral changes, loss
of body weight, or other signs of toxicity in oral nanorapamycin-treated mice (Fig. 5C)
compared with control or Rapamune-treated mice. The treated and control tumors were
harvested at 4 weeks. Growth retardation in oral nanorapamycin — treated Panc198

Mol Cancer Ther. Author manuscript; available in PMC 2015 July 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bisht et al.

Page 9

xenografts was mirrored by histologic changes in the tumor microenvironment, with a more
prominent stromal component and smaller tumor cell islands than in control mice (Fig. 5D).

A number of direct and indirect pharmacodynamic assays were also done to confirm the
bioavailability of orally delivered rapamycin within the tumor tissues. Mice were euthanized
24 hours after administration of the last oral dose, and blood and xenografted tumors were
harvested for rapamycin levels. At this time point, rapamycin was still detectable in both
blood and tumor tissues derived from all mice in the nanorapamycin or Rapamune treatment
groups but none of the control animals (Fig. 6A). In line with the observed growth
inhibition, oral nanorapamycin— and oral Rapamune-treated xenografts showed reduced
nuclear Ki67 staining compared with control mice, consistent with reduced proliferation
(Fig. 6B). Finally, the status of activation of the mTOR pathway was assessed by
immunohistochemistry and by Western blot analysis of control and treated xenografts, using
the phosphorylation status of the 40S ribosomal protein S6 kinase (p70s6Kk) as the readout
(20, 21). Both assays showed marked reduction of phospho-p70s6k, but not total p70s6k
(Fig. 6C and D), in line with robust mTOR pathway inhibition in oral nanorapamycin- or
oral Rapamune-treated Panc198 xenografts.

Discussion

Poor water solubility and low systemic bioavailability are among the more common hurdles
that need to be circumvented to translate potential drug candidates into clinical practice (4,
22). Nanoparticle drug delivery strategies that have enabled systemic administration of
hydrophobic anticancer drugs include albumin-based nanoparticles of paclitaxel (Abraxane;
ref. 23) and liposomal formulations of anthracyclines (DaunoXome and Doxil; refs. 24, 25),
all of which are currently approved by the Food and Drug Administration for various cancer
indications. Similarly, a number of polymeric micelles or polymer conjugates of
hydrophobic drugs have been synthesized (e.g., Genexol-PM, Xyotax, NK911, NK012, etc.)
and are at various phases of clinical testing in human cancers (26-28). These examples
underscore the great promise of nanotechnology in oncologic therapy. Polymeric materials,
in particular, have multiplicity of advantages for in vivo drug delivery, including
biocompatibility, biodegradability, nonimmunogenicity, active targeting via surface
functionalization, and pH-sensitive and thermo-sensitive properties for controlled release in
the body (reviewed in refs. 29, 30).

Our laboratory has previously described the synthesis of amphiphilic vinyl polymer—based
nanoparticles for encapsulating the hydrophobic plant polyphenol diferuloylmethane
(curcumin; ref. 31). The resulting “nanocurcumin” is readily soluble in aqueous media and
shows potent growth inhibitory activity against human pancreatic cancer cell lines in vitro.
In this present study, we extend our prior work to the in vivo setting by developing
amphiphilic nanoparticles that are capable of delivering the encapsulated drug orally.
Specifically, we have engineered nanoparticles composed of N-isopropylacrylamide,
methylmethacrylate, and acrylic acid in fixed molar ratios of 60:20:20 (designated
NMAG622) and encapsulated the hydrophobic drug rapamycin within these nanoparticles
(nanorapamycin). We have also synthesized an alternate nanoparticle composed of N-
isopropylacrylamide, vinylpyrrolidone, and acrylic acid in molar ratios of 60:20:20, and
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designated these as NVA622. Our choice of the constituent monomers was not random, but
rather guided by the need for developing a mucoadhesive polymer that would “stick” to the
gastrointestinal tract mucosa during transit. Previous experimental attempts at developing
orally bioavailable nanoparticles for drug, peptide, or gene delivery have highlighted the
importance of the role played by the nanoparticle surface charge and hydrophilicity/
hydrophabicity ratio in increasing gastrointestinal transit time, and thereby enhancing
mucosal transcytosis (reviewed in refs. 32, 33). One common strategy for promoting oral
uptake has been surface modification with polyethylene glycol (PEG), which provides
negative surface charge and hydrophilicity, rendering the particles mucoadhesive and
increasing transit times in the gastrointestinal tract (34). The incorporation of acrylic acid in
our copolymer provides analogous negative carboxylic groups, as well as hydrophilicity,
thus obviating the need for “PEGylation.” Although we did not perform quantitative
fluorescence trafficking studies on our nanoparticles across the gut mucosa, one can
speculate that the superior pharmacokinetics of NMA622 compared with NVA622 might be
a consequence of a better hydrophilic/hydrophobic ratio due to the incorporation of
hydrophobic methylmethacrylate in the copolymer in combination with the negative charge
provided by the carboxylic moieties of acrylic acid.

In this study, we have successfully shown the ability of single-agent oral nanorapamycin to
significantly inhibit the growth of pancreatic cancer xenografts in mice over a 4-week once-
daily regimen. Further, we have confirmed that this growth inhibition is accompanied by
blockade in activation of the mTOR pathway, which is the molecular target of the
encapsulated therapeutic (9). Rapamycin is a prototype for a poorly water-soluble drug with
low oral bioavailability that would greatly benefit from nanoencapsulation of the type
described in this report. Several strategies have been used to improve the pharmacokinetics
of rapamycin, including the development of water-soluble analogues like temsirolimus
(CCI-779), deforolimus (AP23573), and everolimus (RADQ01), which can be administered
through either i.v. or oral routes, and are actively undergoing evaluation in a variety of
human cancers (35-38). The parental compound (sirolimus) itself has been rendered orally
bioavailable by fine milling (grinding) of the crystalline drug to particles <400 nm in size,
using a proprietary “NanoCrystal” technology (Rapamune), which increases the exposed
surface area of the ingested drug and enhances absorption in the gastrointestinal tract (39,
40). Finally, a parenteral-only albumin nanoparticle (nhab) formulation of rapamycin
(ABI-009) is undergoing phase I trial in solid and hematologic malignancies (41). In the
current study, we performed a direct comparison between Rapamune and NMA622 particles
vis-a-vis in vivo pharmacokinetics and therapeutic efficacy in a pancreatic cancer xenograft
model. We were able to demonstrable a superior pharmacokinetic disposition of NMA622
over Rapamune, although both formulations had essentially similar growth inhibitory effects
on the Panc198 xenograft model. Given the exquisite sensitivity of this xenograft to mTOR
inhibition (14, 15), the comparable antitumor efficacy is not unexpected, and future studies
in more recalcitrant solid tumor models will show whether the enhanced systemic
bioavailability translates into superior efficacy.

In addition to the oral bioavailability and demonstrable in vivo preclinical efficacy, there are
several encouraging caveats to nanorapamycin vis-a-vis the existing formulations. First, the
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polymeric nanoparticles we have synthesized are consistently smaller than 100 nm in
diameter, which, combined with their intrinsic mucoadhesive character, should facilitate oral
uptake that is at least comparable, if not superior, to the larger rapamycin nanocrystals. As
the time course experiments show, significant blood rapamycin levels are observed as early
as 30 minutes after oral administration of nanorapamycin, and the drug continues to be
detectable in blood 24 hours after the last dose. Second, the drug-loaded nanorapamycin is
lyophilized and stored in powder form at room temperature, from which it can be readily
reconstituted in aqueous media for parenteral administration or dispensed as measured
modules for oral intake (e.g., as capsules). For example, the NMA622 formulation used for
preclinical studies was synthesized as much as 2 to 3 months before oral administration
without demonstrable loss of efficacy. Thus, from a logistical perspective, nanorapamycin
offers significant advantages over a parenteral-only formulation or one that requires
refrigeration for storage and transport. Third, incidental toxicity resulting from the
nanoparticulate carrier is an issue of considerable concern to regulatory agencies as well as
to the medical community (42). Our preliminary experiments with NMAG622 nanoparticles
show that even “mega” dosing of the void polymers (500 mg/kg daily p.o.) for 4 weeks in
mice failed to elicit any apparent systemic toxicities; however, we emphasize that further
toxicity studies are clearly needed to cement this finding. Finally, although not a focus of
this current study, the polymeric nanoparticles can be surface modified by conjugation of
peptides, aptamers, or antibodies to reactive carboxylic groups for enabling active targeting
to specific cell types in vivo. As our own tumor treatment data exemplify, active targeting to
cancer tissues is by no means mandatory, and the nanoparticles likely accumulate in the
peritumoral milieu as a result of the so-called “enhanced permeability and retention” effect
(43). Nevertheless, active targeting might significantly decrease the effective dosing
required for antitumor efficacy. For example, MacDiarmid et al. (44, 45) reported that they
were able to reduce i.v. doxorubicin doses required to achieve significant growth inhibition
of murine breast cancer xenografts by more than 3 log scales when the drug was
encapsulated in so-called “nanocells” coated with anti—epidermal growth factor receptor
antibodies. Our group has previously identified several cell surface antigens preferentially
overexpressed on pancreatic cancer (46) and has recently confirmed the feasibility of
delivering antibody-conjugated radionuclides and nanoparticles targeted to these surface
antigens (47, 48).

In conclusion, we report the synthesis, physicochemical characterization, and preliminary
toxicity studies of polymeric nanoparticles capable of delivering hydrophobic drugs through
the oral route. We have shown the in vivo therapeutic efficacy of an oral nanorapamycin
formulation using pancreatic cancer xenografts as a disease model. In addition to rapamycin,
we have encapsulated a broad range of hydrophobic agents against cancer and other
nonneoplastic diseases (e.g., paclitaxel, curcumin, rifampicin, griseofulvin, etc.) in our
polymeric nanoparticles (Supplementary Fig. S1), and the application of these nano-drug
formulations in relevant disease models is presently ongoing in our laboratory. We envision
that the development of a robust and safe oral nano-delivery platform will enable the
systemic administration of compounds otherwise not amenable to this delivery route and
will improve patient compliance and reduce adverse events.
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Figure 1.
Synthesis of NMA622 and NVA622 polymeric nanoparticles. A, schematic overview of the

synthetic procedure for NMA622 copolymeric nanoparticles. NIPAAM, N-
isopropylacrylamide; MMA, methylmethacrylate; AA, acrylic acid; MBA, N,N’-methylene-
bis-acrylamide; APS, ammonium persulfate. A homologous scheme is used for synthesis of
NVA622 nanoparticles. B, nanoencapsulation of rapamycin in NMA622 copolymeric
nanoparticles leads to complete dispersion of the drug in aqueous media. Free rapamycin
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suspended in water results in a turbid solution (left), whereas a transparent solution is seen
with NMAG622-encapsulated rapamycin (right).
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Figure2.
Physicochemical characterization of NMA622 polymeric nanoparticles. A, spectroscopic

measurement shows complete polymerization and absence of the monomers, as is evident by
the IH nuclear magnetic resonance spectrum. B, representative size distribution overlay with
dynamic light scattering shows the average diameter of the particles to be ~80 £ 34 nm, with
a polydispersity index of 0.119. C, transmission electron microscopy is used to determine
the size and morphology of the copolymeric nanoparticles. The figures confirm that the
nanoparticles are completely spherical, with low polydispersity and an average diameter of
<100 nm (left, x 150,000 magnification; right, x40,000 magnification). D, in vitro release
kinetics of rapamycin from NMA622 polymeric nanoparticles dispersed at pH 7.4
(triangles) and pH 5.0 (squares) shows a first sudden burst release of the drug within 30 min
at the acidic pH. Points, mean of experiments done in triplicates; bars, SD.
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Figure 3.

Ingvivo pharmacokinetics of orally administered NMA622 and NVA622 nanoparticles. A,
rapamycin whole blood concentrations were measured in central blood obtained via cardiac
puncture 2 h after oral application of rapamycin (15 mg/kg) administered in either NMA622
or NVA622 (n = 4 per arm). Rapamycin suspended in water was used as control. Y axis,
mean rapamycin concentrations (ng/mL) determined by high-performance liquid
chromatography. B, rapamycin concentrations were compared at 2 h after oral
administration in central versus peripheral venous blood specimens in three mice
administered single dose of NMA622-encapsulated rapamycin (15 mg/kg). Y axis, mean
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rapamycin concentrations (ng/mL) determined by high-performance liquid chromatography.
C, concentrations of rapamycin were determined at 30 min and at 2, 4, 8, and 24 h after oral
administration of a single dose of rapamycin encapsulated in NMA622 or NVA622
nanoparticles, and compared with that of orally administered Rapamune (all equivalent to 15
mg/kg of active compound). Peripheral blood was obtained for this time course experiment
from six mice per cohort. Please see text for details of pharmacokinetic parameters for each
of the three formulations.
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Figure4.
Toxicity profile of void NMA622 nanoparticles administered over 4 wk. A, treatment with

void NMAG622 nanoparticles (500 mg/kg p.o.) for 4 wk did not lead to weight loss in wild-
type CD1 mice (n = 4 per group) at any time during the course of therapy. B, representative
photomicrographs of lung, kidney, liver, and intestines (H&E staining). No evidence of
toxicities was discernible in these organs.
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Figure5.
In vivo efficacy of oral nanorapamycin and oral Rapamune in the rapalogue-sensitive

Panc198 pancreatic cancer xenograft. A, treatment of the s.c. Panc198 xenografts with oral
nanorapamycin and oral Rapamune results in significant growth inhibition as compared with
mock-treated controls. X axis, weeks of therapy; Y axis, average tumor volumes for each
time point of measurement (seven Panc198 xenografts per arm). B, representative
photographs of Panc198 xenograft-bearing mice treated with oral nanorapamycin, oral
Rapamune, and control tumor, taken at the end of the 4-wk treatment course. C, no loss of
body weight was observed in mice in the oral nanorapamycin treatment arm, comparable to
the Rapamune and control arms, underscoring the absence of incidental toxicities. D,
representative photomicrographs of control (a), NMA622-nanorapamycin—treated (b), or
Rapamune-treated (c) Panc198 xenografts. There is an increase in the intervening stromal
component, and smaller islands of neoplastic cells are seen, in the xenografts receiving oral
nanorapamycin compared with control xenografts; this alteration was less appreciable in the
Rapamune group.
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Figure6.
Oral nanorapamycin accumulates within tumor tissues, blocks proliferation, and inhibits the

mTOR signaling pathway in pancreatic cancer xenografts. A, twenty-four hours after
administration of the last oral nanorapamycin and Rapamune dose, rapamycin
concentrations were measured in blood as well as in tumor tissue samples by high-
performance liquid chromatography. Y axis, average concentrations (ng/mL) of rapamycin
in plasma obtained from four treated mice in each arm and in tissue samples from seven
treated xenografts. Points, mean; bars, SE. B, treatment with oral nanorapamycin and
Rapamune leads to impaired tumor cell proliferation, as shown by immunohistochemistry
for Ki67 (MIB-1) nuclear antigen, compared with levels in control xenografts. C, oral
nanorapamycin inhibits the mTOR signaling pathway in Panc198 xenografts, as evidenced
by marked downregulation of the phosphorylated form of p70s6k, as determined by
immunohistochemistry on formalin-fixed xenograft tissues. Comparable inhibition is
observed with Rapamune therapy. D, oral nanorapamycin inhibits the mTOR signaling
pathway in Panc198 xenografts, as evidenced by marked downregulation of the
phosphorylated form of p70s6k, determined by Western blot analysis of frozen xenograft
tissues. Comparable inhibition is observed with Rapamune therapy.
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