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ABSTRACT

The bioavailability, toxicity, and therapeutic efficacy of a drug is directly related to its administration
route. The pulmonary route can be accessed by inhalation after fumigation, vaporization or nebulization.
Thus, pharmacological and toxicological evaluation accessed by an apparatus specifically designed
and validated for this type of administration is extremely important. Based on pre-existing models, an
inhalation chamber was developed. This presents a central structure with five animal holders. The nebulized
air passes directly and continuously through these holders and subsequently to an outlet. Evaluation of
its operation was performed using clove essential oil, a nebulizer, and a flow meter. The air within the
chamber was collected by static headspace and analyzed by gas chromatography with a flame ionization
detector. For this purpose, a 2.5 minutes chromatographic method was developed. The air flow in each of
the five outputs was 0.92 liters per minute. During the first minute, the chamber became saturated with
the nebulized material. Homogeneous and continuous operation of the chamber was observed without
accumulation of volatile material inside it for 25 minutes. The inhalation chamber works satisfactorily for
in vivo tests with medicines designed to be administrated by inhalation.

Key words: biological activities, gas chromatograph, headspace, inhalation chamber, Syzygium
aromaticum.

INTRODUCTION

One of the first steps in the development of a
medicine is the choice of its administration route.
Factors such as bioavailability, toxicity, and
therapeutic efficacy are directly related to each of
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the possible administration routes. Considering
these issues, the developed medicine can be
administered by parenteral, enteral, or topical
routes, depending on its site of action, therapeutic
effect, and physiological compatibility (York 2005,
Prista et al. 2008, Mignani et al. 2013).

Topical administration routes are characterized
by the presence of the formulation on the skin
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or mucous surface. These include the pulmonary
route, which can be accessed by inhalation after
fumigation (traditional use), vaporization, or
nebulization. This route allows administration
of lower drug concentrations and the therapeutic
response onset time is typically shorter (Taylor
2005). This is due to the large pulmonary surface
area, which ranges from 80 to 100 m’ and the
high permeability of the tracheal and bronchial
mucosa and alveolar epithelium, which results
from an abundance of capillaries and a small air-
blood barrier thickness (Taylor 2005). The large
contact surface and high permeability allows rapid
absorption of volatiles and small-diameter particles
or droplets (Prista et al. 2008). Dispersion of this
micronized material can be accomplished with
nebulizer devices, which offer advantages such as
administration in breathing rate and ease of use by
children and elderly people (Taylor 2005). These
droplets and particles can act locally or be absorbed
by entering the small circulation and later the
general one, and they do not undergo the first-pass
effect (Prista et al. 2008).

Every new drug under development must
undergo preclinical studies with animals to evaluate
its pharmacological activity as well as being
subjected to toxicological and pharmacokinetic
studies (WHO 2005). To this end, the use of an
inhalation chamber enables in vivo studies by
mimicking clinical use of the drug, and it is of
the utmost importance in the development of a
medicine designed for pulmonary administration.
Such an apparatus is also important in evaluating
the toxicity of smokes and vapors encountered in
human daily life, such as cigarette smoke (Shimazu
et al. 1990, 1996, Sakano 1993, Lalonde et al.
1994, Valenga et al. 2004, 2006). Matthew et al.
(2001) used a model similar to that proposed in this
study to assess lung damage caused by inhalation
of smoke derived from burning wood, as well as
during fire events.
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The first models used in previous studies by
other research groups consisted of glass bottles
with volumes ranging from 2 to 4 L with no output
to the inflated air. Camara (1967) used similar
bottles with a side exit where animals were placed
to inhale, while Carlini (1973) placed the animals
inside these bottles to inhale. Since then, new
models have emerged to evaluate the effect of
inhalation of different types of materials (Rihn et
al. 1996, Matthew et al. 2001). Recently, inhalation
boxes were used, which contained pieces of cotton
moistened with the studied material, and these
were fixed at the top of the walls of the flask
(Komyia et al. 2006); alternatively, filter-paper
discs were moistened with these materials and
secured to the flask walls (Takemoto et al. 2008,
2009, Ito and Ito 2011). Tests were also conducted
on square chambers with electronic vaporizers
(Bradley et al. 2007), chambers with evaporators
connected to an oxygen feeder (Shaw et al. 2007),
and glass cylindrical chambers containing four
animal holders fixed to the sides with two tubes for
adapting electronic nebulizers (Linck et al. 2010).

Some inhalation chamber designs were also
found in patent banks. In Brazil, two patents have
been applied for on hyperbaric inhalation chambers,
in which the test material is placed together with
the animals. One is portable (Pereira 2004), and the
other is of a larger size for use only in a laboratory
(Lopes 2004). Four other documents were found in
the US patent bank, which all involved the individual
arrangement of a large number of animals (Bung et
al. 1984, Vincent and Guénette 1997, Schenkel et
al. 2009), except for that deposited by Hemenway
and Stedman (1981). There is also a patent in the
databank relating to an inhalation chamber with ten
animal holders and a helix for homogenization of
the air inside it (Lastow 2010).

In this study, we present the development of an
inhalation chamber that enables toxicological and
pharmacological tests using animals. Furthermore,
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we also evaluate the behavior during its operation
with clove essential oil when coupled to a nebulizer.

MATERIALS AND METHODS

CHEMICALS, REAGENTS, AND STOCK SOLUTIONS

Toluene, ethanol 96°, and propylene glycol were
purchased from Spectrum (SP, BRAZIL). Clove
essential oil [Syzygium aromaticum (L.) Merr. &
L.M. Perry] was supplied by Mane do Brasil (RJ,
BRAZIL). Distilled water was prepared in-house
with a distiller.

INHALATION CHAMBER DEVELOPMENT

Development of the inhalation chamber started,
as 1s usual, with a literature review on devices
currently being used for similar purposes. A survey
was conducted of academic books, patent databases,
and databases containing scientific articles.
Chamber, inhalation, apparatus, nebulization,
and vaporization were the words used during the
search. These were employed in both Portuguese
and English, individually and in association.

After reviewing these data, three modified
chamber configurations were drawn, and one of
these was selected for initial trials.

OPTIMIZATION OF AN ANALYTICAL METHOD

Clove essential oil was used to evaluate the
behavior of the chamber during operation. A gas
chromatography (GC) method was adapted for a
short-time analysis, and two gas chromatographs,
operating under the same conditions in parallel,
were used to evaluate the time needed for chamber
saturation. Each gas chromatograph, Agilent
7890A, was fitted with a flame ionization detector
(GC-FID). Separation was accomplished with an
HP-5 fused silica capillary column (5% phenyl,
95% methylsiloxane) (30 m x 0.25 mm i.d., 0.25
pum phase thickness). Operating conditions were
as follows: split ratio 1:20; injector temperature
250°C; carrier gas: hydrogen, 5.0 mL/min, constant

flow; column temperature 160°C (no hold), 20°C
per minute to 200°C; detector temperature 280°C.
An essential oil droplet was diluted in toluene to 1
mL and 1 pL of this solution was injected.

EVALUATION OF THE INHALATION CHAMBER
OPERATION

The behavior of the chamber in operation with a
nebulizer was evaluated by GC. First, an aqueous
dispersion containing 0.5% (v/v) of clove essential
oil, 10% (v/v) of propylene glycol, and 10% (v/v)
of ethanol was prepared; 15 mL of this dispersion
was placed into the nebulizer cup and this was
coupled to the inhalation chamber.

Inside the chamber, air samples (100 pL) were
collected by static headspace using a Hamilton
Bonaduz AG syringe, Microliter'™ Syringes,
2.500 pL (Figure 1a and Figure 3 - sampling port).
Samples were collected every odd minutes from
1 to 25 minutes and were directly injected and
analyzed by GC-FID. This assay was performed
in triplicate, and between each test, the chamber,
silicone hose, and nebulizer cup were washed with
acetone, ethanol, and water and dried in an oven for
30 minutes.

EVALUATION OF THE INHALATION CHAMBER
AND HEADSPACE SYRINGES CLEANING
PROCESSES BETWEEN ANALYSES

Before any test and between each chamber analysis,
a blank test was conducted by injecting 100 uL of
the air inside the chamber without the test solution.
These tests were important to verify the absence
of carryover from oil samples or residual washing
solvents.

Furthermore, these blank tests also allowed
the evaluation of any carryover from the syringe,
and test results were used to establish the number
of piston-pumping cycles required to eliminate
all volatile residues inside the syringe. Thus, after
collect and inject 100 pL of essential oil dispersion
nebulized inside the chamber, 10, 30, and 50
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displacements were performed with the piston
syringe and then, after each of these cycles, 100 pL
of the air from the syringe was injected into the GC.
All testing procedures were performed in triplicate.

EVALUATION OF THE NEBULIZED AIR FLOW
WITHIN THE CHAMBER

The nebulized air flow within the chamber was
measured with a Cole-Parmer 32900-46 flowmeter,
which was capable of measuring air flow in the
range of 0.4 to 5.0 liters per minute (LPM). To
this end, four of five outputs of the chamber were
closed and the flowmeter was attached to the one
that was open. The air flow value indicated by the
flowmeter was divided by 5 (total outputs) so that
the air flow for each output was calculated.

RESULTS AND DISCUSSION

DEVELOPED INHALATION CHAMBER STRUCTURE

Based mainly on the system used by Linck et al.
(2010), a rounded-wall inhalation chamber was
developed with a reduced central inner space in
order to decrease the inlet air dissipation, resulting
in better utilization of the test material due to rapid
chamber saturation. This central part (Figure 1a)
consists of an Erlenmeyer glass flask with a female
abraded joint at the upper portion and five others
on the side, in which animal holders (Figure 1c)
are embedded. Each of these lateral joints has two
lateral hooks for attaching elastic bands to prevent
loss of the lids of the animal holders (Figure 1b)
during tests with animals. The central part has an
outlet for air collection, known as a sampling port,
which has a threaded plastic cap with a septum to
avoid air loss during in vivo tests. This is a great
advantage over the other apparatus cited in this
work, which either had no sample port at all (the
system must be opened if the inside air is to be
sampled) or had one in the animal compartment.
Such proximity can allow animal contaminants,
such as volatile urine and feces components, to
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enter the collected air, introducing artifacts into the
GC analyses.

Animal holders (Figure 1c) are coupled to
the female abraded joints located at the side of
the central part. These compartments may vary in
diameter and length according to the animal size
(mouse or rat) and weight or the type of test to be
performed (Sizes of the glass joints and dimensions
of each piece of glassware developed for the use
with mice are presented in the Figures S1 to S5 -
Supplementary Material. It is important that the
diameter is large enough to present no discomfort
to the animal, while being small enough to prevent
direction change. Its cylindrical structure, with
a narrowing in the front coupling joint, allows
insertion of the animals’ muzzles, resulting in
direct administration of the nebulized air. The
connection with the central part is achieved with
male abraded joints, which have no leak points and
are easy to fit and remove for cleaning. At the rear
of these compartments, another male abraded joint
is used for fitting of the lid. A large aperture at this
location (distal part of the chamber) is important
to enable both introduction and removal of the
animal. After placing the animals in each animal
holder, the lids are fitted, preventing the animals
from escaping from the chamber during inhalation
tests. All animal holders are removable, facilitating
cleaning and reducing the risk of breakage of
the glass apparatus, which is an advantage when
compared to the system developed by Linck et al.
(2010). Furthermore, all of these animal holders
are aligned at the same height relative to the central
chamber, which prevents the variation in the
nebulized material provided for each animal that
occurred in other models (Hemenway and Stedman
1981, Bung et al. 1984). This probably occurred
as a result of rapid settling of some nebulized
materials, favoring inhalation by animals located at
lower points in these chamber models.

As the lateral female abraded joints of the
central part, each of these animal holder lids also
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has two hooks on its side (Figure 1b), which are
important for attachment of the elastic bands. Each
lid has a female abraded joint at one of its borders
and an air output at another, which can be sealed
with a plastic screw cap. These outputs are opened
during the tests, forcing the intake air to leave the
chamber through them, since they are the only exits
of the chamber. This ensures that all intake air is
distributed from the central part of the chamber
to the animal holders and thence to the outside of
the chamber. This constant and unidirectional flow
carries body smells, excrement smells, and gases
expelled by the animals themselves, preventing
them from contaminating the internal environment
of the chamber. Constant air renewal into the
chamber is an advantage compared to chambers
working with controlled pressure (Hemenway and
Stedman 1981, Lopes 2004, Pereira 2004), those
which do not have unidirectional flow, in which
the chamber air outlet is near to the entrance (Bung
et al.1984, Vincent and Guénette 1997, Schenkel
et al. 2009), and inhalation boxes (Valenga et al.
2004, 2006, Komyia et al. 2006, Bradley et al.
2007, Takemoto et al. 2008, 2009, Ito and Ito 2011).

To the upper female abraded joint present on
the central part is coupled the chamber “head,”
which is responsible for receiving and distributing
the air inside the chamber (Figure 1d). This section
comprises an upper entrance with rings of different
diameters for coupling of a silicone hose.

After the curve of the inlet tube, there is a male
abraded joint responsible for coupling the “head” to
the central part of the chamber, which avoids loss
of admitted materials. The central tube, through
which the air passes, extends from the “head” to
the bottom of the chamber and releases the air near
to the chamber base; this generates a vortex that
optimizes saturation and allows more uniform air
distribution to the animals.

A silicone hose is attached to the “head” and to
a glass junction (Figure le) at the other border. As
the chamber “head,” this cylindrical glass junction

presents a joint with rings for coupling the silicone
hose and another smooth joint for coupling to the
nebulizer cup.

The use of only glass parts is another significant
advantage of this developed chamber since these
can be washed and sterilized, which eliminates
residues and contaminants that could interfere with
future trials. The small silicone hose, nebulizer
cup, and septum are exceptions to this and these
should be replaced for each new analysis to avoid
contamination.

The chamber can be attached to a nebulizer
or another source of volatile liquid, smoke, or
combustion products for its operation. For this
study, only a nebulizer device or another source of
steam is required for its operation. The estimated
cost for chambers that require more than one test
material source (Linck et al. 2010) is higher as
another nebulizer is required in addition to twice
the amount of test material.

Activation of the nebulizer allows air to be
injected into the cup containing the formulation,
which in turn is nebulized and delivered to
the glass joint (Figure le). From this joint, the
nebulized material passes through the silicone hose
and reaches the “head,” which is responsible for
admission of the nebulized air into the chamber
(Figure 1d). Thus, nebulized air is introduced
through the central tube of this section into the
central part of the chamber, creating a vortex. None
of the other devices mentioned in this work, which
were used in in vivo inhalation assays, used this
method of distributing material to the animals.
Turbulence generated in the bottom of the chamber
allows air to be uniformly distributed to each
animal holder, avoiding differences in the doses
administered to the animals. Beyond the vortex,
nebulized air is directed to the tubes in which the
animals are placed (Figure 1c). Thus, the animals
inhale the test material (formulations, vapors or
smoke), while exhaled air and odors are emitted
from the chamber. The continuous air feed to the
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Figure 1 - Inhalation chamber sections. (a) Central
part. (b) Lid. (¢) Animal holder. (d) “Head”. (e)
Glass joint. 1) female abraded joints; 2) lateral
hook; 3) sampling port; 4) tube narrowing; 5) front
male abraded joint; 6) distalfemale abraded joint; 7)
air output; 8) entrance with rings; 9) inlet tube; 10)
central tube; 11) male abraded joint; 12) smooth for

coupling to the nebulizer cup.
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chamber causes the air to be constantly changed
in this environment, since incoming air expels the
air already present in the chamber through holes in
the lids of the animal holders (Figure 1b), avoiding
supersaturation and environmental contamination.
Figure 2 presents the inhalation chamber coupled
to a nebulizer.

ANALYTICAL METHOD OPTIMIZATION PROCESS

After the development of the inhalation chamber, it
was necessary to test its practical operation. Clove
essential oil was used to evaluate this process since
it contains few compounds (Figure 3), which would
lead to well defined chromatograms that would be
simple to compare.

The quantification of the three major
components of clove essential oil — eugenol
(85.0%), eugenol acetate (4.8%), and caryophyllene
(10.3%), led to the development of a faster and more
effective method of quantifying these components.
Considering that in previous analysis eugenol eluted
at approximately 20 minutes, with an initial oven
temperature of 60°C and a heating rate of 3°C/min,
it must have eluted at around 120°C. Therefore, the
next run was started with an oven temperature of
120°C with 2 min isotherm, followed by a 20°C/
min heating rate to 200°C totaling a 6-minute run
(Figure 3a). The gas flow was also increased to 3
mL/min in order to decrease the elution time of the
dead volume.

Because the chromatogram presented well
defined and isolated peaks (Figure 3a) with eugenol
eluting at 3.671 minutes, a new attempt was made
to further reduce the running time. Thus, the initial
oven temperature was raised to 150°C with a 1
minute isotherm followed by a 20°C/min heating
rate to 200°C, totaling a 3.5 minute run (Figure
3b). The gas flow was also increased to 5 mL/min.
Again, the chromatogram presented well defined
peaks with eugenol eluting at 1.673 minutes.
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Figure 2 - Inhalation chamber coupled to a nebulizer. 1) animal holder; 2) lid; 3) lateral hooks; 4) central part; 5) “head”; 6) silicone
hose; 7) glass joint; 8) nebulizer cup; 9) nebulizer; 10) sampling port; 11) plastic screw cap; 12) air output.

As all the components were eluted at 174°C
(2.054 minutes), another method was tried with the
run finishing at 180°C. Thus, another attempt was
initiated with the oven at 160°C, without isotherms,
with a 20°C/min heating rate to 180°C and a gas
flow of 5 mL/min (Figure 3c). This method resulted
in a 2.5 minute run with three well defined majority
peaks presenting areas close to those obtained by
the first method used.

This rapid method provided an assessment of
the inhalation chamber operation, since by working
with two chromatographs simultaneously, it was
possible to analyze the air nebulized inside the
chamber every 2 minutes. Furthermore, all gas

chromatographic methods found in the literature
and employed for this essential oil analysis are
slower; hence, this is probably the fastest method
developed to date (Jirovetz et al. 2006, Alma et
al. 2007, Chaieb et al. 2007, Scherer et al. 2009,
Hajlaoui et al. 2010, Silvestri et al. 2010).

EVALUATION OF CARRYOVER AND CLEANING
PROCEDURES

The carryover in the syringe used was tested by
injecting a 100 pL sample of the pumped air into
the headspace syringe. It was observed that after
10 pumping cycles, the chromatogram of a blank

injection contained only solvent residues with no

An Acad Bras Cienc (2017) 89 (3)
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Figure 3 - Clove essential oil GC-FID chromatograms obtained during analytical method
improvement for the evaluation of the inhalation camera operation. a. 6 min run (ERt = 3.671,
EARt=4.221 and CRt =4.956)*; b. 3.5 min run (ERt = 1.390, EARt = 1.673 and CRt = 2.054);
¢. 2.5 min run (ERt = 1.163, EARt = 1.349 and CRt = 1.586).

*ERt = Eugenol retention time (min); EARt = Eugenol Acetate retention time (min); CRt =

Caryophyllene retention time (min).

trace of clove essential oil (Figure S6). Therefore,
it was established that 10 pumping cycles for
the syringe between samplings represented an
acceptable cleaning procedure.

The cleaning procedure of the glass parts
involved washing with acetone and ethanol
followed by a final rinse with distilled water.
All glassware was dried in an oven. After a test
with clove essential oil and washing, a blank test
was performed and the air in the chamber was
collected by headspace and injected into the GC
to evaluate carryover. Again, only solvent residues
were observed, indicating that this was an efficient
cleaning method.

The air flow inside the chamber was measured
by means of a flowmeter coupled to a single animal
tube with an open output. To estimate the flow for
each animal compartment, the total flow must be
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divided by the number of animals or tubes being
used (maximum: 5). First, a flow of 4.6 LPM was
observed. Therefore, this value was divided by
five (number of chamber outputs), resulting in a
0.92 LPM nebulized air flow for each of the animal
holders.

SATURATION TIME

The air inside the chamber during a nebulization
test with clove oil was sampled every two minutes
from 1 to 25 minutes. Air from the headspace was
injected into the GC. It was observed that, from
the first minute, the air inside the chamber was
already saturated (steady state) (Figures S7 and
S8). This leads to two conclusions. Firstly, the air
composition inside the chamber was homogeneous
during the test, with no increase in the composition
of volatiles due to condensation in the internal
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walls followed by revolatilization; secondly, the
animal compartments can be coupled from the very
beginning of the test, without presaturation of the
chamber. The test time can be measured from the
start of nebulization, so that no preconditioning
time is needed.

Due to the fast saturation of the atmosphere
throughout the chamber, a waiting time is not
required before initiating the tests. This is interesting
from a practical point of view, since all the animals
can be placed in the chamber before turning on
the nebulizer. This prevents animals from being
inserted while the camera is in operation as this
triggers a difference in the dose administered to
each animal. Moreover, the homogenous operation
of the apparatus avoids accumulation of material,
which prevents the administration of overdoses to
the animals.

These situations are probably not observed
in inhalation boxes with cotton or filter-paper
moistened with the volatile test material (Komyia et
al. 2006, Bradley et al. 2007, Takemoto et al. 2008,
2009, Ito and Ito 2011). These require an initial
time for saturation of the internal environment and
subsequent animal placement since volatilization is
a slow process, which is necessary for operation of
the apparatus.

Furthermore, apparatus containing an
inhalation box (Valenga et al. 2004, 2006, Komyia
et al. 2006, Bradley et al. 2007, Takemoto et al.
2008, 2009, Ito and Ito 2011) and those that do
not present a unidirectional flow of insufflated
material (Hemenway and Stedman 1981, Bung et
al. 1984, Vincent and Guénette 1997, Lopes 2004,
Pereira 2004, Schenkel et al. 2009) are prone to the
accumulation and deposition of such test materials.
This may result in the administration of more than
the required dose due to both accumulation inside
the chamber and deposition on the animals’ bodies.
In addition to presenting a unidirectional flow
in the developed chamber, its reduced diameters
are compatible with the animal’s size, preventing

it from licking itself and ingesting condensed
material, volatiles, and aqueous droplets that lie
on its fur.

CONCLUSIONS

The present study demonstrated that the inhalation
chamber works satisfactorily for in vivo tests with
drugs and formulations designed to be administrated
by inhalation. It does not require a waiting time
for saturation and subsequent insertion of animals
since, from the first minute, the concentration of
volatiles in its internal atmosphere does not vary.
Its operation with a unidirectional and
permanent air flow avoids dosage errors during
evaluation of medicinal products. In addition,
the feasibility of determining the air flow allows
correct calculation of the dose and inhalation time.
Considering that the chamber developed in
the present study operates as expected and may
mimic clinic use, this apparatus is a promising
tool for preclinical tests necessary for the design
of new medicaments administered by inhalation.
Furthermore, it can also be considered for
toxicological evaluation of smokes and fumigations.
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