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ABSTRACT

Purpose Current cancer chemotherapy is gradually shifting to the
application of drug combinations that prevent development of drug
resistance. Many anticancer drugs have poor solubility and limited
oral bicavailability. Using an innovative approach, we developed dual-
drug nanoformulations of a polymeric nanogel conjugate with anti-
cancer 5-FU nucleoside analog, floxuridine (FLOX), and the second
anticancer drugs, paclitaxel (PCL), or a geldanamycin analog, |7-
AAG, for combination therapy.

Methods PCL or |7-AAG had been encapsulated in the
cholesteryl-polyvinyl alcohol-floxuridine nanogel (CPVA-FLOX) by
simple solution mixing and sonication. Dual nanodrugs formed par-
tides with diameter 180 nm and either drug content (5-20%) that
were stable and could be administered orally. Their cytotoxicity in
human and mouse cancer cells was determined by MTT assay, and
cellular target inhibition — by Western blot analysis. Tumor growth
inhibition was evaluated using an orthotopic mouse mammary 4T |
cancer model.

Results CPVA-FLOX was more potent than free drug in cancer
models including drug-resistant ones; while dual nanodrugs demon-
strated a significant synergy (CPVA-FLOX/PCL), or showed no
significant synergy (CPVA-FLOX/17-AAG) compared to free drugs
(PCLor I7-AAG). Dual nanodrug CPVA-FLOX/17-AAG effect on its
cellular target (HSP70) was similar to 17-AAG alone. In animal
model, however, both dual nanodrugs effectively inhibited tumor
growth compared to CPVA-FLOX after oral administration.
Conclusion Oral dual-drug nanoformulations of poorly-soluble
drugs proved to be a highly efficient combination anticancer
therapy in predlinical studies.

KEY WORDS |7-AAG - dual-drug nanoformulations -
floxuridine - oral delivery - paclitaxel

INTRODUCTION

Cancer cells develop drug resistance after prolonged and
repeated exposure to many anticancer drugs (1). This is a
major clinical setback of chemotherapy resulting in tumor
relapse. As a drug resistance-preventive strategy, combina-
tions of drugs that include different mechanisms of action
have been evaluated, such as gemcitabine and cisplatin for
treatment of non-small cell lung carcinoma (2), or capecita-
bine and docetaxel for treatment of breast cancer (3). Pacli-
taxel (PCL) is a widely prescribed drug with activity against
various cellular pathways (4). Previous studies have shown that
PCL can be combined with other drugs such as gemcitabine,
capecitabine, and fludarabine due to its non-overlapping tox-
icity with nucleoside analogs as DNA and microtubule dam-
aging agents (5,6). Considerable interest has been recently
shown to the development of new anticancer drug 17-AAG,
a promising heat shock protein 90 (HSP90) inhibitor (7). Prior
research of 17-AAG demonstrated that it can induce func-
tional loss of client proteins and sensitize tumor cells to nucle-
oside analogs that are active in the S-phase during replication
(8,9). Both PCL and 17-AAG alone are poorly soluble in
water and usually ineffective as oral drugs. Nanoencapsulation
can increase drug bioavailability and targeted delivery into
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tumors. Rational design of drug delivery systems is currently
one of the most rapidly developing areas of cancer therapy.
Drug nanoformulations which are able to deliver and release
drugs in a controlled manner in tumor microenvironment can
significantly increase the efficacy of chemotherapy while re-
ducing nonspecific toxicities and side effects (10).

We previously demonstrated that nanogel-drug conjugates
(nanodrugs) of floxuridine and gemcitabine are efficient
against regular and drug-resistant tumors (11,12). The
nanodrugs containing nucleoside analogs attached via the
tetraphosphate linker to CPVA demonstrated strong tumor
growth inhibition activity even against drug-resistant cancers.
The free drugs can be released in an active phosphorylated
form from nanodrugs inside cancer cells over extended time
period, by passing the critical nucleoside activation step. The
aim of the current study was to apply these nanodrugs for
encapsulation and delivery of poorly soluble anticancer drugs
in order to obtain more efficient dual-drug nanoformulations,
even for oral administration. Drugs such as PCL and 17-AAG
have never been used for oral administration due to their low
bioavailability and instability in gastrointestinal (GI) tract.
Here, we demonstrated the preparation and superior activity
of oral dual nanodrugs over the mixture of two drugs in
preclinical cancer models.

MATERIALS AND METHODS
Materials

Chemical reagents, solvents, and polymers were purchased
from Sigma-Aldrich (St. Louis, MO) and Alfa Aesar
(Wardhill, MA) with the highest available purity and used
without purification unless otherwisestated.5-Fluro-2'-
deoxyuridine (Floxuridine, FLOX) was obtained from
SynQuest Laboratories (Alachua, FL).17-(allylamino)-17-
demethoxygeldanamycin (17-AAG) was obtained from
ChemieTek (Indianapolis, IN). Centrifuge filter devices
(MWCO 3500 Da) were purchased from Millipore
(Bedford, MA). CPVA-FLOX conjugate was synthesizedas
earlier described (11).

Cells

Human breast carcinoma, MDA-MB-231 and BT-474, were
maintained in alpha-modified Minimum Essential Medium
(a-MEM) supplemented with 5% fetal bovine serum
(FBS),1% L-glutamine, and 1% penicillin-streptomycin.
MIAPaCa-2 and Capan-1cells were a kind gift from Surinder
Batra, UNMC; the cellswere maintained in DMEM high
glucose medium supplemented with 10% FBS, 1% L-gluta-
mine, and 1% penicillin-streptomycin. 4 T1 mouse mammary
carcinoma cells were a kind gift from Joseph Vetro (UNMC).
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The cells were cultured in RPMI 1640 supplemented with 2
mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate,
1% penicillin-streptomycin, and 10% FBS. All cells were
maintained at 37°C in a humidified atmosphere containing

5% CO..
Nanoformulation

The CPVA-FLOX conjugate used for nanoformulation
contained PVA with M.w. 31,000 and the FLLOX content
0.45 pmol/mg (11). CPVA-FLOX(5.0 mg) was mixed with
0.5 mg 17-AAG (10% by weight) or 0.25 mg paclitaxel (5% by
weight) in 0.5 mL DMSO. This solution was added drop wise
to 50 mLPBS and sonicated for 5 min (Branson Sonifier 200).
Drug loading in CPVA-FLOX/17-AAG was determined by
UV absorbance at 320 nm (e 19,300) for 17-AAG and at
260 nm (g 7,000) for FLOX. Paclitaxel (PCL) content in
CPVA-FLOX/PCL was determined by reverse-phase HPLC
analysis using an Ascentis-C18 column (10 pm, 15 cmX
4.6 mm) at flow rate of I mL/min. The elution was performed
with buffer A: 5% acetonitrile/water; and buffer B: 95%
acetonitrile/water in a linear gradient mode (100% B in
20 min), using detection at 223 nm.

The hydrodynamic diameter and polydispersity of
nanogels and dual nanodrugs was measured by dynamic light
scattering using a Zetasizer Nano-ZS90 (Malvern,
Worcestershire, UK). All samples were sonicated to prepare
uniform dispersions and centrifuged for 4 min at 10,000 rpm
before measurements. Size distribution of the samples was
characterized by the polydispersity index. Zeta-potential was
calculated on the base of electrophoretic mobility at 25°C
using the Zetasizer software. The data reported in Table I
represents an average of three measurements.

In Vitro Drug Release

In vitro drug release was studied in simulated gastric fluid (SGF)
and in physiological conditions (PBS). Briefly, SGI was pre-
pared by dissolving 3.2 g/L of pepsin (800-2500 U/mg) from
porcine stomach mucosa in 34 mM NaCl and 84 mM HCI
adjusted to final pH 1.2. CPVA-FLOX/17-AAG and PCL
formulations (10 mg) were placed in dialysis tubes (MWCO
3500) contained 0.5 mL of SGF or PBS and incubated against
the same solutions at 37°C. Samples (50 pL) withdrawn from
the tubes at selected time points have been analyzed by UV
absorbance for FLOX (260 nm, & 7,000) and 17-AAG
(320 nm, € 19,300) in triplicate (Spectramax M2 spectropho-
tometer, Molecular devices, Sunnyvale, CA). PCL release was
analyzed by reverse-phase HPLC using and Ascentis-C 18
column (10 pm, 15 cm X 4.6 mm) at flow rate of 1 mL/min.
The elution was performed with buffer A: 5% acetonitrile/
water; and buffer B: 95% acetonitrile/water in a linear gra-
dient mode (100% B in 20 min), using detection at 223 nm.
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Table I Physicochemical Characteristics of Dual Nanodrugs

Nanodrugs® dn, nm PDI ¢, mV
CPVA 35+1.3 0.36=0.01 0+3.7
CPVA-FLOX 42+64 0.40+0.04 —85+3.6
CPVA-FLOX/17-AAG 169 +2.1 0.32+0.04 —17.9+43
CPVA-FLOX/PCL 189+6.3 0.45+0.02 —18+x34

®Particle size (dy), polydispersity index (PDI), and zeta-potential ({) were
measured in 1% aqueous solutions after sonication (30 min). The results
are means = SD of three measurements

Cell Viability Assay

Cytotoxicity of dual-drug nanoformulations was analyzed in
various breast and pancreatic cancer cell lines by MTT assay.
Briefly, BT-474, MDA-MB-231, 4T1, Capan-1 and MIA
PaCa-2 cells were seeded in 96-well plates at a density of
3,000 cells/200 pL growth medium per well. Cells were
allowed to attach overnight and serial dilutions of drugs were
added. Solutions of PCL and 17-AAG were prepared with
Cremaphor®EL as solubilizer. PCL-containing samples were
incubated in full medium for 3 days (MIA PaCa-2 and Capan-
1 cells), and 17-AAG samples for 7 days (BT-474, MDA-MB-
231 and 4 T'1 cells) at 37°C. Metabolic mitochondrial activity
was determined by adding 20 pL of a 5 mg/mL MTT
solution in 100 pL of Phenol red-free DMEM medium. The
samples were then incubated for 4 h at 37°C, and 100 uL of
extraction buffer (20% SDS in DMF/water, 1:1, pH 4.7) was
added to each well. Samples were incubated for 24 h at 37°C.
Optical absorbance was measured at 560 nm using a Model
680 microplate reader (BioRad, Hercules, CA), and cytotox-
icity was expressed as a percentage of survived cells compared
to a non-treated control. All samples were analyzed by an
average of eight measurements (means+ SEM). Percentage of
viable cells was plotted against the log of the drug concentra-
tions, and drug concentrations resulting in 50% cellular via-
bility (IC5( values) have been calculated using a trapezoid rule
as averages of two independent cellular experiments.

Western Blot

Treated cells or tumor tissues were lysed with ice-cold lysis
buffer containing 50 mM Tris-HCI (pH7.5), 150 mM sodium
chloride, 10% SDS, 1% Triton X-100, and 1 mM
phenylmethanesulfonylfluoride. BCA protein assay kit (Pierce,
Rockford, IL) was used to measure protein concentration.
Samples with equal amounts of total protein were separated
by 10% SDS-polyacrylamide gel electrophoresis and trans-
ferred onto poly(vinylidenedifluoride) membrane. The mem-
brane was blocked with 1% bovine serum albumin in TBS-T
buffer (10 mM Tris-HCI pH 8.0, 150 mM sodium chloride,
0.05% Tween-20, 0.02% sodium azide) for 2 h at 25°C. The

membrane was then incubated with an optimal concentration
of antibody in TBS-T buffer overnight at 4°C. The next day,
the membrane was washed 3 times with TBS-T buffer and
incubated with horse radish peroxidase-conjugated protein
(1:20,000 dilution in TBS-T buffer) for 2 h at 25°C. Protein
signal was measured using Pierce ECL Western Blotting
Substrate.

Tumor Growth Inhibition

Female BALB/c mice (6—8 weeks old, 2025 g) were obtained
from the Charles River Laboratories (Wilmington, MA). The
mice were housed five per cage in a sterile and temperature-
controlled facility, receiving food and water ad lbitum. This
research was conducted under a protocol approved by the
University of Nebraska Medical Center Animal Care and Use
Committee. All manipulations with animals were performed
using sterile solutions.

To induce tumors, mice were injected subcutaneously in
the right flank mammary fat pads with 1x10° carly-passage
4T1 cells re-suspended in 400 pL of serum-free medium
containing 20% Matrigel (Becton-Dickinson, San Diego,
CA). Approximately 1 week after injection, when tumors
could be palpitated, mice were randomly divided into treat-
ment and control groups (n=>5-6). Solutions of CPVA-FLOX,
CPVA-FLOX/PCL and CPVA-FLOX/17-AAG in 2% su-
crose were administered via oral gavage (50 pL) twice a week
at doses of 16 mg/kg (FLOX), 8 mg/kg (PCL), and 16 mg/kg
(17-AAG), respectively. Tumor size was measured using elec-
tronic calipers, and the volumes were calculated according
using the formula: TV (tumor volume, mm®)=L/2XW?,
where L and W are length and width of tumor in millimeters.
Experiments were terminated when TV reached 15% of
mouse weight, or when mice became moribund.

Statistical Analysis

Tumor growth inhibition results between control and treat-
ment animal groups were compared on selected days by a
two-tailed Student’s ttest. Differences in tumor volumes are
considered statistically significant when p<0.05.

RESULTS
Characterization of Dual Nanodrugs

Dual-drug formulations could be easily prepared by mixing
DMSO solutions of hydrophobic drugs (17-AAG or PCL)
with aqueous solution of CPVA-FLOX at ultrasonication.
Small nanogel particles with a hydrophobic core consisting
of cholesterol and the second drug molecules form during this
process (Fig. 1). Anionic chains of CPVA-FLOX in the
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hydrophilic outer layer of dual nanodrugs prevent aggrega-
tion and precipitation of encapsulated hydrophobic drugs. We
found that dual nano-drugs formed stable dispersions with a
hydrodynamic diameter of 179+ 10 nm in aqueous media.
This method was capable of attaining dual nanodrugs with
FLOX content of 0.4 pmol/mg, 17-AAG content of
0.16 pmol/mg, and PCL content of 0.08 pmol/mg. The
CPVA-FLOX/17-AAG and CPVA-FLOX/PCL demon-
strated at least 400 times higher solubility of hydrophobic
drugs in aqueous media and better solubility compared to
Cremaphor®EL.

The average size of CPVA-FLOX was 42 nm with narrow
polydispersity index (PDI), while dual nanodrugs formed par-
ticles with 4 times higher diameter and the PDI in the range of
0.25-0.4 (Table I). The size and morphology of dual
nanodrugs was confirmed by the transmission electron mi-
croscopy (TEM) (Fig. 2). In the TEM results, formation of a
compact hydrophobic core inside nanoformulations following
the loading of the second drug can be observed after negative
staining.

Opverall charge (zeta-potential) of all nanoformulations was
negative, and the inclusion of hydrophobic drugs resulted only
in slight increase of zeta-potential, evidently due to the higher
surface area of dual nanodrugs. Storage stability of dual
nanodrugs was determined by monitoring size and zeta po-
tential of dispersions. When a sufficient amount of charged
polymer chains was located on the surface, hydrophobic drug
molecules in the core were protected from aggregation. Sta-
bility of dual nanodrugs evidently depended on the second
drug structure. For example, 17-AAG content in stable nano-
formulation can be as high as 15-20%, while the PCL content
usually was 2-3 times lower. Heavy loaded CPVA-FLOX/
17-AAG formulations remained stable for 6 weeks loosing less
than 10% of the second drug. CPVA-FLOX/PCL
nanoformulations remained stable for 3—7 days with the loss
of the second drug less than 10%. At 37°C, the stability
remained high; for example, CPVA-FLOX/17-AAG was
stable for 3 weeks. Stable dual-drug formulations with opti-
mized drug contents (10% 17-AAG and 5% PCL) have been
used 1n all subsequent experiments.

In Vitro Drug Release

Stability of the dual nanodrug CPVA-FLOX/17-AAG and
CPVA-FLOX/PCL in gastric conditions was monitored at
37°C in simulated gastric fluid. The maximum transit time in
stomach 1s generally 5 h. We observed a very slow drug release
(< 1% after 6 h) for all three drugs in these conditions
(Fig. 3a, b, c¢). FLOX release at pH 7.4 was also slow
(Fig. 3d). We do not expect any significant drug loss during
the dual nanodrug delivery to the tumor site. Previously, we
demonstrated sustained release of nanogel-FLOX conjugate
at both pHs (11). Both dual nanoformulations were stable
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enough in gastric conditions to be used for oral administra-
tion. The second drug (FLOX) release 1s slower than the first
drug release. Thus, when nanodrugs interact with cellular
membrane, they are incorporated and allowed the second
drug penetrate into cytoplasm by previously suggested
mechanism (27).

Cytotoxicity Studies

Cytotoxicity of CPVA-FLOX, dual nanodrugs CPVA-
FLOX/PCL and CPVA-FLOX/17-AAG, dual-drug mix-
tures FLOX+PCL and FLOX+17-AAG, and individual
drugs was compared in human breast carcinoma MDA-MB-
231 and BT-474 cells, human pancreatic adenocarcinoma
MIA PaCa-2 and Capan-1 cells, and murine mammary car-
cinoma 4T1cells using a MTT cell proliferation assay. The
cell viability was assessed in MTT assay based on the activity
of mitochondrial dehydrogenases, converting the MTT dye
into a blue-colored formazan precipitated in living cells. Dead
cells or cells with damaged mitochondria do not develop the
blue staining. Both CPVA-FLOX/17-AAG and 17-AAG
demonstrated an equal activity with IC54 0.03+£0.01 uM in
BT-474 cells and 0.35£0.1 pM in MDA-MB-231 cells
(Fig. 4a, b). CPVA-FLOX/PCL exhibited a 3-10-fold en-
hanced cytotoxicity in MIA PaCa-2 and Capan-1 cells com-
pared to PCL alone, e.g. IC5¢ 0.35£0.07nM versus 1.2+
0.18nM in MIA PaCa-2 cells and 0.45%0.04nM versus 4.5+
0.14nM in Capan-1 cells (Fig. 4¢, f). Cytotoxicity of CPVA-
FLOX/17-AAG and CPVA-FLOX/PCL after incubation
with aggressive metastatic 4 T'1 cells was practically the same
as for Cremaphor®EL-stabilized drug solutions. CPVA-
FLOX nanogel-drug conjugate alone showed lower activity
than dual nanodrugs in all investigated cell lines.

Effect on the HSP70 Expression

Biological effect of 17-AAG was studied in high level ErbB2-
expressing BT-474 cells and low level ErbB2-expressing
MDA-MB-231 and 4 T1 cells. ErbB2 is a member of an
epidermal growth factor receptor (EGFR) family that is
expressed in most human breast cancers. Stability of ErbB2
that is important for tumor development is supported by the
HSP90 molecular chaperone complex that plays an important
role in the maturation and re-folding of certain signaling
proteins in cells exposed to environmental stress (13,14). 17-
AAG can interfere with its function and inhibit tumor growth
through its strong binding to an ATP/ADP binding pocket of
HSP90 and induction of the HSP70, which leads to degrada-
tion of ErbB2 (15). The effect of dual nanodrugs on the
HSP70 expression in BT-474 and 4 T1 cell lines was mea-
sured using a Western blot technique. CPVA-FLOX/17-
AAG induced the same level of HSP70 protein in BT-474
cells as the treatment with 17-AAG (Fig. 5a, ¢). 4 T1 cells
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o FLOX-TP ‘ 17-AAG/PCL @ Cholesterol
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oo ll_o_ o llo 17-AAG

o) OH le} OH Paclitaxel
HO
CPVA-FLOX

Fig. I Formation of nanogels (CPVA-FLOX) and dual nanodrugs (CPVA-FLOX/17-AAG or PCL), and chemical structures of all dual nanodrug components:
CPVA-FLOX, 17-AAG and PCL.

treated with CPVA-FLOX/17-AAG revealed the 1.75-2.50-  In Vivo Tumor Growth Inhibition

fold higher HSP70 levels compared to 17-AAG-treated cells

(Fig. 6). Complete loss of ErbB2 in ErbB2-overexpressing BT-  The therapeutic effect of dual nanodrugs was evaluated in an
474 cells was observed within only 8—24 h of the treatment by~ orthotopic 4 T1 mammary carcinoma model that produced
CPVA-FLOX/17-AAG. fast growing and aggressive tumors. Theses specific tumors

100 nm 100 nm 100 nm

Fig. 2 Transmission electron microscopy (TEM) images of (a) CPVA-FLOX/PCL, (b) CPVA-FLOX/17-AAG dual nanodrugs, and € CPVA-FLOX nanogel-drug
conjugate. Samples were sonicated for 30 min before vanadate staining. The bar is 100 nm.
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Fig. 3 Invitro drug release from the dual nanodrug CPVA-FLOX/17-AAG and CPVA-FLOX/PCL. (a) | 7-AAG, and (b) PCL () FLOX release in simulated gastric
fluid (pH 1.2). d FLOX release from CPVA-FLOX nanogel-drug conjugate at physiological condition (pH 7.4). Shown data are means =SD (n=3).

spontaneously metastasize from the primary tumor site to
multiple distant sites (including lymph nodes, blood, liver,
lung, brain, and bone) in approximately 6 weeks and repre-
sent a good breast cancer model (16). Tumor cells were
transplanted subcutaneously into mammary fat pads of female
BALB/c mice to initiate tumors in anatomically correct loca-
tions. The animals were randomly separated into treatment
groups (n=06), and aqueous solutions of saline (control group),
CPVA-IFLOX, CPVA-FLOX/17-AAG, and CPVA-FLOX/
PCL were administered by oral gavage using doses of 2 and
4 mg nanodrug per mouse (Fig. 7). At the dose 4 mg per
mouse, the individual drug doses were equivalent to 16 mg/kg
(FLOX and 17-AAG), and 8 mg/kg (PCL). The oral gavage
was performed twice a week for four consecutive weeks. These
doses are well-tolerated at oral administration as we previous-
ly determined (12). 17-AAG and PCL alone were not admin-
istered as controls because these drugs are not compatible with
oral administration. In this experiment, we compared the
anticancer effect of single and dual nanodrugs including ex-
clusively intravenous and low soluble drugs (17-AAG and
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PCL) in order to evaluate the advantages of combination
therapy.

Relative tumor volume (V/V,) was used in this study to
measure the therapeutic effect of nanodrugs, because the
initial tumor volumes (V) showed significant variability be-
tween mice. Tumor growth inhibition curves were obtained
by plotting mean relative tumor volumes as a function of time
for each experimental group. We observed a complete tumor
growth inhibition at an early stage after the treatment by dual
nanodrugs, while only a moderate inhibition was observed for
CPVA-FLOX at later stage (Fig. 7a). Compared to control
group, the inhibitory effect of dual nanodrugs was lower at the
dose of 2 mg per mouse. The differences in tumor growth
between the control and CPVA-FLOX/17-AAG and CPVA-
FLOX/PCL groups were statistically significant (P<0.05)
from Day 17 (Fig. 7a). 4 Tl tumors reached volumes corre-
sponding to 15% of animal weight in the control group within
2-3 weeks. Mice treated with CPVA-FLOX showed tumor
growth up to 17 days, and thereafter, the effect was cytostatic
and tumor volume remained unchanged for more than
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Fig. 4 Cytotoxicity of dual nanodrugs, CPVA-FLOX/I7AAG (10% | 7-AAG) and CPVA-FLOX/PCL (5% PCL). Cancer cell lines: (@) BT-474, (b) MDA-MB-231,
(cd) 4TI, (e) MIA PaCa-2, and (f) Capan-I|. Nanoformulations were compared with dual-drug mixtures at the same molar ratio (17-AAG:FLOX,I: 2.3;
PCL:FLOX, 1 6.8). Cell viability was measured after 7-daysincubation (17-AAG) or 3-days incubation (PCL). Data are means =SD (n=8).

30 days. A similar effect was observed for both dual
nanodrugs, but the tumor volume remained lower during
the first 10-12 days of treatment and was at least 25-30%
smaller in the end of the experiment compared to the group
treated by the CPVA-FLOX alone. These data suggest that
PCL or 17-AAG release from nanogels is faster than the
release of FLOX. Our results well correlate with i vitro drug
release data we previously observed (11). The effect of 17-
AAG or PCL was predominant during the first several days,

a 17-AAG CPVA-FLOX-17AAG
(0.2 uM) (0.2 M 17-AAG)
NT | 2 4 B 24 1 2 4 g 24 hrs
B-Actin —
b
NT | 2 4 8 24 12 4 8 24 hs

HSP70

HSCP70

B-Actin

when the drug concentration was sufficient enough to inhibit
the tumor growth. Thereafter, the cytostatic effect on tumor
growth was evidently maintained due to the continuous re-
lease of FLOX over a longer period of time.

To analyze the dosage effect on tumor growth rate, we
plotted an average daily increase in tumor volume between
Days 10 and 17 for each group (Fig. 7b). Animals treated with
the doses of 4 mg/mouse for CPVA-FLOX/PCL (8 mg/kg
PCL) or CPVA/17-AAG (16 mg/kg 17-AAG) showed

(o
25 -
2.
L)
_gl.s-
O
- 1 -
<
M ogs
0 - T T T T T T
NT 1 2 4 8 24 1 2 4 8 2dhs

17-AAG CPVA-FLOX/17-8AG

Fig. 5 Effect of the CPVA-FLOX/17-AAG nanoformulation on: (@) down-regulation of ErbB2 protein, and (b) HSP70 expression in BT-474 cells compared to
free 17-AAG dissolved in 2% DMSO. Cell lysates were analyzed by Western blot. HSC70 protein and 3-actin served as internal controls. (€) Increase in HSP70
levels compared to non-treated BT-474 cells calculated by Western blot densitometry. Shown data are means = SEM (n=3), NT non-treated cells.
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Fig. 6 Comparative effect of the CPVA-FLOX/17-AAG nanoformulation and free 1 7-AAG (2% DMSO solution) on the HSP70 expression in4 T cells. (a) Cell
lysates analyzed by Western blot using HSC70 protein and 3-actin as internal controls. (b) Normalized HSP70 levels obtained by Western blot densitometry.
Shown data are means = SEM (n=3). NT non-treated cells.

significantly slower tumor growth, respectively 12% and 24%  enough to stop the aggressive 4 T'1 tumors. Previous observa-

compared to control group. At lower doses of 2 mg/mouse,  tions confirm this conclusion, e.g. FLOX failed to inhibit
the growth inhibition by dual nanodrugs expressed the same ~ 4TItumor growth at the dose of 31 mg/kg but helped to
trend, respectively 46% and 63% compared to control group.  significantly reduce secondary bone metastases (17). As shown

However, the effect at the dose of 2 mg/mouse was not  in Fig. 7a, during the first 5 days after the beginning of
statistically significant compared to CPVA-FLOX or free  treatment, the tumor volumes in all groups grew at the same
FLOX, while it was statistically significant at the dose of  rate, evidently until the release of PCL or 17-AAG strongly
4 mg/mouse. The FLOX alone reduced the tumor growth  affected it, even decreasing tumor volumes. Later, the tumor
rate only by 24%, indicating that the drug is not effective  volumes showed no significant changes during the treatment
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Fig. 7 Tumor growth inhibition in mouse mammary carcinoma 4 T1 model following the oral administration (gavage) of CPVA-FLOX nanogel or dual
nanodrugs. (a) Relative tumor growth in BALB/c mice inoculated with 4 T cells expressed as a ratio of tumor volume at any given time (V) to the tumor volume at
the beginning of treatment (V,,). The treatment started on Day 7 after inoculation. (a) Control group: 2% sucrose, (b) CPVA-FLOX (dose: |6 mg/kg FLOX), (c)
CPVA-FLOX/PCL (dose: 8 mg/kg PCL, 16 mg/kg FLOX), and (d) CPVA-FLOX/I7-AAG (dose: 16 mg/kg | 7-AAG, 16 mgkg FLOX). (b) Average daily tumor
growth calculated for the period of treatment between Days 10 and 17. The differences between CPVA-FLOX/PCL or CPVA-FLOX/| 7AAG-treated mice and
control group were found significant (P<0.05). (€) HSP70 expression in 4 T | tumors after the oral treatment by CPVA-FLOX/I7-AAG in the end of experiment
on Day 32. Tumor cell lysates were analyzed by western blot. HSC70 protein served as internal control.
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(cytostatic effect). In the tumor sections analyzed by Western
blot, we observed a significant induction of HSP70 as com-
pared to the control group (Fig. 7c). As described above, the
HSP70 induction 1s a measure of therapeutic activity of 17-
AAG. This test confirms the @ vio targeted activity of dual
nanodrugs following the oral administration. Earlier, we dem-
onstrated an efficient GI transport of CPVA-FLOX nano-
drugs using an i vitro Caco-2 model (12). Evidently, CPVA-
FLOX-based dual nanodrugs are transported from the GI
tract into the blood and, consequently, accumulated in tumor
cells due to the enhanced permeability and retention effect.
Our animal experiments also demonstrated that the PCL is

50-100% more eflicient than 17-AAG in nanodrugs (Fig. 7b).

DISCUSSION

Several drug delivery systems such as liposomes and polymeric
micelles have been recently explored for simultaneous delivery
of two drugs, including 17-AAG and PCL (18,19). However,
many of them could not achieve therapeutic drug concentra-
tions inside tumors because of the rapid drug loss in blood
circulation (20,21). Treatment of solid tumors with
nanocarriers requires efficient retention and penetration in
tumor tissues, which may be problematic for relatively large
particles such as liposomes (22). To bypass some of these
problems, we recently reported synthesis and application of
novel nanogel-drug conjugates (11,12,23). These nanodrugs
could deliver activated phosphorylated nucleoside analogs,
releasing drugs in a controlled manner over anextended time
period (11,12). Nanogel-drug conjugates showed high efficacy
against drug-resistant tumors. Another advantage of
nanodrugs was their compatibility with oral route of adminis-
tration. As nanogel-drug conjugates form small hydrophilic
particles with a hydrophobic cholesterol core at sonication, we
proposed them for encapsulation of poorly soluble hydropho-
bic drugs. This approach can potentially be a safer and more
effective alternative to many combination treatments by ex-
cluding toxic solvents or solubilizers used currently to solubi-
lize low-soluble drugs and extending the drug release period
during cancer chemotherapy.

Cholesteryl-PVA drug conjugates form small nanogels
after sonication due to the stacking of cholesterol moieties in
the core of a coiled PVA molecule. When a solution of
hydrophobic drug in DMSO is mixed with aqueous solution
of CPVA-FLOX at sonication, the formation of larger dual-
drug nanoformulations that encapsulate the poorly soluble
drug in the core can be observed. The obtained dual
nanodrugs fit to the critical size range between 50 and
300 nm that is optimal for longer circulation and slower
clearance from the blood (24). PVA-based nanocarriers are
highly hydrophilic, which makes them similar to PEGylated

nanocarriers by biodistribution after intravenous

administration (25). Long-term circulation in the blood is
one of the most important factors that enhance drug accu-
mulation in the tumor site. Narrow size distribution is anoth-
er positive factor leading tobetter distribution of nanodrugs
in vwo and in tumor volume.

Dual-drug formulations can carry high content of the in-
corporated insoluble drug (10-20% for 17-AAG and 5-10%
for PCL) and release therapeutic levels of these drugs after
accumulation in cancer cells. As we discovered, the CPVA-
FLOX/17-AAG is more stable than CPVA-FLOX/PCL in
aqueous media. It might be the cause of the observed higher
efficacy of PCL vs. 17-AAG nanodrugs in bioassays. Faster
PCL release dramatically increased cytotoxicity during the
first 3 days period as seen in our i vitro cytotoxicity data. In
contrast, an equal or less pronounced effect was observed for
CPVA-FLOX/17-AAG compared to free 17-AAG, even at
the extended 7 day period of the assay. PCL is an antitumor
drug that binds to microtubules and prevents their normal
functions, resulting in the suppression of cell division and
induction of apoptosis. It was confirmed in several clinical
studies that anticancer nucleoside analogs such as gemcitabine
and 5-flurouracil can be used with PCL for the treatment of
non-small cell lung, breast, and ovarian cancers due to their
potency as single agents and non-overlapping activities (26).
No synergistic effect of dual-drug mixtures other than an
additive effect was observed in these studies (5,6). On the
contrary, we observed a clearly synergistic effect resulting in
8-10 times higher cytotoxicity of CPVA-FLOX/PCL formu-
lation compared to the identical mixture of FLOX and PCL
in pancreatic cancer cell lines. Untl now, only few studies
have been performed on the combination effect of 17-AAG
and nucleoside analogs (8,9). They illustrated only a limited
combination activity because the therapeutic levels of both drugs
existed only for a short period of time in the body (8). We
detected no synergistic effect in cytotoxicity studies after the
treatment with CPVA-FLOX/17-AAG. However, in this re-
search, a remarkable tumor growth inhibition of very aggressive
breast cancer was achieved after oral administration of CPVA-
FLOX/17-AAG. The stability in gastric conditions and drug
release kinetics of nanodrugs is critically important factor in oral
administration. The CPVA-FLOX/17-AAG nanoformulation
was very stable in gastric conditions releasing only 0.4-0.6% of
free drug after 6 h-incubation. This time is generally considered
as a maximum transit ime in stomach. Once a nanodrug is
released from stomach and absorbed in the small intestine, it will
circulate in the blood stream at physiological conditions. The
second drug release is evidently faster compared to the conjugat-
ed FLOX over an extended period of time. Our results demon-
strate the importance of the second drug release kinetics on the
anticancer effect of dual nanodrugs after accumulation in tu-
mors. Tailoring dual nanodrugs would allow controlled and
sustained maintainingof therapeutic drug levels in the body at
minimal frequency of drug administration. Our observations
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extended to other tumor models and different drug combinations
can serve as a basis for optimal design of novel types of combi-
nation therapies.

CONCLUSIONS

We have made evident here that poorly soluble anticancer
drugs can be encapsulated in polymeric nanogel-drug conju-
gates forming novel dual nanodrugs that significantly en-
hanced therapeutic outcome of cancer treatment. CPVA-
FLOX/PCL and CPVA-FLOX/17-AAG dual nanodrugs
revealed a higher activity against pancreatic cancer cells than
dual drug mixtures. They allowed oral administration of PCL
and 17-AAG, even though these drugs have been never used
as oral drugs, and demonstrated a significant tumor growth
inhibition in aggressive tumor animal model. Thus, the devel-
opment of dual nanodrugs can be a promising nanomedicine
strategy for increasing therapeutic activity and reducing un-
desirable side effects of combination chemotherapy.
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