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ABSTRACT: This case-study outlines the development and scale-up of a novel solvent-mediated process for producing small
crystals. The process combines polymorph transformation with high shear to produce API with a desirable crystal phase and
morphology that meets the particle size acceptance criteria (d90 < 75 μm). The impact of process parameters was investigated,
and suitable scaling parameters were identified. Subsequently, the process was successfully scaled up to generate 100 kg of the
API of the target crystallographic form with the desired powder properties.

1. INTRODUCTION
One of the recent challenges in pharmaceutical development
has been the increasing prevalence of oral drug candidates with
limited aqueous solubility.1,2 These compounds often demon-
strate slow dissolution in biological fluids, resulting in
insufficient systemic exposure and, consequently, suboptimal
efficacy in patients. To address these issues, several approaches
have been developed to improve the dissolution rates of poorly
soluble drugs, e.g., particle size reduction via crystallization and
mechanical processes, isolation of the API as an alternative salt
form, prodrug, amorphous form, complex of higher solubility,
or a self-emulsifying system.3

The dissolution rates of most drug candidates can be
improved by reducing crystal size.4,5 According to the Noyes−
Whitney equation, the dissolution rate is directly dependent on
increased surface area, achieved by a reduction in crystal size.
One way to achieve controlled particle sizes is to carry out
crystallization at high supersaturation, promoting a higher rate
of nucleation as compared to less concentrated solutions.
Through understanding of API solubility, the degree of
supersaturation during batch crystallization can be controlled
by adjusting the rate of cooling, the antisolvent composition
and addition rate, the API concentration, or the chemical
reaction conditions.6,7 Controlling supersaturation in this way
often provides control of crystal nucleation and growth rates
and, hence, control of the final particle size distribution of the
product. When in situ supersaturation control is not possible in
typical batch crystallization processes, other techniques can be
used. One such specialized approach to achieve uniformly high
supersaturation for the generation of small particles is
impinging jet crystallization.8,9 This process, though elegant,
requires an atypical setup and may generate undesired
polymorphs due to extremely high supersaturation at the
mixing zone.
Alternatively, particle size of solid API can be reduced

postcrystallization by mechanical means. Particles can be milled
to less than 50 μm via dry milling techniques such as pin
milling or air attrition (jet) milling.10 Dry milling efficiently
reduces the particle size either through impact against the pins
or surface or through particle−particle collisions. However,
potential drawbacks of dry milling techniques include heat

generation (pin milling) or compaction (jet), which could
result in polymorphic transformations such as desolvation and/
or loss of crystallinity. In addition, powders that have the
propensity to bridge may not flow easily through the mill, the
milling process may adversely affect powder properties,11 and
special containment facilities are often required to minimize
worker exposure due to dust generation.
Another technique employed for particle size reduction of

API is wet milling.12 This process generally involves
recirculating a slurry of the API through a high-shear source
(wet mill), resulting in breakage of the crystallized particles to
the desired particle size. This technique prevents dust
generation but is dependent on particle morphology, crystallo-
graphic properties, and the desired final particle size, which may
require long cycle times.
Another specialized technique involves generating secondary

nucleation under high shear to achieve a small particle size
distribution.13 Here, a high-shear rotor−stator device is used for
the controlled generation of fine particles via secondary
nucleation under a relatively lower supersaturation than
would be required in an exclusively batch operation.
Since many APIs can exist as different polymorphs,

techniques to control specific polymorphic transformations
have been developed.14 These techniques are largely based on
the differential stability of the respective polymorphs and use of
temperature, additives, and solvent as the controlling
parameters. Ultimately, the objective is to identify and select
the most thermodynamically stable form and determine
processing conditions to ensure its consistent manufacture.15

In this case study, we describe the development and scale-up
of a novel method for producing small crystals during a solvent-
mediated polymorphic transformation coupled with high shear
provided by a rotor−stator.16 This method reproducibly
produces one of at least two polymorphs, converts a metastable
form to the thermodynamically stable form, and simultaneously
forms small particles under a high-shear environment.
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2. CASE STUDY

Polymorph Selection. BMS-A, a potential treatment of
prostate cancer,17 is classified as a BCS Class II compound,
having high permeability but low gastric solubility. During early
polymorph screenings, a number of different polymorphs were
identified for this compound (Table 1).

While the neat form (Form 1) of the API was found to have
better aqueous solubility (58 μg/mL) as well as enhanced oral
exposure, it also had the propensity to transform to the
hemihydrate (Form 4) upon exposure to moisture. Because the
preferred formulation utilized a wet granulation process to
minimize operator exposure during drug product formulation,
the hemihydrate (Form 4) was selected for development as the
final form in spite of the reduced solubility.
Due to the lower solubility of Form 4 (32.4 μg/mL), particle

size was identified as a critical quality attribute for the drug
substance to permit a faster dissolution rate based on the
increased surface area. The initial acceptance criterion for the
drug substance particle size distribution was established as d90 <
75 μm on the basis of drug product dissolution performance.
Initial Investigation. The exposure limit for BMS-A was

established at <1 μg/m3; therefore, mechanical milling was an
undesired option for particle size reduction due to containment
requirements to mitigate potential operator exposure during
handling of the dry powder. Because of this constraint, solvent-
mediated alternatives were investigated to produce BMS-A drug
substance with the desired particle size.
A direct crystallization process was initially developed to

produce Form 4 crystals of the desired particle size. Two
streams, (1) BMS-A dissolved in acetic acid and (2) water (the
antisolvent), were added cocurrently to the crystallizer. This
process generated the desired hemihydrate polymorph with a
d90 of approximately 20 μm, well below the target particle size
limit of 75 μm. Figure 1 shows a micrograph of typical material,
exhibiting a columnar crystal habit, isolated from this process.
The columnar crystal habit of the material generated in this

process led to a number of downstream processing issues. First,
the isolation of these columnar crystals required extended
filtration and drying times. Second, and perhaps the more
significant issue, was the propensity of these crystals to
agglomerate, both during the crystallization and during agitated
drying. These agglomerates retarded the dissolution of the API
during formulation studies, necessitating an additional,
potentially dusty, delumping operation via a CoMil unit to
break the majority of the large agglomerates. Given the low
exposure limits for this compound, development of an alternate
API process became necessary.
On the basis of the propensity of the compound to readily

form agglomerates with the initial process, a solvent-mediated
polymorph transformation process was evaluated as an
alternative to the direct crystallization process.

Table 2 illustrates the thermodynamic stabilities of each of
these polymorphs of BMS-A. The monohydrate hemiacetic acid

solvate (Form 3) is thermodynamically favored in solutions
containing <79.6 vol% water in acetic acid, with Form 4
preferred at higher concentrations of water.
Formation of Form 3 was achieved by the addition of water

to a 20 wt % solution of BMS-A dissolved in acetic acid. Several
experiments evaluated the impact of processing conditions on
the rate of solvent-mediated transformation from Form 3 to
Form 4. To facilitate this experimental work, an inline Raman
method was developed to monitor the polymorph trans-
formation process. Adding water beyond 79.6 vol% and holding
the slurry for more than 30 h resulted in a slow transformation
of Form 3 to the desired Form 4. The rate of this conversion
was significantly enhanced by heating the Form 3 slurry to 50
°C, which completed the transformation within 30 min (Figure
2) as monitored by Raman. Powder X-ray diffraction (pXRD)
(Figure 3) was used to confirm the generation of the desired
form, and the particles generated from this process were
analyzed by scanning electron microscope (SEM) (Figure 4)
and by Malvern laser diffraction.
As opposed to the columnar-like morphology observed in the

direct crystallization process, this polymorph-transformation
process afforded a tabular crystal habit. This serendipitous
outcome was desirable from a downstream processing
perspective, given the likely improved filtration and drying
rates and the potential reduction in agglomeration. However,
the lack of particle size control remained a serious drawback, as
can be seen by the wide distribution in particle size in Figure 4.
A number of batches were produced using this form-

transformation process on 5−10 g scale. In each batch the

Table 1. Polymorphs of BMS-A

polymorph structure
denoted

as

neat (BMS-A) 1
acetic acid solvate (BMS-A) CH3COOH 2
monohydrate
hemiacetic acid solvate

(BMS-A) (H2O) (CH3COOH)1/2 3

hemihydrate (BMS-A) (H2O)1/2 4

Figure 1. Optical image of columnar BMS-A (Form 4) isolated from
semibatch crystallization.

Table 2. Stability of key polymorphs of BMS-A in different
water−acetic acid ranges

stable polymorph
water−acetic acid mixture at 25 °C

(water vol %)

(BMS-A) CH3COOH (Form 2) 0.0
(BMS-A) (H2O) (CH3COOH)1/2
(Form 3)

0.0−79.6

(BMS-A) (H2O)1/2 (Form 4) 79.6−100
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Form 3 slurry was held at 50−55 °C under similar
concentrations. The transformations for the three batches
occurred within 4 h of reaching the desired temperature;
however, in the absence of additional controls, inconsistent
particle size distributions were realized (Figure 5). The particle
size distributions were relatively polydisperse, with d90/d10
ranging between 4.7 and 7.0, with a d90 exceeding 150 μm
for one batch.
Particle Size Control Process Development. Subse-

quent process development efforts focused on modifying the
aforementioned process to control particle size by conducting
the polymorph transformation in a high-shear environment by

applying rotor−stator technology.16 It was hypothesized that
imparting shear during the transformation would result in
enhanced control of the particle size through two possible
mechanisms. One possible mechanism is that in the solvent-
mediated phase transformation, a suspension of a metastable
phase gradually dissolves, which generates supersaturation with
respect to the stable phase, resulting in nucleation and growth
of the stable phase. Since nucleation, either surface nucleation

Figure 2. Raman profile of polymorph transformation at 50 °C.

Figure 3. pXRD pattern of Form 3 (blue) and Form 4 (black).

Figure 4. SEM of BMS-A with tabular morphology (Form 4).
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or secondary nucleation,18 is involved, its rate can be increased
significantly in a high-shear environment, e.g. in a rotor−stator.
With a significantly increased number of nuclei, the growth of
individual crystals is inhibited, and the resultant particle size will
be small. The second possible mechanism is within the solid-
state transformation scenario; due to a change in crystal
structure, the crystals may break or crack to afford the desired
polymorph with a reduced particle size.19,20 It is conceivable
that high-shear stress will facilitate this process of crystal
breakage.
Methods. A series of optimization experiments run on 25-g

scale were performed in a jacketed 1-L Chemglass reactor with
overhead stirring and bottom valve. Two in situ analytical
probes were inserted into the reactor: in-line Raman and
focused-beam reflectance microscopy (FBRM) and a recycle
loop slip-stream contained an inline IKA Works UTL-25
Turrax wet mill. The Raman spectroscopic probe (Kaiser
Optical Systems, optical fiber) has a typical laser power of 150−
200 mW at 785 nm with exposure time for the measurement
set at 10 s with 10 accumulations. The method monitored a
peak shift from 1438 cm−1 (Form 3) to 1430 cm−1 (Form 4).
The FBRM probe (Lasentec, model D600L) allowed for chord
lengths to be measured with a 25−250 μm range with exposure
time set at 15 s. These two probes allowed for determining over
time the properties of the solid phase. The form of the crystals
and chord length distribution were tracked with respect to time.
This experimental work led to a process where Form 3 was

produced by a semibatch process through the addition of water
to a 20 wt % solution of API in acetic acid to afford a final ratio
of 4.25:1 H2O:HOAc. After the completion of the water charge,
the material was pumped through the recirculation loop with an
inline wet mill serving as the high-shear source. The UTL-25
uses rotor−stator technology and a schematic demonstrating
the principle of operation is shown in Figure 6. The differential
speed between the rotor and the stator imparts extremely high

shear and turbulent energy in the gap between the rotor and
stator.
During the recirculation through this high-shear zone, the

batch was slowly heated to 50 °C to promote the polymorph
transformation. The batch was held at 50 °C with continuous
recirculation and the process was monitored using Raman and
FBRM.
The inline Raman was used to determine the completion of

the polymorph transformation, and the FBRM was used to
confirm that there was a decrease in the c90 particle size coupled
with an increase in the total counts during the transformation
process. In addition, the polymorph transformation was
confirmed by pXRD and the final particles were inspected
using optical microscopy and SEM measurements to ensure the
desired crystallographic form and particle size were achieved.
The API generated by this process was consistently of the
tabular habit and within the target particle size distribution of
d90 < 75 μm. Figure 7 plots the PAT measurements during a
typical polymorph transformation, and Figure 8 shows the
change in morphology of the crystal during the polymorph
transformation via optical microscopy.

3. PROCESS DESIGN CONSIDERATIONS

The degree of shear imparted to material passing through the
rotor−stator arrangement is determined by the speed of
rotation and the number of rotor−stator elements present. For
scale-up purposes and ease of comparison, tip speed, shear rate,
and shear frequency are often used to characterize these
systems.12 The tip speed is simply the linear velocity at the
radius of the outermost rotor and is expressed as follows:

= π· ·V n Dtip speed,

where: n = rotor rotational speed (rev/s) and D = rotor
diameter (m)
The shear rate is the velocity of the fluid over the cross-

sectional gap between the rotor and stator and is expressed as
follows:

τ = V gshear rate, /

where V = tip speed of rotor (m/s) and g = gap distance (m)
The shear frequency can be characterized as the number of

occurrences that the rotor and stator openings mesh. It allows
for different rotor−stator configurations to be compared on a
normalized basis. Using the tip speed alone, information on the
mill configuration is lost. The shear frequency is expressed as
follows:

Figure 5. Particle size distribution overlays of different batches of tabular BMS-A.

Figure 6. Schematic of rotor−stator high-shear mixing environment21.
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To further study the impact of process conditions and
identify potential scale-up effects of the polymorph trans-
formation, a series of batches were executed on a 1.3-kg scale
using a larger IKA Works LaborPilot DR 2000/4. Parameters
for the operation of the LaborPilot DR 2000/4, such as shear
rate, shear frequency, and turnover time across the five batches

are compared to those for the smaller IKA Works UTL-25
Turrax in Table 3.
Within the limited range studied, the turnover time did not

seem to impact the particle size significantly. The tip speed,
shear rate, and shear frequency appeared to impact the final
particle size distribution of the final product. At shear
frequencies below 7800 s−1 and tip speeds below 23 m/s, the
particle size decreases monotonically; however, at shear
frequencies above 7800 s−1, there is a diminishing effect on
the final PSD, and further particle size reduction is not
achieved, as seen in Figure 9.
A number of other process parameters were varied to more

completely define the design space for the process.

Figure 7. Raman and Lasentec trend overlay for a transformation.

Figure 8. Optical microscopy images of Form 3 (left) and Form 4 (right).

Table 3. Turrax operating conditions and performance

parameters batch 1 batch 2 batch 3 batch 4 batch 5 lab batch

rotor−stator (LaborPilot DR-2000/4) not used two-stage coarse two-stage coarse two-stage coarse two-stage fine one-stage fine (UTL-25)
tip speed (m/s) N/A 9 12.5 23 23 9
shear rate (1/s) N/A 36000 46535 94300 94300 17907
shear frequency (1/s) N/A 3020 3900 7800 143000 15200
turnover time (min) N/A 12 10 10 12 7
slurry flow rate (LPM) N/A 1.8 2.1 2.1 1.8 0.075
d10 (μm) 55.9 49.4 40 25.1 19.8 15.8
d50 (μm) 96.5 86.7 67.4 46.9 35.8 34.8
d90 (μm) 167.2 146.1 111.2 83.7 73.8 70.8
polydispersity index (d90/d10) 3 3 2.8 3.3 3.7 4.5
transformation time (h) 6 1 1 0.75 0.75 0.75
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Concentration of the substrate, 15−27.5 wt %, and the ratio of
water to acetic acid, 4−1 through 8−1, did not impact the final
API particle size. In addition, the number of batch turnovers
and the turnover times, ranging between 5−12 min, did not
have a significant impact. It was found that the operating
temperature was found to impact the resulting particle size
distribution.
The temperature ramp rate and the final holding temperature

for the polymorph transformation were studied. At ramp rates
between 0.25 °C/min and 1 °C/min (from 20 to 50 °C), there
was no significant difference in the final particle size. The
temperature at which the polymorph transformation occurred,
however, appeared to have significant effect on the resulting
particle size distribution. The resulting particle size was

minimized by operating between 45 and 50 °C, and the
particle size increased outside of this window. The operating
window was constrained accordingly in order to achieve
consistently small particles. A possible explanation for the
increase in particle size observed outside the 45−50 °C window
could be attributed to the dominance of growth over the
nucleation in these two regimes resulting from two different
phenomena. It is believed that at higher temperatures (>50
°C), the solubility of Form 4 relative to Form 3 is decreased,
potentially reducing the rate of secondary nucleation. In
addition, at higher temperatures, given the increased solubility
of Form 4, supersaturation is decreased, also resulting in a
reduction in the rate of secondary nucleation. At lower
temperatures the rate of form transformation may serve to
limit supersaturation of the desired form, thus favoring growth
as well.

Pilot-Plant Results. On the basis of the kilo-lab results, the
operating limits for scale-up were set as follows: a shear
frequency of at least 7800 s−1 and a tip speed of at least 23 m/s.
The actual operating conditions are listed in Table 4. The high-
shear polymorph transformation process was scaled to a 2000-L
pilot-plant crystallizer using the three-stage IKA Works
DRS2000/10 wet mill, with a pumping stage and two fine
rotor−stators (Figure 10). The shear frequency produced with

Figure 9. Relationship between BMS-A particle size and shear parameters on kilo-lab scale, d90 (□) and d50 (■) are shown.

Table 4. Pilot-plant Turrax operating conditions

parameters
desired operating

condition
actual operating

range

tip speed (m/s) 23 23
shear rate (1/s) 46,000 46,000
shear frequency (1/s) 258,000 258,000
turnover time (min) 6.7 5−6.9
slurry flow rate (L/min) 120 118−123

Figure 10. Schematic of pilot-plant equipment setup.
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this configuration was approximately 30 times higher than the
7800 s−1 minimum requirement defined during development.
On the basis of the kilo-lab results (Figure 10), the higher shear
frequency environment was not expected to cause any
processing problems or particle attrition due to the observed
flattening in the PSD curve at shear frequencies above 7800 s−1.
The Raman profile indicated that the form change started

shortly after the batch reached a temperature of 50 °C.
Simultaneously, the Lasentec FBRM profile indicated a drop in
the c90 particle size and a corresponding increase in the total
particle counts, similar to the laboratory trends depicted in
Figure 7.
Both batches produced the required hemihydrate polymorph

of the tabular crystal habit, with a particle size d90 between 60
and 70 μm. The batches were isolated with filtration fluxes
exceeding 3000 L/m2 h, and improved drying rates as
compared to those of the direct crystallization process. This
process was successfully implemented in additional campaigns,
producing hundreds of kilograms of acceptable quality API.

4. CONCLUSION
A relatively simple and novel method employing high shear has
been developed for producing small crystals of the desired
crystallographic form for a particular drug candidate. The
process simultaneously controlled the form and particle size in
a solvent-mediated polymorph transformation. This process
avoids dry milling and has the potential to generate a range of
particle size by tuning the process parameters of the
crystallization and the high-shear operating conditions. System-
atic experiments were carried out to explore the design space by
identifying the process parameters that were critical to the
quality of the final API. Tip speed and shear frequency were
effective scaling parameters that allowed for effective generation
of process understanding at laboratory scale. This under-
standing resulted in the rapid development of a robust process
that was successfully scaled to 40-kg batches in our pilot plant.
In addition, this technology has successfully been applied to

two other projects within the Bristol-Myers Squibb portfolio.
This process can likely be applied to any polymorph
transformation system that requires particle size control.
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