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Abstract
Spray freeze-drying (SFD) is an effective method for reducing the size of thermosensitive organic substances that are spar-
ingly soluble in water. Despite the advantages of the method, its use has not yet become widespread. We aimed at studying 
SFD technique for metronidazole as a heat-sensitive active pharmaceutical ingredient for reducing its particle size and 
investigated the morphological and physical parameters of the modified drug.
The obtained particles were crystalline in all cases and their sizes were two and one order of magnitude smaller using water 
or dimethyl sulphoxide solutions, respectively, as compared to the initial reference metronidazole. The particle size varied 
depending on the experimental parameters (atomization pressure, peristaltic pump speed), although, the operating parameters 
had a smaller effect on the size of the materials than the applied concentration of starting solution, regardless of the solvent. 
The as-prepared samples had a microcrystalline structure that is retained for a long time.
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Introduction

The inherently low bioavailability of purely soluble drug 
products makes its medical application troublesome in 
cream, gel, and other formulations. Bioavailability can be 
improved by reducing the particle size [1] because of the 
increased surface area of the micron- or nanosized materi-
als. Hence, there is a growing demand in the pharmaceutical 
industry for micronization or nanonization of poorly soluble 
drugs. There are plenty of methods known for preparing 
micron or nanosized amorphous particles such as melting, 
milling, solvent change, pH-shift method, supercritical fluid 
method, spray-drying (SD), freeze-drying (FD), and spray 
freeze-drying [2–10]. An overview is available about the 
most frequently applied methods in [11]. In many cases, 
amorphous material is formed, which exhibit much better 
solubility than the original crystalline material [12, 13]. 
However, amorphous materials are less stable in thermody-
namic point of view and tend to transform to crystalline, a 
more stable form during storage, resulting in changes in their 
solubility and absorption.

SFD is a relatively new method being useful among 
many others for the production of mainly amorphous 
drug particles, especially for thermosensitive organic 

 * Szilvia Klébert 
 klebert.szilvia@ttk.hu

 Klára Szentmihályi 
 szentmihalyi.klara@ttk.hu

 Zoltán May 
 may.zoltan@ttk.hu

 Eszter Bódis 
 bodis.eszter@ttk.hu

 Judit Tóth 
 toth@mukki.richem.hu

 László Trif 
 trif.laszlo@ttk.hu

 Tivadar Feczkó 
 feczko@mukki.richem.hu

 Zoltán Károly 
 karoly.zoltan@ttk.hu

1 Institute of Materials and Environmental Chemistry, 
Research Centre for Natural Sciences, Hungarian Academy 
of Sciences, Magyar tudósok körútja 2, Budapest 1117, 
Hungary

2 Research Institute of Biomolecular and Chemical 
Engineering, Faculty of Engineering, University of Pannonia, 
Egyetem u. 10., Veszprém 8200, Hungary

http://orcid.org/0000-0002-3618-8151
http://orcid.org/0000-0002-6493-5425
http://orcid.org/0000-0002-5794-5641
http://orcid.org/0000-0002-3960-1829
http://orcid.org/0000-0002-3107-3371
http://orcid.org/0000-0002-7701-1539
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-022-11441-1&domain=pdf


11778 K. Szentmihályi et al.

1 3

materials with low solubility [9, 14, 15]. With decreas-
ing size, the particles’ solubility increases according to 
the Kelvin equation [16]. The yield is generally high and 
good quality of active ingredients can be obtained by this 
method [9, 17–20]. SFD is a multi-step method, including 
atomization, freezing, and drying. For atomization and 
freezing, there are several different techniques available 
[16]. SFD method offers the synthesis of micron- or even 
nanosized particles having amorphous phase. It could be a 
good choice for the preparation of micro- or nanoparticles 
that have several favourable characteristics, nevertheless, 
its use is still not widespread. The oxidation of the com-
pound modified by the SFD process is less as compared 
to other methods, e.g. the oxidation of docosahexaenoic 
acid was 13% by microencapsulation with SFD, while it 
was 31% with FD and 33% with SD [21].

Metronidazole is a widely applied drug against infec-
tions caused by anaerobic protozoa and most anaerobic 
bacteria [22, 23]. It can be used in the form of either as a 
solution, gel, or ointment (treatment of the skin, mucous 
membranes, oral cavity, and vagina), tablets or suspen-
sions for oral treatment, and infusion preparation [24–27]. 
Nonetheless, the application of metronidazole is limited 
on account of its rather poor solubility. For increasing 
bioavailability, and in order to reduce the possible side 
effects including gastrointestinal problems (e.g. gastroin-
testinal disturbances, nausea, abdominal pain, and diar-
rhoea), neurotoxicity, etc. [22, 28], the drug needs to be 
used in the lowest possible dose which can be reached, 
for example by some kind of particle size reduction [4].

To best of our  knowledge, not any study is available 
yet about the size reduction of metronidazole by SFD 
technique. For this reason, we aimed at this work studying 
the application of the SFD method for producing a stable, 
nanometric particle-sized thermosensitive organic drug 
agent, metronidazole. We characterized the morphology 
and the most important physical parameters of the materi-
als obtained and its stability in time.

Materials and methods

Materials

Metronidazole was obtained with European Pharmacopoeia 
specifications from Aarti Drugs Limited, Mumbai, India. 
This compound is indicated as reference material in the arti-
cle. Liquid nitrogen was obtained from Linde Gas Magya-
rország Zrt. with a purity of 99.999% (Budapest, Hungary). 
Dimethyl sulphoxide (DMSO) of analytical grade was pur-
chased from Reanal Ltd. (Budapest, Hungary). High purity 
water (18.3 MΩ/cm) was made by Millipore equipment 
(Merck Ltd).

Preparation of spray freeze‑drying materials

The equipment for spray freeze-drying can be divided into 
two separate units, the freeze granulator and freeze dryer. 
The freeze granulator (LS2-PowderProAB–freeze granula-
tor, Gothenburg, www. powde rpro. se) is similar to the device 
used by Lumia and co-authors [29]. Freeze granulation con-
sists of two main steps, atomization and spraying by spray 
freezing into vapour over liquid (SFV/L technique) [19]. 
The freeze granulator includes a metering pump (peristaltic 
pump, Watson Marlow 323 pump) and a mixer, as well as 
a spray head. The pump speed can be set between 3 and 
40 L  min−1, while the atomizing gas pressure can be varied 
between 0.1 and 0.4 bar. The stirrer is an IKA RCT basic 
magnetic stirrer with a power of 600 Watts and a speed set 
between 280 and 300 L  min−1. Since the physical properties 
of produced particles are determined by the atomization step 
in the SFV/L technique, we used different settings in the 
experiments shown in Table 1. The dissolved active ingre-
dient (1–4 g in 100 mL of solution) was sprayed into 1.0 L 
of liquid nitrogen at  − 196 °C, and the frozen material was 
freeze-dried in a vacuum. The lyophilizer was a Scanvac 
Coolsafe 55–9 Pro Control type 5-tray freeze dryer. The per 
cent yield is defined as the ratio of the actual yield to the 
theoretical yield, expressed as a percentage. The non-gap-
free bulk density of the resulting material was measured in 

Table 1  Settings used in the 
spray freeze-drying experiments 
and the yields obtained

Experiment/
Sample number

Metronidazole 
amount/g

Solvent 
amount/mL

Solvent Gas pres-
sure /bar

Peristaltic pump 
speed/mL  min−1

Yield/%

1 1 100 Water 0.2 40 60.1
2 1 100 Water 0.4 40 77.3
3 1 100 Water 0.4 20 61.9
4 1 100 Water 0.4 10 65.8
5 1 100 Water 0.4 15 67.6
6 2 100 DMSO 0.4 20 63.3
7 4 100 DMSO 0.4 20 64.5

http://www.powderpro.se
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a measuring cylinder by determining the material's volume 
and mass and then it was referred to as 100 mL.

Scanning electron microscopic measurement

The morphology of the samples was studied with a Zeiss 
EVO40 scanning electron microscope (SEM). Tungsten 
hairpin filament was used and operated at 10 and 20 kV. To 
obtain information about the morphology, grain size and 
distribution, secondary electron images were acquired at dif-
ferent magnification.

Measurement of particle size

The particle size and distribution were determined by the 
laser diffraction method. For the calculation, the mate-
rial refractive index 1.6 and the absorption coefficient 0.1 
were used because they provided eligible fit between the 
calculated and measured data (residual shows the meas-
ured scattering data and the data predicted by the scattering 
model were under 1% according to the Malvern Instruments 
Operators Guide [30]. The particle size was reported as a 
volume equivalent sphere diameter marked as d (4,3). The 
measurements were carried out in wet dispersion in 100 mL 
cyclohexane containing 0.1% soy lecithin by a Malvern Mas-
tersizer 2000 instruments (Malvern Instruments, Malvern, 
UK) using the SM dispersion unit with a stirring rate of 
2500 rpm. The samples were prepared for the analysis as 
followed: 12 mg sample was dispersed in 3 mL cyclohexane 
containing 0.1% soy lecithin using ultrasonic 6 mm probe 
during 60 s with 50% power (Sonics VCX 130 instrument).

X‑ray diffraction measurement

The X-ray powder diffraction measurements were performed 
using a Philips PW-1050 diffractometer, equipped with a 
Bragg–Brentano parafocusing goniometer, a Cu tube oper-
ated at 40 kV and 35 mA power using secondary beam 
graphite monochromator and a proportional counter. The 
scans were recorded in step mode with 0, 04° step size for 
1 s between 10° and 70° 2θ.

Thermogravimetric and differential scanning 
calorimetric (TG‑DSC) measurement

The thermal behaviour of samples was investigated by a Set-
aram LabsysEvo (Lyon, France) TG-DSC system in a flow-
ing (50 mL  min–1) high purity (99.999%) argon atmosphere. 
Samples, without any sample preparation, were weighed 
directly into 100 μL Al crucibles (the reference cell was 
empty) and where heated from 25 to 250 °C temperature 
interval, with a heating rate of 10 °C  min–1. The obtained 
data were baseline corrected and further processed with the 

thermo-analyser's processing software (Calisto Processing, 
ver. 2.06), in which the melting point (extrapolated onset 
temperature), peak maximum, and enthalpy were determined 
by the baseline integration method. At the same time, the 
degree of crystallinity was calculated based on comparing 
the melting enthalpies of samples with the melting enthalpy 
of fully crystalline starting metronidazole reference mate-
rial. The thermal analyser (both the temperature scale and 
calorimetric sensitivity) was calibrated by a multipoint cali-
bration method. Seven different certified reference materials 
were used to cover the thermal analyser's entire operating 
temperature range.

Stability measurements

The physical stability of the drug was examined by repeating 
the analytical examinations in different times (four months, 
one year, and two years). The samples were stored in an air-
tight plastic container in a dark, cool place (in a refrigerator 
at 9 °C).

Results and discussion

Morphology

In experiments 1–5 metronidazole, aqueous solutions were 
spray freeze-dried with five different sets of experimental 
conditions (Table 1). A common feature was that all prod-
uct materials were very light, loose-textured, flying powders 
with a bulk density of approximately 0.015 g  mL−1.

The SEM images (Fig. 1.) reveal that the particles size 
of the product materials was significantly reduced by SFD 
processing as compared to the reference material.

The morphology of the particles obtained in tests No. 
1 to 5 seems very similar despite of the different settings 
(atomizer gas pressure, peristaltic pump speed). However, 
images at higher magnification (Fig. 2) show that the size of 
the particles in experiments 4 and 5 are significantly smaller. 
Considering the operating conditions, these two samples dif-
fered only in the applied lower speed of the peristaltic pump. 
Thus, the liquid droplets can freeze faster and smaller ice 
crystals are formed, which ultimately yield smaller particle 
size after lyophilization. The lower pump speed results in a 
higher atomization efficiency, with smaller aerosol particles 
that gets frozen in the liquid nitrogen. Consequently, dur-
ing lyophilization, there are a lower number of molecules 
available in the individual droplets that can coalesce during 
recrystallization. As a result, particles get smaller.

Since the solubility of metronidazole in water is rather 
limited (10.5 mg  mL−1 at 25 °C) [31], we also used DMSO 
as a solvent to study the effect of the concentration and 
to increase the efficacy of the process. By virtue of the 
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higher solubility of metronidazole in DMSO (Santa Cruz 
Biotechnology Ltd.), we could apply a twofold (2 g in 100  
mL for sample 6) and a fourfold (4 g in100 mL for sam-
ple 7) concentration with respect to the aqueous solution 
(1 g in 100 mL). However, the SEM images (Fig. 3) show 
that the recrystallized particles are larger comparing with 
aqueous solution tests. The higher concentration resulted 
in larger crystals, and in turn larger particles after lyophi-
lization. This tendency is clearly independent from the 
solvent and the concentration of the stock solution largely 
determines the size of the materials obtained by the SFD 
method. The difference in the particle size can be observed 
not only between the aqueous and DMSO solution tests but 
also between the two DMSO tests. The particles of sample 
7 with twice as much starting concentration as sample 
6 resulted in larger particles. A similar observation was 
found by Hu and co-authors [32].

Structure of particles

X-ray diffraction measurements were used to determine the 
crystalline or amorphous form of the materials, furthermore, 
Scherrer eq. was applied to calculate the crystallite size of 
the samples. The XRD measurements show that the repre-
cipitated materials in the samples are all crystalline, while 
amorphous phase is not detectable as it is also seen in Fig. 4. 
The crystallite size seemingly varied a little bit in different 
settings, indicated by the change in the width and intensity 
of the XRD peaks. The crystallite size was over 1 µm for 
the reference material and also for the samples 6 and 7, but 
the exact value cannot be determined by the Scherrer eq. in 
this size range. The smallest crystallite size was measured as 
141 nm for sample 3, 247 nm for sample 5 and 987 nm for 
sample 4. The particle size of the products are affected by 
the operating parameters including the spraying speed and 

Fig. 1  Scanning electron 
microscopic images of the spray 
freeze-dried materials (a, b, c, 
d, and e as samples 1, 2, 3, 4, 
and 5 obtained from aqueous 
solutions, respectively, and r as 
the reference metronidazole)
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Fig. 2  Scanning electron 
microscopic images of the spray 
freeze-dried materials (a, b, c, 
d, and e as samples 1, 2, 3, 4, 
and 5 obtained from aqueous 
solutions, respectively)

Fig. 3  Scanning electron microscopic images of the spray freeze-dried materials of sample 6 (a) and sample 7 (b), respectively, obtained from 
dimethyl sulphoxide solutions
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the concentration of the solution. The slower spraying results 
in stronger atomization that ultimately leads to smaller par-
ticle size. The larger crystallite sizes of samples 6 and 7 
could be attributed to the higher concentration of starting 
solutions, while the materials obtained from lower concen-
trations of aqueous solutions were of a submicrometer size 
range. The results, however, are not perfectly consistent 
with electron microscopic images. The electron microscopy 
shows a larger particle size for sample 3 than for sample 4 
and 5, while the crystal size calculated from XRD is the 

smallest for sample 3. Although based on the microscopic 
images, the sample 3 is larger in size, the crystallite size 
can be smaller, since the crystallite size is not equivalent to 
the particle size. This is supported by the recorded intensity 
values of the XRD pattern, according to which the smallest 
crystals were formed in samples 4 and 5, as well. In addi-
tion, presumably, the crystallite sizes are underestimated, 
and the calculations are limited because of the uncertainty 
of the Scherrer constant due to the presence of polydisperse 
or polycrystalline particles [33].

The thermal analysis was also conducted to confirm the 
crystalline structure of the samples (Fig. 5) irrespectively 
of the applied solvent material. The degree of crystallin-
ity was calculated from the results of DSC measurements 
considering 100% crystalline in the starting metronidazole, 
which was proved by XRD measurements. The DSC results 
(Table 2) also confirm the fully crystalline state of the SFD-
metronidazole samples. Minor deviations from 100% pre-
sumably stem from measurement uncertainties and the mois-
ture content of the samples. Although the crystalline state 
was a little bit less than 100% for sample 7, but no sign for 
any amorphous fraction can be observed on the XRD image.

The completely crystalline structure of the products could 
be expected considering that from a thermodynamical point 
of view the crystalline structure is more favourable and sta-
ble [4]. Crystalline products were reported in earlier papers, 
too. For instance, Alam et al. [34] increased the solubility 
of metronidazole prepared by effervescence assisted solid 
dispersion (EASD) technique also resulted in a crystalline 
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material. Although the SFD method could be suitable to 
prepare amorphous powders [19], in our experiments we 
obtained only crystalline metronidazole.

Particle size

In Fig. 6 we compared the particle size distribution of prod-
uct particles crystallized from water (sample 5) and DMSO 
(sample 6) with the reference powder analysing by the laser 
diffraction method. The results are seemingly in agreement 
with SEM images (Figs. 1 and 2), although the latter method 
alone is not appropriate for gaining exact values. The small-
est size was reached for sample 5, where 90% of the par-
ticles were under 2.41 µm. Quite similar  d90 values were 
measured for sample 3 and 4 (3.63 and 3.65, respectively), 
which shows that the size did not change significantly when 
water was used as a solvent. The particle size of sample 6 
(obtained from DMSO) was one order of magnitude higher 
(10.67 µm), while the particle size of the reference metroni-
dazole was two orders of magnitude higher (182 µm) than 
sample 5 (1.81 µm). We assume that the larger particle size 
of the material obtained from DMSO could be attributed to 
the higher concentration of the drug in the solution, which 
was also supported by others [32]. The particle size analy-
sis clearly shows that the SFD method is a highly efficient 
way of the size reduction in crystalline drug materials. The 
concentration of the solution had a significant effect on the 
particle size, while the operating parameters showed less 
significant contribution in this aspect.

Maa et al. produced protein powder by SD and SFD 
methods, and the obtained materials were very light and 
porous with a particle size of 3 µm for SD and 8–10 µm for 
SFD [35] which is similar to the results we obtained in this 
experiment. The obtained particle size is favourable in sev-
eral aspects because the absorption is faster below 5 µm and 
it is not affected by the hydrodynamics in the gastrointestinal 
tract [36, 37].

Table 2  Crystallinity and 
melting points of the SFD 
metronidazole determined from 
the TG-DSC measurement 
results

Sample Onset temperature 
/°C

Peak maximum 
/°C

Enthalpy/J  g−1 Crystallinity/%

1 156.95 161.87 198.53 98.50
2 157.29 161.23 203.80 101.12
3 156.96 160.06 201.55 100
4 157.04 160.13 202.45 100.45
5 156.27 159.95 200.97 99.71
6 155.59 161.18 197.87 98.20
7 156.06 163.03 184.49 91.54
Metronidazole 157.61 168.30 201.55 100
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Fig. 6  The particle size distribution of samples produced from water 
(blue line), DMSO (green line) and the reference metronidazole 
(black line)
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Fig. 8  Heat flow (DSC) traces 
of samples 3 (a) and 4 (b) after 
two years
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Reproducibility

The reproducibility of the preparation was examined by 
repeating the experiments several times. SEM images show 
that the spray freeze-dried materials under the same con-
ditions (experimental parameters: 0.4 bar gas pressure, 
10l   min–1 peristaltic pump speed) but at different time 
points have similar morphological properties as sample 4 
previously. The measurement of particle size showed similar 
mean size and size distribution. The X-ray diffraction curves 
of the repeated experiment 4 represent characteristic features 
of the crystalline metronidazole and the DSC curves also 
show the thermal behaviour of crystalline metronidazole.

Stability of particles

Due to the applicability and use of metronidazole, its long-
term stability is very important in the pharmaceutical and 
cosmetic industries. Therefore, the physical stability of the 
drug was also examined by repeating the analytical exami-
nations several times in a given period. After four months, 
the size of the material hardly increased as compared to the 
size of the freshly produced sample (sample 4; experimen-
tal parameters: 0.4 bar gas pressure, 101  min–1 peristaltic 
pump speed), although it preserved its nanomorphological 
characteristics for a long time. It was stored in an airtight 
plastic container in a dark and cool place (in a refrigerator 
at 9 °C). After one year, no significant particle size increase 
was observed for any spray freeze-dried material by SEM. 
The materials still show well-crystallized characteristics 
after one year according to XRD (Fig. 7) and DSC (Fig. 8) 
measurements. No significant size increase occurred, and the 
XRD peak intensities are quite similar to the newly prepared 
sample, which means nanogranulated metronidazole proves 
its morphological stability. Based on these examinations, it 
can be said that no significant change in the material can be 
assumed over time (Fig. 7 and 8).

The applied SFD is a very simple and gentle procedure, 
which results in stable and long-term shelf life particles, 
where the undesirable chemical changes are minimal. The 
long-stability of these materials can be ascribed to the well-
crystallized structure, which allows the structure to be stable 
for more than two years according to the XRD and DSC 
findings.

Conclusions

Spray freeze-drying (SFD) is a relatively new method for 
obtaining mainly amorphous materials under microm-
eter size range; however, in this research, the SFD using 
SFV/L technique resulted in smaller-sized, crystalline 
metronidazole.

Our investigation showed that using aqueous or DMSO 
solutions during the preparation process, the obtained par-
ticle size of the crystalline metronidazole samples was two 
and one order of magnitude smaller, than the initial reference 
sample, respectively. Based on our studies so far, differences 
were observed in the morphology and size of the metronida-
zole according to the applied experimental parameters (such 
as atomizer gas pressure, peristaltic pump speed). Consid-
ering the results, the particle size is more affected by the 
concentration of the starting solution than the parameters 
used in the atomization or the solvent itself. To clarify the 
exact correlations between the particle size and morphology 
as well as the experimental setting needs further experiments 
to be done.

However, our ingestions indicate that the applied SFD 
method enabled to synthesize reproducible and long-time 
stable crystalline materials.
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