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ABSTRACT
Spray drying method enables to produce microspherical particles with narrow size distribution. Production of such microparticles is
relevant for the development of the advanced systems for inhalation delivery of drugs. The aerosol particles diameter must be between 1
and 3 μm. Composite microparticles based on bovine serum albumin and model drug phenacetin were produced in the present work
using the spray-drying method. The absence of a crystalline phase of the drug in composite microparticles was verified using several
physicochemical methods. The average radius of the produced microparticles was found to be 1 μm based on the results from scanning
electron microscopy. The rate of the dissolution of the drug included in microparticles is faster than that of crystalline phenacetin. The
obtained results can be used for the development of the method for preparation of composite microparticles based on protein molecules
using the spray-drying technique.
Keywords: bovine serum albumin; phenacetin; spray drying; microparticles; inhalation; dissolution.

1. INTRODUCTION
Development of the drug-containing microspherical
particles with narrow size-distribution is one of the key problems
of the modern pharmaceutics. Such particles can be used for
inhalation delivery providing non-invasive transport of the drug
immediately to the arterial bloodstream, reducing the time needed
to reach the working concentration of the drugs of both topical and
systemic actions, while at the same time avoiding degradation of
drugs in the liver common for the oral administration [1].
The applicability of the particles for inhalation delivery is
determined by its size, which must be between 1 and 3 μm.
Smaller particles are mostly exhaled from the lungs with the air,
while bigger particles deposit in the upper respiratory tract [2].
The shape of the particles also plays an important role. Spherical
particles have more favorable aerodynamic properties, compared
to the irregularly shaped particles. Thus the former provides more
uniform administration of the drug [3].
The main methods for the production of microparticles
currently
include
spray-drying,
solvent
evaporation,
emulsification, and others [4–6]. Spray-drying is a method with
the most potential, which allows producing the particles with the
desired size distribution in a controllable manner [7–9]. Changing
of the conditions during spray-drying provides control both on the
particle size and shape, and at the same time provides low residual
solvent content in the particle [10].
In the development of the inhalation delivery systems, the
rapid dissolution of the API must be ensured, as slow dissolution
poses a risk of atelectasis [11]. Keeping in mind, that most of the
modern active pharmaceutical ingredients have low solubility in
water [12], use of matrix components providing rapid dissolution
of the API is an obvious solution.

Synthetic polymers [13], polymers from the biological sources
[14], and proteins that are biodegradable, biocompatible, and have
low toxicity [15], can be used as matrixes for the composite
microparticles.
Albumin, a most abundant protein of the blood plasma, is a
promising protein component for the composite microparticles. It
plays different roles in the blood, including maintaining osmotic
pressure, neutralizing free radical, and passive transport [16]. It is
a solubilizing agent in vivo, enhancing the solubility of the wide
spectrum of biomolecules and drugs [17]. The ability of albumin
for enhancing the bioavailability of the drugs results from its
capability for the formation of complexes with APIs, through the
two main binding centers [18]. Formation of complexes between
bovine serum albumin (BSA) and the drugs increases the
concentration of drugs with low solubility in the blood [19].
Albumin can be absorbed by epithelium of lungs, faster
than expected absorption rates, based on its molecular weight [20]
Moreover, BSA has secondary binding centers, further increasing
the number of bonded molecules [21].
BSA was used as a carrier for the inclusion compound of
progesterone in cyclodextrin. The increase in the rate of
dissolution of the drug was demonstrated [22]. The effectiveness
of BSA as a drug carrier was also shown earlier [23,24]. The use
of BSA allows reducing cytotoxicity of the drug by a factor of 9
[25]. BSA can also be used as a theranostic agent [26]. Resveratrol
was amorphized with using of BSA [27].
There are several works devoted to the preparation of the
composite particles for the inhalation delivery in the literature, but
the problem of compatibility between a particular drug and a
protein matrix is still important. In the present work, the
Page | 4605

Artur Boldyrev, Marat Ziganshin, Timur Mukhametzyanov, Alexander Klimovitskii, Nikolay Lyadov, Alexander Gerasimov
composite microspherical particles of phenacetin and albumin enhancement of the dissolution rate of the model hydrophobic
were produced using a spray-drying method. Composite particles drug phenacetin included in the composite microparticles was
were investigated with a range of physicochemical methods. The determined.

2. MATERIALS AND METHODS
2.1. Materials.
Phenacetin 98% (PHE) (Aldrich, Lot #BCBD7322V) and
bovine serum albumin (BSA) (Fisher Sci., Lot 62-1397) were used
without further purification. Bidistilled water and absolute ethanol
were used as solvents.
2.2. Simultaneous thermogravimetry and differential scanning
calorimetry (TG/DSC).
Simultaneous thermogravimetry and differential scanning
calorimetry (TG/DSC) analysis of initial samples, microparticles
and physical mixture were performed using the STA 449F1 Jupiter
(Netzsch, Germany) thermoanalyzer instrument in the range of
temperatures from 40 to 160 °C (40 to 500 °C for initial samples)
under dynamic atmosphere of argon with a flow rate of 75 ml/min
[28]. In each experiment, the heating rate was 5 °C/min.
2.3. Differential scanning calorimetry (DSC).
The thermophysical parameters of PHE and BSA, as well
as those of their mechanical mixtures and microparticles (i.e.,
enthalpies and temperatures of thermal effects) in the temperature
range of 20 to 160 °C, were determined using DSC 204 F1
Phoenix (Netzsch, Germany) differential scanning calorimeter, as
described earlier [29,30]. The sample masses were between 7.7
and 10.7 mg, the heating rate of 5 °C/min (cooling 10 °C/min) was
used in all scans, the instrument was flushed with argon (150
ml/min).
2.4. Powder X-ray diffraction.
Powder X-ray diffraction (PXRD) studies of protein, PHE,
their physical mixture, and composites were performed using a
table-top diffractometer MiniFlex 600 (Rigaku, Japan) with a
D/teX Ultra detector. In all measurements Cu K𝛼 radiation (40
kV, 15 mA) was used, diffractograms were collected in the range
of 2𝜃 from 3 to 50° with 0.02° steps and 0.24 s exposure time at
each point without sample rotation at room temperature [28,31].
2.5. Fourier transformation-infrared spectroscopy (FTIR)
analysis of solid samples.
FTIR spectra of solid samples of pure BSA, PHE, their
physical mixture, and composites were acquired in the 600-4000
cm−1 range. Data were collected using a FTIR spectrometer Vertex
70 (Bruker, Germany) with a germanium crystal single reflection
ATR accessory (MIRacle, PIKE Technologies, USA). To remove
atmospheric water vapor the instrument and sample chamber were
purged with dry air. For each measurement 128 scans at a
resolution of 2 cm−1 were gathered. Background spectra of the
same resolution were subtracted from sample spectra.
2.6. Spray-drying.
BSA/PHE solution (1.6% w/v) was produced by dissolving
0.4 g of bovine serum albumin powder together with 0.08 g of
PHE in 30 ml of water. The resulting solution was filtered with
0.22 𝜇m pore size filters. Microparticles were created by Nano
Spray dryer B90 (Buchi, Switzerland) in the open mode with 7.0
𝜇m hole size spray caps, using 7 ml/min flow rate, drying air flow
130 l/min, and inlet temperature 95 °C. The collected powders
were stored at room temperature (RT) in the Eppendorf tubes [32].

2.7. Drug contents in microparticles.
To assay the total drug content in the spray-dried particles
they were dissolved in ethanol as described in [33] at 10 mg/ml
concentration of microparticles. Before measurements, the mixture
was left to equilibrate overnight at continuous stirring at RT. The
resulting solutions were analyzed with Cary 100 UV-Vis
Spectrophotometer (Agilent Technologies, Germany) at 245 nm
with suitable dilutions. The drug concentration in the solution was
calculated using a regression equation derived from the measured
calibration curve.
2.8. Scanning electron microscopy.
The morphology of the microparticles was studied using
Zeiss EVO 50 XVP scanning electron microscope (Carl Zeiss,
Germany) in variable pressure mode, which is suitable for
nonconducting and gas-emitting samples. The working chamber
pressure was 20 to 30 Pa. Tetrasolid-state BSE reflected electron
detector was used for imaging at an acceleration voltage of 20.0
kV. Distribution curves were produced with Image-Pro Plus
6.0.0.260 and Origin 8.1 software packages.
2.9. In vitro dissolution of phenacetin.
The kinetics of PHE dissolution from composites was
examined with Dissotest CE1 (Sotax, Switzerland) (USP IV) in a
closed-loop mode [34] on samples containing an equivalent
amount of PHE (12.5 mg). The tests were performed at 37.0 °C
with 17 ml/min flow rate, using phosphate buffer with pH 6.86 as
a dissolution medium. Solution was sampled at different times (at
1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 60, 90, 120, 150, 180 minutes
elapsed time) for analysis. Taken volume was replenished with the
same amount (4ml) of fresh medium. PHE content was measured
spectrophotometrically at 245 nm with Cary 100 UV-Vis
Spectrophotometer (Agilent Technologies, Germany) with suitable
dilutions.
2.10. Molecular docking.
Molecular docking studies were carried out using Autodock
4.2 and Autodock tools (ADT) using a Lamarckian genetic
algorithm [35]. The crystallographic structure of BSA (PDB id:
3V03) and 3D structure of phenacetin (CID 4754) were taken
from Brookhaven Protein Data Bank and DrugBank respectively.
The optimization of parameters was performed according to the
algorithm described in [36]. Simulations were performed for two
BSA domains separately. Cell sizes were set to 126×98×126, axes
lengths 0.719 Å and 126×88×126, axes lengths 0.681 Å for
domains A and B respectively. Results of docking were visualized
with the Autodock tools software package
2.11. Statistical analysis.
Statistical analyses were performed using Student’s t-test or
one-way analysis of variance (ANOVA). A p-value of < 0.05 was
deemed significant in all cases. The uncertainties are expressed as
a mean standard deviation from at least three independent
experiments.
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3. RESULTS
3.1. TG/DSC analysis of the initial compounds.
No significant weight loss is registered for PHE in the
temperature range between 40 and 160 °C (Fig. 1). The thermal
decomposition of PHE starts at temperatures above 180 °C. Thus
all consequent DSC measurements of the composites containing
PHE were performed at temperatures no higher than 160 °C.
Endotherm with onset at 135.5 °C and enthalpy of 213.8 J/g,
corresponding to the melting of PHE is clearly visible on the DSC
scan (Fig. 1). The observed effects on the DSC curve at the
temperature above 180 °C are related to the thermal degradation of
PHE.

The theoretical phenacetin content in the composites,
calculated based on the results of the molecular docking study, is
6.85% (the molecular mass of BSA used for calculation is
133423.45 Da according to Brookhaven Protein Data Bank).
Experimental content of PHE in microparticles is slightly higher,
possibly due to the additional adsorption of PHE molecules on the
surface of the protein.
3.4. Residual solvent content.
We have employed TG/DSC analysis to determine a
residual solvent content in the microspherical particles. The mass
loss of the produced microparticles in the temperature range
between 40 and 120 °C is no greater than 4.1% (Fig. 3). This mass
loss is accompanied by an endothermal effect in the DSC scan and
is related to the loss of the water, which was used as a solvent.
Most of the mass loss occurs at temperatures below 100 °C, which
indicates an absence of strong intermolecular interactions and may
indicate good storage properties even in high humidity conditions.

Figure 1. TG/DSC analysis of PHE and BSA in the temperature range
from 40 to 500 °С in the dynamic argon atmosphere (75 ml/min).

A mass loss (8.16 %), related to the loss of water, is evident
in the BSA scan in the temperature range between 40 and 150 °С.
Decomposition of BSA proceeds at temperatures above 200 °C.
High thermal stability of BSA and PHE permits spray-drying at
relatively high temperatures. Since water solutions were used for
spray-drying in the present work, the temperature of the drying gas
was set to be 95 °C.
3.2. Phenacetin content in the microparticles.
The average product yield after the spray-drying is 60±5%.
The dried samples are white powders. The produced samples were
studied with a range of physico-chemical methods.
The phenacetin content in the produced composite was
found to be 7.38±0.63% based on the data from UVspectrophotometry.
3.3. Molecular docking study of PHE-BSA interaction.
Molecular docking study identified 25 binding clusters for
domain A and 28 binding clusters in domain B (Fig. 2a, 2b) with a
different number of possible conformations. At the same time,
PHE-BSA binding energy for the most favorable conformations in
each cluster is approximately equal and is in the range between –
1.84 kJ/mol and –4.57 kJ/mol.

Figure 3. TG/DSC analysis of PHE/BSA physical mixture and
microparticles, obtained using spray drying, in the temperature range
from 40 to 160 °С in the dynamic argon atmosphere (75 ml/min).

Low residual water content in the produced composites verifies
the efficiency of the chosen regime of spray-drying in eliminating
the solvent from the resulting microparticles.
Physical mixtures of BSA/PHE with the same PHE content as in
microparticles (7.4 %) were produced for comparison. TG curves
of microparticles and physical mixtures are virtually the same,
which corresponds to the same residual water content in both
samples. It is likely that both samples contain the same amount of
water corresponding to water molecules occupying hydrophilic
centers and reducing the free energy of the system. Such water
molecules do not participate in the binding of the drug.
An endotherm of PHE melting is present in the DSC scan of
BSA/PHE physical mixture. This effect is not present in the DSC
scan of the microparticles. The conventional DSC technique was
used for a more detailed investigation of thermal effects.
3.5. Powder X-ray diffractometry results.
Characteristic reflexes of phenacetin are absent from the Xray powder diffractogram, which indicates a lack of crystalline
phase in the produced microparticles and a development of an
amorphous PHE phase during spray-drying. Absence of crystal
phase of PHE in the produced microparticles may contribute to the
enhanced solubility of the drug, as the amorphous phase is more
readily soluble than crystalline [37].

Figure 2. Visualization of molecular docking study of PHE-BSA
interaction. Optimal conformations of PHE docked to BSA. a) domain А
of BSA, b) domain B of BSA.
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Furthermore, fusion enthalpy of phenacetin in the physical
mixture, determined during the second heating scan (8.3 J/g) is
lower than the fusion enthalpy measured during the first heating
scan (9.3 J/g). The decrease in the value of the fusion enthalpy
may be caused by the increase of the number of phenacetin
molecules bonded to protein, possibly because drug molecules
may bind with the centers previously occupied by water
molecules. At the same time, the melting temperature of
phenacetin in the first scan (132.7 °C) is lower than in the second
(135.4 °C) which is likely a result of the growth of the size of
phenacetin crystals developed after the first melting.
3.7. FTIR spectroscopy.
Figure 4. Powder X-ray diffractograms of BSA, PHE, PHE/BSA physical
The band corresponding to the intermolecular H-bond of
mixture, and microparticles obtained using spray drying.
the C=O group of phenacetin (νC=O+δCNH 1659 cm−1) is not
In the X-ray powder, diffractogram of the PHE/BSA present in the IR spectra of the BSA/PHE composite
physical mixture with the equivalent content of PHE reflexes of microparticles (Fig. 6a, b). This fact indicates a lack of PHE-PHE
the crystalline phase of the drug is present. Thus, a lack of reflexes intermolecular H-bonding in microparticles. At the same time, the
of crystal PHE in the diffractograms of the produced bands corresponding to the vibrations of the benzene ring of PHE
−1
−1
−1
microparticles is not caused by a low concentration of the drug but (δPhH+ νCC 1048 cm , δPhH+ δCH3 1116 cm , δPhH 1174 cm , δPhH
−1
is rather a result of intermolecular interactions between protein + νCN 1245 cm ) are visible in the IR spectra [39]. The bands of
and an active ingredient, which prevents the latter from forming a free and bonded C=O groups of crystalline PHE (νC=O+δCNH 1659,
1646 cm−1) are visible in the spectra of the physical mixtures.
crystalline phase.
3.6. Results of DSC analysis.
Differential scanning calorimetry is more sensitive to the
presence of the microcrystalline phase compared to the powder Xray diffractometry [38]. Thus we have confirmed a lack of
crystalline phase of PHE in the microparticles using the DSC
technique (Fig 5).

Figure 6. IR spectra of BSA, PHE, microspherical particles formed using
spray drying, and PHE/BSA physical mixture in range 700-3800 cm–1 (a)
and in range 1000-1700 cm–1 (b).

Figure 5. DSC curves of PHE/BSA physical mixture and microparticles
obtained using spray drying in the dynamic atmosphere of argon 150
ml/min, temperature range 20–160 °С. First and second heating scans are
shown. Heating rate is 5 °С/min.

The absence of endotherm of melting of the drug in the
composite is evidence for the lack of crystalline drug in the
composite produced by the spray-drying method. At the same time
melting endotherm of phenacetin is present in the DSC scans of a
physical mixture. Similar results, i.e., a lack of crystalline phase in
the microparticles and a presence of the crystalline drug in the
physical mixtures were obtained by PXRD method (Fig. 4). Thus,
the spray-drying method can be used to produce composites in
which the drug included in the protein matrix and is unable to
form a crystalline phase.
It should be noted that the fusion enthalpy of phenacetin in
the physical mixture (9.3 J/g) is lower than the theoretical value
(14.0 J/g) calculated based on the fusion enthalpy of pure
phenacetin and its content in the mixture. This fact indicates a
partial binding between PHE and BSA developed during the
milling process.

It must be noted that the spectra of composites based on
BSA are almost identical to that of pure protein which indicates
the thermal stability of the protein matrix during the spray drying
process.
Thus the data from the IR spectra are in agreement with the
data from DSC (Fig. 5) and powder X-ray diffractometry (Fig. 4),
which demonstrate a presence of the crystalline phenacetin in the
physical mixtures and a lack thereof in the microparticles.
3.8. Scanning electron microscopy data.
The size and morphology of the produced microparticles
were studied using scanning electron microscopy; the obtained
results are presented in Fig. 7. The peak on the size-distribution
curve (Fig. 7c) is rather sharp, which means the produced
microparticles are generally uniform in size; the polydispersity
index is 0.28. The average particle diameter from the SEM-images
is 1.2 μm. The particles have a spherical shape (Fig. 7a), which,
together with a lack of agglomeration, should result in favorable
aerodynamic characteristics.
The aerodynamic diameter of the produced particles was

da  dp


1000 ,

calculated according to the equation
where da is aerodynamic diameter, dp is physical diameter, ρ is the
density of the material [40]. The calculated aerodynamic diameter
is 1.3 μm, which corresponds to the requirements for the
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inhalation delivery systems. The particles of the physical mixture 3.9. Dissolution kinetics. Dissolution kinetics is one of the
are larger by order of magnitude and have a much more developed important factors to be considered for the development of
surface (Fig. 7b).
inhalation delivery systems. The dissolution kinetics was studied
in the present work at pH 6.86 as the pH of the pleural fluid of the
unhealthy patients may drop below 7 [41,42].

Figure 8. Dissolution profiles of crystalline PHE, microspherical particles
of BSA/PHE produced by spray drying in a buffer solution, pH = 6.86 at
37 °C.

Figure 7. SEM images of PHE/BSA microparticles, obtained using spray
drying (a), physical mixture (b), and size distribution curves of
microparticles calculated from the image (c).

The kinetics curves of phenacetin dissolution are demonstrated in
Fig.8. As seen from the graph, the rate of release of the drug from
the produced microparticles is faster than that of the crystalline
phenacetin. For instance, 80% of the drug is released from the
microparticles in the first 20 minutes, whereas the release of the
same amount of phenacetin into solution from the crystalline drug
takes more than an hour. The investigation of the dissolution
kinetics demonstrates that the microspherical particles have a high
dissolution rate, which allows their use in the inhalation delivery
systems for the drugs.

4. CONCLUSIONS
Microspherical particles containing model hydrophobic
drug phenacetin were produced using a spray-drying method. The
particles were studied with several physicochemical methods,
including DSC, SEM, FTIR, and PXRD. It was found that the
spray-drying regime used in the present work allows producing
microparticles with low residual solvent content. The aerodynamic
diameter of the particles is 1.3 μm, which permits their use in
inhalation delivery systems.

The dissolution kinetics data demonstrates that the use of the
microparticles increases the dissolution rate of phenacetin, which
should decrease the time needed to reach a peak concentration of a
drug. The results of the present work may be used for the
optimization of the process of the production of microparticles of
the poorly water-soluble drugs, using the spray-drying method.
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