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Summary

Using monolayers as a membrane model, the interaction of free amikacin and amikacin-loaded polybutylcyanoacrylate
nanoparticles with phosphatidylcholine (PC) has been investigated. The kinetics of penetration of this drug into the monolayers at
2.5, 5, 10 and 20 mN m~! were measured and compared with those of free nanoparticles. The stability of amikacin sulphate
(AMK)-loaded poly(butyl-2-cyanoacrylate) (PBCA) nanoparticles over a period of 98 days at 25° C has been studied. The kinetics of
their penetration into the lipid monolayer as a membrane model was analysed periodically. Their size and polydispersity index were
determined at the same time by photon correlation spectroscopy. A decrease in the penetration of AMK-loaded PBCA nanoparticles
on phosphatidylcholine monolayers was observed, this effect being most pronounced during the final weeks, when the loss of surface
pressure increases reached 31.59% of the initial value. At the same time, the particle size and polydispersity index increased during
the final stages. Neither effect is significant in the first 2 months of the assays.

Introduction

Polyalkylcyanoacrylate nanoparticles are pro-
duced by the emulsion-polymerisation technique
involving the anionic polymerisation of an al-
kylcyanoacrylate in the presence of a stabilising
agent to yield discrete colloidal particles in the
nanometer size range (Couvreur et al, 1979).
Owing to their biocompatible and biodegradable
nature, these particles have been proposed to carry
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biologically active materials in order to improve
the pattern of drug distribution after intravenous
administration (Verdun et al., 1986) and to im-
prove the bioavailability of some drugs for oph-
thalmic use (Harmia et al., 1986).

Recently, Diepold et al. (1989) demonstrated
the ability of this kind of particles to adhere to
ocular tissues for several hours and to prolong the
residence time of the drug.

The chemical structure of amikacin, an amino-
glucoside antibiotic, proposed for the treatment of
eye infections, tends to reduce corneal barrier
penetration and consequently only a small amount
of this drug penetrates the cornea and reaches the
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anterior or posterior chamber. Again, most of this
drug is rapidly eliminated from the eye through
the lacrimal system (Eiferman and Stagner, 1982).

Several molecules have been efficiently associ-
ated to polyalkylcyanoacrylate (PACA) nanopar-
ticles. However, the drug payload achieved per
unit weight of nanoparticles depends on the
physicochemical characteristics of the model drug.
In particular, highly polar compounds such as
aminoglycoside antibiotics show slight affinity for
this type of hydrophobic polymer (Henry-Miche-
land et al., 1987). Consequently, many efforts have
been made to improve the drug loading capacity
of polybutylcyanoacrylate (PBCA) nanoparticles
(Losa et al., 1988). However, there is still insuffi-
cient information concerning the physicochemical
characteristics of the polymer itself and about the
interaction between the polymer, the drug associ-
ated and the additives used in the polymerization
process (Alonso et al., 1989).

Monolayer measurements can give valuable in-
formation about the interfacial behaviour of mem-
brane compounds and also on interactions at in-
terfaces, which can well be correlated with phe-
nomena in biological membranes.

The present study was undertaken in order to
determine the nature of the interaction between
free nanoparticles and amikacin-loaded polyal-
kylcyanoacrylate nanoparticles, with phosphati-
dylcholine (PC) monolayers, used as a membrane
model. The possible interactions of the surfactant
used in the nanoparticle formulation with the lipids
mentioned above was also investigated. Stability
of amikacin loaded nanoparticles has been de-
termined by means of two different procedures.
On the one hand, an analysis of the penetration
kinetics of this drug carrier in lipid monolayers
was peformed once every 2 weeks. On the other,
AMK nanoparticle sizes were measured using
photon correlation spectroscopy (PCS).

The amikacin-loaded nanoparticles were chosen
because of the interest in improving the ocular
bioavailability of this product in this new colloidal
drug delivery system (Eiferman and Stagner, 1982).
Sodium lauryl sulphate was introduced in the for-
mulation to increase the drug payload of the par-
ticles.

Materials and Methods

Egg yolk phosphatidylcholine (PC) was sup-
plied by Merck and purified by repeated column
chromatography process on silica gel using chloro-
form/methanol (9:1) as eluent (Barlett, 1959;
Singleton et al., 1965). Solutions of pure lipid were
prepared by weighing a dry lipid sample, to which
was added a known weight of chloroform. Butyl-
2-cyanoacrylate was purchased from Brawn
Melsungen AG, F.R.G. Amikacin sulphate (AMK)
from Bristol-Meyers SA and sodium lauryl sul-
phate (LSS) from Sigma.

All reagents used were Merck analytical grade.
Water was twice distilled from a permanganate
solution using a Pyrex apparatus.

Preparation of nanoparticles

Polybutyl-2-cyanoacrylate (PBCA) nanopar-
ticles were prepared using the emulsion polymeri-
zation procedure described by Couvreur et al.
(1979). The composition of the polymerization
medium was: HCl (10”3 N), containing 1% De-
xtran 70 and 0.1% sodium lauryl sulphate. For the
formulation of Amikacin-loaded nanoparticles 10
mg of the drug were added to 10 ml of the
polymerization medium prior to incorporation of
the monomer; at this moment the process of in-
solubilisation of the drug was developed due to
the formation of a complex between the amikacin
and the surfactant sodium lauryl sulphate. After-
wards, the monomer (80 ul) was added dropwise
and the mixture was stirred for 3 h at room
temperature. Once polymerization was complete,
the nanoparticle suspensions were filtered brought
to pH 7 with 0.1 NaOH and then lyophilized.

A suspension of the amikacin-sodium lauryl
sulphate complex was also prepared using the
same composition of the polymerization medium
but without addition of the monomer.

In a previous work, we demonstrated that the
presence of surfactant contributes to insolubiliza-
tion of AMK in the polymerization medium, by
formation of a complex between both products
which were finally converted by poly-n-butyl-2-
cyanoacrylate, without changing the antimicrobial
activity of drug. Certainly, the bacteriological as-
says carried out have shown that the minimal



inhibitory concentration of this antibiotic against
E. coli is not changed after association with sodium
lauryl sulphate and with the polymer (nanopar-
ticle formulation) (Losa et al., 1989).

Surface pressure measurements: penetration kinetics
and compression isotherms

The analyses of the penetration kinetics in these
lipids were performed on a Langmuir film balance
equipped with a Wilhelmy platinum plate, desig-
ned in our laboratory, similar to that described by
Verger and De Haas (1973). The output of the
pressure pickup (Sartorius A 120 S microbalance)
was calibrated by recording the well-known iso-
therm of stearic acid. This isotherm is char-
acterized by a sharp phase transition at 25 mN
m~! for pure water at 20°C. The Teflon trough
(surface area 495 cm, volume 309.73 ml) and the
platinum plate were regularly cleaned with chro-
mate mixture and rinsed with twice-distilled water
before each experiment. All measurements were
made at a subphase temperature of 21 + 1°C.

The penetration ability of the formulation de-
sign was measured following the method described
by Schacht et al. (1978). A given amount of lipid
was spread on the air-water interface.to obtain the
desired initial surface pressure, and thereafter, in-
creasing amounts of the formulation to be tested
were successively injected into the subphase, and
the increases of surface pressure were plotted.
Successive drug injections were made at intervals
of 60 min in order to ensure that the system had
reached equilibrium after each addition. The val-
ues reported are averages of triplicate runs. Re-
producibility was +0.5 mN m~! for surface pres-
sures.

In the isotherm study, lipid films were spread
on the interface from a microsyringe, and at least
10 min was allowed for solvent evaporation. Films
were compressed as a rate of 4.2 cm/min: a
change in the compression rate did not alter the
shape of the isotherms. All isotherms were run at
least four times in the direction of increasing
pressure with freshly prepared films. The accuracy
of the system under the conditions in which the
bulk of the reported measurements were made was
+0.5 mN m™! for surface pressure.
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Before spreading the films, the absence of
surface-active impurities from the solvents on the
subphase was measured by the changes in the
surface pressure that occurred on decreasing the
interface area to 10% of its initial value. These

changes were less than 0.1 mN m™".

FParticle size analysis

Photon correlation spectroscopy was carried out
in a Malvern Autosizer II C (Malvern Instru-
ments, Malvern, U.K.) consisting of a Spectrome-
ter Optics unit, 5 mW, 632.8 nm, He-Ne laser,
irradiating the scattering cell held in a thermo-
statted water bath at 25 4+ 0.05° C. The resulting
scattered light was detected at 90° by a photon
detection system which transmitted the signal to a
Malvern Multi-8 (type 7032 CE), 72-channel mul-
tibit correlator. This was interfaced with an Olivetti
computer (type 12 A /4009) (Gulari et al., 1979;
McConnell, 1981).

Samples were diluted before measurement with
twice-distilled water freshly filtered through a
membrane filter (Millipore®).

Results and Discussion

The penetration of AMK-LSS loaded poly-
butyl-2-cyanoacrylate nanoparticles, free AMK,
AMK-LSS and free nanoparticles in PC mono-
layers was carried out measuring the surface pres-
sure increases (AII), produced in lipid monolayers
spread at initial surface pressures of 0, 2.5, 5, 10
and 20 mN m~ 1,

Experiments carried out when the lipid mono-
layer had not been spread on the surface (0 mN
m ™! of initial surface pressure) are shown in Fig.
1. Variations of surface pressure were only re-
corded for AMK /LSS loaded nanoparticles (ATl
<1 mN m™!) and, to a lesser extent, for free
nanoparticles (AIT < 0.5 mN m™1).

Contrary to what may be expected, according
to the surface activity of LSS, the free AMK /LSS
complex did not produce variation of surface pres-
sure when lipid was not spread on the interface
(AIT=0 mN m™!). This fact may be attributed to
the formation of an insoluble complex between
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Fig. 1. Surface pressure increases when 50 ul of AMK /LSS nanoparticles (30.25 mg of AMK /ml), free nanoparticles, AMK /LSS
and free AMK were injected into the aqueous subphase in the absence of lipid monolayer (0 mN m ™! of initial surface pressure).

AMK and surfactant, which did not show surface
activity, as follows:

2(C,,H,sNaSO, ) + AMK - 2H,S0,
— AMK - 2(C;,H,;SO,H) + 2NaSO,H (1)

Fig. 2 shows the surface pressure increases pro-
duced in lipid monolayers spread at initial pres-
sures of 2.5, 5, 10 and 20 mN m~! when different
concentrations of AMK associated to nanopar-
ticles were added to the aqueous subphase. In this
figure the penetration of AMK /LSS nanoparticles
in the absence of the lipid monolayer (0 mN m™?)
is also plotted. A maximum increment value was
attained at a surface pressure of 2.5 mN m™! for
an AMK concentration of 24.20 X 10™% mg/ml

Higher concentrations of AMK associated to
nanoparticles did not produce a significant change
in surface pressure increases.

The surface pressure increases attained when
free AMK, AMK/LSS complex, AMK/LSS
nanoparticles and free nanoparticles were added
to the subphase at 2.5 mN m~! of initial surface
pressure of lipid monolayers are shown in Fig. 3.
As can be seen in Fig. 3, the penetration of
AMK /LSS nanoparticles was higher than the
penetration of AMK, AMK /LSS and free nano-
particles. Nevertheless, a higher penetration was
recorded for free nanoparticles containing dextran
and LSS than for free nanoparticles containing
only dextran.

The presence of LSS in the nanoparticles could
suggest that this product might be responsible for
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Fig. 2. Surface pressure increases of PC monolayers as a function of the concentration of the AMK /LSS nanoparticles in the
subphase at different initial surface pressures (0—-20 mN m™ .

the nanoparticle penetration into the lipid mono-
layer, due to its surface activity, reported in some
papers (Gibaldi and Feldman, 1970). However,
this is not the only factor involved in this process
because results obtained here provide evidence
that the penetration effect in PC films, measured
through AII values, was most pronounced when
AMZK-LSS loaded nanoparticles were injected into
the subphase in relation with LSS or free nano-
particles.

Compression isotherms obtained when PC or
PC with various amounts of free AMK added
were spread on a twice-distilled water subphase

are reported in Fig. 4. As can be seen, the pres-
ence of AMK did not produce appreciable varia-
tion in the shape of the isotherm of the lipid
monolayer, but did cause expansion of the film.
This effect was most pronounced for maximum
amounts of AMK added. Initial surface pressures
of lipid monolayer were increased in the presence
of AMK, but the final values at collapse pressure
were the same in all cases. Comparing these re-
sults with others obtained (Fig. 3), it may be
suggested that nanoparticles contribute to carry-
ing the complex of AMK-LSS to the surface where
free AMK interacts with the lipid monolayer.
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Fig. 3. Penetration of AMK, AMK /LSS solution, AMK /LSS nanoparticles and free nanoparticles in PC monolayers at an initial
surface pressure of 2.5 mN m~! (10 gl of drug solution injected into subphase = 6.05 X 103 mg/ml of AMK or 0.08 mg/ml of
PBCA).

In order to determine the stability of the sys-
tem, AMK /LSS-PBCA nanoparticles, penetration
kinetics in phosphatidylcholine have been
analysed, measuring the surface pressure increases
produced in lipid monolayers, spread at 2.5 mN
m~!, every 14 days for 14 weeks. This initial
surface pressure of lipid monolayer was chosen
because it is the pressure at which this drug
achieves maximum penetration, as described above
(see Fig. 2).

The surface pressure increases obtained at dif-
ferent times when different quantities of AMK/

LSS nanoparticles were injected into the subphase,
are listed in Table 1. As can be observed, penetra-
tion increases when amounts of this drug increase,
the maximum being for 24.20 X 10~ mg/ml of
AMK injected (volume of solution added, 40 ul).
Concentrations higher than this do not produce
significant variation in surface pressure increases.
On the other hand, comparing results obtained in
the first analysis with those recorded subse-
quently, the penetration of this drug in the lipid
monolayer decreases with time.

Fig. 5 shows the surface pressure increases ob-



TABLE 1
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Fig. 4. Compression isotherms of PC and PC with different amounts of free AMK added.
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Increase in surface pressures of lipid monolayer for different concentrations of amikacin loaded poly-n-butyl-2-cyanoacrylate nanoparticles
(AMK-PBCA), injected into the subphase, at different times

AMK-PBCA Increase in surface pressure (IT) (mN m™1)
{(Camk mg/ml) X 1073] at time (days)
0 14 28 42 56 70 84 98
6.05 5.09 4.61 3.64 315 218 1.94 1.21 0.73
12.10 11.88 11.16 9.70 9.22 8.00 7.28 6.79 5.72
18.15 14.55 15.76 15.04 13.34 13.82 13.10 11.64 9.70
24.20 17.22 17.46 17.46 16.49 16.25 15.52 13.10 11.78
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Fig. 5. Increase surface pressures of lipid monolayer (PC) at different times. Concentration of AMK nanoparticles injected into the
subphase 24.20 X 10 ™% mg/ml.

tained for maximum penetration of AMK /LSS
nanoparticles (24.20 X 10™% mg/ml). The surface
pressure increases diminish with time but this
effect is not significant for the first few weeks.
Measurement of particle size by photon corre-
lation spectroscopy (PCS) is based on the theory
that the observed time dependence of the fluctua-
tions in intensity of scattered light from a col-

loidal dispersion is a function of the size of the
scattering particles.

The autocorrelation function, g(+), of the
scattering intensity can be expressed, for a mono-
disperse system, as a function of the decay rate
(I") and the correlation delay time (7).

g(7) =exp(—TI7) (2)



TABLE 2

111

Nanoparticle size z-average mean of size and polydispersity index of amikacin loaded poly-n-butyl-2-cyanoacrylate nanoparticles

(AMK-PBCA), at different times

AMK-PBCA Time intervals (days)

0 14 28 42 56 70 84 98
z-av. mean 188.20 194.80 194.95 205.06 206.72 215.20 242.60 450.22
Polydispersity 0.030 0.040 0.042 0.063 0.071 0.095 0.147 0.190

The decay rate can be expressed as I' = DK?,
where D is the macromolecular translational dif-
fusion coefficient, K = (47 /A)n -sin(6/2), is the
magnitude of the scattering vector, n is the refrac-
tive index of the solution, and 6, the scattering
angle. For polydisperse systems, g(t) consists of a
sum or distribution of single exponentials:

g(7) =f0°°G(F) exp(—I'r) dT (3)

The z average diffusion coefficient and the equiv-
alent z-average particle diameter (dz) may be
calculated from the mean decay rate (I'), obtained
by expansion of Eqn. 3 (Douglas et al., 1984), and
the variance of the distribution is given by:

Q=P‘2/F2 (4)

where Q is known as the quality parameter or
polydispersity index (Pusey et al., 1974).

Results of the analysis of AMK /LSS nanopar-
ticle sizes are listed in Table 2, in which the z
average mean of size and polydispersity are shown.
As can be observed the size of this nanoparticle
increases with time. An increase in polydispersity
was also noted.

Conclusions

The present results provide evidence that
amikacin-sodium lauryl sulphate complex loaded
polybutylcyanoacrylate nanoparticles have a
greater interaction with molecular films of PC
than the free complex (AMK /LSS). The free drug

alone does not demonstrate any significant
penetration into the lipid monolayers studied.

The interaction of PBCA nanoparticles without
AMK, produced by a similar technique in the
presence of dextran (1%) and LSS (0.1%), with
lipid monolayers was significant but less than that
of AMK /LSS nanoparticles.

As usual, penetration decreases in both rate
and magnitude when the monolayer pressure in-
creases, being maximal in monolayers spread at
25mN m™1

The results of this study suggest that nanopar-
ticles should easily be able to attain the air-water
interface, but when lipid monolayers have not
been spread, this effect cannot be observed. On
the other hand, in the presence of a spread lipid
monolayer, a partially liposoluble drug associated
with nanoparticles (such as the AMK /LSS com-
plex) could readily be liberated until a distribution
equilibrium between nanoparticles and lipid
monolayer is reached. Probably due to these facts,
the penetration of AMK loaded nanoparticles in
lipid monolayers is significantly higher than that
of free AMK or the AMK /LSS complex. This
drug loaded with nanoparticles probably acts in a
more efficient way than the free drug.

When amikacin was included in PBCA nano-
particles, stored at 4°C, penetration on lipid
monomolecular films (PC) showed an average loss
in the penetration capacity of 31.59% after 98
days. On the other hand, the z average mean of
size and polydispersity of these nanoparticles
shows an increase with time, being higher during
the final period of the analysis. Besides it would
appear reasonable to suggest that this fact can be
attributed to changes in the chemical interactions
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between AMK /LSS and between this complex
and dextran and PBCA.
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