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Influence of Micronization on the Physical Properties of
Salbutamol Sulfate as a Model Drug Used in Dry Powder
Inhalation

Antesar M. Boshhiha, Nora Anne Urbanetz'

Department of Pharmaceutic, Faculty of Pharmacy, University of Benghazi, Benghazi, Libya, 'Faculty of Pharmacy, Institute of Pharmaceutical Technology and
Biopharmaceutics, Heinrich Heine University, Dusseldorf, Germany

Purpose: Investigation of the crystallinity of salbutamol sulfate a model drug used in the dry powder inhalation formulation.
Materials and Methods: Salbutamol sulfate was supplied kindly by Lindopharm (Hilden, Germany). Salbutamol sulfate was milled using
an air jet milling process, the particle size and morphology were determined using laser diffraction and the scanning electron microscopy.
The drug was subjected to conditioning through storage at 52.8% and 75% relative humidity for 24 h, 1 week, and 2 weeks, respectively. The
drug crystallinity was investigated using differential scanning calorimetry (DSC), X-ray diffraction, and water vapor sorption techniques.
Results and Discussion: Conditioning of salbutamol sulfate after micronization lowers the glass transition (Tg) temperature of the amorphous
parts present at particle surface, which enhances particle mobility for more rearrangement associated with water expelling. This transformation
may result in deviation from the original particle size obtained after milling out of respirable range. DSC and X-ray diffraction show no detectable
amorphous drug since no detectable Tg observed. Alternatively, water vapor sorption shows a small amount of amorphous salbutamol sulfate at
the particle surface, which recrystallizes at 52.8% relative humidity after approximately 2 weeks of conditioning. Conclusion: The amorphous
regions can be generated in crystalline materials during processing. The level of amorphous materials can affect every step of pharmaceutical
formulation, storage, and stability. However, quantification of low levels of amorphous content still poses considerable challenge. This study
confirms that, the water vapor sorption technique is useful in the quantification of a small amount of drug amorphous content.
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Whereas, the amorphous materials lack order and possess
excess thermodynamic properties such as enthalpy, entropy,
and free energy.l! Amorphous form is thermodynamically
unstable and is prone to transformation to stable crystalline

INTRODUCTION

Many studies have been reported regarding the effect of the
physicochemical properties of the drug on the drug-to-carrier
interaction and the fine particle fraction obtained during

inhalation. For example, the type of drug,[ the drug particle
size, and the drug concentration in the interactive mixture
and the duration of the blending time."! Several techniques
have been applied to prepare drug particles in the desired
aerodynamic size range. These techniques include milling,
spray drying, spray freeze drying,’®! supercritical fluid
extraction,® and crystallization which are used to produce drug
particles with controlled surface characteristics, compared to
“jet milling” during which this cannot be achieved.

In general, crystalline state of a drug is characterized by regular
and well-defined molecular arrangement in the crystal lattice.
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form during processing and/or storage.”)

Size reduction is known to introduce varying degrees of
mechanical or thermal stress in the crystal lattice.'®! This
may lead to the generation of small proportion of amorphous
form. This amorphous content is a minor component of
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the overall bulk and resides mainly on the surface of the
particles.>”! This small amount of amorphous material acts
as “reactive spots” on the surface of a crystalline material and
can introduce many formulation performance challenges.[]
Therefore, it is critical to characterize even a small amount
of amorphous content in a predominantly crystalline
material. Various analytical techniques are available to
quantify moderate-to-high levels of amorphous material in
powders including differential scanning calorimetry (DSC),
powder X-ray diffraction. However, these bulk analytical
techniques measure the properties of the sample as a
whole, and thus the amorphous content becomes a small
part of the total signal.l”’ Hence, the detection limits for
amorphous content with such techniques will generally have
a lower cut off of 5%—10%.["" Very few techniques such as
isothermal microcalorimetry (IMC)!"''? and dynamic vapor
sorption (DVS)!3! are capable of quantifying very low levels
of amorphous content. Selection of experimental conditions
and the mathematical treatment of the data made the use of
techniques, such as IMC more complex.

This study focuses on the influence of the micronization
process on the physicochemical properties of salbutamol
sulfate, which is used as a model drug interactively mixed
with carrier materials. The size of a micronized particle
will differentiate in the amorphous content that presents at
the surface of the crystal. To improve the physicochemical
stability of micronized particle, this study investigates the
recrystallization of micronized salbutamol sulfate under
storage conditions that are controlled with respect to relative
humidity and temperature.

MareriaLs AND METHODS

Salbutamol sulfate was supplied kindly by Lindopharm
(Hilden, Germany).

Micronization of salbutamol sulfate

Salbutamol sulfate particle was milled using an air jet
mill (50 AS, Hosokawa Alpine AG, Augsburg, Germany).
Micronized salbutamol sulfate was placed over silica gel in
desiccator until further required.

Particle size distribution measurement by laser diffractometry
The particle size distributions of the micronized drug were
determined with a Sympatec HELOS laser diffraction
spectrometer equipped with a RODOS dry powder dispersing
system (Helos H1402/Kf-magic and dry dispenser Rodos,
Sympatec GmbH, Clausthal-Zellerfeld, Germany). The powder
sample was fed to the dispersing air stream using a funnel
connected to the injector of the dry disperser. The salbutamol
sulfate powders were dispersed by compressed air at 2.5 bar.

Particle morphology

The particle morphology of salbutamol sulfate was examined
using scanning electron microscopy (SEM) (LEO VP 1430,
LEO Electron Microscopy Ltd, Cambridge, England),
operated using an electron beam at the acceleration voltage

of 20 kV and a working distance of approximately 18 mm.
Samples (=0.5 mg) were mounted through a graphite tape to
an aluminum stub. After stripping off the upper side of the
adhesive, a small amount of particles was scattered on the stub,
the particles were then coated with ~15 nm—20 nm of gold with
an Agar manual sputter coater (Agar Scientific Ltd., Stansted,
Essex, England), using an electrical potential of 1.5 kV and
the current of 20 mA.

Conditioning of salbutamol sulfate

Conditioning of salbutamol sulfate at different relative
humidities for different periods. Saturated salt solutions were
used to maintain constant relative humidity levels inside
small desiccators during the storage of drug particles.'¥ The
following saturated salt solutions were used: magnesium
nitrate (52.8%) and sodium chloride (75%). Relative
humidity was measured within the desiccator using a
thermohygrometer (Testo, Lenzkirch, Germany).The drug
powder was placed in Petri dishes over those different relative
humidities for 1 day, 1 week, and 2 weeks, respectively. Those
conditioning steps were carried out at room temperature.

Investigation of particle crystallinity

Determination of the extent of crystallinity by differential
scanning calorimetry

Thermal stability and changes in crystallinity were
investigated using a differential scanning calorimeter (DSC
30, Mettler-Toledo GmbH, Schwerzenbach, Switzerland)
calibrated with indium. A small amount (=3 mg) of salbutamol
sulfate was crimp-sealed in an aluminum pan with pierced
lid. The experiments were performed in the range from 0°C
to 300°C under nitrogen flow of 50 ml/min. The scanning rate
was adjusted to 10°C/min.

Determination of the extent of crystallinity by X-ray
diffractometry

Powder X-ray diffraction patterns of drug were obtained using
the Miniflex powder diffractometer (Rigaku corporation,
Tokyo, Japan) with a Cu-K aradiation (A = 1.5406 A) as the
source of radiation. This diffractometer was operated at the
voltage of 30 kV, and the current of 10 mA. All drug samples
were measured in the 2 0 angle range between 5°C and 40°C.

Water vapor sorption

The gravimetric studies were undertaken in a humidity
controlled microbalance system (Projekt Messtechnik, Ulm,
Germany). The system is housed in an incubator to control
temperature and surrounding humidity. The apparatus
is computer controlled, allowing a preprogramming of
sorption, and desorption isotherms. Approximately 3 g of
drug samples were loaded; the relative humidity was first
set to 0% and then raised in nine steps of 10% to 90% and
one step more to 95%. Subsequently, the relative humidity
was decreased from 95% to 90% then to 0% by the same
way. This cycle was repeated once more. The sample holder
contains 11 stainless steel cups, which carry 11 samples in
each time.
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ResuLts

Determination of particle size distribution using laser diffraction
The particle size distribution of salbutamol sulfate was
measured using laser diffraction. Volume median diameter
and span were calculated. The original size of raw salbutamol
sulfate before milling was about 8.3 + 0.03 wm in diameter.
After micronization, the particle size using laser diffraction
was summarized using X, X, and X , values. The vast
majority of salbutamol sulfate particles were smaller than
5 um (X,;=2.03 wm £ 0.07 um (mean =+ standard deviation),
X,,=0.63 um =+ 0.32 um, and X, ;=5.33 um + 0.06 um.

Determination of particle shape and surface characteristics by
scanning electron microscopy

SEM micrographs were taken by scanning fields, selected
randomly, at several magnifications. As shown in Figure 1, the
salbutamol sulfate particles appear as needle-shaped particles
before as well as after micronization by air jet milling.

Determination of the extent of crystallinity

Salbutamol sulfate stored at different relative humidities
was investigated by DSC, X-ray diffraction, and water vapor
sorption to determine the effect of the conditioning process
on the drug crystallinity.

Differential scanning calorimetry

DSC as one of the standard techniques for the determination
of crystallinity was performed on unmicronized salbutamol
sulfate and micronized salbutamol sulfate stored for 24 h at
silica gel, at 52.8% relative humidity (RH) and 75% RH for
1 day, 7 days, and 14 days, respectively.

The DSC thermograms [Figure 2] show no exothermic
peaks of the micronized salbutamol sulfate, which indicates
the absence of the amorphous content. The enthalpy of
fusion of salbutamol sulfate [Table 1] was changed from
232.93 + 2.75 J/g directly after milling through the air jet

Figure 1: (a) Scanning electron micrographs of unmicronized salbutamol
sulfate respectively. (b) Scanning electron micrographs of unmicronized
salbutamol sulfate. (c-d) Scanning electron micrographs of micronized
salbutamol sulfate

mill to 232.93 £ 2.75 J/g and after conditioning at different
relative humidities and for different periods. The enthalpy
of fusion after storage at silica gel (0% RH) for 24 h was
230.60 £+ 1.05 J/g that changed to 251.12 + 2.77 J/g after
storage for 24 h at 50% RH.

X-ray powder diffraction

The unconditioned and conditioned micronized salbutamol
sulfate were examined using X-ray diffraction as a further
standard technique determining the crystallinity. The
unconditioned and conditioned samples appear to be crystalline
in nature, and no broad peaks due to amorphous parts are
visible [Figure 3].

Water vapor sorption

The construction of the water vapor sorption system (SPS11)
is based on a microbalance capable of measuring changes in
sample mass lower than 1 part per million. Sorption studies
can only be performed on solid samples such as powders,
granules, pellets, and films. The sample should be packed in
a manner so as to expose maximum surface area. In general,
the small particle size is preferred for this technique because
smaller the particle size, larger will be the surface area and
higher will be the sorption,!'> Too dense, packing should not
be carried out as it may hamper the entry of vapors in the
core of the sample.l'® The equilibrium condition was set to
0.01% mass change per 60 min; the whole measurement was
run for only one time due to the time-consuming of this type
of experiments.

The water vapor sorption data of crystalline salbutamol sulfate
are shown in Figure 4a. The higher the humidity increases, the
higher is the mass gain and decreasing the relative humidity
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Figure 2: Differential scanning calorimetry thermograms of raw and
micronized salbutamol sulfate (micro. SS) conditioned for different times
at different relative humidities (7 = 2)
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Table 1: Differential scanning calorimetry parameters of conditioned and raw salbutamol sulfate, (=2), mean=range

(the range indicates the maximal and minimal values)

Substance (%) Enthalpy (J/G) Onset (°C) Peak (°C)

Raw salbutamol sulfate at orange gel 232.93+2.75 196.16+0.07 205.84+0.07
Salbutamol sulfate direct measured after milling 274.32+10.5 191.27+0.22 204.88+0.09
Micronized salbutamol sulfate 24 h at orange gel 230.60+1.05 194.17+0.18 205.85+0.08
Micronized salbutamol sulfate 24 h at 50% RH 251.1242.77 192.26+0.03 205.21+0.59
Micronized salbutamol sulfate 7 days at 50% RH 254.31+9.76 193.03+0.02 204.91+0.07
Micronized salbutamol sulfate 14 days at 50% RH 234.45+9.02 194.51+0.14 205.69+0.25
Micronized salbutamol sulfate 24 h at 75% RH 245.29+5.23 192.24+0.01 204.74+0.04
Micronized salbutamol sulfate 7 days at 75% RH 236.11+4.11 191.95+0.04 204.90+0.08
Micronized salbutamol sulfate 14 days at 75% RH 234.77+9.81 194.59+0.07 205.59+0.01
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Figure 3: (a) X-ray diffraction of conditioned raw and micronized
salbutamol sulfate at 52.8% and 75% relative humidity for 1 day. (b) X-ray
diffraction of conditioned raw and micronized salbutamol sulfate at 52.8%
and 75% relative humidity for 1 week, and 2 weeks

after reaching 95% RH leads to a decrease in the mass. By spray
drying, amorphous salbutamol sulfate particles are obtained.
The corresponding sorption data are shown in Figure 4b.0'!
In contrast to crystalline salbutamol sulfate, there is a mass
decrease observable at 50% RH and above. The calculation of
the amorphous content showed that the micronized salbutamol
sulfate contains 1.65% amorphous material. It is obvious that
the micronized salbutamol sulfate Figure 4a, contains a small
amorphous content and this content recrystallizes at 50%
relative humidity.

The micronized salbutamol sulfate samples conditioned
for 24 h at 52.8% RH and 75% RH still show amorphous
parts [Figure 4c and d, respectively] indicating that
recrystallization has not been completed yet. Using the
calculating method mentioned by Gorny et al., 2007, it has
been found that the amorphous content of salbutamol sulfate
stored at 52.8% and 75% relative humidity is 0.35% and
0.29%, respectively.

Conditioning of micronized salbutamol sulfate at 52.8%
and 75% RH for 2 weeks, respectively, was done at
ambient temperature to obtain a stable milled material.
Again, the samples were analyzed by water vapor sorption
[Figure 4e and f, respectively]. Both samples show almost
fully crystalline behavior. It has been found that the amorphous
content of salbutamol sulfate stored at 52.8% and 75% relative
humidity for 2 weeks is 0.022% and 0.018%, respectively.

Discussion

The size of the active ingredient is particularly important in
the dry powder inhalation field to offer effective delivery of
the drug particles to the distal parts of the lung, where the
drug particles should be small particles with an acrodynamic
diameter of 1 um—5 wm. Laser diffraction analysis relies on the
fact that particles scatter light at angles in inverse proportion to
their size. The salbutamol sulfate particles were smaller than
5 um (X, =2.03 um + 0.07 um (mean + standard deviation),
which suggests that the drug powder was suitable for DPI
formulation. However, it should be noted that laser diffraction
measures the geometric diameter whereas particle deposition
is determined by the aerodynamic diameter.

The scanning electron micrographs of the salbutamol sulfate
are shown in Figure 1. Micronized salbutamol sulfate
tends to adhere to each other forming agglomerates. Those
agglomeration tendencies were authorized due to high
energetic particle surfaces. Unmicronized particles show larger
particles in comparison to micronized particles, which are in
agreement with the laser diffraction analysis results.

Micronization is a high energetic process that may induce
changes in the crystallinity of materials on the particle’s surface
and form amorphous areas. The reduction in the degree of
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Figure 4: (a) Water vapor sorption of crystalline salbutamol sulfate. (b) Water vapor sorption of amorphous salbutamol sulfate. (c) Water vapor sorption
of milled salbutamol sulfate stored for 1 day at 52.8% relative humidity. (d) Water vapor sorption of milled salbutamol sulfate stored for 1 day at 75%
relative humidity. (e) Water vapor sorption of milled salbutamol sulfate stored for 2 weeks at 52.8% relative humidity. (f) Water vapor sorption of milled
salbutamol sulfate stored for 2 weeks at 75% relative humidity
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crystallinity, if this disorder is more extensive than inherent
crystallographic molecular defects and dislocations, can be
viewed as an amorphous region at the surface or near-surface
of a particle.l'”'® The presence of even small amounts
(as little as 1% of total weight) of amorphous regions on the
particle surface has a significant impact on the physicochemical
nature and may affect, especially surface-related properties
such as interparticle interactions of the powdered material.[”? It
is hypothesized that the milling process changes the orientation
of molecules on the surface of the powder particles and thus
alters surface energetics.["*"

Conditioning of salbutamol sulfate was carried out to remove
the amorphous parts possibly present on the particle surface
and revert them into crystalline parts, which are stable.
Conditioning was carried out by storage at 52.8% and 75%
for different periods. Storage was also carried out without
conditioning using silica gel to compare the raw material with
conditioned powders.

The amorphous part can be transferred into crystalline by
reducing the Tg of the substance below room temperature.
This recrystallization may result in size increase of the
micronized substance. Particle growth may generate fractions
of the particles with diameters outside of the respiratory range
(1 um—5 um). Conditioning of salbutamol sulfate may convert
the amorphous parts into crystalline solids under storage
conditions, which are controlled with respect to relative
humidity and temperature. These conditions aim at reducing the
glass transition temperature Tg of the solid material by sorption
of water and setting the surrounding temperature to values
above Tg at which the molecular mobility and consequently
the crystallization process is accelerated.

Although the water vapor sorption detects small amorphous
parts in the micronized salbutamol sulfate, the DSC
thermograms [Figure 2] show no glass transition. DSC
thermograms show no detectable Tg, which explore the
difficulty of determining small amorphous content using
the DSC. This can be related to the detection limit of this
technique, which is limited to 5%—10% of amorphous
content.['”) Table 1 shows a change in the enthalpy of
fusion for micronized salbutamol sulfate before and after
conditioning steps. This enthalpy change could be related
to the presence of small amorphous part in the milled and
conditioned powder, which was under the detection limits
of the DSC technique.

The X-ray diffractograms showed no halopeaks of amorphous
micronized salbutamol sulfate. The XRD diffractograms show
no detectable amorphous content (no halo-peaks), which
appear hard to use this technique in determining minute
quantity of amorphous content in crystalline drugs. Those
results come in agreement to the results obtained from DSC,
which suggest the absence of amorphous parts. However, if
there are amorphous parts <5%-—10%, which are the detection
limits for amorphous amount with this technique, they would
not be detected.

Over recent years, a number of research papers have been
published using IMC to quantify low levels of amorphous
contents.” 12111 In addition, water vapour sorption was used
to determine the amount of amorphous material in salbutamol
sulfate,l”? which was used as active ingredient in this study.

Amorphous salbutamol sulfate particles are obtained using
the spray drying technique. Sorption data are shown in
Figure 4b,["" Gorny et al., The comparison of the amorphous and
the crystalline salbutamol sulfate water vapor sorption isotherms
shows a mass decrease observable at 50% RH and above due
the expulsion of excess water following recrystallization of the
amorphous content. The amorphous spray-dried salbutamol
sulfate recrystallizes at 50% relative humidity by expelling the
water. This leads to a decrease of the mass of salbutamol sulfate.

To remove amorphous parts from the drug particles and to
ensure that crystalline material, that is stable on storage, will
be used for the preparation of ordered mixtures with the carrier,
conditioning of the drug was performed at 52.8% RH and 75%
RH for 1 day and 2 weeks, respectively. After conditioning for
1 day and 2 weeks, the first mass loss is detectable at 0% RH,
this is caused by the loss of water, which has not been removed
during storage over silica gel before analysis. Significant
differences in the total amount of water sorbed are observed
with the unmicronized material having a maximum value
approximately 12 fold greater than the micronized material at
95% RH. This was somewhat unexpected based on the large
differences in both particle size and surface area between these
two samples. Uptake of such large quantities of water can occur
as the result of hydrate formation, deliquescence, or capillary
condensation. To the author’s knowledge, no hydrate forms
of salbutamol sulfate have been reported.”

CoNncLusION

This study shows that the use of water vapor sorption is a
good tool to detect small amorphous contents in micronized
salbutamol sulfate powder. The use of DSC and X-ray
diffraction was not adequate to detect an amorphous
content <10%, which comes in agreement with the results
of the previous studies. Furthermore, the results show that
conditioning of milled salbutamol sulfate is not only dependent
on relative humidity but also on storage time and temperature.
Furthermore, relative humidity as well as storage time has to
be carefully controlled to obtain a thermodynamically stable
drug product. In addition, the micronized salbutamol sulfate
must be conditioned minimally for 2 weeks at 52.8% RH at
room temperature to get stable crystallized salbutamol sulfate,
which could be used further in production of drug-carrier
mixture used for dry powder inhalation formulas.
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