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ABSTRACT

Recently, meniscus-guided coating (MGC) has been utilized for small molecule
pharmaceutical crystallization and has demonstrated the ability to direct the formation of crystal
polymorphs. However, the traditional coating regimes (evaporative and Landau-Levich) do not
provide adequate control over the crystal size or shape - specifically the formation of small and
low-aspect ratio crystallites is desirable for pharmaceutical applications. In this work, MGC
processing conditions are adjusted to achieve three distinct film morphologies of acetaminophen
from aqueous solutions. The morphologies are characterized using polarized optical microscopy
and scanning electron microscopy. Notably, we identified a set of processing conditions that
results in uniform microcrystal formation due to rapid evaporation and precipitation. Deposits
created with this technique produce crystallites with an average diameter of 6.9 £+ 2.4 pm with
nearly monodisperse size distributions. X-ray diffraction was used to assess polymorphism and
crystal texture in the thin films as a function of processing conditions, revealing that the
microcrystals are heterogeneously nucleated and preferentially oriented on the substrate. This
work contributes new insight to processing techniques which may be relevant to continuous
pharmaceutical manufacturing efforts by obtaining preferred morphologies.

INTRODUCTION

The pharmaceutical industry has made advances towards implementing continuous
processes for drug production.’? Guided by quality by design, continuous manufacturing
operations provide an opportunity to improve process efficiency and product quality.®> One
challenging step in continuous pharmaceutical manufacturing is associated with continuous

crystallization of pharmaceutical compounds.* Continuous crystallization technologies are desired
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due to ease of integration with upstream and downstream unit operations, as well as more uniform
crystallization conditions compared to batch crystallization.® In addition, traditional batch
crystallization approaches are prone to batch-to-batch variability with regards to product recovery
and quality.® There is a persistent need to develop scalable crystallization technologies which can
provide control over critical characteristics of the final crystal product.”

Controlling crystal polymorph, size, shape and morphology while using continuous and
scalable manufacturing techniques has become an active field of research.-'> The ability to
control crystal size, shape and crystal size distribution (CSD) is a necessity due to the direct
relationship between the morphology of the pharmaceutical compound to the resultant biological
performance.’® For example, smaller crystals have been shown to have faster dissolution rates
compared to larger crystals due to increased surface area relative to volume.'*

Crystal shape impacts dissolution profiles as well."®> Further, low aspect ratio crystals or
aggregate shapes, such as spheres, have superior flowability for ease of processing.'® These low
aspect ratio shapes are therefore desirable from a processing standpoint compared to needles or
platelets. Multiple technologies have been studied to create optimal crystal morphologies. For
example, supercritical CO, facilitated spray drying has been successfully applied to the
continuous production of spherical crystals.’® Spray drying has been used to create micro- and
nano-crystals, for ease of dissolution.'” The incorporation of additives in crystallization processes
can also change crystal morphology during crystallization and produce low aspect ratio crystal
shapes.'® Spincoating and dropcasting are thin film solution processing techniques that have
produced unique crystal morphologies and polymorphs, however these techniques are not easily
scalable for use in continuous processes.'%21

Another technique that has been utilized to manufacture organic molecule thin film crystals
is based on meniscus-guided coating (MGC).22 One MGC technique, termed solution shearing, is
useful for controlled deposition of thin films from liquid phase solutions.?® The coating parameters
(coating speed and substrate temperature) are used to create solid thin films with controllable
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thickness and coverage by modulating deposition and evaporation timescales.?® Previously,
solution shearing has been utilized to control polymorphism and crystal morphology in organic
semiconductor small molecules.?*25 The technique has also gained popularity for fabrication of
perovskite thin films.26 Recently, solution shearing was applied to pharmaceutical molecules
including acetaminophen, glycine, ellipticine and aspirin?”-28 and was found to provide control over
polymorphic phases. At this time, there are few examples of MGC being applied for
pharmaceutical crystallization relative to the number of studies in polymers and organic
semiconductors. By identifying solution shearing parameters to control the crystallization of
pharmaceutical molecules, evaporative crystallization itself can be integrated into the continuous
manufacturing of pharmaceutical compounds, thus streamlining drug product production.2®

In addition, understanding MGC parameters that provide desired morphologies and
polymorphs simplifies downstream production requirements. For pharmaceutical crystallization,
the production of microcrystals with low aspect ratios is desired for enhanced biological
performance. In addition, free flowing microcrystals allow for less clogging during crystallization
processes. Also, thin film formulations are an alternative to oral tablet formulations, when a tablet
or liquid formulation is not possible.3® Oral thin films provide rapid drug delivery through dissolution
of the active pharmaceutical ingredient in the mouth, an advantage for patients who have difficulty
swallowing tablets and capsules.?® Thus, there has been a surge in development of thin film
prototypes of different APIs, such as diclofenac sodium, ellipticine, caffeine and hydrocortisone
among others.2831.32 MGC could be useful for the fabrication of thin film formulations with high
throughput and scalability.

In this work, we studied the applicability of solution shearing as a scalable processing
technique for the continuous crystallization production of low aspect ratio microcrystals in a thin
film. Meniscus guided coating techniques have previously been shown to be useful to make thin
film pharmaceutical formulations, such as multilayer thin films.2® Although previous work has
shown that numerous crystal morphologies can be isolated using solution shearing, there has
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been no study demonstrating control over the formation of low aspect ratio microcrystals.?”28
Here, we utilize an acetaminophen and water system and processing temperatures above the
boiling point of the solvent for the first time in solution shearing, to create uniform microcrystals
with low aspect ratios. We show that solution shearing at temperatures above the boiling point of
the solvent allows us to access a thin film morphology that has not been obtained previously using
MGC. We demonstrate that elevated temperature and slow coating speed produce a distinct
morphology for films created using MGC techniques, termed herein as a precipitation regime for
crystallization. Utilizing solution shearing with these unconventional operating parameters
produced a nucleation dominated crystallization regime with a continuous production of
microcrystals that are 6.9 £ 2.4 um in diameter. Within each sample, the crystal populations are
nearly monodisperse (average sample polydispersity index = 0.12). Grazing incidence wide angle
X-ray diffraction (GIXD) was used to assess the crystal texture within thin films. We found that
crystallites within the microcrystalline films are preferentially oriented on the substrate. This
finding constitutes a significant advancement to the field of pharmaceutical crystallization and
other fields where organic molecule crystallization is important, such as in the fields of organic
electronics and energetic materials.

MATERIALS AND METHODS

Solution Preparation: Acetaminophen (98%, Sigma-Aldrich) solutions were prepared with
ultrapure water at room temperature (23 °C) with concentrations of 1, 5, 10, 14 mg mL-'. Solutions
were filtered through a 0.2 um filter prior to use.

Solution shearing device: Films were created using an in-house solution shearing
machine. The equipment contains a custom designed and machined aluminum base with heating
cartridges (McMaster-Carr) for thermal control. J-type thermocouples (McMaster-Carr) and
heating components are interfaced with a PID controller (Omega Engineering Inc.) to ensure
temperature is maintained at the set point. The aluminum block contains a vacuum connection to
secure the substrate to the heated aluminum stage, ensuring good thermal contact. The shearing
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blade is secured via vacuum to a blade holder (custom) and is connected to angle/yaw (Opto
Sigma Corporation) and height (Edmund Optics) micromanipulators and a motorized linear driver
(Zaber Technologies) to control the speed of translation across the substrate.

Shearing Blade Functionalization: A functionalized silicon wafer edge was used as a
shearing blade. The shearing blade was functionalized with trichloro(octadecyl)silane (OTS) by
activating the cleaned wafer in a UV/ozone cleaner and placing the activated wafer in a 3%
OTS/ethanol solution in a crystallization dish for 30 minutes. The functionalized wafer was cured
on a hot plate set to 90 °C for 1 hour, and then sonicated for 10 minutes to remove any physically
adsorbed material on the wafer surface. The contact angle (Sl Figure 1) was found to be
approximately 87°, confirming that the blade had improved hydrophobic character relative to
untreated silicon (contact angle approximately 30°).

Thin film fabrication: Silicon substrates were cut into 1 cm? pieces and were cleaned with
toluene, acetone, water and IPA, and then dried under pressurized air. Clean wafers were placed
in a UV/ozone cleaner (Bioforce ProCleaner Plus) for 10-15 minutes prior to their use. This
treatment facilitates surface wetting of the aqueous solution. To create thin films, the desired
temperature was set and applied to the substrates, ranging from 70 - 120 °C and shearing speeds
were set to 0.01 - 3 mm s in this work. For microcrystal morphology, speeds of 0.01 - 0.05 mm
s' were explored.

Scanning Electron Microscopy: Samples were sputter coated with a gold palladium layer
using a Technics Hummer sputter coater prior to imaging. A FEI Quanta 650 scanning electron
microscope (Thermo Scientific) was used with a 10 mm working distance and an accelerating
voltage of 5 kV.

Polarized optical microscopy: A Zeiss Axio Imager A.1 optical microscope (Carl Zeiss AG)
with two polarizers oriented orthogonally produced linearly polarized light for characterizing thin
film alignment and isotropy. Films were imaged using a Zeiss Axiocam 503 Color camera (Carl

Zeiss AG).
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Image Analysis: Crystal sizes were measured in ImageJ by drawing a line across the
largest dimension of a crystal grain and using the measure feature. At least 40 crystals were
measured for each sample, and at least three samples were created at each condition. Crystal

size distributions were plotted on histograms. For each sample, the polydispersity index (PDI)

Standard Deviation 2

was determined as PDI = ( ) 3334

Average

Interferometry: A Zygo NewView 730 white light interferometer (Zygo Corporation) was
used to determine the thickness of the films.

Grazing Incidence Wide Angle X-Ray Diffraction: Grazing incidence wide angle X-ray
diffraction was used to characterize thin film polymorphism and texture. Diffraction patterns were
gathered at the Cornell High Energy Synchrotron Source (CHESS) at the former D-1 beamline.
Incidence angles were set to 0.15°. The beam energy was 10.67 KeV and sample to detector
distance was 175 and 177 mm. A Pilatus 200K detector was positioned to image one quadrant
(Cartesian quadrant 2) of the diffraction pattern, with the beam center in the bottom right corner.
The crystallographic orientation of crystals in the thin film was determined using peak indexing,
with the indexGIXS software package developed by Smilgies et al.3®

The crystal structure of acetaminophen form | was simulated with the program Mercury by
the Cambridge Crystallographic Data Centre (CCDC) using previous reports from Nelyubina et al
(CCDC deposition 754966, HXACAN30).36 Form Il was simulated from Nichols et al. (CCDC
deposition 135452, HXACANO08).3"

The texture in the film was characterized quantitatively by examining the distribution of
diffraction intensity for the (110) crystal plane on a 2D diffraction image. The degree of crystal
orientation was quantified by determining the amount of scattering that occurred in the expected
(oriented) region of reciprocal space relative to the total amount of diffraction associated with the
(110) plane. This approach was previously utilized by Chen et al. to characterize the degree of

preferential orientation in perovskite films.38
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For acetaminophen form |, the (110) plane is located at ¢ = 0.86 A~!. Applying a
tolerance of + 0.05 A1, the region of reciprocal space analyzed was setto 0.81 A~ < ¢ < 0.91
A~ in order to isolate the signal associated with the (110) plane without including diffraction from
other crystal planes. The diffraction intensity of (110) plane (centered at ¢ = 0.86 A~!) was
plotted as a function of y (the polar angle of the reciprocal space vector). Background signal was
subtracted from the integrated intensity function prior to determining the degree of preferential
orientation, defined in Equation 1:

=203
f; — _sagelii0(dx

Degree of Preferential Orientation = —
g / f f; - 0_9001110()()11)(

(Equation 1)

Where y is the polar angle coordinate and 111 is the diffraction intensity associated with the (110)
plane (see Sl Figure 7 for further discussion of variable definitions). In an oriented sample, the
(110) peak center was determined to be at y = —42.0°. The full width at half max (FWHM) was
found to be 12.8°. Therefore, in the numerator, the limits of the integral to study orientation were
established as the peak center + FWHM ( —54.8° < y < —29.3°). The full signal associated with
the (110) plane ( —90° < y < 0°) is expressed in the denominator. An example of this calculation
is included in the supporting information.

RESULTS AND DISCUSSION

Solution shearing, a MGC technique, was used to create thin films of acetaminophen.
Using an acetaminophen/water solution at a concentration of 10 mg mL-!, we assessed crystal
morphology in a parameter space consisting of coating speeds ranging from 0.03 - 3 mm s*' and
temperatures ranging from 70 - 120 °C. Figure 1 shows the resultant processing diagram that
presents regions where distinct morphologies of acetaminophen were isolated based on coating
speed and temperature. We found three thin film morphologies, which are localized in discrete
regions (annotated in Figure 1) on the processing diagram. In region 1, spherulitic crystals
(Figure 2a) are obtained with fast coating speeds (0.3 mm s' and greater) across all

temperatures. Spherulitic morphology was also obtained at a lower speed of 0.1 mm s at a
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Figure 1: Processing diagram with coating conditions, created by varying coating speed and substrate
temperature for a starting concentration of 10 mg mL-'. Diagram with three regions of thin film
morphology which are described as spherulitic crystals (region 1), non-uniform deposits (region 2) and
microcrystals (region 3).

temperature of 70°. In this region, the crystallization process is decoupled from the film deposition
process; the film that is originally deposited is amorphous, and transitions to a crystalline film over
time when stored at room temperature. The transformation to a crystalline film occurred on a
relatively short timescale (minutes) after film deposition.?” Spherulitic morphology emerges from
radial crystal growth from a central nucleation point. Therefore, there is no preferential direction
to crystal growth imposed.

Figure 2b shows the representative image of films created in region 2, which was obtained
by decreasing the coating speed (0.03 - 0.3 mm s-') and operating at temperatures below 100 °C.
Thin flm morphology created with these conditions is variable (referred to as non-uniform
deposits), and there are breaks in the thin film, resulting in incomplete coverage of the substrate.
For these non-uniform films, crystalline acetaminophen is deposited on the substrate followed by
a region without a significant amount of acetaminophen, which is attributed in part to stick-slip

motion of the fluid meniscus.3®
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The SEM image of non-uniform deposits shows that the films are composed of thick,
faceted crystals. A bulk deposit of material is followed by a region of thinner film, with smaller
crystals and some needle-like extensions (SEM in Figure 2b). We hypothesize that after the
larger faceted crystals are deposited, there is depletion of acetaminophen monomers in solution
at the meniscus where film deposition occurs. This creates a diffusion limited condition in the
thinner film regions. The crystals are also elongated, due to the concentration gradient that exists
during thin film formation in this coating regime.*® While a slower coating speed (region 2)

facilitated the formation of the crystalline film without the formation of an amorphous film first (as

in region 1), these conditions did not produce desirable film coverage or low aspect ratio crystals.
POM SEM

A

Region 1 («)
Spherulitic

Region 2 (@)
Non-uniform

Region 3 (H)
Microcrystals

Figure 2: Polarized optical microscopy (POM) and scanning electron microscopy (SEM) of crystal
morphologies, corresponding to three regions on processing diagram. a) Spherulitic films in region
1 b) non-uniform crystal films in region 2 and c) close packed microcrystal films in region 3.
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In attempt to form a fully covered film, the substrate temperature was increased to 110
and 120 °C, which are above the boiling point of water, the working solvent. Accounting for a
temperature drop from the heating source through the silicon substrate, we hypothesized that
increasing the temperature (to 110 °C and 120 °C) would allow us to access evaporation at or
above the solvent boiling point. Using this set of processing conditions produces the morphology,
observed in region 3, where we isolated films comprised of microcrystals with highly uniform size
and resulting in full film coverage (Figure 2c¢). SEM shows that the microcrystal films comprise
close-packed crystallites with only slight thickness variation across the film and within individual
crystallites. Each of these morphologies are distinct from the crystal morphology observed using
dropcasting (Sl Figure 2). Changing processing conditions during MGC allowed us to isolate
unique three crystal morphologies. Most notably, it allowed us to discover a morphological regime
for microcrystal production.

To the authors’ knowledge, there is not another report of using coating temperatures that
exceed the boiling point of the solvent to modulate particle morphology during film deposition.
This microcrystal morphology (regime 3) is in contrast to aligned crystal morphology typically
observed from solution shearing. MGC processes are predominantly utilized in the field of organic
electronics and photovoltaics.*' In these applications, the ideal crystal morphology is given by the
coherence and alignment of a large crystalline domain; this crystal domain alignment facilitates
charge transport in organic semiconductors.*> Therefore, typical operational parameters for
solution shearing are designed to achieve such characteristics.*> However, when utilizing the
technology for pharmaceutical crystallization, it is necessary to reassess ideal film morphology
characteristics. As a result, sampling a new set of conditions (high temperature and slow coating
speeds) allowed this work to identify a regime for microcrystal formation.

To explore the limitations of this technique for creating microcrystals, we extended the
analysis to include higher (14 mg mL™") and lower (1 and 5 mg mL-") starting concentrations of
acetaminophen; these concentrations are at and below the solubility limit of acetaminophen in

10
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water at 23°C (Sl Figure 3), respectively.** We found that microcrystals were isolated at 14, 10
and 5 mg mL-" conditions, but reducing the concentration to 1 mg mL-" produced films with larger
crystallites (Figure 3). We hypothesize that below a critical concentration, the supersaturation
required for the precipitation regime cannot be reached fast enough so more crystal growth occurs
resulting in larger crystallites.

We hypothesized that the changes in crystal morphology are closely related to the coating
regime and the associated relative timescales of evaporation and film deposition.*® Therefore, it
was of interest to characterize the coating regime and compare it to traditionally understood theory
surrounding solution shearing. Solution shearing and other MGC techniques utilize fluid flow and
surface tension to create a uniform film. The shape of the meniscus is significant in directing film
assembly, and frequently, the coating regime is characterized through relating the change in film
thickness with the coating speed.2346 Described extensively in literature, slow coating speeds are

associated with an evaporative coating regime, where the coating speed is inversely proportional
0.01 mm s 0.03mms" 0.05 mm s’

1

Figure 3: Microcrystals are isolated at 5, 10, 14 mg mL™" starting solution concentrations
but not at 1 mg mL-'. Scale bar is 200 ym for all images.
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to the film thickness (thickness « speed).2 Faster coating speeds are associated with the
Landau-Levich coating regime, where the film thickness and coating speed are positively
correlated (thickness o speed?3).2

The coating regime for microcrystal thin films (region 3, Figure 1) was characterized by
determining the relationship between film thickness and coating speed. In Figure 4a, for all

concentrations tested, the films are microns thick

ij § (2.99 £ 1.02 ym across all samples) and do not have
_ 2: § : E + : tv;j a thickness dependence on either starting
% E 0‘;1 002 003 004 005 =  concentration or film coating speed. Creating a log-
[ E 3
% 2 ; L * cg,: log plot of the thickness as a function of coating
é g 001 00z 003 004 005 speed and performing a linear fit, there does not
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appear to be an inverse relationship between film

0.61 0.|02 o.ba O.IO4 O.IOS . . .
Coating Speed (mm s) thickness and coating speed, as would occur in the

evaporative regime (Sl Figure 4). For the initial
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Figure 4: Film thickness (a), crystal sizes (b) 12

and polydispersity (c) of samples fabricated
at 5, 10, and 14 mg mL-! concentrations, with
coating speeds from 0.01 - 0.05 mm s
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We hypothesize that the morphological results described here are a result of the fast
evaporation relative to film deposition (Tgeposition > Tevaporation)- At temperatures above the boiling
point of the solvent, the meniscus recedes and decouples the coating process such that the
coating speed is not a significant parameter to control the film thickness. The fast evaporation
rate causes rapid nucleation, which allows for the formation of small microcrystals. Therefore, we
have identified a new application of the solution coating technique for the production of
microcrystals, facilitated by the use of fast evaporation relative to the timescale of film deposition.

The change in microcrystal size was investigated as a function of coating speed and the
initial solution concentration. The coating speed was varied from 0.01 - 0.05 mm s, with
concentrations of 5, 10 and 14 mg mL"" since these conditions consistently produced the desired
microcrystal film morphology. Crystal size distributions (CSDs) were plotted on histograms and
the average crystal size was found for each population (Sl Figure 5).

The microcrystals were analyzed to determine the average crystal size and the

Standard Deviation

2
polydispersity, PDI = ( ) . We found that crystal sizes are not predictably different

Average
when changing processing conditions or the starting concentrations, and that most samples
contained a similar distribution of crystal sizes, with the average size being 6.9 + 2.4 ym across
all samples (Figure 4b, Sl Table 1, Sl Table 2, Sl Table 3). A polydispersity index of < 0.1 is an
indication that the distribution of particles is monodisperse, i.e. most crystals are of the same size
(Figure 4c).3347 We found that the PDI of microcrystal samples for a set of conditions can be less
than 0.1, with the average PDI across all conditions being 0.13. This indicates that it is possible
to obtain a monodisperse CSD, however there may be some variation from sample to sample.
Most applications of MGC in region 1 and 2 (which utilize moderate temperatures and
faster coating speeds) achieve control over crystal alignment through controlling crystal growth
after limited nucleation events.?%#2 In region 3 the microcrystals obtained appear to be formed

through reaching a processing condition that favors nucleation over growth. Further, because we
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do not observe significant change in microcrystal size across different processing conditions
(speed, temperature and concentration), we hypothesize that the crystal growth must be limited,
such that nucleation is the primary contributor to the final crystal size. This is similar to other
methods of achieving precipitation, such as spray drying.*® Reducing the starting concentration
to 1 mg mL-" prevents the system from reaching supersaturation fast enough to achieve high
nucleation rates.

Finally, X-ray diffraction was used to understand the crystallization behavior, such as
polymorphism and crystal texture in thin films, as well as to understand whether homogenous or
heterogeneous nucleation occurs as a mechanism for crystallization in the different processing

regimes from Figure 1. Polymorphism was determined by comparison of XRD patterns to

A ) \ Spherulitic film

) M_J \ L ‘Fcl)rrpll,Slmulated

UL/\JM\.M_@\“”W ity
YV WAV

Intensity (a.u.)

Form |, Simulated

0.5 1.0 15 2.0
-1
q,, (A"

Figure 5: Representative XRD patterns of spherulitic, non-uniform and microcrystal crystal morphologies
and simulated patterns for Form | and Form |l of acetaminophen.

previously published data for Form | and Form Il of acetaminophen.363” From region 1, the
spherulitic crystals were found to be Form Il while the films from regions 2 and 3 were both
composed of Form | (Figure 5).2” We refrain from extensive analysis of the polymorphism in this
study, as it was discussed in our previous work.?”

The use of an area detector and a synchrotron X-ray source enabled us to observe the
film texture associated with the different crystal morphologies. Interestingly, while processing

regions 2 and 3 contained the same polymorph (form 1), the film textures were distinct.

14
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The diffraction from films in region 3 appears in localized regions consistent with
preferential orientation of crystals on the substrate (Figure 6a).*° Using peak indexing, we found
that the (010) plane lies parallel to the substrate (S| Figure 6). However, the films from region 2
(non-uniform morphology) (Figure 6b) exhibit diffraction that is dispersed (i.e. without preferential

orientation) along the annular rings of constant q, which is associated with randomly oriented

crystals.
A Region 3: B  Region 2: C  Degree of preferential orientation
Oriented Microcrystals Isotropic non-uniform deposits
1.0
c 09 a
2 08 a o
A
5 08 o
T 05
5 04
S 03 5 %’
o p ° a@p
a 02 B AR

0.1
0.0
2 -16 12 -08 -04 0 2 -16 -12 08 -04 0 Region 3: Region 2:
-1 -1 Microcrystals ~ Non-uniform deposits
q, (A7) a, (A y

Figure 6: a) Microcrystal thin films exhibit preferential orientation. b) Films composed of non-uniform
deposits are not oriented with respect to the substrate. ¢) Microcrystal films (n = 7, average = 0.74, stdev
= 0.11) and non-uniform films (n = 22, average = 0.33, stdev = 0.11) show different degrees of preferential
orientation, calculated using Equation 1. Groups are statistically different (p-value < 0.05). Sample
processing conditions are in Sl Table 4 and Sl Table 5.

To more thoroughly quantify the difference in crystal texture, we used equation 1 to
measure the degree of preferential orientation of crystals with respect to the substrate (Sl Figure
7). The samples created in regions 2 (non-uniform) and 3 (microcrystals) were divided into two
populations according to the observed morphology: flms composed of microcrystal morphology
and films composed of the non-uniform deposits. Shown in Figure 6¢, the average preferential
orientation value for region 3 was 0.74 + 0.11 (Sl Table 4) while the samples from region 2 had
lower preferential orientation with an average value of 0.33 + 0.11 (Sl Table 5). The populations
were found to be significantly different (p-value < 0.05). The average of the non-uniform deposit

samples is similar to the theoretical value associated with an isotropic sample, exhibiting no

preferential orientation. This points towards heterogeneous nucleation as the prevalent
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mechanism of crystallization to produce the close packed and oriented microcrystals in
processing region 3.

Heterogeneous nucleation refers to nucleation that happens at an interface, as opposed
to homogeneous nucleation that occurs in solution.5%5" Previous work by Chen et al. has shown
that heterogeneous nucleation can be responsible for directing crystal orientation in thin films.38
The diffraction patterns in Figure 6 can be described by heterogeneous nucleation for the case
of preferentially oriented films from processing region 3 (Figure 6a). The presence of an interface
acts to decrease the energetic barrier to nucleation, leading to nucleation on the interface, namely
heterogeneous nucleation.®® In processing region 3, we observed nucleation dominated
crystallization, which is consistent with heterogeneous nucleation, where the reduced energetic
barrier to nucleation could promote many nucleation events, leading to the formation of
microcrystals.

CONCLUSION

This work demonstrates a novel utilization of solution shearing by using new crystallization
conditions to create thin film microcrystals with low aspect ratios for acetaminophen from aqueous
solutions. We identified a previously unobserved crystal morphology by accessing unique
processing conditions, using slow coating speeds and high processing temperature (substrate
temperature greater than the boiling point of the solvent).

We characterized the films comprised of microcrystals, including the polymorphic identity,
the film thickness, crystal size distributions and polydispersity. Through this, we identify 1) a
unique correlation of film thickness with coating speed and 2) the crystallization regime that is
similar to precipitation, where nucleation is heavily favored over crystal growth. These
observations lead us to conclude that a new crystallization regime during MGC was accessed,
which we identify as a precipitation crystallization regime. The knowledge gained from these
experiments could be scaled up to continuous and industrial scales in order to facilitate the
production of crystals with controlled morphology and polymorphism.

16
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Microcrystals are of particular interest in the pharmaceutical industry because the size and
shape are amenable to fast dissolution, and the flowability of this shape is desirable compared to
needles or plates.'3'% Also of interest, but not explored in this work is the impact of the solvent
choice and additives or impurities on film morphology; solvent polarity, pH, boiling point and
evaporation rate can impact molecular assembly, leading to different supersaturation conditions
during crystallization. Supersaturation is a critical factor that directs nucleation and growth, which
in turn dictates polymorphism and crystal habit formation. Solvent selection is well studied in bulk
crystallization of acetaminophen.5?-%5 There also literature that explores the impact of solvent
selection on organic semiconductor crystallization and polymer deposition during MGC.4143.56
Therefore, the importance of solvent selection should not be minimized or ignored in the context
of pharmaceuticals during MGC and we invite other interested researchers to join in these
investigations.

Future work will be directed towards understanding dissolution performance between
different thin film morphologies, which requires more methodology and technological
development and is thus outside of the scope of this work. Further, we aim to enable continuous
crystallization by integration continuous solution feed with the MGC instrument, as this is a limiting
factor in creating larger area films and scaling up production at the bench scale. The
pharmaceutical industry is actively seeking tools to aid in the production of crystals with
controllable size and shape. We posit that this processing method could be adopted and further
explored for use in continuous crystallization processes. This novel regime of MGC may also be
useful in other fields like organic semiconductors, perovskites, batteries, and even the food
industry38:57-59,
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