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Received 1 August 2001; received in revised form 7 January 2002; accepted 27 February 2002

Abstract

Aim of this study was to evaluate solid lipid nanoparticles (SLN) as carriers for topical ocular delivery of
tobramycin (TOB). The SLN were in the colloidal size range (average diameter below 100 nm; polydispersity index
below 0.2) and contained 2.5% TOB as ion-pair complex with hexadecyl phosphate. The preocular retention of SLN
in rabbit eyes was tested using drug-free, fluorescent SLN (F-SLN): these were retained for longer times on the
corneal surface and in the conjunctival sac when compared with an aqueous fluorescent solution. A suspension of
TOB-loaded SLN (TOB-SLN) containing 0.3% w/v TOB was administered topically to rabbits, and the aqueous
humour concentration of TOB was determined up to six hours. When compared with an equal dose of TOB
administered by standard commercial eyedrops, TOB-SLN produced a significantly higher TOB bioavailability in the
aqueous humour. © 2002 Elsevier Science B.V. All rights reserved.
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Solid lipid nanoparticles (SLN) represent an
interesting alternative to traditional colloidal car-
riers, such as emulsions, liposomes and polymeric
nanoparticles. In recent years, many hydrophobic
and hydrophilic drugs such as e.g. nifedipine,
diazepam, desoxycorticosterone, cyclodextrin
complexes with hydrocortisone and progesterone,

doxorubicin, paclitaxel, tobramycin, timolol, pilo-
carpine, etc. have been incorporated into SLN
(Gasco, 1997, 2001), and administration of SLN
by different routes (parenteral, oral, ocular, etc.)
has been investigated (Siekman and Westesen,
1992; Domb, 1995; Yang et al., 1999; Müller et
al., 2000).

We reported previously on the improved ocular
bioavailability in rabbits of pilocarpine incorpo-
rated as ion-pair into SLN (Cavalli et al., 1995).
Further studies on SLN have evidenced the capac-
ity of these vectors to facilitate gastrointestinal
absorption of tobramycin (TOB), while TOB and
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other aminoglycosidic drugs in conventional for-
mulations are generally not absorbed by this route
(Cavalli et al., 2000; Bargoni et al., 2001). TOB-
loaded liposomes have been reported to be more
effective than the free drug in subconjunctival
(Assil et al., 1991) and topical (Frucht-Perry et al.,
1992) treatment of experimental bacterial keratitis
in rabbits. Thus, the aim of this study was to
verify if topical instillation of TOB-loaded SLN
would improve the ocular bioavailability of the
drug with respect to standard eyedrops. The resi-
dence time of SLN in rabbits eyes was determined
using SLN marked with a fluorescent probe, and
the TOB concentration profile in the aqueous
humour was determined after topical administra-
tion to rabbits of SLN containing TOB as ion
complex with hexadecyl phosphate.

Stearic acid was from Fluka (Buchs, CH);
Epikuron 200 (soya phosphatidylcholine 95%)
was a kind gift from Lucas Meyer (Hamburg, D);
tobramycin base (TOB) and fluorescamine were
from Sigma (St. Louis, MI, USA); sodium tauro-
cholate was a kind gift from PCA (Basaluzzo, I);
coumarin 6, laser grade, [3-(2�-benzotiazolyl)-7-di-
ethylaminocoumarin] was from Carlo Erba (Mi-
lan, I). Cremophor® EL (polyethoxylated castor
oil, average MW 2513) was from BASF (Lud-
wigshafen, D). Sodium hexadecyl phosphate was
prepared as indicated by Brown (10). The other
chemicals and solvents were of analytical grade.
Tobral® eyedrops (tobramycin 0.3%, Alcon Labo-
ratories Inc. Forth Worth, TX, USA) were used
as reference.

SLN containing the ion-pair complex of TOB
with hexadecyl phosphate (TOB-SLN;
drug:hexadecyl phosphate 1:2 molar ratio) were
prepared by the the warm o/w microemulsion
method described elsewhere (Cavalli et al., 1999).
Briefly, the microemulsion consisted of stearic
acid (internal phase, 0.7 mmol), Epikuron 200
(surfactant, 0.14 mmol), sodium taurocholate (co-
surfactant, 0.69 mmol) water (111.1 mmol) and
TOB (0.026 mmol) as ion-pair complex. SLN
were obtained by dispersing the warm microemul-
sion in filtered cold water (2–3 °C) at a 1:5
microemulsion:water (v/v) ratio under mechanical
stirring.

The SLN aqueous dispersion was washed three
times by diaultrafiltration (Diaflo YM 100 mem-
brane, cut off MW 100 000 Da); then was freeze-
dried for quantitative determination of the
incorporated drug. The taurocholate found in the
three washing waters (HPLC analysis) was over
70% of the initial amount. For the ‘in vivo’ exper-
iments, freeze-dried TOB-SLN were dispersed in
pH 7.4 isotonic phosphate buffer to a final 0.3%
w/v TOB concentration; the dispersion was then
sterilised with saturated steam for 15 min at
121 °C.

Fluorescent SLN (denominated F-SLN) were
prepared by adding 3.4×103 mmol of coumarin 6
to the melted internal phase of the drug-free
microemulsion. The F-SLN were then processed
and freeze-dried as indicated above. For the pre-
ocular retention study, a 3.0% w/w dispersion of
F-SLN in pH 7.4 isotonic phosphate buffer was
used.

The quantitative determination of TOB was
performed on the freeze-dried TOB-SLN by re-
versed phase HPLC, after dissolution in methanol
and derivatization with fluorescamine (Walker
and Coates, 1981), using a fluorescence detector
(�ex=424 nm and �em=476 nm). The percent
TOB incorporated into TOB-SLN was 2.50% w/
w. The average diameter and polydispersity index
of SLN were determined at 25 °C by dynamic
light scattering (90 Plus particle sizer, Brookhaven
Instrument Corp., NY, USA) at a fixed angle of
90°. Each measurement was repeated at least ten
times.

All biological tests were carried out on male,
New Zealand albino rabbits, weighing 2.8–3.5 kg
(Pampaloni rabbitry, Fauglia, Italy). The experi-
ments were carried out under veterinary supervi-
sion, and the protocols were approved by the
ethical-scientific committee of the University of
Pisa. The animals were housed singly in standard
cages, in a light-controlled room (10 h dark/14 h
light cycle) at 19�1 °C and 50�5% R.H., with
no restriction of food or water. During the exper-
iments the rabbits were placed in restraining
boxes and their eye movements were not
restricted.

The preocular retention of SLN was investi-
gated as described in previous papers (Saettone et
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al., 1991; Giunchedi et al., 1999) by instilling 50 �l
(2×25 �l, at 90 s intervals) of the F-SLN disper-
sion into the lower conjunctival sac of rabbit eyes.
The corneal area was then examined at intervals
with a slit-lamp fitted with a blue filter. As refer-
ence was used an aqueous dispersion of coumarin
6 solubilized with 5% w/v Cremophor EL (de-
nominated F-SOL), whose coumarin molar con-
centration was equivalent to that in the F-SLN
dispersion. Each preparation was tested in one eye
of at least six different rabbits, and the time
course of fluorescence over the cornea and in the
conjunctival sac was noted always by the same
operator.

The ocular bioavailability study was carried out
by administering in the lower conjunctival sac of
one eye of each rabbit 100 �l (2×50 �l, at 90 s
intervals) of the TOB-SLN formulation or of the
reference eyedrops. The same amount of TOB (0.3
mg) was administered in both cases. At least six
rabbits (six eyes) were used for each time point
and for each formulation. At appropriate time
intervals, the rabbits were euthanized and 75–100
�l samples of aqueous humour were aspirated
from the anterior chamber. Fifty microliters of
each sample were treated with 200 �l of acetoni-

trile to precipitate proteins and then centrifuged
at 6000 g for 5 min. One hundred and fifty
microliters of a fluorescamine solution (1.2 mg/
ml) in acetonitrile and 700 �l of pH 8.0 phosphate
buffer were added to 150 �l of surnatant. After 1
h the samples were analysed by HPLC

The ocular tolerance and potential irritation of
the SLN dispersions were separately tested on at
least three rabbits, by instilling 50 �l in one eye,
while the other eye (reference) was treated with 50
�l of physiological saline. All eyes were examined
by slit-lamp 0.5, 1.0, 3.0 and 12 h after treatment,
and the irritation was evaluated according to a
scoring scale described in a previous paper (Bot-
tari et al., 1978).

Some essential physico-chemical characteristics
of the TOB-SLN and of the F-SLN are reported
in Table 1.

The results of the pre-ocular retention study
(fluorescence in conjunctival sac and on corneal
surface) of F-SLN and of the reference F-SOL
solution are reported in Table 2. The F-SLN
dispersion formed a stabler precorneal film and
was retained longer in the eye, while the fluores-
cent solution formed a short-lived, weakly fluores-
cent film on the corneal surface and disappeared
rapidly from the eye surface.

Table 1
Essential physico-chemical characteristics of the SLN used in the study

Coumarin 6 incorporated (%w/w) TOB incorporated (%w/w)Polydispersity indexAverage diameter
(nm)

80 0.12TOB-SLN – 2.5
0.30.15 –70F- SLN

Table 2
Results of the preocular retention study of F-SLN

fluorescence on corneaTime (min) fluorescence in conjunctival sac

15F-SLN Present Uniform film
Thin film after blinking30 Present

Present Absent60
Low –90

–120 Absent

F-SOL Present15 Thin film after blinking
30 AbsentLow

–Absent60
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Fig. 1. TOB concentration profiles in aqueous humour after administration of the reference solution (�) and of TOB-SLN (�).
Means�S.E., n=6.

Table 3
Aqueous humour pharmacokinetic parameters of the formulations under study

Formulation Tmax (h)Cmax (�g. ml−1 (�S.E.)) AUCa (h �g ml−1 (�S.E.))

4.0TOB-SLN 155.08b�4.3136.30*�1.09
Tobral® 0.520.01�0.48 37.19�1.14

a Calculated from t=0 to 360 min for TOB-SLN, and from t=0 to 240 min for Tobral®.
b Significantly different from the reference solution (P�0.05).

The SLN dispersions were perfectly tolerated:
in no case the relevant test evidenced symptoms of
ocular irritation.

The aqueous humour TOB concentration vs.
time profiles resulting from administration to rab-
bits of the formulations under study are illus-
trated in Fig. 1; the data are reported as
means�S.E. (n=6). The statistical significance
of the differences between mean concentration
values in aqueous humour was evaluated using an
ANOVA test (StatView Software, Abacus Con-
cepts Inc., Berkeley, CA, USA). The evaluation
included calculation of means and standard errors
(S.E.) and group comparison using the Fisher
PLSD test. Differences were considered significant
at P�0.05. As shown in the figure, significantly

higher TOB aqueous humour levels were provided
by TOB-SLN with respect to Tobral® from one
hour up to six hours after instillation. The tests
were discontinued after six hours, since it was
considered that sufficient evidence had been gath-
ered, in this preliminary study, on the superiority
of the SLN formulation with respect to the refer-
ence one.

The pharmacokinetic parameters for TOB in
the aqueous humour are summarised in Table 3.
The AUC values (areas under the concentration
vs. time curves) for TOB in aqueous humour were
obtained from the curves in Fig. 1 using the linear
trapezoidal rule (Kaleidagraph, Synergy Soft-
ware). The data are clearly indicative of the
greater TOB bioavailability produced by the
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TOB-loaded SLN, when compared with the refer-
ence eyedrops. The former vehicle produced a
Cmax increase (1.5-fold), a tmax increase (8-fold),
and a 4-fold AUC increase with respect to the
reference vehicle. The increased TOB bioavailabil-
ity produced by SLN is possibly to be attributed
to their longer preocular retention time with re-
spect to the reference solution, as evidenced by
the retention study SLN, due to their extremely
small size, are presumably entrapped and retained
in the mucin layer covering the corneal epithe-
lium. Another hypothesis, to be further verified, is
the enhancement of corneal penetration of the
drug caused by Epikuron 200 (soya phosphatidyl-
choline, a surfactant) present on the SLN surface.

In conclusion, SLN appear as a promising vehi-
cle for topical ocular administration of to-
bramycin. Their use might replace with advantage
subconjunctival injections, which are necessary
for treatment of ‘resistant’ pseudomonal keratitis,
or for prophylaxis against bacterial endoph-
thalmitis, before cataract surgery (Furgiuele et al.,
1978; Ellis and Riegel, 1988).
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