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le microfluidic platforms for
pharmaceutical solid form screening†

Sachit Goyal,ab Aristotle E. Economou,‡b Theodore Papadopoulos,‡b

Elizabeth M. Horstman,b Geoff G. Z. Zhang,c Yuchuan Gong*c and Paul J. A. Kenis*b

We describe a microfluidic platform with enhanced solvent compatibility to screen solid forms of

pharmaceutical parent compounds including salts, cocrystals, and their crystal forms via controlled

solvent evaporation and antisolvent addition techniques. The platform enables on-chip combinatorial

mixing of parent compound, auxiliary materials, or non-solvents in a 24- to 72-well array (�100–200 nL

per well). This approach enables screening with very small quantities of material per condition compared

to traditional screening approaches that require larger volumes, �100 mL per well. Compatibility with (i)

polar as well as non-polar organic solvents commonly employed in crystallization of pharmaceuticals,

such as ethanol, methanol, tetrahydrofuran, acetonitrile, chloroform, hexane, and toluene, (ii) Raman

spectroscopy used for on-line identification of the resulting solids was achieved by using

a perfluoropolyether-based microfluidic platform. Integration of a hybrid thin layer assembly of

elastomeric PDMS–SIFEL–SIFEL ensures that pneumatic valving capabilities are retained. This assembly

was sandwiched between layers of cyclic-olefin copolymer (COC) at the top and Teflon FEP or COC

(depending on the solvent) at the bottom to yield a physically rigid, Raman compatible crystallization

chip. In addition, a solvent-impermeable thiolene layer patterned with evaporation channels was

employed to permit control over the rate of solvent evaporation for solvent evaporation experiments.

The resulting hybrid microfluidic platforms enabled enhanced compatibility with a variety of polar and

non-polar organic solvents such as methanol, ethanol, isopropyl alcohol, acetonitrile, tetrahydrofuran,

hexane, heptane, and toluene, which is especially critical for antisolvent crystallization experiments. In

solvent evaporation experiments with these platforms the rate of solvent evaporation can be controlled

consistently (5–20 nL h�1), thereby facilitating nucleation and crystal growth. Model compounds,

theophylline and carbamazepine, were used to validate the platform's ability to screen for cocrystals via

solvent evaporation and for polymorphs via antisolvent addition. On-chip Raman analysis was used to

identify different cocrystals and polymorphs.
Introduction

Solid form screening is an integral process in pharmaceutical
development which involves crystallization under a wide range
of conditions such as, active pharmaceutical ingredient (APIs)/
small molecule ratios, temperature, solvent/antisolvent ratios,
and pH. These crystallization conditions are used to identify
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possible solid forms (e.g. salts, cocrystals, polymorphs,
hydrates) and elucidate different crystal habits. Crystal habit
(shape/size) affects drug processing and the dissolution rate of
APIs.1,2 Current methods for solid form screening oen involve
use of automated tools to increase throughput, thus reducing
turnaround time compared to manual screening methods.
However, these robotic tools typically require �0.5 g of the API
for a screen involving 100 experiments, quantities that typically
are not available in the early stages of drug discovery. Hence,
solid form screening is initiated late in the drug discovery
process when a gram or more of the API is available.3–6 Micro-
uidic approaches can enable solid form screening of APIs
utilizing much smaller amounts of materials, i.e., on the order
of 0.5 mg for a 100-experiment screen, thereby enabling exten-
sive solid form screening with limited amount of API available
in the earlier stages of drug development.5,6

Progress in microuidics over the last few decades has
resulted in the development of microuidic platforms for a wide
This journal is © The Royal Society of Chemistry 2016
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range of biological applications, for example: gene expression,7

single cell analysis,8 digital PCR,9 DNA sequencing,10 and anal-
ysis,11 and point-of-care and clinical diagnostics.12–14 Further-
more, microuidic platforms have been developed for protein
and pharmaceuticals crystallization.15–31 Examples include free
interface diffusion (FID) based platforms,15,32 droplet based
microuidics,25,33–37 evaporation-based platforms,18,38 and slip-
chip approaches.22,24,39 Similarly, microuidic platforms for
pharmaceutical crystallization have been developed to screen
for different solid forms of APIs such as salts, polymorphs, and
cocrystals38,40–47 to allow for solid form screening at earlier
stages of drug development when only very small quantities of
API are available. For example, platforms based on droplets,43,45

patterned surfaces,46 free interface diffusion,41,42 antisolvent
addition,40 temperature control,44 and evaporation38 have been
employed for pharmaceutical crystallization. Some of the
aforementioned platforms allow for crystal harvesting and
subsequent analysis via traditional approaches (e.g., Raman
spectroscopy, X-ray diffraction).16,25,29 In contrast, some plat-
forms have been reported that enable on-chip analysis of the
solid forms, obviating the need to manually handle crys-
tals.15,26,38,40–42,48–50 Droplet and slip-chip basedmicrouidic tools
enable high-throughput screening of crystallization conditions
but lack desirable charactreistics; for example the PDMS-based
droplet-based tools33,37,51 lack the compatibility with organic
solvents and slip-chip based tools23 do not allow on-chip solid
form analysis.

Previously, we reported on multilayer microuidic platforms
comprised of poly-dimethylsiloxane (PDMS) and cyclic olen
copolymer (COC) as well as PDMS–COC–thiolene. Key features
of these devices are the combinatorial mixing capabilities
enabling high throughput screening (50–200 nL sample volume
per well) and the compatibility with on-chip solid form analysis
via optical microscopy, Raman spectroscopy, and/or X-ray
diffraction.15,52 The reported platforms were engineered to
ensure compatibility with some of the commonly used polar
organic solvents employed in pharmaceutical crystallization,
including alcohols, water, acetonitrile, and DMSO. These plat-
forms were employed to screen a wide range of crystallization
conditions for pharmaceutical solid forms including salts,41

cocrystals,42,47 and polymorphs40 employing free-interface
diffusion (FID),41 antisolvent addition,40 and solvent evapora-
tion38 modes of crystallization.

A large proportion of new pharmaceutically active entities
being developed in the pharmaceutical industry have high
molecular weight (MW ranging for 800–1600 g mol�1) and
consequently are poorly soluble in aqueous media.53 These
pharmaceutically active entities typically require strong organic
solvents (e.g., chloroform, tertrahydrofuran (THF), ethyl acetate,
DMSO) to solubilize the drug and enable subsequent crystalli-
zation. PDMS and COC are known to have limited compatibility
with most of the stronger polar organic solvents (e.g., THF, ethyl
acetate) and non-polar organic solvents (e.g., hexanes,
toluene).54,55 Development of microuidic platforms with
enhanced solvent resistance would enable screening of crys-
tallization conditions in a wider range of solvents that cannot be
This journal is © The Royal Society of Chemistry 2016
employed in the previously reported PDMS/COC-based micro-
uidic platforms.

A broad range of polymeric materials has been explored for
microuidic applications that require compatibility with
certain organic solvents, including thiolene,56–58 untreated u-
oropolymers,59 photo-curable or thermally curable per-
uoropolyether,60–63 polytetrauoroethylene or Teon,64

thermoset polyester,65,66 cyclic olen copolymer,67 Viton,68 SU-
8,69 parylene,70 polyimide,71 polyvinyl(silazane),72 and Dyneon™
THV Fluorothermoplastics.73 However, the majority of these
polymers suffer from one or more of the following limitations
that hamper their use in the development of a high throughput
screening platform: (1) incompatibility with a wide range of
organic solvents for extended use; (2) complex and cost inten-
sive fabrication (e.g., requiring an oxygen-free environment); (3)
non-amenability with rapid prototyping; and (4) incompatibility
of on-chip solid form analysis. For example, droplet based
microuidics made of PTFE, glass, and Teon tubes have been
demonstrated to perform with multiple solvents however
controlled solvent evaporation platforms using these materials
has not been demonstrated.35,36 Microuidic platforms with
enhanced solvent compatibility that can be fabricated via so
lithographic methods, while ensuring high throughput capa-
bilities, portability between stations, and allowing for on-chip
solid form analysis via X-ray and Raman have the potential to
aid solid form screening or other crystallization experiments
involving strongly polar as well as non-polar organic solvents.

Here, we report on the development and application of
multilayer hybrid-COC/PDMS/SIFEL/COC or Teon-FEP/
thiolene-based solvent compatible microuidic platforms for
solid form screening of APIs, specically for crystallization
screening via diffusive mixing, antisolvent addition, and solvent
evaporation. The platforms reported here are compatible with
a wide range of organic solvents, including ethanol, methanol,
THF, acetonitrile, chloroform, hexane, and toluene, and allow
for on-chip solid form analysis via Raman spectroscopy. The
platforms can be fabricated via so lithographic methods. We
validated the platform by screening for cocrystals of theophyl-
line and carbamazepine via solvent evaporation and different
polymorphs of carbamazepine via antisolvent addition.

Materials and methods
Chip assembly

Antisolvent chip. Schematic of the platform is shown in
Fig. 1. The platform is a four-layer assembly (FLA, �250 mm
thick) consisting of a solvent impermeable top layer, thin
PDMS-adhesion layer, uid metering layer, and uid mixing
layer, as well as a substrate layer (Teon 50–100 mm thick).

Evaporation chip. Schematic of the platform is shown in
Fig. 1. The platform consists a FLA, an interfacial layer (IL, 60–
110 mm thick) including substrate (Teon) and SIFEL elasto-
meric sealing layer, and an evaporation layer (EL, 2 mm
thick). The EL contains the channels that control solvent
evaporation rates. The EL was fabricated (vide infra) and
reversibly bonded to the IL. Then the EL–IL assembly was
reversibly bonded to the FLA.
RSC Adv., 2016, 6, 13286–13296 | 13287
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Fig. 1 (a) Cross section of twomicrofluidic crystallization platforms depicting layered assembly. (b) Top view of the microfluidic platform depicts
the control layer aligned over the fluid layer (for the antisolvent-chip), which is further aligned over the evaporation channel layer illustrating the
function of different valves in the filling and mixing of solutions on-chip and the evaporation channels in the evaporation of solvents (for the
evaporation-chip). The numbers 1–5 refer to different sets of control valves.
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Fig. 2 shows detailed views of the assembly of different layers
of the chip for evaporation driven crystallization experiment.
Details of fabrication procedures for FLA, IL, and EL, as well as
chip assembly for evaporation chip are provided in the ESI.†

a. Four-layer assembly (FLA). FLA is comprised of a SIFEL
(Shin-Etsu Silicones of America Inc., Part A/B) control layer (CL)
and uid layer (FL), a polydimethylsiloxane (PDMS, General
Electric RTV 615, Part A/B) adhesion layer, and a cyclic olen
copolymer (COC) (COC, 6013 grade, TOPAS™ Advanced Poly-
mers) backing layer fabricated as shown in schematic in Fig. 2a.

b. Interfacial layer (IL). IL is comprised of a thin SIFEL layer
(5–10 mm) on a Teon-FEP or AF sheet (50–100 mm) fabricated as
shown in the schematic in Fig. 2b.

c. Evaporation layer (EL) fabrication. The EL was fabricated
out of NOA–81 thiolene (Norland Products) following procedure
established in our previous work.38 The fabrication process is
shown in the schematic in Fig. 2c.

d. Alignment and nal assembly of all layers for evaporation
chip. First, the IL was placed on the EL and the through-holes
connecting the evaporation chambers in the FLA and the corre-
sponding evaporation channels in EL were marked and drilled.
Next, the IL was manually aligned and reversibly sealed to the EL.
Finally, the FLA wasmanually aligned and reversible sealed to the
IL–EL assembly such that the holes in the evaporation chambers
13288 | RSC Adv., 2016, 6, 13286–13296
in the FL were aligned with the corresponding evaporation
channels. The aligned chip is shown in Fig. 2d.

Preparation of active pharmaceutical ingredient (API) and
cocrystal former (CCF) solutions. All APIs and CCFs were
obtained from Sigma-Aldrich and used as received.

Polymorph/crystal habit screening. Carbamazepine solu-
tions for polymorph screening were prepared by dissolving
carbamazepine in THF (0.5 M), chloroform (0.5 M), and aceto-
nitrile (0.2 M). Hexane and heptane were used as antisolvents.

Cocrystal screening. Solution of theophylline74 was dissolved
in chloroform : ethanol (1 : 1 volumetric ratio) at a concentra-
tion of 0.5 M in a glass vial by vortexing (Maxi Mix II, Barnstead/
Thermolyne). Four acids (malonic, 2,4-dihydroxy benzoic acid,
benzoic acid and glutaric acids) were also dissolved in the same
solvent mixture at a concentration of 1.2 M.

Carbamazepine solutions were prepared following the same
procedure. Carbamazepine was dissolved in acetonitrile at
a concentration of 0.14 M. Acetonitrile solutions of two solid
acids (malic acid and 4-hydroxy benzoic acid) were prepared at
molar concentration of �0.30 M.
Crystallization off-chip

Antisolvent addition. Crystallization in the presence of
antisolvent was executed in glass vials to obtain reference solids
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Fabrication steps for the antisolvent/evaporative chip. (a) Negative patterns for the CL and FL are patterned on Si-wafers, which are
replicated in PDMS to obtain the FL and CL, and a COC sheet was irreversibly bonded to the CL spin coated with a thin layer of PDMS enabling
adhesion. Then the COC–CL assembly was lifted off the master and sealed with the FL via thermal curing to yield the FLA. The FLA was reversibly
bonded to a Teflon FEP film or COC film depending on the solvent used to yield the antisolvent chip. (b) The IL is obtained by spin coating and
partially curing a thin layer of PDMS on a silanized Si-wafer. A Teflon sheet was placed on the PDMS then a SIFEL layer was spun coat and cured on
the surface. Subsequently, this assembly was lifted off from the PDMS coated Si substrate. (c) The EL was created by first creating an appropriate
master via photolithography and DRIE, followed by replication to obtain a PDMSmold, which in turn is replicated in thiolene by applying the liquid
pre-polymer and subsequent UV curing. (d) Chip assembly is completed by placing the IL on the EL, and then placing the FLA on the IL–EL
assembly.
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for comparison with on-chip crystallization results. The off-chip
experiments were conducted in 1mL glass vials (Kimble/Chase).
The effect of antisolvent and solvent type and ratio of anti-
solvent : solvent mixed on the carbamazepine solids was
observed off-chip. Concentrated solutions of carbamazepine
were prepared in different solvents (THF, chloroform, and
toluene) and mixed with antisolvents (hexane and heptane) in
different volumetric ratios (1 : 2, 1 : 1, and 2 : 1). Total volume
of the mixture was maintained at 600 mL. Aer introducing the
API solution and the antisolvent, the vial was sealed by wrap-
ping PARAFILM around the cap of the glass vial. The solutions
prepared in the vials were mixed via vortex followed by sonica-
tion for 5 minutes (Branson 2510). The vials were then observed
for solid formation via optical microscopy and the resulting
solid forms were analyzed via Raman spectroscopy.

Cocrystal screening. Cocrystal formation of theophylline and
carbamazepine was executed in glass vials to obtain reference
This journal is © The Royal Society of Chemistry 2016
solids for comparison with on-chip crystallization results. The
off-chip experiments were conducted in 1 mL glass vials
(Kimble/Chase). First, solutions of carbamazepine in acetoni-
trile and theophylline in 1 : 1 chloroform : ethanol were
prepared. Subsequently, the CCF solutions were prepared in
either acetonitrile (for carbamazepine) or 1 : 1 chlor-
oform : ethanol (for theophylline) at a molar concentration that
ensured 1 : 1.2 molar ratio of API : CCF when mixing 400 mL of
API solution with 200 mL of CCF solution. 400 mL of API solution
was mixed with 200 mL of CCF solution to maintain the 2 : 1
volumetric ratio of the API and CCF chambers on-chip. The
solutions prepared in the vials were mixed via vortex followed by
sonication for 5 minutes (Branson 2510). Each vial was then
covered with paralm (PARAFILM® M) then a small hole was
poked in the paralm so solvent could slowly evaporate (in the
range of 4–48 mL h�1). The vials were then monitored for solid
form formation and solvent evaporation over a period of 2–48
RSC Adv., 2016, 6, 13286–13296 | 13289

https://doi.org/10.1039/c5ra26426j


RSC Advances Paper

Pu
bl

is
he

d 
on

 1
5 

Ja
nu

ar
y 

20
16

. D
ow

nl
oa

de
d 

on
 8

/2
2/

20
22

 1
2:

07
:1

6 
A

M
. 

View Article Online
hours. Aer complete evaporation of the solvent from the glass
vial, the solid form crystallized in each vial was analyzed using
optical microscopy (bright eld as well as dark eld) and Raman
spectroscopy.

Results and discussion
Chip design, fabrication and operation

Design of antisolvent addition platform. The 72-well
microuidic platform used here (Fig. 1) is an adaptation of
a design we reported previously.40 Briey, each of the 8� 9 wells
is comprised of two adjacent chambers for an API solution and
an antisolvent respectively (Fig. 1b). The well dimensions of the
chambers were varied to screen different volumetric ratios of
the two solutions. Each well has a height of 50 mm, a width of 1
mm, and a total length of 2 mm, resulting in total well volumes
of approximately 100 nL (combined volume of the two cham-
bers, Fig. 1). The ‘lengths’ of the two compartments within each
well are varied along each row of wells such that API to anti-
solvent solution ratios (LAS-to-LAPI) are 2 : 1, 1 : 1, and 1 : 2. Each
ratio is replicated 3 times. Varying the relative size of the API
and antisolvent solution chambers, as expressed in the length
of the chambers (LAS and LAPI), changes the level of supersatu-
ration achieved upon mixing of different amounts of solvent
and antisolvent. Another deviation compared to the previously
reported design40 is that the microchannels connecting adja-
cent chambers along each row of wells were designed to ‘zig-zag’
to reduce issues with dead volume and bubbles, ensuring faster
and complete lling of large chambers (Fig. 1). More detailed
schematics of the platform are provided in the ESI.†

Design of evaporation platform. The microuidic platform
reported here has 24 wells, each comprising of an API chamber,
a CCF chamber, and an evaporation chamber (Fig. 1). Each well is
isolated from the rest of the wells using a series of normally closed
valves.75,76 This platform can be used for to screen APIs combina-
torially with 24 unique conditions: 1 API solution � 6 cocrystal
former (CCF) solutions � 4 different possible evaporation rates.

The volume of the API chamber of each well is�200 nL. When
using API solutions at a concentration of 50 mg mL�1, only �10
mg of API is consumed for each crystallization condition investi-
gated on-chip, two to three orders of magnitude smaller than the
quantity of API consumed per condition for a traditional off-chip
screening approach (�600 mL per condition).5,6

The third chamber, an evaporation chamber, was added to
the uid layer adjacent to each API chamber. The evaporation
chamber is connected to the API chamber (containing the
mixed API/CCF solutions aer mixing) through a separate
control valve. The evaporation chamber also is connected to the
atmosphere via evaporation channels in the EL. Detailed sche-
matics of the evaporation platform as well as details on the rate
of solvent evaporation as a function of dimension of the evap-
oration channels, the parameters affecting the rate of evapora-
tion of solvents through the microchannels, and calculations
based on different solvents are provided in the ESI.†

Solvent compatibility of platforms. We enhanced the resis-
tance to solvent absorption of the chip by replacing the PDMS
layers with thin layers of SIFEL (total thickness of the SIFEL
13290 | RSC Adv., 2016, 6, 13286–13296
uid and control layer �200 mm). These SIFEL layers were
sandwiched between either two 100 mm COC layers, or between
a thin layer of COC on top and a thin layer of Teon FEP at the
bottom to minimize transport of the solvents of interest to the
outside atmosphere. COC and Teon FEP are much less
permeable to solvents (compared to PDMS and/or SIFEL) and
swell less when in contact with solvents.77 These desirable
properties of the materials used for the FLA–IL assembly
signicantly minimized solvent loss when using organic
solvents, including methanol, ethanol, triuoroethanol, THF,
hexane, toluene, and acetonitrile. Depending on the solvent
used, the solutions were retained in the chambers on-chip for 2
to more than 12 hours when the wells were isolated from the
ambient. Similar to our prior work,38 an evaporation layer (EL,
Fig. 1) is added to the chip enabling evaporative crystallization
at designed solvent evaporation rates. This layer is made out of
thiolene, a material that is impermeable to air and solvent-
vapor, and has superior resistance to a wide range of organic
solvents including those mentioned above.78

Raman compatibility of platform. Various analytical tech-
niques such as X-ray diffraction (powder and single crystal X-ray),
solid state NMR, IR (including near IR and Fourier transform IR)
spectroscopy, and Raman spectroscopy are typically used to
identify the crystal forms of organicmolecules.79–82Here, we used
Raman spectroscopy for on-chip as well as off-chip solid form
identication due to its chemical specicity, high throughput,
amenability to automation, and high spatial resolution thus
reducing sample needs.81 Data was acquired following a proce-
dure reported previously.38 The SIFEL uid and control layer
assembly that is sandwiched between thin COC and Teon FEP
layers (the FLA–IL assembly), is sufficiently transparent to yield
signal to noise ratios that permit analysis of solid forms using
Raman spectroscopy. Only the non-Raman-transparent EL needs
to be removed for spectroscopic analysis. Details, including
Raman spectra, regarding background correction of on-chip
Raman data are provided in the ESI (Fig. S4†).

Evaporation platform operation. Fluidic routing and mixing
on-chip is achieved using an array of normally closed valves
(three to ve sets) incorporated in the control layer (Fig. 1).75,83

The API solutions were introduced along the rows into the API
and CCF chambers upon actuation of the valve sets labelled “1”
and “3” via application of vacuum at the control line inlets and
at the uid outlets (Fig. 1b). Next, valve sets 1 and 3 are closed
and upon actuating valve set 2 and applying vacuum at the
corresponding outlets the CCF chambers are emptied. Next
these chambers are purged with API solvent and CCF solutions
are introduced. Valve set 2 is then closed to isolate the API and
CCF solutions in adjacent chambers. The solutions were mixed
by diffusion for approximately an hour by continuous actuation
of valve set 3. Valve set 4 was actuated occasionally to push the
solutions back and forth between the chambers to achieve
better mixing (Fig. 1b). Aer the solutions were fully mixed, all
peripheral connections except the pneumatic tubing to actuate
valve set 5 was removed, and the chip was sealed with Crystal
Clear Tape to prevent solvent evaporation through the inlets
and outlets. Upon actuation of valve set 5 (Fig. 1b), the mixed
solutions in the API chamber were exposed to the ambient
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) Comparison of solvent evaporation rates for methanol in
PDMS-based and SIFEL-based microfluidic platforms. (b) Solvent
evaporation rates for three different solvents in SIFEL-based micro-
fluidic platform: ACN (acetonitrile), MeOH (methanol) and EtOH
(ethanol).
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through the evaporation channels in the EL to allow for solvent
evaporation at designed rates. Aer completion of the experi-
ment, valve set 5 was closed by releasing the vacuum, thereby
isolating the API chambers, cocrystal chambers, evaporation
chambers, and the feed lines. The chip was disconnected from
the only remaining tubing, enabling easy handling and trans-
port to solid form analysis stations (i.e., optical microscope and
Raman microscope).41,76

Antisolvent platform operation. The API and antisolvent
solutions were introduced by actuation of valve sets “1” and “2”
via application of vacuum at the control line inlets and appli-
cation of vacuum at the uid outlets (Fig. 1b). Next, valve sets 1
and 2 were closed and valve set 3 was actuated for 15–20
minutes to allow diffusional mixing. The now completely lled
chip was sealed with Crystal Clear Tape (Hampton Research
HR4-511) to prevent solvent evaporation from the inlets and
outlets, and placed in a plastic Petri dish along with 2 micro-
centrifuge tubes lled with the solvent(s) used in the crystalli-
zation experiment. The Petri dish was sealed with paralm to
ensure a solvent saturated environment, further minimizing
loss of solvent vapor. The Petri-dish with loaded evaporation
platform was incubated at room temperature for several hours.

Solvent evaporation rates. Solvent evaporation was quanti-
ed as a function of time for different solvents: methanol,
ethanol, and acetonitrile by tracing the area covered by the
solvent in the microuidic crystallization well using the “free-
hand selection” tool in ImageJ 1.46. For different solvents, the
evaporation channel dimensions were redesigned to result in
specic evaporation rates based on their volatility, which was
indicated by a dened factor K0 (see ESI† for details, higher K0

values indicates solvent has higher volatility). For methanol and
ethanol (evaporation channel dimensions were used corre-
sponding to K0 ¼ 6 in the ESI†) and for acetonitrile (evaporation
channel dimensions were used corresponding to K0 ¼ 15).
Typically, the solvent evaporation rate was controlled by the
dimensions of the evaporation channels in the EL and the
properties of the solvents. Fig. 3a shows a comparison between
the solvent evaporation rates (in percentage volume of the
solvent) for methanol employing the solvent resistant micro-
uidic platforms reported in this study and the previously re-
ported PDMS-based evaporative crystallization platform
reported with the same design for the evaporation channels.38

The observed solvent loss was due to a combination of solvent
loss resulting from the chip material (permeation and absorp-
tion) and evaporation through the microchannels in the EL
connecting the liquid in the well to the ambient.

The PDMS-based evaporation platforms reported previously
controlled the evaporation rate of methanol at rates from 7 to 16
nL h�1. The control experiment (with closed evaporation
channel) resulted in an evaporation rate of �4 nL h�1, which is
due to the absorption of solvent into PDMS. The absorption of
methanol prohibits the application of the platform in the
experiments requiring slower solvent evaporation. Comparing
to the PDMS-based platform, SIFEL-based evaporative crystal-
lization platforms absorbs less solvent, which enables methanol
to evaporate at lower rate, i.e. 3.3 nL h�1. The better solvent
compatibility of the SIFEL-based platforms also resulted in
This journal is © The Royal Society of Chemistry 2016
a better controlled solvent evaporation rates (smaller error
bars), thus, more reliable solvent evaporation crystallization
results.

Fig. 3b shows a comparison of the solvent evaporation rates
for different solvents including methanol, ethanol, and aceto-
nitrile obtained employing the SIFEL-based evaporative crys-
tallization platform. The rates of evaporation for these solvents
are: 2 to 8 nL h�1 for ethanol and 3.3–9 nL h�1 for methanol
with minimal well to well variation, and�12.5 to�40 nL h�1 for
acetonitrile. For the lowest solvent evaporation rates (�2 nL
h�1) some solvent absorption into the SIFEL-based platform
was observed resulting in deviation of the evaporation rates
from the designed evaporation rates. We did not observe solvent
evaporation for methanol in the control experiment with SIFEL-
based evaporation chip (data not shown in Fig. 3). It is
acknowledged that many other parameters, such as the location
of the through holes in the evaporation chamber, and the size of
the hole may affect the rate of solvent loss during the
RSC Adv., 2016, 6, 13286–13296 | 13291
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experiment. Nevertheless, the SIFEL-based microuidic evapo-
ration platforms provide good control over the evaporation
rates, with only 10–20% variation in evaporation rates from
well-to-well.
Cocrystal screening experiments (evaporation)

Theophylline and carbamazepine, two commercially available
drugs, were used for demonstrating the utility of the platforms
for on-chip cocrystal screening. Cocrystals of both APIs with two
or three CCFs were screened using the evaporation platform.
For theophylline, a chloroform : ethanol (volumetric ratio ¼
1 : 1) solution of the drug (0.5 M) was introduced along the
different rows of wells, with each row corresponding to
a different evaporation rate. Chloroform : ethanol (volumetric
Fig. 4 Magnified views of the high quality cocrystals of carbamazepine and
theophylline as well as different carbamazepine and theophylline cocrystals
views of the 1050–1800 cm�1 range are provided to highlight the lack or p
samples grown on-chip and off-chip. “Empty Microfluidic Chip” correspo

13292 | RSC Adv., 2016, 6, 13286–13296
ratio ¼ 1 : 1) solutions of four acids (malonic, 2,4-dihydroxy
benzoic acid, benzoic acid and glutaric acids, 1.2 M each) were
introduced along the columns of these wells. Similarly, for
carbamazepine, acetonitrile solutions of the drug (0.14 M), were
introduced along the rows and acetonitrile solutions of two
acids (malic acid and 4-hydroxy benzoic acid, 0.3 M) were
introduced along the columns. These solutions were mixed on-
chip by diffusion.

No solid formation was observed in about one hour aer the
mixing of the API and CCF solutions started on-chip. The same
solution mixtures prepared off-chip in 1 mL glass vials also did
not exhibit solid forms in 24 hours. These observations sug-
gested that the solution mixture was under-saturated with
respect to each of the cocrystal forming component and the
intended cocrystal.
theophylline crystallized on-chip. Raman spectra of carbamazepine and
grown and analyzed on-chip (solid lines) and off-chip (dotted lines). The
resence of spectral differences between the different cocrystals and/or
nds to the Raman spectrum of the FLA–IL assembly by itself.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Magnified views of the microfluidic crystallization wells
showing the (a) effect of the ratio of mixing of solvent/antisolvent
(LAPI : LAS) on-chip on crystal habit (shape and number) of carbamaz-
epine and (b) effect of different antisolvents on polymorph of carba-
mazepine crystallized on chip.
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Aer complete mixing of the solutions on-chip (typically
solutions are thoroughly mixed within an hour of valve
opening), the solutions were concentrated by solvent evapora-
tion through the microchannels in the EL. For the theophylline
screening experiments, the solvent evaporated at a rate of �20
to 50 nL h�1 due to the high volatility of chloroform. For the
carbamazepine screening experiments, acetonitrile evaporated
at a rate of 12.5 to 40 nL h�1. These controlled evaporation
resulted in formation of single crystals of the cocrystals at some
of the conditions screened, e.g., carbamazepine–4-hydrox-
ybenzoic acid, theophylline–malonic acid, and theophylline–
2,4-dihydroxybenzoic acid (Fig. 4). Aggregation or precipitation
of non-crystalline solid was frequently observed in the crystal-
lization chambers with high evaporation rates, whereas single
crystals or a few relatively large crystals formed at low evapo-
ration rates. Fig. 4 shows representative images of the cocrystals
formed on-chip.

Performing comparable off-chip crystallization experiments
in�600 mL solvent in open vials (high solvent evaporation rates)
only resulted in precipitates, gels or agglomerates of the solid
forms. Covering the vials with paralm with 2–5 mm holes
signicantly slowed down the evaporation and improved the
success rate of the crystallization. However, greater number of
trials (requiring much more sample) had to be conducted off-
chip before high quality and segregated crystals could be ob-
tained. The SIFEL-based microuidic evaporation platforms
allowed the solutions to reach varying supersaturation levels at
a controlled rate, which signicantly improved the crystallinity
of the solid forms obtained.

The solids crystallized on-chip were characterized using
Raman spectroscopy on-chip over the range of 1050–1800 cm�1

(Fig. 4). For reference, Raman spectra of an empty FLA–IL
assembly (Fig. S3†), pure CCFs, pure APIs, and the solid forms
crystallized off-chip were collected. The raw data from on-chip
experiments was corrected for background from the FLA–IL
assembly. An example of the data correction process is provided
for the solid form of theophylline and malonic acid in the ESI
(Fig. S4†). The Raman spectra of the crystalline solids formed
on-chip were in agreement with the reference Raman spectra
from the cocrystals obtained in off-chip experiments.
Polymorph screening experiments (antisolvent addition)

Polymorph screening of carbamazepine was used to validate the
antisolvent addition platform. Carbamazepine solutions in THF
and chloroform were mixed with different antisolvents (hexane,
toluene and heptane) on-chip where the volumetric ratio of
LAPI : LAS was varied (2 : 1, 1 : 1, and 1 : 2). The solutions were
then mixed on-chip. The nature of the solid forms varied upon
changing the ratio of solvent to antisolvent (Fig. 5a). In experi-
ments performed at high supersaturation, very ne and
numerous crystals were obtained, whereas fewer and larger
crystals were obtained in experiments performed at lower
supersaturation. When carbamazepine in chloroform was
crystallized with hexane as the antisolvent very thin and dense
solid forms were obtained at higher supersaturation while
thick, long plate-like crystal aggregates were obtained at lower
This journal is © The Royal Society of Chemistry 2016
supersaturation. Similar off-chip experiments for different
ratios of solvent and antisolvent resulted in rapid precipitation
due to convective mixing compared to diffusional mixing of the
solutions on-chip. Similar trends were observed for mixing at
high and low levels of supersaturation, however, in off-chip
experiments typically mixture of thin, dense and thick, long
plate-like forms were observed.

In separate experiments, we observed that use of different
antisolvents resulted in crystallization of different polymorphs
of carbamazepine (Fig. 5b). When THF is used as the solvent in
combination with hexane or heptane as the antisolvent, long
needles (polymorph form II, vide infra) were obtained, whereas
prismatic crystals (form III) were obtained in combination with
toluene as the antisolvent. In similar off-chip experiments for
different antisolvents, we were not able to distinguish between
the solid forms for formation of different polymorphs. This may
be attributed primarily to the formation of polymorph form II
on relatively rapid mixing of solutions, which made identica-
tion of polymorph form III (if formed) challenging. Through
RSC Adv., 2016, 6, 13286–13296 | 13293
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Fig. 6 Magnified views of high quality crystals of different polymorph
forms of carbamazepine crystallized on-chip. Raman spectra of
different polymorphs of carbamazepine grown and analyzed on-chip
(solid lines) and off-chip (dotted lines). The views of the 600–1700
cm�1 range are provided to highlight the lack or presence of spectral
differences between the different salts and/or samples grown on-chip
and off-chip. “Empty Microfluidic chip” corresponds to the Raman
spectrum of the FLA-substrate assembly by itself.
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these experiments we are able to demonstrate the compatibility
of the SIFEL-based antisolvent chip with a variety of solvents
(water and non-polar solvents).

The solid forms were distinguished via on-chip Raman
spectroscopy, comparing Raman spectra for the two poly-
morphs crystallized on-chip and off-chip in the range of 600–
1700 cm�1 (Fig. 6). The on-chip Raman spectra were in good
agreement with the Raman spectra for the polymorphs obtained
in off-chip experiments.
Conclusions

We have developed and validated a hybrid COC–SIFEL–PDMS–
Teon–thiolene based microuidic platform for cocrystal and
polymorph screening of APIs at sub-mL scale. As in previous
renditions, these microuidic platforms are comprised of well
arrays that enable screening of unique crystallization condi-
tions, but here we drastically enhance compatibility of these
chips with strong organic solvents that are typically used in
pharmaceutical crystallization including acetonitrile, ethanol,
chloroform, and toluene. Furthermore, integration of thin
PDMS/SIFEL layers sandwiched between COC and Teon sheets
rendered the chips compatible with on-chip solid form analysis
via Raman spectroscopy.
13294 | RSC Adv., 2016, 6, 13286–13296
Carbamazepine and theophylline were used to validate the
capability of the microuidic chips with respect to their ability
to screen and identify multiple cocrystal forms and polymorphs
of APIs while using strong organic solvents including ethanol,
methanol, THF, acetonitrile, chloroform, hexane, and toluene.
Subsequently, we successfully conrmed the identity of the
solid forms via on-chip Raman spectroscopic analysis.

The hybrid COC–SIFEL–PDMS–Teon–thiolene based
microuidic platforms exhibit minimal solvent loss due to
solvent absorption by the chip materials, thus eliminating
issues with swelling, gradual dry-out, and associated changes in
concentrations. This drastically increases the likelihood of
reproducible crystallization of single, isolated crystals on-chip,
even when using strong organic solvents. Moreover, the anti-
solvent hybrid chips offer the exibility to employ several anti-
solvents on the same chip to screen for different crystal habits
and polymorphs. Solvent compatible microuidic chips such as
those reported here will broaden the scope of application of
microuidic platforms for solid form screening with a multi-
tude of solvents, in addition to enabling identication of the
solid forms of an API, with optimal physicochemical properties
at an early stage in the drug discovery process, at a time when
only limited quantities of each API (�10 mg) are available.
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