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ABSTRACT: Herein, we report a novel strategy to engineer
an acid-sensitive anticancer theranostic agent using a vector−
drug ensemble. The ensemble was synthesized by directly
conjugating the linoleic acid (LA)-modified branched poly-
ethyleneimine with a chemotherapeutic drug trifluorothymi-
dine. Linoleic acid residues were grafted onto 25 kDa
polyethyleneimine (PEI) by treating PEI with linoleic acid
chloroanhydride. 5-Trifluoromethyl-2′-deoxyuridine (trifluor-
othymidine, TFT) was introduced into LA-PEI conjugate by
phosphorylating the conjugate with amidophosphate of
trifluorothymidine 5′-monophosphate (pTFT), which had
been activated by its conversion into the N,N-dimethylamino-
pyridine derivative. The extent of mononucleotide analog
incorporation in the polymer was regulated by the ratio of pTFT to the polymer during the synthesis. Samples containing 20−70
TFT residues per PEI molecule were obtained. The cytotoxicity of PEI-LA-pTFT conjugates decreased with increasing
nucleotide content, as examined using the MTT method. Due to the presence of fluorine atoms, TFT-based conjugates could be
detected directly in the animals by 19F magnetic resonance imaging. In addition, the presence of the amidophosphate group in
PEI-LA-pTFT conjugates allowed their detection by in vivo 31P NMR spectroscopy. Indeed, the 31P NMR signal of a
phosphoramide (δ ∼ 12 ppm) was observed in the mouse muscle tissue treated with PEI-LA-pTFT conjugate along with the
signals from endogenous phosphorus-containing compounds. At the same time, the use of PEI-LA-pTFT conjugate for
chemotherapeutic drug delivery is limited due to the low release of pTFT from the carrier. To enhance the release of the drug
from the conjugate in the endosomes, PEI-LA polymer was coupled with urocanic acid (UA), which bears imidazole ring and
thus can form an acid-labile P−N bond with pTFT. The PEI-LA-UA-pTFT conjugate containing 30 residues of UA and 40
residues of pTFT was tested against the murine Krebs-II ascites carcinoma, grown as an ascetic tumor. The intraperitoneal
injection of the conjugates resulted in prolongation of the animals’ life and to the complete disappearance of the tumor after
three injections.

■ INTRODUCTION

A single agent that can be used to simultaneously diagnose and
treat cancer, as well as to monitor a patient’s response to the
treatment, would be an ideal tool for health care providers.1−5

Several approaches to combine targeted drug delivery with
magnetic resonance imaging (MRI) have been reported.4−7

MRI is a noninvasive technique that can provide detailed high-
resolution tomographic information about a diseased tissue in
vivo in real time. Hence, it has become a powerful diagnostic
tool for the detection of the stages of primary and recurrent

solid tumors, as well as for the assessment of suitable treatment
regimens. Therefore, MRI is an attractive tool for the
development of theranostic platforms for the post-treatment
evaluation of solid tumors.
MRI studies are often conducted with the help of

paramagnetic GdIII complexes, which enhance the signal
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intensity by reducing the longitudinal relaxation time (T1) of
water protons close to the GdIII center.7−9 As an example of
theranostic agents, gadolinium-based perfluorocarbon nano-
particles have been used to detect, characterize, treat, and
monitor angiogenesis in preclinical models of cancer and
atherosclerosis.10 Despite their preclinical success, some of the
approved gadolinium-based MRI contrast agents have been
implicated in the development of nephrogenic systemic fibrosis,
which is a serious and unexpected side effect observed in some
patients with renal disease or following liver transplant.11 At the
same time, 1H contrast agents are not ideal tools for MRI, since
the changes in image contrast in regions supposedly containing
the labeled cells are often subtle and, therefore, difficult to
interpret. In the body, mobile water creates large 1H
background signal, thus making it difficult to unambiguously
identify the labeled cells in vivo, especially if the cell
biodistribution is not known a priori. Thus, there is an urgent
need for alternative MRI approaches that are safer and more
efficient.
An attractive alternative approach is 19F NMR.12 The only

natural isotope of fluorine, 19F, possesses favorable physico-
chemical properties (spin = 1/2, 100% abundance, relatively
large magnetogyric ratio), which make 19F NMR almost (ca.
83%) as sensitive as 1H NMR. Moreover, 19F is essentially
absent from any biological tissue, so any exogenous fluorine-
containing compound would be detected as a “hot spot on a
cold background”. These favorable properties open the way to
using fluorinated molecules as reporter agents. The combina-
tion of 1H- and 19F-images in MRI analysis would generate a
full picture of the sample.13−15 On one hand, due to the
abundance of protons in the body, 1H NMR is suitable for
collecting information about the body and is, therefore, a
valuable tool for disease diagnostics. 19F MRI, on the other
hand, is a tracer-type technology and is suitable for collecting
information about an administered drug, i.e., where and in what
form and amount the drug is present in the body. Therefore, it
has the potential to become a valuable tool for image-guided
drug therapy.
Although 19F MRI is only four years younger than 1H MRI, it

is still not in clinical use.16,17 The progress of 19F MRI has been
delayed by the lack of suitable imaging agents.14 For more than
three decades, the only agents used for 19F-based imaging have
been perfluorocarbon (PFC) emulsions.17−21 However, PFC
emulsions suffer from severe drawbacks as imaging agents,
including heterogeneity, instability, split 19F NMR signals,
complex formulation procedure, and, most importantly, the
prolonged retention of the agents within organs for months or
longer.22,23

All the aforementioned shortcomings of PFC-based imaging
agents can be avoided if a stable, hydrophilic molecule with a
single 19F signal from multiple fluorine atoms can be developed.
As part of the program on the development of cancer-oriented
theranostic agents, we have synthesized a construct containing a
chemotherapeutic agent fluoropyrimidine attached to a
targeting macromolecule (polyethyleneimine, PEI) and carry-
ing polyunsaturated fatty acid (linoleic acid, LA) as a homing
device and urocanic acid as a drug releasing agent (Figure 1).
Several fluoropyrimidine derivatives are currently being

developed or are already used as anticancer drugs in standard
chemotherapeutic regimens.24−35 Gemcitabine (2,2′-difluoro-
deoxyribofuranosylcytosine, dFdC) is an analog of deoxycyti-
dine with two fluorine atoms inserted into the deoxyribofur-
anosyl ring instead of hydrogens.24 Clinically, dFdC has been

used as a first-line chemotherapeutic agent for a wide variety of
cancers including nonsmall cell lung cancer and pancreatic
cancers.25−27 Despite the clinical success of dFdC, the
chemotherapeutic efficacy of the drug is greatly limited by its
short plasma half-life (9−13 min in humans) and adverse
toxicity (myelosuppression).27,28

5-Fluorouracil (5-FU) has been in clinical use for cancer
treatment for over 45 years.29,30 For example, 5-FU-based
therapy is a part of the standard treatment regimen for
colorectal and breast cancer.31 The combination of 5-FU with
leucovorin was reported to increase survival of cancer patients,
but the examples of resistance to the drug are plenty.32

Another type of oral formulation, TAS-102, is currently in a
phase II clinical trial for colorectal cancer.33,34 The formulation
contains 5-trifluoromethyl-2′-deoxyuridine (TFT, trifluorothy-
midine)35 in combination with a specific inhibitor of thymidine
phosphorylase. TFT is a more potent antitumor agent than 5-
FU because it induces higher levels of cell death and does not
cause an autophagic survival response in the cancer cell lines.36

This provides a strong molecular basis for further application of
TFT in cancer therapy.
Along with its beneficial properties as a chemotherapeutic

agent, TFT is a promising imaging agent. It contains a
trifluoromethyl group, which provides a number of advanta-
geous properties for MRI. First, the free rotation of the
trifluoromethyl group assures that the NMR line remains
narrow, even if the agent is a part of high molecular weight
complexes. Isolation of the α-fluorines from hydrogens and
other nuclei with a nonzero spin assures that fluorine signals are
not split into multiplets by couplings to 1H nuclei. Such
splittings would either lead to a loss in sensitivity or require the
use of 1H decoupling in the 19F-detected spectrum, which is
associated with heating in biological samples. In a trifluor-
othymidine molecule, three fluorine nuclei of the trifluor-
omethyl group are magnetically equivalent. The same chemical
shifts of the three fluorines at the methyl position allows
avoiding image artifacts. In comparison with 5-FU, for example,
TFT offers the advantage of higher sensitivity. By substituting
three hydrogens of the thymidine methyl group with fluorines,
a 3-fold increase in concentration of the detected nucleus

Figure 1. Schematic presentation of the multifunctional theranostic
construct. Carrier (black) − PEI: charge-mediated cellular uptake.
Effector (red) − pTFT: chemotherapeutic agent; 19F-based magnetic
resonance molecular imaging probe. Homing device (green) − linoleic
acid: high affinity binding to alpha-fetoprotein receptor expressing
cells. Releasing agent (blue) − urocanic acid: pH-responsive drug
release. In the structure, the positions of linoleic acid, pTFT, and
urocanic acid attachment are tentative. Note that pTFT can conjugate
with both primary amino groups of PEI and nitrogens of imidazolyl
group of urocanic acid attached to PEI.
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relative to the amount of the administered pyrimidine analog is
achieved. Thus, for the same number of TFT and 5-FU
molecules present at a tumor site in the tissues, an NMR signal
from the trifluoromethyl group of TFT is expected to be three
times stronger. Higher sensitivity allows the detection of lower
concentrations of the anticancer agent, reducing the required
concentrations and thus alleviating toxicity issues.
In this work, we suggest to use TFT as a part of anticancer

theranostic vector−drug construct. The construct contains
branched polyethyleneimine modified with linoleic acid and
conjugated with trifluorothymidine via an acid-sensitive
phosphamide bond. If administered as a single agent, TFT is
known to be rapidly degraded in the human body (its plasma
half-life is less than 20 min).37 By conjugating TFT with PEI,
the therapeutic index of the drug can be greatly improved, since
the polymer protects TFT from renal clearance and, therefore,
prolongs its circulation half-life. In addition, the enhanced
permeation and retention effect of the macromolecular drug
will allow preferential accumulation of the drug in tumor
tissues. It will contribute to the local drug uptake and ensure
the release of the drug in the acidic environment of the tumor.
Commercially available PEI has been used as a polymeric

carrier for macromolecular drug preparations by a number of
research groups.38 Due to the negatively charged cell surface,
polycationic polyethyleneimine and its derivatives generally
display sufficient association and internalization rates. As a
DNA carrier, PEI has already demonstrated significant potential
in gene therapy showing high transfection efficiency both in
vitro and in vivo. However, acute toxicity caused by PEIs slowed
clinical applications of the polymer. N-Acylation of the polymer
helps to reduce toxicity and enhance the transfection efficiency
of PEI.39 A series of PEI-based nanoparticles with a varying
degree of imidazolyl substitution were synthesized.40 The
cytotoxicity of nanoparticles was shown to decrease with
increasing imidazolyl content. The transfection efficiency of PEI
(25 kDa), which is a gold standard for cationic polymer-based
DNA delivery systems, was also improved by 3- to 4-fold upon
substitution with imidazole and lauric acid.40 Since the pKa of
imidazolyl group is within the acidic range of endosome lumen
(pH 5.5−6.5), the group acts as a proton sponge inside the
endosome compartment. Following endocytosis, the DNA−
polymer complexes were shown to be released into cytoplasm
by means of the proton sponge property of imidazole groups,
which were incorporated into the polymeric vector in the form
of histidine residues.40−42

In the present work, we used branched PEI modified with
linoleic acid (PEI-LA) as a carrier. To enhance the release of
the drug from the conjugate in the targeted cells, we coupled
PEI-LA polymer with urocanic acid, which bears an imidazole
ring and thus can form an acid-labile P−N bond with pTFT. In
this case, the drug can be released from the PEI-LA-urocanic
acid carrier in the endosomes due to the endosomal rupture
through proton sponge mechanism.
The drugs could be selectively transported into the cancerous

cells using vectors in order to avoid dangerous side effects. The
working principle of a vector consists of using the affinity of
certain substrates for metabolite receptors. Indeed, cancer cells
are subjected to higher metabolic rates compared to normal
cells. Faster metabolism results in hypoxic environment
inducing anaerobic metabolism that lowers the pH of cancer
cells. Therefore, cancer cells overexpress receptors that attract
primary metabolites (peptides, polysaccharides, fatty acids,
etc.). Incorporation of linoleic acid residues into polyethyle-

neimine−nucleic acid conjugates provides their interaction with
blood plasma proteins,43 which can cause the delivery of such
conjugates in a cancer tissue because of overexpression of
special receptors in the tumor cell membrane.44 The results
obtained45,46 showed that the coupling of drugs with
polyunsaturated fatty acids improves their in vitro toxicity as
well as selectivity against malignant lymphocytes as compared
with quiescent nonproliferating cells. Therefore, previous works
have provided evidence that (a) the entry of fatty acids into
cells is regulated and facilitated by α-fetoprotein (AFP) through
its interaction with specific receptors46−49 and (b) an AFP/
AFP-receptor pathway may be activated in neoplastic cells of
various origin as well as in normal lymphocytes undergoing
blastic transformation.48,49 In this sense modified PEI (Figure
1) has a dual effect, as a vehicle of drug delivery and as a
compound which enhances the bioavailability of TFT in cancer
cells.

■ RESULTS

Synthesis and Characterization of Acylated Polymers.
Lipid-Substituted 25 kDa PEI. PEI is a cationic polymer with
endosomolytic activity.38 The polymer’s ability to facilitate the
endosome lysis is presumably a result of its high buffering
capacity at the acidic endosomal pH. Branched PEI contains
primary and secondary amino groups, which can be used for the
attachment of a desired targeting ligand, either directly or via a
spacer. These properties make branched PEI ideally suitable for
the development of multifunctional drug−vector ensembles for
anticancer agent delivery. In this study, PEI (25 kDa) was
sequentially modified by linoleic acid and urocanic acid (to
introduce imidazolyl groups into the polymer). The scheme for
preparation of the modified polymer PEI-LA-UA is given in
Figure 2.
The expected ratio of primary/secondary/tertiary amines in

branched polyethylenimine was reported as 1:2:1.50 At the
same time, for commercially available compounds experimental
measurements give values that are close to a 1:1:1 ratio, which

Figure 2. Synthesis of acylated polyethylenimine using linoleic acid
chloroanhydride and active esters of urocanic acid (N-hydroxysucci-
nimide or pentafluorophenyl).
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indicates that the polymer has an even more branched
structure.51,52 To estimate the content of primary, secondary,
and tertiary amino groups in the PEI preparation used in this
work, we analyzed the sample using 13C and 1H NMR
spectroscopy. The 1H NMR signals for the protons of
methylene groups attached to primary (-CH2-NH2, δ ∼ 3.05
ppm), secondary (-CH2-NH-CH2-, δ ∼ 2.89 ppm), and tertiary
(N(-CH2-)3, δ ∼ 2.71 ppm) amino groups in PEI were
observed (Figure S1 in Supporting Information). However,
these 1H NMR signals were not resolved well enough to allow a
quantitative analysis. According to the 13C NMR data, the
content of primary, secondary, and tertiary amino groups in PEI
were found to be ∼26%, ∼37%, ∼37%, respectively.
Correspondingly, ∼366 amino groups per polymer molecule
are available for acylation (63% of 581 amino groups per PEI
molecule). This preparation of branched 25 kDa PEI was
acylated using linoleic acid chloroanhydride (Figure 2, PEI−LA
conjugate).
The synthetic procedure was adapted from Neamnark et al.53

Detailed synthetic procedures are given in Supporting
Information. The conjugation of the linoleic acid to PEI was
confirmed by 1H NMR spectroscopy (Figure S1 in Supporting
Information). It was estimated that about 0.35% of amino
groups of PEI were acylated with LA (2 LA residues per
polymer molecule).
Interaction of Human α-Fetoprotein and Albumin with

Polyunsaturated Acid and Its PEI−LA Conjugate. It is known
that, in blood, fatty acids are mostly bound to serum albumin.54

α-Fetoprotein (AFP) is considered to be the fetal form of
albumin.43 In addition, the level of AFP increases in cases of
tumor development.43,44 As compared with albumin, which
binds mainly saturated and monoene fatty acids, AFP from
different species is known to have affinity to polyene fatty
acids.55 To test the effect of PEI on binding of polyunsaturated
LA by human serum albumin (HSA) and AFP, we calculated
apparent association constants (Ka) for protein-LA or protein-
PEI-LA complexes using the method of fluorescent titration.
Unsurprisingly, the complex of the fatty acid conjugate with
AFP was 2 orders of magnitude more stable than that with HSA
(Table 1). In addition, it was observed that the covalent

attachment of LA to PEI resulted in just a slight change in the
stability of the protein−fatty acid complex for both HSA and
AFP (Table 1).
Imidazolyl-PEI-LA Modified Conjugates. To introduce

imidazolyl moieties into PEI-LA, primary and secondary
amino groups of the fatty acid-modified polymer were acylated
with urocanic acid (UA) residues. The PEI-LA-UA conjugate
was synthesized using N-hydroxysuccinimide activated ester of
UA, which was obtained by a classic peptide type coupling
using dicyclohexylcarbodiimide (DCC) as an activating agent
(Figure 2). Alternatively, the following two-step procedure for
PEI-LA-UA preparation was employed: urocanic acid was

converted into an activated pentafluorophenyl ester inter-
mediate using Ph3P/(PyS)2 as an activating agent followed by
the reaction of the activated ester with the amino groups of
PEI-LA (Figure 2). The extent of imidazolyl groups’
incorporation into the polymer was determined using 1H
NMR spectroscopy and is given in Table 2.

The results demonstrated that the extent of the polymer
modification increased with the increasing molar ratios of the
acylating reagent to the polymer. All of the obtained
preparations of PEI-LA-UA were found to be soluble in pure
water. We intended to keep the extent of the polymer labeling
with imidazolyl groups relatively low (∼5.3 mol % of modified
amino groups in PEI-LA) in order not to compromise the
primary amino groups of PEI-LA-UA conjugate necessary for
further pTFT incorporation.
The imidazolyl-modified PEI conjugate was isolated from the

low-molecular reactants by centrifugal filtration. To ensure that
this procedure allowed successful removal of free urocanic acid,
control experiments were performed where urocanic acid alone
and in the mixture with PEI was passed through the same
purification steps as the PEI-LA-UA reaction mixture.
Lyophilization of the retentate yielded no urocanic acid
detectable by 1H NMR spectroscopy and UV−vis spectroscopy
(data not shown). Overall, the yield of PEI-LA-UA conjugate
was 87%.
The 1H NMR spectrum of the obtained PEI-LA-UA

conjugate is given in Figures 3B and S2 (Supporting
Information). For comparison, the spectrum of the mixture
of PEI with UA is also included (Figure 3A). In the spectra of
the conjugate, the signals corresponding to the protons of PEI
methylene groups and the protons of UA were observed at
2.4−3.6 ppm and 6.48−7.87 ppm, respectively, thus indicating
the successful conjugation of urocanic acid to PEI-LA (Figures
3B and S2 in Supporting Information). The chemical shifts of
the protons of imidazolyl moiety in PEI-LA-UA accord well
with those for UA (Figure 3A). At the same time, the presence
of amido group in the conjugated UA caused the downfield
shift of the signals for UA protons, as compared to those of the
free acid. In addition, the line width for the PEI-LA-UA signals
was significantly different from that for UA (cf. Figures 3A,B
and S2 in Supporting Information). The 1H NMR spectra were
not resolved well enough for the calculation of the coupling
constants of the spin system and the quantitative determination
of the percentage of primary and secondary amides in the
polymer samples to be performed. It is interesting to note that
the spectra of the PEI-LA-UA conjugates obtained via activated
N-hydroxysuccinimide or pentafluorophenyl esters of UA were

Table 1. Apparent Association Constants between Serum
Albumin (HSA) or α-Fetoprotein (AFP) and Linoleic Acid
and Its PEI Conjugatea

sample code Ka(AFP) × 10−5 M−1 Ka(HSA) × 10−5 M−1

LA 40 ± 2 5.4 ± 0.4
PEI-LA 13 ± 2 0.1 ± 0.01

aEach value represents the mean of three independent determinations.
Standard deviations were always less than 15% of the mean.

Table 2. Extent of Incorporation of Imidazolyl Groups into
PEI-LA

mol UA/mol PEI

activated ester used aimed extenta achieved extent

N-Hydroxysuccinimide ester 40 30
60 40
100 80

Pentafluorophenyl ester 40 25
60 30
100 70

aThe aimed extent of incorporation corresponds to the excess of UA
activated ester with respect to the polymer.
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somewhat different (compare Figures 3B and S2 in Supporting
Information). If urocanic acid was activated via a pentafluor-
ophenyl active ester intermediate using Ph3P/(PyS)2, the

1H
NMR spectrum of the polymer conjugate contained a double
set of signals for protons of −CHCH− fragment (Figure S2
in Supporting Information). These signals can correspond to
the trans-urocanic acid moiety (H-f, H-g) and cis-urocanic acid
moiety (H-f′, H-g′). It is known that the 1H resonances of cis-
urocanic acid are significantly different from that for trans-
urocanic acid.56,57 In the spectrum of PEI-LA-UA obtained via
N-hydroxysuccinimide ester of UA (Figure 3B), the signals for
the protons of cis-urocanic acid moiety were not present.
Figure 4 illustrates the UV absorption spectra of PEI-LA-UA

(spectrum A) and UA (spectrum D) recorded at pH 6.4.
It can be seen that the polymer conjugate absorbs in the

higher wavelength region than free UA and with a larger molar
absorptivity ε (for the trans-form of urocanic acid ε = 1.88 ×
104 M−1 cm−1 at 278 nm, and for the PEI-LA-UA conjugate, ε
= 5.76 × 105 M−1 cm−1 at 285 nm; λmin = 245 nm, ε = 1.65 ×
105 M 1 cm 1). The variation of the UV spectrum for trans-UA
with pH has been well documented.58 The UV absorption
characteristics of PEI-LA-UA conjugate showed a virtually
identical variation with pH to that of UA except for the higher
value for the molar absorptivity across the spectrum (data not
shown).
Synthesis and Characterization of Phosphorylated PEI

Conjugates (PEI-LA-pTFT and PEI-LA-UA-pTFT). To
introduce an anticancer nucleotide antimetabolite pTFT into
PEI-LA (Figures S3 and S4 in Supporting Information) and
PEI-LA-UA (Figure 5) polymers, we used 4-(N,N-dimethyla-
mino)-pyridine derivative of pTFT (DMAP-pTFT). Detailed

synthetic procedures are given in Supporting Information. The
procedure for the synthesis of a phosphorylating derivative of
pTFT (DMAP-pTFT) was adapted from Godovikova et al.59

To obtain polymers with different degrees of substitution
with the anticancer agent pTFT, we varied the pTFT:polymer
ratio in the reaction mixtures. The aimed and achieved
substitution degrees are given in Table 3. The results showed
that the extent of the polymers modification increased with the
increasing molar ratios of the phosphorylating reagent to the
polymer. All of the obtained conjugates were found to be
soluble in pure water. However, aggregation was detected for
PEI-LA-UA-pTFT-70. We intended to keep the extent of

Figure 3. 1H NMR spectra of PEI + UA (A) and PEI-LA-UA
conjugate obtained via N-hydroxysuccinimide activated ester (B) in
D2O. Signals in the spectra A and B have been assigned to protons (b
through i) of the structures shown above the spectra.

Figure 4. Electronic absorption spectra of the PEI-LA-UA conjugate
(spectrum A), PEI-LA-pTFT conjugate (spectrum B), PEI-LA-UA-
pTFT conjugate (spectrum C), and UA (spectrum D) in an aqueous
solution, pH 6.4.

Figure 5. Scheme for the synthesis of the PEI-LA-UA-pTFT
conjugate.
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modification relatively low (∼7 mol % of amino groups in PEI-
LA-UA-pTFT), in order to avoid formation of micelles.
The PEI-LA-pTFT and PEI-LA-UA-pTFT conjugates were

isolated by centrifugal filtration with a ∼75% yield. The chosen
purification method was shown to successfully separate the
excess of low molecular weight reactant from the polymer.
Indeed, the retentate after centrifugal filtration of free pTFT
solution and its mixture with PEI did not contain pTFT,
according to 31P, 1H, and 19F NMR spectroscopy (data not
shown).
The TFT-containing PEI conjugates were further charac-

terized by 31P, 1H, and 19F NMR. It is known that in nucleotide
derivatives the chemical shift of the 5′-phosphate group
depends on the medium effects.60 The chemical shifts for the
31P NMR signal of the phosphate monoester group in aqueous
solutions depend on pH in the ionization region of this group
and can vary within a ∼4 ppm interval. Therefore, we detected
the 31P NMR spectrum of the nonactivated pTFT mixed with
PEI-LA as a control. In the control spectrum, only the signal at
∼4 ppm corresponding to the phosphate monoester was
observed (Figure 6A). At the same time, this signal was absent
in the 31P NMR spectra of PEI-LA-pTFT (Figure 6B) and PEI-
LA-UA-pTFT (Figure 6C). Instead, the signal with a chemical
shift at ∼9 ppm appeared in both spectra. It is known that the

signals for phosphorus atom in monoamides of phosphate
monoesters obtained with primary (secondary) amines are
shifted downfield in comparison with mononucleotides.60

Therefore, the signals at ∼9 ppm can be attributed to the
phosphorus in an aliphatic amidophosphate group, which
indicates the successful conversion of pTFT into the
corresponding polymer conjugates.
In addition, in the 31P NMR spectrum of PEI-LA-UA-pTFT

the peak with δ ∼ −11 ppm was detected (Figure 6C). Signals
in this region are characteristic of the phosphamide bonds
formed with a nitrogen atom included in the aromatic π-system
(e.g., the signals for imidazolides of mononucleotides in D2O
have chemical shifts in the range between −10 and −11
ppm).60 Therefore, the 31P NMR data speaks in favor of the
attachment of some pTFT residues to the imidazolyl moieties
of UA introduced into PEI. This fact was also confirmed by the
kinetic experiments for acid-sensitive release of pTFT from
PEI-LA-UA-pTFT conjugate at different pH (discussed below).
The synthesis of PEI-LA-pTFT and PEI-LA-UA-pTFT

conjugates was further confirmed by 1H NMR (Figure 7) and
19F NMR spectroscopy. The 1H NMR spectra of the conjugates
contained signals for PEI protons at δ ∼ 2.2−3.6 ppm (Figure
7B,C). In addition, the singlet peak for the aromatic proton of
the nucleotide residue (H-6, H-o) was observed at δ ∼ 8.2
ppm; a proton H-1′ (H-n) of deoxyribose moiety produced a
signal at δ ∼ 6.3 ppm; and the signals for H-4′ (H-k), the
signals for H-3′ (H-l), and the signals for H-5′(H-j) appeared
markedly at δ ∼ 4.5 ppm, δ ∼ 4.2 ppm, and δ ∼ 4.0 ppm,
respectively. The signals corresponding to the protons of UA
were observed in the range of 6.38−7.70 ppm in the 1H NMR
spectrum of PEI-LA-UA-pTFT as well (Figure 7C).
In the 19F-NMR spectra of PEI-LA-pTFT and PEI-LA-UA-

pTFT conjugates, several overlapping signals appeared at ca.
101.5 ppm (D2O). The chemical shifts of conjugates were
essentially coincident with that of pTFT. The signals were
shifted downfield by ∼58 ppm from the 19F NMR signal of
NaF. The line width in the spectra of the polymer conjugates
was significantly larger than that for small molecular weight
fluorinated compounds (e.g., for pTFT, the line width was ∼20
Hz; for PEI-LA-UA-pTFT it was ∼140 Hz).
The UV absorption spectra of the PEI-LA-pTFT and PEI-

LA-UA-pTFT conjugates recorded at pH 6.4 are demonstrated
in Figure 4 (spectra B and C, respectively). It can be seen that
the conjugates absorb in the same wavelength region as TFT
(for PEI-LA-pTFT-40, ε = 3.3 × 105 M−1 cm−1 at 262 nm; for
PEI-LA-UA-pTFT-40, ε = 8.82 × 105 M−1 cm−1 at 267 nm;
λmin = 235 nm, ε = 4.4 × 105 M−1 cm−1). The presence of UA
residue in the PEI-LA-UA-pTFT conjugate was also proved by
the appearance of the characteristic inflection at 291 nm along
with the single maximum at 267 nm (Figure 4C). The
absorption maximum for the TFT-containing polymer
conjugates was blue-shifted in comparison with the initial
modified polymers due to the presence of the pTFT moiety
(Figure 4, compare spectra A and C).

Release of pTFT from PEI-LA-pTFT and PEI-LA-UA-
pTFT Conjugates. It is known that phosphorylated imidazole
is unstable at pH < 5.61 Mono- and oligonucleotide derivatives
containing the P−N bond with aliphatic amino group are much
more stable under the same reaction conditions. To addition-
ally confirm that at least some pTFT moieties were attached to
the polymer via imidazolyl residues of the introduced urocanic
acid, we studied the acid sensitivity of phosphamide bonds in
the TFT-containing polymer conjugates by UV−vis spectros-

Table 3. Extent of Modification of PEI-LA and PEI-LA-UA
Conjugates with pTFT

mol pTFT/mol PEI

samples aimed extenta achieved extent

PEI-LA-pTFT-20 30 20
PEI-LA-pTFT-40 50 40
PEI-LA-pTFT-70 90 70
PEI-LA-UA-pTFT-40 50 40
PEI-LA-UA-pTFT-70 100 70

aThe aimed extent of incorporation corresponds to the excess of
DMAP-pTFT with respect to the polymer.

Figure 6. 31P NMR spectra of pTFT (A), PEI-LA-pTFT (B), and PEI-
LA-UA-pTFT (C) conjugates in D2O.
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copy (Figure S5 in Supporting Information) and high-
resolution 31P NMR spectroscopy (Figure 8). It was expected
that hydrolysis of the polymer conjugates would produce a
small molecular weight fluorinated compound (i.e., pTFT) and
a demodified polymer, which could be separated using
centrifugal filtration. As a result of pTFT release, the
absorbance at 267 nm (A267) of the polymeric fraction upon
filtration would decrease, providing a means to evaluate the
degradation of the conjugates. Indeed, when PEI-LA-UA-pTFT
was incubated at pH 5.0 or 7.0, the value of A267 decreased over
time. However, the change in absorbance was slower at pH 7.0
than at pH 5.0, indicating that the hydrolysis of the conjugate
was pH-dependent, faster at lower pH. In contrast, the

absorbance of the polymeric fraction upon the hydrolysis of
PEI-LA-pTFT did not change, whether the polymer conjugate
was incubated at pH 5.0 or at pH 7.0. Thus, the PEI-LA-pTFT
was stable at the pH tested. The percentage of hydrolysis for
the conjugates as a function of time is shown in Figure S5
(Supporting Information). At pH 5.0, ∼13% of PEI-LA-UA-
pTFT conjugate was hydrolyzed within 11 h of incubation, and
after 72 h, the percentage of hydrolysis increased to 70%. In
contrast, at pH 7.0, only ∼8% of the conjugate degraded within
11 h of incubation. The hydrolysis percentage for PEI-LA-
pTFT at pH 5.0 within 72 h was negligible (only ∼0.1% of PEI-
LA-pTFT was hydrolyzed).
As it was mentioned above, the difference in the chemical

shifts for the phosphorus in phosphate and in phosphamide
groups allowed us to distinguish between pTFT-free and TFT-
containing polymers. Therefore, high-resolution 31P NMR
spectroscopy was used to further study the pH-dependent
degradation of PEI-LA-UA-pTFT conjugate. Indeed, the
integrals of the signals for aliphatic phosphamides and
phosphamides formed with imidazolyl groups in the polymer
molecule (chemical shifts of ∼9 ppm and −11 ppm,
respectively) decreased upon incubation of PEI-LA-UA-pTFT
at pH 5.0 (Figure 8). At the same time, the integral of the signal
for phosphate monoesters (δ ∼ 2 ppm) gradually increased,
indicating the disappearance of the PEI-LA-UA-pTFT con-
jugate and the appearance of pTFT.
The appearance of the peak at δ −9.5 ppm in the 31P NMR

spectrum of the PEI-LA-UA-pTFT hydrolysis mixture indicated
the conversion of pTFT into symmetrically disubstituted
pyrophosphates (Figure 8B). It is known that symmetrically
disubstituted pyrophosphates produce singlet peaks in 31P
NMR spectra, which are shifted in respect to phosphomo-
noester signal upfield and appear at approximately −10 ppm.60

It seems reasonable to suggest that pyrophosphates may be
formed by interaction of mononucleotide imidazolides with the
mononucleotides released from the PEI-LA-UA-pTFT con-
jugate.

In Vivo Spectroscopy. One of the powerful noninvasive
analytical techniques is in vivo MR spectroscopy.62 To evaluate
the potential of 31P MRS in vivo, we visualized PEI-LA-pTFT
conjugate administered to mice by intramuscular injection of

Figure 7. 1H NMR spectra of PEI mixed with pTFT (A), PEI-LA-
pTFT conjugate (B), and PEI-LA-UA-pTFT conjugate (C) in D2O.
Signals in the spectra correspond to protons labeled (f through o) in
the structures shown above the spectra.

Figure 8. 31P NMR spectra of PEI-LA-UA-pTFT conjugate before (A)
and after its incubation at pH 5.0, 37 °C for 24 h (B).
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PEI-LA-pTFT solution (13 mM, calculated as the concen-
tration of phosphate groups; 0.3 mL) (Figure 9).

After injection of PEI-LA-pTFT, a new resonance at ca. 12
ppm arose in the 31P NMR spectrum of the mouse muscle
tissue (Figure 9, compare spectra A and B). The chemical shift
of this signal was coincident with that of PEI-LA-pTFT (Figure
9C) and is shifted by ∼6 ppm downfield from the signal of
inorganic phosphate. After injection of PEI-LA-pTFT into mice
muscle tissue, the concentration of the conjugate remained
constant within the first 5 min and then slightly decreased
within 1−2 h after administration, as demonstrated by the
changes in the intensity of the amidophosphate signal (Figure
10).

The ability of in vivo 31P MRS to distinguish the signal for
amidophosphate from the signals for endogenous phosphorus-
containing compounds makes this technique suitable for the
analysis of amidophosphate-containing polymers in vivo. Thus,
such conjugates may serve as useful molecular probes for
evaluation of tissue perfusion and for the future investigation of

the pharmacodynamic and pharmacokinetic properties of the
amidophosphate-containing anticancer conjugates.

In Vitro Studies. The binding and uptake of PEI-LA-pTFT
and PEI-LA-UA-pTFT conjugates labeled with fluorescein
isothiocyanate (FITC) were studied in MCF-7 human breast
adenocarcinoma cells, which are characterized by a high level of
AFP receptor expression (300 000 receptors per cell).63 The
fluorescent microscopy was utilized to investigate intracellular
localization of the conjugates. Both types of FITC-labeled
conjugates are characterized by a high level of accumulation in
the cells (Figure S7 in Supporting Information).
The cytotoxicity of PEI and the obtained polymer conjugates

was investigated using the MTT assay.64 The polymer solutions
were incubated with MCF-7 human breast adenocarcinoma
cells for 72 h. It is known that cationic polymers such as PEI are
toxic due to their strong interactions with plasma membrane or
interactions with negatively charged cell components.38,65−67

Indeed, PEI showed the highest toxicity among a series of
polycations tested in L929 mouse fibroblasts, and the effect
depended upon exposure time and concentration of the
polycation.67 In addition, studies on poly(L-lysine) and PEI
showed that primary and secondary amines increased toxicity,
while tertiary amines reduced toxicity.68 In the current study,
PEI showed IC50 value of 0.49 μM after 72 h incubation with
MCF-7 cells. Substitution of PEI with LA reduced cytotoxicity
of the polymer, which had an IC50 of 0.67 μM after 72 h
incubation (Table 4).

In the present study, a series of PEI-based conjugates were
synthesized with different degrees of TFT substitution. The
cytotoxicity of the obtained polymer conjugates varied
depending on the number of pTFT residues per polymer
molecule (Table 4).
The conjugates with a pTFT substitution of 40 and 70 pTFT

molecules per polymer molecule (conjugates PEI-LA-pTFT-40
and PEI-LA-pTFT-70, respectively) demonstrated reduced
cytotoxicity, which can be explained by their reduced surface
charge in comparison with the parent polymer. The trend is
clearly reflected in the IC50 values, which demonstrate that the
cells can tolerate greater amounts of substituted PEIs as the
degree of pTFT substitution increases (Tables 3 and 4). The
cell survival following the 72 h treatment with 0.8 μM solution
of PEI-LA-pTFT with a pTFT/PEI molar ratio of 70 was
higher than 90%.
As can be seen in Table 4, reducing the primary amine

content of the PEI-LA conjugates lowered their toxicity, as

Figure 9. In vivo 31P MRS spectra of mouse muscle tissue before (A)
and after (B) the intramuscular injection of PEI-LA-pTFT. The
spectra were recorded using a surface coil. A NaCl/H2O solution of
the conjugate (13 mM, calculated as the concentration of phosphate
groups; 0.3 mL) was used for injection. The number of signal
accumulations NS = 10 000. PM − phosphomonoester; Pi − inorganic
phosphate; PCr − phosphocreatine; ATP − adenosine 5′-
triphosphate; NAD − nicotinamide adenosine dinucleotide. (C) 31P
NMR spectrum of PEI-LA-pTFT.

Figure 10. 31P MRS spectra (the region around δ ∼ 11.5 ppm) of a
mouse muscle tissue obtained using a surface coil upon administration
of one dose of 0.1 μmol of the PEI-LA-pTFT conjugate 5 min (red),
50 min (blue), and 75 min (green) after injection.

Table 4. IC50 Values for PEI and Its Derivatives after 72 h
Incubation with MCF-7 Cells

sample IC50 (72 h)a (μM)

PEI 0.49 ± 0.02
PEI-LA 0.67 ± 0.03
PEI-LA-pTFT-20 0.32 ± 0.015
PEI-LA-pTFT-40 20% inhb

PEI-LA-pTFT-70 10% inhb

PEI-LA-UA-pTFT-40 0.43 ± 0.01
aThe values mean ± SD were calculated from cell viability percentages
obtained from MMT assay done in triplicate and repeated three times.
Statistical significance of modified polymer compared to unmodified
polymer using two-sample t-test is given. bWhen the cytotoxicity was
low, the percent of inhibition of cell growth at the highest used
concentration (0.8 μM) of the compound was determined.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc3006072 | Bioconjugate Chem. 2013, 24, 780−795787



compared to PEI. Cytotoxicity of the conjugates diminishes
with the increase of phosphorylation degree due to the decrease
in the amount of primary amino groups per polymer molecule.
The PEI-LA-UA-pTFT-40 conjugate obtained in the present
work is a prodrug, which needs to be hydrolyzed to produce
active pTFT. Acid-sensitive hydrolysis, either extracellular or
intracellular, of the imidazolyl phosphamide bond in the
conjugate followed by the quick release of the cytotoxic
antimetabolite should contribute to the increased cytotoxicity
of the PEI-LA-UA-pTFT-40 conjugate. TFT induces higher
levels of cell death and does not elicit an autophagic survival
response in the cancer cell lines.36 In contrast to imidazolyl
amidophosphates, the aliphatic amidophosphates are relatively
stable under physiological and slightly acidic conditions.
Therefore, the antimetabolite cannot be easily released from
the carrier in the case of PEI-LA-pTFT conjugates, which may
limit the cytotoxic properties of the conjugates.
In Vivo Antitumor Activity. To evaluate the in vivo

antitumor activity of the PEI-LA-UA-pTFT conjugate, C57BL/
6-tumor-bearing mice were treated with normal saline or PEI-
LA-UA-pTFT solution. The body weights of mice that received
various treatments were recorded. The drug was administered
by i.p. injections three times at a single dose of 24 mg/kg on
days 2, 4, and 6 after tumor transplantation (on day 1). Control
animals received three corresponding injections of saline. The
mice were weighed daily, and on day 8 they were decapitated,
ascites was removed, weighed, the ascitic cells were counted,
and the tumor-inhibitory activity of the polymer conjugate was
assessed (Table 5).

As seen in Table 5, tumors in mice treated with normal saline
grew aggressively and uncontrollably, and the tumor weight
reached 6.2 ± 1.1 g on day 8, i.e., seven days after the first
injection. In contrast, PEI-LA-UA-pTFT significantly inhibited
the tumor growth compared with normal saline treatment. The
mean size of tumors in mice that have been treated with the
conjugate on day 8 was found to be significantly smaller (1.1 ±
0.2 g) than that in mice treated with normal saline. The ratio of
the volumes of ascites from the drug-treated animals to that of
control mice was 0.177, and the corresponding ratio for the
number of tumor cells was 0.012, which allowed calculation of
the tumor growth inhibition to be 98.9%.
The second experiment was performed to evaluate the effect

of PEI-LA-UA-pTFT on the life span of the tumor-bearing

mice. The animals were treated as in the previous experiment,
but then were allowed to naturally die from tumors. Whereas
mice of the control group lived for 8.9 ± 0.11 days after tumor
transplantation, the conjugate-treated animals lived for 30.3 ±
3.12 days (p < 0.001), which is more than 3 times longer as
compared to the control.

■ DISCUSSION
Nowadays, cancer chemotherapy depends heavily on cytotoxic
antimetabolites, such as nucleoside analogs.36,69−71 The initial
studies evaluating the anticancer activity of a nucleoside analog
TFT were conducted in the 1960s,35 but further development
of this agent was not undertaken because of its short half-life
(12−18 min) in plasma and pronounced hematologic
toxicity.37,70 The metabolism of TFT in the body includes
two stages: the cleavage of the nucleoside to the free base; and
the conversion of the base into 5-carboxyuracil with the
concomitant release of inorganic fluoride. Thymidine phos-
phorylase (TP) is the enzyme responsible for the degradation
of TFT into its inactive form, 5-trifluoromethyluracil. In order
to prolong the half-life of the drug in the body, a
fluoropyrimidine formulation should be made resistant to the
enzyme.
A type of TP-resistant fluoropyrimidine formulation, TAS-

102, has recently been introduced and is now in phase II of
clinical trials.33 The formulation consists of TFT in
combination with a specific inhibitor of TP (5-chloro-6-(2-
iminopyrrolidin-1-yl)-methyl-2,4(1H,3H)-pyrimidine dionehy-
drochloride). The presence of the TP inhibitor results in a 3-
fold increase in TFT serum concentrations. However, increased
TFT concentration due to inhibition of TP does not necessarily
lead to the increased delivery of the chemotherapeutic drug to
the tumor cells. Thus, a more suitable and effective
administration of nucleoside analogues is required for the
successful treatment of cancer patients. Thereto, the
therapeutic efficiency of anticancer nucleoside analogues
strongly depends on their intracellular accumulation and
conversion into 5′-mono- and triphosphates. If only a small
portion of a nucleoside analog is converted into the
corresponding nucleotide, the analog can cause high toxicity,
and drug resistance can be developed, which eventually
compromises the effectiveness of this therapy.36 This problem
could be solved by using phosphorylated forms of nucleoside
analogues: mono- or triphosphates. Unfortunately, phosphory-
lated nucleosides applied alone are known to be hardly
internalized by cells. To increase the internalization of this
promising type of antimetabolites, efficient drug delivery
vehicles are required. In the present study, a conjugate between
a polymer carrier (PEI) and the active monophosphate form of
TFT (pTFT) is reported for the first time.
Active targeting of tumor cells via receptor-mediated

endocytosis is a promising approach to increase internalization
of drugs by target cells and simultaneously to minimize the
drug’s action on healthy tissues.72 In the current study, linoleic
fatty acid (LA) was incorporated into PEI to provide the
polymer-based drug ensemble with ligand competence. It has
been proven that penetration of polyunsaturated fatty acids into
cells is regulated and facilitated by interaction of AFP with
specific receptors.44 There exist as least two types of receptors
for AFP. AFP uptake was demonstrated in neoplastic cells, such
as breast/mammary carcinomas, hepatomas, neuroblastomas,
lymphomas, and T and B cell malignancies.44 Our results show
that PEI acylated with linoleic acid chloroanhydride is bound to

Table 5. Effect of Normal Saline or PEI-LA-UA-pTFT-40
Conjugate on the Growth of Murine Krebs-2 Ascitic
Carcinoma in C57BL/6 mice (n = 4)

normal
saline

PEI-LA-UA-pTFT
conjugate

Initial body weight (average, g) 23.5 22.9
Final body weight with ascites, g 28.3 ± 1.1 21.9 ± 0.7
Final body weight without ascites, g 22.2

(94.5%)
20.8 (90.8%)

Mean weight of ascites, g 6.2 ± 1.1 1.1 ± 0.2
Tumor cell concentration (mln/mL of
ascites)

47.5 3.3

Mean number of tumor cells per
mouse (mln)

294.5 3.63

Tumor growth inhibition: by weight of
ascites

- ∼82.3%

Tumor growth inhibition: by tumor
cell number

- ∼98.8%
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AFP about a hundred times more efficiently than to serum
albumin (Ka = (13 ± 2) × 10−5 M and Ka = (0.1 ± 0.01) ×
10−5 M, respectively). In addition, the results show that our
modified polymer has lower toxicities in MCF-7 human breast
adenocarcinoma cells compared to PEI (Table 4). Taken
together, PEI-LA polymer demonstrated its promising potential
as a drug carrier with low cytotoxicity and facilitated cellular
uptake.
To use PEI-LA polymer as a platform for the delivery of

anticancer drug pTFT into cells, we suggested a simple method
to incorporate the drug into polymer. The amino groups of PEI
were phosphorylated with DMAP-pTFT (Figure 5 and
Supporting Information, Figure S2). Activation of the 5′-
phosphate group was achieved as described in Godovikova et
al.59 using oxidative−reductive condensation with the pair
Ph3P/(PyS)2 in the presence of 4-(N,N-dimethylamino)-
pyridine. Interestingly, our studies have revealed that the
conjugation of pTFT with cationic polymer positively affected
the stability of the drug in aqueous solutions. It is known that
TFT is readily hydrolyzed into 5-carboxy-2′-deoxyuridine by
the attack of hydroxide ion on the undissociated or anionic
species, with 5-hydroxydifluoromethyl-2′-deoxyuridine being
the likely intermediate.73 Therefore, while synthesizing the
TFT−polymer conjugates, we were concerned with the
possibility that the three fluorine atoms in TFT could be
replaced by the hydroxyl groups, since the reaction was carried
out in aqueous solution at pH > 9. Fortunately, the TFT
moiety remained intact upon conjugation, as confirmed by 19F-
NMR spectroscopy. Indeed, the spectra of PEI-LA-pTFT and
PEI-LA-UA-pTFT contained the same signals as were found in
the spectrum of parent trifluorothymidine monophosphate (the
presence of the peak at δ ∼ 100 ppm, D2O).
In situ studies demonstrated that conjugation of pTFT with

cationic polymer PEI enhanced the resistance of the drug to
metabolism in comparison to the underivatized anticancer drug.
This was shown using 19F NMR spectroscopy which allows a
precise and reproducible determination of the structure of all
fluorine-containing substances including the previously un-
known reaction products simultaneously without additional
experimental procedures.74 The final catabolite (free fluoride
anion, F−) was detected after 3 h of PEI-LA-UA-pTFT
conjugate incubation in human plasma (Supporting Informa-
tion, Figure S6). At the same time, the half-life of TFT in the
plasma of cancer patients was reported to be 18 min.37 Thus,
the polymeric drug is degraded to the fluorine-containing
catabolites more slowly than free TFT.
The TFT-containing PEI conjugates are prodrugs, that need

to be hydrolyzed to produce active antimetabolite pTFT.
Recently, stimulus-sensitive drug strategies have been suggested
for the design of drug delivery systems.75,76 Among these
stimuli, changes in acidity are particularly useful for treating
tumors, because tumor tissues have a relatively acidic
extracellular environment (pH ∼ 6.8) compared to that of
the surrounding normal tissues.77−82 In addition, once the drug
enters cells via endocytosis, it becomes exposed to more acidic
conditions (pH 5−6) encountered in endosomes and
lysosomes.83,84 Due to the presence of a variety of protonable
amines, PEI has a tremendous buffering capacity between pH
7.2 and 5.0.38 The amino groups of the polymer can absorb
protons brought into the endosome by ATPase pump, which
causes osmotic swelling and, therefore, induces the rupture of
the vesicle. For example, a PEI-based formulation of a
phosphorylated nucleoside analogue 5′-triphosphate of 5-

fluoroadenosine arabinoside, in which the drug was bound to
the carrier due to ionic interactions between its triphosphate
group and the protonated amino groups of the polymer,
demonstrated an efficient intracellular release of active drug.85

To improve the intracellular gene delivery via endocytosis, the
attempts have been made to chemically modify the polycations
by substituting them with imidazolyl or histidine groups.40−42 It
was demonstrated that the imidazolyl substitution of PEI
improved the efficiency of nucleic acid delivery by 3- to 4-
fold.40 The PEI-based conjugates described here, PEI-LA-pTFT
and PEI-LA-UA-pTFT, demonstrated the ability to be
internalized by human breast carcinoma MCF-7 cells. The
data on in vitro cellular uptake (Supporting Information, Figure
S7) and cytotoxicity (Table 4) confirmed the delivery of the
pTFT into cancer cells by the PEI-LA-UA-pTFT conjugate.
The pTFT residue is attached to the polymer via

phosphamide bonds, which are relatively stable under
physiological conditions, but are hydrolyzed in acidic
solutions.61 It is known that aliphatic monoamides of
phosphate monoesters are much more stable at pH 5 than
phosphorimidazolides.61 The hydrolysis of the former types of
compounds occurs only at pH ≤ 3. The presence of imidazolyl
groups in the PEI-LA-UA conjugate allowed the attachment of
pTFT to the polymer via acid-labile imidazolyl-phosphamide
bonds. The exposure to slightly acidic conditions inside the
cells is expected to facilitate the hydrolysis of PEI-LA-UA-
pTFT and quick release of the incorporated anticancer drug.
In fact, the acid sensitivity of the PEI-LA-UA-pTFT

molecules was demonstrated in test tubes using UV−vis
(Supporting Information, Figure S5) and high-resolution 31P
NMR spectroscopy (Figure 8). PEI-LA-UA-pTFT was found to
be acid-sensitive, while the control PEI-LA-pTFT was stable at
pH 5.0 and 7.0. The data on the pTFT release from PEI-LA-
UA-pTFT showed that 8.6% of the conjugate was hydrolyzed
within 11 h of incubation at pH 7.0, while at pH 5.0 the
percentage of hydrolysis reached 13.2% (Figure S4 in
Supporting Information). Expectedly, the release of pTFT
from PEI-LA-pTFT at pH 5.0 was negligible: only ∼0.1% of the
conjugate was hydrolyzed within 72 h.
In order to detect how conjugation of the cationic polymer

affects the cytotoxic properties of phosphorylated drug
(pTFT), we have compared cytotoxicity of PEI-LA-pTFT
conjugates with a various content of pTFT per PEI molecule.
The survival of MCF-7 cells after the 72 h treatment with a
solution of phosphorylated nucleoside analog pTFT (0.04
mM) was higher than 90%. With concentration and incubation
time fixed at 0.8 μM and 72 h, respectively, the cytotoxicity of
the PEI-LA-pTFT conjugates was lower for higher degrees of
the polymer substitution with pTFT (Table 4). We used this
relatively long incubation period since it is sufficient for
internalization of the drug-containing conjugates necessary to
compare cytotoxicities of free and PEI-conjugated pTFT. Even
though the cellular uptake of the PEI-LA-pTFT conjugate was
the same as the uptake of the PEI-LA-UA-pTFT conjugate
(Figure S7 in Supporting Information), the cytotoxicity of the
latter was higher (Table 4), likely because the conjugates that
initially entered the cells by endocytosis were transferred to the
lysosomes, where the acidic environment facilitated the
hydrolysis of the conjugate and the release of pTFT. The
newly generated pTFT may cross the lysosome membrane and
reach cytoplasm by passive diffusion. Current study indicated
the role of imidazolyl groups in internalization of the drug-
containing PEI conjugates and release of the active drug from
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the conjugates. Further optimization of the content of urocanic
acid in the PEI conjugates is required for the conjugates to
demonstrate maximum efficiency for the targeted cells and
minimum toxicity for normal cells.
Finally, the in vivo antitumor activity of the PEI-LA-UA-

pTFT conjugate was evaluated in C57BL/6 mice with the
model of Krebs-2 ascitic carcinoma. The Krebs-2 mouse ascitic
carcinoma model was chosen because the Krebs-2 tumor cells
grew aggressively in the syngeneic C57BL/6 mice, which
allowed us to readily determine whether the delivery of pTFT
to the cells by the acid-sensitive PEI-LA-UA-pTFT conjugate
can improve its in vivo antitumor activity. To evaluate the in
vivo antitumor activity of the PEI-LA-UA-pTFT conjugate,
C57BL/6-tumor-bearing mice were treated with normal saline
or PEI-LA-UA-pTFT solution. MRI analysis based on the
combination of 1H- and 19F-images was carried out to generate
a full picture of the sample after the drug’s administration by
intraperitoneal injections (Figure 11).

Our initial results demonstrate the potential of PEI-LA-
pTFT conjugates as MRS/MRI probes (Figures 9 and 11).
However, more detailed studies with different TFT-containing
PEI conjugates involving biodistribution (plasma clearance and
organ distribution), toxicity, metabolic fate, and immunologic
consequences are necessary to establish their potential as in vivo
MRS/MRI probes.
As demonstrated in Table 5, the PEI-LA-UA-pTFT

conjugate was effective in inhibiting the tumor growth. The
enhanced antitumor activity may be attributed to the enhanced
accumulation of PEI-LA-UA-pTFT inside the tumor, the
lysosomal delivery of the conjugate, and faster acid-sensitive
release of pTFT from the polymeric carrier in lysosomes. These
results provide a strong basis for further investigation of PEI-
LA-UA-pTFT conjugate as a promising tool for cancer therapy.
In addition, when activated to its triphosphate form, TFT can
be incorporated into a viral DNA and disrupt viral DNA
synthesis. Furthermore, recent studies have reported strong
inhibitor effect of PEI on human papillomaviruses, which are
associated with anogenital malignancies and are etiologically
linked to the development of cervical cancer.86 PEIs and their
derivatives may have a microbicide potential as prophylactic
and therapeutic antiviral agents. Taken together, these results
and our data indicate that PEI derivatives of TFT may be
attractive for the development of antiviral microbicides and
anticancer chemotherapy agents. Further studies aimed at
testing the optimized PEI derivatives for their anticancer
potential and investigating these conjugates for their antiviral
efficiency in animal models are required.

■ EXPERIMENTAL PROCEDURES

Materials and Methods. TFT was purchased from U.S.
Pharmacopeia (Rockville, MD). PEI (25 kDa) was purchased
from Aldrich (USA): 13C NMR (D2O): δ 40.3 (m,
NH2(CH2)), 48.6 (m, NH(CH2)2), 54.0 ppm (m, N(CH2)3).
All solvents and reagents, unless stated differently, were

purchased from Sigma-Aldrich (St. Louis, MO) at the highest
available grade and used without purification. Cascade Blue
ethylenediamine trisodium salt and MTT (3-[4,5-dimethylth-
iazol-2-yl]-2,5-diphenyltetrazolium bromide) assay kit were
purchased from Invitrogen. Plasma was separated from the
freshly drawn human blood of 20 healthy volunteers without
microvascular or macrovascular complications. The study was
approved by the local ethic committee and performed in
accordance with the International Conference on Harmonisa-
tion Guideline for Good Clinical Practice (1996), which
represents the international ethical and scientific quality
standard for designing, conducting, recording, and reporting
trials that involve participation of human subjects. Solution of
α-fetoprotein in water (AFP, 1 mg/mL) was purchased from
“Vector-Best” (Novosibirsk, Russia) and additionally purified
from fatty acids.

1H and 19F NMR spectra were recorded on AV-300 NMR
spectrometer (Bruker, Rheinstetten, Germany) at 300 and 282
MHz, respectively. The spectra were detected at 25 °C in 5 mm
NMR sample tubes. The chemical shifts were expressed in parts
per million, ppm (δ). All 1H chemical shifts were calculated
relative to the residual 1H NMR signal of the deuterated NMR
solvent (D2O, δ 4.80 ppm). C6F6 (δ 0.00 ppm) was used as an
external reference for chemical shifts in 19F NMR spectra. The
13C NMR spectra were recorded on AV-400 NMR
spectrometer (Bruker, Rheinstetten, Germany) at 100 MHz.
31P NMR spectra were recorded on AV-400 and AV-300 NMR
spectrometers (Bruker, Rheinstetten, Germany) at 162 and
121.5 MHz, respectively. The 31P chemical shifts were reported
using an external standard of 85% H3PO4. The spin−spin
coupling constants (J) are reported in hertz (Hz) and spin
multiples are given as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), t.d (triplet of doublets), and br.s
(broad singlet).
Electronic absorption spectra were acquired on a UV-1800

spectrometer (Shimadzu, Japan).
Fluorescence measurements were carried out in PBS (pH

7.4; 1.7 mM KH2PO4, 5.2 mM Na2HPO4, 150 mM NaCl) at
room temperature on a Varian Cary Eclipse spectrofluorometer
(Varian, USA) using a 1 cm quartz cell. A protein solution (1 ×
10−6 M) was titrated with a ligand (concentration of the ligand
varied from 1 × 10−6 to 1 × 10−5 M). Changes in fluorescence
were measured using the excitation wavelength λexc = 295 nm
(5 nm slit) and the emission wavelength λem = 340 nm (10 nm
slit). Because a relatively small concentration of the protein was
used, large slit widths were set to obtain a sufficiently strong
signal from a single Trp residue. Experimental fluorescence data
(F0/F(c)) were plotted as a function of the ligand
concentration (F0 − fluorescence of the free protein, F(c) −
fluorescence of the protein upon the ligand binding at ligand
concentration c). Association equilibrium constant (Ka) was
determined using Stern−Volmer equation: F0/F = 1 + Ka c.
Low molecular weight materials (Mr < 3000 Da) were

removed from solutions of polymer conjugates by centrifugal
filtration using Centricon concentrators (Amicon Centriprep
YM30, Millipore, Bedford, MA).

Figure 11. Reconstruction overlay of the 19F and 1H images revealing
that 19F signal emanates from peritoneum. The 19F intensity is
displayed on a “hot-iron” intensity scale, and the 1H images are shown
in gray scale. Shown (from left to right) are 1H (A) and 19F (B) images
and a “composite” 19F/1H image (C).
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Synthesis of Trifluoromethyl-2′-deoxyuridine 5′-
monophosphate (pTFT). pTFT was synthesized by Dr.
Nina S. Kasatkina according to the published procedure87 and
purified by HPLC to an average purity of 99%. UV−vis (15
mM KH2PO4, pH 7.4):λmax = 262 nm; ε = 8.25 × 103 M−1

cm−1. 31P NMR (D2O): δ 0.6 (s).
1H NMR (D2O): δ 2.28 (m,

2H, H-2′), 3.92 (m, 2H, H-5′), 4.08 (t.d, 1H, J4′H‑3′H = 5.78,
J2′H‑3′H = 1.89, H-3′), 4.40 (t.d, 1H, J3′H‑4′H = 5.78, J5′H‑4′H =
2.82, H-4′), 6.11 (t, 1H, J = 6.7, H-1′), 8.29 (s, 1H, H-6). 19F
NMR (D2O): δ 102.17 ppm.
Synthesis and Characterization of Linoleic Acid-

Substituted Polyethyleneimine (PEI-LA, Figure S1 in
Supporting Information). The synthetic procedure was
adapted from Neamnark et al.53 Detailed synthetic procedures
and spectroscopic data of synthesized compound are given in
Supporting Information.
Synthesis of Urocanic Acid-Substituted Polyethyle-

neimine via N-Hydroxysuccinimide Ester of Urocanic
Acid (PEI-LA-UA, Figure 2). Urocanic acid (75.0 mg, 0.54
mmol) and N-hydroxysuccinimide (68.3 mg, 0.6 mmol) were
dissolved in DMSO (1.2 mL). N,N’-Dicyclohexylcarbodiimide
(DCC) (123.6 mg, 0.6 mmol) was dissolved in DMSO (0.8
mL). These solutions were mixed and were kept at 25 °C for 20
h. The reaction was monitored by TLC (thin layer
chromatography) on silica, using a mixture of dichloro-
methane/ethanol (4:1 by vol) as eluent and visualized by
UV. After the starting material was consumed, the N,N′-
dicyclohexylurea was removed from solution by centrifugation
and the N-hydroxysuccinimide ester of urocanic acid was used
for the subsequent condensation without additional purifica-
tion. The solution of PEI-LA (337.5 mg, 13.5 μmol) in DMSO
(3.85 mL) was added to the solution of the N-hydroxysucci-
nimide ester of urocanic acid (40- to 100-fold excess of
urocanic acid ester). The reaction mixture was incubated at 37
°C with stirring at 400 rpm. After 4 h, diethyl ether (10 mL)
was added to the mixture to precipitate the polymeric product.
The pellet was separated by centrifugation, washed with diethyl
ether (10 mL × 3), and dissolved in 5 mL of DMSO. The
resultant PEI-LA-UA conjugate was purified from low
molecular weight compounds by centrifugal filtration using
Centricon concentrators. The modified polymer was analyzed
by 1H NMR. The characteristic chemical shifts for the protons
of UA (δ 6.48 ppm, H−f) and PEI (δ 2.4−3.6 ppm) were
integrated, normalized for the number of protons in each peak,
and used to evaluate the extent of urocanic substitutions on the
modified polymer. At the N-hydroxysuccinimide ester of
urocanic acid: PEI-LA molar ratios of 40, 60, and 100, the
extent of urocanic acid substitutions were calculated to be 30,
40, and 80 urocanic acid residues per PEI molecule,
respectively. The polymer conjugates containing 30 UA
residues per PEI molecule were used in this study.
UV−vis (15 mM KH2PO4, pH 7.4): λmax = 285 nm; ε = 5.76

× 105 M−1 cm−1. The characteristic proton shifts of the PEI-
LA-UA-30 conjugate (Figure 3B) are: PEI: N−CH2−CH2−N,
δ 2.4−3.6 (m, 2300 H). LA: δ 0.94 (m, 6H, H−d), 1.41 (m,
32H, H−b), 5.03 (m, H−e). UA: δ 6.48 (m, 30H, H−f), 7.45
(m, 60H, H−h,g), 7.87 ppm (m, 30H, H−i). 13C NMR (D2O):
δ 32.6 (m, UA-NH(CH2)), 37.8 (m, NH2(CH2)), 46.0 (m,
NH(CH2)2), 51.3 (m, N(CH2)3), 117.3 (d, J = 161, CC, C-
f), 121.9 (d, J = 189, CC, C-g), 132.0 (d, J = 159, Cim, C-h),
135.1 (s, Cim-CC), 138.2 (d, J = 209, Cim, C-i), 169.2, 175.4,
and 180.8 (s, CO).

Synthesis of PEI-LA-UA-pTFT Conjugates. DMAP-
pTFT (0.036 mmol) was reacted with PEI-LA-UA (0.9
μmol) in 0.26 mL of H2O. The reaction mixture was stirred
at 400 rpm at room temperature. After 1 h of reaction, low
molecular weight reactants were removed from the polymeric
product by centrifugal filtration using Centricon concentrators.
The PEI-LA-UA:pTFT ratios were systematically varied during
the synthesis procedure between 0.07 and 0.12 assuming one
primary amine per PEI monomer unit. The polymer conjugates
containing 40 pTFT residues per PEI molecule were used in
this study. UV−vis (15 mM KH2PO4, pH 7.4): λmax = 267 nm;
ε = 8.05 × 105 M−1 cm−1.
The modified polymer was analyzed by 1H NMR. The

characteristic proton shifts of the PEI-LA-UA-pTFT-40
conjugate: PEI: N−CH2−CH2−N, δ 2.4−3.6 (m, 2300 H).
LA: δ 0.9 (m, 6H, H−d); 1.4 (m, 32H, H−b), 1.5 (m, 4H, H−
a). UA: δ 6.48 (m, 30H, H−f), 7.25 (m, 60H, H−h,g), 7.70 (m,
30H, H−i). TFT: δ 2.40 (m, 80H, H−m), 4.00 (m, 80H, H−j),
4.17 (m, 40H, H−l), 4.50 (m, 40H, H−k), 6.26 (m, 40H, H−
n), 8.16 (m, 40H, H−o). 19F NMR: −CF3, δ 101.5 ppm (br.s).
31P NMR: δ −10.87 (br.s, 1P), 8.83 (br.s, 1P).

Drug Release Properties of PEI-LA-pTFT-UA Conju-
gates at Different pH. Detailed kinetics of the hydrolysis of
PEI conjugates based on the changes in absorption of the
polymeric fraction are given in Supporting Information (Figure
S5).

High-Resolution 31P NMR Spectroscopy. PEI-LA-pTFT-UA
in acetate buffer (1.5 mM, pH 5.0 or 7.0) at 0.1 M was
incubated at 37 °C. At predetermined time points, the samples
were analyzed by high-resolution 31P NMR spectroscopy using
an AV-300 NMR spectrometer.

Cell Culture. Tumor cell line from human mammary
adenocarcinoma MCF-7 was grown in IMDM (Invitrogen)
supplemented with 100 U/mL penicillin, 100 μg/mL
streptomycin, and 10% fetal bovine serum (FBS) (Invitrogen)
at 37 °C, 5% CO2 in humid atmosphere.

In Vitro Cytotoxicity. The inhibition of cell proliferation
was determined using a colorimetric assay based on the
cleavage of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) by mitochondrial dehydrogenases in viable
cells, leading to formazan formation (MTT test64). Briefly,
exponentially growing cells were plated in 96-well plates
(∼2000 cells per well) and were allowed to attach overnight
(16 h) at 37 °C in IMDM (5% CO2). The solutions of PEI,
PEI-LA, PEI-LA-pTFT, or PEI-LA-pTFT-UA conjugates were
applied in medium with PEI-equivalent concentrations ranging
from 0.7 to 7000 nM. Cell viability was assessed at 72 h after
the start of the treatments by MTT (Sigma-Aldrich). An aliquot
(10 μL) of MTT solution (25 mg/mL in PBS) was added to
each well and the plates were incubated at 37 °C for 3 h. The
medium was removed and the dark blue crystals of formazan
that had formed were dissolved in 100 μL of DMSO. The
absorbance was measured in a microplate reader MultiscanR EX
(Thermo Electron Corporation) at 570 nm (peak) and 620 nm
(bottom).
The concentration of polymer that caused 50% inhibition of

cell growth was calculated. The results are expressed as mean ±
standard deviation. Assays were performed in triplicate and the
entire experiment was repeated three times.

MRI/MRS. All animal experiments described in this report
were conducted in accordance with the policies of the
Institutional Animal Care. All MRI/MRS experiments were
performed on a horizontal 11.7 T magnet interfaced with a
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digital spectrometer (Bruker, BioSpec 117/16 USR, Germany)
operating at the 1H resonance frequency of 500 MHz. Before
conducting the MRI and MRS experiments, each mouse was
anesthetized by injecting anesthetic thiopental sodium. The
animal was placed in the prone position on an animal bed
which was then slid into the magnet bore. A respiratory pillow
placed underneath the lower torso was used to monitor
respiration (SA Instruments, Stony Brook, NY, USA).

31P MRS (Figures 9 and 10). Approximately 20 min before
acquiring data, 0.3 mL of a 0.33 mM solution (74.6 mg/kg) of
PEI-LA-pTFT-40 conjugate was injected intramuscularly in the
region between shoulders. 31P MRS experiments were carried
out using a 31P/1H surface coil operating at 202.4/500.3 MHz.
The coil was positioned above the injection region. A single-
pulse sequence with repetition time/echo time (TR/TE) =
100/3 ms, 2048 averages, total acquisition time 3.24 min was
used for detecting 13P NMR spectra in vivo. The spectral width
was 40 ppm. This approach normally allows one to quantify the
tissue content of five groups of metabolites exhibiting the total
of seven NMR signals: phosphomonoesters (PME, 6 ppm),
inorganic phosphate (Pi, 5 ppm), phosphodiesters (PDE, 2
ppm), phosphocreatine (PCr, 0 ppm), and adenosine
triphosphate (ATP, −2.7, −7.8, −16.5 ppm). In our studies,
an additional peak belonging to pTFT in the PEI-LA-pTFT
conjugate was detectable at 12 ppm, i.e., with a chemical shift
significantly different from the 31P NMR signals of five naturally
occurring metabolites.

19F MRI. Immediately before placing the animal in the
magnet, 0.2 mL of a 0.063 mM solution of PEI-LA-UA-pTFT-
40 conjugate (24 mg/kg) was injected intraperitoneally.
Experiments were performed using the 19F/1H volume coil
operating at 470.6/500.3 MHz. The 1H image was obtained
using a rapid acquisition with relaxation enhancement (RARE)
fast spin−echo sequence with the following acquisition
parameters: repetition time/echo time (TR/TE) = 2000/7.5
ms, RARE factor = 8, 256 × 256 matrix, field of view (FOV) =
60 × 60 mm2, total acquisition time 1.36 min. For 19F images, a
RARE sequence was used with repetition time/echo time (TR/
TE) = 1000/7.5 ms, RARE factor = 4, 128 × 64 matrix, field of
view (FOV) = 60 × 60 mm2, 32 averages, total acquisition time
6.24 min.
Animal Care and Maintenance of Tumors. Mice of

C57Bl/6 strain were bred and kept under the standard vivarium
conditions at the Institute of Cytology and Genetics, Siberian
Branch of Russian Academy of Sciences. Mice were housed on
a 12 h/12 h light/dark regimen. Animals were provided with
food (pellet) and water ad libitum. Female C57Bl/6J mice, 10−
12 weeks of age, were housed before the experiment in single
litter groups of 4 individuals in 32 × 23 × 12 cm3 cages. All
experimental procedures were in compliance with the European
Communities Council Directive of November 24, 1986 (86/
1986/EEC).
Krebs-2 ascitic carcinoma was used in the experiments. The

experimental mice received i.p. inocula of 10 mln tumor cells
(day 0) obtained by removal of ascites fluid from tumor-bearing
mice, centrifugation of the cells, and resuspension of the cells in
appropriate (0.2 mL per mice) volume of saline. After tumor
transplantation, the animals were divided into experimental and
control groups and then were kept in their compartments until
the end of the experiment. At the end of experiment the mice
were decapitated and tumor-inhibitory activity was assessed. A
T/C value (the ratio of the volumes of ascites in treated mice to
that of control) was then computed, and this value was used to

calculate the extent of tumor inhibition (1 − T/C × 100). The
total numbers of tumor cells in treated and control mice were
compared similarly as well.

In Vivo Antitumor Activity. To evaluate the in vivo
antitumor activity of the PEI-LA-UA-pTFT-40 conjugate,
C57BL/6 female mice with ascites form of Krebs-2 tumor
were treated with conjugate solution. The drug was
administered by i.p. injections three times at a single dose of
24 mg/kg on days 2, 4, and 6 after tumor transplantation.
Control animals received three corresponding injections of
normal saline. The mice were weighed daily, and on day 8 they
were decapitated, ascites was removed and weighed, the
number of cells of the Krebs ascites carcinoma were counted,
and the tumor-inhibitory activity was assessed. The ratio of the
volumes of ascites in treated (T) to that of control (C) mice
was 0.177, and the corresponding ratio for the tumor cell
numbers was 0.012, indicating tumor growth inhibition of
82.3% and 98.9%, respectively.
The second experiment was performed to evaluate the effect

of PEI-LA-UA-pTFT-40 conjugate on the life span of tumor-
bearing mice. After treatment of animals as in the previous
experiment, the mice were allowed to naturally die from
tumors. While control mice survived for 8.9 ± 0.11 days after
tumor transplantation, the treated ones lived more than 3 times
longer (30.3 ± 3.12; p < 0.001) as compared to the control.
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