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ABSTRACT. The clinical use of 5-fluorouracil, one of the drugs of choice in colon cancer therapy, is
limited by a nonuniform oral absorption, a short plasma half-life, and by the development of drug
resistances by malignant cells. We hypothesized that the formulation of biodegradable nanocarriers for
the efficient delivery of this antitumor drug may improve its therapeutic effect against advanced or
recurrent colon cancer. Hence, we have engineered two S-fluorouracil-loaded nanoparticulate systems
based on the biodegradable polymers poly(butylcyanoacrylate) and poly(e-caprolactone). Drug
incorporation to the nanosystems was accomplished by entrapment (encapsulation/dispersion) within
the polymeric network during nanoparticle synthesis, i.e., by anionic polymerization of the monomer and
interfacial polymer disposition, respectively. Main factors determining 5-fluorouracil incorporation within
the polymeric nanomatrices were investigated. These nanocarriers were characterized by high drug
entrapment efficiencies and sustained drug-release profiles. In vitro studies using human and murine
colon cancer cell lines demonstrated that both types of nanocarriers significantly increased the
antiproliferative effect of the encapsulated drug. In addition, both nanoformulations produced in vivo
an intense tumor growth inhibition and increased the mice survival rate, being the greater tumor volume
reduction obtained when using the poly(e-caprolactone)-based formulation. These results suggest that
these nanocarriers may improve the antitumor activity of 5-fluorouracil and could be used against
advanced or recurrent colon cancer.

KEY WORDS: 5-fluorouracil; colon cancer; poly(butylcyanoacrylate); poly(e-caprolactone); polymeric

nanoparticles.

INTRODUCTION

Colon cancer is one of the three most frequently
diagnosed cancers (1). This severe disease has an excellent
prognosis if it is diagnosed at an early stage. However, 25% of
colon cancer patients develop metastasis, thus requiring
chemotherapy which is frequently based on 5-fluorourcail
(5-FU), a first line antitumor molecule (2). Unfortunately,
patients in an advanced stage usually have a poor response to
chemotherapy with a 5-year survival rate of 10% (3).
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5-FU can also be found in combined chemotherapy
schedules, e.g., associated to irinotecan (a combination of
irinotecan with 5-FU and folinic acid (FOLFIRI)), oxiplatin
(a combination of oxaliplatin, 5-FU, and folinic acid
(FOLFOX)), or to new drug molecules, e.g., epidermal
growth factor receptor inhibitors and angiogenesis inhibitors.
However, rapid metabolism, low accumulation into tumor
tissues, systemic toxicity, and the development of resistances
by malignant cells are frequently implicated in drug therapy
failure (4-6). Thus, new therapeutic strategies are needed to
overcome these limitations and to improve current colon
cancer therapies.

In the context of cancer treatment, the use of nanopar-
ticles (NPs; preferably <100 nm) as drug delivery systems can
provide significant advantages over the use of free drug
molecules. In fact, nanoparticulate systems can radically
affect drug biodistribution, therefore increasing drug concen-
tration and specificity toward malignant tissues. Additionally,
NPs can prolong the plasma half-life of cytotoxic drugs while
keeping to a (very) minimum the associated drug toxicity (7).
Interestingly, these nanosystems have been further described
to overcome drug resistances developed by tumor cells,
thereby significantly increasing the drug accumulation within

» aaps



5-FU-Loaded PBCA and PCL Against Colon Cancer

these cells (8). Furthermore, tumor-selective drug targeting
can be possible by formulating nanocarriers appropriately
surface functionalized with targeting molecules (9).

In the specific case of colon cancer, many types of
polymeric NPs have been proposed to optimize drug therapy
(10). Amongst them, poly(butylcyanoacrylate) (PBCA) and
poly(e-caprolactone) (PCL) NPs may be of significant interest
given their biodegradable and biocompatible character, coupled
with their capacity to extend the plasma half-life of drug
molecules while reducing their unspecific cytotoxicity (7,11,12).
For instance, PCL NPs have been satisfactorily loaded with
different drug molecules, e.g., gemcitabine (13), doxorubicin
(14), and ftorafur (15). Recently, 5-FU-loaded PCL NPs have
been engineered as injectable anticancer implants (16), intra-
peritoneally administered against peritoneal carcinomatosis
(17), and associated with suicide gene therapy against colon
cancer (18). Regarding PBCA NPs, they have been loaded with
curcumin (19), paclitaxel (20,21), and gemcitabine (22) for the
efficient treatment of different types of cancer. In this line,
poly(alkylcyanoacrylate) NPs adequately surface functionalized
have been described to bypass the blood-brain barrier, thus
demonstrating significant potential for the delivery of antitumor
agent against brain malignancies (23-25). Furthermore,
poly(alkylcyanoacrylates) can overcome drug resistances devel-
oped by cancer cells (26). Unfortunately, neither PCL nor
PBCA nanoparticulate systems have been properly analyzed as
potential tools in drug delivery against colon cancer.

In this study, we report the synthesis and characterization
of two 5-FU-loaded biodegradable NPs based on PBCA and
PCL and synthesized by anionic polymerization of the
monomer and interfacial polymer disposition methodologies,
respectively. Four colon cancer cell lines and a normal colon
cell line were used to investigate the in vitro antiproliferative
activity of both types of 5-FU-loaded NPs in comparison with
the free drug. In addition, in vivo tumor growth inhibition,
survival, and toxicity were evaluated in immunocompetent
C57BL/6 mice.

MATERIALS AND METHODS

Materials

All chemicals were of analytical quality from Sigma-
Aldrich Chemical Co. (Spain). Butylcyanoacrylate is a
generous gift from Henkel Loctite (Ireland).

Synthesis of S5-Fluorouracil Nanocarriers Based
on Poly(butylcyanoacrylate) and Poly(e-caprolactone)

PBCA NPs were formulated by emulsion polymerization
of the butylcyanoacrylate monomer in an aqueous solution
(22). Briefly, 1 mL of an acetone solution of the monomer
(10%, w/v) was added drop-wise, under mechanical stirring
(10,000 rpm), to 10 mL of an aqueous solution containing
10* N HNO; and the stabilizing agent dextran-70 (0.5%,
w/v). After 6 h, polymerization was terminated by neutrali-
zation of the aqueous medium with sufficient amount of a
KOH 0.1 M aqueous solution.

PCL NPs were synthesized by interfacial polymer
disposition (18,27). In a few words, 5 mL of a dichlorometh-
ane solution of the polymer (2%, w/v) were incorporated
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drop-wise, under mechanical stirring (10,000 rpm), to 25 mL
of an aqueous solution containing dextran-70 (0.5%, w/v).
Mechanical stirring was continued for 3 h to assure the
complete precipitation of the polymeric particles.

5-FU entrapment into PBCA and PCL NPs was based on
the previously described preparation methodologies with the
following additional steps: (i) preparing the aqueous medium
with increasing concentrations of the anticancer drug (up to
0.01 M), and then adding drop-wise the organic solution of
the monomer (or polymer in the case of PCL); or, alterna-
tively, (if) preparing the aqueous medium, followed by the
drop-wise incorporation of an organic solution of the
monomer (or polymer in the case of PCL) containing
adequate quantities of 5-FU (up to 0.01 M). Both procedures
aimed to optimize the drug-loading efficacy to the NPs;
concretely, the influence of including 5-FU molecules in the
organic phase (in direct contact with the polymer PCL or the
monomer butylcyanoacrylate) or in the aqueous media was
analyzed. The aim of this study was to clarify whether the
inclusion of the active agent in the phase where the polymer/
monomer is dissolved will minimize drug escape to the
aqueous media, thus maximizing the drug-loading efficiencies.
In fact, it is expected that drug incorporation into this organic
phase will maximize the contact between the polymer PCL
(or butylcyanoacrylate monomer) and the active agent, thus
making possible greater 5-FU-loading (and entrapment)
efficiencies. Solvents used in this study were the ones
employed in the best NP preparation conditions (acetone to
dissolve the butylcyanoacrylate monomer and dichlorometh-
ane to dissolve PCL). 5-FU was found to be freely soluble in
acetone (43 mg/mL) and in dichloromethane (52 mg/mL).

The influence of the concentration of stabilizing agent
and monomer (or polymer in the case of PCL) on 5-FU
entrapment was also investigated. To that aim, the amount of
monomer (or polymer in the case of PCL) added to the
organic (or aqueous) solution was varied from 0.1 to 1 g, and
the concentration of stabilizing agent in the aqueous phase
was varied between 0% and 3% (w/v). The production
performance (yield, %) of all the formulation conditions
was determined:

Yield (%)
mass of nanoparticles loaded with drug (mg)

= 100
mass of materials used in the synthesis of the nanoparticles (mg) *

(1)

Finally, in all cases, the final step of the preparation
procedure involved the complete evaporation of the organic
solvent (acetone in the case of PBCA or dichloromethane in
the case of PCL) by using a BuchiRotavapor® rotary
evaporator (Biichi Labortechnik AG, Flawil, Switzerland)
(working at a prefixed temperature of 37°C) to obtain the
whitish aqueous NP dispersion. The colloid was then subject-
ed to a cleaning process involving subsequent cycles of
centrifugation (25 min at 11,000 rpm; Centrikon T-124
high-speed centrifuge, Kontron, France) and re-dispersion
in water, until the conductivity of the supernatant was <10
uS/cm.

The nanoformulations were prepared under aseptic
conditions in a sterile laminar flow hood, and attention was
paid to avoid the contamination of the samples by external
environment during manufacture and prior to injection into
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animals. In brief, a direct path was maintained between the
filter and the area inside the hood where the nanosystems
were prepared. Waste and other items never entered the
hood. Hands and arms were washed before compounding or
re-entering the hood and were kept within the cleaned area of
the hood. Spraying or squirting solutions onto the high
efficiency particulate air (HEPA) filter was avoided. Outer
pouches and wraps were removed at the edge of the work
area. Before and after preparing the nanoformulations, the
work surface of the hood was thoroughly cleaned with
alcohol.

Characterization Methods

Mean particle diameter (+standard deviation) was deter-
mined in triplicate at 25.0+0.5°C by photon correlation
spectroscopy (PCS; Malvern Autosizer® 4700, Malvern
Instruments Ltd., UK). The scattering angle was set at 60°,
and the measurement was made after suitable dilution of the
aqueous NP dispersions (=0.1%, w/v) with an aqueous
solution containing dextran-70 (0.5%, w/v). The stability of
the nanoformulations was evaluated by measuring both the
size and 5-FU loading values after 3 months of storage at 4.0
+0.5°C in water.

In order to corroborate the size measurements, dilute
aqueous NP dispersions (=0.1%, w/v) were observed by high-
resolution transmission electron microscopy (HRTEM,; set at
80 kV accelerating voltage; Stem Philips CM20 High-
Resolution Transmission Electron Microscope,
The Netherlands). Prior to observation, the dispersions were
sonicated during 3 min, and drops were placed on copper
grids with formvar film. The grids were then dried at 25.0+0.5°C
in a convection oven.

Ultraviolet (UV) absorbance measurements (8500 UV-
vis Dinko Spectrophotometer, Dinko, Spain) were carried out
in triplicate at the maximum absorbance wavelength (266 nm)
to determine the 5-FU concentration in all the
nanoformulations. To that aim, quartz cells of 1 cm path
length were used. A good linearity between UV absorbance
values and drug concentration up to 0.4 mM was observed.
The molar absorbance coefficient (7300+100 L mol™! cm™)
used in these measurements was calculated from the least-
square fitting of the data obtained in an UV absorbance/5-FU
concentration calibration curve. The anticancer drug was
found to be stable in pH 7.4 phosphate-buffered saline (PBS),
and the validity of the molar absorption coefficient at 266 nm
was verified by UV absorbance determinations at this pH.

Prior to the quantification of the amount of 5-FU loaded
to (or released from) the polymeric NPs, the UV spectro-
photometric method of analysis was validated and verified.
Concretely, the method was validated by comparing the
evaluation of drug concentration in two instances: a certain
drug amount was dissolved in supernatants of NP syntheses
(carried out in absence of 5-FU), and the same amount was
dissolved in equal amounts of water. It was found that the
drug concentrations estimated (in the first case from the
difference between the absorbance of the drug plus superna-
tant solution and that of the supernatant) were identical to
within the experimental uncertainty. These tests were done in
sextuplicate and demonstrated the accuracy, precision, and
linearity of the method and the absence of molecular
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interactions. In addition, the experimental uncertainty of the
UV absorbance measurements was <5%.

Finally, the electrokinetic characteristics of both blank
(drug-unloaded) and drug-loaded NPs were determined by
electrophoresis measurements in water (=0.1% (w/v) NP
concentration) at 25.0+0.5°C (Malvern Zetasizer® 2000
Electrophoresis Device, Malvern Instruments Ltd., UK).
These determinations were done after 24 h of contact of
NPs in water (at pH 6 and 1 mM KNOj3) under mechanical
stirring (50 rpm) at this temperature. The experimental
uncertainty of the measurements was <5%. The theory of
O’Brien and White (28) was used to convert the electropho-
retic mobility (u.) into zeta potential ({) values. Such
electrokinetic characterization was expected to confirm the
type of 5-FU loading (adsorption onto the particle surface or
entrapment into the matrix).

5-Fluorouracil Loading Studies

Measurement of the amount of drug loaded to the NPs
was done in triplicate by UV spectrophotometric determina-
tions of the 5-FU remaining in the aqueous solution (being
obtained upon filtration of the nanoparticulate dispersion
through a membrane filter; pore size, 0.1 um) which was
deduced from the total amount of drug in the aqueous NP
dispersion. 5-FU incorporation to the NPs was expressed in
terms of drug entrapment efficiency (%) and drug loading
(%):

Drugentrapment efficiency (%)

_ massof drugincorporatedin the NPmatrix (mg)

100 (2

mass of drugused in the experiment (mg) 8 @)
Drugloading (%)

_ massof drugincorporatedin the NPmatrix (mg) %100 (3)

mass obtained of NPsloaded with drug (mg)

For the method to be accurate, we considered the
contribution to the absorbance of sources other than varia-
tions in 5-FU concentration (e.g., the surfactant agent
dextran-70), by subtracting the absorbance of the supernatant
produced in the same conditions but without the anticancer
drug.

5-Fluorouracil In Vitro Release Studies

5-FU release experiments were performed in triplicate
following the dialysis bag method and using polymeric NPs
with the greater drug-loading values, i.e., *9.6% for PBCA
NPs (Table I), and ~26.8% for PCL NPs (Table II). These are
the nanoformulations that were investigated in vitro and
in vivo. The release medium was PBS (pH=7.4+0.1) at 37.0+
0.5°C. Briefly, the bags were soaked in water at 25.0+0.5°C
during 10 h before use. The dialysis bag with a cut-off of
2000 Da (Spectrum® Spectra/Por® 6 Dialysis Membrane
Tubing, USA) retained the NPs but permitted the free 5-FU
to diffuse into the receiving phase (PBS, pH 7.4). Practically,
3 mL of 5-FU-loaded PBCA (or PCL) NP dispersion
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Table 1. Effect of the Formulation Conditions (5-FU, Butylcyanoacrylate Monomer, and Dextran-70 Concentrations) for Drug Absorption on
Particle Size, 5-FU Entrapment Efficiency (%), 5-FU Loading (%), and Zeta Potential ({, mV) Values of the Blank (5-FU Unloaded) PBCA
NPs and the 5-FU-Loaded PBCA NPs Synthesized After Drug Dissolution in the Organic Phase

5-FU Butylcyanoacrylate Dextran-70 5-FU entrapment

™M) (%, w/v) (%, w/v) Size (nm) efficiency (%) 5-FU loading (%) ¢ (mV)

0 10 0.5 75+10 - - —25+4

107 10 0.5 6613 (75+10) 43.5+4.2 (36.3+2.1) 0.057+0.005 (0.047+0.003) —28+2 (—26+3)
107 10 0.5 87+10 (77+13) 64.9+3.6 (52.742.2)  0.840.05 (0.69+0.03) ~2545 (~24+2)
1072 10 0.5 81+11 (78+15) 73.8+3.4 (59.3+3.6) 9.59+0.44 (7.71+0.47) —26+3 (—23+4)
1072 10 0 Macroaggregates 3.1+1.3 (2.6x1.2) 0.41+0.17 (0.34+0.16) 2742 (—25+3)
1072 10 1 7415 (69+11) 72.2+1.9 (58.7+4.8) 9.39+0.25 (7.64+0.62) —29+6 (—27+4)
1072 10 2 6412 (84=13) 75.4+3.9 (60.1+2.7)  9.810.51 (7.82+0.35) —25+1 (~23+5)
1072 10 3 68+10 (73+12) 69.9+4.6 (56.7+5.1) 9.09+0.59 (7.38+0.66) —26+2 (—27+1)
1072 50 0.5 84+11 (76+10) 71.4+2.8 (58.2+3.3)  1.86+0.07 (1.5120.08) ~2443 (~26+4)
1072 100 0.5 82+13 (72£14) 73.2+2.9 (59.8+4.6) 0.95+0.04 (0.78+0.06) —28+3 (—25+2)

Size, entrapment efficiency, and drug-loading values of 5-FU-loaded PBCA NPs obtained after drug dissolution in the aqueous media are set in

italics

(containing 3 mg/mL of anticancer drug) were poured into
the dialysis bag with the two ends fixed by clamps. The bag
was then placed in a conical flask filled with 100 mL of the
receiving phase and were stirred at 200 rpm. At different time
intervals (0.5, 1, 3, 6, 9, 12, 24, 48, 72, 96, and 120 h), 2 mL
samples of the medium were withdrawn for UV spectrophotomet-
ric analysis at 266 nm. An equal volume of the release medium,
maintained at the same temperature, was added after sampling to
ensure the sink conditions.

Cell Culture

Human colon cancer HT-29, T-84, and HCT-15 cell
lines and the normal human colon CCD-18 cell line were
obtained from the American Type Culture Collection
(ATCC, USA). The mice colon cancer MC-38 cell line
was kindly provided by Dr. J. Scholl (Public Health
Service, National Institutes of Health, Bethesda, MD,
USA). The cell lines were maintained in culture at 37°C
(in a humidified 5% CO, incubator) in a Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich, St.

Louis, MO, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Lonza, Walkersville,
MD, USA) and 1% of an antibiotics mixture of penicillin
(10,000 U/mL) and streptomycin (10 mg/mL).

Proliferation Studies

Cells were seeded in 24-well plates (8x10° cells/well for
T-84 and MC-38, and 10x10° cells/well for HT-29, HCT-15,
and CCD-18) in 300 pL of supplemented DMEM. After 24 h,
treatments with 5-FU-loaded PBCA NPs and 5-FU-loaded
PCL NPs were administered at concentrations ranging from
0.01 to 20 pM, depending on the cell line. Treatments with 5-
FU, blank PBCA NPs, and blank PCL NPs under the same
conditions were used as controls. Untreated cells were used
as negative control. Cells were maintained in culture during
72 h, fixed with 300 pL of trichloroacetic acid (TCA; 10%) for
20 min at 4°C, and stained with 300 pL of sulforhodamine B
(SRB; 0.4%) during 20 min. After three washes with acetic
acid (1%), the dye was re-suspended in 10 mM and pH 10.5
Trizma®, and a colorimetric assay was performed at 492 nm

Table II. Effect of the Formulation Conditions (5-FU, PCL, and Dextran-70 Concentrations) for Drug Absorption on Particle Size, 5-FU
Entrapment Efficiency (%), 5-FU Loading (%), and Zeta Potential ({, mV) Values of the Blank (5-FU Unloaded) PCL NPs and the 5-FU-
Loaded PCL NPs Synthesized After Drug Dissolution in the Organic Phase

5-FU PCL Dextran-70 5-FU entrapment

™M) (%, w/v) (%, w/v) Size (nm) efficiency (%) 5-FU loading (%) ¢ (mV)

0 2 0.5 70£15 - - -17+2

1074 2 0.5 7612 (77+15) 55.2+4.6 (41.4+3.9) 0.18+0.02 (0.14+0.01) —14+3 (-15+2)
1072 2 0.5 6714 (70+12) 74.6+3.1 (59.2+3.4) 2.43+0.11 (1.92+0.11) —14+4 (-16+3)
1072 2 0.5 79+16 (65+15) 82.4+4.2 (66.5+3.3) 26.8+1.4 (21.6+1.1) —13+2 (-17+2)
1072 2 0 Macroaggregates 3.7+1.2 (2.3+1.6) 1.21+0.39 (0.75+0.52) =153 (-14+4)
1072 2 1 7312 (81+14) 84.2+3.9 (67.2+2.8) 27.4+1.3 (21.8+0.9) —12+43 (-12+2)
1072 2 2 64+17 (84+12) 80.3+3.2 (64.6+3.1) 26.1£1.1 (21.1+1.1) —15+4 (-14+2)
1072 2 3 7419 (71+16) 78.2+2.6 (61.3+4.2) 25.4+0.8 (19.9+1.4) =163 (=15+3)
1072 10 0.5 70+10 (68+13) 81.6+3.7 (65.2+3.2) 5.31£0.24 (4.24+0.21) —13+2 (—12+3)
1072 20 0.5 75+15 (72+17) 85.1+4.1 (69.4+2.8) 2.77+0.13 (2.26+0.09) —15+1 (-16+2)

Size, entrapment efficiency, and drug-loading values of 5-FU-loaded PCL NPs obtained after drug dissolution in the aqueous media are set in

italics
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(Titertekmultiscan Colorimeter, Flow, Irvine, CA, USA). The
percentage of relative proliferation (RP; %) was calculated as
follows:

absorbance of the sample
absorbance of the negative control

RP (%) = 100 (4)

The percentage of relative inhibition (RI; %; which
was used to determine the half maximal inhibitory
concentration, ICsy, value of the different treatments)
was also calculated:

RI (%) = 100-RP (%) (5)

We make a nonlinear regression to determine the 1Csq
value with the software GraphPad Prism v.6.01.

In Vivo Study

Immunocompetent C57BL/6 female mice (body weight,
25-30 g; Scientific Instrumentation Centre, University of
Granada, Spain) were maintained in a laminar airflow cabinet
located in a room maintained at 37.0+0.5°C and 40-70% of
relative humidity, with a 12-h light/dark cycle, and under
specific pathogen-free conditions. Work with animals was
accomplished in accordance with institutional (Biomedical
Investigation Ethic Committee, Virgen de las Nieves Hospi-
tal, Granada, Spain) and international standards (European
Communities Council directive 86/609). Pilot experiments
were previously conducted to determine the number of
malignant cells for subcutaneous injection. Sixty mice were
then inoculated by subcutaneous injection in the right hind
flank with 5x10°> MC-38 murine colon cancer cells per mouse
dispersed in 200 pLL of PBS. This colon adenocarcinoma cell
line was obtained from C57BL/6 mice, and therefore it can be
used to induce subcutaneous tumors in the same immuno-
competent mice strain. When tumors grew to 40-60 mm?,
mice were randomly divided into six groups (n=10)
corresponding to the treatments with free 5-FU solution,
blank PBCA NPs, blank PCL NPs, 5-FU-loaded PBCA NPs,
and 5-FU-loaded PCL NPs. A group of untreated mice with
subcutaneous tumor was used as negative control. 5-FU doses
of 10 mg/kg of body mass were administered in all of the
formulations containing the chemotherapy agent. Each
mouse was intravenously injected every 3 days, up to a total
number of five administrations. At the same time, body mass
of mice (to define the toxicity of the treatments) and mice
deaths (survival analysis) were recorded, and tumor volumes
(V: mm®) were measured by using a digital caliper (29):
measuring the largest diameter a of the tumor mass and the
second largest diameter b perpendicular to a. The tumor
volume was then calculated:

V () = 42" ®)

Statistical Analysis

All the results were represented as meanzstandard
deviation (SD). Logarithmic regressions were used to
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determine the ICsy values (GraphPad Prism version 6.01,
GraphPad Software, Inc., La Jolla, CA, USA). Statistical
analysis was performed by using the Student’s ¢ test (SPSS
v.15, SPSS, Chicago, USA). The probability of mice survival
was determined by the Kaplan—-Meier method, and the log-
rank test was used to compare the fraction of the surviving
mice between groups (2=0.05). Data with p<0.05 and p<0.001
were considered as significant and highly significant,
respectively.

RESULTS

Particle Size, Surface Electrical Charge, and Stability

PBCA NPs formulated by emulsion polymerization
were characterized by a spherical shape and an average
diameter under 100 nm (Table I; Fig. 1a). Similar results
were obtained when PCL NPs were synthesized following
an interfacial polymer disposition methodology (Table II;
Fig. 1a). The surface electrical charge of PBCA NPs and
PCL NPs was found to be negative in water (Tables I and
IT). This behavior can be associated to the degree of
dissociation of the free acrylic groups (included in the
chemical structure of the particles) under the experimental
conditions (at pH 6 and 1 mM KNO;) (15,30). Neither
particle size nor the quality of the polymeric suspensions
varied considerably when different drug quantities were
loaded onto either type of polymeric particles (Tables I
and II). Neither 5-FU precipitation and/or release, pres-
ence of bulky sediments/aggregates, particle aggregation,

a —
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Fig. 1. 5-Fluorouracil-loaded NPs. a High-resolution transmission
electron micrograph of PBCA (a) and PCL (b) NPs. Bar lengths,
100 nm. b Release of entrapped 5-FU from PBCA NPs (open
squares) and PCL NPs (filled squares) as a function of the incubation
time in PBS (pH 7.4+0.1) at 37.0£0.5°C. Data represents the mean
value+SD of quadruplicate experiences
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nor appreciable change in particle diameter and electrical
surface charge were detected after 3 months of storage in
water at 4.0+0.5°C. Consequently, if the nanoformulations
were not directly used after preparation, they were kept
under these storage conditions until use.

5-Fluorouracil Entrapment into Poly(butylcyanoacrylate)
and Poly(e-Caprolactone) Nanoparticles

We began the investigation by analyzing the influence of
the initial phase (aqueous or organic) in which 5-FU was
dissolved on drug entrapment by the NPs. In aqueous media,
butylcyanoacrylate polymerizes and PCL precipitates, where-
as in the organic phase both the butylcyanoacrylate monomer
and PCL dissolve (see “MATERIALS AND METHODS”).
Tables I and II show the amount of drug entrapped by PBCA
and PCL NPs, respectively, as a function of the 5-FU
concentration. Independent of the type of polymeric particle,
both the 5-FU entrapment efficiency (%) and 5-FU-loading
values (%) were significantly greater when the anticancer
drug was added to the organic phase, whatever the initially
fixed 5-FU concentration. For instance, in the case of PBCA
NPs, when the initial drug concentration was 0.01 M these
parameters rose from =59.3% and =7.7% (when 5-FU was
dissolved to the aqueous media) to =~73.8% and =9.6%
(when 5-FU was incorporated within the organic phase),
respectively. With respect to PCL NPs, when the initial drug
concentration was 0.01 M, these parameters rose from
~66.5% and ~21.6% (when 5-FU was added to the aqueous
media) to =82.4% and ~26.8% (when 5-FU was dissolved in
the organic phase), respectively. Such behavior is most likely
a consequence of the difficulty experienced by 5-FU mole-
cules in escaping from the polymeric matrices after they have
been in deep contact with the butylcyanoacrylate monomer/e-
caprolactone polymer. In addition, 5-FU loading to the NPs
may be electrostatically favored: electrostatic attractive forces
may exist between the positively charged drug molecules
(generated by the protonation of the -NH group of the
chemical structure) and the negatively charged NPs. Finally,
the 5-FU concentration positively influenced the efficiency of
drug entrapment into both types of polymeric NPs.

Regarding the influence of the surfactant on 5-FU
entrapment by the polymeric NPs (Tables I and II), it was
observed that the use of dextran-70 (within the concentration
range tested) ensured the formation of homogeneous distri-
butions of both 5-FU-loaded PBCA NPs and 5-FU-loaded
PCL NPs, with reduced size and highly uniform, but without
significantly influencing the drug entrapment efficiency and
drug-loading values. Conversely, 5-FU entrapment was clear-
ly lower in the absence of dextran-70. In fact, yields (%) of 5-
FU-loaded PBCA NPs and 5-FU-loaded PCL NPs production
were always >90% in all the formulations prepared with
dextran-70 but decreased to <6% in the absence of this
surfactant. Similarly, butylcyanoacrylate monomer/e-
caprolactone polymer concentrations did not significantly
influence the entrapment of 5-FU within the corresponding
NPs (Tables I and II).

Finally, results from the electrophoretic characterization
of the NPs clearly highlighted the great similarity between the
¢ values of blank PBCA (and PCL) NPs and 5-FU-loaded
PBCA (and PCL) NPs (Tables I and II): from an electroki-
netic point of view, blank and drug-loaded NPs were
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indistinguishable. Therefore, and given the extreme sensitiv-
ity of electrophoresis to minute changes in the surface of
nanosystems, this technique was satisfactorily utilized to
estimate the type of drug incorporation to the NPs (drug
surface adsorption vs. drug entrapment within the NP
matrix). Given the fact that the { values of the NPs did not
change upon 5-FU incorporation, it could be assumed that the
molecules of chemotherapy agent were very efficiently
entrapped within both types of polymeric nanomatrices.

Antiproliferative and in vivo tumor growth inhibition
studies were performed using the NPs with the greatest 5-FU
entrapment efficiencies, i.e., =73.8% for PBCA NPs (Table I)
and ~82.4% for PCL NPs (Table II).

5-Fluorouracil Release from Poly(butylcyanoacrylate)
and Poly(e-caprolactone) Nanoparticles

5-FU release at pH 7.4 from PBCA (and PCL) NPs showed
a biphasic process, typical of these polymers (18,30-33). Such a
sustained drug-release profile was characterized by an initial
rapid (burst) 5-FU release phase (up to =27% and =16% in
from PBCA NPs and PCL NPs in 3 h, respectively), with the
remaining 5-FU molecules being released in a more sustained
manner (over a period of 93 and 117 h from PBCA NPs and
PCL NPs, respectively) (Fig. 1b). Consequently, it may be
concluded that the majority of the drug molecules were
entrapped within the polymeric network rather than adsorbed
onto the particle surface.

In Vitro Cytotoxicity of Poly(butylcyanoacrylate)
and Poly(e-caprolactone) Nanoparticles

Before carrying out the in vitro tests on antitumor
activity, the toxicity of blank PBCA NPs and blank PCL
NPs was investigated in vitro. Both PBCA and PCL NPs
proved to be nontoxic in T-84, HT-29, and CCD-18 cell lines
at the different drug equivalent concentrations tested (Fig. 2).
Only PCL NPs showed some toxicity at the greatest
concentration in the MC-38 (3 uM) and HCT-15 (20 uM)
cell lines, resulting in reductions of 16.3% and 23.2% in the
relative proliferation values, respectively (p<0.05) (Fig. 2).
Therefore, it can be assumed that both polymeric nanosys-
tems present an adequate biocompatibility and safety for drug
delivery purposes.

Antiproliferative Effect of Poly(butylcyanoacrylate)
and Poly(e-caprolactone) Nanoparticles Loaded with
5-Fluorouracil

Figures 3 and 4, respectively, demonstrate that both 5-
FU-loaded PBCA NPs and 5-FU-loaded PCL NPs can
improve significantly the antiproliferative effect of the drug
in comparison with free 5-FU. The ICsq values of free 5-FU in
T-84, HT-29, HCT-15, and CCD-18 were found to be 3.60,
3.58, 7.59, and 11.91 uM, respectively. In contrast, and after
72 h of exposure, 5-FU-loaded PBCA NPs exhibited a 1Cs,
decrease which was particularly significant in T-84 colon
cancer cells (ICsp, 0.085 uM, ~42-fold decrease in the ICs; of
free 5-FU; Fig. 3a), compared with HT-29 colon cancer cells
(ICs0, 0.53 pM, =7-fold decrease in the ICsy of free 5-FU;
Fig. 3b), HCT-15 colon cancer cells (ICs, 0.76 pM, =~10-fold
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Fig. 2. In vitro cytotoxicity of PBCA (a) and PCL NPs (b) in colon
cells. Growth of MC-38, CCD-18, HCT-15, HT-29, and T-84 cell lines
was evaluated after 72 h of exposure to a wide range of NP
concentrations (0.1-20 uM). Data represents the mean value+SD of
quadruplicate cultures

decrease in the ICsq of free 5-FU; Fig. 3c), CCD-18 normal
colon cells (ICsg, 2.8 uM, =~4-fold decrease in the ICsq of free
5-FU; Fig. 3d), and MC-38 mouse colon cancer cells (ICs,

0.068 uM, ~3-fold decrease in the ICsj of free 5-FU; Fig. 3e).

Similar results were obtained with 5-FU-loaded PCL
NPs, ICs of 0.08 pM in T-84 cells (=45-fold decrease in the
ICsp of free 5-FU; Fig. 4a), ICsy of 0.76 uM in HT-29 cells
(=5-fold decrease in the ICsq of free 5-FU; Fig. 4b), ICs of
0.74 uM in HCT-15 cells (=10-fold decrease in the 1Csy of
free 5-FU; Fig. 4c), ICsq of 2.7 pM in CCD-18 cells (=4.5-fold
decrease in the ICsy of free 5-FU; Fig. 4d), and ICsy of
0.068 uM in MC-38 cells (=4-fold decrease in the ICsq of free
5-FU; Fig. 4e).

In Vivo Tumor Growth Inhibition with
Poly(butylcyanoacrylate) and Poly(e-caprolactone)
Nanoparticles Loaded with 5-Fluorouracil

Figure 5 shows that both PBCA and PCL NPs loaded
with 5-FU induced a significant reduction in tumor volumes
after 45 days of treatment compared with free 5-FU (p<0.05),
ie., a 51% (Fig. 5a) and a 64.5% (Fig. 5b) reduction,
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respectively. Comparing the two types of 5-FU-loaded NPs,
treatment with PCL NPs caused a 13.5% greater reduction in
tumor size than PBCA NPs (p<0.05). Finally, tumor evolution
in mice treated with blank PBCA NPs and with blank PCL
NPs was quite similar to the control group (untreated mice).

Survival Analysis

Despite the slight control over tumor volume evolution
developed by free 5-FU (Fig. 5), it failed in increasing mice
survival compared with the control group (Fig. 6). In contrast,
5-FU-loaded PBCA NPs (Fig. 6a) and 5-FU-loaded PCL NPs
(Fig. 6b) significantly prolonged mice survival (p<0.05) in
comparison with untreated mice and mice treated with free 5-
FU. It may be the consequence of the great control over
tumor growth displayed by both 5-FU-loaded nanosystems.
Finally, no significant differences were observed between
both 5-FU-loaded nanoformulations in terms of mice survival.

In Vivo Toxicity

No loss of body mass was reported in mice treated with
blank (5-FU unloaded) NPs in comparison with the control
(untreated) group (Fig. 7). Regarding mice treated with
either free 5-FU, 5-FU-loaded PBCA NPs, or 5-FU-loaded
PCL NPs, a similar loss in body mass was observed compared
with controls (p<0.001), suggesting that loading 5-FU within
both polymeric NPs did not increase drug’s toxicity (Fig. 7).

DISCUSSION

Current chemotherapy against colon cancer is not fully
effective, especially during advanced stages of the disease
(34). Antitumor drugs, including 5-FU, can often cause severe
side effects and compromise the patients’ quality of life.
Therefore, it is necessary to develop new therapeutic
strategies, including the use of drug-loaded nanoplatforms,
to maximize the cytotoxicity (and specificity) of chemother-
apy agents, while keeping drug aggression toward healthy
tissues to a minimum (10). In this work, we present two
nanoformulations that may contribute to the optimization of
5-FU-based colon cancer treatments.

Synthesis methodologies of 5-FU-loaded PBCA NPs and
5-FU-loaded PCL NPs were based on the emulsion polymer-
ization of the butylcyanoacrylate monomer in an aqueous
solution (22) and on the interfacial polymer disposition,
respectively (18,27). Both methods generated biodegradable
5-FU-loaded particles with an average size <100 nm (Tables I
and II), which could be deemed appropriate to facilitate their
cellular uptake thus resulting in a considerable accumulation
of drug molecules within malignant cells. In fact, particle
diameters ranging from 100 to 200 nm have been associated
with cell internalization by endocytosis, while larger particles
can be internalized by phagocytosis (35).

Optimum preparation conditions were considered to be
those that reported the greatest 5-FU entrapment efficiencies
and 5-FU loading values (Tables I and II). Furthermore,
given the similarities between the ¢ values of blank NPs and
of the corresponding drug-loaded NPs (Tables I and II), it
may be assumed that the 5-FU molecules were efficiently
entrapped within the particle matrices rather than just
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adsorbed onto the surfaces. Finally, 5-FU release from PBCA
and PCL NPs exhibited a biphasic (and sustained) profile
(Fig. 1). The fast drug release during the first phase could be
due to the loss of surface associated and/or poorly entrapped
5-FU molecules, which rapidly diffused into the release
medium. 5-FU release during the slower second phase,
however, may correspond to the drug fraction deeply
embedded within the polymeric nanomatrices, which may
follow a longer diffusion path before being released into the
surrounding medium. In the specific case of PBCA NPs, drug
release could be the consequence of either particle disintegration
due to surface erosion, drug diffusion through the polymeric
matrix, or both (30,32). Whereas, with respect to PCL NPs, 5-FU
release during this second phase could be due to drug diffusion
through the polymeric matrix as opposed to polymer disintegra-
tion, which for PCL is a very slow process in an aqueous medium
given its considerable hydrophobic character (18,31,33).
Comparison of data included in Tables I and II and in
Fig. 1 can be used to check the great similarities between
geometry (size and shape), drug-loading capabilities, and
drug-release profiles of PBCA and PCL particles. In fact,

statistical treatment of data helped us in establishing that the
differences were not statistically significant. On the opposite,
differences between the surface electrical charge of PBCA
and PCL NPs were relevant (Tables I and II): PCL NPs were
less negative, this postulating a reduced interaction with the
reticuloendothelial system and, therefore, a more appropriate
in vivo fate (for drug delivery purposes) compared with the
PBCA NPs (ie., greater accumulation into the tumor site)
(35). Finally, our research group has previously published
information on the surface thermodynamics of both
nanoformulations: they can be considered to be hydrophobic
(15,36).

The association of 5-FU molecules with nanocarriers has
yielded diverse results against colon cancer cell lines (37-40).
For instance, Jain and Jain (41) demonstrated that chitosan
NPs coupled to hyaluronic acid and loaded with 5-FU can
moderately (2.6 times) increase the drug’s cytotoxicity to HT-
29 colon cancer cells. These results can be improved when
this nanocarrier is surface functionalized with folate moieties
(42). Nanocarriers based on copolymers such as poly(y-
benzyl-L-glutamate) and poly(ethylene glycol) can increase
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the plasma half-life of 5-FU, thus inducing a greater growth
inhibition of LoVo colon cancer cells (43). Recently, Dutta
et al. (39) reduced HT-29 cell viability using 5-FU in
superparamagnetic iron oxides encapsulated pectin
nanocarriers and solid lipid NPs. However, neither of these
nanostrategies against colon cancer have been validated
in vivo. Our in vitro results demonstrated that 5-FU-loaded
PCL NPs were able to decrease the 1Cs, of 5-FU and thus its
antiproliferative effect. Particularly relevant were the results
obtained against T-84 cells (i.e., =45-fold decrease in the ICs
of free 5-FU). In addition, PCL NPs did not induce any cell
toxicity as previously reported by Kuo-Yung et al. (44). Very
little data is available on the use of 5-FU-loaded PCL
nanoparticulate systems against colon cancer cells. However,
Ortiz et al. (18) demonstrated that PCL NPs can increase the
antitumor effect of 5-FU against SW480 cells, and Zhang et al.
(9) showed that PCL NPs surface functionalized with folate
moieties can improve the activity of 5-FU against colon
cancer cells. Furthermore, PCL NPs loaded with doxifluridine
(a prodrug of 5-FU) have been reported to exhibit an
important activity against HT-29 colon cancer cells (45). With
respect to 5-FU-loaded PBCA NPs, they have been shown to be
well tolerated in the case of superficial basal cell carcinoma (46).

In the present investigation, the in vitro antiproliferative
effects of 5-FU-loaded PBCA NPs and 5-FU-loaded PCL NPs
could be considered to be quiet similar (please check Figs. 3
and 4 and ICs, values reported above). In any case, both 5-
FU-loaded nanosystems have provided a greater antiprolifer-
ative effect against colon cancer cells than previously
developed 5-FU nanoformulations, e.g., PLGA NPs which
can decrease the ICsy of the drug in HT-29 cells only by a
factor of 4 (47) or chitosan NPs which only yielded a 20%
increase in the inhibition of SW480 colon cancer cell
proliferation compared with the free drug (40). The reduction
in RP (%) caused by the 5-FU-loaded PBCA and PCL NPs
could be the consequence of a faster (and more intense) 5-FU
internalization by malignant cells, therefore facilitating great-
er drug concentrations within the cancer cells. Furthermore,
NP internalization within cancer cells depends not only on
their hydrophilic/hydrophobic character and physical chemis-
try (i.e., size and surface charge) but also on the endocytosis
processes involved which can be considered to be more
important in tumor cells (48,49).

To ensure the therapeutic potential of 5-FU-loaded
PBCA and PCL NPs in colon cancer, we analyzed their
behavior in vivo. It was observed that nanoparticulate
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systems induced a significant reduction in the tumor volume
in comparison with the free drug (Fig. 5). Interestingly, tumor
volumes were more efficiently reduced in mice treated with 5-
FU-loaded PCL NPs (64%) than in those treated with 5-FU-
loaded PBCA NPs (51%). Such 5-FU activity can be assumed
to be more significant than the one recently reported for 5-
FU-loaded chitosan NPs in an orthotropic mouse liver cancer
model (50).

Although free 5-FU can reduce significantly the tumor
volume (Fig. 5), it did not induce a significant difference in
the survival rates compared with control mice (Fig. 6). This
may be due to the low specificity of 5-FU as it affects not
only tumor regions but also healthy tissues (i.e., gastroin-
testinal tissues) (51). On the contrary, mice survival rate
was significantly prolonged when using both 5-FU-loaded
nanoformulations compared with controls (untreated, blank
NPs, and free drug). The mechanism by which the 5-FU-
loaded NPs increase drug activity is not fully understood,
but their physicochemical properties, essentially their
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FU-PCL) (b). The fraction of surviving mice were compared between
groups using the log-rank test (p<0.05). Both types of 5-FU-loaded
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nanosize may be responsible for an increased
accumulation/concentration into malignant tissues, thanks
to the enhanced permeation and retention (EPR) effect
(52). This phenomenon is based on the aberrant (“leaky”)
structure of blood vessels irrigating tumor tissues (53), in
which large gaps between endothelial cells and discontinu-
ities in the basement membrane can be found, being
responsible for the alteration of the normal diffusion of
macromolecules across the endothelium. Furthermore, the
clearance of macromolecules is limited by the reduced
lymphatic circulation which is characteristic of tumor tissues
(54). Future studies will be necessary to elucidate the
mechanism by which both 5-FU-loaded PBCA NPs and 5-
FU-loaded PCL NPs can increase the in vivo efficacy of 5-
FU.
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mice bearing subcutaneous MC38 tumors during, and after, treatment
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loaded PCL NPs (5-FU-PCL) (b). The masses of the mice and the
tumors were measured as described in “MATERIALS AND
METHODS.” Treatment with blank NPs induced similar losses in
body mass as those produced by the controls. Free 5-FU and both 5-
FU-loaded NPs treatments induced similar loss in mouse body mass
in relation to the controls (p<0.001). Data represents mean value+SD
(n=10)

CONCLUSIONS

A reproducible formulation methodology has been
developed to obtain PBCA and PCL nanomatrices for the
efficient delivery of 5-FU, on the basis of an emulsion
polymerization procedure and on an interfacial polymer
disposition method, respectively. Preclinical results demon-
strate that both 5-FU-loaded NPs can significantly inhibit the
proliferation of the human and mice colon cancer cell lines
being tested. Greater tumor growth inhibition and mice
survival rates were obtained when using these
nanoparticulate systems compared with the free drug. Thus,
these results suggest that PBCA and PCL nanoparticulate
systems may open a promising possibility to optimize the
delivery of 5-FU to malignant cells and, consequently, the
chemotherapy of advanced or recurrent colon cancer.
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