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a b s t r a c t

One of the major problems in cancer chemotherapy is the fast development of drug resistance to most
anticancer therapeutics. Thus, an important cause of the eventual decline in clinical efficacy of cytotoxic
nucleoside analogs was the selection of resistant cancer cells with deficiencies in the expression of nucle-
oside transporters or nucleoside-activating kinases. Here, we present an efficient strategy of overcoming
this type of drug resistance by tumor-specific delivery of nanogel-encapsulated active triphosphates of
nucleoside analogs (NATP). The small particles of biodegradable cationic nanogels loaded with anionic
NATP efficiently interacted with cancer cells and released active drug compounds into the cytoplasm. The
potential of novel drug formulations was evaluated in the nucleoside transport-deficient (CEM/araC/C8)
or nucleoside activation-deficient (RL7/G) lymphogenic cancer cells. Compared to nucleoside analogs,
NATP-loaded nanogels demonstrated increased cytotoxicity, reducing the drug resistance index 250- to
900-fold in CEM/araC/C8 cells and 70- to 100-fold in RL7/G cells. The strong cytotoxic effect of nanofor-
mulations was accompanied by characteristic cell cycle perturbations, usually observed in drug-treated
sensitive cells, and resulted in the induction of apoptosis in all studied drug-resistant cells. Efficient cel-
lular accumulation of nanogels and the consequent increase in intracellular levels of NATP were found

to be the major factors determining cytotoxic efficacy of nanoformulations. Decoration of nanogels
with multiple molecules of tumor lymphatic-specific peptide (LyP1) enhanced the binding efficacy of
nanocarriers with lymphogenic cancer cells. The targeted nanoformulation of activated gemcitabine
(LyP1-NG-dFdCTP), when injected in subcutaneous RL7/G xenograft tumor model, demonstrated 2-fold
more efficient tumor growth inhibition than gemcitabine at a higher dose. Nanogel-drug formulations
exhibited no systemic toxicity during the treatment, hence extending the versatility of nucleoside analogs

resist
in the treatment of drug-

. Introduction

The cytosine analogs cytarabine (araC) and gemcitabine (dFdC)

re cytotoxic anticancer drugs that interfere with nucleic acid
ynthesis either by incorporating into DNA and RNA, or by inter-
ering with enzymes involved in nucleic acid synthesis, or by

odifying the metabolism of physiological nucleosides (Ewald et

Abbreviations: dFdC, gemcitabine; araC, cytarabine; NATP, 5′-triphosphate
f nucleoside analogs; CTP, cytidine 5′-triphosphate; dCK, deoxycytidine
inase; hENT1, human concentrative nucleoside transporter 1; NG, nanogel;
EI, polyethylenimine; MAL, maleimide; NHS, N-hydroxysuccinimide; PEG,
oly(ethylene glycol); PBS, phosphate-buffered saline; HPLC, high-performance

iquid chromatography; SEC, size-exclusion chromatography.
∗ Corresponding author. Tel.: +1 402 559 9362; fax: +1 402 559 9543.

E-mail addresses: cmgalma@hotmail.com (C.M. Galmarini), vinograd@unmc.edu
S.V. Vinogradov).

1 Current address: Cell Biology Department, Pharmamar SA, Madrid, Spain.
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ant lymphogenic tumors.
© 2010 Elsevier B.V. All rights reserved.

al., 2008). Eventually, these activities induce strong inhibition of
DNA replication and cell death. All nucleoside analogs share some
common characteristics, such as cellular transport mediated by
membrane transporters (Huber-Ruano and Pastor-Anglada, 2009)
and mechanisms of intracellular activation into phosphorylated
metabolites that interact with various cellular targets (Jordheim et
al., 2003). Thus, the therapeutic efficiency of cytarabine and gem-
citabine strongly depends upon intracellular accumulation of the
corresponding nucleoside 5′-triphosphates. Unfortunately, some
specific drug resistance mechanisms associated only with nucle-
oside analogs, such as deficiencies in the expression of human
concentrative nucleoside transporter 1 (hENT1) or deoxycytidine
kinase (dCK) enzyme, are capable of altering drug accumulation,

metabolism, and activation, thereby reducing the intracellular con-
centration of active nucleoside 5′-triphosphates, and thus affecting
the clinical efficacy of these drugs.

Various strategies have attempted to bypass bottlenecks in
nucleoside transport and metabolism, circumventing drug resis-

dx.doi.org/10.1016/j.ijpharm.2010.05.028
http://www.sciencedirect.com/science/journal/03785173
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Table 1
Particle size and drug loading of nanogel carriers.

Nanogel Nanogel diameter (nm)a Drug loading (�mol/mg)b

Unloaded CTP-loaded araCTP dFdCTP CTP

NG1 100 ± 8 58 ± 2 0.15 0.2 0.25
NG2 125 ± 6 64 ± 4 0.19 0.24 0.29

a

82 C.M. Galmarini et al. / International Jo

ance to nucleoside analogs (Galmarini et al., 2008a). One of
he most advanced strategies, the pronucleotide approach, con-
ists of the administration of biodegradable protected nucleoside
′-phosphate derivatives. In fact, degradable lipophilic groups
ttached to the 5′-phosphate moiety mask the negative charge
nd result in neutral and membrane-permeable nucleotides. Some
pecific enzymatic cleavage or chemical activation of the mask-
ng group may be required for efficient intracellular delivery of
ronucleotides (Peyrottes et al., 2004). However, this strategy is
ot free from serious disadvantages. Firstly, pronucleotides are
egraded outside of cells due to esterase activity in the serum or
umor microenvironment. Secondly, the chemically driven release
f active nucleotides from lipophilic phosphotriester precursors
as not as easy as it seemed, due to the intermediate charged
hosphodiester showing an extreme resistance to further chem-

cal hydrolysis or enzymatic degradation. Finally, even an efficient
elease of phosphorylated nucleoside analogs from pronucleotides
nside the cell would not be sufficient to attain cytotoxic activity
f an intensive catabolic process was in operation, e.g. an overex-
ressed 5′-nucleotidase activity (Meier and Balzarini, 2006). Until
ow, these molecules have not shown any important antitumor
ctivity in animal models, although some successful applications
ave been documented (Jordheim et al., 2004). Another approach

ncluded the restoration of nucleoside-activating enzymatic func-
ion (for example, dCK activity) by the transfection of drug-resistant
ells (Jordheim et al., 2006). Various drug delivery systems, such as
iposomes, nanoparticles, or erythrocytes, have also been evalu-
ted for the delivery of nucleoside analogs in order to overcome
eficiencies of intracellular transport or drug activation in tumor
ells (Diab et al., 2007).

We have recently introduced a different type of hydrophilic
rug carriers, biodegradable nanogels, consisting of cationic poly-
er networks, and explored their potential use for the delivery

f nucleoside 5′-triphosphates in order to address the inadequate
tability of these drug derivatives (Vinogradov et al., 2005a). In con-
rast to liposomes and polymeric micelles, which are dissociating
uickly in vivo and release encapsulated drug molecules, nanogels
re relatively stable and drug release from nanogel network can
ontinue several days. This pattern presents more clinical advan-
ages because the drug administration can be performed more
arely and the therapeutic effect will last for extended periods of
ime. Although biodegradable nanoparticles feature similar prop-
rties, their loading capacity for chargeable hydrophilic drugs is
sually low. In addition, cationic nanogels were shown to enhance
rug escape from endosomes, salvaging a significant part of active
rug compounds from degradation in lysosomes (Vinogradov et al.,
005b). Nanogel-nucleoside 5′-triphosphate formulations demon-
trated an equal or enhanced activity against breast and colorectal
ancer cell lines in vitro and in a human breast tumor xenograft
odel (Galmarini et al., 2008b). Based on these encouraging results,
e turned our attention to the application of active triphosphates of
ucleoside analogs to the treatment of drug-resistant tumors. Here,
e report for the first time our results on the efficient reversal of
rug resistance to certain nucleoside analogs due to the deficien-
ies in drug transport/drug activation in lymphogenic cancer cells
y these nanogel-drug formulations.

. Material and methods

.1. Materials
Clinical-grade cytarabine (araC, Aracytine®) was obtained
rom Pharmacia & Upjohn (St. Quentin, France). Clinical-
rade gemcitabine (dFdC, Gemzar®) was obtained from Lilly
Hauts de Seine, France). Stock solutions of each drug were
Measured by dynamic light scattering. Data are shown: means ± SD (n = 3).
b Determined by UV absorbance in water using extinction coefficients for nucle-

osides.

prepared in distilled water and fresh dilutions were pre-
pared before each experiment. The corresponding nucleo-
side 5′-triphosphates araCTP and dFdCTP were synthesized
by the one-pot method described previously (Vinogradov et
al., 2005b). Propidium iodide, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl-tetrazolium bromide (MTT) and rhodamine isothio-
cyanate were purchased from Sigma–Aldrich (St. Louis, MO).
[5-3H]-Cytidine 5′-triphosphate (20–25 Ci/mmol) was acquired
from Moravek Radiochemicals (Brea, CA). The bifunctional linker
MAL-PEG5000-NHS was obtained from GenKem Technology USA
(Allen, TX). Peptides with N-terminal cystein and C-amide protec-
tion were custom synthesized by Biomer Technologies (Pleasanton,
CA) and purified by semi-preparative reverse-phase HPLC. The
tumor lymphatic-specific LyP1 peptide sequence, GNKRTRG
(Laakkonen et al., 2002) and epidermal growth factor receptor-
specific peptide sequence, MYIEALDSYA (Lutsenko et al., 2002)
were used for nanogel modifications. All reagents were of analytical
grade and used without purification.

2.2. Preparation of nanoformulations

As shown in Fig. 1, biodegradable nanogel NG1 consists of the
crosslinked polymer network of PEG and the segmented polyca-
tion made of PEI (Mw 1800) connected by disulfide bonds (SS-PEI)
(Vinogradov et al., 2006b; Kohli et al., 2007). Nanogel NG2 con-
sists of a similar network but having a lipophilic poly(propylene
oxide) core of Poloxamer P407 (Vinogradov et al., 2006a).
Cytarabine (AraC) and gemcitabine (dFdC) were converted into 5′-
triphosphates using the one-pot triphosphorylation protocol with
minor modifications (Vinogradov et al., 2005b). The purity of NATP
products was more or equal to 90% by ion-pair reverse-phase
HPLC and UV spectrophotometric analysis. Nanogel formulations:
NG1-araCTP, NG1-dFdCTP, NG2-araCTP, NG2-dFdCTP, NG1-CTP,
and NG2-CTP (the last two used as a control without drug) have
been obtained by mixing aqueous solutions of the corresponding
nanogels and triphosphates; drug content and particle size of these
nanoformulations can be found in Table 1. Triphosphate content in
the lyophilized nanoformulations was measured spectrophotomet-
rically. Tritium and rhodamine-labeled nanogels were synthesized
using previously published protocols (Vinogradov et al., 2004).

LyP1 peptide-modified nanogel was prepared as follows.
Nanogel NG1 (40 mg) was dissolved in 0.5 mL water, then a solu-
tion of a MAL-PEG5000-NHS linker (2.5, 5 or 10 mg/0.5 mL) was
added, and the mixture was incubated for 2 h at 25 ◦C. Without
isolation, a 2-fold excess (1–4 mg) of LyP1 peptide was added in
0.5 mL DMF and the pH was reduced to 6 by 3 M sodium acetate,
pH 5.5. The reaction was continued overnight at 4 ◦C. Peptide-
modified nanogel was isolated by size-exclusion chromatography
using a Sephacryl S-300 column equilibrated in 0.2 M sodium chlo-
ride, 20 mM sodium acetate, pH 6, in 20% ethanol. The product,

LyP1-NG1, was desalted by dialysis (Mw cutoff 8–12 kDa) and
lyophilized. Peptide content was determined using an automatic
aminoacid analyzer (Applied Biosystems, Foster City, CA).
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ig. 1. (A) Schematic structures of cationic nanogel networks, NG1 (PEG-cl-SS-PEI) a
luronic core in light gray. PEG molecules are shown as thin lines. (B) Chemical stru

.3. Cell lines

The nucleoside transport-deficient drug-resistant cell line
EM/araC/8 was derived from human leukemic lymphoblast CCRF-
EM cells and characterized as described earlier (Ullman, 1989).
his resistant variant was routinely cultured with 0.5 �M cytara-
ine and 0.25 �M tubercidin to maintain the mutant phenotype.
he gemcitabine-resistant variant of the human follicular lym-
homa cells, RL7/G, which demonstrated a reduced dCK level
Galmarini et al., 2004), was kindly provided by Dr. F. Bontemps
De Duve Institute, Bruxelles, Belgium). These cells were cultured
n the presence of 2 �M gemcitabine. All cell lines were grown
n RPMI containing 10% fetal calf serum, 1% l-glutamine and 2%
enicillin–streptomycin at 37 ◦C in a humidified atmosphere con-
aining 5% CO2.

.4. Cellular accumulation assays

A nanogel uptake assay was conducted in regular CEM and drug-
esistant CEM/araC/C8 cells. Both cell lines were briefly incubated
ith rhodamine-labeled nanogels NG1 or NG2 for 1 h at 37 ◦C.

ollowing centrifugation (650 rpm, 5 min), samples were washed
wice with PBS, fixed in 1% paraformaldehyde (5 min, 20 ◦C) and
ounterstained with 5 �g/mL Hoescht 33258. Fluorescent images
ere captured using a fluorescence microscope (Axioplan II; Zeiss,
berkochen, Germany) and processed using an ISIS/mFISH imaging

ystem (Metasystems, Germany).
Intracellular levels of dFdCTP were analyzed in the total

riphosphate pool by analytical ion-pair HPLC. Briefly, gemcitabine-
esistant RL7/G cells (2 × 106) were treated with nanogel-dFdCTP
ormulations (3.5 mg/mL, 4 h at 37 ◦C) in the medium containing
0% serum and 2 �M gemcitabine. Total triphosphates were iso-

ated from cells following the treatment with 400 �L of cold 10%
richloroacetic acid (20 min, 4 ◦C). Cell debris was precipitated by
entrifugation (15,000 rpm, 10 min at 4 ◦C), and the supernatant

as transferred into sterile tubes and extracted three times with

00 �L of the cold mixture of trioctylamine-freon, 1:4 (v/v). The
queous phase was transferred into clean tubes, spiked with 10 �M
TP and 10 �M CTP, and precipitated with 2% sodium perchlorate

n acetone (20 min at −20 ◦C). The precipitate was washed with ace-
2 (Poloxamer P407-cl-SS-PEI). Cationic PEI is colored in dark gray and hydrophobic
of 5′-triphosphates of cytotoxic nucleoside analogs: araCTP and dFdCTP.

tone, dried, and analyzed by analytical ion-pair HPLC as previously
described (Galmarini et al., 2008b).

2.5. Cytotoxicity assay

Cytotoxicity was determined using an MTT assay (Twentyman
et al., 1989). Cells were incubated with different concentrations of
nanoformulations in complete medium for 72 h at 37 ◦C, then the
medium was renewed and cells were treated with MTT (4 mg/mL)
for 4 h at 37 ◦C. The purple formazan product forming in living cells
was dissolved by cell treatment with DMSO (0.1 mL) and quantified
by absorbance at 560 nm. Positive and negative controls included
wells with untreated cells or medium containing MTT with no cells,
respectively. Chemosensitivity was expressed as the effective drug
concentration inhibiting cell proliferation by 50% (IC50) and was
determined from drug concentration–effect curves using GraphPad
Prism 4.03 software (GraphPad, San Diego, CA).

2.6. Cell cycle distribution analysis

For analysis of DNA content and cell cycle distribution, CEM,
CEM/araC/C8, RL7 and RL7/G cells were treated with 1 �M solutions
of cytarabine, gemcitabine, or corresponding solutions of NG1-
araCTP, NG2-araCTP, NG1-dFdCTP and NG2-dFdCTP formulations
for 24 h. After drug-exposure, 106 cells/mL were resuspended in
2 mL of propidium iodide solution (50 �L/mL), incubated for 1 h
at 4 ◦C and then analyzed by flow cytometry (FACScalibur, Becton
Dickinson, San Jose, CA). Cell cycle distribution and DNA ploidy sta-
tus was calculated after exclusion of cell doublets and aggregates
on an FL2-area/FL2-width dot plot using FlowJo 7.2.2 (Treestar,
Ashland, OR).

2.7. Apoptosis analysis

The apoptotic fraction was determined using the Annexin-

V-Fluos Staining Kit (Boehringer Mannheim, Germany). For this
purpose, CEM, CEM/araC/C8, RL7 and RL7/G cell lines were treated
with 1 �M cytarabine, gemcitabine, or corresponding NG1-araCTP,
NG2-araCTP, NG1-dFdCTP and NG2-dFdCTP formulations for 24 h
and then processed according to the manufacturer’s protocol. Flow
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Fig. 2. Cellular uptake of nanogels in drug-resistant cancer cells. (A) CEM/araC/C8 (left panel) and CEM (right panel) cancer cells (a and b: non-treated control) were treated
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ith rhodamine-labeled nanogels NG1 (c and d) or NG2 (e and f) for 1 h at 37 ◦C. N
n drug-resistant RL7/G follicular lymphoma cells. Cells were incubated with 2 �M
7 ◦C. Total nucleoside triphosphate pool was isolated, and dFdCTP content was qua
nd shown as data ± SEM (n = 3).

ytometry analysis was performed as described in the previous
ection.

.8. Tumor xenograft experiments

Gemcitabine-resistant RL7/G cells (1 × 106 per injection) were
uspended in medium containing 20% Matrigel (BD Bioscience,
an Jose, CA) and inoculated subcutaneously in the right flank of
thymic BALB/c nu/nu mice (code 088, Charles River Laboratories,
ilmington, MA). As soon as small subcutaneous tumors were

alpable, the mice were randomly separated into groups of five
nimals each. Initially, accumulation of [3H]-CTP-loaded nanogels
ith various degrees of modification by LyP1 peptide was studied.

qual doses of each nanogel, non-modified and decorated with 1,
or 4 wt% LyP1, were injected via the tail vein, and accumulation

f radioactivity in tumors was measured 16 h later. The collected
umors were homogenized in Solvable TM tissue solubilizer (Perkin-
lmer, Downers Grove, IL). Radioactivity of samples was measured
n an Ultima Gold scintillator (Sigma) and normalized by the weight
f tumors.

For in vivo tumor growth inhibition experiments, only NG1
anogels, naked or modified with LyP1 peptide (4%, w/w), were
sed. Well-tolerated doses of NG1-dFdCTP formulations (60 mg/kg,
0 wt% gemcitabine) and gemcitabine (12 mg/kg) were injected

nto the tail veins of mice with subcutaneous RL7/G tumors twice
week over a 30-day period. Tumors were measured with calipers
nd tumor volume was calculated using the equation V = 1/2 a2b,
here a and b are the tumor width and length. Body weight

oss was controlled among the groups throughout the experiment.
pleen and liver size was also compared in groups treated with
emcitabine or drug nanoformulations. Statistical analysis was per-
ormed by application of the two-tailed unpaired t-test (differences
ith P < 0.05 were considered significant) and F-test to compare

ariances in groups using the GraphPad Prism 4.03 software.

. Results
.1. Preparation of nanogel formulations

Biodegradable nanogels NG1 (PEG-cl-SS-PEI) and NG2 (P407-
l-SS-PEI) have been synthesized by an emulsification–solvent
ere counterstained with Hoechst 33258 dye. (B) Cellular accumulation of dFdCTP
itabine and drug nanoformulations with equal concentrations of dFdCTP for 4 h at
ively analyzed by ion-pair HPLC. Results are normalized by number of treated cells

evaporation method and characterized by elemental analysis,
1H NMR and potentiometric titration as previously described
(Vinogradov et al., 2005a). At neutral pH, these nanogels could
encapsulate from 0.15 to 0.29 �mol of NATP per 1 mg of nanofor-
mulation (Table 1). The white solid lyophilized products could be
easily redissolved in aqueous media and formed stable transpar-
ent dispersions with low hydrodynamic diameter (61 ± 3 nm) that
did not show any time-dependent changes. The diameter of drug-
loaded nanogels was dropped nearly 2-fold, and zeta-potential of
drug nanoformulations was decreased from 26 ± 3 mV for non-
loaded nanogels to near-zero value (4.2 ± 3.4 mV, n = 3). This effect
demonstrated formation of core-shell particles having a dense core
of the NATP–PEI complex and polymeric shell consisting of PEG
molecules. This PEG shell covers the surface of particles and shields
particle charge, reducing zeta-potential. This particle architecture
is optimal for systemic drug delivery in order to prevent bind-
ing of serum proteins and the consequent capture of circulating
nanoparticles by macrophages.

LyP1 peptide-decorated nanogels were synthesized by a
one-pot procedure, including nanogel modifications with MAL-
PEG-NHS linker and, then, with the 2-fold excess of thiolated
peptide. The surface-modified nanogels have been isolated by size-
exclusion chromatography (SEC), and the peptide content was
determined by amino acid analysis after acidic hydrolysis of sam-
ples. On average, the peptide content calculated from these data
was equal to 0.85 (LyP 1%), 1.9 (LyP 2%) and 3.5 (LyP 4%), which
corresponded to nearly 90% conversion of the nanogel into LyP1-
conjugate.

3.2. Drug accumulation

The rhodamine-labeled nanogels rapidly accumulated in reg-
ular and drug-resistant cancer cells, showing mostly cytoplasmic
distribution after 1 h incubation (Fig. 2A). No principal difference
between nanogels NG1 and NG2 was observed in their intracel-

lular distribution. The major portion of nanocarriers was initially
accumulated in the endosomes (Nori and Kopecek, 2005). Drug
release from nanogels can be initiated by the acidification of endo-
somes, or as the result of drug substitution in nanogel networks
with other anionic compounds such as the phospholipids of the
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Table 2
Cytotoxicity of nucleoside analogs and triphosphate drug-loaded nanogels in regular and drug-resistant cancer cells.

Drug (�M) CEM CEM/araC/C8 Resistance index RL7 RL7/G Resistance index

Cytarabine 0.01 ± 0.003 >100 >10,000 0.74 ± 0.09 >100 135
NG1-araCTP 0.1 ± 0.08 1.2 ± 0.6 12 1.7 ± 0.1 2.3 ± 0.7 1.4
NG2-araCTP 0.17 ± 0.1 4 ± 1.5 24 4.7 ± 0.3 6 ± 2 1.3
Gemcitabine 0.01 ± 0.004 39 ± 10 3900 0.02 ± 0.009 24.3 ± 3 1215
NG1-dFdCTP 0.17 ± 0.09 2.5 ± 0.6 15 0.4 ± 0.2 5.1 ± 0.2 13
NG2-dFdCTP 0.18 ± 0.09 2.9 ± 0.6 16 0.23 ± 0.07 4.2 ± 0.6 18
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NG1-CTP 19.3 ± 1 18.3 ± 3 n/
NG2-CTP 17 ± 0.1 23 ± 0.6 n/

C50 values (�M, calculated by drug content) represent means ± SD of three separat

ellular membrane. Membranotropic properties of nanogels and
he effect of nanogel binding with the cellular membrane on
rug release have been previously documented (Vinogradov et al.,
005b). In the next step, we directly analyzed dFdCTP accumula-
ion in drug-resistant RL7/G cells after the treatment with various
anogel-dFdCTP formulations (Fig. 2B). The inherent level of gem-
itabine phosphorylation was very low in RL7/G cells; therefore,
he delivery of nanoformulated dFdCTP would increase drug con-
entration up to the level when apoptosis starts. In these cells, drug
ransport was not affected; however, the conversion of gemcitabine
nto dFdCTP was deficient. A quantitative ion-pair HPLC analysis
f dFdCTP in the total cellular triphosphate pool isolated from
anogel-dFdCTP-treated cells was then performed. As shown in
ig. 2B, a low initial level of intracellular dFdCTP in RL7/G cells culti-
ated in the presence of 2 �M gemcitabine was increased 2–4 times
fter a short treatment with dFdCTP-loaded nanogels. Nanogel NG2
emonstrated 2 times higher drug delivery efficiency than NG1. It

s well known that an in vitro cellular uptake of nanogel particles
aving low buoyant density strongly depends upon interactions
ith the surface of treated cells. Previously, we demonstrated that

ully loaded nanogels had shown weak interactions with the cell
urface, while partially loaded (i.e. positively charged) or properly
ectorized nanogels demonstrated efficient binding (Vinogradov et
l., 2004). Evidently, non-modified NG2 was bound more efficiently
han NG1 following 4 h incubation with RL7/G cells, because it has
esulted in 2-fold increase of dFdCTP accumulation compared to
ree gemcitabine treatment. This was in agreement with our ear-
ier results on the higher cellular uptake of Pluronic-based nanogels
Vinogradov et al., 2006a). All peptide-decorated nanogels (pep-
ide content: 4 wt%) increased intracellular levels of dFdCTP. No
tatistically significant difference between LyP-NG1 and LyP-NG2
as determined. It may reflect the fact that surface decoration
ith PEG molecules could shield the effect of hydrophobic polymer

n inner core, making both nanogels equivalent in their receptor-
ediated cell binding. While the effect of the EGFR-specific

eptide (EP) was ca. 4-fold, tumor lymphatic-specific peptide
LyP1) induced a nearly 14-fold increase in observed dFdCTP lev-
ls. In our conditions, both LyP1 peptide-modified nanogels were
ound equally efficient in binding to the follicular lymphoma RL7/G
ells.

.3. Cell growth inhibitory assay

In regular CEM and RL7 cell lines, triphosphate drug-loaded
anogels showed higher IC50 values than nucleoside analogs
Table 2). CEM-araC/C8 and RL7/G cells were 10,000-fold and 135-
old more resistant to cytarabine and 3900-fold and 1215-fold

ore resistant to gemcitabine, respectively. The drug resistance

ndex was calculated as a ratio of IC50 values obtained in drug-
esistant and regular cells. After the treatment with NG1-araCTP,
G2-araCTP, NG1-dFdCTP and NG2-dFCTP, the drug-resistant CEM-
raC/C8 cells have become in average 500–1000 times and 250
imes more sensitive than following the treatment with cytara-
55 ± 0.7 57 ± 0.7 n/a
25 ± 0.4 28.5 ± 4.9 n/a

riments.

bine and gemcitabine, respectively. Likewise, the treatment of
drug-resistant RL7/G cells with nanoformulations resulted in
drug resistance index reduction of 100 times and 70–100 times
compared to cytarabine and gemcitabine, respectively. Control
experiments with nanoformulations of the nontoxic CTP demon-
strated levels of the intrinsic cytotoxicity of cationic nanogels and
were very close in sensitive and drug-resistant cells. All these data
indicate that nanogels carrying the active triphosphate form of
cytarabine or gemcitabine are able to significantly reverse the drug-
resistant phenotype of CEM/araC/C8 and RL7/G cancer cell lines.

3.4. Cell cycle distribution analysis

Since the triphosphate drug-loaded nanogels could induce cell
cycle perturbations in sensitive and drug-resistant cells, we com-
pared cell cycle distribution in both types of treated cells by flow
cytometry (FACS). As shown in Table 3, treatment of sensitive
CEM cells with araC induced accumulation of cells in the DNA
replication phase (S-phase) and inhibited cell division (G2/M),
while gemcitabine increased cell accumulation in growth phase
(G0/G1) associated with inhibition of cell division (G2/M). Treat-
ment with nanoformulations resulted in the comparable strong
accumulation in G0/G1 phase and inhibition of cell division. How-
ever, treatment of drug-resistant CEM/araC/C8 cells with araC
showed no inhibition of cell division. Compared to the free drug,
araCTP-nanogels induced cell accumulation in G0/G1 phase, an
arrest of DNA replication (S-phase), and medium inhibitory effect
on cell division (G2/M). Effect of dFdCTP-nanoformulations was
opposite on G0/G1 and S-phases. In sensitive RL7 cells, both nucle-
oside analogs significantly inhibited cell division, reducing also
DNA replication (S-phase). Nanoformulations demonstrated the
same pattern. Treatment of drug-resistant RL7/G cells with both
nucleoside analogs did not induce any cell cycle perturbations
as compared to non-treated cells. In contrast, araCTP-nanogels
induced strong growth inhibition (G0/G1) and cell accumulation
within the DNA replication phase, although cell division was not
inhibited. All dFdCTP-nanogels induced a significant cell accumu-
lation within the cell growth phase (G0/G1) on the level observed
in the sensitive RL7 cells at the expense of DNA replication (S-
phase). Cell division (G2/M) was also significantly inhibited. All
these results demonstrated that nanoformulations of activated
triphosphates of nucleoside analogs have been able to induce cell
cycle perturbations in drug-resistant cell lines, in many aspects
similar to effects observed in sensitive cells after the treatment with
nucleoside analogs.

3.5. Apoptosis detection
Nanoformulation-induced apoptosis was studied by Annexin-V
flow cytometry (Table 4). In sensitive cells, treatment with nucle-
oside analogs caused an increase in Annexin-V staining, which is
typical of the induction of apoptosis. Drug-resistant CEM/araC/C8
and RL7/G cells exhibited much lower levels of apoptosis after treat-
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Table 3
Cell cycle distribution in parental and drug-resistant cancer cells after treatment with nucleoside analogs or triphosphate-loaded nanogels (FACS data).

Cell/phasea Control araC NG1-araCTP NG2-araCTP dFdC NG1-dFdCTP NG2-dFdCTP

CEM
G0/G1 49 ± 2 46 ± 8 65 ± 0.3 66 ± 3 68 ± 6 76 ± 5 77 ± 2
S-phase 44 ± 4 50 ± 10 34 ± 0.3 34 ± 6 30 ± 7 24 ± 7 23 ± 7
G2/M 5.7 ± 3 2 ± 5 1.5 ± 0.3 1.9 ± 0.9 1 ± 1 1.6 ± 0.2 2.8 ± 1

CEM/araC/C8
G0/G1 49 ± 6 42 ± 6 58 ± 2 62 ± 4 43 ± 9 46 ± 0.9 46 ± 0.8
S-phase 46 ± 8 53 ± 7 40 ± 1 37 ± 4 54 ± 4 50 ± 0.6 50 ± 0.8
G2/M 5 ± 2 4.8 ± 3 4 ± 2 4 ± 1 3 ± 3 4 ± 1 7.7 ± 4

RL7
G0/G1 46 ± 6 52 ± 10 58 ± 9 67 ± 0.4 65 ± 1 67.3 ± 3 68 ± 1
S-phase 44 ± 4 39 ± 8 40 ± 7 30 ± 1 32 ± 0.4 30 ± 1 29 ± 1
G2/M 8.9 ± 3 2.8 ± 1 4.8 ± 0.6 3.6 ± 0.8 3.7 ± 1 2.7 ± 1 3.4 ± 0.6

RL/G
G0/G1 40 ± 8 40 ± 0.2 30 ± 6 28 ± 4 37 ± 0.1 68 ± 1.5 69 ± 10
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S-phase 51 ± 8 52 ± 1 57 ± 5
G2/M 9 ± 4 8 ± 1 9.5 ± 2

a Cells were treated for 24 h with 1 �M of each compound. Values represent mea

ent with both drugs, confirming the drug-resistant phenotype of
hese cells. In contrast, both sensitive and drug-resistant cell lines
emonstrated high levels of apoptosis when treated with araCTP-
nd dFdCTP-containing nanogels. Thus, the cell growth inhibition
bserved in cytotoxicity assays was caused by an efficient induc-
ion of apoptosis in drug-resistant cells. NG2 was more efficient
han NG1 in CEM and CEM/araC/C8 cells, while no difference was
bserved in RL7 and RL7/G cells. Nanogels without drugs induced
ow enough levels of apoptosis to conclude the lack of any toxicity
ssociated with nanocarriers.

.6. In vivo tumor xenograft model experiments

A subcutaneous tumor xenograft animal model of drug-resistant
uman follicular lymphoma cells was established in athymic nu–nu
ice (Charles River Laboratories, Wilmington, MA). RL7/G cells

5 × 106 per injection) were suspended in 20% Matrigel (BD Bio-
cience, San Jose, CA) and administered s.c. into the low left flanks
f mice (age of 5–6 weeks). Palpable tumors developed in as soon
s 2 weeks and grew at a fast rate. All animal experiments were
erformed in accordance to institutional IACUC protocols and rec-
mmendations.

Initially, the efficacy of nanogel decoration with tumor
ymphatic-specific LyP1 peptide was evaluated for in vivo target-
ng of xenografted tumors following i.v. administration. Nanogel
G1 was selected for in vivo experiments because of its lower

ntrinsic toxicity compared to NG2. The nanogel and its pep-

ide derivatives (LyP1-NG1) with modification degrees of 1, 2,
nd 4% were loaded with the tritium-labeled model drug, 3H-
hymidine 5′-triphosphate, and then injected in the tail vein of
umor-bearing mice. Results of tumor accumulation measured
6 h later are shown in Fig. 3A. Initial nanogel accumulation in

able 4
evels of apoptosis in regular and drug-resistant cancer cells after treatment with
ucleoside analogs or triphosphate drug-loaded nanoformulations.

Drug/formulation CEM CEM/araC/C8 RL7 RL7/G

Control 3 ± 0.7 3 ± 1 9 ± 3 13 ± 1
araC 50 ± 0.4 4 ± 1 32 ± 10 17 ± 0.8
NG1-araCTP 53 ± 0.8 38 ± 0.7 42 ± 9 37 ± 2
NG2-araCTP 67 ± 0.9 46 ± 0.9 37 ± 4 37 ± 2
dFdC 45 ± 0.4 5 ± 0.4 41 ± 0.7 22 ± 2
NG1-dFdCTP 44 ± 0.7 78 ± 1 39 ± 3 38 ± 1
NG2-dFdCTP 59 ± 1 84 ± 2 37 ± 0.7 39 ± 0.4

poptosis was measured in treated cells (1 �M drug, 24 h) using Annexin-V method
flow cytometry). Values represent means ± SD of two separate experiments.
62 ± 0.8 53 ± 4 31 ± 0.1 28 ± 9
.8 ± 0.8 10 ± 4 7.2 ± 0.1 1.6 ± 1

D of two separate experiments.

s.c. tumors (350–700 mm3) was rather low and corresponded to
0.9 ± 0.4% ID/g. Peptide-modified nanogels demonstrated the most
efficient tumor accumulation at 4% substitution rate, with a nearly
7-fold increase over non-modified nanogel (equivalent to 6% ID/g).
Lower LyP1 substitution rates resulted in less efficient or no tumor-
specific targeting of peptide-decorated nanogels. Thus, the LyP1
peptide seems to be useful for nanogel vectorization, showing an
efficient lymphogenic tumor targeting in vivo at the relatively low
number of peptides on the nanogel surface (ca. 40–60 molecules
per nanogel).

Next, we examined tumor growth inhibition activity of dFdCTP-
nanogels in the s.c. RL7/G xenograft animal model. Gemcitabine
was i.v. injected twice a week in dose of 12 mg/kg, which is a half
of clinically recommended dose of 1000 m2 per week (Pestieau
et al., 1998). Tumor-targeted LyP-NG1-dFdCTP and non-targeted
NG1-dFdCTP nanogels were administered in dose of 60 mg/kg cor-
responding to the maximal tolerated i.v. dose (MTD) of cationic
nanogels (Vinogradov et al., 2004). Median tumor volume changes
in the control and treated groups are shown in Fig. 3B. Admin-
istration of gemcitabine did not induce any growth inhibition
as compared to the control group. The tumor volume difference
between gemcitabine and NG1-dFdCTP groups was moderate, but
statistically significant. These data confirm the ability of circulating
non-targeted nanogels to accumulate in the tumor mass, evidently
because of the effect of enhanced permeability (Maeda et al., 2000).
Nanogels decorated with multiple LyP1 peptide molecules (4 wt%)
demonstrated a high tumor growth inhibitory effect that was sta-
tistically significant compared to the control and naked nanogel
groups (P < 0.0001 and P < 0.01). The observed difference in tumor
volume was approximately 3-fold between treated and control
groups (Fig. 3B). All these data indicate that an efficient tumoral
and cellular delivery of phosphorylated nucleoside analogs encap-
sulated in nanocarriers is able to overcome the drug resistance of
cancer cells developed in the result of previous chemotherapy and
to induce efficient growth inhibition of drug-resistant tumors.

4. Discussion

The application of activated phosphorylated nucleoside analogs
and their prodrugs as anticancer therapeutics is slowly gaining

popularity after the initial success of Fludara, having other phos-
phorylated drugs in pre-clinical phase. In the general sense, an
optimal drug form for these compounds has to protect the phos-
phate moiety from degradation after administration, enhanced
intracellular delivery, and then be efficiently converted into an
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Fig. 3. Drug accumulation and tumor growth inhibition in drug-resistant tumors. (A) Accumulation of [3H]-CTP in subcutaneous RL7/G tumors after the treatment with
LyP1 peptide-decorated nanoformulations. The model drug was loaded into nanogels with various degrees of modification with LyP1 peptide. Equal doses of nanogel-
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3H]-CTP (0.3 �Ci) were i.v. injected in RL7/G tumor-bearing nude mice, and the tu
n = 5). (B) Tumor growth inhibition in drug-resistant RL7/G xenograft mouse mode
njected twice a week. Data are shown as means ± SEM (n = 5). P values: >0.05 (dFd
NG1-dFdCTP/LyP-NG1-dFdCTP).

ctive free drug. All these goals are most easily achieved by using
he nanoformulated drug delivery approach. During the last 15
ears, many types of nanocarriers have been evaluated with vari-
us rates of success in the delivery of phosphorylated nucleotide
nalogs and NATP. Nanocapsules, nanoparticles, liposomes, and
ven red blood cells have been reported as being effective car-
iers for NATP, mostly as anti-HIV drugs (Hillaireau et al., 2006,
007; Oussoren et al., 1999; Saiyed et al., 2009; Fraternale et al.,
996). Cationic nanogel networks have been initially introduced as
delivery system for anionic molecules (Vinogradov et al., 2002).

oft nanogel networks formed nanosized particles with core-shell
tructure and excellent dispersion stability after binding NATP
olecules in aqueous media (Fig. 4). Nanogels also significantly

nhanced nuclease stability and drug accumulation in cancer cells.

ifferent NATP obtained from fludarabine, cytarabine, floxuridine,
nd zidovudine and encapsulated in nanogels demonstrated an
nhanced drug activity, sometimes outperforming free drugs in
any times (Vinogradov, 2007). Recently, we demonstrated that
ATP-nanogels, being effective against a panel of human breast and

ig. 4. Cationic network of the nanogel decorated with multiple small tumor-specific pe
rom aqueous solution and bind them with a formation of compact drug nanoformulation
ssociated radioactivity was measured 16 h later. Data are shown as means ± SEM
s of gemcitabine (12 mg/kg) and dFdCTP-loaded NG1 nanogels (60 mg/kg) were i.v.
trol), <0.001 (NG1-dFdCTP/control), <0.0001 (LyP-NG1-dFdCTP/control), and <0.01

colorectal cancer cell lines in vitro, were able to suppress the growth
of human breast carcinoma in vivo (Galmarini et al., 2008b). The effi-
cacy of the nanogel-triphosphate strategy was additionally tested
through several examples of antiviral therapy using triphosphates
of ribavirin against influenza A virus, or zidovudine and didanosine
against HIV-1 in cell culture models (Kohli et al., 2007; Makarov et
al., 2009).

In this study, we showed a strong potential of nanoformulations
containing active triphosphates of cytarabine and gemcitabine in
overcoming the drug resistance of cancer cells. Our results show
that the observed increase in cytotoxic activity of NATP-nanogels
in drug-resistant cells was principally due to the more efficient
induction of apoptosis compared to parental drugs. As previously
reported, the higher drug resistance of CEM/araC/C8 and RL7/G cell

lines to cytarabine and gemcitabine, as compared to regular cell
lines, was related to the lower level of apoptosis (Galmarini et al.,
2003). In contrast, NATP-loaded nanoformulations induced equally
high levels of apoptosis in both regular and drug-resistant cancer
cells. However, these effects could vary for different nanocarriers

ptide ligands is capable to attract oppositely charged triphosphate drug molecules
s for systemic administration.
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r cell lines. For example, drug-resistant cells lines are different by
nderlying mechanisms of drug resistance. CEM/araC/C8 cells are
eficient by drug transporter activity, but have a normal level of
rug activation, while RL/G cells have deficient drug activation in
articular. We studied here two types of nanogels for drug deliv-
ry, NG1 and NG2, PEG- and Poloxamer-based cationic carriers,
espectively. NG2 (P407-cl-SS-PEI) contains a hydrophobic core of
oloxamer P407 and, previously, showed a higher binding affinity
o cellular membranes and better intracellular accumulation and
riphosphate delivery than NG1 (PEG-cl-SS-PEI) (Vinogradov et al.,
006a). Here, it was more active in CEM and CEM/araC/C8 cells,
ut not in RL7 and RL/G cells, where drug activation, not transport,
as the activity-limiting step. These features can partially explain

he observed differences in activity. However, other factors, such
s surface charge, or PEG density, or particle size could be of effect
oo.

Our data demonstrated the intracellular availability of active
rugs (araCTP and dFdCTP) or their metabolites, inducing cell cycle
rrest and consequent cell death. The functional evidence of the
fficient intracellular delivery of nanogel-encapsulated NATP and
ater drug release was confirmed by direct HPLC analysis of NATP
n the total cellular triphosphate pool. We did not detect any for-

ation of a deoxyuridine metabolite of dFdCTP, the product of fast
ellular deamination of gemcitabine, usually observed in treated
atients (Giovannetti et al., 2008). The cell cycle showed a low
esponse to nucleoside analogs in drug-resistant cells, while it
ecame similar to drug-treated sensitive cancer cells following the
reatment with NATP-nanogels. Our findings also suggest some
anocarrier-specific differences between drugs and nanoformu-

ations in the cumulative effect on the cell cycle were probably
ssociated with the fate of nanogels inside cancer cells, or with
strong imbalance in the triphosphate pool that could affect the

fficacy of DNA polymerases.
Systemic drug delivery requires efficient targeting of nanocarri-

rs to cancer cells. In order to determine how vectorized nanogels
an be rated in vivo, we used a previously established subcutaneous
emcitabine-resistant human follicular lymphoma RL7/G xenograft
ouse model (Galmarini et al., 2004). Previously evaluated EGFR-

pecific peptide, used in the surface decoration of nanogels,
fficiently targeted human breast carcinoma in a xenograft model
Galmarini et al., 2008b), but unfortunately demonstrated low
fficacy in this model. Therefore, we selected another short pep-
ide, LyP1 that was found to be capable of binding with tumor
ymphatics (Laakkonen et al., 2002). The target protein for LyP1
eptide is known as p32 and is overexpressed in tumor cells, on
he surface of tumor lymphatics, and in myeloid cells, all con-
ributing to the specificity of LyP1 homing (Fogal et al., 2008). Our
ssumption was that LyP1-vectorized nanocarriers could better tar-
et lymphogenic and poorly vascularized tumors. LyP1-decorated
anogels have been efficiently internalized by RL7/G cells in vitro
nd also accumulated in RL7/G xenografts in vivo. The peptide
ffect directly depended upon the degree of nanogel surface dec-
ration. The tumor-targeting LyP1-NG1 nanogel was very efficient
n the delivery of activated drugs into xenografted tumors and, as
result, it was selected for the treatment of gemcitabine-resistant
L7/G tumors. Repeated i.v. injections of nanoencapsulated dFd-
TP induced significant tumor growth inhibition (P < 0.05) in the
enograft model. However, the LyP1-decorated nanogel was espe-
ially effective in this treatment (P < 0.001). Two other examples
f successful tumor targeting using surface decoration with LyP1
ave been recently reported for biodegradable polymeric and albu-

in nanoparticles (Karmali et al., 2009; Luo et al., 2009). Although

everal approaches of fighting drug resistance using vectorized
anocarriers are currently under investigation (Das et al., 2009),
ur results demonstrate the first example of the successful over-
oming of drug resistance to anticancer nucleoside analogs using
f Pharmaceutics 395 (2010) 281–289

NATP nanoformulations. Delivery of phosphorylated nucleoside
analogs in vectorized nanogels also presents an evident advantage,
because it averts the cytopathic effects of chemotherapy in cases of
recurrent tumors by reducing effective drug concentrations. Fur-
ther improvements in anticancer efficacy can be expected along
with the application of nanocarriers simultaneously carrying two
anticancer drugs, e.g. paclitaxel and an activated nucleoside ana-
log. Our preliminary data indicate that encapsulation of paclitaxel
in a hydrophobic Pluronic core and binding of cytotoxic NATP in
the cationic part of amphiphilic nanocarriers similar to NG2 used
in the study could induce synergy in the cytotoxic activity of both
drugs and be used for more efficient suppression of cancer growth
(Vinogradov et al., 2008).

In conclusion, our data demonstrated that nanoformulations
containing active triphosphates of nucleoside analogs were able
to efficiently reverse the drug-resistant phenotype of lymphogenic
cancer cells caused by deficient membrane nucleoside transport or
dCK deficiency. Tumor-targeted nanocarriers displayed enhanced
growth inhibition of drug-resistant tumors that were insensitive to
therapeutic doses of gemcitabine. This strategy offers an opportu-
nity for the treatment of cancer patients with relapse, and those
who do not respond to conventional chemotherapy by cytotoxic
nucleoside analogs. Given the potency of NATP-nanogel formu-
lations against drug-resistant cancers, further studies will help
to evaluate the full extent of the therapeutic potential of these
nanoformulations as antitumor agents.
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