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ABSTRACT

Purpose To investigate anti-solvent crystallization and growth
mechanism of nitrendipine spherical crystals in an aqueous
solution containing polymeric additives.

Methods Size and shape of crystals were investigated using
laser diffractometry, optical microscopy and scanning electron
microscopy (SEM). Crystalline form was determined by X-ray
powder diffractometer (XRPD). During crystal growth, mor-
phological changes at different time points were observed using
SEM.

Results Morphology of nitrendipine crystals was affected by
polymers and temperature. Monodispersed micro-spherical
crystals were obtained when polyvinyl alcohol (PVA) and PEG
200 were present in crystallization medium at 2°C. During
crystallization, large number of amorphous nanoparticles was
first observed, followed by aggregation into a core for
spherical crystals. Once crystalline state was achieved, rapid
growth on core surface was observed with amorphous
particles acting as a reservoir allowing formation of star-like
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particles with needle-like subunits. Spherical crystals were
formed by filling the gap between needle-like distinct
crystalline units of star-like templates with molecules from
dissolved amorphous particles.

Conclusions Monodispersed nitrendipine spherical crystals
were obtained using carefully controlled conditions. A mech-
anism for the nitrendipine spherical crystal growth is suggested.
These findings provide a new insight into spherulitic crystalli-
zation of active pharmaceutical ingredients.

KEY WORDS amorphous - anti-solvent crystallization - crystal
growth - nitrendipine - spherical crystals

INTRODUCTION

Crystallization is central for many processes occurring in
nature and in the chemical and pharmaceutical industries
(1). The crystal morphology, particle size and particle size
distribution of pharmaceutical ingredients are important,
because they influence many of the crystal properties, such
as the flowability, compressibility, and mixing homogeneity,
and compounds with different crystal habits can also exhibit
difference in dissolution rate (2,3), resulting in different oral
bioavailability (4,5).

Anti-solvent crystallization is an effective way to prepare
micro- or nano-size drug particles. In this method, the drug
is first dissolved in a solvent to form a drug solution (organic
phase), then the drug solution is quickly introduced into an
anti-solvent. Precipitation occurs immediately by the rapid
desolvation of the drug (6). Aqueous solutions (aqueous
phase) containing some stabilizers, such as polymers and
surfactants, are commonly used as the anti-solvent for drug
in organic solution. Polymers, such as hydroxypropylme-
thylcellulose (HPMC) (7) and methylcellulose (MC) (8), and
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polyvinylpyrrolidone (PVP) (9), can be adsorbed on the
hydrophobic particle surface by hydrogen bonding (10),
inhibiting the crystal growth of the drug and, thus, may
influence the morphology of the crystals (11). Other
external factors can also affect the crystal morphology,
such as the temperature, solvent, and impurity concentra-
tion, which may cause an alteration in nucleation, the rate
of deposition at any crystal surface, and even the mecha-
nism of crystal growth involved (12,13). To be able to
control and optimize the properties of crystals, it is essential
to understand the growth mechanism of crystals, and it is
necessary to take into account the effect of the process
parameters on the crystallization involved in the ant-
solvent crystallization system.

Monodispersed spherical crystals are often found in
inorganic materials such as calcium carbonate (14,15), GdS
(16), and ZnO (17), and in some organic polymers (18) and
proteins (19), but there is much less information about small
organic active pharmaceutical ingredients. It has been
experimentally established in numerous cases that the
precipitation of monodispersed crystals from homogeneous
solutions 1s a complex process. An carly mechanism (the
classical crystallization process) of the formation of mono-
dispersed crystals was based on the theory suggested by
Reiss (20) and by LaMer and Dinegar (21), which assumes a
short nucleation burst, followed by diffusional growth of the
resulting nuclei via molecule-by-molecule addition to form
identical fine crystals. Later, ample experimental evidence
was obtained, demonstrating that some of those crystals
were formed by a particle-mediated process, namely
aggregation, self-assembly, and mesoscopic transformation
of nanoparticles coupled via a restructuring process (17,22—
24). In anti-solvent crystallization, particle formation takes
place at the same time as mixing (25). The primary
nanoparticles which are nucleated in a supersaturated
solution are usually amorphous and metastable (26).
Aggregation of those nanoparticles can produce amor-
phous, polycrystalline, or single crystals, depending on their
structure, whether the aggregation process is random or
directional and whether recrystallization occurs after
aggregation (27-29). Although spherical crystals are easily
recognizable under the optical microscope, there is as yet
no unique description of their formation and growth. There
is no generally accepted theory of spherulite crystallization,
although a number of phenomenological models and the
physical conditions required for this process have been
suggested (18,30,31), and the kinetics leading to the final
stable crystalline phase from metastable phases are so far
poorly understood.

In the current study, the use of an anti-solvent
crystallization method to produce micrometer-sized crystals
was investigated. Spherical crystals with a uniform particle
size distribution were obtained under carefully controlled

conditions. During the crystal growth process, the morpho-
logical changes at different time points were observed,
offering considerable insight into the mechanism of forma-
tion of nitrendipine spherical crystals. On the basis of these
experimental results, a model for the formation of mono-
dispersed spherical crystals during anti-solvent crystalliza-
tion was formulated and discussed.

MATERIALS AND METHODS
Materials

Nitrendipine (as starting material) was purchased from
Nanjing Pharmaceutical Factory (China). Lutrol®F127
(Poloxamer 407) was supplied by BASE Aktiengesellschaft
(Germany). Metolose® (HPMC, grade 60SH-50, viscosity
50 cP) and polyvinyl alcohol (PVA, Mw 30-70 kDa, 88%
alcoholysis) were generously supplied by Shin-Etsu Chem-
ical Ind. Co. Ltd. (Japan). PEG 200 and acetone of
analytical grade were purchased from Ruijingte Chemical
Agent Company (Tianjing, China). All other chemicals
were analytical grade.

Crystalline Solubility Measurement and Theoretical
Estimation of Amorphous Solubility Advantage

The solubility of nitrendipine in crystallization medium was
measured. An excess of nitrendipine starting material was
added to 10 ml mixed solvents of water and organic phase
to form saturated solutions. After 48 h stirring, the samples
were passed through a 0.22 pm filter (Xinya Purifier Device
Factory, Shanghai, China). The drug concentration of the
saturated solutions was determined by HPLC (Pump
model: Hitachi L7110, Japan). The analytical column was
a Diamonsil™ C18 (5 pm, 200 X 4.6 mm), the mobile phase
was composed of methanol and water (75/25, v/v) at a flow
rate of 1.0 ml/min, and the detection was performed at
236 nm using a UV-VIS detector (Model: Hitachi 1.7420,
Japan).

As to the amorphous solubility advantage of nitrendi-
pine, thermodynamically, the amorphous state is unstable
relative to the crystalline state. It is difficult to obtain the
solubility of the amorphous state using conventional
methods, because the amorphous state is easily transformed
into another more stable form. The solubility difference
between the crystalline and amorphous phase is related to
the chemical potential difference between the two states
(32). The theoretical calculation method proposed by Brick
et al. involves several reversible thermodynamic paths
assuming that the amorphous state is equivalent to a
supercooled liquid solution of the solute, and the relation-
ship between the amorphous solubility, Cypueppouss and the

@ Springer



160

Xia et al.

crystalline solubility, Cqaiin, 1 given by the following
equation (33):

AH,, T
Camorphous - crystalline cxXp |:R 71”[ (1 o T—”>:| (1)

where R, is the gas constant, and 7 and 7, are the absolute
temperature and melting point of the crystals (K), respec-
tively. The molar enthalpy of melting, AH,; and 7, can be
measured by differential scanning calorimetry (DSC).

Rheology of the Crystallization Medium

The kinematic viscosity, o, (m?/s) of crystallization medium
was determined using a U-tube Viscometer (Pinkevitch type,
Shenyang Huaqiao glass instrument factory, Shenyang)
according to the method in the Chinese Pharmacopoeia
(2005 Ed). Measurements were performed in a thermostat-
ically controlled water bath, and the solutions were allowed
to equilibrate at a preset temperature for 15 min before
measuring the flow time. The flow time of each solution was
measured in triplicate. The kinematic viscosity of the
solution can be calculated from the Eq. 2, where K is a
constant for the apparatus, determined by measurements
using pure water of known viscosity:

v=~K (2)

The kinematic viscosity can be converted to the dynamic
viscosity, 4, (Pa‘s) according to Eq. 3:

n=vxp (3)

where p is the density of the solutions in kg/m”, and these
values were obtained by measuring the solution mass and
volume.

Anti-solvent Crystallization of Nitrendipine

Nitrendipine was dissolved in mixed solvents of PEG 200
and acetone (percentage volume of PEG 200 varied from
0% to 100%, v/v) to form a series of drug organic solutions
containing 15-100 mg/ml of drug. Aqueous solutions
containing different types of stabilizers (PVA, HPMC and
Poloxamer 407) with different concentrations (0.1%—2.0%,
w/v) were thermostatically controlled (2, 15, 35°C) in a
water bath (SDC-6, Ningbo Scientz Biotechnology Co.
Ltd., China). All solutions were passed through 0.22 pm
filler (Xinya Purifier Device Factory, Shanghai, China) to
remove visible particles. To precipitate the drug, 2 ml of
the organic phase containing the drug was added quickly by
syringe to 20 ml of aqueous solution under magnetic
stirring at approximately 400 rpm. The samples were kept
at the same temperature for several hours to make sure that
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a stable crystal size was obtained. Each crystallization

experiment was repeated three times.
Characterization of Crystals
Crystal Size Determination

The particle size of the initial particles (the particle size was
determined within 30 s after the organic phase was mixed
with the aqueous phase) and final crystals were determined
by laser diffractometry using a Coulter LS230 instrument
(Beckman-Coulter Co. Ltd., USA) combining laser diffrac-
tion and polarization intensity differential scattering (PIDS)
method. Particle size and size distribution were created by
the Beckman Coulter LS software (Version 3.19, Beckman
Coulter, Inc., USA). The average particle size is expressed
as the volume-mean diameter. The particle size distribu-
tions were evaluated by span, defined as

D90 — D10

D50 *)

span =

where D10, D530, D90 correspond to the diameters at
which the cumulative volume was under 10%, 50% and
90%, respectively.

Crystal Morphology

The crystal morphology was investigated by scanning
electron microscopy (SEM, S-3400 instrument, Hitachi,
Japan). The samples were dried and coated with gold for
conductivity, and the accelerating voltage of 20 kV was
used. The shape of final crystals in suspension was also
observed using optical microscopy (Motic DMBA450
microscope, China) and transmitted polarized light micros-
copy (Axiolab, Carl Zeiss, Gottingen, Germany).

X-ray Powder Diffraction (XRPD) Characterization

X-ray powder diffractograms were determined using a
PANalytical X’Pert Pro diffractometer equipped with a
PIXcel detector (PANalytical B.V., Almelo, the Nether-
lands). Samples were placed on zero-background silicon
plates and measured at ambient conditions in reflection
mode. A continuous 26 scan was performed in the range
5°—45° with a step size of 0.026° using Cu Ka radiation
(A=1.5418A). The voltage and current applied were
40 mA and 45 kV, respectively. The scanning speed was
0.5252° 20/s. Data were collected using X’Pert Data
Collector software and processed using X Pert HighScore
Plus (PANalytical B.V.). The XRPD patterns of nitrendi-
pine were verified by comparing the experimental XRPD
patterns with the theoretical diffractogram obtained from
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the Cambridge Crystallographic Data Centre (CCDC)
using Mercury 2.4 (CCDC, Cambridge, UK). A reference
code JEXKUS was used to generate the theoretical
diffraction patterns of crystalline nitrendipine.

Differential Scanning Calorimetry (DSC) Characterization

The melting point, 7, and enthalpy of melting, 4H,;, of
nitrendipine crystals were analyzed by differential scanning
calorimetry (Perkin Elmer DSC 7, USA). Two-point
calibration using indium and tin was carried out to check
the temperature axis and heat flow of the equipment.
Starting material of 3—4 milligram was accurately weighed
into standard aluminium pans and analyzed at a scanning
rate of 10°C/min from 30°C to 230°C. This was done in a
dry nitrogen atmosphere at flow rate 40 ml/min, and an
empty aluminium pan was used as a reference.

RESULTS

Nitrendipine Crystalline Solubility and Amorphous
Solubility Advantage

The HPLC method for determination of nitrendipine
solubility was well validated. The standard curve linearity
was verified from 0.05 to 20 pg/ml with an 7 value of at
least 0.999. The inter- and intra-day variability of low,
medium and high concentrations was less than 2% RSD.
The solubility of nitrendipine was 0.831+0.07 pg/ml in
pure water at 2°C. The organic solvent demonstrated a
certain cosolvent capacity, and the solubility was about
1.50£0.12 pg/ml when the cosolvent volume fraction was
0.09 (ratio of organic solvent to aqueous phase was 0.1, and
no PVA in the system). This ratio was adopted in
subsequent experiments to obtain a high degree of
supersaturation and crystal yield.

Fig. 1 Nitrendipine crystalline
solubility in crystallization medium

—
QD
N

The solubility of crystalline nitrendipine in the
crystallization medium containing 0.25% PVA, Polox-
amer 407 and HPMC was also determined and above
the value without polymers of 1.50%£0.12 pg/ml
(Fig. la). The increase of solubility indicated that the
polymers have an effect on the activity coefficient of drug
molecules due to the intermolecular interactions between
nitrendipine and polymers (34). Nitrendipine had a lower
solubility in 0.25% Poloxamer 407 than that in 0.25%
PVA and HPMC. This might be because 0.25% Polox-
amer 407 had weaker intermolecular interactions with
nitrendipine than that of 0.25% PVA and HPMC.
Poloxamer 407 is a surfactant and has a great solubilizing
effect when the concentration was above its critical
micellization concentration (CMC) value. However,
0.25% of concentration was below its CMC, which was
reported to be 0.7% at 25°C, and lower temperature also
resulted in higher CMC values (35). Thus, no significant
solubilizing effect was observed using 0.25% Poloxamer
407. Figure 1b shows the solubility of crystalline nitren-
dipine in crystallization medium at different temper-
atures. The crystalline solubility increased with the
temperature. Thus, higher supersaturation can be
obtained at 2°C than that at 15°C and 35°C.

As obtained from DSC, the melting peak and 4H,, of
nitrendipine is 157.8°C and 37.85+1.12 kJ/mol, respec-
tively. Using Eq. 1, the theoretical estimated amorphous
solubility advantage of nitrendipine is 403 times higher
than that of crystalline state. Although the amorphous
solubility obtained using this method is only true in theory,
and the experimental amorphous solubility often reaches
only a fraction of the theoretical value and is usually
affected by the solvent and the polymers (34,36-38). The
solubility advantage of amorphous phase with respect to
crystalline phase provides an indication of the theoretical
driving force for the nucleation and growth of crystalline
phase.
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Viscosity of Crystallization Medium and Diffusion
Coefficient

The wviscosity of the crystallization medium containing
0.25% PVA, HPMC and Poloxamer 407 and the effect of
temperature on the viscosity of crystallization medium
containing PVA were investigated using U-tube Viscome-
ter. The results are shown in Fig. 2. Poloxamer 407 has the
lowest viscosity compared with PVA and HPMC (Fig. 2a).
The dynamic viscosity of the crystallization medium was
decreased with increasing temperature (Fig. 2b).

In the case of the diffusion-controlled growth mechanism,
the crystal growth rate and final particle size can be influenced
by the diffusion of the solute. The relationship between the
diffusion coefficient, D, viscosity, #, and temperature, 7, can
be expressed by the Stokes-Einstein relationship (39):

kT
D=
3mnr

()

where 7 1s the molecular diameter. Decreasing the temper-
ature and increasing the viscosity can result in a decrease in
the diffusion coefficient.

Effect of Different Process Parameters on the Size
and Shape of Nitrendipine Crystals

Effect of PYA, HPMC and Poloxamer 407

In order to find appropriate growth conditions for
nitrendipine spherical crystals, different parameters were
investigated by comparing their initial particle size, final
crystal size and shape. The typical shape of final nitrendi-
pine crystals is presented in Fig. 3.

Three kinds of polymers, i.e. HPMC, Poloxamer 407
and PVA, with a concentration of 0.25% (m/v) were
introduced into the aqueous phase. The mixing of drug
organic solution with the aqueous solution containing PVA
resulted in a milky suspension. When the suspension was
diluted three times, a semi-transparent suspension with a
blue opalescence was obtained, which indicated presence of
particles in nanometer size range. The initial particle size

Fig. 2 Dynamic viscosity of crys-
tallization medium containing dif-
ferent polymers (@), and at
different temperatures (b) (n=3).
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was determined and indicated that the smallest initial
particle size (0.15£0.02 pm) with the narrowest particle
size distribution (Span=0.3620.01) was observed using
PVA. Prolonged incubation at 2°C for five hours resulted
in the formation of precipitate that collected at the bottom
of the wvials. Optical microscopy revealed that spherical
crystals with a smooth surface and uniform particle size
were obtained (Fig. 3a). When Poloxamer 407 was present
in the aqueous phase, the initial particle size is 2.69+
0.92 pm with a wide particle size distribution (span=17.71
+2.35). The crystals had a needle and star-like shape
(Fig. 3b). In the case of HPMQ, initial particle size is 0.34 £
0.17 pm and span is 1.66£0.41. Spherical crystals with a
rough surface were obtained (Fig. 3c). PVA showed good
crystal growth inhibition ability and was used as stabilizer in
all subsequent experiments.

Effect of Temperature

The temperature also influences the initial particle size and
shape of final crystals. When the temperature increased from
2°C to 35°C, the initial particle size increased markedly from
0.15£0.02 pm to 17.01%£4.13 pum, and the crystal shape
changed from monodispersed spherical crystals to needle or
star-like crystals (Fig. 3a, d, e). From the results of this study,
the optimal temperature for anti-solvent precipitation was
found to be approximately 2°C, and, accordingly, all
subsequent experiments were conducted at 2°C.

Effect of PEG 200 Content in the Organic Phase

The effect of the PEG 200 content in the organic phase was
investigated when the drug concentration, PVA concentration
and temperature were fixed at 30 mg/ml, 0.5% and 2°C,
respectively. The initial particle size decreased from 0.18+
0.02 um to 0.13+0.02 pm, as the PEG 200 content in the
organic phase increased from 0% to 100% (P<0.05). The
crystal growth rate was retarded by the presence of PEG
200, and the final crystal size was reduced as the PEG 200
content increased (Fig. 4a). The presence of PEG 200 also
modified the crystal shape. As shown in Iig. 3f (arrow

o
1
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T
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40 pm

Fig. 3 Optical microscopy evaluation of morphology of final crystals obtained with different conditions. Different kinds of polymers (other conditions: 2°C,
30 mg/ml drug, 50% PEG 200 in organic phase): PVA (a), Poloxamer 407 (b), HPMC (c). Dfferent temperatures (other conditions: 30 mg/ml drug,
0.25% PVA, 50% PEG 200): 15°C (d), 35°C (e); no PEG 200 present in organic phase (f).

indicated), some star-like crystals with a wider particle size
distribution could be observed in the absence of PEG 200.
In subsequent experiments, the PEG 200 content in the
organic phase was 50%.

Effect of PYA Concentration in the Aqueous Phase
The initial particle size decreased as the PVA concentration

increased. At the lowest PVA concentration (0.1%), the
initial particle size was 0.30+0.07 um, while a plateau was

(@) (b)
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2 12 2
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g g
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Percent of PEG200(%)

PVA concentraiton

reached where the particle size and size distribution were
approximately 0.14 pm and 0.36, respectively, and hardly
changed with increasing PVA concentrations from 0.5% to
2.0%. The final particle size, as shown in Fig. 4b, decreased
with increasing PVA concentrations.

Effect of Drug Concentration in the Organic Phase

The effect of the drug concentration was investigated when
the PVA concentration was fixed at 0.15%. The initial

(€)

25
20
15

10

Particle size (um)

05% 1.0% 2.0% 15 60 100

Drug concentration(mg/ml)

Fig. 4 Particle size of spherical crystals obtained at different conditions. Effects of PEG 200 content (a), PVA concentration (b) and drug concentration (c)
on the final crystal size (n=3). *Drug concentration was |5 mg/ml due to the limited saturation solubility of nitrendipine in pure PEG 200.
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particle size increased from 0.14+0.01 pm to 2.11%
0.87 pm, and size distribution from 0.36+0.01 to 20.73+
2.13 as the drug concentration in the organic phase
increased from 15 mg/ml to 100 mg/ml. This is most
likely the result of significant agglomeration from the very
early stage of the experiments. It seems that the particle size
of the final crystals is independent of the drug concentra-
tion, and no significant difference in the final crystal size
was observed at different drug concentrations in the organic
phase (P=0.34) (Fig. 4c).

DISCUSSION

The newly precipitated particles had a diameter of about
0.14 um, and the particles grew to the micrometer range in
five hours after the precipitation. As illustrated in Fig. 5a, the
morphology of the final crystals showed a spherical shape
with a narrow particle size distribution. When these spherical
particles were viewed under a transmitted polarized optical
microscopy, the characteristic Maltese-cross pattern was
observed (Fig. 5b), which has the similar feature of polymer
spherulites (40). From the surface topography, it appears that
spherical crystals were formed by the aggregation of nano-
particles (Fig. 5d), but the XRPD (Fig. 6b) proved that the
spherical particles had a crystalline structure, and the
crystalline form is the same as that of starting material
(Fig. 6¢). However, the lower intensity of spherical crystals
might be due to the lower crystallinity of the samples. The
crystalline form is RS-mode.I, which demonstrated identical
XRPD patterns as that published in CCDC (reference code
JEXKUS) (41,42).

Fig. 5 SEM and polarized optical
microscopy images of the nitren-
dipine spherical crystals. (@) Low
magnification sphere morphology
of the crystals; (b) observed by
polarized optical microscopy; (c)
enlarged single spherical crystals;
(d) high magnification image of a
spherical crystal marked with a
rectangle in (c), revealing the
detailed structure of the surface.
(Precipitation conditions: 0.25%
PVA; 50% PEG 200 in organic
phase; 80 mg/ml drug in organic
phase; precipitation temperature:

2°C).
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These monodispersed spherical crystals can only be formed
in the systems containing PVA and PEG 200 in lower
temperature (2°C). How did those colloidal nanoparticles
grow as monodispersed spherical crystals? To investigate the
growth mechanism of nitrendipine spherical crystals, the
precipitated solid material was collected by passing the
solution through a membrane filter (0.1 pm, Membrane-
solutions, Shanghai, China) at different time intervals and
then blow-drying at room temperature. A series of SEM
images were recorded and illustrated in Fig. 7.

Formation and Aggregation of Amorphous
Nanoparticles

At the early stage of precipitation, as illustrated in
Fig. 7a, nitrendipine molecules clustered together to form
spherical nanoparticles. The low solubility of nitrendipine
in the aqueous phase is important to achieve a sufficient
initial supersaturation, which is needed to produce a
sufficient number of nanoparticles. Without the stabiliza-
tion of PVA, these nanoparticles agglomerated instantly
due to their hydrophobic surface to form a sticky rubbery
state material. XRPD proved that this rubbery state
material is predominantly amorphous form (Fig. 6a). A
particular feature of polymer-mediated precipitation is the
potential for oriented aggregation of primary particles
(29). If crystallization takes place via a multistep growth
mechanism, a complex crystal morphology can be pro-
duced. In this case, the polymer additives interact with

primary nanoparticles and have marked effects on the very
early stages of crystal growth. Temporary stabilization of
these primary units by interaction with the polymers




Growth Mechanism of Monodispersed Nitrendipine Spherical Crystals

165

counts -
(@) Y M“TW'JWI%"
200 - W At Al (TR ,.
o “ ’w‘ll,"rﬂ""" I kh'l"a \M'Mmidll‘ﬁ'hhﬁwu'fjﬁwlﬁmwl wvm
LR I
ol
0_
(b) f

300 ‘
200

b "W Mﬂ LA-'J \‘,J ' Muﬁfww‘*\’ MQWJMMMMWMWWM

4 c)

600 —
400

200

L PR

0
12000

A A

10000 § (d )
8000 p
6000 F
4000 |

2000 ¢

5 10 15

0 e e, .J;~.MJ\. MM.M i Gl g O
20 30 35

25
Position[*2Theta]

40 45

Fig. 6 XRPD patterns of the samples. (a) Amorphous agglomerates; (b) spherical crystals; (c) nitrendipine starting material; (d) XRPD patterns of

nitrendipine published in CCDC (Reference code: JEXKUS).

retards further growth in a molecular fashion, such that
aggregation of these nanoparticles proceeds more rapidly
than the growth of individual particles, resulting in the
formation of aggregates. This aggregation process was
confirmed by Fig. 7b, as the arrow indicated.

Ripening of Amorphous Nanoparticles into Star-Like
Templates Through Dissolution-Recrystallization
Pathway

Crystallization often proceeds by a sequential process
rather than a single-step pathway (24). The precursor
nanoparticles obtained by the precipitation of nitrendipine
in the aqueous phase are amorphous and, subsequently, are
transformed into a crystalline form. The Ostwald rule of
stages states that an unstable system is not necessarily
transformed directly into the most stable state, but into
another transient state whose formation from the original is
accompanied by the smallest loss of free energy (43). In this
process, the amorphous particles are first formed because
their lower interfacial free energy results in a lower
nucleation energy barrier compared to the crystalline form.

Nevertheless, the subsequent formation of the crystalline
phase indicates that the amorphous phase is metastable
with respect to the crystalline phase (44,45). This process is
similar to the diffusion-controlled Ostwald ripening (46,47).
This ripening process takes place because there is an excess
solubility in the solvent of the dispersed phase. For such an
anti-solvent precipitation system, the solubility of amor-
phous particles was greatly higher than that of the
crystalline form. The solubility difference between amor-
phous and crystalline makes the bulk supersaturated with
respect to the crystalline. Thus, the amorphous particles
tend to be transformed into a crystalline form. Once the
crystalline phase is formed, it will grow rapidly with the
amorphous nanoparticles acting as a reservoir. This
process takes place through the dissolution of the
amorphous nanoparticles and is followed by recrystalli-
zation on the surface of the formed aggregates. For that,
the crystalline phase is most likely arranged in a radial
fashion around a core, and subsequent growth of the
radial structure is markedly affected by the core. This
step could be a diffusion rate-controlled process. Thus,
the polymers have a marked effect on the crystal growth
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Fig. 7 SEM images of the
precipitated particles sampled at
different time intervals after mixing
of aqueous phase and organic
phase. (@) 0 min; (b) 10 min; (c)
40 min; (d) 1.5 h; (e) high
magnification image of a star-like
crystal (marked with a rectangle in
(©)); (f) high magnification image of
a spherical crystal (Precipitation
conditions: 0.25% PVA; 50%
PEG 200 in organic phase;

30 mg/ml drug in organic phase;
precipitation temperature: 2°C)

rate. Increasing the viscosity and adsorption of polymers
on the surface of growing crystals could slow down the
transformation process.

Forty minutes after the precipitation, some star-like
particles were formed, as indicated in Fig. 7c. Examination
of particles at a high magnification strongly suggested that
the particles were constructed from small needle-like
distinct crystalline units arranged radially around a center
(Fig. 7¢), and these star-like particles served as templates for
the formation of spherical crystals. How did those needle-
like crystalline units form? According to the surface energy
theory, the equilibrium shape of a crystal is related to the
free energy of the faces; in other words, the crystal faces
would grow at a rate proportional to their respective energy
(26,48). The side faces show a large nucleation barrier for
growth, whereas the top faces possess a much smaller
barrier, so the side faces grow much more slowly than the
top faces (49). At these high degrees of supersaturation, all
the top faces grow extremely rapidly, whereas the side faces
still grow relatively slowly, resulting in a needle-like
morphology (50). When we consider a single needle of
these units, as if it were a tip with a local diffusion field
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around it (Fig. 91f), the following expression can be written
for the growth rate of the needle (51):

4kDV,0 (Cy — Cy)

Vneedle = # (6)

where 0,4, 1s the growth rate of the needle, Cj is the bulk
concentration of solute, C; is the surface concentration of
solute, £ is a geometric correction factor, D is the diffusion
constant, and V,,,; is the volume of one molecule, and R is
the radius of the needle tip. From the above equation, we
can easily conclude that the increase in viscosity of the
solution and the decrease in temperature lead to a decrease
in the diffusion constant, resulting in a slower needle
growth rate.

Filling the Gap Between the Needle-Like Distinct
Crystalline Units

Prolonged incubation of the sample for one and a half
hours resulted in the formation of a precipitate that
collected at the bottom of the vials, suggesting that the
crystal growth had reached equilibrium. SEM observa-
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Fig. 8 (a and b) Radiating spher-
ical pattern in the interior of a
cracked open spherical crystal. (c)
High magnification image of a core
(marked with a rectangle in (b))
shows assembly of nanoparticle
building units.

tion of the crystals (Fig. 7d and f) indicated that the
crystals had a spherical shape with a uniform particle size.
Compared with Fig. 7c, the gap between the needles was
filled. This process is just like the model of contact
recrystallization (47,52). As illustrated in Fig. 9g, the
driving force of this process, (du), can be written as

2

1 1
i)
At " 12

where G, and Cy are the concentrations of nitrendipine in
equilibrium with the radii 7; and 7,, respectively, 7; is the

(7)

G
A= RT In—
1 g

(a)

5um S

radius of the curvature in the boundary region of two
needle units in contact, and 7y, is the latitudinal positive
radius, y is the liquid-solid surface tension and V), is the
solid molar volume. When the gap between needles was
reduced to a certain width, the absolute value of 75, is very
small. In this case, we believe that most needles cease to
grow longitudinally. The nitrendipine molecules are
deposited preferentially in the confined space compared
with the needle tip, owing to the negative radius of
curvature (r9,), resulting in the filling of the gap between
needles by consuming the rest of the amorphous particles
until the system approaches equilibrium at the end of the

radius of the needle tip, 79, is the longitudinal negative  experiment.
a :.0: 78 : ..: u‘
Amorphous Sugatioe
: o8 e L
( nanoparticles RS e
Amorphous .
e © ° Cb
b° ,38° Eooﬁ f ' v // Solute
Aggregation : %‘,:@j .t Needle tip ° s Vet
Metastable < .\'\
e
\ Ripening
\ 4
Crystalline
Spherical crystals

Fig. 9 Schematic illustration of the formation mechanism of nitrendipine spherical crystals. (a) Formation of amorphous nanoparticles; (b) agglomeration
to generate a core for the formation of a star-like template; (c and d) formation of star-like templates though ripening; (e) spherical crystals formed by filing
the gap between the needle-like distinct crystalline units; (f) model for the growth of needle-like distinct crystalline units; (g) model for the filling of the gap

between needle-like distinct crystalline units.
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To further explore how such a superstructure was
formed, the sample was crushed. The cracked nitrendipine
spherical crystals are shown in Fig. 8a and b, and it can be
seen that they have a characteristic radiating feature. We
believe that there may be a core which controls the
construction of the spherical superstructure, and the outer
radial structure grows with a radial alignment pointing to
the inner core center. High magnification SEM observation
of the fractured core is shown in Fig. 8c. It can be inferred
that the core was formed through the assembly of nano-
particle building units, although many nanoparticles in the
core were fused together during growth process, which also
confirmed that aggregation took place at the beginning of
the crystal growth.

Why were these spherical crystals only formed at a lower
temperature? It can be inferred that the aggregation of
primary nanoparticles played an important role in the
formation of spherical crystals. At the early stage of crystal
growth, the aggregation of the resulting primary nuclei and
diffusional growth of individual nuclei via molecule-by-
molecule addition are two competing mechanisms of the
crystal growth mechanism. At a lower temperature, crystal-
lization can proceed much easier along the aggregation
pathway when there are large number of nanoparticles, and
the solubility is low (53). However, at a higher temperature,
the solubility is sufficiently high, resulting in lower supersat-
uration, giving rise to fewer primary nanoparticles. In
addition, the increased molecular diffusion rate and reaction
kinetics at the crystal boundary layer interface make classical
crystallization via a molecule-by-molecule addition the
dominant crystallization mechanism, and resulting in a fast
transformation speed of amorphous nanoparticles to crystal-
line phase. Thus, the nanoparticle aggregates which are
necessary for the formation of star-like templates with
sufficient needlelike subunits for spherical crystals cannot be
formed at a higher temperature.

From the above results, a growth model can be
formulated to account for the formation mechanism of the
monodispersed spherical crystals in the presence of polymer
additives, as summarized in Fig. 9. Spherical micro-crystals
were formed by the following steps: (1) precipitation of
amorphous nanoparticles; (2) aggregation of amorphous
nanoparticles to form a core; (3) ripening of amorphous
nanoparticles into star-like templates; (4) formation of
spherical crystals by filling the gap between the needle-like
distinct crystalline units with dissolved molecules from the
remaining amorphous phase.

CONCLUSIONS

In the anti-solvent crystallization system, the morphology of
nitrendipine crystals was affected by the polymers, the
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temperature, and the presence of PEG 200. Monodispersed
micro-spherical crystals were obtained when PVA and PEG
200 were present in the precipitation system and the
temperature was 2°C. The particle size of nitrendipine
spherical crystals was affected by the PVA concentration in
the aqueous phase and the PEG 200 content in organic phase.

The growth of monodispersed spherical crystals involved
the following steps: First nitrendipine precipitated as large
number of amorphous nanoparticles when a nitrendipine
organic solution was introduced into the aqueous phase.
Second, the amorphous nanoparticles aggregated to form a
core, accompanied by transformation into a crystalline
form. Once the crystalline form was obtained, it grew
rapidly on the surface of the aggregates. During this
process, the amorphous particles were acting as a reservoir
to form star-like particles. These star-like particles were
constructed from small needle-like distinct crystalline units
arranged radially around a center and served as templates
for the formation of spherical crystals. Finally, the gap
between the needle-like distinct crystalline units was filled
by consuming the remaining amorphous particles to form a
single spherical crystal. These findings provide a new
insight into spherulitic crystallization of pharmaceutical
ingredient and have important implications for the under-
standing of anti-solvent crystallization.
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