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The morphology of crystalline active pharmaceutical ingredients (APIs) can sig-
nificantly affect their product properties, so that its control during manufacturing
is crucial. To address this, a newly augmented commercial milliliter-scale facility
and knowledge-based workflow were developed with the aim of identifying opti-
mal process conditions for producing more equant-shaped crystals. The design
includes minimal material usage, inline imaging, and independent temperature
and supersaturation control through evaporative crystallization. The methodology
enables the identification of process conditions for equant-shaped crystals across
diverse APIs. These findings contribute to advancing pharmaceutical research and
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development by providing a reliable approach to optimize crystal morphology.
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1 Introduction

Batch crystallization plays an essential role in the pharmaceuti-
cal industry and occupies a significant part of the resources
dedicated to research and development [1]. About 90 % of the
active pharmaceutical ingredients (APIs) are produced as solids
and are predominantly crystalline [2]. In this perspective, the
control of the properties of the produced crystals have been in-
vestigated intensely and with special attention to the desired
product quality [3,4]. Among the many crystal properties, the
crystal morphology, i.e., the external shape of a crystal, is one
of the critical attributes. This property exerts important effects
on the processability in downstream operations [5,6] and the
physicochemical behavior [7-10]. Given the relevance of the
crystal morphology, extensive studies have been conducted
over the years to elucidate fundamental relationships involved
in the resulting crystal morphologies [11-13]. Presently, it is
well accepted that solvent [14-16], temperature [17, 18], degree
of supersaturation [19-21], and use of additives [22] are of
potential relevance to the crystal morphology.

Comprehensive screening covering diverse combinations of
these variables could aid in identifying the process conditions
that lead to a determined crystal morphology. Crystal morphol-
ogy prediction models [23,24] and computer-aided tools
[25-27] have been developed to foretell the resulting crystal
morphologies. However, most of the available models aim at
the simulation of the growth of single crystals [28,29] under
conditions far from those of typical batch stirred-solution crys-
tallization. As a result, they are difficult to transfer to the pre-
diction of the crystal morphology in bulk crystallization
[30,31]. Consequently, there is still a great need for experimen-
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tal techniques in crystal morphology screening and control.
This demand is even more pronounced for APIs in the early
stages of their development, when only few crystallization data
are available. For this reason, this work aims to address this
need by introducing a robust experimental workflow tailored
for the investigation of novel or barely known APIs. The objec-
tive is to identify precise process conditions that lead to desired
morphologies, with a particular focus on achieving more
equant shapes, as are typically desired.

The method proposed in this article is subject to the follow-
ing requirements: (1) efficient usage of raw material, (2) good
transferability for upscaling, and (3) unmistakable assessment
of the crystal morphology with the process conditions.
Although the above requirements are logically reasonable, they
are only partially met in most morphological studies. First,
there is a lack of small-scale experimental setups that closely
resemble bulk crystallization. Second, in batch experiments
there is frequent overlap of variables and hence an inherent dif-
ficulty in the interpretation of the obtained results. Third, often
off-line evaluation of crystal morphology is carried out, which
can be unreliable due to the necessary preparation steps.

To meet the above requirements, this study used an
advanced miniaturized multi-reactor system (Crystalline,
Technobis Co.) for bulk crystallization equipped with inline
imaging. This device has been augmented to allow for
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controlled isothermal batch evapo-
rative crystallization. The process
conditions in the miniaturized re-
actors mimic rather well large-scale
conditions in stirred crystallizers,
facilitating upscaling. In addition,
the miniaturization and paralleliza-
tion contribute to designing exten-
sive experimental plans with mini-
mal API usage. In contrast to
traditional batch cooling crystalli-
zation, the amended setup decou-
ples temperature and supersatura-
tion, simplifying interpretation of
the dependencies of the crystal
morphology on these variables.
Finally, the inline imaging provides
a clear and unambiguous rela-
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ogy and process variables by ex-
cluding potential changes from
sampling and solid-liquid separa-
tion [32-35].
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Figure 1. Structural formulas of the APIs used in this study along with exemplary microscopic

Three patented model APIs,
namely Bitopertin (Form A) [36],
Balapiravir Hydrochloride [37],
and a DPP-IV Inhibitor (DPP-IV
Inh) [38], generously provided by
Hoffmann-La Roche Co. Basel, Swit-
zerland, were made available with
the specific goal of converting their
primarily needle-like crystal mor-
phology to more equant shapes.
Their chemical structures along
with exemplary microscopic images
are depicted in Fig. 1.

Nominal volume =8 ml
Sample volume = 5 ml
Diameter = 17 mm
Height = 61 mm

3 Methodology
3.1 Experimental Setup

Fig. 2 depicts the experimental setup for one of the eight inde-
pendent reactors of the above-mentioned Crystalline crystalli-
zation system and illustrates the amendments implemented for
controlled isothermal evaporation (delimited in red).

The standard device features: (1) temperature control within
the range from -20 to 145°C (TIRC), (2) controlled mixing
(M) by means of a pitched four-blade overhead stirrer
(dplade = 9mm) or by PTFE micro-stirring bars (rectangular,
10 x 3mm) at the bottom of the glass vial, (3) transmissivity
measurement across the reactor (QIR), and (4) visualization of
the crystallization by internal CCD cameras (BIR). As the
device lacks the capability for controlled evaporation, a concept
for achieving isothermal evaporation using a stripping gas was
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Figure 2. Experimental setup for one out of the eight crystallizers in Crystalline.

developed. For this purpose, a gas flow (nitrogen) is fed to the
vial and led over the surface of the liquid. To adjust the pres-
sure, a vacuum pump (LVS 105 T - 10 ef, Welch Co.) was con-
nected to the respective vacuum controller (Vacuu-Select con-
troller, Vacuubrand Co., PIC) at each of the reactors. To set the
stripping gas flow to each vial, thermal mass flow controllers
(EL-Flow-Select, Bronkhorst Co., FIC) were installed at each
reactor. Customized lids with four openings were used to allow
the inlet and outlet of the gas and vapor, as port for feeding of
seed crystals, and as opening for inserting a temperature sensor
(TIR) into the vials.

3.2 Experimental Workflow
In order to successfully obtain more equant-shaped crystals of
the selected APIs, a workflow to systematically cover the whole

crystallization design was devised, starting from solvent selec-
tion and concluding with crystal morphology analysis by image
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analysis. The steps of the workflow are depicted in Fig.3 and
described in the following sections.

3.2.1 Solvent Selection

The initial step in the presented workflow is to rationally select
a manageable number of solvents for crystallization experi-
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ments. The selected solvents should fulfill three key criteria: (1)
hazard-free level, based on ICH Q3C guidelines for residual
solvents; (2) soluble (30-10 mL solvent/g API) or sparingly sol-
uble (100-30 mL solvent/g API) behavior of the API according
to the European Pharmacopeia [39], and (3) high dissimilarity
of the selected pure solvents, as categorized, e.g., by Alleso et al.
[40]. Further details of the solvent selection are given in the
Supporting Information (see Sect. S1).
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Figure 3. Experimental workflow for crystal morphology screening and manipulation. The numbering of the
blocks indicates the dedicated subchapter in this article. DSC: differential scanning calorimetry, HAZOP: hazard

and operability.
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3.2.2 Phase Diagram

The second step involves determining the solubility and meta-
stable zone limit (MZL) of the API-solvent binary systems to
establish operational conditions for the evaporation crystalliza-
tion experiments. In particular, temperature variation while
acquiring the solution transmissivity emerged as an ideal
option to obtain fast and reliable measurements. More exten-
sive information about the technique is comprehensively de-
tailed in other sources [41]. Details specific to this study are
available in Sect. S2.

3.2.3 Experimental Design

In the third step of the workflow, the experimental design is
set. Specifically, in this work the focus lies on four key factors
that play a significant role in determining crystal morphology:
(1) rate of supersaturation buildup, (2) crystallization tempera-
ture T, (3) use of seed crystals, and (4) solvent. The substantial
miniaturization and the availability of multiple crystallizers in
the chosen experimental setup make it possible to employ a full
factorial experimental design to explore the desired factors.
The precise experimental conditions investigated for each API
are listed in Sect. S3.

3.2.4 Evaporative Crystallization

The innovative inclusion of controlled isothermal batch evapo-
rative crystallization in the chosen miniaturized device allows
independently the impact of the temperature and the supersat-
uration on the crystal morphology to be explored. In Fig. 4a,
which provides an illustrative depiction of the process, the
mass loading of the solvent at the end of an experiment X is
set intentionally above the MZL to enable the probability of
spontaneous crystallization. The initial mass loading of the
solution X, is exactly half of Xg. Thus, when half of the solvent

is evaporated, the solution reaches the target Xg value. To ad-
just the solutions to X, in the metastable state, the prepared
suspensions are heated to the temperature Ty for dissolving all
solid APIL Ty is set 5°C above the solubility temperature T* of
the solution. Thereafter, the clear solution is cooled down
swiftly until the targeted crystallization temperature T, is
reached. If crystallization does not start before Xg is reached
(after evaporation of 50 % of the solvent), further evaporation
is permissible, but the sample volume should not be reduced to
less than 1.5 mL. Otherwise, accurate inline imaging and mea-
suring is hindered.

Fig. 4b depicts two exemplary cases of reaching X, starting at
the same X,. In one case, the time to evaporate half of the
solvent 75, is 60 min, and in the other it is 210 min. Clearly, 7so
depends on the evaporation rate ri1, [Eq.(1)], which in turn is
determined by the temperature, pressure, solvent, and most
importantly the stripping gas flow. Thereby, the course of mass
loading and supersaturation can be calculated on the basis of
rhy; the detailed calculation is given in Sect. S4.
mso{vent,o 1)

Ts50 = 0.5- "
v

For seeded experiments, the same methodology is proposed.
Here, the inoculation is done shortly before the start of evapo-
ration. It is emphasized that the seed material should be pre-
pared to ensure a uniform and ideally isometric morphology to
serve as a template. Further details of the seed preparation and
the seeding itself are given in Sect. S5.

3.2.5 Morphology Analysis

The morphology analysis of the inline images derives from a
standard procedure programmed in Matlab (details are given
in Sect.S6). In this analysis, the morphology is quantified by
the aspect ratio (AR), which is defined in Eq.(2) as the ratio
between the major axis X, and minor axis X, of the ellipse
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Figure 4. (a) Phase diagram of Bitopertin in ethanol with exemplary process route of evaporative crystallization ex-
periments at 30 °C. (b) Course of supersaturation and mass loading of the solution for this process route, but for two

different evaporation rates (r5o = 60 and 210 min).
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that contours the detected crystal. Furthermore, for a straight-
forward evaluation of the crystal morphology, its characteriza-
tion is based on the median value of the aspect ratio ARsoq
resulting from the total number of crystals. The evaluation of
Xmax and X, enables additionally the assessment of the crystal
size distribution (CSD) along these two dimensions.

AR — Xmax Q)

Xmin

To ensure a fair comparison of ARsp, across experiments, a
practical range for image analysis must be defined. This range
should encompass an assessment of both the increase in the
number of detected particles N}, and the ratio of the projected
area of the crystals to that of the total image Acrysta/Aimage: In
our experiments, the comparison of AR5y, was performed at a
specific point coinciding with a predetermined value of A ysal/
Ajmage referred to as end image analysis. This approach guar-
antees that the data points correspond to suspensions with
comparable crystal contents.

A qualitative comparison of the inline morphology and the
final dried product is also proposed to assess potential altera-
tions and identify the best option for upscaling. Conditions
leading to a stable morphology after solid-liquid separation are
favorable for evaluation at a larger scale. The procedure for the
filtration and drying of the product suspensions is given in
Sect. S7.
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/
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0.00

3.2.6 Crystal Structure Analysis

The crystalline product is analyzed to infer whether an ob-
served change in crystal morphology is exclusively due to the
change in the crystal growth rates of the different faces and is
not due to a change in crystal structure. In this study, the sam-
ples were analyzed by X-ray powder diffraction (XRPD; D8
Advance, Bruker). The diffraction peak positions of the investi-
gated samples were compared with those of the already known
polymorphous forms.

4  Results and Discussion
4.1 Solvent Selection and Phase Diagrams

The proposed solvent selection method limited the number of
solvents used in evaporative crystallization experiments for
each API to three. Fig.5a-c show the solubility curves and
MZLs for the binary mixtures of the APIs with their respective
solvents. Fig.5 shows that the methodology worked as envi-
sioned. Although the number of solvents is minimal, they pro-
vide a diverse landscape for crystallization, which, when com-
bined with an experimental strategy that includes a wide range
of process parameters, is more likely to influence the crystal
morphology. The solubility curves result from the fitting of the
measured points according to an exponential function
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Figure 5. Solubility and MZL for API-solvent pairs. (a) Bitopertin, (b) Balapiravir, and (c) DPP-IV Inh.
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[Eq. (3)]. On the other hand, each MZL was derived from the
interpolation of the minimum undercooling required at each
investigated mass composition. The measured data and the
parameters A;; and B;; for each investigated binary system are
presented in Sect. S8.

XU =A;- BT/ °C i:solvent; j: API (3)

4.2 Bitopertin

To understand how the specific factors affect the crystal mor-
phology, selected cases were focused on. These showcase differ-
ences and provide insights into the crystal morphology manip-
ulation. The experimental conditions of these selected cases are
given in Tab.1 along with their resulting morphologies. The
discussion focuses primarily on ARsqo. The two-dimensional
CSD in terms of X, and Xpin, Which is of main interest for
upscaling, is presented in a subordinate way in Sect. S9.

Fig. 6a shows representative sections of the images used for
the AR evaluation. They show a variety of crystal morphologies
ranging from perfect isometric crystals to undesirable needle-
shaped ones. The cumulative frequency distribution of the
aspect ratio Qp ar, (Fig. 6b) ranges from 1 to about 30. Further-
more, the morphology observed inline is very similar to that
found for the dry product. Only in Cases V and VI do the
crystals seem slightly less elongated after filtering and drying.
However, more importantly, in both cases in which isometric
crystals were detected inline (Cases II and IV), there is no sub-
stantial difference in the dry product.

Additionally, XRPD analysis ruled out the possibility of addi-
tional polymorph crystallization in any of the cases in Tab. 1.
The stable polymorph (Form A) was always formed, demon-
strating that the change in crystal morphology was obtained
solely by a change in crystal growth influenced by the variation
of the process conditions. The corresponding diffractograms
are included in the supporting information (Sect. S10).

In summary, the experiments revealed favorable process
conditions for producing more equant-shaped crystals. The
produced crystals are also sufficiently robust to retain their
morphology following solid-liquid separation and provide a
promising pivot point for large-scale experiments. To clarify
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Figure 6. (a) Images acquired by Crystalline (inline) and after
solid-liquid separation (dry product) for the crystal morphology
analysis of the selected cases in Tab.1. (b) Particle number
based cumulative distribution of the AR for the cases presented
in Tab.1 based on the inline images. Isometric crystals tend to
aspect ratios close to 1.

Table 1. Experimental conditions and outcome of selected Bitopertin crystallization cases.

Case Factor (1) Factor (2) Factor (3)

Factor (4) So [-] Saua [-] Crystal morphology ~ ARsg [-]

Tso [h] i, [mg min'] T [°C]

Unseeded/seeded Solvent

I 1.0 33 45 Unseeded
I 3.5 9 45 Unseeded
111 3.5 9 30 Unseeded
v 1.0 33 45 Seeded

\% 3.5 10 45 Unseeded
VI 3.5 9 45 Unseeded

Ethanol 147  2.67 Needle 6.24
Ethanol 145 172 Isometric 1.55
Ethanol 148 2.10 Needle 5.26
Ethanol 133 1.60 Isometric 1.60
1-Propanol 147 2.85 Needle 3.54
2-Propanol 1.52  2.60 Needle 4.38
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and properly break down the factor(s) responsible for these
morphological changes, the following subsections discuss
selected experiments focusing on one variable at a time.

4.2.1 Effect of Evaporation Time/Rate of the
Supersaturation Buildup (Factor 1)

A simple visual comparison between Cases I and II, both con-
ducted in ethanol at 45°C with varying evaporation rates,
clearly illustrates the effect of this factor on the crystal mor-
phology. Fig. 6a shows needle-shaped crystals that are formed
in the case of fast supersaturation buildup (Case I), whereas
isometric crystals are formed at slow supersaturation buildup
(Case II). The corresponding quantitative evaluation of the AR
distribution, which is presented in Fig. 6b, clearly captures the
qualitative observations of the crystal morphology. For Case II,
the AR tends to more isometric values in comparison with
Case L.

In Case I nucleation starts at a higher supersaturation ratio
and rapid evaporation continues to drive the supersaturation
faster to higher values (Fig.7). Thus, the crystal growth is sub-
jected to higher supersaturation in comparison with Case IL
Certainly, the supersaturation begins to decrease after nuclea-
tion. However, in the range of the image analysis, the calculated
total mass of formed crystals is substantially smaller, as the
total mass of API in the suspension and its impact on the
supersaturation are negligible, this analysis is given in detail in
Sect. 54.

From this result, it is deduced that a high evaporation rate
(here: Case I) leads to nucleation onset and crystal growth at
higher supersaturation ratios, compared with the cases in
which evaporation is performed more slowly (here: Case II).
Therefore, in Case I accelerated crystal growth occurs and nee-
dle-like growth is promoted.

The above conclusion was confirmed by evaluating the num-
ber-based median aspect ratio ARgq of crystals for replicates
of Case I and Case II as a function of the supersaturation at the
nucleation onset S,,,, which is plotted in Fig. 8. Two findings

#97 1os5c
4.07 4 Nucleation start ~ —Case | : Sy, 750 =1.0h
& 3.5 ® End image analysis —Case II: Sy, 150 =3.5h

/-

Supersaturation ratio
©S =~ =~ N DN ©w
m o »n o u o

TR SO

\
\
n
\

50 100 150 200 250
Time t/ min

o

Figure 7. Calculated course of supersaturation of Bitopertin in
ethanol at 45 °C for Cases | and Il. The progress of the calculated
supersaturation Sy, after nucleation onset is depicted as a
dashed line. The triangles indicate the nucleation start S, and
the squares specify the time at which the final criterion of image
analysis is reached.
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Figure 8. Number-based median aspect ratio ARsqo versus
supersaturation at the nucleation onset S, for replicates of
the Case | (tso = 3.5h) and Case Il (r5o = 1.0h). The specific
Cases | and Il summarized in Tab. 1 and analyzed in Figs. 6 and 7
are highlighted in gray.

can be inferred from Fig. 8. First, the experiments with a higher
evaporation rate have greater variability in S,,q, and therefore
worse reproducibility compared to the experiments with slow
evaporation. The lowest S, is about 1.75 and the highest over
3.50. The second finding is the obvious tendency towards the
formation of more isometric crystals at lower supersaturation.

4.2.2 Effect of the Temperature (Factor 2)

Fig. 6 illustrates that the crystals of Case IIT exhibit an acicular
habit. This case differs from Case II only in the crystallization
temperature, 30 °C instead of 45 °C. However in the crystalliza-
tion process, Sy, of Case III is much higher in comparison
with Case II (see Tab.1), which supports again that higher
supersaturation during crystallization fosters acicular growth of
the Bitopertin crystals. Experiments with identical process con-
ditions such as Case III, but with a lower supersaturation at the
nucleation onset, were not observed. Among the six experi-
ments, Case III has the lowest S, of 2.1.

An examination of additional temperatures not listed in
Tab. 1 revealed valuable insights into the effect of temperature
on crystal morphology. Detailed data for these experiments are
available in Sect. S11. Reducing the temperature to 15 °C while
maintaining the same slow evaporation rate results in a shift in
Shucl to approximately 2.5, leading to the formation of acicular
crystals. Consequently, at lower temperatures (30 and 15°C),
Snua and crystal growth occur at elevated levels, promoting an
acicular morphology. Multiple replicates suggest that under the
experimented conditions primary nucleation at lower supersat-
uration ratios (Sp,q < 2.0) is less probable at 15 and 30 °C. Con-
versely, elevating the temperature to 55 °C causes Bitopertin to
crystallize at lower S,,q values and with a more isometric
shape, resembling the behavior observed at 45 °C. Experiments
investigating crystallization after longer induction times at
constant and lower supersaturation can truly reveal whether
the temperature has a substantial effect on the crystal morphol-
ogy of Bitopertin.
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4.2.3 Effect of Seeding (Factor 3)

Fig. 6b highlights a significant difference in AR between Case I
(without seeding) and Case IV (with seeding). In the seeded
experiment, the crystal product exhibits a clear isometric mor-
phology with AR values ranging from 1 to 5. In contrast, the
equivalent case with primary nucleation shows a broad range
of AR values, from 1 to 28.

Focusing on the rate of crystal formation interpreted from
Fig. 9, which is based on A iysal/Aimage reveals that in Case IV
phase transfer begins with the start of the experiment and in-
creases with smooth growth over time. So, from the very begin-
ning of the experiment, the supersaturation is being depleted.
In contrast, in Case II, phase transfer is much faster. As noted
above, the supersaturation reaches higher values. Consequently,
the system is driven to faster depletion of the supersaturation
in comparison with Case IV, which has a negative impact on
the uniform growth of the crystals.

0144 T=45°C 1,=1.0h
8  0421° Casel: unseeded e CaseIV: seeded
[5) O
o, X i
g ~ 0.10 - End Image Analysis
-
£ £0.081
£
S £0.06
£ <
5 o 0.04]
c @
£ ©0.021
Q
o
w 0.00 = T T T T T )

0 1IO 20 30 40 50 60 70

Crystallization period 1, / min

Figure 9. Ratio of the crystal projection area to the image area
from nucleation onset until the end of image analysis for Cases |
and IV.

4.2.4 Effect of the Solvent (Factor 4)

As can be seen in Tab. 1, the solvent also influences the modifi-
cation of the crystal morphology. Under almost identical crys-
tallization conditions (T = 45°C, Tso = 3.5h), acicular crystals
were formed in I-propanol (Case V) and 2-propanol
(Case VI), whereas isometric crys-

the differences in the growth of the tips and the surrounding
faces, yielding needle-shaped crystals. To understand which
specific interactions are responsible for the nucleation onset
occurring at higher values in 1-propanol and 2-propanol, fur-
ther experiments need to be conducted, specifically focusing on
the crystallization kinetics of Bitopertin.

4.3 Balapiravir and DPP-IV Inh

The same workflow was applied for Balapiravir Hydrochloride
and DPP-IV Inh. Fig. 10 shows the cumulative ARs of the two
APIs, representing the cases with the most and least elongated
crystal morphologies. The cumulative AR distribution shows a
significant effect on the crystal morphology, depending on the
process conditions. The X-ray diffractograms are the same for
both cases of Balapiravir and for both cases of DPP-IV Inh.
Consequently, there is no change in the crystal structure in the
presented cases. The modification and improvement of the
crystal morphology were achieved merely through the change
in crystal growth due to the different process conditions tested
in the workflow. The corresponding diffractograms can be
found in Sect. S10.

The crystallization studies on these two APIs reinforce the
need for a rational workflow for studying crystal morphology.
Even with a narrow solvent selection and a well-limited experi-
mental design, the crystal morphologies of the selected APIs
changes from highly elongated needles to more isometric crys-
tals.

4  Conclusion

The presented experimental setup and workflow has proven to
be a useful general tool for investigating and manipulating the
crystal morphology of APIs with scarcely known crystallization
behavior. Moreover, it fulfills key criteria, such as: (1) efficient
usage of raw material by screening dozens of combinations
using 200 times less raw material than typical experiments on a
liter scale, (2) unmistakable assessment of the crystal morphol-
ogy with the process conditions thanks to inline imaging,
which facilitates the (3) possible transferability for upscaling.
Through the application of the proposed experimental setup
and workflow to various APIs, specific process conditions for

tals were observed in the equivalent  a) 1.0 b) 1.04 « T
experiment in ethanol (Case II). < i Balapiravir —l""_"_'- < ,”, DPP-IV Inhf.--"""
x © o

In particular, in 1-propanol and 50874 _,."'F £08q 7y -
2- I, a significant diff g ' g g

propanol, a significant difference 5 | | > P
in the onset of nucleation is ob- g O-G'I’ ;-’ s 0647 /
served. They have S, values of § 0a - qg; 0a /-/
2.5 and 3.0, respectively, while in % J—+—Q 4z Anisole, T=70 °C g 4 ——Qquz Anisole, T =60 °C
the case of ethanol, the nucleation % 024 f,-l" unseeded E 0211 J unseeded
started at a significantly lower Syua 2 |l [ ——QpugrAnisole, T=70°C 2 / i —=— Qy zr Anisole, T =80 °C
value of approximately 1.7. There- 3 | T.—r'f" __seeded 3, O_G.('. . __unseeded . .
fore, the differences in morpholo- 0 15 30 45 60 75 90 105 120 0 10 20 30 40 50 60

Aspect ratio AR /- Aspect ratio AR /-

gies can be explained by the same

reasons given in Sects.4.2.1-4.2.3:  Figure 10. Particle number based cumulative distribution of the aspect ratio for the cases with
high supersaturation exacerbates  the most and less elongated crystal morphologies (a) Balapiravir Hydrochloride (b) DPP-IV Inh.
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each API that enhance the formation of more equant-shaped
crystals were identified. Notably, by evaluating AR5, a differ-
ence of at least one order of magnitude was observed between
the worst and best case for each API. Furthermore, inline imag-
ing proved to be an excellent tool for hypothesizing key rela-
tionships between crystal morphology and underlying crystalli-
zation kinetics. This is exemplified by the analysis of
nucleation onset and increase in crystal area in the images
acquired during crystallization. By leveraging these findings,
more general strategies for achieving desired morphologies can
be recommended, providing a comprehensive approach to
inform decision making in the crystallization process.

In the extensively discussed case of Bitopertin, two distinct
perspectives emerge: (1) From an operational standpoint,
isometric crystal morphology was achieved by crystallizing
Bitopertin from ethanol at 45 and 55 °C with a low evaporation
rate. In contrast, crystallization from ethanol at 15 and 30°C
resulted in the formation of acicular crystals. (2) From a
phenomenological viewpoint, it was noted that lower super-
saturation ratios at the nucleation onset, such as those observed
at 45 and 55°C with lower evaporation rates in ethanol,
promoted more isometric crystal growth. Conversely, spon-
taneous crystallization at higher supersaturation ratios in
1-propanol, in 2-propanol, or at lower temperatures led to acic-
ular crystal formation. The first perspective emphasizes the
required process conditions for obtaining a specific morphol-
ogy, while the second opens up the possibility of hypothesizing
alternative conditions that could also lead to the desired mor-
phology.

These results, obtained at a highly miniaturized scale, also
hold potential for practical use if the process conditions that
yield more equant-shaped crystals prove reliable for scaling up.
This topic is of utmost relevance, and we are currently prepar-
ing a second contribution that compares the findings between
the miniaturized scale and liter-scale experiments.
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Symbols used

Acrystal [nm?] projected area of the crystals in an
image taken inline

Ajj [-] first coefficient of the solubility
curve

Ajmage [nm?] total area of the image

Bj; [-] second coefficient of solubility curve

d [mm)] diameter

m [mg min~'] mass flow

m [g] mass

MW [gmol™]  molecular weight

N, [-] number of detected crystals in an
image taken inline

Qo [-] particle number-based cumulative
frequency

S [-] supersaturation ratio

T [°C] temperature

t [min] time

X [-] mass loading

x [pm] minor/major axis of the ellipse that

contours a detected crystal

Greek letters

Tso [min] time to evaporate the half of the
solvent
Terys [min] crystallization period

Sub- and superscripts

* equilibrium condition

0 initial condition

50,0 particle number-based median

c crystallization

d dissolution

E final state

i solvent number

j API number

min minor

max major

nucl nucleation onset

th calculated

v vapor

Abbreviations

API active pharmaceutical ingredient
AR aspect ratio

BIR image indicator and register
CCD charge coupled device

CSD crystal size distribution

DPP-IV Inh dipeptidyl peptidase inhibitor
DSC differential scanning calorimetry

www.cet-journal.com

85U8017 SUOWWIOD AIT.D) 8]qe!(dde aup Aq peusenob ae Sspie YO ‘SN JO S9Nl J0j Ariq1T 8UIUO A8]I/M UO (SUONIPUOD-PUR-SWRIL0D" A3 1M AeIq Ul UO//SdNL) SUORIPUOD pue SWie | 8y} 89S *[120z/T0/zz] Uo AriqiTauliuo ABjim "4 Imisul eynsie Aq #TE00£Z0Z 1889/Z00T 0T/I0p/Wo A8 | imAIqijeuljuo//Sdiy Wwolj pepeojumod ‘0 ‘SZTHTZST



Chemical Engineering

Research Article

These are not the final page numbers! \~\

Technology

FIC flow indicator and controller
HAZOP hazard and operability
ICH Q3C international council for harmonisation of
technical requirements for registration of
pharmaceuticals for human use
M mixing
MZL metastable zone limit
PIC pressure indicator and controller
PTFE polytetrafluorethylene
QIR transmissivity indicator and register
RPM revolutions per minute
SIC stirring indicator and controller
TIR temperature indicator and register
TIRC temperature indicator register and controller
XRPD X-ray powder diffraction
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Research Article: A miniaturized multi-
reactor system and knowledge-based
workflow were developed to identify
optimal process conditions for
controlling the crystal morphology of
active pharmaceutical ingredients
(APIs). This method, which features
minimal material usage, inline imaging,
and independent control of
temperature T and supersaturation S,
can be used to obtain more equant-
shaped crystals of diverse APIs.
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