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ABSTRACT: The aim of this work was to explore the
capacity to load an anticancer agent Doxorubicin (Dox) on
new poly(alkylcyanoacrylate) (PACA) nanoparticles pre-
pared by redox radical emulsion polymerization (RREP).
These nanoparticles present several advantages compared
with the previously described PACA nanoparticles
obtained by anionic emulsion polymerization (AEP). Their
cytotoxicity was lower and because they do not activate
the complement system, they are believed to behave like
stealth nanoparticles after intravenous administration. Dox
was incorporated during the preparation of the nanopar-
ticles. However, the drug molecules were degraded by ce-
rium IV, which is a strong oxidant agent. To avoid drug
degradation, Dox must be loaded by adsorption on pre-
formed nanoparticles. Optimal loading capacity was

deduced from a Scatchard’s analysis of the Dox adsorption
pattern. The loading performance [Loading efficiency (LE)
74%, Loading content (LC) 3.7%], the Dox release and the
amount of Dox retained by the new nanoparticles 75%
were similar to those of the already well described PACA
nanoparticles obtained by AEP (LE 79% and LC 4.2%,
drug retention capacity 75%). It can be concluded that the
loading and releasing properties make the new nanopar-
ticles an interesting carrier candidate for the in vivo deliv-
ery of Dox. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119:
816-822, 2011
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INTRODUCTION

Many types of nanoparticles have been designed as
drug carriers with the objective of optimizing the
delivery of active molecules in vivo, hence improving
the therapeutic index of the drug. Poly(alkylcyano-
acrylate) (PACA) nanoparticles are considered as the
most promising biodegradable polymeric drug car-
riers for drug targeting.'™ The first PACA nanopar-
ticles were prepared by anionic emulsion polymer-
ization of alkylcyanoacrylate in the presence of
dextran (AEP-PACA).” They were reported to accu-
mulate massively in the liver and the spleen a few
minutes after intravenous administration.”® As
nanoparticle interactions with circulating proteins
and nanoparticle biodistribution depend on their
surface properties,”'? a new method of synthesis of
PACA nanoparticles by redox radical emulsion poly-
merization (RREP) was developed in our labora-
tory.''* The surface of RREP-PACA nanoparticles
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can be modulated by the nature, and the molecular
weight of the polysaccharide used as stabilizer of
the polymer colloids. More interestingly, the poly-
saccharide chain conformation stranded at the nano-
particle surface was modified with the new method
of polymerization." This discrete modification of the
structure of the nanoparticle polysaccharide coating
induced a dramatic change of the nanoparticle prop-
erties when they are brought in contact with biologi-
cal systems. For instance, the cytotoxicity of the new
nanoparticles was reduced by a factor of 20 com-
pared with that of the AEP-PACA nanoparticles.'®
The capacity of the new nanoparticles to activate the
complement system was low and ogposite to that
shown by AEP-PACA nanoparticles.”” With such a
low capacity of complement activation, it is believed
that the new nanoparticles are a good candidate to
be stealth after intravenous administration, whereas
the AEP nanoparticles are massively taken up by the
macrophages of the reticulo-endothelial system.'®
Another advantage is found in the method of prepa-
ration, which provides with a nanoparticle suspen-
sion 10 times more concentrated than a suspension
obtained by the AEP method. Thus, it will not be
necessary to concentrate the nanoparticle suspension
prior to in vivo administration, as it is often the case
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considering the AEP-PACA nanoparticles. Although,
a lot of work has been devoted to the physical and
chemical characterization of RREP-PACA nanopar-
ticles,"*"” none of them have considered yet the
loading and releasing capacity of these nanoparticles
with an anticancer agent.

The aim of this study was to investigate the load-
ing capacity of RREP-PACA nanoparticles with an
anti cancer drug and to evaluate their releasing
properties. The drug chosen for this study was Dox-
orubicin (Dox). This drug is among the first line
anticancer agent used in clinics. As pointed out by
many authors, Dox-related acute cardiotoxicity and
multidrug resistance developed by cancer cells limit
its use and make it an ideal candidate to be deliv-
ered by nanoparticle drug carriers.'!

In this study, Dox loading capacity of the RREP-
PACA nanoparticles was investigated by incorpora-
tion in the preparation medium and by adsorption
on preformed nanoparticles. The releasing properties
were evaluated by incubation of the Dox-loaded
nanoparticles in Phosphate Buffer Saline Solutions
(PBS). All results were compared with those
obtained in the same conditions with Dox-loaded
nanoparticles prepared according to the AEP
method described in previous works.?* >

EXPERIMENTAL
Materials

Dextran (MW 70,000) was provided by Sigma (Saint
Quentin Fallavier, France). Isobutylcyanoacrylate
(IBCA) used as the monomer in the preparation of
nanoparticles was a gift from Henkel Biomedical
(Dublin, Ireland). Cerium IV from cerium ammo-
nium nitrate was purchased from Fluka (Saint Quen-
tin Fallavier, France). Doxorubicin hydrochloride
was provided by Chemos GmbH (Regenstauf, Ger-
many). Dialysis membranes (Spectra Por® cellulose
ester membrane MWCO 100,000) were obtained
from Carl Roth (Lauterbourg, France). All prepara-
tions were made with Milli Q® water (Waters, Saint
Quentin en Yvelines, France).

MATERIALS

Redox radical emulsion polymerization

RREP was achieved as described previously.'*'*

Briefly, 0.5 mL of IBCA was added under strong mag-
netic stirring to 10 mL of 0.2 mol/L nitric acid con-
taining 0.1365 g dextran (MW 70,000) and 16 mmol/L
cerium IV. The nitric acid solution was purged with
nitrogen for 10 min prior to the addition of the mono-
mer and maintained at 40°C. After 1 h of polymeriza-
tion, the nanoparticle suspension was rapidly cooled
down in an ice bath. The nanoparticles were loaded

with Dox either during preparation of the nanopar-
ticles or by adsorption on the purified nanoparticles.
In the first case, 10 mg Dox was added in the poly-
merization medium 1 min after the addition of the
monomer, the polymerization was performed in the
dark. In the latter case, the nanoparticles were pre-
pared as described above; the suspension was puri-
fied 3 times by dialysis against Milli Q° water. The
concentration of NPs was evaluated by gravimetric
determination: 1 mL of the purified NPs suspensions
was freeze-dried and the dry residue of the NPs was
weighted. A solution of Dox in Milli Q® water (0.5
mL) at defined concentrations 0.2, 0.6, 1, 2, and 4 mg/
mL was added to 0.4 mL of suspension of purified
RREP-nanoparticles (10, 15, and 20 mg of nanopar-
ticles /mL), the mixture was maintained under gentle
agitation in the dark for 1 h, then the pH was adjusted
to 7.4 by adding 0.1 mL of 1.0 mol/L PBS.

Anionic emulsion polymerization

The anionic emulsion polymerization was preformed
as described previously.>** Typically, 66.5 mg of
IBCA were dropped under magnetic stirring into 6.5
mL of medium containing 5 mg of Dox, 1% dextran
70, and 0.5% citric acid. The agitation was maintained
for 3 h. The polymerization occurred at room temper-
ature. The suspension of nanoparticles was dispensed
into 1.3 mL parts for lyophilization and then stored at
4°C. Resuspension of solid nanoparticles was per-
formed by adding 1 mL of 0.1 mol/L PBS to each vial
containing 13.3 mg of polymer and 1 mg of Dox.

Kinetic of cerium IV consumption

In the redox radical polymerization method, cerium IV
ions are consumed during an initial reaction with dex-
tran to produce the radicals responsible for the poly-
merization initiation. As the monomer is not directly
involved in the chemical reaction with cerium IV, the
experiment was performed in the same experimental
conditions as those described for the RREP except that
the monomer was not added to keep the system trans-
parent for absorbance measurements. About 200 pL
were sampled from the reaction medium at various
times from 0 to 40 min. The absorbance of each sample
was measured at 330 nm using a UV-spectrophotome-
ter (UV-160A, Shimadzu). The linearity of the calibra-
tion curves was validated with aqueous solutions of ce-
rium IV in the appropriate concentration range (0.1-1
mmol/L, ¥ =1,y = 1.4 x - 0.05).

Particle size and zeta potential of the nanoparticles

The mean diameter of the nanoparticles was esti-
mated at 25°C by quasi-elastic light scattering using
a Nanosizer N4 (Beckman-Coulter) operating at the
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angle of 90°C. The samples were diluted in Milli Q®
water by 1/400 (v/v). The results were expressed
as the average of the mean hydrodynamic diameter
of the dispersed particles obtained from three deter-
minations. The standard deviation of the size distri-
bution and the polydispersity index were also
given.

The electrostatic surface charge of the polymer
particles was deduced from the electrophoretic mo-
bility using a Malvern Zetasizer nano ZS (Malvern
Instruments, Uk). Dilution of the suspensions [1/200
(v/v)] was preformed in 1 mmol/L NaCL

HPLC determination of Dox

The amount of Dox was measured by HPLC by using
a Waters LC Module 1 HPLC system connected to a
Cyg column (Uptisphere Cqg, 3 pm, 4 mm x 150 mm,
Interchim), operating at 30°C, coupled with a Waters
470 Scanning Fluorescence Detector. The mobile
phase consisted in a mixture of pH 2.5, 0.05M tri-
chloro-acetic acid (TCA) and acetonitrile (63/37, v/v),
used at a flow rate of 0.8 mL/min. Analysis were car-
ried out at an excitation wavelength of 480 nm and
an emission wavelength of 558 nm. The HPLC system
was calibrated with fresh solutions of Dox. The linear-
ity was validated with solutions of doxorubicin
hydrochloride in the appropriate concentration range
(0.1 to 20.0 pg/mL; ©* = 0.99, y = 673 x +4).

Evaluation of Dox loading

The amount of Dox associated with the nanoparticles
was determined by HPLC. The total amount of Dox
(Doxtet) in nanoparticle suspension was evaluated af-
ter dissolution of the nanoparticles in DMSO (1/40,
v/v). The amount of drug nonassociated with the
nanoparticles (Doxpe.) Was determined from the su-
pernatant after removing the nanoparticles from the
sample by ultracentrifugation at 61,500 g for 30 min.
The amount of drug associated (Doxagss) with the
nanoparticles was calculated as follows:

Doxass = Doxror — DOXEyee 1)

The drug loading content LC% and loading effi-
ciency LE% were obtained by egs. (2) and (3),
respectively. (Where Wy, represents the weight of
the nanoparticles)

D SS
LC% = ( OXA ) % 100 ?)
Whp
Doxass
LE% = <m> x 100 (3)

Evaluation of drug-release

In vitro release of Dox from the nanoparticles was
evaluated under sink conditions: Dox concentration
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in the releasing medium was kept 10 times lower
than the saturation solubility of Dox in PBS. A 20 uL
of suspension of Dox-loaded nanoparticles was dis-
persed into 2.0 mL of PBS. Assuming that the total
amount of Dox associated with the nanoparticles
will be released, it can be calculated that the concen-
tration of Dox expected in the total volume of the
releasing medium will be 30 times less than the sol-
ubility’s limit of Dox in this medium. A vial was
prepared for each time point, protected from light
and kept under gently stirring and controlled tem-
perature 25°C. At predetermined time intervals, the
entire release medium was ultracentrifuged at 61,500
g for 30 min at 25°C, and the released Dox was eval-
uated in the supernatant using the above described
HPLC method.

Statistics and scatchard analysis

The statistical tests and the Scatchard analysis were
applied wusing a computer software (GraphPad
PRISM version 5.0). The Mann-Whitney test was
applied to compare the potential Zeta of unloaded
and Dox-loaded nanoparticles. The ANOVA test
was used to compare their release profiles. The theo-
retical adsorption curve was calculated according to
eq. (4), the theoretical values of number of sites
(maximum mole number of Dox adsorbed on a
nanoparticle) (Bpax) and the equilibrium constant of
dissociation (Kd) were estimated from the Scatchard
analysis.

DOXTot X Bmax
DX pgs = Tt % Dmax 4
OXAss Doxtot + Kd @

The equilibrium constant of Dox adsorption K,gs
was calculated from eq. (5).

1

Kads = @

)

RESULTS AND DISCUSSION

Encapsulation of Dox by incorporation during the
polymerization of the nanoparticles

At first, we attempted to encapsulate Dox in the
RREP-PACA nanoparticles by adding the drug dur-
ing the polymerization step. Dox was added 1 min
after the beginning of the polymerization to avoid
possible initiation of the polymerization on the
nucleophilic groups of Dox. The total amount of
drug found at the end of the polymerization step
was only 10-13% of the weight of the feed, indicat-
ing that most of the drug was lost during the poly-
merization. This lost can be explained by the
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Figure 1 Chromatographic profile of Dox in the medium
of polymerization at Img/mL: (a) before and (b) after 60
min of adding cerium IV.

degradation of Dox in the polymerization medium,
because of the presence of cerium IV, which is a
strong oxidant agent. This hypothesis was confirmed
by the appearance in the chromatogram of addi-
tional peaks attributable to Dox degradation prod-
ucts®® concomitantly with the decrease of the area of
the peak attributed to Dox (Fig. 1). The cerium IV
ions are part of the redox system involved in the ini-
tiation of the polymerization reaction. They react
with dextran to produce radicals, which in turn initi-
ate the polymerization of the IBCA monomer.'* To
determine whether Dox may be preserved from deg-
radation by adding the active molecule a few
minutes later after the start of the polymerization,
we have studied the kinetics of cerium IV consump-
tion during the reaction with dextran (Fig. 2). The
experiments were performed in the same conditions
than those used to produce the nanoparticles except
that the monomer was not added to the polymeriza-
tion medium because (i) the monomer was not
directly involved in the reaction leading to cerium
IV consumption and (ii) to reduce the complexity of
cerium IV analysis. Figure 2 shows that the concen-
tration of cerium IV decreased exponentially to
reach a plateau of very low concentration (0.3
mmol/L) after 30 min. To avoid Dox oxidation, this
result suggests that Dox must be added at least 30
min after the start of the polymerization process,
which is useless, because at this time the nanopar-
ticles were already formed according to a previous
work.'*

These results show that oxidizable drug molecules
can be degraded by cerium IV during polymeriza-
tion compromising their incorporation in PACA
nanoparticles prepared by RREP. Consequently, the

loading of these nanoparticles can only be achieved
on preformed nanoparticles.

Association of Dox with preformed RREP-PACA

The association of Dox with RREP-PACA nanopar-
ticles was investigated by adsorption on the pre-
formed nanoparticles. Several concentrations of Dox
were added to suspensions of nanoparticles at fixed
concentrations. The limit of solubility of Dox in PBS
under the same conditions than those used for the
adsorption study was determined. Under our condi-
tions, the solubility limit of Dox in PBS at pH = 7.4
was found to be 0.32 mg/mL in agreement with val-
ues found in the literature.”” Figure 3(a) shows the
concentration of Dox found in supernatants collected
after ultracentrifugation of the nanoparticle suspen-
sions incubated with various concentrations of Dox.
All curves reached a plateau corresponding to the
limit of solubility of Dox in the medium (0.32 mg/
mL). Figure 3(b) shows that the amount of Dox in the
pellet increases slowly to reach a plateau followed by
a rapid increase corresponding to the precipitation of
the drug in the medium. To define the formulations
in which there is no precipitation, the data were ana-
lyzed according to Scatchard’s formalism as previ-
ously described.”® The Scatchard data analysis shows
that the most interesting correlation was obtained
from preparations of nanoparticles ranging in the
zone delimited by the rectangle drawn on Figures
3(a—). Table I summarizes the equilibrium constant
dissociation and the parameters of Scatchard analysis
for this group of formulations. The equilibrium con-
stant of Dox adsorption (K,qs) was 0.76x 10" mol ™%
This value shows that RREP-PACA nanoparticles
have important capacity of Dox adsorption.
Considered together these results allow defining
the formulations in which there is no precipitation of
Dox. From data of this group of formulations, the

16 ¢

12

[Cerium IV] (mmol/L)
o

°
0 . L, %% e 000000,

0 10 20 30 40
Time (min)

Figure 2 Kinetics of cerium IV consumption during the
polymerization step.
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Figure 3 (a) Concentration plots of Dox in the supernatant
as a function of the feeding concentration. The amount of
Dox in the pellet (b) as a function of the amount of Dox in
the supernatant, and (c) as a function of the amount of feed-
ing Dox, the doted line is the calculated adsorption curve
estimated from the Scatchard analysis. (#) RREP-NPs 10
mg/mL, (M) RREP-NPs 15 mg/mL, (A) RREP-NPs 20 mg/
mL. The frame in each figure indicated the conditions under
which there is no precipitation of Dox.

drug loading content (LC%) and loading efficiency
(LE%) were calculated and summarized in Table II.
These data clearly indicated that the optimal formula-
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tion corresponded to a concentration of nanoparticles
of 20 mg/mL and an initial concentration of Dox of 1
mg/mL. This formulation showed a LC of 3.7% and a
LE of 74%. For comparison, LC and LE were also
determined for a preparation of PACA nanoparticles
obtained by anionic emulsion polymerization in
which the Dox was added during the polymerization
step as previously described.”® For such a nanopar-
ticle suspension, the LC was found to be 4.2% and
the LE was determined as 79%. The results obtained
in this study were similar to those reported for AEP-
PACA nanoparticles by other authors.> The slight
difference in loading between the two types of nano-
particles can be attributed to the type of interactions
between Dox and the nanoparticles. According to
Henry-Toulmé et al.,* association of Dox with AEP-
PACA nanoparticles can occur by both surface
adsorption and entrapment in the core when Dox
was added during the polymerization process. In con-
trast, when Dox is added to preformed nanoparticles,
the drug can only load on particles by surface adsorp-
tion phenomenon. The loading method of the RREP-
PACA nanoparticles consisted on the addition of Dox
on the preformed nanoparticles. Thus the loading can
only be achieved by a surface adsorption phenom-
enon. By comparing the results obtained with the
AEP-PACA nanoparticles with those obtained with
the RREP-PACA nanoparticles, it can be suggested
that Dox interactions with the AEP-PACA nanopar-
ticles were mostly based on a surface adsorption
mechanism. It is noteworthy that, the values of LE
and LC found for the Dox-loaded RREP-PACA nano-
particles were of the same level of those reported for
other types of polymeric nanoparticles.*>

Characterization of the Dox-loaded
RREP-PACA nanoparticles

The optimized formulation of Dox-loaded RREP-
PACA nanoparticles was characterized from its size
and zeta potential. The mean diameters of the Dox-
loaded nanoparticles did not differ from that of the
unloaded-RREP-PACA nanoparticles (Table III). In
contrast, the zeta potential of the RREP-PACA nano-
particles was significantly (p = 0.008) affected by the
loading with Dox. Indeed, the unloaded nanoparticles
showed a marked negative charge in agreement with
previous reports.'”>'* This charge is attributed to the
presence of dextran on the nanoparticle surface. After
loading with Dox, the zeta potential of the nanopar-
ticles was raised to reach a slightly positive value,
which was in agreement with the fact that Dox is pos-
itively charged at a neutral pH. This result indicated
that ionic interactions were involved in the mecha-
nism of Dox adsorption on the nanoparticle surface.



DOX LOADING AND IN VITRO RELEASE FROM PACA-NP MADE BY RREP 821

TABLE I
Parameters of the Scatchard Analysis

Kags (mol ™) 0.79x 10%°
Kd (nmol) 1315 = 262
Bmax (femtomol/Np) 0.015 = 0.002
95% Confidence Interval (Kd) 783-1847
95% Confidence Interval (Bmax) 0.011-0.018
0.92
Degrees of Freedom 34

Evaluation of drug-releasing properties

Release studies were preformed on the optimal for-
mulation of Dox-loaded RREP-PACA nanoparticles.
For comparison, the same experiments were also pre-
formed with Dox-loaded AEP-PACA nanoparticles.
The experiments were carried out in vitro using PBS
as releasing medium and under sink conditions. Fig-
ure 4 shows the releasing curves obtained with the
two types of nanoparticles. The releasing profile given
by the RREP-PACA nanoparticles was superimposed
with that of the AEP-PACA nanoparticles indicating
that the two types of nanoparticles displayed the
same releasing properties (p = 0.61). Although this
was unexpected because the loading methods were
different, this result agreed with our previous
assumption that the major part of Dox was associated
with both types of nanoparticles by surface adsorp-
tion. The released curves can be decomposed in 2
parts: 1- a controlled release part lasting for ~ 2 h
and allowing the release of 25% of the drug payload
and 2- a plateau indicating that a large part of the
drug payload (75%) remained associated with the for-
mulation after 6 h of incubation in PBS under sink

TABLE II
Loading Efficiency (LE) and Loading Content (LC) of
Dox-Loaded RREP-PACA nanoparticles. The Values
Were Not Determined (ND) for the Formulations in
which There Was Dox Precipitation

RREP-NPs Dox
(mg/mL) (mg/mL) LE% LC%
10 0.1 87 =3 0.87 = 0.03
0.25 86 =2 2.16 = 0.05
0.5 60 = 2 3.00 = 0.09
0.75 ND ND
1 ND ND
2 ND ND
15 0.1 91 =1 0.61 = 0.01
0.25 93 =1 1.55 = 0.01
0.5 82 =2 2.72 = 0.07
0.75 65 1 3.24 = 0.05
1 ND ND
2 ND ND
20 0.1 94 =03 0.47
0.25 95 = 0.6 1.19 = 0.01
0.5 91 =2 2.29 = 0.05
0.75 74 =2 2.77 = 0.09
1 74 = 0.6 3.68 = 0.03
2 ND ND

TABLE III
Mean Diameter and Zeta Potential of the Unloaded and
Dox-Loaded RREP-PACA Nanoparticles (Nanoparticles
at 20 mg/mL and Dox at 1 mg/mL)

Mean diameter + Zeta potential =

Nanoparticles SD (nm) PDI SD (mV)

unloaded- 291 £ 82 0.12 —8.25 + 0.3
RREP-PACA

Dox-loaded- 301 + 82 0.04 1.1 £0.1
RREP-PACA

conditions. As indicated in the first part of this work,
the total amount of drug associated with the nanopar-
ticles can be released intact when the nanoparticles
are degraded. Therefore, it can be assumed that the
part of Dox remaining associated with the nanopar-
ticles can be released in vivo under the control of the
degradation of the nanoparticles by the esterases.*® It
is noteworthy that, the releasing curves did not show
a burst release of Dox. This result was rather unex-
pected because drug-nanoparticle association was
based on surface adsorption phenomena, which are
generally believed to lead to low association stability.
It is also in contrast with what is observed with many
types of nanoparticles due to the tremendous
exchanged surface developed by such drug delivery
devices with the surrounding medium.** However,
this is an advantage because it indicated that the
encapsulated drug is only released under controlled
conditions. Although unexpected, this result agreed
with previous finding by Liu et al.*® According to
these authors, Dox can be retained by the dextran co-
rona of the nanoparticles thanks to the establishment
of ionic interactions between the positive charge of
the Dox and the negative charges of the nanoparticle
surface attributed to the presence of dextran.

40
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10 li

0 1 2 3 4 5 6
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Figure 4 In vitro release profile of Dox in PBS (mean =
sd, n = 3) from (M) Dox-loaded RREP-PACA nanoparticles
and from (¢)Dox-loaded AEP-PACA nanoparticles.
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CONCLUSION

The use of a strong oxidant to initiate the redox rad-
ical polymerization compromise the loading of
RREP-PACA nanoparticles with sensitive drugs like
Dox by incorporation during synthesis of the drug
carrier. However, this work showed that the RREP-
PACA nanoparticles can be loaded with Dox by
adsorption on preformed nanoparticles with the
same efficacy than that previously described for the
AEP-PACA nanoparticles. The releasing property of
the new nanoparticles was similar to that of the
AEP-PACA nanoparticles. Thanks to the stealth
properties of the new RREP-PACA nanoparticles, it
can be expected that the main limitation shown by
the AEP-PACA nanoparticles because of their
intense capture by the phagocytes of the mononu-
clear phagocyte system can be over passed using the
new RREP-nanoparticles opening new perspectives
for targeting drugs with PACA nanoparticles.

The authors thank Ministry of Health of Syria for providing
Khairallah Alhareth’s scholarship and Henkel Biomedical
(Dublin, Ireland) for providing alkylcyanoacrylate monomer.
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