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ABSTRACT: Efficient control of crystallization and crystal
properties still represents a bottleneck in the manufacturing of
crystalline materials ranging from pigments to semiconductor
particles. In the case of pharmaceutical drug manufacture,
current methods for controlling critical crystal properties such
as size and morphology that dictates the product’s efficacy are
inefficient and often lead to the generation of undesirable solid
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states such as metastable polymorphs or amorphous forms. In this work, we propose an approach for producing crystals of a
poorly water-soluble pharmaceutical compound embedded in a polymer matrix. Taking advantage of the composite hydrogel
structure, we control the crystallization of the active pharmaceutical ingredient (API), within the composite hydrogel, generating
crystalline API of controlled crystal size and loading. The composite hydrogels initially consist of organic phase droplets, acting as
crystallization reactors, embedded in an elastic hydrogel matrix. By controlled evaporation of this composite material, crystals of
controlled size (330 nm to 420 ym) and loading (up to 85%w/w) are produced. Through the interplay of elasticity and
confinement, composite hydrogels control the crystal size and morphology via a two-step mechanism. First, the elastic matrix
counteracts evaporation-induced coalescence of the emulsion droplets, keeping droplets isolated. Second, a confinement-induced
elastic energy barrier, limits the growth of crystals beyond the size designated by the droplets. The proposed approach can be

applied to production of a wide range of crystalline materials.

B INTRODUCTION

Innovative use of materials has played a crucial role in the
development of new fields ranging from advanced drug
delivery"” to biomimetic nanotechnology.’~® Novel materials
such as microgels and mesoporous silica provide fine control
over in vivo drug release rate.’ These systems can carry a cargo
to a predefined location in the body”® and even evade
detection from the immune system.”'® However, in the
manufacturing of crystalline materials, especially pharmaceut-
icals, use of innovative material technology has not yet been
extensively explored as in other fields. Controlling crystal-
lization, particularly controlling crystal size and morphology, is
critical in the manufacture of crystalline materials. The optical
properties of nanoparticles,"'™'* the efficiency of explosives,'®
and pigments and catalyst'® are intimately related their crystal
size.

Recently, continuous manufacturing trends have pushed the
boundaries in pharmaceutical manufacturing, promising lower
costs, and improved sustainability.'” These trends have initiated
development of manufacturing processes utilizing advanced
materials that can potentially provide previously unattainable
control over critical pharmaceutical properties, such as solid
form purity, final dosage formulation, and processability.
Advanced materials can also help in transforming current
manufacturing schemes into continuous more efficient
processes while satisfying stringent industrial requirements.
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Controlling the level of supersaturation in the crystallization
of a melt, vapor, or solution phase is typically utilized to control
the size of the resultant crystals. Techniques such as spray
drying, supercritical fluid crystallization, and impinging jet
crystallization create very high supersaturation levels to
generate small crystals where nucleation is favored over crystal
growth.'® Tt is well-recognized that high supersaturation can
lead to the formation of an undesired metastable crystalline
phase(s) or amorphous noncrystalline material rather than an
often preferred thermodynamically stable phase. Another
approach to attaining crystals of desired size, comminution,
can be used to decrease crystal size, postcrystallization. This
involves use of high-energy processes such as milling and high
pressure homogenization (in the presence of surfactants).'*~>"
These cost ineffective and time-consuming techniques can
subject crystals to large amounts of kinetic energy that can
again induce the formation of undesirable amorphous or
metastable crystal phases,”” which can compromise stability and
the bioavailability of pharmaceuticals.”””>* Self-assembled
monolayers™ and porous glass’ have been proposed for
controlling crystal size and polymorphic form of a compound.
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Figure 1. Hlustration of bottom-up approach: The emulsion droplets carrying hydrophobic API are dispersed in aqueous solvent containing un-
cross-linked polymer alginate. (b) Upon cross-linking, the (nano- or macro-) emulsion droplets are entrapped in the elastic hydrogel matrix. (c)
Upon evaporation, dissolved API in emulsion droplets crystallizes to form crystals that are embedded in the dried hydrogel matrix. Panels d and e
show hydrated “cross-linked” and “dried” composite hydrogels, respectively. (f) Microscopy images of “dried” composite hydrogels and (g) SEM
image of “dried” composite hydrogel sliced open with embedded API identified (red circle).

However, soft materials such as polymer hydrogels remain
largely unexplored in this respect.

Polymer hydrogels have been widely exploited in controlled
drug release®*® and more recently as heteronucleants to control
crystallization from solution.”” > However, due to their
intrinsically hydrated (hydrophilic) nature, development of
hydrogel materials capable of storing or interacting with
hydrophobic (water insoluble) APIs** remains a challenge.”"
Forty-three percent of all pharmaceutical moieties, including
cancer pharmaceuticals produced since 1980, are considered
hydrophobic. Therefore, it is essential to develop novel
manufacturing approaches for hydrophobic drugs™> while
addressing practical industrial challenges such as ensuring
crystallinity of APIs, scale of production, high API loading, and
flexibility to adjust the formulated dose.

This study describes a novel approach (Figure 1) for
producing crystals of a poorly water-soluble pharmaceutical
with controlled crystal size and loading embedded in a polymer
matrix utilizing the unique structure of a novel biocompatible
soft material: composite hydrogels. These materials consist of
hydrophobic (organic phase) droplets acting as crystallization
reactors embedded in a hydrogel matrix where the poorly
water-soluble pharmaceutical can be dissolved at high
concentrations. By controlled evaporation of this composite
material, crystals of controlled size (330 nm to 420 gm) are
produced. Adjustable loading of API crystals (up to 85% by
weight) is achieved through careful selection of the organic
phase, surfactant and cross-linking polymer alginate (ALG). We
show that crystal size is dictated by the droplet size of nano-
and macroemulsions trapped within the hydrogel matrix and by
the concentration of the API dissolved in emulsion droplets.
Control of crystal size and morphology is achieved via a two-
step mechanism. First, the elastic nature of the hydrogel matrix
counteracts evaporation-induced coalescence of emulsion
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droplets, keeping droplets isolated. Second, a confinement-
induced elastic energy barrier, dictating the crystal size and
morphology, limits the growth of crystals beyond the size
designated by the droplets. In a broader sense, a novel material-
based approach is proposed to control crystal size and
morphology in evaporation-induced crystallization —a widely
used technique in material science and engineering.

B EXPERIMENTAL SECTION

Materials. Anisole (CAS# 100—66—3, purity >99%), ethyl acetate
(CASH# 141—78—6, purity >99%), fenofibrate (FEN, CAS# 49562—
28—9, purity >99%), heptane (CAS# 142—82—S5), and calcium
chloride (CAS# 10043—52—4) were all purchased from Sigma-Aldrich
and used as is. Surfactants pluronic surfactant (F68,CAS# 9003—11—
6), sodium dodecylsulfate (SDS, CAS# 151—21—3) were purchased
from Sigma-Aldrich used with no further treatment. Sodium Alginate
(CAS# 9005—38—3) a polysaccharide consisting of approximately
61% mannuronic (M) and 39% guluronic (G) acid was purchased
from Sigma. Thirty gauge needles were purchased from Nordson EFD.
The parts for constructing the millifluidic setup, i.e., T-junction, quick
connects are purchased from Upchurch scientific.

Procedure for composite hydrogels: The composite hydrogels were
prepared by first dissolving the model API in the organic dispersed
phase anisole containing the desired amount of dissolved FEN. The
amount of FEN dissolved in anisole was adjusted by directly using or
diluting a mother batch of anisole saturated with FEN. The mother
batch of anisole saturated with FEN, i.e., Cpgy = Cyppny Was prepared
by bringing excessive amounts of FEN in contact with anisole hence
establishing solid—liquid equilibrium at room temperature. The
solubility of FEN in ANI was measured by evaporating a known
volume of FEN saturated ANT at 60 °C in a vacuum oven. The mother
batch was allowed to equilibrate for 24 h at room temperature at 200
rpm stirring speed. The organic dispersed phase was then emulsified in
an aqueous continuous phase containing 2% weight by volume alginate
(ALG), 5% weight by volume pluronic surfactant F68. The un-cross-
linked mixture was then dripped into a water bath (10 cm diameter 2
cm deep) using 30G needles containing 6% by weight CaCl,. For
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Figure 2. (a) Choosing the optimal dispersed phase anisole: Loading % of FEN (mass of API per mass of the dried composite hydrogel) with
different dispersed phases is shown at ¢ = 60%. (b) Tunable loading: Loading % versus volume fraction (¢)) on dry basis is plotted for different
concentrations of API dissolved in anisole. (c) Hydrogel matrix counteracts evaporation-induced aggregation: The size distribution of crystals
forming upon evaporation normalized by mean droplet size for un-cross-linked and cross-linked samples. The inset shows the microscopy images of
the final residues and a cross-polarized microcopy image where crystalline regions appear bright (see the Supporting Information, S1 and Movies 1
and 2). (d) XRD and DSC (inset panel a) of dried typical composite hydrogel formulation (¢) = 10% ANI dispersed in 2%w/v ALG and 5%w/vF68
Cren = Cyrpn), FEN standard and the control sample, i.e., dried typical composite hydrogel formulation without FEN. (e) SEM image of a typical
formulated sample (sample crystal circled) and control without FEN with scale bar 2 ym (inset). (f) Submicrometer crystal (circled feature)
prepared by diluting the concentration of FEN (Cggy = 0.1Cgy) in the typical formulation.

dripping, the 3 mL syringes filled with uncrosslinked solution were
dripped using a microfluidic positive displacement pump (KD
Scientific 110). The dripping height was set to 10 cm and the
dripping bath containing 6% CaCl, was stirred with a magnetic stirrer
at 100 rpm. The resulting composite hydrogels were approximately
700 pm in size with 10% polydispersity.

The composite hydrogels were then washed by exchanging the
calcium chloride cross-linking solution S times with deionized water.
They were then filtered using a Buchner funnel and rinsed once more
with deionized water. The composite hydrogels were gently pat-dried
using blotting paper before removing to a vacuum oven at 60 °C for
drying over 3—5 days.

Emulsification methods: To achieve different droplet sizes we used
three different techniques namely (i) high pressure homogenization to
make nanoemulsions, (i) millifluidics to make monodispersed
macroemulsion droplets, and (jii) magnetic stirring to make relatively
large macroemulsions. To prepare the nanoemulsions, a crude
macroemulsion was first generated as previously described®*** by
adding the dispersed phase into the continuous phase. This crude
macroemulsion was then homogenized using high pressure homog-
enization (Aventis emulsiFlex-C3) at two different applied pressures
namely S and 15kPsia with 15 passes.

A millifluidics setup constructed as described before®* (see the
Supporting Information, S5), produced droplets sizes ranged between
100-500 um. The uncrosslinked emulsion containing droplets
produced by millifluidics were directly dripped into CaCl, solution
to prepare composite hydrogel beads. Magnetic stirring was also used
to make composite hydrogels. The dispersed phase was added into a
100 mL flask containing the continuous phase in a dropwise fashion
using a buret. The droplets of the dispersed phase were then
emulsified by a magnetic stirrer rotating at 400 rpm. The
uncrosslinked solution is then loaded to syringes with 30G needles
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and composite hydrogel beads are produced by dripping as described
before.

Nanoemulsion characterization: Nanoemulsion droplet sizes were
measured via dynamic light scattering using a Brookhaven Instruments
BI-200SM multiangle apparatus. Samples were diluted to ¢h= 0.0005 in
deionized water. Autocorrelation functions were measured at a
scattering angle of 90° and a temperature of 25 °C.

Analysis of composite hydrogels material: The dried composite
hydrogels were analyzed by powder X-ray diffraction (PXRD) in
reflectance mode (Panalytical X’pert MPD Pro). The samples were
ground placed on a zero background disk and analyzed from 4 to 40°
20 using Cu a radiation. Samples were also analyzed by differential
scanning calorimetry (DSC) using TA Instruments Q2000 DSC 2—5
mg of sample was weighed into a Tzero aluminum pan and sealed.
These samples were then scanned 40—250 °C at 10 °C/min. For SEM
images, we sliced open dried composite hydrogels beads using a razor
and tweezers and we have taken over 10 images per bead along the
diameter passing through the center. This process was repeated over
five beads per formulation. The images were later analyzed with
Image] manually to calculate the mean crystal size.

Dissolution Experiments: The in vitro dissolution of FEN from the
prepared composite hydrogels was carried out using the standard
USPII (paddle) apparatus at 37 °C, 75 rpm and pH 6.8. The pH value
was chosen so that the hydrogels would be encouraged to swell>>3
and with the uptake of water consequently release their drug contents.
600 mL dissolution media was prepared from sodium phosphate
monobasic and dibasic stock solutions (0.2M) mixed in the
appropriate ratios to obtain the desired pH and 0.72% w/v SDS was
added as surfactant for the dissolution of hydrophobic FEN in the
aqueous media.”” Twenty-five milligrams (+0.5 mg) of dried typical
composite hydrogel formulation was added to the dissolution media
manually. Given the loading of FEN and the saturation concentration
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of FEN in the media,”” the mass of FEN added for a dissolution
experiment was at least 3 times less than the mass of FEN required to
saturate the media thus ensuring sink conditions during dissolution.
The UV measurements were done automatically using an automatic
Varian UV—vis Cary 50 apparatus and in situ probe set. All reported
measurements were repeated S times under identical conditions and
averaged values are given in Figure 3.

Loading measurements: The emulsion laden hydrogels are
synthesized with different emulsion volume fractions ranging between
10 and 50% as described before. The volume fraction (¢) is defined as
the volume of the dispersed phase, ie. anisole, relative to the
continuous phase, i.e., aqueous ALG solution. For each measurement
of a given volume fraction, two batches of emulsion laden hydrogels
are prepared with the same method of emulsification followed by
cross-linking: reference batch without AP, i.e., Cggy = 0 and test batch
carrying dissolved API at desired concentration. Both batches
containing approximately 200 mg of ALG beads are pat-dried and
weighted. The samples containing both batches are placed in vacuum
oven and dried over 2 days at 60 °C. Loading is defined as the
difference in weight between the dried test batch carrying API and the
dried reference batch formulated without the API divided by the
weight of the dried test batch carrying APIL Loading is a function of the
FEN concentrations (Cggy) and the volume fraction (¢). The mass of
FEN (mggy) in a hydrogel bead with volume V is given by CepyVeh.
The loading % is defined as the mass of FEN divided by the mass of
dried hydrogel. To estimate the variation in loading and significance of
variation, we repeated loading measurements in ten replicates (see the
Supporting Information, S3).

B RESULTS AND DISCUSSIONS

The following approach was developed to produce crystals of
controlled size and loading of a model hydrophobic API
(Fenofibrate, FEN): FEN is dissolved in an organic solvent
(Anisole, ANI) that has been approved for pharmaceutical
manufacture. FEN is chosen as a model hydrophobic drug due
to its extremely low water solubility (0.3 pg/mL at 37 °C).*®
Nano- and macroemulsions are prepared by emulsifying the
FEN-carrying hydrophobic organic phase in aqueous solution
containing biocompatible polymer alginate (ALG) and
biocompatible surfactant pluronic F68 (Figure la “un-cross-
linked”). ALG beads (mean diameter 700 ym =+ 70) are
produced by dripping the uncrosslinked sample into 6% w/v
(weight/volume) CaCl, bath in dropwise fashion.* Tonic cross-
linking of ALG creates a crosslinked polymer network trapping
the emulsion droplets (Figure 1b “crosslinked”). Crystallization
of FEN is induced by controlled evaporation of both the
dispersed organic phase and the aqueous phase (Figure lc
“dehydrated”) at 60 °C. The evaporation temperature was
below the melting temperature of the target compound for
effective evaporation-induced crystallization (see the Support-
ing Information, S3). Once the aqueous and dispersed phases
evaporate, crystals filling the dried hydrogel matrix can be
observed in Figure 1g when a dried bead (Figure le, f) is sliced
open and imaged under SEM.

The highest loading of the model API is achieved where the
following conditions (see the Supporting Information, S2) are
met simultaneously: (i) the solubility of API in the dispersed
phase should be high and (ii) the solubility of the dispersed
phase in the continuous phase should be low or negligible. On
the basis of the solubility of API in the dispersed phase, ethyl
acetate appears to be a better option than anisole and heptane,
indicated by predicted loading in Figure 2a. If ethyl acetate is
chosen as the dispersed phase, ethyl acetate dissolves in water
facilitating the precipitation of API in the continuous phase due
to the high solubility of ethyl acetate in the continuous phase.
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Hence ANI was chosen as the dispersed phase satisfying both
conditions throughout this study. Composite hydrogels provide
flexibility in adjusting the amount of API embedded, i.e., dosage
in final formulation. The amount of FEN embedded in
composite hydrogels (% loading on dry basis) can be controlled
by tuning the volume fraction of the dispersed phase (¢,
volume of dispersed phase within the total volume of the
aqueous and the dispersed phases) and the concentration of
hydrophobic API FEN (Cpgy) dissolved in the dispersed phase
(see Figure 2b and the Supporting Information, $S10). The Cgpy
is given relative to saturation limit of FEN at room temperature
(Coren & 400 mg/mL). Cppy is adjusted by diluting a
saturated solution of FEN dissolved in the organic phase in
equilibrium with solid FEN at room temperature. Adjustable
and high loadings up to 85% can be achieved with relatively
narrow distributions (<4%). In the manufacturing process of an
API, flexibility to adjust the loading would enable easy
adjustment of the dosage of a final formulation. The dried
biocompatible composite hydrogels can be directly compressed
to produce a tablet form (see the Supporting Information, S3
and Figure S2). Our composite hydrogels are amenable to
continuous manufacturing. A lab-scale manufacturing scheme
demonstrating the transferability of the proposed approach to
industrial manufacturing is presented in the Supporting
Information, S3. The maximum loading achieved with our
composite hydrogels is, to the best of our knowledge, the
highest loading capacity ever demonstrated in a hydrogel
material with a hydrophobic API in crystalline form.

The hydrogel matrix counteracts the coalescence of emulsion
droplets during the evaporation process ensuring uniform
crystal size distribution. The behavior of composite hydrogels
during evaporation was investigated uncrosslinked and cross-
linked samples of a typical formulation (10% volume fraction
ANI/FEN where Cpgy = Cyppn With 2%w/v ALG and $%w/v
pluronic surfactant F68) were sandwiched between two glass
slides. These experimental samples were overnight under
microscope at 60 °C (see the Supporting Information, S1
and Movies 1 and 2). Uniform size droglets of 210 ym
diameter were produced by millifluidics*® (Experimental
Section). Insets in Figure 2c show the final residues left behind
after 18 h. As the uncrosslinked sample evaporates, the droplets
are carried to the center by the receding contact line due to
evaporation (see the Supporting Information, S1 and Movie 1).
They are brought into close contact and consecutively coalesce
as the continuous phase evaporates. As seen in the inset of
Figure 2c, the coalescence of API-carrying droplets results in
crystal aggregates larger than the initial droplet size. These
crystal aggregates produce nonuniform crystal size distributions
(Figure 2c). In the crosslinked sample, the emulsion droplets
cannot be carried or destabilized by evaporation as the hydrogel
matrix counteracts the evaporation driven motion of the
contact line, keeping the droplets fixed in place (see the
Supporting Information, S1 and Movie 2). As the droplets do
not coalesce, the crystal-size distribution within the dried
hydrogel matrix is homogeneous (Figure 2c and inset). Narrow
crystal-size distributions are preferable in industrial practice as
they lead to well-characterized dissolution rates and product
performance.

DSC and XRD were used to investigate the crystallinity of
the API particles embedded in the dried composite hydrogels
(Figure 2d). Both techniques demonstrate that the FEN
contained within the dried hydrogel matrix is crystalline. In
Figure 2d, XRD peaks of FEN standard matches the peaks of
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Figure 3. (a) Controlling the crystal size by controlling the droplet size at fixed API concentration (Cy, = Cygey): The mean crystal size ({d.))
plotted as a function of the mean droplet size ({d,)) insets show a SEM image of dried composite hydrogel containing nanoemulsions ({d.) = 2.5
pum) and macroemulsions ((d.) = 72 ym). (b) Controlling the crystal size through concentration of API within emulsions while keeping droplet size
constant: The crystal size as a function of relative dilution (Cpgy\Ceyrpn)- (¢) Mechanistic explanation on the two-step effect of hydrogel matrix
during evaporation of the aqueous phase and crystal growth. (d) Dissolution profile of dried composite hydrogels with different crystal sizes prepared
by controlling the droplet size at fixed API concentration (Cy, = Cyrpn)- The mean crystal sizes and polydispersities are 1.1 + 0.2, 2.5 + 0.5, 72 +
45,210 + 12,410 + 21, and 650 =+ 200 um. (e) Dissolution profile of crystals prepared by controlling Crgy/ Cqypey ratio for nanoemulsions of fixed
droplet size {(dg) = 1.1 ym. The mean diameter and polydispersity of each curve is 0.33 # 0.17, 0.8 + 0.2, and 1.1 & 0.2 um. (e) Rate of dissolution
d®/dt (t = S min) as a function of mean crystal size for dissolution profiles shown in panels d and e. The inset shows needlelike crystals of FEN
obtained by evaporating millimeter-sized ANI droplets, i.e., bulk “unbounded” evaporation-induced crystallization.

the typical formulation of dried composite hydrogel (¢ =10% from a 1:10 dilution of the FEN saturated anisole solution, i.e.,
ANI/FEN with Cpgy = Cyyppyn emulsified in 2%w/v ALG and Cpexy = 0.1Cgpn (see the Supporting Information, S6, for
5%w/v pluronic surfactant F68). The control sample more SEM images and S9 for XRD data).

containing no FEN, prepared under the same conditions as Controlling crystal size is of utmost importance as it controls
dried hydrogel with FEN shows no peaks indicating no pharmaceutical product performance characteristics such as in
crystalline structure is present. DSC measurement (inset of vivo dissolution rate and bioavailability. We hypothesized that
Figure 2d) further demonstrates the crystallinity of the FEN the crystal size could be manipulated by controlling (i) the
particles within the dried hydrogel matrix. Both the sample and dispersed phase droplet size embedded within composite
the FEN standard show a single well-defined melting point at hydrogels and (ii) the concentration of API in the dispersed
the same temperature, indicating the both samples are phase. To engineer the size of crystals embedded within
crystalline. The control sample prepared without FEN showed composite hydrogels, we first systematically varied the droplet
no well-defined melting point, only endo- and exothermic size keeping the FEN concentration constant (Cppy = Ceypen)
events associated with degradation of alginate and surfactant and, using different emulsification techniques—high-pressure
pluronic F68.* homogenization, millifluidics, and magnetic stirring—we

The dried composite hydrogels were carefully sliced open created droplet diameters ranging from 1.1 to 410 ym. Upon
and imaged with SEM revealing the fine structures within. evaporation of our composite material the mean size of FEN
Figure 2e shows that within the dried composite structure the crystals formed was measure. In Figure 3a, we plot mean crystal
spaces previously occupied by nanoemulsion droplets are filled size ((d.)) measured by SEM (and by optical microscopy
with crystals of FEN. Figure 2e also shows some vacant cavities where the crystals were large enough) as a function of mean
likely due to crystals having fallen out during SEM sample droplet size ({(dy)) measured by dynamic light scattering and
preparation. The control sample, prepared without FEN (inset microscopy. Figure 3a follows a straight line with slope one
of Figure 2e), shows only micrometer-sized vacant holes with passing through the origin within error bars. This indicates that
no crystals inside. Dilution of the API concentration in the the size of embedded droplets within the hydrogel matrix
dispersed phase resulted in crystals that are smaller than the dictates the mean crystal size within the dried hydrogel matrix.
cavities left behind once the emulsion droplets have evaporated. This is observed to be the case when the concentration of FEN
Figure 2f shows a submicron crystalline FEN particle resulting in the dispersed phase (ANI) is the saturation concentration of
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FEN in ANI (Cggy = Coupen)- Hence we deduced that as the
liquid phases (both aqueous and dispersed organic phase) were
evaporated, FEN crystals nucleated and began to grow within
the dispersed phase droplets. The growth of these crystals is
limited by the confinement of the hydrogel matrix and the size
of the cavity left behind by the evaporating droplets.
Consequently, the average size of droplets dictates the average
size of embedded crystals at Cppy = Cgyppy in accordance with
previous observations (Figure 2c). It is important to note that
water evaporates faster that ANI, leaving ANI droplets
embedded in a dehydrated matrix that is stiffer than the
hydrated matrix. This stiffer matrix ensures that the droplets,
and consequently the crystals, are confined. The XRD data of
all formulations shown in Figure 3 can be found in the
Supporting Information, S9.

The crystal size can also be engineered by controlling the
concentration of FEN in droplets embedded in the composite
hydrogel. The droplet size was kept constant ((dg) = 1.1 ym)
and nanoemulsion laden composite hydrogels with different
FEN concentration (Cggy) in the dispersed phase (ANI) were
prepared. The Cggy is adjusted by diluting the ANI solution
that has previously achieved equilibrium with FEN solid at
room temperature. Upon SEM imaging of diluted samples, we
observed smaller crystals than the typical formulation (Figure
2f). The mean crystal size is plotted as a function of normalized
FEN concentration (Cgpn/Ceyppn) in Figure 3b. To validate
our results, we estimated the expected crystal size based on the
density of FEN crystals, nanoemulsion droplet size, the
concentration and the size of droplets given in Figure 3b.
The measured crystal sizes coincide with the expected crystal
sizes within error bars. The maximum and minimum
predictions account for the nanoemulsion droplet size
polydispersity. The composite hydrogels achieve the crystal
size and the morphology control by introducing an elastic
energy barrier to counteract (i) evaporation induced droplet
coalescence, and (ii) crystal growth (Figure 3c). First, the
hydrogel matrix counteracts the coalescence of droplets as the
aqueous phase evaporates by keeping the droplets isolated. In
the absence of the hydrogel matrix, the droplets coalesce and
form nonuniform crystal size distributions as shown in Figure
2c and Movies 1 and 2 in the Supporting Information. Second,
the hydrogel matrix regulates the crystal growth by introducing
a confinement-induced elastic energy barrier limiting the
growth. In other words, the crystal cannot grow beyond the
size of the emulsion without overcoming an elasticity induced
energy barrier.

By controlling the crystal size embedded in the composite
material, we demonstrate that we can control the release profile
of FEN from composite hydrogels in Figure 3d. The in vitro
dissolution profiles measured at 37 °C demonstrate the
influence of crystal size on release rate. The larger crystals
prepared by millifluidics and magnetic stirring result in slower
release of API into the dissolution medium, whereas composite
dried hydrogels formulated using nanoemulsions through high-
pressure homogenization—producing smaller crystals—result
in faster dissolution. With diluted samples (Figure 3b), the
fastest dissolution rates were achieved (Figure 3e). The
dissolution rate of the composite material containing crystals
having an average size of 330 nm is comparable to the
dissolution rate of the-state-of-the-art FEN formulation
-commercialized as TriCor tablets (Figure 3e). These tablets
are prepared by a nanomilling technique that generates
submicron crystals®” estimated to be approximately 400 nm
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in size. It is important to note that tuning the crystal size
through dilution decreases the loading—the maximum achieved
loading at Cppy = 0.1Cqypy at ¢ =60% is 16% (Figure 2b). The
polydispersity of the crystal size also influences the dissolution
behavior in Figure 3d. (see the Supporting Information, S8, for
a more detailed discussion).

For each dissolution profile presented in Figure 3, we fitted a
semiempirical model commonly used in drug dissolution
through polymer matrix® @ =Af" — where ® denotes
percentage of drug dissolved, t is time, and A and n are fitting
parameters (see the Supporting Information, S8). Then we
calculated the rate of dissolution d®/dt at t = S min using this
model. Plotting rate of dissolution with respect to mean crystal
size (d.) showed an increasing rate of dissolution with
decreasing crystal size (Figure 3f). If the dissolution kinetics
were dictated by the crystal size, we would expect the rate of
dissolution to depend on the total surface area as suggested by
the Noyes—Whitney equation.*” Our dissolution experiments
were performed with the same amount of hydrophobic API for
different crystal sizes hence d®/dt vs (d.) should scale with 1/
(d.) (see the Supporting Information, S8). In Figure 3f, very
good agreement is observed for all crystal sizes (i.e., engineered
by controlling both the droplet size and the dilution (Cgpyn/
Coaren) except for larger crystal sizes. For larger crystals, higher
than predicted dissolution rates are observed. This deviation
might be attributed to larger crystals having different
dominating crystal facets than the more confined smaller
crystals. A crystal in a large droplet can grow over a larger
distance (same order of magnitude as droplet diameter) hence
the area of the fast growing facet to slow growing facet would
be larger. Different crystal facets could give rise to different
surface energies™** and this may be responsible for the
deviations seen for larger crystals in the dissolution profiles. It is
recognized that modifications in crystal habit can affect in vitro
dissolution profiles and pharmaceutical performance.” This
deviation points to an interesting fundamental insight.
Confinement not only influences crystal size but also crystal
morphology. It is observed that if crystals of the API are
allowed to grow unbounded (i, in bulk), they form needles
(inset of Figure 3f) whereas the crystals confined to grow no
larger than the emulsion droplets are forced to acquire other
morphologies with different surface energies.

Manufacturing crystalline materials using composite hydro-
gels is a unique approach enabling precise control over crystal
size. This is impossible to achieve in traditional evaporation
induced crystallization where once crystal nucleation occurs,
there is no mechanism to limit/control the crystal growth. The
approach enables crystal size and morphology control through
a two-step mechanism utilizing the elastic nature of the
hydrogel matrix and confinement. It is fundamentally different
than other approaches that use emulsions or gels to influence
crystallization. Traditionally crystal growth in gels has been
used to prepare single crystals of proteins by taking advantage
of diffusion-limited mass transport conditions* or as 3D
structural networks for hydrophilic compounds in matrix-
mediated crystallization/biomineralization studies.*” This ap-
proach is mechanistically different as the growing hydrophobic
crystalline phase is confined by the hydrogel matrix through the
elastic energy barrier that the hydrogel matrix creates.

B CONCLUSIONS

A material based approach is described to enable control over

the crystal size and morphology of a hydrophobic compound
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(an API) utilizing the unique structure of composite hydrogels.
By controlling the size of embedded emulsions and the
concentration of hydrophobic pharmaceutical in emulsions, we
achieve fine control over crystal size (as small as 330 nm). The
dissolution profile of the API material embedded in these
composite materials can be controlled on the basis of crystal
size. Rapid dissolution rates comparable to a commercial
formulation with submicrometer crystals produced by harsh
and energy intensive nanomilling technique™** were achieved.
Compared to the state of the art techniques, our method avoids
excessive energy input and high saturation levels that can lead
to amorphous forms or the appearance of metastable crystal
phases. Furthermore, adjustable loadings as high as 85% are
demostrated. Because of their biofriendly nature, adjustable
submicrometer crystal size, and high loading capacity, the
preposed alginate composite hydrogels could potentially serve
as a final drug formulation and their production is amenable to
continuous manufacturing (see the Supporting Information,
S3). We are currently exploring other ways of utilizing this
biocompatible hydrogel material to affect crystal growth
morphology, prepare crystalline material on the nanoscale,
and further engineer API dissolution profiles for applications
such as controlled release.

The proposed approach achieves control over crystal size and
morphology in a distinct two-step mechanism utilizing elasticity
and confinement provided by the structure of composite
hydrogel. First, the elastic matrix counteracts evaporation-
induced coalescence of the emulsion droplets, keeping droplets
isolated. Second, a confinement-induced elastic energy barrier,
limits the growth of crystals beyond the size designated by the
droplets. The versatility and orthoganol accessability of the
composite hydrogels opens up a wide range of applications
such as the design of multidrug therapies and the preparation of
designer foods. The proposed approach is not limited to
pharmaceuticals, and it can be applied to production of a wide
range of crystalline materials.

B ASSOCIATED CONTENT

© Supporting Information

Movies 1 and 2, experimental details and explanation of movies
1 and 2, detailed discussion about how to choose components,
Tablet production from composite hydrogels and continuous
manufacturing, details on evaporation experiments in Figure 2
and demonstration of the ability of the hydrogel matrix to
counteract creaming or sedimentation. Millifluidics setup,
additional SEM images and size analysis from SEM images,
TGA and DSC analysis, discussion about dissolution profiles
and models used to fit data, additional XRD measurements for
all formulations used in experiments, detailed experimental
procedures, and stability of ANI nanoemulsions. This material
is available free of charge via the Internet at http://pubs.acs.org.
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