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ABSTRACT: Pharmaceutical research and development and
manufacturing can widely benefit from a microgravity environ-
ment. Although the use of microgravity to improve control over
the size of protein crystals has been demonstrated, there have been
few studies on the effect of gravity on small molecules. A
hypergravity crystallization platform was developed as a rapid
screening tool for the crystallization of small-molecule pharma-
ceuticals. This platform was used to show the effect of gravity on
the nucleation and growth kinetics of L-histidine. Further
experiments were conducted in the EasyMax reaction calorimeter
with process analytical technology (PAT) tools to understand the
kinetics of nucleation and growth and quantify the desupersaturation rate in the seeded cooling crystallization experiment.

1. INTRODUCTION
Microgravity crystallization studies of therapeutic antibodies1

demonstrate that reduced gravity environments enable
improved control over particle size, unlocking new formula-
tions for drug delivery. While past challenges encountered
during crystallization of antibodies have barred incorporation
of crystallized products2 into commercial pipelines alongside
noncrystalline suspensions and ready-made solutions,3 in-
creased access to space is now changing the developmental
landscape for drug development. Today, pharmaceutical and
drug manufacturers are increasingly investigating the benefits
of microgravity for drug development of crystallized
therapeutics.4−6 Microgravity crystallization provides many
potential benefits in industries like pharmaceuticals,7 personal
care, semiconductors, and food processing.8

In contrast to biologics, small-molecule therapeutics already
rely on crystallization9 as one of the most important unit
operations at the intersection of both drug substance and drug
product manufacturing. One of the most widely used modes of
crystallization in industry is cooling crystallization.10 During
cooling crystallization, the temperature is used to generate the
supersaturation necessary to crystallize the molecules from the
solution. The solubility of most pharmaceutical molecules
decreases with temperature.11 Thus, cooling the solution
reduces the solubility, thereby increasing the supersaturation,
which is the driving force for crystal nucleation and growth.
There are two major modes of cooling crystallization�
unseeded12 and seeded13 cooling crystallization. In contrast to
unseeded crystallization, seeded cooling crystallization14 is
more robust and well-controlled and is thereby widely used in
the pharmaceutical industry. Various micrometric properties
such as particle shape15 and size16 can be controlled by

implementing the desired cooling profiles during batch cooling
crystallization. Control over crystal and particle properties is
critical for both the manufacturability and bioavailability of
drug compounds.16,17

Increased access to space has presented a renewed
opportunity to conduct pharmaceutical development in
orbit,18 largely due to the commercialization of reusable
rockets.19 With in-space drug development increasingly
feasible, rapidly advancing knowledge and understanding of
how gravity impacts drug development processes, such as
crystallization, can create great benefit. While recent advances
achieved in space-based drug development build on founda-
tional knowledge of protein crystallization developed onboard
space stations for decades,20,21 microgravity crystallization of
small molecules has been less explored. Variable gravity
platforms can serve an important role in generating data sets
that measure the impact of gravity to better inform both space
and conventional crystallization development programs.
While gravitational forces do not directly impact the

thermodynamic properties of systems,22 kinetic and hydro-
dynamic processes are significantly altered.23 Reducing gravity
suppresses convection and sedimentation, resulting in
diffusion-driven transport and a reduction of crystallization
rates.24 In contrast, hypergravity environments achieved
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through increased centrifugal forces often increase crystal-
lization rates through gravity-induced concentration gradients
that alter local supersaturation to overcome kinetic barriers.25

Centrifugation has been shown to increase the nucleation rate
of aptoferritin,26 alter the morphology of tomato bushy stunt
virus (TBSV), lysozyme, and thaumatin crystals, while also
altering their nucleation and growth rates as exhibited by a 9-
fold increase in the growth rate of TBSV single crystals.25

Hypergravity has also been shown to change the morphology
of particles in other fields, e.g., semiconductor nanocrystals.27

To date, the majority of hypergravity crystallization studies
have observed differences at more than 100 g, as exhibited by a
previous study of lysozyme that showed no observed changes
in crystallization rates at low g-levels.28 In contrast to previous
hypergravity studies that examine the crystallization of proteins
and inorganic materials at high g-levels, this work investigates
the crystallization of a small molecule in the 1 to 5 g range.
A large diameter centrifuge was constructed at Varda for

hypergravity studies, which aims to measure the effect of the g
level on product particle size distributions (PSDs). Seeded
cooling crystallization experiments were designed and
conducted on a Crystal16 (Technobis Crystallization Systems)
reactor at different g-levels. This was followed by further
targeted experiments in an EasyMax reaction calorimeter fitted
with process analytical technology (PAT)29 tools to under-
stand the fundamental mechanisms underlying the sensitivity
of the cooling crystallization to increasing g-levels.
There are a few fundamental mechanisms underlying each

crystallization process, e.g., primary nucleation, secondary
nucleation, and growth. In addition to crystallization, breakage
and agglomeration also occur in industrial crystallizers. Primary
nucleation is the spontaneous appearance of nuclei in a
supersaturated solution. The critical temperature needed to
cause primary nucleation is called the nucleation threshold,
and the region of the phase diagram between the solubility
curve and the nucleation threshold is called the metastable
zone. Most industrial seeded crystallization processes aim to
stay within the metastable zone to avoid primary nucleation (a
stochastic process). Within the metastable zone, secondary can
occur via surface breeding,30 shear,31 and attrition.32 The rates
of secondary nucleation and growth are both dependent on
instantaneous supersaturation. Since the rate of cooling
determines instantaneous supersaturation, it also determines
the relative rates of secondary nucleation. Simultaneously,
breakage and attrition of crystals in the solution can occur due
to particle-impeller, particle-wall, or particle−particle inter-
actions. Breakage and attrition can both lead to a shift in the
PSD; however, breakage/attrition conserves the total mass of
solids during the crystallization, while secondary nucleation
and growth lead to increased solids mass.

2. METHODS
2.1. Chemicals. L-Histidine (>99% TLC) was obtained from

Sigma-Aldrich (CAS number 71-00-1). Deionized water was obtained
by using an in-house purification system. Reagent alcohol (anhydrous
ethanol 90%, methanol 5%, 2-propanol 5% v/v) was obtained from
Fisher Scientific as a solvent for PSD analysis for laser diffraction.

2.2. Seed Preparation. L-Histidine as received from the supplier
was sieved using a stack of sieves (500, 250, 125, 63 μm, pan). After
sieving, the sieve fraction obtained from the 125 μm sieve was used as
the source for seed crystals for the hypergravity experiments. The PSD
of the seed crystals was analyzed using the laser diffraction method
described in Section 2.6.

2.3. Solubility. The solubility of L-histidine in water was measured
using the polythermal technique outlined by Barrett and Glennon.33

Focused beam reflectance measurement (FBRM) is an online tool to
measure the chord length distribution (CLD) of particles in real time
during the crystallization process. A slurry of a known concentration
was prepared in the EasyMax reactor34 with the FBRM probe inserted
and equilibrated at a constant temperature. The slurry was then
heated at a constant rate until the crystals disappeared which was
detected by a reduction in counts/s with the FBRM. The process was
repeated at different heating rates (0.1, 0.25, 0.4, and 0.55 °C/min),
and the temperature of disappearance at each of the heating rates was
recorded. The saturation temperature was calculated by extrapolating
the temperature of the disappearance data to a 0 °C/min heating rate.
The entire process was repeated at different solid concentrations to
obtain the solubility temperature at different solid concentrations.
The solubility curve was then determined from regression analysis in
Excel.

2.4. MSZW Using the EasyMax Reactor. Experiments to
determine the metastable zone width (MSZW)33 were conducted in
an EasyMax reactor (Mettler Toledo Inc.) equipped with a pitched
blade turbine impeller. The impeller was stirred at 200 rpm for all of
the experiments. The reactor was equipped with a Blaze900 Basic
probe35 which was used to measure the evolution of the CLD,
perform real-time microscopy during cooling crystallization, and
determine the MSZW. The reactor was also equipped with a Raman
probe, which was used for the measurement of concentration in real
time during the crystallization.
For the MSZW measurements, a saturated solution was cooled

slowly until the high dynamic range (HDR) turbidity provided by the
Blaze software showed an inflection, indicating the formation of fine
particles in the solution. The solution was typically heated to 5 °C
above its saturation temperature and then cooled down to 10 °C at
0.05 °C/min. The process was repeated at different API
concentrations corresponding to different saturation temperatures.

2.5. Optical Imaging. Optical images were taken using an optical
stereo microscope (model M205C from Leica Microsystems). The
field of view of the microscope is in the range of 1.44−29.5 mm, and
the resolution is in the range of 525 and 1050 lp/mm. The zoom
range of the microscope is 20.5:1, and a K3C CMOS camera from
Leica is used to capture optical micrographs.

2.6. Particle Size Distribution Measurement by Laser
Diffraction. The PSD of the particles was measured by using laser
diffraction (LS13320, Beckman Coulter). The instrument uses a 5
mW laser diode with a wavelength of 750 nm as the main illumination
source. Reagent alcohol (anhydrous ethanol 90%, methanol 5%, 2-
propanol 5% v/v), in which L-histidine is insoluble, is used as the
dispersant for the laser diffraction measurements. The raw data
obtained from the laser diffraction instrument is the volume % vs
particle size. However, this distribution is postprocessed to calculate
the PSD (vol %/μm) following eq 1.

f
N

x
(vol %/ m)

(vol %)
v

v=
(1)

2.7. Seeded Cooling Crystallization Experiments on Easy-
Max. A saturated solution of L-histidine in water at 40 °C was
prepared by dissolving the requisite amount of L-histidine in water.
The solution was heated to 60 °C to ensure complete dissolution,
which was also confirmed by the counts/s measured by the Blaze
probe. The solution was then cooled to 32.8 °C as fast as possible to
bring the system into the metastable zone, corresponding to a
supersaturation of 1.2. The supersaturation ratio (SS) is calculated
according to eq 2, where C (gsolute/gsolvent) is the solute concentration
and Csat (gsolute/gsolvent) is the saturation concentration.
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Seed crystals (10% by weight of solute in solution) were then
added to the reactor, and the solution was kept at 32.8 °C for 5 min
for slurry equilibration. The solution was then cooled to 18.0 °C at
0.1 °C/min. After the experiment, the solution was filtered using a 0.2
μm Nylon filter (Cole Palmer), followed by washing with a wash
solvent (95% ethanol and 5% water). This was followed by drying the
filtrate at 40 °C for 12 h.

2.8. Centrifuge Experiments. Experiments were conducted on a
centrifuge built in-house with an arm length of 1.574 m. All cooling
crystallization experiments were performed on a Crystal16 reactor
(Technobis Crystallization Systems). The Crystal16 was mounted at
the end of the arm on the centrifuge. The centrifuge rotates along its
axis at defined rotations per minute (rpm). During the centrifuge
rotation, the Crystal16 reactor is housed in a basket with an adjustable
tilt to align the vial axis with the apparent gravity vector, which is a
function of the rpm, the radius of the arm, and the earth’s gravity
vector. A picture of the setup is shown in Figure 1.
The net acceleration in the centrifuge is given by eq 3, where g is

the gravitational acceleration, ω is the rotation speed of the centrifuge,
and r is the radius of the centrifuge arm. The angle for the effective
gravitational force is given in eq 4.

a g r( )2 2= + (3)

g
r

tan 1
2= i

k
jjj y

{
zzz (4)

The rotational speed is changed to obtain the desired effective
gravitational force. The rotation speed can be calculated from eq 3
and the angle of the effective gravitational force is given by eq 6. An
overview of the net acceleration vector and the effective angle is
shown in Figure 1a.
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It is to be noted that there is a risk of vibrations on the centrifuge
influencing the outcome of the crystallization experiments. However,
since the solution is stirred during the process, the risks of vibrations

influencing the process are very low and are not considered while
analyzing the resulting PSD of the process.

2.9. Seeded Cooling Crystallization on Centrifuge. Three of
the Crystal16 slots within a reactor were used for each experiment for
obtaining repeats for each experiment. Cylindrical bottom magnetic
stirrers with diameters of 0.03 in. and length of 0.27 in. were used for
the experiments unless otherwise mentioned. The Crystal16 reactors
were stirred at 800 rpm to match the tip speed with the experiments
conducted in the EasyMax reactor. The volume of the API solution
dispensed into each vial was 2 mL. A saturated API solution at 40 °C
was first prepared by dissolving the requisite quantity of L-histidine in
water in a vial in the laboratory, followed by pipetting 2 mL of the
saturated API solution into the HPLC vial and then inserting the
magnetic stirrer into the bottom of the vial. The capped HPLC vials
were then transferred to the slots of the Crystal16 reactor for
crystallization experiments.
The solution was then heated in the Crystal16 to 60.0 °C to ensure

complete dissolution of the solids. The solution was stirred at 800
rpm by using a magnetic stir bar kept at the bottom of the vial. The
transmittance in the Crystal16 vial was recorded to ensure all of the
particles were dissolved. Simultaneously, the centrifuge was rotated at
the desired rotations per minute (rpm), corresponding to the effective
g-level desired in the experiment. The relationship between rpm and
the effective g-level is provided in Table 1. At the end of the
experiment, the vials were removed from the Crystal16 reactor for
particle size analysis. An overview of the entire process is given in
Figure 2.

2.10. Dissolution Experiments on Centrifuge. An L-histidine
solution saturated at 24 °C was prepared and pipetted into 2 mL vials
for the Crystal16 experiments. The vials were then inserted into the
sample holders in the Crystal16 reactor and were equilibrated at 24
°C. The solution was stirred at 800 rpm throughout the experiment.
Seed crystals (10% w/w) were then poured into the vials, followed by
slow heating from 24 to 28 °C at 0.1 °C/min over 40 min.

Figure 1. (a) Illustration of the net force experienced during crystallization, which is the vector sum of the gravitational force and the centrifugal
force. (b) Photographs of the centrifuge, which features a tiltable basket at rest and (c) in motion.

Table 1. Calculated g-Levels and Corresponding rpm

effective g-level rpm

2 31
3 40
4 47
5 53
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Simultaneously, the centrifuge was spun at the desired rpm
corresponding to the g-level in Table 1. The centrifuge and the
Crystal16 apparatus were simultaneously stopped at 20 min to
withdraw the first sample. This step was followed by restarting the
centrifuge and the Crystal16 reactor and running the experiment for
another 20 min. The PSDs of the samples withdrawn at 20 and 40
min during the dissolution experiment were analyzed using laser
diffraction.

3. RESULTS AND DISCUSSION
In the following three sections, we will map the process
window for the seeded cooling crystallization experiment in the
EasyMax reactor with a top-down pitch blade turbine (PBT)
impeller. We first map the MSZW and solubility, develop a
chemometric model to monitor concentration, and then run
seeded desupersaturation experiments to distinguish between
primary nucleation, secondary nucleation, and breakage.

3.1. Solubility and MSZW. Slurries of L-histidine were
prepared at 8 °C in water in the EasyMax reactor and stirred at
300 rpm. Five different slurries of different solid concentrations
(0.035, 0.0415, 0.0479, 0.0545, and 0.0601 g/g) were used for
the experiments. The disappearance temperature of the slurry
was calculated using the polythermal method outlined in
Section 2.3. Figure S6a−e shows the disappearance temper-
atures of the slurries at different solid concentrations for
polymorph A of L-histidine. A second-order polynomial is used
to calculate the solubility curve from the experimental
measurements of the solids concentration vs disappearance
temperature and is shown in Figure 3a. The solubility
calculated from these experiments agrees well with the
literature reports.36

The MSZW is one of the critical process parameters that
define the crystallization process. The metastable zone was
identified using a probe-based technique (Blaze probe). 100
mL aliquot of a saturated L-histidine solution was stirred in the
EasyMax reactor (Mettler Toledo) at 200 rpm. Since the
agitator used in the EasyMax has a larger diameter, the rpm
needs to be lower to maintain a similar tip speed compared to
the bottom stirrer in the Crystal16. The solution was heated to
10 °C above its saturation temperature to ensure complete
dissolution. This was followed by slow cooling at 0.1 °C/min
to 18 °C. The particle counts/s in the solution were monitored
using the Blaze probe throughout the process. The point of
nucleation is registered as a sudden increase in the counts/s,
which corresponds to the primary nucleation threshold. It
should be noted that while the laser diffraction data in Section
3.4 plots a normalized volumetric distribution, this section
discusses counts/s, and readers comparing the visual

appearance of the plots should not expect a 1:1 relative peak
height due to the nature of the axes being plotted.37 The
process is repeated at different L-histidine concentrations to
find the metastable zone over the entire range of temperatures.
The increase in the HDR turbidity with cooling at the
nucleation threshold (18.78 °C) for L-histidine at a
concentration of 0.06 mg/mL is shown in Figure 3a. The
nucleation temperature is the temperature at which the HDR
curve is recorded with an inflection. The metastable zone as a
function of the temperature is plotted in Figure 3b, along with

Figure 2. Experimental protocol used for seeded crystallization experiment with Crystal16 on a centrifuge.

Figure 3. (a) Solubility and MSZW of L-histidine cooling
crystallization in water. (b) Temperature, HDR turbidity, and
nucleation temperature in the crystallizer for MSZW determination
experiments.
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the solubility curve in the phase diagram. Although there are
previous literature reports which have characterized the
induction time/nucleation rates for the cooling crystallization
of L-histidine,38 to the best of the authors’ knowledge, there
have not been previous reports in the literature that have
characterized the MSZW of L-histidine for cooling crystal-
lization in water. There have been some reports on the
characterization of MSZWs during antisolvent crystallization
experiments.39 However, since the MSZW depends on the
solvent system, the MSZW reported in the literature does not
transfer directly to cooling crystallization experiments.

3.2. Chemometric Modeling. To fully characterize the
crystallization process, one needs to track the evolution of the
particle size and the solute concentration during the
crystallization process. The Blaze probe can provide
information on how the CLD changes in the solution with
time, which can provide information about fundamental
mechanisms. However, it is also necessary to follow the
evolution of the system in the phase diagram and quantify
whether the system crosses the MSZW during the operation.
The Raman spectra are a function of the solute concentration
and temperature; therefore, a chemometric model was built to
calculate the solution concentration from the in situ measure-
ments of Raman spectra at variable temperatures. The
experimental data used for MSZW determination can be
used directly for building the chemometric model and is shown
in Figure 3b. The Raman spectra are shown in Figure S4. A
zoomed-in version of the spectra is shown in Figure 4a with
the major spectral peaks. Both univariate and multivariate
methods can be considered for building a chemometric
model.40−42 The time evolution of all the peaks was thoroughly
analyzed, and a subset of peaks were chosen that are most
sensitive to change around the time when nucleation occurs.
Figure 4b indicates that the peaks around 1286, 1440, 1160,
and 990 cm−1 have a reduction in peak height around the time
nucleation occurs (12 h), which are indicative of peaks that
correspond to L-histidine molecules in solution. However,
peaks around 1323 and 1088 cm−1 show an increase in peak
height around 12 h, which is indicative of peaks corresponding
to the solid phase. For monitoring the concentration of L-
histidine in solution, the first subset of peaks is chosen for
further analysis.
The Raman spectra were postprocessed using ICRaman

software from Mettler Toledo before being exported to Matlab
for building the chemometric model. SNV scatter correction
and Pearson’s-like baseline correction, which adjusts spectra to
a straight baseline, were applied to the spectra, followed by
smoothing over a 10 cm−1 window. A total of 1356 spectra
were used for the analysis. No spectral outliers were detected
during the model calibration. The chemometric model
calibration pipeline was run for all four peaks, and the
goodness of fit for the four peaks is shown in Table 2. The
goodness of fit is lower for peaks with a Raman shift of 1160
and 990 cm−1 and is hence not used for further analysis. The
strategy employed in this work is to proceed with the model
calibration with only one peak in the chemometric model. The
Raman peak with the highest R2 in Table 2 (1286 cm−1) was
chosen for further analysis. The chemometric model41,42 is
shown in eq 7, where h is the peak height and T is the
temperature. This model describes the peak height in the
Raman spectra as a function of the L-histidine concentration
and solution temperature.

C a a h a T a hT a h1 2 3 4 5
2= + + + + (7)

The model calibration is carried out using a custom-written
script in Matlab R2023a. Linear regression is carried out in
Matlab using the function mldivide44 which solves a system of
linear equations from which the coefficients in eq 7 are
determined, followed by determination of goodness of fit for
the model. The coefficients for the chemometric model
calibration (for a Raman shift of 1286 cm−1) in eq 7 are
shown in Table 3.
The time-course evolution of the peak height, temperature,

and L-histidine concentration are shown in Figure 5. L-
Histidine concentrations are constant for each of the five
experiments in Figure 5b since the region prenucleation has
been analyzed. The peak height (Figure 5a) increases with the
decrease in temperature (Figure 5c) for each of the five
experiments. This indicates that the peak height is a function of

Figure 4. (a) Raman spectra of L-histidine in water with major peaks.
(b) Tracking peaks in the Raman spectra with time.

Table 2. Goodness of Fit for Chemometric Model
Calibration for Different Peaks in the Raman Spectra

Raman shift (cm−1) R2 (calibration)

1286 0.9938
1440 0.9915
1160 0.9710
990 0.9142
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the L-histidine concentration and the temperature, which adds
validity to the functional form of the chemometric model in eq
7. Figure S8 shows the distribution of the predicted
concentration for each of the data points used in the
chemometric model. It can be seen that the distributions are
very narrow around their means, and there is no overlap in the
distributions. The coefficients of variation (standard deviation/
mean) of the predicted concentrations for the five different L-
histidine concentrations are 1.2, 2.4, 1.3, 1.5, and 1.6%
respectively. The average coefficient of variation (1.6%) is less
than 5% for all experiments, which illustrates that the
chemometric model is accurately fitting the experimental
data. However, if the COV of the predicted L-histidine
concentration was not less than 5%, PLSR models could have
been used alternatively.41,42

To validate the goodness of fit, a validation experiment was
run with a L-histidine concentration of 54.5 mg/mL L-histidine

following a similar experimental protocol. The saturated L-
histidine solution was cooled until nucleation, and the
experimental data before nucleation were chosen for model
validation. The coefficients evaluated in the model (7) were
used to calculate the predicted L-histidine concentration.
Figure 6a shows the time-course evolution of the temperature
and peak height from the L-histidine spectra before nucleation
occurs. The peak height decreases with an increase in
temperature, similar to the calibration experiments (Figure
5a−c). Figure 6b compares the evolution of the predicted L-
histidine concentration to the actual L-histidine concentration
during the validation experiment. The mean of the predicted
concentration value for the validation experiment was 54.7
mg/mL, and the adjusted R2 was 0.897. The coefficient of
variation for the model predictions in Figure 6b is 2.54%.

3.3. Seeded Desupersaturation Experiments (Easy-
Max). Seeded desupersaturation experiments were run in the
Mettler Toledo EasyMax 102 reactor. 100 mL of L-histidine
solution saturated at 40.0 °C was heated to 60.0 °C to ensure
complete dissolution. The solution was stirred at 200 rpm
throughout the process. The solution was then cooled to 32.8
°C to bring the system into the metastable zone for seeding.
This corresponded to a supersaturation ratio of 1.2 during seed
addition. Seed crystals (10% w/w of total mass of solute) were
added to the solution and stirred for 5 min to form a spatially
homogeneous seed bed. This is followed by implementing the
temperature profile, which causes desupersaturation of the L-

Table 3. Coefficients from the Chemometric Model in Eq 7
(Raman Shift of 1286 cm−1)

coefficient value

a1 0.0267
a2 0
a3 −0.0013
a4 0.0032
a5 0.0320

Figure 5. (a) Peak height from L-histidine spectra, (b) experimental L-histidine concentration, (c) temperature, and (d) predicted vs actual
concentrations from the chemometric model.
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histidine solution. The Raman spectra and temperature profiles
collected during the experiment were postprocessed using
Matlab. The chemometric model built in Section 3.2 is then
applied to the Raman spectra to estimate the L-histidine
concentration. The evolution of the L-histidine concentration
along with the solution temperature is shown in Figure 7a. The
L-histidine concentration reduces quickly until 1.1 h, followed
by a slower decrease in concentration until 2.5 h. The crystal
growth rate coefficient of many APIs follows Arrhenius
dependence on temperature, leading to faster kinetics with
increasing temperature.43 As a result, cooling crystallization
can exhibit high initial growth rates and desupersaturation rates
which decrease over time as the reactor temperature is
lowered. The evolution of the counts/s recorded in the Blaze
probe is shown in Figure 7b. The y-axis of Figure 7b is plotted
on a logarithmic scale to exemplify the differences in the
evolution of counts/s for the three different size ranges (1−10,
50−120, and 140−280 μm). The fine particle counts (1−10
μm) increase rapidly during crystallization, while the coarse
particle counts (140−280 μm) remain relatively stable. The
stability in particle counts for large particles corresponding to
the seed crystals (140−280 μm) suggests that breakage is
unlikely to be playing a role. The evolution of the system in the
concentration phase diagram is shown in Figure 7c. The
system stays within the metastable zone, which rules out
primary nucleation and points to secondary nucleation and
growth as the dominant mechanisms during the desupersatura-
tion experiment. The pH of the solution was the same before
and after the experiment (Table S1 in Supporting Informa-

tion), which shows that L-histidine did not undergo
deprotonation.
The CLD data from the Blaze probe was postprocessed with

a Matlab script. The recorded length-weighted and cube-
weighted CLDs were extracted at defined time points and
plotted with the Matlab script and are shown in Figure 8g,h.
Images from the Blaze probe were also analyzed to elucidate
the dominant mechanism during desupersaturation. At 0.57 h
(Figure 8b), secondary nuclei on the surface of the crystals can
be seen in the image obtained from the Blaze probe. The
images from 0.87 to 2.5 h (Figure 8c−f) also indicate that

Figure 6. (a) Temperature and peak height (cm−1) vs time for
validation experiment. (b) Predicted L-histidine concentration vs
actual L-histidine concentration for validation experiment.

Figure 7. (a) L-Histidine concentration and temperature evolution.
(b) Evolution of total counts/s with y-axis on a logarithmic scale. (c)
Evolution of concentration in the phase diagram for seeded cooling
crystallization experiments with L-histidine.
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secondary nuclei are present and do not indicate growth of the
needles along the lateral direction. The evolution of the length-
weighted chord length distribution (LWCLD) in Figure 8g
also shows that the rate of increase of the counts/s is much
slower during 2.18−2.5 h compared to the earlier parts of the
experiment. This indicates slower desupersaturation during the
last part of the experiment, which is corroborated by the slower
concentration decrease in Figure 8 from 2.2 to 2.5 h. As
exhibited in Figure 8g, seed crystals are still present in the final
LWCLD, but they are overshadowed by the high proportion of
smaller crystals in the product samples.
Figure 8h also shows the evolution of the cube-weighted

chord length distribution (CWCLD) throughout the experi-
ment. The CWCLD in the Blaze probe biases the CLD toward
coarser particles. It is to be noted that the CWCLD

distribution is equivalent to the square-weighted chord length
distribution (SWCLD) in the FBRM.45 Thus, the evolution of
the CWCLD in the process is a representation of the evolution
of coarser particles in the process. If breakage had been the
only dominating mechanism, the larger particles would have
broken down into smaller particles.46,47 Breakage is charac-
terized by a shift of the mode of the CWCLD to the left with
time, which is not observed in Figure 8g. In contrast, during
secondary nucleation, the generation of many fine particles
increases the total counts/s in the LWCLD with time. The
evolution of the LWCLD in the process (Figure 8g) is most
representative of secondary nucleation,48 which confirms that
secondary nucleation is the dominant mechanism in the
EasyMax experiments. In addition, the final mass of the filtered
crystals (1.45 g) is much higher than the seed crystal mass (0.6

Figure 8. (a−f) In situ images obtained from the Blaze probe. Evolution of (g) length-weighted CLD, and (h) cube-weighted CLD throughout the
seeded cooling crystallization process.
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g), which cannot be attributed to breakage alone and can only
be caused by secondary nucleation and/or growth. To examine
the evolution of the seed particles during the experiment, the
average circularity of the seed and product crystals was
calculated from dynamic image analysis and indicated little
change in the shape of the seed particles (Figure S5). Figure 8
is typical of a crystallization process dominated by secondary
nucleation and growth, where both processes occur with a
similar driving force, e.g., the supersaturation consumption due
to nucleation and growth is comparable.

3.4. Effect of Apparent g-Level. In this section, we run
the L-histidine experiment developed on the EasyMax at the 2
mL scale on the Crystal16. Laser diffraction measurements
were used to measure the PSD of the obtained crystallization
products at a range of g-levels, and we interpreted the observed
peaks. We ran additional experiments to rule out breakage,
primary nucleation, and other effects.
Figure 9 shows the evolution of the volume-based PSD49

with changes in g-levels at a cooling rate of 0.1 °C/min. All the

samples, except the seed crystals, are those obtained at the end
of the desupersaturation experiment. The apparent g-level has
a marked effect on the PSD of the samples. There are three
distinct peaks to consider across the seed and product PSDs�
one around 0.7 μm, a second peak around 20−30 μm, and a
third peak at 180 μm. It should be noted that Figure 9 is a
volume-based distribution of the filtered samples and cannot
be directly compared to Figure 8g, which is a number-based
distribution of samples measured in situ.
The peak at 0.7 μm is present in the seed PSD, as well as in

the product samples. The appearance of the 0.7 μm peak could
be attributed to the presence of fine particles which were either
(a) stuck on the screen during the sieving process along with
the larger seed crystals, possibly due to screen blinding, or (b)
were attached to the seed particles during sieving and got
detached when seed crystals were dispersed into the solution.
Alternatively, the 0.7 μm peak may correspond to the shortest
dimension of crystals present in the sample population.
However, when the un-normalized volume fraction is plotted
vs the particle size (Figure S1), the total volume fraction of the
fines is low (less than or equal to 1.8%) for each seed and
product sample. Since the total volume fraction of the peak
around 0.7 μm does not change significantly between the seeds

and the product (Figure S1), it is unlikely to be a result of
crystal growth or attrition during the experiment.
Though the peak around 180 μm is not evident in the

normalized volume-based product PSD, particles in the size
range of 180 μm are expected to be present as confirmed with
optical imaging and previously in Section 3.3. The volume
fraction of the seed crystals is overshadowed by the volume
fraction of the product crystals in the normalized distributions
plotted in Figure 9. For further clarification, the volume
fraction distribution measurements from the laser diffraction
instrument are shown in Figure S1.
The mass percentage of the seed crystals is only 10% of the

total mass of the L-histidine in the solution (14% of the total
mass of the final product mass considering the theoretical
yield). Thus, most of the crystals at the end of the
crystallization are expected to be formed during desupersatura-
tion. The appearance of the peak at 20 μm is attributed to
secondary nucleation, which is explained in detail in Section
3.3.
As the g-force on the reactor increases, the mode of the PSD

increases from 19 at 1 g to 30 μm at 3 g. However, when the g-
force is further increased, the mode of the distribution
decreases to 22 μm at 4 g and 21 μm at 5 g. The change in
the mode of the distribution at different g-levels is shown in
Table 4. Table 4 also shows that the standard deviation of the

PSD increases from 8.5 μm at 1 g to 11 μm at 3 g, before
reducing to 10.5 μm at 5 g. This indicates that with increasing
g-level the PSD initially broadens, but the effect is non-
monotonic. This shows that by crystallizing molecules in
different gravity environments, it may be possible to achieve
shifts in the PSD with the purpose of improving drug product
performance.
Figure 10a−d shows the optical micrographs of samples

grown at three different g-levels (1, 3, and 5 g). The optical
micrographs confirm the broad features visible in the laser
diffraction data across the sample, e.g., peaks at 20−30 and 180
μm. In addition, the appearance of the seed crystals is markedly
different from that of the product particles generated at
different g-levels. Optical micrographs are not as quantitative
as laser diffraction data since a very small fraction of particles is
sampled by the field of view of an optical image. Because of the
limitations in quantifying PSD using static image analysis, PSD
is quantified exclusively using laser diffraction data.
The hypergravity experiments at 1, 3, and 5 g were

independently repeated on different days to assess the
repeatability of the process. The results are shown in Figure
10e and indicate that the measured PSD is consistent at several
g-levels. The coefficient of variation of the modes of the PSDS
are 4.5, 7.6, and 7.4%, respectively, for 1, 3, and 5 g. Statistical
analysis was also carried out on the modes of the PSD at each
g-level using SAS JMP 17.0. The p-value for the pairwise
difference of means of the modes across different g-levels is less

Figure 9. Volume-based PSD for different g-levels at a cooling rate of
0.1 °C/min.

Table 4. Mode and Standard Deviations of the PSDs at
Different g-Levels

g-level mode of distribution (μm) standard deviation of distribution (μm)
1 18.8 8.5
2 18.8 9.9
3 30.1 11.2
4 22.7 10.9
5 20.7 10.4
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Figure 10. Optical micrographs of the seeded cooling crystallization of L-histidine at (a) 1, (b) 3, (c) 5 g, and (d) seed crystals. Scale bars, 500 μm;
(e) bar plots indicating the mean mode of PSD along with individual modes overlaid as a function of the g-level. Error bars indicate standard
deviation.

Figure 11. (a) Illustration of a vial used for centrifuge cooling crystallization experiments. The color indicates a gradient in concentration.
Evolution of the system during cooling crystallization (b) in the case of a uniform concentration profile across the vial and (c) for a nonuniform
concentration profile. Evolution of the system during a dissolution experiment for (d) a spatially homogeneous solution concentration and (e)
when the solution concentration has a spatial gradient.
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than 0.05. Thus, the null hypothesis that the modes are
equivalent across g-levels can be rejected with >95%
confidence. This indicates that a statistically significant shift
in the mode with g-level was observed.
Additional characterization of the seed and product crystals

was performed to assess the potential for polymorphic changes
and unexpected changes in the seed crystal particle size due to
breakage. The XRPD diffractograms of the seed and the
product samples, together with reference diffraction patterns
are shown in Figure S2. The diffractograms of both the seed
and the product crystals are consistent with form A, and form
B was not detected, indicating that polymorphic changes did
not influence the observed PSD.
Breakage experiments were conducted with L-histidine seed

crystals dispersed in ethanol. A detailed description of breakage
experiments is provided in the Supporting Information. As
shown in Figure S7, the shift of the PSD due to mechanical
forces is small compared to the shift observed in the
crystallization experiments during the centrifuge studies.
Thus, breakage can be ruled out as a major contributing
factor to the shift in the observed PSD for the Crystal16
centrifuge experiments. Thus, the fundamental mechanistic
understanding of the crystallization phenomena observed in
EasyMax experiments is still transferable to analyzing the
experiments conducted in Crystal16.

3.5. Mechanistic Hypothesis of the Effect of Gravity
on Seeded Cooling Crystallization of L-Histidine. The
EasyMax experiments in Section 3.3 reveal that the
crystallization process was dominated by secondary nucleation,
which is also the most plausible mechanism for Crystal16
experiments.
Since the EasyMax experiments confirmed that the system

lies within the metastable zone during the entire duration of
the experiment, we do not need to consider primary nucleation
as a possible mechanism. The hypothesis presented here
considers secondary nucleation and crystal growth as the
dominant mechanisms during desupersaturation. As crystals
grow, they consume solute molecules, changing the local L-
histidine concentration in the solution. Because transport is
not instantaneous, spatial inhomogeneities arise,50 with
nonuniformities in concentration across the reactor driven by
density differences. With increasing g-level, the lower and
higher density regions undergo stratification, resulting in a
spatial gradient in supersaturation across the container. This
leads to the formation of a concentration boundary that moves
to the bottom of the vial with time. This results in a spatial
gradient of secondary nucleation and crystal growth rates with
higher rates of nucleation and growth at higher super-
saturation. At higher g-levels, the supersaturation is higher at
the bottom of the solution and lower at the top of the solution
(Figure 11a−c). Increasing the g-level to 3 g increases the size
of the supersaturation gradient, forming regions of increased
supersaturation at the bottom of the vial and regions of lower
supersaturation at the top of the vial. In the higher
supersaturation regions, both secondary nucleation rates and
growth rates are increased, allowing the crystals generated to
reach larger sizes and shifting the PSD to 30 μm.
Surprisingly, the trend reverses while further increasing the g

level from 3 to 5 g. This may be attributed to the spatial
distribution of the supersaturation gradient. While at an
apparent g-level of 5 g, the peak supersaturation may be
expected to be higher than at 3 g, the supersaturated region is
more tightly confined to a limited volume of the container. In

addition, particles tend to concentrate toward the bottom of
the vial due to the high g-forces. Since at higher super-
saturations secondary nucleation supersedes crystal growth,51

the mode of the final PSD is lower at 5 g compared to 3 g.
The ultimate balance of the change of the nucleation and

growth rate is a complex function of the density of the solvent,
the apparent g-level, the PSD of the seed crystals, and the
secondary nucleation and growth kinetics. This needs to be
considered on a case-by-case basis since it is highly dependent
on the API and the solvent, and no generalized rule can be
proposed for a new molecule and solvent system.

3.6. Dissolution Experiments. Seeded dissolution experi-
ments were performed to further validate the hypothesis that
spatial concentration gradients drive changes in the observed
PSD. If the concentration is homogeneous throughout the vial,
changes in the PSD during dissolution would be expected to be
independent of the g-level. However, if a spatial variation in
concentration forms differently at different g-levels, then shifts
in the PSD during dissolution will be different at different g-
levels, Figure 11d illustrates the case where the concentration
is homogeneous spatially across the vial. The rate of crystal
dissolution is given by eq 8, where kd and d are dissolution
constants, Csat is the saturation concentration, and C is the
concentration of the L-histidine in solution. If the solution
concentration is spatially uniform, the rate of dissolution will
be uniform throughout the solution.

R k C C( )d
d d sat= (8)

However, if the concentration is not spatially homogeneous
throughout the solution, then the rate of dissolution will also
have a spatial gradient. Figure 11e shows three operating
points in the solution distributed spatially�one near the top of
the vial, one at the middle of the vial, and one at the bottom.
The solution concentration has a spatial gradient, with lowest
concentration at the top and highest concentration at the
bottom. Since the rate of dissolution is dependent on the
difference between the solution concentration and the
solubility limit of L-histidine, particles are expected to
experience the fastest rate of dissolution at the top of the
vial and the slowest rate of dissolution at the bottom of the
vial. Thus, a spatial gradient in the supersaturation can lead to
different particle sizes at the end of the experiment.
Figure 12 shows the volume-based PSDs for the dissolution

experiments described in Section 2.10. The modes of the
distributions are listed in Table 5 for readability. After 20 min
of dissolution, the mode of the volume-based PSD shifts to the
left from 185 to 47, 44, and 39 μm at 1, 3, and 5 g, respectively,
as shown in Figure 12a. The trends with increasing g-levels
indicate that the rate of dissolution increases with increasing
centrifugal forces, with the enhancement explained by the
formation of low-concentration regions that promote faster
dissolution. At 40 min of dissolution (Figure 12b), the modes
are 40, 22.5, and 39 μm at 1, 3, and 5 g, respectively. While the
left shift of the first two modes is consistent with the notion
that increasing g-levels increases spatial gradients and
promotes enhanced dissolution, the sample that undergoes
dissolution at 5 g undergoes little shift from 20 to 40 min,
which is attributed to sedimentation effects bringing the
crystals in equilibrium with localized high concentration region
at the bottom of the vial.
The observed modes of the volume-based PSD at 40 min as

a function of g-level (Table 5) exhibit the reverse of the trend
observed in Table 4 during the seeded desupersaturation
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experiments. The observation of nonmonotonic behavior
across both crystallization and dissolution studies helps
support the hypothesis that observed changes in PSDs are
driven by concentration gradients and that the behavior is a
result of multiple competing dynamics.
It is to be noted that although the hypothesis of

supersaturation-mediated changes in crystallization under
hypergravity has been proposed in the literature before,50

there was limited experimental supporting evidence available.
This work confirms the hypothesis through a combination of
(a) quantitative measurements of PSDs with laser diffraction,
(b) crystallization experiments with in situ PAT tools for
enhanced process understanding, and (c) dissolution experi-
ments at variable g-levels to further probe supersaturation-
mediated changes in crystallization outcomes in hypergravity.

In addition, while previous hypergravity studies primarily
focused on protein molecules at g-levels often in the 1000 to
10,000 g range and often found no effects of gravity at less than
100 g, this work shows that at the 2 mL scale, small-molecule
crystallizations have different outcomes depending on the
effective gravity level. This study reveals that gravity-driven
supersaturation gradients can arise even while stirring at 800
rpm on the 2 mL scale, which impacts a wide range of studies
on typical screening platforms such as the Crystal16.
It is to be noted that the transferability of crystallization

mechanisms across the Crystal16 reactor and EasyMax is case-
dependent, i.e., it depends on the mechanical properties of the
product crystals and the sensitivity of the crystallization
mechanisms to the reactor hydrodynamics. Based on the
experiments performed, we can conclude that secondary
nucleation is the primary mechanism for L-histidine cooling
crystallization that leads to the observed PSDs for both the
EasyMax and Crystal16 experiments.

4. CONCLUSIONS
Seeded cooling crystallization of L-histidine was performed at
different g-levels using a centrifuge. The measured shifts in the
PSD were nonmonotonic with increasing g-levels. Experiments
were run in the EasyMax reaction calorimeter with in situ PAT
tools to quantify the MSZW and the sensitivity of the Raman
spectra to changing L-histidine concentration and temperature.
A chemometric model was built to calculate the L-histidine
concentration as a function of the instantaneous Raman
spectra and the solution temperature. In situ PAT data from
the Blaze probe revealed secondary nucleation to be the
dominant mechanism of crystallization. The evolution of the
system in the phase diagram showed rapid desupersaturation
initially, followed by slower desupersaturation at the end due
to the Arrhenius nature of the growth kinetics. A hypothesis
was developed that explains changes in the product PSD as a
function of g-level through the formation of spatial variations
in concentration and supersaturation. Dissolution experiments
were designed to support the hypothesis that concentration
gradients drive changes in crystallization outcomes. The
possibility of particle breakage significantly influencing the
measured PSD was ruled out by experiments discussed in the
Supporting Information. The hypergravity experiments also
show that gravity affects the crystallization process even when
the solution is stirred at high rpm, highlighting that gravity
likely plays a significant role in many small-molecule
crystallization processes. Since particle size has a significant
impact on dissolution rate and oral bioavailability, as has been
well documented in the literature,52−55 accounting for the
effect of gravity may be especially important for APIs whose
crystallization behavior is sensitive to spatial concentration
gradients. Variable gravity platforms are well-positioned to
rapidly generate data sets that show how gravity impacts the
crystallization of small-molecule pharmaceuticals, paving the
way to achieve better control over crystallization and
highlighting opportunities for improved process control in
microgravity.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01274.

Figure 12. Volume-based PSD at (a) 20 and (b) 40 min for different
g-levels.

Table 5. Observed Modes during Dissolution Studies

condition (g) prior to dissolution (μm) 20 min (μm) 40 min (μm)
1 185 47 40
3 185 44 22.5
5 185 39 39
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Additional characterization (pH of solution before and
after crystallization experiment), XRPD of seed and
product crystals, unseeded nucleation experiments,
Raman spectra for L-histidine, dynamic image analysis
of seed and product crystals, solubility measurement of
L-histidine in water, and investigation of the breakage of
L-histidine in ethanol (PDF)
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