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ABSTRACT: The present paper assesses the heterogeneous nucleation of a small- .
molecule drug and its relationship with the surface chemistry of engineered (100)\, ©02)

heteronucleants. The nucleation of aspirin (ASA) was tuned by di erent functional .,
groups exposed by self-assembled monolayers (SAMs) immobilized on glass surfaces.
Smooth topographies and defect-free surface modi cation allowed the deconvolution
of chemical and topographical e ects on nucleation. The nucleation induction time of
ASA in batch crystallization was mostly enhanced by methacrylate and amino groups,
whereas it was repressed by thiol groups. In this perspective, we also present a novel
strategy for the evaluation of surface drug interactions by con ning drug crystallization
to thin Ims and studying the preferential growth of crystal planes on di erent surfaces. ©" (10 %2
Crystallization by spin coating improved the study of oriented crystallization, enabling =
reproducible sample preparation, minimal amounts of drug required, and short

processing time. Overall, the acid surface tension of SAMs dictated the nucleation

kinetics and the extent of relative growth of the ASA crystal planes. Moreover, the face-

selective action of monolayers was investigated by force spectroscopy and attributed to the preferential interaction of exposed groups
with the (100) crystal plane of ASA.
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1. INTRODUCTION

The industrial manufacturing of drugs often involves
crystallization steps for the isolation, puri cation, or delivery
of active pharmaceutical ingredients (APIs)." Being one of the
most widespread unit operations, crystallization nowadays
represents a relevant percentage of the drug manufacturing
process in terms of time and cost. Crystallization not only
opens access to an easy-to-handle and stable product but also
strongly a ects the nal product properties, such as owability,
biological activity, and tableting.? Such features are directly
correlated with the crystal form, habit, and size, which result
from the crystallization step. Many di erent approaches have
been recently proposed to achieve a higher degree of control
over the process and ensure the meeting of strict
pharmaceutical quality constraints. Among these, surface-
induced crystallization represents a valuable tool for crystal
engineering. The crystallization pathway can be modi ed by
tailored heteronucleants without altering the operating
conditions of the process, that is, pH, temperature, or solvents.
Polymorph selection, crystallization con nement, crystal size,
and density control are just a few examples of the application
of such a technique.’

In the framework of surface-induced crystallization, poly-
meric, silica, or gold substrates have been widely applied for
promoting and directing the crystallization of pharmaceuticals

© 2021 The Authors. Published by
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and biopharmaceuticals.® Various surface properties, such as
morphology, charge, chemical composition, or crystalline
order, can be exploited to tune the crystallization pathway of
target molecules. The surface solute interaction may involve
just the surface of heteronucleants, as for Ims or full particles,
or also the bulk of the material, as for porous structures. The
former can be selected to study epitaxial phenomena,’*
secondary interactions between the substrate and solute,® or
the e ect of charge distributions.®” The latter relies on
con nement to boost nucleation kinetics of APIs with
polymeric gels®® or promote protein crystallization with the
help of agarose gels and mesoporous structures.*>** However,
little attention has been paid to the deconvolution of
topographical and chemical e ects induced by surfaces on
nucleation, often leading to the di cult interpretation of
results. The isolation of the two components is desirable to
rigorously understand the role of surface API interactions
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during crystalllzatlon and it may be achleved with smooth
surfaces exposing di erent chemical groups.*?

In this perspective, self-assembled monolayers (SAMs) have
the potential to be applied as heteronucleants because they
provide a reliable and reproducible method to tailor surface
chemistry allowing precise control of the physicochemical
properties of heteronucleants.”® In our previous study, we
proposed a synthesis protocol for SAMs, which ensured a
robust functionalization of 9Iass with selected groups and
roughness below 0.15 nm.** SAMs are the result of a
spontaneous organizational process and provide a versatile
platform for studying self-organization, interfacial phenomena,
and the competitive interactions occurring among surface,
solute, and solvent molecules.”> Many applications of SAMs in
blotechnology, bio-sensoring,*’ organic electronics,'® and
photonics’® have been reported. With regard to crystallization,
the self-assembly of selected building blocks in monolayers or
muItiIayers has been adopted to create supports for polymorph
selectlon and protein crystalllzatlon as well as for oriented
growth? and nucleation kinetics.”® For example, SAMs were
patterned to create hydrophobic and hydrophlllc areas to force
the crystallization of glycine at the nanoscale** or even coupled
to porous layers, such as metal organic frameworks, for crystal
engineering.”

From the perspective of the pharmaceutical crystallization
process, most studies mvolvmg heteronucleants have been
carried out in batch.®> As reported in Table 1, batch

Table 1. Comparison between Batch Crystallization by
Cooling and SCC Applied to the Lab-Scale Study of
Heterogeneous Nucleation

batch ScC

achievement of cooling solvent

supersaturation evaporation
supersaturation de ned unknown
volumes of the APl solution L (hundreds) to mL 100 L
amount of drug required mg to g g
duration of the experiment few hours up to months 5 min
study in single-component  depends on drug cost and  yes

solvents solubility
API surface interaction anisotropic isotropic

post-treatment for XRD
studies

rinsing and drying none

crystallization involves macro-volumes of drug solution and
long onset times. In addition, many experiments need to be
performed to get a statistically signi cant dataset, especially
when heteronucleants are involved. In this scenario, the
con nement of API crystallization to thin Ims guarantees

considerable savings in terms of time and amount of API. Spin-
coating crystallization (SCC) is driven by solvent evaporation,
which is responsible for creating the supersaturation conditions
and, hence, the driving force for nucleation. However, because
of continuous solvent removal, the exact supersaturation level
that triggers nucleation is unknown. Nevertheless, precise
control over Im thickness can easily be achieved. Moreover,
trials involve minimum amounts of API, allowing crystal-
lization of highly soluble drugs even in single-component
solvents. The avoidance of local gradients of API concentration
that may a ect static batch crystallization can also be avoided,
thus guaranteeing isotropic interactions between API and
heteronucleants during the crystallization process (see Figure
S1). Regarding the testing time, SCC is completed within a few
minutes, whereas batch processes require many hours or even
months. SCC also facilitates successive X-ray di ractometry
(XRD) crystallographic and orientational studies, as no
preliminary treatments are required. Conversely, samples
obtained by batch crystallization accounts for rinsing and
drying steps to remove residual solvents or non-speci ¢
crystals,*> which could potentially alter XRD analyses.

In recent years, several studies on the con nement of
pharmaceutical crystallization to thin Ims have been reported
in the literature. The ability of selected substrates to modify
the structural order of materials near the interface was
exploited to study thin- Im phases.?® Thin Ims of
pharmaceuticals were Jarepared to enhance the dru solublllty
and dissolution rate,”” discover new polymorphs,***° control
the nucleatlon of speci c crystal forms and stabilize amorphous
forms,*” alter the texture and form of crystals by couzpllng them
with thermal treatments,® study tautomerism, and the
crystallization behavior of drugs in di erent solvents® and
with polymeric additives.®* For example, aspirin (ASA)
deposited on oriented pyrolytic graphite by spin coating led
to dimer rods re ecting the underlying pattern as a result of
nonpolar interactions.”> Moreover, metastable forms of
acetaminophen were stabilized when the spin coating was
followed by thermal treatments®® or coupled to polymeric
surfaces.®>” Thin composite layers of drug and matrix materials
have also been proposed as a platform for drug delivery,®®3° i
alternative to nanoparticles.”>** The use of thin Ims has also
been proposed for the continuous manufacturing of drugs.*?

In this paper, we discuss the use of surfaces coupling
chemical modi cation to sub-nanometer-scale roughness to
study the crystallization of a model drug. We synthesized
SAMs on glass supports and used them to assess the e ect of
controlled super cial chemistries on the nucleation induction
time and the preferential growth of ASA. First, we employed
batch crystallization to evaluate the nucleation time of ASA on
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Figure 1. Overview of the surface chemistries employed in the present study: (a) THIOL, (b) AMINO, (c) ACR, and (d) GLY SAMs. (e)
Representative topography of a glass surface that has been functionalized with THIOL SAM.
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Figure 2. Schematic representation of SCC of APIs: (a) solution casting, (b) initial acceleration, (c) constant rotational speed and increasing
supersaturation, (d) start of crystallization, (e) end of crystallization, and (f) sample removal.

various SAMs and quantify their inducing or inhibiting action.
Then, we proposed SCC as a tool to evaluate the surface drug
interactions by con ning ASA crystallization to thin Ims and
studying the preferential growth of ASA crystal faces imposed
by SAMs. The results that emerged from batch and SCC were
nally con rmed by quantifying the adhesion force between
selected chemical groups and the ASA (100) crystal plane.

2. MATERIALS AND METHODS

The optimized synthesis of SAM-functionalized surfaces is described
in our previous study** and in the Supporting Information. Brie y,
glass coverslips were pre-activated by piranha solution, rinsed, and
transferred into 0.054 M silane solutions in anhydrous toluene for
max. 15 h to achieve SAM grafting. In this study, we used the
following silane molecules: 3-aminopropyltrimethoxysilane
(AMINO), 3-glycidyloxypropyltrimethoxysilane (GLY), 3-mercapto-
propyltrimethoxysilane (THIOL), and 3-(trimethoxysilyl)-
propylmethacrylate (ACR), see Figure 1. For simplicity, we will
refer to the respective SAMs as “AMINO”, “GLY”, “THIOL”, and
“ACR” SAMs, respectively. Characterization details are also reported
elsewhere™ and additional information can be found in the
Supporting Information. Three probing liquids (H,O, glycerol,
diiodomethane) were used for contact angle analyses according to
van Oss Chaudhury Good (vOCG) model for the dispersive, acid,
and base surface tension components, “V, * and . Topography
was recorded via atomic force microscopy (AFM) in tapping mode
using SizN, cantilevers with a scanning frequency of 0.8 Hzand 1 x 1

m? analysis area (256 lines). The nucleation kinetics of ASA was
studied in 24-well plates. ASA was dissolved in an ethanol/water
mixture (38/62 v/v) and Itered at 022 m. The starting
concentration was 31.6 mg/mL and the temperature was set at 15
°C to favor heterogeneous nucleation. SAMs with 125 L of ASA
solution were placed in each well covered with a lid. Each plate was
placed inside a temperature-controlled chamber uxed with dry N,.
The chamber was designed to inspect the wells via time-lapse
transmission stereomicroscopy.

ASA thin- Im crystallization was achieved via a spin coater using

Itered ASA/ethanol 50 mg/mL solutions. ASA solution (100 L)
was pipetted onto the SAM-functionalized substrate. Spinning
parameters were spin time 5 min, acceleration 500 rpm/s, and
rotational speed varied between 500 and 4000 rpm to control
thickness. Solvent progressive evaporation induced supersaturation
conditions and ASA nucleation, followed by fast crystal growth. An
overview of SCC is given in Figure 2. Variable angle ellipsometry (65,
70, and 75°) was employed to measure the ASA Im thickness using a

Cauchy model. Field emission scanning electron microscopy (FE-
SEM) was used to investigate the morphology and thickness of ASA
thin Ims. Sample cross-sections were sputtered with a thin gold layer.
The accelerating voltage was 2 keV, a through-lens detector was used,
and the working distance was set at 3.1 mm. ASA thin Ims were
analyzed with no preliminary treatments with an X-ray di ractometer
operated in the Bragg Brentano mode (X-ray lamp, | =40 mA and V
= 40 kV). A Gobel mirror, a 2.5° soller, and a 0.3 mm pinhole were
inserted along the primary beam path. A 0.6 mm slit and a 2.5° soller
were mounted on the secondary beam path. 2 ranged from 6 to 35°,
the step size was 0.02°, and the time per step was 15 s.

The interaction between ASA (100) crystal face and selected silane
chemistries was evaluated with AFM through force spectroscopy. The
experiments were performed in a clean room. Si;N, tips were
functionalized with silanes following a similar procedure as for
glasses™ and then used to collect force distance curves. Each probe
was preliminarily calibrated using silicon wafers, and the spring
constant was calculated. A UV-cleaned tip was taken as a reference.
Force distance curves were measured using an ASA crystal grown in
bulk using batch crystallization. The crystal was placed on the AFM
stage with the extended (100) face facing the tip. Each measurement
was repeated at least on 15 di erent spots of the ASA crystal surface.

3. RESULTS AND DISCUSSION

3.1. Batch Crystallization of ASA. Di erent chemistries
immobilized on glass surfaces were selected to carry out ASA
crystallization in batch trials. The optimized synthesis of
supports has been presented in our previous publication, where
the surface attributes of SAMs were thoroughly character-
ized.** A schematic of the investigated SAMSs, which exposed
thiol, amino, methacrylate, and glycidyloxy groups, is sketched
in Figure 1a d. De ned and reproducible physicochemical
surface properties, such as roughness and surface coverage,
were obtained by functionalizing glass with monolayers of
silanes. Additional details on surface characterization by X-ray
photoelectron spectroscopy, contact angle, and SEM are
reported in the Supporting Information (see Tables S1 S3
and Figure S2). The selected functionalizing agents were
grafted to the surface via condensation reactions, and all had
the same number and type of head groups, that is, three
methoxy groups, as well as the same hydrocarbon spacer
length, that is, three carbon atoms. Particular attention was
paid to the preservation of pristine glass topography after the
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