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Clarithromycin (CLA) is an important drug used to treat various bacterial infections, while its effective bioavail-
ability is limited by the poor water-solubility of the CLAmolecule. Subcritical water (SBCW) processes have been
demonstrated to be a new promising alternative for the preparation of drug nanoparticles with enhanced disso-
lution rate. In this work, we reported ultrafine CLA nanoparticles via anti-solvent precipitation in subcritical
water, with detailed studies on the effects of operating parameters. The corresponding particle morphology,
and dissolution rate properties of the CLA nanoparticles were characterized through scanning electronic micros-
copy (SEM), Fourier transform infrared spectrophotometry (FT-IR), powder X-ray diffraction (XRD) and dissolu-
tion tests. Under optimized experimental conditions, which was using 1.5 mL of SBCW at 150 °C as the solvent
and 15 of aqueous PVP solution (0.4wt%) as the anti-solvent, uniform sub-50 nm sized CLA nanoparticles are ob-
tained. According to the dissolution testing, the ultrafine CLA nanoparticles exhibit very high dissolution rate
(over 85% at 60min) comparedwith that of raw CLA (10% at 60min). Our results suggest that as-synthesized ul-
trafine CLA nanoparticles via anti-solvent precipitation in subcritical water are promising for efficient therapy.

© 2016 Published by Elsevier B.V.
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1. Introduction

Clarithromycin (CLA), a broad-spectrum macrolide, is primarily
used to treat various bacterial infections, such as strep throat, pneumo-
nia, skin infections, Lyme disease, and just to name a few [1]. However,
the poor water solubility of clarithromycin limits its effective bioavail-
ability and absorption when administered orally. In nearly all cases, an
oral drug must be dispersed well in solution to be absorbed into the
bloodstream from the gastrointestinal tract [2]. Recent development
in nanotechnology has provided a large variety of nanomaterials for di-
agnosis and therapy [3–6]. Nanonization of poorly water-soluble drugs
has been demonstrated to be an efficient approach to overcome the lim-
itations for low dissolution rate [7,8], and systemic side-effects [9]. Con-
sequently, a variety of nanonization strategies for drugs have emerged,
including high-pressure homogenization [10], mechanical comminu-
tion approach [11,12], anti-solvent precipitation [13–17], and sub- or
supercritical fluid techniques [18–20].

Subcritical water (SBCW), which is held by pressure (up to 70MPa)
at a temperature (100–300 °C) higher than the natural boiling point
(100 °C) of water, has been widely used as a solvent to extract a variety
of organic compounds [21]. The SBCW technology has also been
rganic-Inorganic Composites,
, China.

).
demonstrated to be capable of micronizing pharmaceuticals to synthe-
sis micrometer-sized particles [22–25]. Recently, we have developed a
green method for preparing ultrafine prednisolone nanoparticles by
combining a subcritical water (SBCW) processwith an anti-solvent pre-
cipitation [26].

In this work, we reported ultrafine CLA nanoparticles via anti-sol-
vent precipitation in subcritical water, with detailed studies on the ef-
fects of operating parameters. The various processing parameters,
such as the temperature of the SBCW solution, regular water (as anti-
solvent), were investigated. Non-toxic and biocompatible PVP was
used as stabilizers during the anti-solvent precipitation to prepare
sub-50 nm sized CLA nanoparticles. The corresponding particle mor-
phology, and dissolution rate properties of the CLA nanoparticles were
characterized through scanning electronic microscopy (SEM), Fourier
transform infrared spectrophotometry (FT-IR), powder X-ray diffrac-
tion (XRD) and dissolution tests. These results showed that as-synthe-
sized CLA nanoparticles are promising for efficient therapy.

2. Experimental

2.1. Materials and instruments

The clarithromycin (≥99.53%, CAS No. 81103-11-9) was purchased
from Guangdong Puhe Bio & Tech co., Ltd. The ethanol (≥99.75%, for
washing) was purchased from Beijing Chemical Works. The nitrogen

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2016.09.073&domain=pdf
http://dx.doi.org/10.1016/j.powtec.2016.09.073
mailto:wangdan@mail.buct.edu.cn
Journal logo
http://dx.doi.org/10.1016/j.powtec.2016.09.073
http://www.sciencedirect.com/science/journal/00325910
www.elsevier.com/locate/powtec


126 Y. Pu et al. / Powder Technology 305 (2017) 125–131
(≥99.992%) was purchased from PREMER. The PVP K30 was obtained
from Guangzhou Bolv Chemicals Co. Ltd. All the chemicals were used
as received and deionized water prepared by a Hitech-K flowwater pu-
rification system (Hitech instrument Co., Ltd. Shanghai, China)was used
for all experiments.

The morphology studies were performed using a JEOL JSM-6360LV
scanning electron microscope (SEM). Typically, a glass slide with the
sample was fixed on an aluminum stub using double-sided adhesive
tape and sputter coated with Au at 50 mA for 30 s by a Pelco Model 3
sputter-coater under an Ar atmosphere. The particle size distribution
of the samples was determined by dynamic light scattering (DLS,
Zetasizer, Malvern Instruments Ltd., UK). A PerkinElmer spectrum GX
fourier transform infrared (FTIR) spectroscopy system was used to re-
cord the FITR spectra of solid samples. X-ray diffraction (XRD) patterns
of the samples were measured by an XRD-6000 diffractometer
(Shimadzu Inc., Japan), consisting of a rotating anode in transmission
mode using Cu Kα radiation generated at 30 mA and 40 kV. The scan-
ning speed was 5°/min in range of from 5° to 60° with a step size of
0.05°.

2.2. Setup of SBCW apparatus

The setup of SBCW apparatus is similar to our previous reports with
somemodifications [20]. A schematic diagramof the SBCWapparatus in
this study is shown in Fig. 1. The fittings and tubing were composed of
stainless steel (type 316). A 4848 Reactor Controller (Parr, USA) was at-
tached to the 4590 Micro Bench Top Reactor (Parr, USA) to display the
temperature, the pressure and the stirring speed of the system. Further-
more, the 4848 Reactor Controller was available with a microprocessor
based control module that provided the precise temperature (±0.1 K)
and the stirring speed control with adjustable tuning parameters. A
Sartorious BSA224 electronic balance with a metering accuracy of
±0.1mgwas used to determine themasses of the relevant compounds.

2.3. Preparation of clarithromycin nanoparticles

Typically, the micro reactor (MR) had an internal volume of 6.4 mL
and a 0.5-μm filter was installed inside the MR to remove any undis-
solved particles. For each run, the MR was loaded with 100 mg CLA
and 1.5 mL water. The nitrogen used as protective gas was supplied to
the system by a syringe pump (ISCO model 260D), which made the
gas inside the MR reach 6 ± 0.01 MPa of pressure. V3 valve was left
open during the supplying period, and after gas exhausted out for
5 min, V3 was closed. These conditions ensured that air was purged
from the system. The system was brought to the selected temperature
(e.g. 110 °C, 130 °C, 150 °C, 170 °C) using a heater whichwas controlled
Fig. 1. Schematic diagram of subc
by the reactor controller, and the pressure was supplied by the nitrogen
through V2. Once the set temperature was reached, the system was
allowed to equilibrate while stirring at 160 rpm. After 25min of mixing,
the stirringwas stopped. The systemwasmaintained at a constant pres-
sure (6± 0.01MPa) by nitrogen gas, preventing the vaporization of the
SBCW inside the apparatus during product collection. A nozzle with 1/
8 in. OD stainless steel tubing was used to deliver the SBCW solution
to the particles collection vial (PC). The flow from theMR to the precip-
itation vessel was controlled by valve V4. The saturated CLA solution
was added to a PC containing 15 mL of water as the anti-solvent
under constant magnetic stirring at 800 rpm for 3 min, forming disper-
sion of CLA nanoparticles. The powders of CLA nanoparticles were ob-
tained by centrifugation (12,000 rpm for 15 min) of the suspension
and dried in a vacuum oven at 60 °C. For the PVP-assistant synthesis
of CLA nanoparticles, the experiment was performed in a similar way,
except aqueous PVP solution (0.04, 0.08, 0.16, and 0.4wt%, respectively)
was used as the anti-solvent.

2.4. Dissolution testing

The dissolution tests for the drug powder were carried out using a
dissolution apparatus (D-800LS, Tianjin, China) through the USP Appa-
ratus II (paddle) method [27]. The paddle speed and bath temperature
were set to 100 rpm and 37.0 ± 0.5 °C, respectively. A phosphate buffer
(pH= 6.8) was used as the dissolution medium. Approximately 25 mg
of CLAwas placed into a vessel containing 900mLof the dissolutionme-
dium. The samples (5 mL) were withdrawn at specific intervals (5 min,
10 min, 15 min, 20 min, 30 min, 45 min, 60 min, 90 min, 120 min,
150 min) and immediately filtered through a 450 nm syringe filter. Af-
terwards, thefiltratewas injected into an ultraviolet spectrophotometer
(Shimadzu, UV-2501, and Japan) operating at 290 nm. Each sample was
analyzed in triplicate.

3. Results and discussions

3.1. Effect of the temperature of SBCW solutions

To investigate the effects of temperature to the synthesis of CLA
nanoparticles, various experimental conditions were used to prepare
the CLA nanoparticles (Table 1). Fig. 2 shows the corresponding SEM
images of the unprocessed raw CLA drug (Fig. 2A) and CLA particles
generated through the SBCW technology with different temperatures
of SBCW solutions (Fig. 2 B–E). Compared with raw CLA, which had an
irregular shape with a wide size distribution up to dozens of microme-
ters in length (Fig. 2A), the CLA precipitated from SBCW solution at
110 °C, crystallized to form rod-shaped particles that were 150–
ritical water reactor system.



Table 1
Experimental conditions and results summary.

Experiment Temperature of the solvent (°C) Temperature of anti-solvent (°C) Concentration of PVP (wt%) Hydrodynamic diameter (nm) Product morphology

1 110 20 0 N/Aa Rod-shape
2 130 20 0 N/Aa Sphere
3 150 20 0 ~100 Sphere
4 170 20 0 ~100 Sphere
5 150 0 0 ~80 Sphere
6 150 40 0 ~120 Sphere
7 150 20 0.04 ~60 Sphere
8 150 20 0.08 ~52 Sphere
9 150 20 0.16 ~43 Sphere
10 150 20 0.4 ~31 Sphere

a These samples were not suitable for DLS analysis due to the disturbing of large particles.

127Y. Pu et al. / Powder Technology 305 (2017) 125–131
200 nm wide and up to dozens of micrometers in length (Fig. 2B). The
CLAparticles appear to be smallerwhen the SBCWsolution temperature
was increased from 110 °C to 130 °C (Fig. 2C). When 150 °C and 170 °C
SBCW solutionswere used, smaller spherical particles (100 nm in diam-
eter) were precipitated (Fig. 2D and E).
Fig. 2. SEM images of particles obtained from different temperatures of SBCW solutions a
The formation of CLA nanoparticles by the SBCW process were
depicted in Fig. 3. After the mixing of CLA solution in SBCW and water,
the solution was supersaturated with CLA molecules, and primary CLA
particles formed through a burst-nucleation step. Subsequently,
two kinds of growth modes for the growth of primary CLA particles
nd added into deionized water (T = 20 °C) :A 110 °C; B 130 °C; C 150 °C; D 170 °C.



Fig. 3. Schematic diagram of the particle formation during the anti-solvent precipitation.
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appeared: onewas diffusional growth and the other was aggregation. It
is generally accepted that within a short reaction time, the diffusional
growth usually produces smaller particles than aggregation does [28].
For the preparation of CLA particles via SBCW process, the level of su-
persaturation was determined by the difference of the CLA solubility
under subcritical and ambient water conditions. When the SBCW tem-
perature was increased, the solubility of CLA began to increase, leading
to an enhanced supersaturation, which resulting a decreased average
particle size. In our experiment, when the temperature of SBCW in-
creased to 170 °C, the obtained CLA nanoparticles did not shown signif-
icant difference with that of 150 °C. This was resulted by the combined
effect of diffusional growth and aggregation route for the formation of
Fig. 4. SEM images of the CLA particles prepared using the anti-
CLA particles. The probability of particle collision increased drastically
with increased temperature, leading to the aggregation and formation
of large particles. Therefore, the enhancement of SBCW temperature
over 150 °C did not result in smaller CLA particles, according to our ex-
perimental results, which suggested that the optimized temperature of
SBCW used for the preparation of CLA nanoparticles was 150 °C when
using water at room temperature as the anti-solvent.

3.2. Effect of temperature of the anti-solvent

Fig. 4 shows SEM images of CLA particles obtained by SBCW process
with different temperature of the anti-solvent, while the temperature of
solvent at different temperatures A: 40 °C; B: 20 °C; C: 0 °C.
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SBCW were constant at 150 °C. The CLA particles precipitated in the
anti-solvent at 40 °C exhibit spherical morphology with larger size
than those obtained from the anti-solvent of lower temperature
(20 °C and 0 °C). According to theDLSmeasurement, the average hydro-
dynamic diameters of CLA nanoparticles were 100 nm and 80 nmwhen
the temperature of anti-solvent were 20 °C and 0 °C respectively, which
demonstrated that the lower precipitation temperature is more benefi-
cial to the formation of uniform smaller particles. Since the temperature
of SBCWwas constant at 150 °C, the temperatures of the mixture from
1.5 mL of SBCWwith 15 mL of water at 40, 20, and 0 °C were calculated
to be approximate 50, 30 and 10 °C. The probability of particle collision
increased drasticallywith increased temperature, whichmay lead to ag-
gregation and formation of large particles. Therefore, the average size of
CLA nanoparticles increased along with the increasing of anti-solvent
temperature. Although low anti-solvent temperature was demonstrat-
ed to be beneficial in the preparation of small particles, it was noted
that particles population generated from anti-solvent at 0 °C (Fig. 4C)
was lower than particles obtained from anti-solvent at 20 °C ( or
40 °C).We attributed this phenomenon to the following reason. Accord-
ing to previous reports [29,30], there was an inverse dependence of the
solubility of CLA in pure water on temperature due to the hydrophobic
hydration. Therefore, more CLA molecules precipitated when the anti-
solvent temperature was 20 °C (or 40 °C) than that of 0 °C, resulting
in higher yield of CLA nanoparticles. Comprehensive consideration of
the size distribution, yields, and economy of the process, the use of
anti-solvent at 20 °C was the optimal condition, compared with that of
0 °C and 40 °C.

3.3. Effect of the concentration of the pharmaceutical excipients PVP

Previous studies on poorly soluble drugs have demonstrated that
particle size reduction can lead to an increased rate of dissolution and
higher oral bioavailability [31]. Therefore, it is critical to develop ultra-
fine CLA particles (sub-100 nm) with high dissolution rate for oral
Fig. 5. SEM images of the CLA nanoparticles prepared by anti-solvent precipitation using 150
NanoCLA-A, PVP 0.04 wt%; (B) NanoCLA-B, PVP 0.08 wt%; (C) NanoCLA-C, PVP 0.16 wt%; (D) N
applications. In this work, we performed PVP-assisted synthesis of CLA
nanoparticles. Aqueous PVP solutions with different mass concentra-
tions of 0.04 wt%, 0.08 wt%, 0.16 wt% and 0.4 wt% were used as the
anti-solvents in the SBCW process to synthesize CLA nanoparticles,
which were denoted as NanoCLA-A, NanoCLA-B, NanoCLA-C and
NanoCLA-D. Fig. 4 presented the SEM images of CLA nanoparticles pre-
pared by PVP-assisted anti-solvent precipitation in SBCW. The temper-
atures of SBCW and aqueous PVP solution were 150 °C and 20 °C
respectively and all the NanoCLA/PVP particles were with diameters
b100 nm. According to DLS measurement, the obtained CLA nanoparti-
cles exhibited an average hydrodynamic diameter of 100 nmwhen the
temperatures of SBCW and pure water were 150 °C and 20 °C (Fig. 5A).
By adding 0.04 wt% PVP in water as the anti-solvent, CLA nanoparticles
ofwith average diameters of 60 nmwere obtained. According to theDLS
results, the sizes of CLAnanoparticleswere 52 nm, 43nm, and 31 nm for
NanoCLA-B, NanoCLA-C and NanoCLA-D. These results demonstrated
that the PVP polymers effectively prevented the growth and aggrega-
tion of CLA nanoparticles in the SBCW process, leading to ultrafine par-
ticles. During the formation of CLA nanoparticles, the presence of PVP
molecules adsorbed on the surface of the particles due to the hydropho-
bic bond, which enhanced the dispersion of CLA particles in the aqueous
phase and limited the aggregation and growth of the CLA particles.
Therefore, with the help of very small amount of PVP in the anti-solvent
(0.04wt%), ultrafineCLA nanoparticle could be prepared.When the PVP
concentrationwas raised, therewere enough PVPmolecules to stabilize
the CLA particles and the size decrease of obtained particles was no lon-
ger apparent.

In order to determine the component of CLA nanoparticles obtained
by using PVP-assisted synthesis method, XRD and FTIR of raw CLA, raw
PVP and NanoCLA/PVP were measured. According to the XRD patterns
in Fig. 6B, the raw CLA drug exhibited many characteristic peaks, indi-
cating the polycrystal structure. For the raw PVP, there were two
broad peaks at 11° and 20°, respectively. However, from the XRD spec-
tra of NanoCLA/PVP, no characteristic peaks from either CLA or PVP
°C SBCW solutions and 20 °C aqueous PVP solutions with different concentrations (A)
anoCLA-D, PVP 0.4 wt%.



Fig. 6. (A) Hydrodynamic diameters of CLA nanoparticles prepared by anti-solvent precipitation using 150 °C SBCW solutions and 20 °C aqueous PVP solutions with different
concentrations (0, 0.04, 0.08, 0.16 and 0.4 wt%) measured by DLS; (B) XRD patterns and (C) FTIR spectra of raw CLA, raw PVP, and NanoCLA/PVP.

Fig. 7. Dissolution profiles of raw CLA, submicron CLA nanoparticles and ultrafine CLA
nanoparticles.
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were observed, which was attributed to the low crystallinity and ultra-
fine size. As shown in the FTIR spectra in Fig. 6C, the NanoCLA/PVP and
raw CLA generated very similar FTIR spectra with same characteristic
peaks, demonstrating that the SBCWprocess did not affect the chemical
composition of CLA. The intensity of the –OH stretching vibration, –
CH2– symmetrical and unsymmetrical stretching vibration of PVP mol-
ecules were hardly observed from the NanoCLA/PVP sample, suggesting
that the content of PVP molecules absorbed on the surface of NanoCLA/
PVP was very low. These results demonstrated that most of the PVP
molecules were removed during experimental step of centrifugation
to obtain powder of CLA nanoparticles. Since PVP was an agent ap-
proved food and drug administration (FDA) for clinical [32], the use of
PVP-assisted synthesis of ultrafine CLA nanoparticles were important
reference for practical applications.

3.4. Dissolution testing

The dissolution profiles of the rawCLA (Fig. 2A), submicron CLA par-
ticles (Fig. 2B), and ultrafine CLA nanoparticles (NanoCLA-D, Fig. 5D),
were presented in Fig. 7. The submicron CLAparticles (2B), and ultrafine
CLA nanoparticles exhibited significantly higher dissolution rates than
the rawdrug. The dissolved amount of drug from submicron CLA and ul-
trafine CLA increased to 30.94% and 85.83%, respectively after 60 min,
while only 10.58% of the raw CLA dissolved. After 150 min, approxi-
mately 31.11% and 88.83% of the submicron and ultrafine CLA dissolved,
respectively, while only 10.58% of the raw drug dissolved. The highest
dissolution rate of the ultrafine CLA nanoparticles was attributed to
the smallest particle size. These results demonstrated that the reported
SBCW process were able to ultrafine CLA nanoparticles with high disso-
lution rate, which should be beneficial for oral applications.
4. Conclusions

The uniform CLA nanoparticles were successfully prepared using the
SBCW process. The effects of SBCW solution temperatures, anti-solvent
temperatures and PVP mass concentrations on the mean particle size
and size distribution of CLA were investigated. By increasing the SBCW
solution temperature (up to 170 °C) and decreasing the anti-solvent
temperature (down to 0 °C), ultrafine CLA nanoparticles with average
size of 100 nm was obtained. Furthermore, PVP molecules were used
as stabilizers and sub-50 nm sized CLA nanoparticles were prepared.
Under optimized experimental conditions, which was using 1.5 mL of
SBCW at 150 °C as the solvent and 15 of aqueous PVP solution
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(0.4 wt%) as the anti-solvent, uniform sub-50 nm sized CLA nanoparti-
cles are obtained. Compared to the raw CLA powder, the ultrafine CLA
particles exhibited similar chemical compositions, while the dissolution
rate of the CLA particles was significantly enhanced due to the reduced
size of particle. According to the dissolution testing, the dissolved
amount of drug from NanoCLA/PVP nanoparticles in water was 85.83%
after 60min,while only 10.58% of the rawCLAdissolved. The SBCWpro-
cess provides a greenmethod ofmanufacturing CLAnanoparticleswhile
controlling their size and morphology with potential application value.
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