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Abstract: This study demonstrates that the molecular weight of
polyalkylcyanoacrylate nanoparticles can be modified by the composi-
tion of the polymerization medium, the nature of the monomers and
the drug to be linked to the carrier.

The influence of a surfactive agent is particularly important because
polymers of very high molecular weight have been obtained. Likewise,
polyalkylcyanoacrylate molecular weight distribution has been greatly
modified after binding doxorubicin to nanoparticles. These long
polymers could induce important changes in carrier degradation, in
bound drug bioavailability and in polymer excretion rate. Some
additional findings have been added concerning the state of polyalkyl-
cyanoacrylate polymer during the degradation process.

Poor tissue specificity of pharmacologically active agents is a
serious obstacle to their effective use. Formulations such as
polyalkylcyanoacrylate nanoparticles could serve to improve
the selectivity of these agents (1, 2). The use of nanoparticles
increased the anticancer activity of dactinomycin against an
experimental subcutaneous sarcoma of the rat (3). Further-
more, the possibility of significantly reducing the toxicity of
doxorubicin by fixing it on nanoparticles has been demonstrat-
ed (4). More recently, whole body autoradiography performed
on Lewis Lung carcinoma bearing mice showed an accu-
mulation of the carrier in the tumoral tissue (5).

'Laboratoire de Pharmacie Galénique, Avenue E. Mounier, 73.20,
1200 Bruxelles, Belgium
2To whom correspondence should be addressed

It is important to determine the molecular weights of the
polymers forming nanoparticles, because the length of the
polymer chain could greatly modify the body distribution of
the carrier as well as the degradation rate of the polymer (6)
and thus the bioavailability of the carried drug. Furthermore, it
has been demonstrated that polyalkylcyanoacrylate nanopar-
ticles undergo an enzymatic ester hydrolysis on the side chain
without breaking the polymer (7). Therefore the polymers
should retain the same number of monomeric subunits after
dissolution. Heavier fractions are expected to remain longer in
the body and the accumulation of such polymers of high
molecular weight could also induce toxic side effects.

Some of the data presented in this paper partially confirm
the preliminary results obtained by El-Egakey et al. (8).
However, we have noted further unexpected results in our
experiments. Moreover, this publication specifies the influ-
ence of all preparation conditions, the influence of the drug to
be absorbed, and the state of the polyalkylcyanoacrylate
polymer during the process of degradation.

Materials and Methods

Nanoparticle Preparation and Characterization

Free nanoparticles were prepared with two different mono-
mers: isobutylcyanoacrylate (IBC)' and hexylcyanoacrylate

! Bucrylat®, Ethicon GmbH, Norderstedt, Germany.
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(HCA)?. 100 ul of monomer were added to 10 ml of various
polymerization media, under continuous mechanical stirring.
After 4 h (IBC) or 24 h (HCA) polymerization, an homogene-
ous milky suspension was obtained. The size of the resulting
particles was estimated by measuring laser light scattering®.

Nanoparticles prepared for molecular weight estimations
were made in media of various pH containing various amounts
of a surface active agent (polyoxyethylene-polyoxypropylene®)
or of a suspending agent (dextran 40). Drug loaded nanoparti-
cles were prepared according to the same method after dissolu-
tion of Dactinomycin® (DACT) (50pug/ml) or Doxorubicin®
(DOX) (100 to 750 pg/ml) in the polymerization medium.

Determination of DOX linked to nanoparticles was carried
out by fluorimetry’ according to a previously described method
(4). For the determination of DACT linked to nanoparticles,
20wl of *H-DACT (specific activity: 322 GBg/mmol; radioac-
tive concentration: 18.5 MBq/ml) was added to the polymeri-
zation medium before adding the monomer. After polymeriza-
tion, the suspension was centrifuged at 20000 rpm® and
radioactivity measured by scintillation counting in both sedi-
ment (linked DOX) and supernatant (free DOX).

Chemical Degradation of Nanoparticles

Polyisobutylcyanoacrylate (PIBCA) nanoparticles were pre-
pared in accordance with the method described above by
adding 500pl of monomer in 50 ml of a polymerization
medium containing 5% w/v dextrose, 0.3% dextran 40,
adjusted to pH 3 with 0.1 N HCI. Water was added to the
resulting suspension in order to obtain a volume of 100 ml. The
pH was then quickly adjusted to pH 11 with N NaOH solution.
Under continuous mechanical stirring, the suspension was
maintained in an incubation cell at pH 11 by using a pH stat
system’ that released 0.5 N NaOH solution.

At various degradation times, 5 ml samples were immedi-
ately mixed with 5 ml pH 7 buffered solution in order to stop
the alkaline degradation. The resulting solution was cen-
trifuged for 1 h at 20000 rpm. The sediment was vacuum-dried
and dissolved in 5 ml of tetrahydrofuran for GPC analysis.
sobutanol produced during the degradation process was
determined following a gas chromatographic method previ-
ously described (7).

HPLC-GPC Determination

A gel permeation liquid chromatograph!® fitted with refractive
index detector'! was used. Columns of p styragel of 100, 500
and 1000 A were used simultaneoulsy. Tetrahydrofuran, with
a solvent flow of 2 ml/min was used as eluant. 50 mg of nano-
particles were dissolved in 10 ml of tetrahydrofuran. This

?Weyl Chemische Fabrik GmbH, Mannheim-Waldhof, Germany.

3 Nano-sizer®, Coulter® Electronics, Harpenden, England.

* Pluronic F68, Marles-Kuhlmann-Wyandotte, Paris, France.

5 Lyovac Cosmegen, Merck Sharp Dohme B.V., Haarlem, Nether-
lands.

¢ Adriblastina, Montedison Farmaceutica Benclux, Brussels, Bel-
gium.

"Vitatron Fluorimeter, type UFD, Vitatron, Netherlands.

8 Beckman Centrifuge, Model J21C, Beckman Instruments, Palo
Alto, California, USA.

°pH M 61 pH meter, abu 12 autoburette, TTT 60 titrator, Radio-
meter Copenhague, Denmark.

*M-45 solvent delivery system, model U6-K universal LC injector,
Waters Ass., Milford, USA.

11 R-401, Differential refractometer, Waters Ass., Milford, USA.
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solution was filtered through a 0.45 pm filter and 150 pl were
injected into the chromatographic system. The chromato-
grams were registered and the peak surfaces integrated on a
printer fitted with GPC calculation capacity'.

Polyethyleneglycol standards with molecular weight rang-
ing from 106 to 19100 were used for column calibration. A cal-
culation method proposed by Waters (9) was adopted in which
the number average molecular weight (M,) and the weight
average (M,,) molecular weight were calculated according to
the following equations 1 and 2:

— _ Qi
M, = =(Qi/Mi) M
— _ X(Qi'Mi)

and M, = ——-—Eoi @)

where Qi represents the amount of polymer having a molecular
weight Mi. The polymer molecular weight distribution_was
gstimated by calculating the dispersity coefficient (d = J-MME

Reference solutions of dextran 40 were analysed by the
GPC method in order to demonstrate that this stalilizer does
not interfere with the cyanoacrylate polymer.

In our experimental conditions we observed no peak corre-
sponding to dextran 40 probably because it does not dissolve in
tetrahydrofuran.

Results

Free Nanoparticles

Influence of the Presence of a Surfactant

PIBCA nanoparticle samples were prepared in a 0.2 % dextran
40 polymerization medium with and without polyoxyethylene-
polyoxypropylene as a surfactant. Fig. 1 shows the chromato-
grams of both preparations at pH 4. Only one peak was
noticed in the preparations made without a surface active
agent. This proved that the analyzed polymer was homogene-
ous. Furthermore, the symmetry of the peak suggested a
uniform distribution of the molecules with a calculated
molecular weight ranging between 500 and 1000. The low
molecular weights of nanoparticles show that they consist of
numerous little oligomeric subunits rather than one or a few
long polymer chains.

Mp=35.730

25 ~—
RETENTION VOLUME (mi)

Fig. 1 GPC chromatographic profiles of PIBCA nanoparticles
made with (0.8 %) (—) and without (---) polyoxyethylene-polyoxy-

propylene as surfactant. Nanoparticles sizes: 0.12pum (—) and
0.22 pm (---).

2M 730 Data module, Waters Ass., Milford, USA.
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However, when nanoparticles were prepared in presence of
the surface active agent, the chromatogram was quite different
(Fig. 1). In fact, 3 different peaks were observed: the middle
peak corresponded to the polyoxyethylene-polyoxypropylene,
whereas the two other peaks corresponded to a bimodal distri-
bution of the molecular weights. The molecular weight at the
top of the peak (Mp) corresponding to the heaviest fraction
was found to be above 30000, while the Mp of the lightest one
was approximately 3000.

Polyhexylcyanoacrylate (PHCA) nanoparticles were pre-
pared in a medium containing various concentrations of poly-
oxyethylene-polyoxypropylene. The measurement of polymer
molecular weights indicated that up to a concentration of
0.05 % the surfactant increased the length of the PHCA chain.
No further increase was observed beyond this value.

The average molecular weights are given in Table 1. They
correspond to the low molecular weight peak without influenc-
ing the peak with a molecular weight above 30000. Indeed, a
carrier consisting of small oligomeric subunits may be of
greater interest.

Table I. Average Molecular Weights of PHCA Nanoparticles Made
with Various Concentrations of Polyoxyethylene-Polyoxy-
Propylene as a Surfactant. Nanoparticles Sizes: 0.08 um to

0.13 um
% WIV Molecular weights
Pluronic F68 M, M, M. d
0.8 3,052 2,393 3,106 1.3
0.2 3,063 1,506 4,154 2.76
0.05 3,369 2,299 4,595 1.99
0.01 2,181 2,035 2,509 1.23
0.005 2,181 1,656 2,133 1.29
0.001 2,001 1,589 1,869 1.18
Influence of pH

PIBCA nanoparticles were prepared in a polymerization
medium containing dextrose 5 % at various pH. The average
molecular weights of the polymer increased with the pH
(Fig. 2) as the nanoparticle sizes decreased. Indeed, it was
observed that high molecular weight polymers form small size
nanoparticles and vice versa (Fig. 3).
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Fig. 2 Influence of the pH of preparation on the average molecular
weights of PIBCA nanoparticles.
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Fig. 3 Correlation between the average molecular weights of
PIBCA and the size of nanoparticles.

After preparation of PHCA nanoparticles at various pH in
the presence of polyoxyethylene-polyoxypropylene, a drama-
tic molecular weight increase was observed for the higher pH
values (Fig. 4). Therefore, for a preparation pH value of 4, the
chromatographic profile of the resulting polymer showed a
peak corresponding to a molecular weight (M,) above 30000.
Furthermore, in several chromatograms, a peak of lower mole-
cular weight revealed the presence of residual monomer in
some of the nanoparticle samples. This indicated that the
polymerization process was not fully completed.

Mp= 48,980

pluronic F68

monomer

1

pH 2

i

15 20 25
RETENTION VOLUME (ml)

Fig. 4 GPC chromatographic profiles of PHCA nanoparticles made
in various pH media containing polyoxyethylene-polyoxypropylene
(0.8%).
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Influence of Dextran 40

Nanoparticles were made with and without using dextran 40 as
suspending agent in the polymerization medium. The dextran
free nanoparticle suspension produced polymers of low mole-
cular weight and large size nanoparticles (0.45 to 0.50 pm)
(Table II). Furthermore, we noticed that the presence of
dextran in the polymerization medium produced a more homo-
geneous suspension and particle sizes (0.22 um) that are easier
to reproduce.

Table II. Average Molecular Weights of PIBCA Nanoparticles Made
with or without Dextran 40 as Suspending Agent.

Polymerization Molecular weights Poly-

medium . _ dispersity
M, M, M, d

Glucose 5 % 554 589 633 1.12

pH =3

Glucose 5 %

Dextran 40 0.3 % 895 685 798 1.17

pH=3

Influence of the Monomer

Molecular weight measurements of PIBCA and PHCA nano-
particle suspensions showed that when prepared in pluronic
free media, the PHCA molecular weights were higher than
those obtained with the PIBCA preparations. Furthermore,
the number of monomeric subunits in the polymer chain was
calculated to be higher for the PHCA polymer (Table III). For
both monomers, the presence of a surfactant in the poly-
merization medium gave higher molecular weight polymers
with an equivalent number of monomeric subunits.

Table IH. Molecular Weights of PIBCA and PHCA Nanoparticles
and the Corresponding Numbers of Monomeric Subunits
(n). Polymerization media: (1) Dextrose 5 %, Dextran 40
0.3%, pH = 3 (size = 0.22 to 0.24 um); (2) polyoxyethy-
lene-polyoxypropylene 0.8 %, Dextran 40 0.2 %, pH = 2
(size = 0.08 to 0.12 um); (3) citric acid 0.5 %, Dextran 40
1%, Dextrose 4 % (size = 0.17 to 0.20 um); (4) Dextrose
2 %, Dextran 40 0.3 %, phosphate buffer pH 3 (size: 0.22

to 0.25 um)
Polymerization PIBCA PHCA
medium Mp n Mp n
1 962 6.3 2,100 11.6
2 2,815 18.1 3,052 17
3 845 5.5 1,804 10
4 962 6.3 2,082 1.5

Drug Loaded Nanoparticles

Considering the significant change of polymeric molecular
weights of nanoparticles by modifying the polymerization
conditions, it was important to determine the influence of
bound drug on the molecular weight of polyalkylcyanoacrylate
nanoparticles. PIBCA nanoparticles were prepared in various
polymerization media containing either DACT (50 ng/ml) or
DOX (750 pg/ml).

Dactinomycin (DACT) Loaded Nanoparticles

The molecular weight measurements after linkage of DACT to
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nanoparticles showed no change either in the length of the
polymer chain or in the size of the obtained nanoparticles
(Fig. 5b).

Doxorubicin (DOX) Loaded Nanoparticles

After linking of DOX to nanoparticles, the increase in molecu-
lar weights of the polymer as well as that of the molecular
weights dispersity was significant. Furthermore, nanoparticle
sizes were increased and less homogeneous. The molecular
weight increase of the polymer depended on the DOX concen-
tration in the polymerization medium (Table IV). Even at a
low DOX concentration, a peak appeared that corresponded
to a heavy polymer chain (Fig. 5a.).

Mp =801

Mp = 48,980

Doxo -PIBCA

Mp =735

Dact-PIBCA

1 1
15 20 25

RETENTION VOLUME (mIN

Fig. 5 GPC chromatographic profiles of PIBCA nanoparticles
loaded with DOX (a) and DACT (b).

Table IV. Average Molecular weights of PIBCA Nanoparticles
Loaded with Increasing Concentrations of DOX

Doxorubicin Molecular weights Poly-
concentration dispersity
(ng/ml) M, M, M,
0 838 744 925 1.24
100 855 861 1,128 1.31
200 855 894 1,467 1.64
400 855 937 1,830 1.95
600 915 983 2,040 2.07
750 1,771 1,188 2,744 231

Chemical Degradation of Nanoparticles

During the degradation process, nanoparticle samples (5 ml)
were removed and centrifuged at 20000 during 1 h. The
sediment was then dissolved in tetrahydrofuran and the
molecular weight distribution was determined. The data
showed that the molecular weight of the polymer did not
decrease proportionally to the time of degradation. Indeed,
the polymer was dissolved without the appearance of an
insoluble polymer with intermediate weight (Fig. 6). Iso-
butanol produced after hydrolysis of the ester function (Fig. 7)
was measured and tallied with the disappearance of the nano-
particles solid polymer (Fig. 6). Indeed, after 240 min degra-
dation, 36 % of all ester functions were hydrolysed while very
small amounts of polymer remained solid.
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Fig. 6 GPC chromatographic profiles of PIBCA nanoparticles
insoluble fraction at various degradation times (pH 11).
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Fig. 7 Isobutanol production at various nanoparticles degradation
times.

Discussion

The presented data show that the molecular weight of poly-
alkylcyanoacrylate nanoparticles can be significantly modified
not only by the polymerization medium (surfactant, suspend-
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ing agent and pH) but also by the nature of the monomer used
and by the drug linked to them.

The influence of a surface active agent was particularly
important because polymers of very high molecular weight
were obtained. Indeed, a peak corresponding to a value above
30000 appeared and became more prominent as the pH of the
preparation was increased. These observations are of interest
because long polymers could induce important changes in
carrier degradation (6), in bound drug bioavailability and in
polymer excretion rate. As a result toxic overload of the
polymer in RES cells might occur (10).

An increase in the pH induced an increase in polyalkyl-
cyanoacrylate molecular weights and a decrease in nanoparti-
cle sizes. This observation combined with the use of surfactant
at a chosen concentration allows one not only to obtain
polymers of selected molecular weights but also nanoparticles
of selected sizes. Furthermore, at low pH values, attention
must be given to the possible presence of residual monomers
that could induce toxic effect.

Dextran seemed to be useful in the preparation of nanopar-
ticles to achieve homogeneous polymer distribution and
uniformity of nanoparticle sizes. However, after intravenous
administration of dextran, there is a possibility of an anaphy-
lactic reaction described previously (11).

Therefore attempts are now in progress to avoid the use of
dextran in the nanoparticle formulation while maintaining the
same characteristics. In surfactant free media, the nature of the
monomer also influences the length of the polymer. Indeed,
HCA produced a polymer chain with a number of monomeric
subunits generally ranging between 10 and 12, while IBC gave
polymers with a maximum of 6 subunits.

These numbers are only comparative estimates. The exact
calculation of these numbers is hazardous, because the calibra-
tion curve was based on polyethyleneglycols as standards.
However, these values tally with those obtained by the end-
function titration method. In fact, the quantitative determina-
tion of formaldehyde produced by a reverse Knoevenagel
reaction at the end of each polymer molecule allows one to
calculate a M, value corresponding to 6 monomeric subunits
for PIBCA.

While DACT did not seem to induce any change in nanopar-
ticle molecular weights, the polyalkylcyanoacrylate chromato-
graphic profile was greatly modified after DOX binding. This
could be due to the intervention of DOX as initiator (by its free
amine function) in the anionic polymerization of the cyano-
acrylic monomer. The drug could also be covalently linked to
the beginning of the polymer chain. Studies are now in
progress to test this hypothesis.

During the nanoparticle degradation process, GPC data
showed that a non-dissolved polymer fraction retained the
same molecular weight. This suggested that the degradation
pathway with formaldehyde production and progressive
break-down of the polymer should be reconsidered (12). The
results also confirm the hypothesis of Lenaerts et al. (7) that
assumes the hydrolysis of the ester function with production of
isobutanol and a resulting increase of polymer solubility, as
polycyanoacrylate.

In comparison to the other particulate carriers described in
the literature (13-15), polyalkylcyanoacrylate nanoparticles
are an original colloidal drug delivery system because they are
built by numerous small oligomers rather than by one or a few
macromolecules. Such oligomeric systems should be more
easily cleared from the body and they would be more apt to
avoid polymeric overload of the RES. Furthermore, the possi-
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bility to prepare nanoparticles of selected size and selected
molecular weights has been demonstrated. Finally, special
attention must be given to the possible influence of nanoparti-
cle bound drugs on the molecular weights and on the distribu-
tion of the polymeric chain that form the nanoparticles.
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