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Abstract

The inhalation of tobramycin is part of current cystic fibrosis (CF) therapy. Local therapy with inhaled antibiotics
has demonstrated improvements in pulmonary function. Current inhalation therapy is limited by the available drug
formulations in combination with the nebulization time. The aim of this study is to develop a highly concentrated
tobramycin solution for inhalation. Several tobramycin solutions, ranging from 5 to 30% (m/v), were compared after
aerosolation with a jet and with an ultrasonic nebulizer. Laser diffraction and cascade impactor analysis were used
for characterization of the aerosolized solutions. The output rate was determined in volume and mass output per
minute. From the output rate measurements, it was concluded that a 20% tobramycin solution is the optimal and
maximal concentration to be aerosolized. The jet nebulizer was most suitable. Using the jet nebulizer and the 20%
solution, it is possible to administer a dosage of 1000 mg tobramycin by inhalation within 30 min. © 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The inhalation of tobramycin is part of current
cystic fibrosis (CF) therapy. Tobramycin and
other inhaled antibiotics are used to delay or
prevent chronic infection with Pseudomonas

aeruginosa and to prevent clinical detoriation in
patients chronically colonized. Both controlled
and uncontrolled studies have demonstrated im-
provements in pulmonary functions after inhala-
tion of tobramycin (Touw et al., 1995; Davis et
al., 1996; Mukhopadhyay et al., 1996; Webb and
Dodd, 1997; Ramsey et al., 1999). Recently a
tobramycin solution for inhalation (TOBI®), indi-
cated for the management of CF patients with

* Corresponding author. Tel.: +31-70-321-7217; fax: +31-
70-321-7110.

0378-5173/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.

PII: S0 378 -5173 (99 )00252 -5



P.P.H. Le Brun et al. / International Journal of Pharmaceutics 189 (1999) 215–225216

Pseudomonas aeroginosa infections, was intro-
duced in the US.

The aim of antibiotic inhalation therapy is to
deliver high amounts of drug to the sites of infec-
tion. However, it is not possible to reach all sites
with local therapy, making additional intravenous
therapy a requirement for adequate treatment of
infectious exacerbations. In practice, it would be
more convenient for patients to receive a therapy
of high local amounts of antibiotics which also
leads to an adequate serum concentration. Based
on knowledge of intravenous therapy, peak serum
concentrations of 6–12 mg/l are required for opti-
mal treatment of exacerbations. Theoretically,
these peak concentrations can be attained by in-
halation of a high dose of tobramycin (Touw et
al., 1997). On the other hand, it is not known
whether these high plasma concentrations are re-
quired to treat exacerbations when the antibiotic
is provided by inhalation.

Ramsey et al. (1999) measured a mean value of
approximately 1 mg/l 1 h after a dosage of 300 mg
tobramycin by inhalation. Serum concentrations
were measured on day 3 and day 10 during a
treatment period of 28 days. In a study by Touw
et al. (1997) mean tobramycin peak concentra-
tions of 1.27 mg/l (range 0.19–2.57) were mea-
sured after inhalation of 600 mg. Extrapolation of
the pharmacokinetic data to a three times daily
inhalation of 600 mg resulted in a steady state
serum concentration of 1.5 mg/l (range 0.2–4.7
mg/l). In this study an ultrasonic nebulizer was
used.

It can be calculated that a dosage of at least 2
g has to be inhaled in order to reach therapeutic
serum concentrations. Commercial solutions of
tobramycin for inhalation contain concentrations
of 40–60 mg/ml. This means that high amounts
of tobramycin cannot be administered with cur-
rent available formulations for inhalation unless
extreme inhalation times are accepted.

The physical chracteristics of drug solutions
have an effect on output rate, particle size distri-
bution and possible irritation after inhalation
(McCallion et al., 1995, 1996a). Therefore, an
appropriate nebulization system needs to be as-
sessed for every drug solution. Moreover, drug
deposition data should be available (Hurley et al.,

1994; McCallion et al., 1996b; Coates et al., 1997;
Weber et al., 1997).

Recently the in vitro characteristics of a 10%
(100 mg/ml) tobramycin solution have been inves-
tigated (Le Brun et al., 1999a). Using this formu-
lation, administration of 20 ml is required to
administer 2 g of tobramycin. The time required
to inhale such an amount is not acceptable for
most patients. Therefore the application of a new,
highly concentrated, tobramycin formulation has
been investigated.

In this paper the development and the charac-
teristics of the new tobramycin formulation are
described. Particle size distributions of the aerosol
clouds were measured with laser diffraction tech-
nique. Deposition data were obtained from cas-
cade impactor analysis.

In the above mentioned previous study on a
formulation of 10% tobramycin, the characteris-
tics of 14 nebulizers were compared. It was con-
cluded that three jet nebulizers are most suitable
for the inhalation of a 10% tobramycin solution.
One of these nebulizers, the Porta-Neb
Ventstream, was selected for further investigations
and used in the current study on different to-
bramycin formulations.

Inhalation of tobramycin is also possible with
an ultrasonic nebulizer. Although the characteris-
tics of an ultrasonic nebulizer are less suitable
than those of a jet nebulizer to administer a 10%
solution of tobramycin, it is not certain whether
this conclusion is also valid for other formulations
of tobramycin. Therefore, one of the better ultra-
sonic devices, the Medix Sonic 2000, was used in
the current study as a representative of the ultra-
sonic nebulizers.

2. Materials and methods

2.1. Tobramycin solution

Tobramycin sulphate (USP XXIII quality,
Pharmacin, Zwijndrecht, The Netherlands) is sol-
uble in water. Solutions of 5, 10, 20 and 30%
(m/v) were prepared in water for injection.

The osmolality was measured using a freezing-
point-depression osmometer (Osmometer Knauer
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4050, Wilton, Etten Leur, The Netherlands). The
shear viscosity was determined using a rotation
viscometer (Brookfield Engineering Laboratories,
van Oortmerssen, Den Haag, The Netherlands).
The viscosity was determined at a rotation speed
of 250 rpm. The density was measured by weigh-
ing a volume of 10.00 ml. Furthermore, the pH
(Radiometer, Copenhagen, Denmark) was deter-
mined. All physical measurements were performed
at ambient temperature.

2.2. De6ices

The Porta-Neb Ventstream® (Medic Aid,
Romedic, Meersen, The Netherlands) was used as
a representative of the jet nebulizers.

The performance of this nebulizer was com-
pared to an ultrasonic device, the Medix Sonic
2000® (Huisman, Tiel, The Netherlands).

2.3. Particle size distribution

The particle size distribution of the aerosol
cloud from the nebulizers was measured with a
Sympatec HELOS Compact laser diffraction ana-
lyzer, model KA (Sympatec GmbH, Clausthal-
Zellerfeld, Germany). A lens with 100 mm
focal-length for the size range 0.9–175 mm was
used for all experiments. Fraunhofer theory was
applied for the calculation of the droplet size
distribution from the laser diffraction pattern. In
order to standardize laser diffraction analysis, a
special adapter was developed. This adapter was
fixed to the support in the measuring zone of the
Sympatec and connected to a vacuum system,
including a Venturimeter for flow measurement, a
single stage liquid impinger for the separation of
droplets from the air stream and a flow controller.
The adapter could be tilted and had an exchange-
able front in order to accept both nebulizers used
in the study, having different lengths, angles and
shapes of their mouthpieces. The distance between
the mouthpieces and the laser beam was adjusted
to 6.5 cm; the (inspiratory) flow rate through the
adapter was adjusted to 20–40 l/min.

The cups of the nebulizers were filled with 4.5
ml for the Porta-Neb Ventstream and with 4.0 ml
solution for the Medix Sonic 2000, respectively.

The tobramycin concentration ranged from 0 to
30%.

Droplet size distribution was not measured con-
tinuously, but 10 s, 1.5; 3; 4.5; 6; 9 and 12 min
after the start of nebulization. Measuring time at
each interval was 10 s. Both nebulizers were mea-
sured in triplicate according to these procedures.

The mean results from all laser diffraction anal-
ysis are expressed as X10, X50 and X90-values,
being the diameters corresponding with respec-
tively 10, 50 and 90% of total volume from cumu-
lative percentage undersize curves

All measurements were performed at ambient
temperature.

2.4. Nebulizer output

The output of nebulizers can be described by
the aerosolized volume or the aerosolized mass of
drug. The nebulized volume can be determined
simply by weighing the nebulizer before and after
use. Results may be misleading because they do
not take into account the increase in drug concen-
tration within the nebulizer caused by evaporation
of the solvent. Therefore drug output rate in
mg/min is a better parameter for the nebulizer
output.

After 6 min of nebulization, the nebulizer was
weighed and the nebulized volume was calculated.

The tobramycin concentration of the solution
before nebulization and of the residual volume in
the nebulizer after nebulization was measured.
The nebulized output rate was expressed in ml/
min and in mg/min.

All measurements were performed at ambient
temperature.

2.5. Tobramycin assay

The tobramyin concentration was determined
using fluorescence polarization immunoassay
(AxSYM, Abbot). The error of this method is less
than 5%. Every sample was diluted 25 000 times
to a concentration of approximately 4 mg/ml and
measured twice. The concentration in the samples
was calculated from the results of a standard
solution of 10% tobramycin measured in the same
run.
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2.6. Cascade impactor analysis

For cascade impactor analysis a four stage glass
constructed Lenz Labor impactor was used. All
stages were wetted with distilled water. Particles
of decreasing sizes are deposited on the subse-
quent stages. The fractions deposited on stages 3
and 4 are assumed to represent the respirable part
of the inhaled dose. The theoretical cut-off diame-
ters of the impactor at different flow rates and for
different concentrations of tobramycin are pre-
sented in Table 1.

The nebulizers were connected to the impactor.
All nebulization experiments were continued for 6
min.

First the droplet size distribution of a 10%
solution was analyzed in duplo at three different
flow rates of 15, 20 and 30 l/min.

Subsequently, the droplet size distribution of a
20 and a 30% solution was measured in duplo at
a flow rate of 20 l/min.

The distributions from the Porta-Neb
Ventstream were compared to those from the
Medix Sonic 2000 at a flow rate of 20 l/min and
with solutions of 10, 20 and 30% tobramycin.

Since the objective of this study was to charac-
terize a high dose tobramycin formulation, the 5%
solution was not evaluated by cascade analysis.

All measurements were performed at ambient
temperature.

3. Results

3.1. Tobramycin solution

The characteristics of the several tobramycin
solutions are presented in Table 2.

The osmolality, density and viscosity increased
with the concentration. The pH for all solutions
was within the range of 7–8.

3.2. Particle size distribution

The particle size distributions of the Porta-Neb
Ventstream and the Medix Sonic 2000 are pre-
sented as X10, X50 and X90-values from cumulative
undersize curves in Figs. 1 and 2, respectively.
The values are a mean of all measuring times for
all three series of measurements. The (inhalation)
flow rates were 20 and 40 l/min in these experi-

Table 1
Theoretical cut-off diameters in micrometers of the stages of the cascade impactora

Flow rate (l/min) Stage 2Stage 1Concentration (% w/w) Stage 3

15 40.6 20.8 10.310
10 35.220 18.0 8.9

8.720 17.620 34.4
30 33.220 17.0 8.4

7.310 28.7 14.730
12.7 6.340 24.910

a The diameters are calculated at different flow rates and for different tobramycin concentrations.

Table 2
Characteristics of the tobramycin solutions

Viscosity (mPa/s)pH Osmolality (mmol/kg)Concentration (%) Density (g/ml)

7.4 1092.35 1.02
7.5 2.610 1.06 230

4831.113.220 7.6
7.8 6.7 1.19 104430



P.P.H. Le Brun et al. / International Journal of Pharmaceutics 189 (1999) 215–225 219

Fig. 1. A representation of the droplet size distribution of the Porta-Neb Venstream at several concentrations of tobramycin and at
flow rates of 20 l/min (straight lines) and of 40 l/min (dotted lines), respectively. The droplet size distribution is expressed as X10,
X50 and X90 values9S.D. from cumulative percentage undersize curves.

ments. For the Porta-Neb Ventstream, the
particle size distribution was not significantly
different in the concentration range from 5
to 30% tobramycin. For the Medix Sonic
2000, the particle size distribution decreased
when the concentration increased from 5 to
10%. At concentrations of 10 and 20% the particle
size was not significantly different. Further-
more, it was not possible to aerosolize a
30% tobramycin solution with the Medix
Sonic 2000. Reasons for this might be the
high viscosity and the higher density of the
solution.

Furthermore, it was not possible to aerosolize
distilled water with the Port-Neb Ventstream at a
flow of 40 l/min.

It can be concluded that the particle size
distribution of the aerosols generated by
the Porta-Neb Ventstream is hardly influenced
by the tobramycin concentration up to
30% m/v.

3.3. Nebulizer output

The ouput rates in mg/min and in ml/min of
the Porta-Neb Ventstream and the Medix Sonic
2000 are presented in the Fig. 3. The output rate
was measured at a flow rate of 20 l/min. The
output rate of both nebulizers can be compared in
this figure. As expected the output rate of the
Porta-Neb Ventstream is higher.

In the concentration range of 5–20% the to-
bramycin output increases with the concentration.
However, between 20 and 30% no further increase
is seen. Apparently the higher tobramycin concen-
tration in the droplets is compensated by the
reduced formation of droplets.

Especially the rapid decrease of the volume
output rate of the Medix Sonic at higher concen-
trations is remarkable. This decrease also explains
the fact that a higher tobramycin concentration
does not result in higher output rates of
tobramycin.
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The output rate of the Porta-Neb Ventstream
was also measured at 40 l/min. The output rate at
40 l/min is compared to the rate at 20 l/min in
Fig. 4. The output rate is higher at a higher flow.
With the Porta-Neb Ventstream there seems to be
an optimum for the output rate and the concen-
tration of the solution to be nebulized. The output
rate in mg/min is maximized at a concentration of
20% of tobramycin at both flow rates.

3.4. Cascade impactor analysis

The distribution of a 10% tobramycin solution
at three different flows for the Porta-Neb
Ventstream is presented in Fig. 5. The deposition
pattern is comparable at flow rates of 15 and 20
l/min. The deposition is somewhat higher at a
flow rate of 30 l/min. The mean over all output is
24.5, 29.9 and 31.9 mg/min at a flow of 15, 20 and
30 l/min, respectively.

In Fig. 6 the deposition patterns are presented
for the Porta-Neb Ventstream at a flow rate of 20

l/min for three different concentrations of 10, 20
and 30% tobramycin. The mean over all output is
29.9, 58.0, and 51.6 mg/min for the tobramycin
solutions of 10, 20 and 30%, respectively.

The depostion pattern of the Porta-Neb
Ventstream and the Medix Sonic 2000 were com-
pared at a flow rate of 20 l/min and with two
solutions of tobramycin (10 and 20%). It was not
possible to aerosolize higher concentrations with
the Medix sonic 2000. The data are presented in
Fig. 7. The mean over all output of the Medix
sonic 2000 is 19.0 and 13.4 mg/min for the to-
bramycin solutions of 10 and 20%, respectively, at
a flow of 20 l/min.

4. Discussion

Usually, the concentration of aqueous to-
bramycin solutions for aerosolation ranges from 4
to 6%. The experiments have shown that it is
possible to aerosolize higher concentrations of
tobramycin.

Fig. 2. A representation of the droplet size distribution of the Medix Sonic 2000 at several concentrations of tobramycin and at flow
rates of 20 l/min (straight lines) and of 40 l/min (dotted lines), respectively. The droplet size distribution is expressed as X10, X50 and
X90 values9S.D. from cumulative percentage undersize curves.
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Fig. 3. A representation of the mean output rate in mg/min (straight lines) and in ml/min (dotted lines)9S.D. from the Porta-Neb
Ventstream and the Medix Sonic 2000 for several concentrations of tobramycin at a flow rate of 20 l/min.

Fig. 4. A representation of the mean output rate in mg/min (straight lines) and in ml/min (dotted lines)9S.D. from the Porta-Neb
Ventstream for several concentrations of tobramycin at flow rates of 20 and 40 l/min, respectively.
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Fig. 5. A representation of the absolute deposition of tobramycin in the respective stages of the cascade impactor after aerosolation
with the Porta-Neb Ventstream at different flow rates.

Fig. 6. A representation of the absolute deposition of tobramycin in the respective stages of the cascade impactor after aerosolation
of different concentrations with the Porta-Neb Ventstream at a flow rate of 20 l/min.
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Fig. 7. A representation of the absolute deposition of tobramycin in the respective stages of the cascade impactor after aerosolation
of a 10 and a 20% solution, respectively, with the Porta-Neb Ventstream and the Medix Sonic 2000 at a flow rate of 20 l/min.

After comparing several concentrations of to-
bramycin, ranging from 5 to 30%, an optimum
was found for the mass output rate at a concen-
tration of 20% using the jet nebulizer. In contrast,
the results with the ultrasonic nebulizer showed
no improvements at higher concentrations. The
optimal output rate of the ultrasonic nebulizer
was found to be at a 10% tobramycin
concentration.

The aerosolation of concentrations above the
optimum did not result in higher mass output
rates. This can be explained by the increasing
density and viscosity of the solutions. In a jet
nebulizer the gas flow from the compressor passes
a very narrow hole, known as a venturi. A tube or
feeding system surrounding the gas flow tube
contains the drug solution. After passing the nar-
row hole, the gas flow transfers its momentum to
the liquid surrounding the venturi. The liquid is
drawn out into fine ligaments that collapse into
droplets under influence of surface tension. The
higher the density and viscosity, the more difficult

it is to form droplets and the lesser the output
rate from the nebulizer.

In an ultrasonic nebulizer, droplets are formed
by ultrasonic vibrations. At a given frequency the
threshold for the forming of droplets is deter-
mined by the density and the viscosity of the
liquid (O’Callaghan and Barry, 1997). The higher
the viscosity, the more energy is required to form
droplets, resulting in a lower output from the
nebulizer.

A decreasing volume output rate was observed
at higher concentrations. As long as enough vol-
ume could be aerosolized, increasing concentra-
tions of the solution cause a higher mass output
rate. However, at a certain concentration the neb-
ulizer cannot generate enough volume output and
the mass ouput will reach the optimum. For the
jet nebulizer this optimum was found at a concen-
tration of approximately 20% tobramycin.

The same observations were made with the
ultrasonic nebulizer. However, the driving force
for aerosolation of the tobramycin solutions was
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demonstrated to be less since the optimum output
was already found at a 10% concentration.

The particle size distribution is another impor-
tant factor determining the efficacy of a nebulizer.

In general, droplets with a diameter of 1–5 mm
are assumed to be the respirable fraction of an
aerosol. This fraction may be deposited in the
large and small airways and the alveoli by im-
paction and sedimentation. Droplets larger than 5
mm will impact in the upper airways, whereas
particles smaller than 1 mm are known to be
partly exhaled again (Newman and Clarke, 1983).

For the Porta-Neb Ventstream we observed
that the diameter of almost 90% of the aerosolized
volume is within the desired range for a to-
bramycin concentration of 10–30%.

The particle size distribution was measured by a
laser diffraction analyzer at simulated (inhalation)
flows of 20 and 40 l/min.

On average, with a breathing pattern of 20
breathings/min and a tidal volume of 500–1000
ml, the inhalation flow of a patient rates between
10 and 20 l/min. Higher flow rates are also possi-
ble during inhalation. Therefore, a low flow rate
(20 l/min) and a high flow rate (40 l/min) has been
chosen in the experiments.

An acceptable particle volume size was mea-
sured at both flow rates and, furthermore, a
higher output rate at a higher (inhalation) flow. In
both situations the droplet sizes are in the res-
pirable range.

In practice, a different flow rate might result in
a different effect. From deposition studies with
radiolabeled aerosols it is known, that a higher
flow rate results in a higher central lung deposi-
tion, whereas a lower flow rate results in a more
peripheral deposition (Laube, 1998). This also
means that, in principle, drug targetting is possi-
ble. Up until now, it is not clear of this phenom-
ena is relevant for the treatment of infections with
inhaled antibiotics in CF patients.

The results of the laser diffraction analyses were
confirmed by the measurements with cascade im-
pactor. For a 10% solution of tobramycin, a
higher (inhalation) flow results in a somewhat
higher deposition (Fig. 5).

Deposition measurement with the higher con-
centrations were performed at a flow rate of 20

l/min. As before, in these experiments a further
increase in concentration of 20–30% did not re-
sult in a significant increase of the deposition of
tobramycin on the third and fourth stage of the
impactor. Again, an optimum concentration for
the Porta-Neb Ventstream was found at approxi-
mately 20%. The jet nebulizer performed better
than the ultrasonic for the tobramycin solutions.

The mass output rate of the 20% tobramycin
solution in the cascade impactor was comparable
to the output rate in the laser diffaction
experiments.

Both methods, laser diffraction and cascade
impactor, proved to be suitable for nebulizer effi-
cacy measurements.

The osmolality of a 20% solution is 483 mmol/
kg. This value will be tolerated after inhalation,
since an osmolality of an antibiotic solution in the
range of 150–550 mmol/kg is acceptable for in-
halation formulations (Weber et al., 1997). The
pH of the 20% tobramycin solution was 7.6, an
acceptable value for aerosolized solutions.

As expected, the viscosity increases with the
concentration. A small increase was observed in
the range from 5 to 20% tobramycin. The viscos-
ity doubles when the concentration increases from
20 to 30%. The increase in viscosity correlated
with a decrease in output rate. The output of the
ultrasonic nebulizer was more sensitive to an in-
crease in the viscosity than the jet nebulizer.

It was intended to treat exacerbations with
inhalation therapy. In practice, a maximum nebu-
lization time of 30 min is acceptable for patients.
An optimum output rate of almost 60 mg/min
was found (Fig. 6). Considering inhalation and
exhalation time, this means that a maximum
amount of 900–1000 mg tobramycin can be ad-
ministered within 30 min using a 20% solution at
an inhalation flow of 15–20 l/min.

In a patient study, a maximum tobramycin
concentration up to 3.7 mg/l in plasma after
inhalation of 600 mg was found (Le Brun et al.,
1999b). This means that plasma concentrations of
5–6 mg/l can be reached with inhalation therapy
using the 20% solution. Compared to intravenous
therapy these values are low. Plasma tobramycin
levels at least 8 mg/l are necessary to treat exacer-
bations with intravenous administration. These
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high levels are necessary to reach the target area
in the lung. However, after inhalation of to-
bramycin, most of the target area is reached di-
rectly. To reach all infectious sites, a sufficient
tobramycin plasma concentration is also required.
To date, it is not known which plasma levels are
necessary for adequate treatment when aero-
solized administration of tobramycin is used only.

Up until now, exacerbations could not be
treated by inhalation therapy of antibiotics alone.
It has been found that a higher amount of to-
bramycin than used until now can be adminis-
tered. It is, therefore, worthwhile to investigate if
the maximum possible amount of aerosolized to-
bramycin is useful for treatment of exacerbations.

5. Conclusions

It is concluded that a 20% tobramycin solution
is the optimal concentration for high dose admin-
istration with the jet nebulizer and the ultrasonic
nebulizer. The highest output rate is found for the
jet nebulizer. It is not possible to nebulize high
tobramycin concentrations (\20% w/v) with the
ultrasonic nebulizer.

For both nebulizers it was observed that the
diameter of almost 90% of the aerosolized volume
is within the desired size range of 1–5 mm.

For high dose administration of tobramycin,
the jet nebulizer seems the best choice.
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