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Abstract

Poly(butylcyanoacrylate) nanoparticles (PBCN) as a drug carrier of 5-fluorouracil (5FU) intended for topical treatment of
skin lesia were investigated. The presence of 5FU (as saline solution, pH 10–11) in the polymerization medium affected the
polymerization as well as the nanoparticle formation by influencing the initiation of the polymerization reaction. 5FU acted as an
initiator in the anionic polymerization ofn-butylcyanoacrylate monomer through its nucleophilic nitrogen centers. The results
obtained by GPC,1H NMR, and X-ray diffraction allude to a possible mechanism of cytostatic immobilization in the polymer
matrix, with evidence for both free and bound forms of the drug.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

5-Fluorouracil (5FU;Fig. 1) is one of the most
frequently used pyrimidine antimetabolites in the
chemotherapy of cancer, including topical 5FU treat-
ment of epidermal dysplasia. Its primary mechanism
of action is thought to be inhibition of DNA synthesis
by competitive inhibition of thymidylate synthetase,
which is the target enzyme for 5FU (Goette, 1981;
Bethesda, 1993). Indeed,Eaglestein et al. (1970)have
estimated a tissue concentration of 5FU after intra-
dermal injection that provides a minimal dose for
thymidylate synthetase activity inhibition. Recently,
McCarron et al. (1997)have confirmed that 5FU ar-
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rests the division of HeLa cells at the same range con-
centration. Topical 5FU is a cheap, convenient, and
selective treatment of actinic keratoses (Goette and
Odom, 1980; Pearlman, 1991). A general disadvan-
tage for these formulations, containing a free drug so-
lution is the short exposure of skin lesia to therapeutic
drug concentrations due to low drug retention in the
tumor tissue and the necessity of increased treatment
frequency. Intralesional sustained-release chemother-
apy with 5FU/epinephrine injectable gel provides an
alternative non-surgical treatment for basal cell carci-
nomas (BCCs) (Yu et al., 1995; Miller et al., 1997).
The main advantage of the 5FU gel formulation as
a drug delivery system is that local therapeutic drug
concentrations can be maintained longer than with
a simple solution of the drug. These injectable gels
used a biodegradable carrier matrix (bovine collagen),
which can degrade on long-term storage.
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Fig. 1. 5-Fluorouracil (5FU).

Bioadhesive poly(butylcyanoacrylate) nanoparti-
cles (PBCN) used as a sustained drug delivery system
offers the possibility of improvement of the thera-
peutic index and frequency of topical 5FU treatment.
Kreuter and Hartmann (1983)demonstrated an en-
hanced efficacy of 5FU against subcutaneously im-
planted Crocker sarcoma S 180 after i.p. injection of
PBCN-bound 5FU. Unfortunately, this effect was ac-
companied by increased toxicity caused by prolonged
accumulation of the drug in all organs examined.
We believe that this undesirable side effect could be
minimized or even avoided by local application of
PBCN-bound 5FU.

The basic structure of 5FU is shown inFig. 1.
Ionization of 5FU occurs at high pH, with several
possible anionic forms (Wierzchowski et al., 1965;
Jang et al., 2001). Of interest is the possibility that
nucleophilic centers in both molecular and anionic
forms of 5FU could act as initiators for the poly-
merization of butylcyanoacrylate monomer. For this
reason, an investigation of the influence of 5FU on
the polymerization process was carried out.

The aim of the present study was to assess PBCN
as a drug carrier of 5FU intended for topical treatment
of skin lesia and to examine the nature of the inter-
action between butylcyanoacrylate monomer and the
commercial form of the cytostatic during nanoparticle
formation.

2. Materials and methods

2.1. Materials

n-Butylcyanoacrylate monomer was obtained from
the Research Center for Special Polymers, Bul-
garia. Dextran 40 was obtained from Pharmachim
(Bulgaria) and citric acid from POCH (Poland).

Commercially produced 5FU was used as delivered as
a 0.5% (w/v) saline solution from Ebewe Arzneimittel
GmbH (Pharmaceutical Laboratories, Austria). Other
materials were of standard laboratory grade.

2.2. Preparation of unloaded PBCN

Unloaded PBCN were prepared by spontaneous
anionic polymerization of butyl-2-cyanoacrylate
monomer (20 mg/ml) in an aqueous medium contain-
ing 0.2% (w/v) citric acid and 0.8% (w/v) dextran
40. Polymerization was carried out under magnetic
stirring and room temperature for 3 h.

2.3. Preparation of 5FU-loaded PBCN

The preparation of 5FU-loaded PBCN was carried
out using modifications of the preparation of un-
loaded PBCN. In order to optimize the preparation
of 5FU-loaded PBCN, two basic methods were in-
vestigated: inclusion of the cytostatic in the polymer
matrix during the polymerization (during the forma-
tion of nanoparticles) and adsorption of the drug on
the surface of previously prepared nanoparticles. The
final concentration of PBCN in all preparations was
20 mg/ml.

2.3.1. Method 1
5FU-loaded PBCN were prepared using a starting

polymer/cytostatic weight ratio of 1:2. Polymerization
was carried out using the method described above for
the unloaded polymer, with the appropriate amount
of 5FU saline solution (ca. pH 10–11) added to the
acidic polymerization medium (ca. pH 2.3) (a) before
addition of the monomer and (b) 1 h after the start of
the polymerization process.

2.3.2. Method 2
In this case, the appropriate amount of 5FU saline

solution (pH 10–11) was added to the polymer sys-
tem 3 h after the start of the polymerization of the
butyl-2-cyanoacrylate monomer (see unloaded PBCN)
and was adsorbed on the polymer nanoparticle surface
(1 h, room temperature and slight stirring). The start-
ing polymer/cytostatic weight ratio was 1:2.

Unloaded and 5FU-loaded (by Method 1) poly-
mer nanoparticles were analyzed by NMR, GPC,
and X-ray diffraction. Samples were analyzed after
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dialysis, performed once against distilled water, us-
ing cellulose Visking membrane (Serva, USA) at
room temperature for 24 h to remove agents dissolved
in the polymerization medium. Finally, the poly-
mer suspensions were lyophilized on a Lyovac GT2
lyophilizer (FINN-AQUA) for 24 h (−30◦C/+30◦C).
Additionally, samples obtained by Method 1a were
analyzed by NMR before dialysis to estimate the
quantities adsorbed and included in the polymer ma-
trix. The polymer samples from polymer suspension
obtained by Method 2 were filtered using 0.1�m
pore sized membrane, washed with distilled water,
and dried to powder in air to perform the above
analyses.

2.4. Determination of particle size and loading
capacity

The diameter of unloaded nanoparticles was deter-
mined by photon correlation spectroscopy (PCS), us-
ing a Malvern 4700 C nanosizer (Malvern Instruments,
UK).

The degree of loading of 5FU in the polymer matrix
was determined spectrophotometrically using a Perkin
Elmer spectrophotometer, after filtration over a 0.1�m
pore sized membrane of portions of the polymer sus-
pensions both obtained by Method 1a (prior dialy-
sis) and Method 2. Drug concentration in the filtrate
was determined by direct spectrophotometric analysis
at 267 nm. Loading efficiency is given according to
Labib et al. (1991):

% loading= 100×
initial concentration

−concentration in filtrate

initial concentration

2.5. Gel permeation chromatography (GPC)

GPC was carried out using a Waters 150 GPC
system with refractive index (Waters R401) and UV
(Waters 486) detectors. The chromatograms were
recorded with double simultaneous detection at a
wavelength of 254 nm. Threeultra-Styragel columns
with nominal pore sizes of 100 and 1000 Å, and linear
were used. Tetrahydrofuran (THF) was used as the
eluent, with a flow rate of 1 ml/min, at 45◦C. Sam-
ples were prepared as solutions in THF (14–16 mg
dried nanoparticles were dissolved in 4 ml THF). Af-

ter filtration through a 0.45�m filter, 200�l of every
prepared solution was injected into chromatographic
system. Elution volumes were referenced to toluene
as an internal standard. Calibration was carried out
with polystyrene standards.

2.6. Quantum-chemical calculations

The ab initio calculations were carried out using the
GAMESS program package (Schmidt et al., 1993).
The structure optimizations for 5FU and its anions
were performed at the MP2/6-31+G∗∗ level without
any constrains (C1 symmetry). The mean gradient
threshold was 0.0001 Hartree/Bohr.

2.7. 1H NMR measurements

Unloaded and 5FU-loaded nanoparticles were pre-
pared for NMR measurements as described above
(see Section 2). Then, dried nanoparticles (10 mg)
were dissolved in 0.6 ml deuterated-dimethyl sulfox-
ide (DMSO-d6). The NMR spectra were obtained
on a Bruker DRX-250 spectrometer operating at
250.13 MHz for1H, using a dual 5 mm probe head.
The measurements were carried out at ambient tem-
perature (ca. 300 K). All spectra were internally ref-
erenced to the signal of the solvent, set to 2.49 ppm.
The one-dimensional (1D) and two-dimensional (2D)
NMR spectra were obtained using the standard Bruker
software: zg, cosy45, and cosydftp. The typical con-
ditions for the 1D experiment were: 30◦ pulses, 1 s
relaxation delays, 16 K time domain points, zero-filled
to 32 K. Hard pulses with 90◦ pulse widths of 11.4�s
for 1H at a power level of 3 dB below the maximum
output were used. The 2D1H/1H homonuclear corre-
lation spectra (COSY) were performed with a spectral
width of approximately 1000 Hz, relaxation delay 2 s,
mixing pulse width 45◦, number of increments 256
or 512, and FT size 1 K× 1 K.

2.8. X-ray powder diffraction

X-ray powder diffraction data were collected on an
automated Philips PW 1050/30 diffractometer using
Ni filtered Cu K radiation (λ = 1.5418 Å), in flat plate
θ/2θ geometry, over the 2θ range 5–70◦, with a step
width of 0.05◦ and a scan time of 2 s per step.
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3. Results and discussion

The diameter of the unloaded polymer nanoparticles
determined by PCS was 129± 29 nm. The amount of
5FU included in PBCN by adsorption (Method 2) and
by Method 1a was 68.14 and 72.90%, respectively, of
the total (initial) amount added.

The comparison of molecular weight profiles for
unloaded PBCN and 5FU-loaded PBCN showed no
increase in the molecular weight of the polymer,
when the butyl-2-cyanoacrylate monomer was poly-
merized in the presence of 5FU as a saline solution
(Method 1a). No changes in the shape of the GPC
profile of 5FU-loaded polymer were observed. When
PBCN were loaded by adsorption (Method 2), the
addition of 5FU to the polymer suspension induced
disappearance of the lower molecular weight frac-
tion through a slight shift to higher molecular weight
values as evidenced by changes in the GPC profile
in comparison to unloaded nanoparticles (Fig. 2c).
GPC measurements of 5FU-loaded polymer sam-
ples, using simultaneous double detection show an
interaction/association between the polymer and 5FU
(Fig. 2b and c), since the polymer peak detected via
the refractive index had the same retention time as
5FU. The GPC chromatogram of 5FU alone indicates
a higher retention time (lower molecular weight) for
free 5FU than for 5FU-loaded nanoparticles (Fig. 2d).

1H NMR spectra of the unloaded polymer, free 5FU
as well as of the 5FU-loaded polymers produced by
Methods 1 and 2 described above are presented in
Fig. 3. The assignment of the spectra was achieved
by analysis of1H NMR spectra and supported by the
coupling patterns observed in the 2D1H/1H corre-
lated (COSY) NMR spectra. The1H NMR spectrum
of the unloaded polymer shows broad resonance peaks
at 0.88 ppm (CH3, triplet), 1.39 ppm (CH2, quintet),
1.62 ppm (CH2, multiplet), 4.12 ppm (CH2, triplet),
and at 2.59 ppm (CH2, multiplet), corresponding to the
protons belonging to then-butoxycarbonyl group and
those of methylene protons from the polymer chain,
respectively (Fig. 3a). 1H NMR spectra of 5FU-loaded
polymer samples produced by Method 1 in addition
contain three sets of weak resonance peaks corre-
sponding to three forms of 5FU present in the polymer
matrix (Fig. 3). Three signals with different multiplic-
ities and intensities were observed in the spectral re-
gion δ = 7.7–8.1 ppm and assigned to H-4 of one free

Fig. 2. Comparative GPC profiles obtained with double detection
(refractive index and UV). (a) Unloaded PBCN; (b) 5FU-loaded
nanoparticles by Method 1a; (c) 5FU-loaded nanoparticles by
Method 2; and (d) 5FU free.

and two polymer chain-bound forms of 5FU. The res-
onance peak at 7.75 ppm in the spectrum of the sam-
ple produced by Method 1 appears as a triplet (over-
lapping doublet of doublets) and was assigned to H-4
of the free 5FU. The triplet arises due to spin–spin
coupling H-4/H-3 (3JH-4/H-3 = 6.18 Hz) and H-4/F-5
(3JH-4/F-5 = 6.15 Hz). Two additional broad reso-
nance peaks were observed in this region; a triplet at
7.96 ppm (3JH-4/H-3 = 5.87 Hz,3JH-4/F-5 = 5.14 Hz)
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Fig. 3. 1H NMR spectra. (a) Unloaded PBCN; (b) 5FU free; (c)
5FU-loaded nanoparticles by Method 2; (d) 5FU-loaded nanopar-
ticles by Method 1b; (e) 5FU-loaded nanoparticles by Method
1a. Indication of the different (immobilized) forms of 5FU:1free
(physically entrapped);2covalently immobilized at N-1 position;
and 3covalently immobilized at N-3 position.

and doublet at 8.07 ppm (3JH-4/F-5 = 6.11 Hz), which
were assigned to H-4 of 5FU covalently bonded to
the polymer chain at N-1 and N-3, respectively. The
resonance peaks at 10.71 and 11.51 ppm belong to
H-3 and H-1 of free 5FU, while those at 11.34 and
12.06 ppm belong to H-3 and H-1 of 5FU substituted
at N-1 and N-3, respectively. The multiplicity change
and downfield shift of H-4 for two of the other forms
of 5FU as well as the absence of resonance signals for
H-1 or H-3 confirms the presence of 5FU covalently
bonded to the polymer matrix and determines the po-
sition of the polymer constituent in the bound forms of
5FU. The1H NMR spectrum of 5FU-loaded polymer
(Fig. 3c), obtained by Method 2, also contains three

sets of signals corresponding to the different forms of
5FU discussed above. The peaks at 7.76 and 7.96 ppm
belonging to H-4 of free and 5FU bonded to the poly-
mer matrix at N-1 appear as doublets which are prob-
ably due to a fast intermolecular proton exchange of
imino protons. Broad resonance peaks were observed
at 10.75 and 11.52 ppm due to H-3 and H-1 of free
5FU and at 11.33 and 12.05 ppm due to H-3 and H-1
of 5FU substituted at N-1 and N-3, respectively. The
assignment of the resonance peaks of 5FU agrees with
the published data (Raic-Malic et al., 1999; Blicharska
and Kupka, 2002; Xu et al., 2003).

On the basis of the integral intensities of the reso-
nance peaks in the1H NMR spectra of 5FU-loaded
PBCN produced by both methods, it was found that
a visible amount of 5FU was included in the polymer
matrix when 5FU was added to the polymerization
medium before the monomer (Fig. 3e) and when
nanoparticles were loaded by adsorption (Fig. 3c).
The ratios of the three forms of 5FU (free:bonded at
N-1:bonded at N-3) present in the samples produced
by Methods 1a and 2 were found to be 1.00:1.16:0.16
and 1.00:0.30:0.01, respectively. The ratios of all
forms of 5FU to the polymer were found to be
1.00:0.12 and 1.00:0.05 for Method 1a (prior dialysis)
and Method 2, respectively. Samples from Method
1a, postdialysis, showed loss of approximately half
the cytostatic with respect to the polymer. This indi-
cates that at least 50% of 5FU is adsorbed with the
remaining trapped in the polymer matrix.

X-ray powder diffraction data of 5FU-loaded poly-
mers are shown inFig. 4 and compared to the un-
loaded polymer (pattern b) and the calculated pattern
of 5FU (pattern a) based on the known crystal struc-
ture (Fallon, 1973). The pattern for the 5FU-loaded
polymer, loaded before the start of polymerization
(pattern d), clearly shows crystalline Bragg peaks
corresponding to crystalline 5FU. The presence of
significant amounts of crystalline 5FU postdialysis
suggests entrapment of microcrystals in the polymer
matrix and is consistent with the observation of large
polymer aggregates in this sample. In contrast, addi-
tion of 5FU 1 h after the initiation of polymerization
yields a sample with no crystalline Bragg peaks (pat-
tern c) and is consistent with the absence of resonance
peaks of 5FU in this sample by1H NMR.

The main peculiarity of the open anionic poly-
merization of butyl-2-cyanoacrylate is that the
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Fig. 4. X-ray powder diffraction patterns of: (a) free 5FU (calc.); (b) unloaded PBCN; (c) 5FU-loaded nanoparticles by Method 1b; (d)
5FU-loaded nanoparticles by Method 1a.

polymerization medium generates simultaneously
both initiator (OH−) and terminating agent (H+),
Scheme 1. Their relative concentrations dictate the
degree of polymerization of the alkylcyanoacrylate
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Scheme 1. Anionic polymerization of alkylcyanoacrylates.

monomers (Leonard et al., 1966; Ermosele et al.,
1989) and hence the extent of nanoparticle formation
(Lenaerts et al., 1989; Lescure et al., 1992). In the case
of preparations in presence of 5FU as saline solution,
added either before the monomer or shortly after in
the polymerization medium, polymer aggregates were
obtained with a low yield of nanoparticles. In fact, the
pH increases because of the basic nature of the 5FU
saline solution and enhances the polymerization ki-
netics. This led to a faster polymerization that did not
allow for the formation of colloidal nanoparticles and
as a result polymer aggregates were predominantly
formed. In addition, pH is an important parameter
in determining the stability of different molecular
species of the pyrimidine bases (Wierzchowski et al.,
1965). Depending on the pH of the medium, 5FU may
exist in two anionic forms, A(N-1−) and A(N-3−),
presented inScheme 2. Quantum-chemical calcula-
tions performed at the MP2/6-31+G∗ level of theory
in the gas phase predict that A(N-3−) is more stable
in energy by 12.53 kcal/mol, which is in agreement
with the recently published data byJang et al. (2001).
However, these authors have shown that in aqueous
solution A(N-1−) is thermodynamically more stable
by 2.44 kcal/mol. The calculated electron charges
for 5FU and its possible anionic forms are listed in
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Scheme 2. pH-dependent ionization of 5FU.

Table 1. It was found that in the neutral molecule
and both anions, electron density at the N-1 position
is higher than that at N-3, which defines their nucle-
ophilicity. The presence of 5FU in the polymerization
medium could affect the polymerization as well as the
nanoparticle formation through an influence on the
initiation of the polymerization reaction. The initiation
of anionic polymerization by 5FU (Scheme 1) could
occur through the nucleophilic N-1 and N-3 centers.
Bearing in mind this possibility, we performed in-
vestigations of the products obtained to verify the
role of 5FU as an initiator of the polymerization of
butyl-2-cyanoacrylate, as well as the mechanism of
cytostatic immobilization in the polymer matrix.

The results discussed above allude to a possible
mechanism of cytostatic immobilization in the poly-
mer matrix. It is well known thatN-alkylation of
uracil and thymine can generally occur at N-3 of the
pyrimidine ring, although a selective alkylation at

Table 1
Calculated total energies (in a.u.) and atomic charges (in e−) for
5FU at MP2/6-31+G∗∗ level and its anionic forms A(N-1−) and
A(N-3−) shown inScheme 2

Atom 5FU A(N-1−) A(N-3−)

N-1 −0.743 −0.506 −0.609
N-3 −0.624 −0.496 −0.436
C-2 0.883 0.510 0.524
C-6 0.623 0.463 0.491
O-2 −0.626 −0.623 −0.619
O-6 −0.564 −0.556 −0.605

Total energy −512.699896 −512.148086 −512.166443

the N-1 position is also known (Nagase et al., 1988;
Gupta et al., 2000). The quantum-chemical calcula-
tions show that N-1 is the more electronegative center
for 5FU and both possible anionic forms (Scheme 2).
A(N-1−) and A(N-3−) are close in energy, despite
this A(N-1−) is thermodynamically more stable in
water solution by 2.44 kcal/mol (Jang et al., 2001).
The anionic polymerization of butyl-2-cyanoacrylate
monomer in the presence of 5FU should be initiated
predominantly by the more nucleophilic center, N-1
(seeScheme 2). 1H NMR and GPC data corroborate
the presence of 5FU covalently bound to the polymer
chain in the cytostatic-loaded polymer produced by
Method 1a. In addition,1H NMR and X-ray data are
consistent with the presence of 5FU physically en-
trapped within the polymer matrix. The1H NMR data
showed the presence of three forms of 5FU: free 5FU
and two polymer-bound forms (at N-1 and at N-3).
The X-ray data suggest that the amount of entrapped
5FU is significant, since they are able to form crystals
of sufficient size to generate crystalline Bragg peaks
in the powder diffraction pattern, corresponding to
the known crystal structure of 5FU.

Interestingly, the GPC chromatogram (Fig. 2c) and
1H NMR spectrum (Fig. 3c) of PBCN loaded with
5FU by adsorption (Method 2) indicated interaction
between the preformed polymer nanoparticles and the
drug. A possible explanation is that at the low pH
used, polymerization was incomplete when the basic
5FU saline solution was added. This observation is
in agreement with an earlier report byGaspar et al.
(1991)on adsorption of primaquine on polyisohexyl-
cyanoacrylate nanoparticles.

4. Conclusions

This work presents the approach to preparation
of 5FU-loaded PBCN during the polymerization of
n-butylcyanoacrylate monomer in presence of 5FU
saline solution (pH= 10–11) as well as the loading
of preformed nanoparticles by adsorption.

It was found that in the presence of basic 5FU
solution in the polymerization medium, polymer ag-
gregates were mainly obtained with a low yield of
nanoparticles. This fact emphasizes the important role
of the pH of the polymerization medium for formation
of 5FU-loaded PBCN. Additionally, the high pH of
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the medium determines the existence of two anionic
forms of 5FU.

The investigation performed allowed to determine
the role of 5FU as an initiator of the anionic poly-
merization ofn-butylcyanoacrylate by its nucleophilic
centers (N-1 and N-3). The results obtained strongly
suggested that part of 5FU was covalently bound to
the polymer chain at both N-1 (mainly) and N-3.

The polymer products obtained in the presence of
5FU during the polymerization were unfit for bio-
logical testing, since they consisted predominantly
of polymer aggregates. However, the nanoparticle
suspension loaded with 5FU saline solution through
adsorption of the drug on previously prepared
nanoparticles was considered suitable to perform
further biological tests, which are in progress.
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