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In pharmaceutical product development, there has been an g E S AP RANEGE
increased interest in the development of new drug delivery methods, g @ RO ECO B A B §
particularly in the area of crystal size control and solid formpurity,. MENENECBERE
Current technologies, including crystallization-based methodsand E N EFOPSASO NG
post-crystallization micronization processes (e.g. miling), can HANEEREAB RO
compromise the stability and properties of the drug matéfalr ARAENERNRBDOND
instance, crystallization techniques to reduce the particlesizesuch EIMABEREEAE A K
as supercritical fluid crystallization, impinging jet crystallizaton, HHARBNERABRED
solvent shifting, high pressure homogenization, and spray drying, HE N BEBEES OB AN
depend on the generation of very high supersaturation, whichfavors NINEERERAEE R
nucleation over crystal growthThough these methods are suc- FRERABEAERFAN
cessful in producing small particles, high supersaturation tends to FRANAFRRFANER
cause the material to “oil-out” or phase separate, or leads to the EnJIARNBFANAN
formation of_ amorphous (noncrystalline) solids, or the production Figure 1. Patterned glycine crystals nucleated on 100 (left) and 140
of an undesired crystal form, rather than the preferred polymorph. ym (right) gold islands.

Herein we describe a technique for the crystallization of micron
size crystals of molecular organic compounds while operating at arrays of glycine crystals exclusively nucleate on the hydrophilic
low and high supersaturations. The method is based on controlling metallic islands.
the domain size available during the crystallization process.  Glycine has three distinct solid-state phases:-, andy-forms.
Patterned surfaces, specifically square metallic gold islands with At ambient conditionsy-glycine has the lowest free energy (or
self-assembled monolayers (SAMs) of lateral dimensions ranging solubility) and is the thermodynamically stable fofrklowever,
from 25 to 725um, serve as nucleation sites and are utilized to at higher temperatures;glycine will transform to thex-form as
control the size of the crystals. Furthermore, the functionalized these modifications are enantiotropically relatedGlycine is
metallic islands can be used to screen polymorphs under differenttypically produced from aqueous solution, while thdorm can
conditions. SAMs have been reported to serve as heterogeneoude obtained from acidic or basic solutioh8-Glycine is the least
nucleants and can promote the nucleation and growth of or§anic, stable form and is monotropically related to the other two phases.
inorganic® and protein crystal® Taking advantage of the surface It can be obtained from an etharabater mixture and readily
chemistry that SAMs offer, hydrophilic (or lyophilic) gold islands  converts to thex-modification in the presence of water or upon
surrounded by hydrophobic (or lyophobic) regions are created heating. More recently, two more solid forms @inde-forms) have
whereby wetting and dewetting of a liquid on the surface leads to been discovered under high presstire.
formation of hemispherical droplets on the metallic islahdéie Figure 1 shows the patterned crystallization of glycine from
droplets contain the chemical of interest to be crystallized, and the undersaturated aqueous glycine solutions on various feature sizes
size of the drops is dependent on the dimensions of the islands. Asof metallic island substrates. On each island, a single leaf-shaped
the arrays of droplets evaporate, crystallization occurs with the size glycine crystal was observed with habits other than bipyramidal,
of the particle dictated by the droplet size (or island size). needlelike, or triangle prism shapes, which are the typical crystal

Metallic gold islands were formed by evaporation of titanium morphology fora-, 8-, andy-glycine, respectively. The uniform
through a mesh onto glass slides, followed by a subsequentarray of glycine crystals that nucleated on the hydrophilic regions
evaporation of gold through the stencil. The dimensions and patternssuggests that the drops were consistent and reproducible, and that
of the islands depend on the size and shape of the hole. Typically, the crystallization event on each island was homogeneous.
the holes are Shaped as Squares_ 4_Mercaptobenzoic acid (4_MBA) For a fixed solution Concentration, the size of the particle is
was selected as the thiol monolayers that self-assembled onto theé€duced as the area of the hydrophilic regions decreases as a result
gold surface, while octadecyltrichlorosilane (OTS) was used to ©f the smaller drop volumes (Figure 2). The mean particle size on
backfill the glass-exposed substrate. The patterned bifunctional 7254m square islands for a 1.86 M glycine solution was 354.1
surface was immersed and slowly withdrawn from undersaturated #M. While the average lateral dimension orn:2b islands was 7.86
aqueous solutions of glycine. The solution preferentially wets the #M. A 45-fold decrease was observed when the island size was

metallic islands, and as the solvent evaporates, two-dimensionalr®duced by a factor of almost 30. Furthermore, it was observed
that the concentration of the solution can also affect the size of the

 llinois Institute of Technology. crystals. Fl_gure 2 describes the mf!uence of solutloq concentrayon
*Martin Luther Universitat Halle-Wittenberg. and the dimensions of the gold islands on the size of glycine
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grow from heavy water solutions, which lends support to litaka's

S0
wl a” comments that glycine crystallizes in many forms, even unstable
gj‘; [} ones in aqueous solutiofdt is likely that they-form might have
mEE / crystallized on the other island dimensions but was not detected
w b due to the small sample size of characterized crystals. In several
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Figure 2. Effect of solution concentration and gold island size on the
particle size of glycine.

Table 1. Glycine Polymorph Distribution for Different Gold Island
Sizes (The Color of Each Row Represents the Number of Crystals
Analyzed: 50-Yellow; 75-Green; and 100-Blue)

cases, the estimated errors are reasonably high, suggesting that there
are uncertainties and additional crystals are required for Raman
analysis in order to obtain a better statistical description of the
concomitant nucleation of glycine polymorphs.

SAMs can direct the polymorph selectivity of orgahiand
inorgani¢ crystals. However, it is observed that 4-MBA SAMs
template the oriented nucleation of-glycine with the {121}
crystallographic surface corresponding to nucleation. The fact that
the concomitant polymorphs become biased toward the least stable
phase at smaller metallic island sizes suggests that the polymorphic
outcome is primarily influenced by other factors, namely, the solvent
evaporation rate.

In summary, patterned metallic gold islands are fabricated and
utilized as a new method for particle engineering. This bottom-up

Loland Sige _ LEGMSolution  Maximum 279 MSolution  Mazimum approach involves the nucleation and growth of organic molecular
wform fform y-form Feor o-form f-form y-form  Error crystals on hydrophilic (or lyophilic) square islands surrounded by
725 pm  IIOMICRNON, 0000 | 540 00 60 0013 hydrophobic (or lyophobic) regions. Crystallization is confined to
el 00 Besll e the metallic islands as the size and area of the particle can be
140pm 680 320 00 0127 880 120 00 0088 X ) b
100um | 560 440 00 0111 | 507 466 27 0112 controlled _by varying tht_a featu_re 5|ze_of the islands or_the
25pm 00 1000 00 0000 110 890 00  0.061 concentration of the solution. This technique has the potential to

crystals. As the solution concentration increases for a particular

square island, the size of the crystals increases as well. This is not

surprising considering that there is an increase in the relative
amounts of glycine molecules in the droplets compared to the dilute
drops since there is additional solute to attach onto the growing
surface of the crystals.

Raman microscopy is employed to identify the polymorphic
forms of glycine for crystals that nucleated on the hydrophilic square
islands. Reference Raman spectra for each form of glycine were
collected, and comparison of the peak positions enabled us to

lead to the generation of nanometer size crystals as the domain
size available during crystallization can be further reduced. Ad-
ditionally, fast solvent evaporation in the drops can lead to high
supersaturation, where high energy metastable polymorphs are
energetically favored and can nucleate and grow. Lastly, given that
different polymorphic forms are obtained on the identical islands
under the same conditions, crystallization in constrained environ-
mentd! can aid in understanding the concomitant nucleation of
polymorphs and can have a significant impact on the development
of new crystallization protocols.
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access to the electron beam evaporator.

Supporting Information Available: Raman spectra of the different

polymorphs of glycine. This material is available free of charge via
the Internet at http://pubs.acs.org.

respectively.

Table 1 summarizes the polymorph distribution of glycine
crystals on various metallic island sizes. On large hydrophilic gold
islands (725um), a-glycine predominately crystallized from
aqueous solution. As the feature size of the metallic island decreases,
the appearance af-glycine crystals declines while the number of
p-form crystals steadily rises from 0% on 725 square islands
to almost 90% or higher on 28m square islands. In two instances,
all three solid phases simultaneously appeared.

The concomitant crystallization of glycine from aqueous solution
and the increased frequency of the high energy fgbrglycine)
with decreasing feature sizes is a result of the high supersaturation
that is generated from the fast solvent evaporation. As the volume
of the droplets decreases (from microliters to nanoliters), the rate
of evaporation increases, whereby the array of aqueous solution

droplets becomes highly supersaturated and metastable with respect(ll)

to the f-phase. Consequently, this high energy kinetic form is
energetically favored. On several occasiopgylycine was also
observed. This is not surprising considering that hi®rm can
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