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Progress of crystallization in microfluidic devices
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Microfluidic technology provides a unique environment for the investigation of crystallization processes at

the nano or meso scale. The convenient operation and precise control of process parameters, at these

scales of operation enabled by microfluidic devices, are attracting significant and increasing attention in the

field of crystallization. In this paper, developments and applications of microfluidics in crystallization re-

search including: crystal nucleation and growth, polymorph and cocrystal screening, preparation of nano-

crystals, solubility and metastable zone determination, are summarized and discussed. The materials used

in the construction and the structure of these microfluidic devices are also summarized and methods for

measuring and modelling crystal nucleation and growth process as well as the enabling analytical methods

are also briefly introduced. The low material consumption, high efficiency and precision of microfluidic

crystallizations are of particular significance for active pharmaceutical ingredients, proteins, fine chemicals,

and nanocrystals. Therefore, it is increasingly adopted as a mainstream technology in crystallization re-

search and development.

Introduction

Operating parameters such as super-saturation, temperature,
solvent composition, pH, etc. have significant effects on prod-
uct quality in crystallization.1–6 Interactions between these
factors make it challenging to predict the crystallization be-
haviour, requiring significant empirical optimization. There-
fore, new methods to clarify these interactions and minimize
experimental efforts are sought.7,8 Although, conventional
approaches have been developed to optimize crystallization
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conditions, they are generally time-consuming and labor-
intensive.9 In addition to process design considerations, a
number of fundamental shortcomings in the understanding
of crystallization exists, particularly with respect to the nucle-
ation theory.10 For this reason, new experimental methods to
investigate the mechanisms of nucleation and crystal growth
in order to overcome limitations of traditional experimental
approaches are also highly desirable.11

The emergence of microfluidic technology provides a new
method for investigating crystallization. Compared to tradi-
tional methods, microfluidic devices offer a free-convection
environment which is conducive to forming high-quality crys-
tals, potentially simplifying future investigation and analy-
sis.12 Using microfluidic technology, crystallization experi-
ments can be conveniently implemented under conditions of

free interface diffusion and within nano-volumes.13,14 Fur-
thermore, advantages such as very large surface to volume ra-
tios, microgravity, individual crystal confinement, excellent
heat and mass transfer, and small volumes are realized.15–17

As a result, it is possible to generate significantly higher
supersaturations in microfluidic devices, than those encoun-
tered in conventional crystallizations. Crystal nucleation can
be tightly controlled and manipulated, allowing single crys-
tals with an ideal size and shape to be obtained.18 Micro-
fluidic technology also enables the application of high-
throughput methods.19 Micrograms of a material can be used
to conduct a series of crystallization experiments under a va-
riety of conditions, for example by changing the flow rate, tem-
perature and solvent composition.20–22 Suitable microfluidics,
compatible with a number of crystallization applications,
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continue to mature and have been demonstrated in the
crystallization of proteins,23–25 pharmaceuticals,26,27 and
nanocrystals.28,29

While crystallization in microfluidics is a promising tech-
nology, more work is needed to address its current limita-
tions, primarily: propensity for clogging, high pressure drops,
cost and operability issues for wider adoption, especially for
industrial uses. This work aims to promote the development
and application of new microfluidic technology in crystalliza-
tion processes. The state of art and the future scope of this
research field are summarized and discussed. The materials
and structures that are used for fabricating microfluidic
setups are described. Their advantages and disadvantages are
enumerated. The applications of microfluidics in different as-
pects of crystallization processes, including crystal nucle-
ation, growth, polymorph screening, nanocrystals prepara-
tion, etc., are summarized and illustrated using examples.
Finally, the methods and models proposed to obtain data to
investigate the fundamental mechanisms of crystallization
are also discussed.

Materials and structure of
microfluidic devices for crystallization

To satisfy the requirements for microfluidic crystallization, a
variety of materials and channel structures have been
developed.

Materials for fabrication of microfluidic devices for
crystallization

A number substrates have been applied in the fabrication of
microfluidic devices for crystallization, and each presents its
own advantages and limitations. Substrate choice determines
the surface characteristics of the microfluidic channels,
which can influence crystallization and prevalence of fouling
and clogging within channels, in addition to heat transfer of
particular relevance in cooling crystallizations. Chemical
compatibility with solvents and solutes should be considered
in the selection of suitable materials for construction. The
rate of formation of droplets, slugs and hydrodynamic stabil-
ity of immiscible liquid–liquid phases can also be influenced
by material selection. Hence, selecting appropriate materials
is crucial in fabricating microfluidic devices for crystalliza-
tion research. Materials used for fabricating microfluidic de-
vices can be classified into three categories:30 (i) inorganic
materials: primarily glass and silicon; (ii) elastomers and
plastics: most commonly PDMS, PMMA, PVC, COC and Tef-
lon PFA/FEP; and (iii) hybrid and composite materials: for ex-
ample PDMS/glass and COC–PDMS.

Glass and silicon. Glass and silicon are the earliest mate-
rials used in microfluidics. The optical transparency of glass
is convenient for direct observation via microscopy. In addi-
tion, it is highly biologically compatible and its surface modi-
fication is relatively straightforward. Roughness of the glass
channel surface is known to affect the performance of micro-

fluidic devices, which results in larger flow resistance, caus-
ing significant changes in the fluid velocity along the chan-
nel. Thermal fusion bonding is widely used for sealing glass
microfluidic channels but this temperature pretreatment will
influence the performance of channels. For this reason, the
glass surface often needs to be polished and cleaned. Che-
Hsin Lin et al. developed a two-step baking process and a
shorter thermal bonding process to address these prob-
lems.31 An intermediate layer is found to be an essential pre-
requisite for successful glass–glass bonding.32,33 However,
the fabrication procedure is complex and expensive. Recently,
simple and low-cost microfluidic devices based on micro-
scope glass slides and glass capillaries were reported to be
able to overcome these disadvantages.34,35 Silicon has some
useful attributes such as insulation and resistance to organic
solvents36 and mechanical stress. Due to its surface proper-
ties, silicon has extensive applications in protein crystalliza-
tion. For example, patterned silicon wafer surfaces promote
selective nucleation.37 However, silicon is opaque, fragile, ex-
pensive and has complex surface chemistry, which limits its
application.

PDMS. PDMS is an inexpensive material, has excellent
gas/water permeability and good optical properties, which
have made it one of the most popular substrates used in
microfluidics.38–41 However, microfluidic devices made from
PDMS have poor solvent compatibility, a major limitation in
microfluidic crystallization of organic compounds. Lee
et al.42 investigated the compatibility of PDMS with organic
solvents from three aspects: swelling, partitioning of solutes
and dissolution of PDMS oligomers and found that swelling
was found to be the most impactful to performance and the
compatibility of PDMS was correlated with solvent. Solvents
that swelled PDMS the least included water, nitromethane,
dimethyl sulfoxide, ethylene glycol, perfluorotributylamine,
perfluorodecalin, acetonitrile, and propylene carbonate. Sol-
vents that swelled PDMS the most were diisopropylamine, tri-
ethylamine, pentane, and xylenes. For the fabrication of
microfluidic devices, the low surface free energy of PDMS
makes it easy to release from molds or combined with other
materials.43 As such, PDMS is usually combined with other
materials, such as glass or silicon, to solve the problems of
swelling and limited solvent compatibility. Abate et al. de-
scribed a glass coating for PDMS channels with a solvent-re-
sistant, glass-like substance using sol–gel methods.44

Domenichini et al. presented the fabrication of layered
PDMS/PFPE microfluidic devices with good solvent compati-
bility and valve functionality.45

PMMA. Because of its high optical transmission, good sol-
vent and chemical compatibility, high stability and well-
characterized molding parameters, PMMA has also been
widely used in the development of thermoplastic microfluidic
systems.46 A. Muck and co-workers described a simple, user-
friendly and effective method for the fabrication of PMMA
microchips using atmospheric molding.47 An SU-8-based
stamp was used to fabricate PMMA microfluidic devices by
hot embossing lithography.48 SU-8 was chosen because of its
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excellent coating, planarization and processing properties as
well as mechanical and chemical stability.49 A. Toossi et al.
successfully developed an innovative method of PMMA
microfluidics bonding using commercial microwave ovens.50

Setting the temperature above the glass-transition point
within a certain range, PMMA will become soft and flexible
and hence can be heated selectively and efficiently to mini-
mize time and energy requirements for fabrication of PMMA
microfluidic devices. PMMA can be modified to enable resis-
tance to acid, alkali, and organic solvents. Subramanian et al.
developed an approach to modify the wettability of the sur-
face of PMMA,51 which was found to have similar results with
some other materials (PC and COC). Despite these develop-
ments, after long-term exposure to organic solvents, the
PMMA channels are prone to transverse rupture and swelling,
resulting in local deformation and rough surfaces.

Hybrid and composite materials. As each of the materials
currently used for fabricating microfluidic devices has its
own limitations, hybrid and composite materials are an at-
tractive solution, and the subject of on-going research efforts.
By combining several materials, improved functionality of
microfluidic devices can be achieved. For crystallization pro-
cesses, hybrid and composite materials of PDMS with other
materials are mainly utilized. Sealing channels in PDMS is
simpler than that in glass, silicon and thermoplastics since
PDMS can be sealed with itself or other materials without
distorting channels geometry.52–57

An automatic compact disk-like microfluidic device based
on capillary effects and centrifugal force was presented by Li
et al.58 and Wang et al.59 It was a PDMS/glass hybrid micro-
fluidic device and was reversibly bonded by a PDMS sheet
containing channels and chambers with a glass wafer. This
device was successfully used for high-throughput nanoliter-
scale protein crystallization screening. It had a simple struc-
ture, picoliter accuracy and produced negligible sample
waste. Yu et al. proposed another PDMS/glass system for pro-
tein crystallization.60 The high gas permeability of PDMS, of-
ten a disadvantage of PDMS, was harnessed in this device.
Multilayer soft lithography was used and PDMS film thick-
ness was purposely designed to meet the experimental re-
quirements for in-process evaporation. Another example is
the microfluidic device which was fabricated by using PDMS
molded on a master silicon wafer using a negative photore-
sist (SU-8, Microchem).61 In order to assure all channel walls
are composed of the same materials, the PDMS-molded chan-
nels were sealed with a silicon wafer which was previously
covered by a thin and cured PDMS layer. A nanofluidic chip,
composed of an upper PDMS cover and a polycarbonate sub-
strate with nanochannels,62 a PDMS–hydrogel hybrid chip,
PDMS–ZnO composites with an in situ temperature sensor30

and a COC–PDMS microfluidic device63 have also been
reported.

Other materials. Use of simple junction geometries and
tubing, for example T-junctions, Y-junctions and cross-
shaped junctions, can enable the utilization of additional ma-
terials such as PEEK with PVC or Teflon tubing.64–67 Cleaning

these kinds of devices is more convenient and they are com-
patible with most solvents except for concentrated acids
(such as sulphuric acid and nitric acid). These simple config-
urations often utilize relatively large diameter channels with
immiscible dispersed phase droplets creating the micro-
volume for crystallization. Droplet size can be controlled by
channel dimensions and flow rates. Concentration and com-
position of droplets can also be adjusted by using program-
mable multichannel syringe pumps or controlling the relative
flow rates.68 Compared with PMMA or PDMS, it is more con-
venient for junctions to control the system temperature even
though this kind of device has no heating element. For in-
stance, the tube is immersed in a water bath at a desired
temperature, which also eliminates the cumbersome process
of setup fabrication.67

Types of microfluidic devices for crystallization

Microfluidic devices for crystallization can be divided into
four main categories: continuous flow microfluidics, droplet-
based microfluidics, valve-based microfluidics and digital
microfluidics.69

Generally speaking, microfluidic continuous crystalliza-
tions (Fig. 1)70 have predetermined residence times, rapid
mixing and excellent mass and heat transfer. Compared with
conventional crystallization, higher supersaturation levels
and hence smaller crystal sizes can be achieved by increasing
the nucleation rate. Reduced supersaturation gradients in
microfluidics also enable a more homogenous nucleation
hence a smaller mean crystal size and a more mono-disperse
crystal size distribution to be achieved at a given level of
supersaturation. Su et al. synthesized inorganic (BaSO4) and
organic (docosapentaenoic acid) nanoparticles in reactive and
anti-solvent crystallization, using a continuous microfluidic-
based emulsion crystallization.71 Jasch et al. proposed a
microfluidic approach for a continuous crystallization of drug
carrier nanoparticles. This method provides an alternate to
melt homogenization via high-pressure in the preparation of
solid lipid nanoparticle suspensions.72 Dev et al. presented a
simplified method for nanosized drug formulation under a

Fig. 1 Schematic of microfluidic continuous crystallization.
Reproduced from ref. 70 with permission from the American Chemical
Society.
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microfluidic continuous flow.27 Ultrafine drug nanoparticles
were produced on a rapidly rotating surface where rapid nu-
cleation and controlled growth was achieved in an intense
micro-mixing environment. The obtained product had a con-
trolled size, narrow size distribution and high dissolution
rate in the absence of polymer additives. Sultana & Jensen
designed a continuous seeded microfluidic crystallization ap-
proach,70 where the growth kinetics of α, β, and γ-forms of
glycine were determined, and the impact of impurity on mor-
phology was investigated. This approach could also be uti-
lized to study the effect of additives on the crystal habit, a
factor that can strongly impact downstream process perfor-
mance and that of the solid product itself. The prevailing
laminar flow conditions could produce self-alignment of
high-aspect ratio crystals. However, despite the successful
continuous microfluidic crystallization demonstrations, foul-
ing and blocking of channels in addition to agglomeration
and sedimentation of crystals remain as the major chal-
lenges. Avoiding contact between crystals, a supersaturated
solution and the channel walls can maintain crystal quality
and limit clogging. Surface modification can also aid in over-
coming these issues. Another method is to enhance the
mixing, which can be achieved by using several types of
mixers, such as T-mixers, grid mixers, and jet mixers.73

In droplet-based microfluidic crystallization processes
(Fig. 2 (ref. 61)), the supersaturated solution is confined in a
dispersed droplet phase, within an immiscible carrier fluid.74

The mean size and poly-dispersity of droplet distributions in
microfluidic devices can be tightly controlled compared to
traditional crystallization approaches. Droplet-based micro-
fluidic crystallizations are mainly used to investigate nucle-
ation rates through measurement of the number of crystals
inside a droplet (of known volume) vs. time, at a range of
supersaturations and process conditions. The small volumes
enable an accurate quantifiable measurement of the probabi-
listic nature of primary nucleation which can be highly chal-
lenging to observe using alternate approaches61,75 Further-
more, droplet-based microfluidic crystallization enables rapid
collection of large amounts of data in investigating kinetics
and screening crystallization conditions. This method was
also used for preparing nanoparticles28 and screening solu-

bility diagrams.76 Compared to conventional experimental
configurations, droplet-based microfluidic crystallization can
produce narrower crystal size distributions.67,77 Both the mean
crystal size and the maximum possible crystal size can be con-
trolled by adjusting the droplet size and initial supersatura-
tion.78 The generation of droplets depends on the selection of
suitable immiscible phases and the channel geometry (includ-
ing T-junction and flow focusing).79 If a stable multiphase dis-
persion can be obtained, the monodisperse droplets can act as
miniature and independent crystallizers.80,81

An example of a valve-based microfluidic crystallization
device is shown in Fig. 3.82 In these configuration, reagents
are injected into the microfluidic device via opening or clos-
ing of valves. It has been applied to investigate crystallization
via a free interface diffusion approach under parallel control
within identical units. Lau et al. developed a microfluidic de-
vice with integrated microvalves.83 The microvalves could
generate single droplets at defined times with precise and in-
dependent control over the composition, size, and spacing.83

Perry et al.82 reported an integrated microfluidic chip where
the pneumatic valves drove the flow by limiting the maxi-
mum achievable pressure supplied to the valves. When the
viscosity of the fluid was low, isolation valves were used to
control the fluid flow instead of injection valves.82 Subse-
quently, Li et al., utilized the valve-based microfluidic device
to screen crystallization conditions for a protein.24 The load-
ing and mixing of samples was controlled through the open-
ing and closing a series of pneumatic valves.

Digital microfluidics (Fig. 4 (ref. 84)) is a promising tech-
nology for liquid handling, enabling the control of individual
droplets.23,85 In contrast to channel microfluidics with
pumps, valves or mechanical mixers, digital microfluidics uti-
lizes force generated by electrowetting-on-dielectric on an ar-
ray of electrodes with a hydrophobic coat to control the flow.
Generally, it can achieve the droplet based operations includ-
ing merging, dispersing from sample/reagent reservoirs,

Fig. 2 Schematic of a droplet-based microfluidic device for crystalli-
zation. Reproduced from ref. 61 with permission from Elsevier.

Fig. 3 Optical micrograph of a valve-based microfluidic device, in
which the fluids are controlled by various valves. Reproduced from ref.
82 with permission from the American Chemical Society.
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transferring, mixing and splitting through unique force.86–88

Although droplet-based microfluidics limits the interaction
between the individual droplets, it can deal with many re-
agents simultaneously and individually,89–91 which is quite
useful for proteomics. Digital microfluidics can also be used
to extract and purify proteins.84 Another advantage of digital
microfluidics over channel-based microfluidics is that clog-
ging should not occur when transporting and handling solid
particles.86 However, cross-contamination and solute adsorp-
tion in 2D digital microfluidics systems presented challenges
for the development of digital microfluidics. A number of
strategies have been worked out to solve these problems.
Hong et al. developed a three-dimensional digital micro-
fluidics platform where temperature-controlled chemical re-
actions can be conducted.92 In 2D or 3D digital microfluidics,
the direct contact of droplets with the solid surface though
the droplets' movement can lead to another limitation of this
technique. Droplet lift-off methods are proposed to tackle this
issue93–95 and an immiscible fluid system is introduced.36,96,97

In addition, there are several other challenges in digital
microfluidics: sample preparation, discrepancies between
droplet volumes, compatibility of real samples with effective
actuation on the chip, limited droplet generation throughput
and fabrication cost.98 Nevertheless, digital microfluidics
could have significant potential in nanoparticle synthesis.

Channel structures

The channel structure of microfluidic devices has a signifi-
cant impact on crystal nucleation and growth. Improper de-

sign will result in blocking of the channels during the forma-
tion of crystals. The channel design should comply with the
experiment requirements such as: chemical compatibility
and the ability to generate and maintain the desired micro-
fluidic flow profile.

In terms of droplet-based microfluidics, the generation
and control of monodisperse droplets are important for in-
vestigating crystallization. Droplets are normally generated by
four kinds of channel structures: capillaries, flow-focusing, Y-
and T-junctions (shown in Fig. 5).79,99,100 The capillary struc-
ture is preferentially used for spherical crystallization which
requires a highly monodisperse distribution of the droplet
size.34 It has been shown that these attributes of the capillary
structure enable remarkable control of size, shape and size
distribution of spherical crystals. Leon et al. successfully
adopted a capillary-based microfluidic device for simulta-
neous spherical crystallization of drugs and excipients.101

However, the capillary-based microfluidics is not suitable for
reactive or anti-solvent crystallization which requires rapid
and effective mixing. Flow-focusing structures and
T-junctions are the most popular droplet-based microfluidic
geometries61,102 since uniform droplets can be generated sim-
ply by adjusting the relative velocity and viscosity of the me-
dium used. There are several modifications for these struc-
tures. Teychené & Biscans103 presented a droplet-based
microfluidic method (flow-focusing) with 64 parallel chan-
nels, combined with two Peltier elements to investigate crys-
tallization at various temperatures. Ildefonso et al. developed
a microfluidic device to determine the metastable zone width
of protein crystallization processes.104 This modified struc-
ture can also be used for generating droplets with various
concentrations by adjusting the relative flow rates of incom-
ing streams.105 Zheng et al.14 developed a microfluidic device
for screening protein crystallization conditions. In this de-
vice, the solutions are injected so that the composition of
each microfluidic crystallization droplets can be varied

Fig. 4 (a) Schematic of a digital microfluidic device. (b) The
procedures depicted by a movie. Reproduced from ref. 84 with
permission from the American Chemical Society.

Fig. 5 Design of droplet generation structures in microfluidics based
on (a) capillaries; (b) flow-focusing; (c) Y-junctions; and (d) T-junctions.
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continuously and rapidly, with each drop representing a
unique set of crystallization conditions. Subsequently, Zheng
et al. developed another device to evaluate the protein crystal-
lization conditions.106 Moreover, premixing before droplet
formation was successfully achieved by modifying the struc-
ture.107 It ensures uniform mixing of components when
forming droplets. In Y-junctions, the droplet size is more sen-
sitive to the processing conditions which have been found to
result in a large variation of the droplet size.100 Vitry et al.
utilized a microfluidic system with a Y-junction to study
reactive crystallization by coalescing droplets.108 However,
Y-junction type microfluidic devices are not well suited to
anti-solvent crystallization conducted with laminar flows.
Slow flowing supersaturated solutions and crystals along the
channel walls are prone to adherence to walls and surface
fouling, leading to channel blockage. Bhamidi described a
modified device in their work to minimize crystal adhesion
by directing the supersaturated crystallizing solution to the
center of the microchannel.109

Well-based microfluidics and microfluidic channel geome-
tries have also been demonstrated. The well based micro-
fluidics shown in Fig. 6 was developed for screening of poly-
morphs110 and cocrystals111 of active pharmaceutical
ingredients. On the other hand, microfluidic channel geome-
tries are often used for protein crystallization.112 A nanowell
array chip is a multilayer design using inexpensive materials
such as silicon and PDMS. Generally speaking, the nanowell
arrays have two geometries: round-well and square-well.113 In
the nanowell device, each nanowell is separated from each
other. Hence a large number of trials can be carried out indi-
vidually in a single nanowell array slide with nano-volume of
solutions per trial. Meanwhile, the confined space is condu-
cive to generating suitable crystals. Finally, crystal arrays are
formed for high quality analysis. And the amount of nano-
walls in this system is easy to adjust. An actuated nanowell
array chip shows its superiority in protein crystallization.114

For instance, by virtue of the use of valves, solutions with a
concentration gradient are loaded and isolated from each

other in nanowells. It is convenient to observe crystals and
screen complex multidimensional crystallization under differ-
ent conditions.

Another kind of microfluidic device, the Microlytic Crystal
Former,115 is usually used for proteins to produce concentra-
tion gradients by free diffusion. There are three main types:
CF-HT2, CF-O and CF-XL, which are composed of 96 micro-
channels, 16 microchannels and 16 larger microchannels
than CF-O's, respectively. High output, simple to use and au-
tomatable, low protein consumption, and direct crystal
harvesting are the advantages of the Microlytic Crystal For-
mer. However, several limitations can be encountered: bub-
bles and gradient dissipation due to sealing issues, dehydra-
tion if the cryoprotectant is not timely applied during
harvesting, disturbance of the adjacent channel by incom-
plete film cutting, and adherence of crystals to the sealing
film upon removal.

Another structure, the SlipChip, which is usually used for
protein crystallization, has two categories: free interface diffu-
sion SlipChip and composite SlipChip, which is capable of
implementing free interface diffusion and microbatch crystal-
lization at the same time.116 SlipChip mainly relies on the rel-
ative sliding of two plates to realize the connection between
protein wells and precipitant wells, and then the solutions
can be mixed to proceed independent crystallization under
different conditions with a low consumption of the sample.
However, SlipChip also has some shortcomings. For instance,
when slipping the plates, the residual solutions on plates
may cause cross-contamination. To solve this problem, it is
feasible to change the contact angle between solutions and
plates. The question then is that a solution becomes unstable
with larger angles, which requires modifying the surface
characteristics of the SlipChip. Compared with free interface
diffusion SlipChip, the composite SlipChip is more efficient
to screen crystallizations and can be used to investigate new
conditions.

Applications of microfluidics in
crystallization

Microfluidic systems can access experimental conditions not
available within bulk crystallizations and hence a wider range
of product qualities. Furthermore, they have potential to pro-
duce extremely reproducible particle properties and enable
rapid collection of data to quantify crystal nucleation and
growth rates with small amounts of the material. Crystal nu-
cleation and growth can be decoupled and investigated inde-
pendently in microfluidic devices.107,117 For these reasons,
microfluidics is increasingly applied to efficiently investigate
and optimize crystallization conditions.59,118,119 It has also
been demonstrated that crystals obtained in droplet-based
microfluidics have a narrower size distribution than those
prepared with bulk crystallization.120 In addition, the droplet-
based microfluidics also has some advantages in nano-
crystals synthesis, solubility determination and polymorph
screening.105,110,121,122

Fig. 6 Ĳa)–(c) are cross-section view, perspective view and top view of
microfluidic crystallization wells, respectively. Reproduced from ref.
111 with permission from the American Chemical Society.
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Nucleation and crystal growth

The highly uniform crystallization environment afforded by
microfluidic crystallization is useful in the study of crystalli-
zation kinetic parameters. More homogeneous nucleation
events can be realized across a wider range of supersatura-
tions. Therefore, nucleation rates can be estimated more ac-
curately by using microfluidic devices.102 Batch methods (e.g.
crystal 16) have been used to investigate nucleation also. But
only a number of limited parallel experiments can be
performed simultaneously in small batch crystallizers. How-
ever, hundreds of uniform droplets can be stored and act as
independent crystallizers in droplet-based microfluidic de-
vices.103 Accurate collection of population statistics for nucle-
ation, which are lost in larger vessels, can be measured and
secondary (solid catalysed) nucleation is also largely
suppressed aiding in the study of primary nucleation from a
solution. Furthermore, microfluidics can provide a more in-
tuitive observation of crystal nucleation and growth processes
through direct droplet observation using a simple microscope
configuration (shown in Fig. 7).123

Sanjoh and co-workers investigated spatiotemporal nucle-
ation and post-nucleation growth of protein crystals in a micro-
fluidic silicon device.37 These two processes were shown to be
dependent on the electrical properties of the Si surface layer.
Based on this observation, a possible mechanism of heteroge-
neous nucleation and growth of protein crystals was proposed
and discussed. In 2007, Shim et al. used a Phase Chip, in which
droplets of a protein solution could be stored in individual
wells under 1000 different conditions, to decouple nucleation
and growth of protein crystals.107 In this method, stable protein
solutions were formulated first. Then supersaturation dialysis
was used to suppress supersaturation to levels that growth
would dominate. After several recrystallization cycles, defected
crystals were eliminated by selective dissolving and growing of
different crystals. Finally, larger crystals were obtained by using
dialysis to reduce concentrations of protein and salt, which will
result in dissolution of small crystals and growth of larger crys-
tals. Properly designed microfluidic channels can also decouple

the nucleation and growth processes.117 It has been demon-
strated that the depth of channels could affect the crystal nu-
cleation and growth processes: nucleation dominates in deep
channels while growth dominates in shallow channels.

While microfluidics can be used for nucleation and
growth, it is more often used as a tool to study nucleation.
Nucleation itself can be subdivided into a number of broad
mechanistic categories: primary nucleation and secondary
nucleation. In traditional methods and most commonly ob-
served solution crystallizations in the lab or industry, primary
(heterogeneous nucleation) generates the initial solid phase
followed by secondary nucleation which generates much of
the crystals in the resulting population. As such, the induc-
tion time or MSZW is indicative of primary nucleation, but
the total number cannot be used to characterize the nucle-
ation rate. Primary nucleation can be further subdivided into
homogenous and heterogeneous nucleation, where the en-
ergy barrier for (homogenous) nucleation is influenced by im-
purities within the system, which are almost inevitably intro-
duced into the investigated systems and can increase or
decrease the observed rate. Microfluidics can be used to in-
vestigate homogeneous nucleation since impurities can be
eliminated by using the microfluidics technology.124 Usually,
in microfluidic devices, only an ultra-small amount of the
material is needed, which reduces the probability of impuri-
ties existing in the droplets. For example, if the number of
droplets is large enough and the volume of the droplets is
sufficiently small, homogeneous nucleation will be
achieved.70 Valve-based microfluidic systems, proposed by
Lau et al.,83 have been applied for large-scale screening of
homogeneous assays by free interface diffusion in crystalliza-
tion processes. Recently, a liquid-filled microchannel was de-
veloped to investigate homogeneous nucleation.102,124 It en-
abled nucleation rates to be estimated more accurately,125,126

from the relationship between the probability distribution of
crystals appearing in droplets and time.61,67

Nucleation rates have been investigated with low predic-
tion errors by using microfluidics technology.75,103,127–129 Re-
cently, heterogeneous nucleation of lysozyme was investigated
in droplet-based microfluidics. How heterogeneous nucleation
influenced the determination of thermodynamic and kinetic
factors was also discussed.130 Rossi et al. determined the
primary nucleation kinetics for adipic acid using droplet
methods under stagnant and flow conditions.131 Results
showed heterogeneous nucleation represents the adipic acid
nucleation mechanism and that primary nucleation could be
enhanced under flow conditions. Recently, a gas-segmented
flow was used in a microfluidic device to study nucleation of
APIs.132 The estimated parameters were found to be consis-
tent with the literature values, and nucleation rates increased
more sharply than what would be predicted by the classical
nucleation theory. The use of microfluidics has been demon-
strated to allow nucleation kinetics of a variety of proteins and
APIs to be determined rapidly, accurately, and with great sen-
sitivity. These findings pave the way for new designs and fur-
ther refinement of microfluidic devices for this application.

Fig. 7 Nucleation and growth of a protein crystal in a droplet-based
microfluidic device at different time. From (a) to (f) at t = 0 s, 15 s, 45 s,
75 s, 120 s, 300 s, respectively. Reproduced from ref. 123 with permis-
sion from the American Chemical Society.
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Microfluidics technology has also been used to produce
spherulitic crystals or crystals with an extremely narrow size
distribution by controlling the nucleation and growth rates of
crystals.133–136 The droplet-based microfluidic devices have
shown their advantages in the production of spherical crys-
tals.101,103,137,138 This technology provides important alterna-
tive methods for the fabrication of monodisperse spherical
agglomerations of pharmaceutical formulations.

Polymorph and cocrystal screening

Since only limited capabilities in crystal structure prediction
have been demonstrated, form screening still represents the
gold standard in the discovery of new crystalline forms for a
given compound. Compared to the current standard ap-
proach, microfluidic screening methods offer a number of
significant advantages. The micro-fluidic environment em-
phasizes primary nucleation rather than secondary nucle-
ation, which will favour the discovery of a larger variety of
polymorphs and co-crystals in some configurations. Further-
more, at smaller volumes, the inherent stochasticity of nucle-
ation has a larger significance with low probability of nucle-
ation of a second form in a droplet or a small volume
environment, meaning that even highly unstable forms
within a microfluidic environment can be persistent and ob-
servable. Finally, the ability of microfluidic devices to make
direct observations optically and via spectroscopy to charac-
terize new polymorphs and cocrystal forms is also highly ad-
vantageous. In addition to microfluidics, crystallization in
confined environments can also be used to generate
constrained volumes for polymorph and cocrystal screening.
For example, self-assembled monolayers have been success-
fully used to perform a large number of polymorph/co-crystal
experiments outside microfluidic flow devices.139–142 Confine-
ment within mesoporous microvolumes, hydrogels and poly-
mers can also generate and stabilize metastable crystal
forms.143,144 However, difficulty in characterization makes
them less suited to screening than microfluidics.

Polymorphs. Polymorphic forms are one of the key criteria
that characterizes the quality of crystalline products. Different
polymorphs of the same compound may exhibit varied physi-
cal and chemical properties. As such, polymorphs can have
profound effect on the bioavailability and chemical stability of
the product, qualities of particular interest in pharmaceutical
compounds. Therefore, polymorph screening and selection of
appropriate polymorphs are crucial steps for drug develop-
ment. In most cases, the most stable thermodynamic form is
sought for active pharmaceutical ingredients (APIs). However,
comprehensive identification and characterization of all poly-
morphs has important intellectual property and risk mitiga-
tion implications and is an area where microfluidics could see
significant industrial penetration. Screening of polymorphs is
labour intensive because many factors, such as solvent compo-
sition, temperature, concentration, supersaturation, solution
impurity profile, and the presence of doped soluble compo-
nents, can affect the formation of different polymorphs.145

Recently, progress has been made in microfluidics poly-
morph investigation and screening. Control of the crystal
polymorph in microfluidics led to the discovery of new poly-
morphic forms which were never observed through conven-
tional methods.146 Ji et al. demonstrated that a 28 kDa EP
protein concentration gradient played an important role in
calcium carbonate polymorph selection. The consumption of
calcium chloride and sodium carbonate solutions was about
5 μl. Due to the small dimension of the microfluidic device,
concentration gradients were generated stably based on diffu-
sion. In the presence of the 28 kDa EP protein, both hollow
vaterite and rhombohedral (and layered) calcite crystals were
observed under both positive and negative controls in the
microfluidic devices while only rhombohedral calcite crystals
were formed in bulk systems using traditional methods.
Geneviciute et al. reported polymorph control in inorganic
crystal systems at a microdroplet liquid interface.147 In this
study, the average volume of a droplet was around 0.5 nL in
the ∼200 μL immiscible phase. Anionic, neutral and cationic
surfactants as well as different temperatures were used to in-
vestigate the impact on crystals habits. It was found that dif-
ferent surfactants and temperatures would result in different
crystal habits. Additives were also used to screen crystal
forms. Concomitant polymorphs were also observed. Two dif-
ferent crystal forms were observed as shown in Fig. 8. These
results showed a novel method for investigating polymor-
phism at the liquid–liquid interface. It has been known that
lysozyme has two crystal habits,148 and M. Ildefonso et al. ex-
plored its polymorphism via microfluidics. By changing the
temperature, different crystal habits were obtained. Results
showed that when the temperature was raised to a certain
value, crystals with a sea urchin-like habit dissolved and the
tetragonal crystals were stable and continued to grow.104 The
confined space in droplets (250 nL) increased the existence
of metastable crystals because of higher supersaturation. In
addition, a single crystal was also conducive to stabilize
metastable crystals.

Antisolvent crystallization in microfluidics has also been
used for screening of polymorphs.109,110 Thorson et al.

Fig. 8 (A) Formation of two different crystal forms depicted by video
micrographs. (B) The fraction of crystal habits found in experiments.
Reproduced from ref. 147 with permission from the American
Chemical Society.
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screened polymorphs by precisely controlling the volumetric
ratios between solvents and antisolvents in a 48-well chip.
Moreover, different solvents were selected for the micro-
fluidic devices. Solvents and antisolvents were mixed by grad-
ual diffusion, avoiding excessive local supersaturation. A
microscope was used to monitor crystals and Raman spectro-
scopy was also used to analyze crystal products. Bhamidi and
co-workers utilized slow diffusion at the laminar flow inter-
face, where the center stream was the solutions and the side
streams were the antisolvents. The experiments were
conducted by varying the flow rate and concentration of the
antisolvent, respectively, or both to generate complex concen-
tration gradients along the channels. Polymorphic forms
were observed by off-line Raman microscopy. This method
allowed the analysis of polymorph selectivity prior to the oc-
currence of metastable crystal transformation. Compared to
conventional screening approaches, polymorph screening in
microfluidic devices can be carried out with limited raw ma-
terials, which greatly minimizes the consumption of expen-
sive materials. It is also convenient for screening of poly-
morphs at different ratios of solvents and anti-solvents
simultaneously in a single microfluidic device.

Cocrystals. Cocrystals are solid phases where two or
more neutral molecules exist in a crystal lattice.149 While
solvents and hydrates also meet this criterion, the term co-
crystal is often considered to only describe solids where the
individual constituent molecules in the co-crystal lattice are
solid outside the solution at ambient conditions. The de-
sign of cocrystals has shown great potential to develop
materials with desirable properties.150 In pharmaceuticals,
cocrystals can be prepared to improve API physicochemical
characteristics, such as stability, solubility, bioavailability,
etc.151–153 Conventional cocrystal preparation methods in-
cluding evaporation, reaction, cooling crystallization, grind-
ing, ultrasonic and supercritical fluid methods have been
thoroughly discussed and reviewed.154,155 However, the pro-
cedures are often complicated and cannot be applied to in-
dustrial production directly. Meanwhile, the polymorphism
of cocrystals has rarely been investigated. Thus, more
accurate and reliable technologies to screen and identify
cocrystals would be beneficial in both industrial and aca-
demic environments.156–158

With adoption of microfluidics, cocrystals could be scre-
ened at the early stages of drug development despite the
availability of only small quantities of materials. In such
microfluidic configurations, cocrystallization experiments
can be implemented under different conditions simulta-
neously. X-ray diffraction and Raman spectroscopy can be
conducted on-chip to monitor and screen solid forms. Goyal
et al. described a microfluidic approach to screen cocrystals
of APIs.111 The platform could conduct experiments under 48
unique combinational conditions on-chip and enables
mixing the solutions via free interface diffusion. And each
condition just consumes about 90 nL of a solution and 48
conditions require 240 μg of pharmaceutical parent com-
pounds (PCs) totally, which is much lower than those used in

the conventional methods. The solids were observed periodi-
cally by using an optical microscope and crossed polarizers.
Cocrystals located in different chambers were analyzed rap-
idly using on-line Raman spectroscopy. Subsequently, Goyal
et al. utilized and validated an evaporation-based micro-
fluidic device for screening salts of APIs,159 and more recently
co-crystals.160 The microfluidic device with a 24-well array re-
quired around 200 nL per well and consumed less than 10 μg
of PCs per condition. The screening was based on evapora-
tion of the solvent. To control the crystallization, the evapora-
tion rate of the solvent was controlled at 2–15 nL h−1. By
changing the evaporation rates of the solvents, crystalline
solids were formed in a 24-well array, and the crystal size
could be controlled on-chip. On-chip Raman analysis identi-
fied six different salts for each model compound, tamoxifen
and ephedrine. Horstman et al. employed a 72-well array
microfluidic platform for screening of seeding conditions of
cocrystals.161 It was easy to operate and could simplify the
microseeding process with about 5 μg per well of PCs. In this
study, four systems were investigated by the microseeding ap-
proach, and the seed dilution ratio between the API solution
and the microseed solution was investigated to obtain iso-
lated crystals for collecting X-ray data. X-ray data at room
temperature were used to determine the structure of the
cocrystals. And the comparison results between seeded and
unseeded experiments are shown in Fig. 9. It was also shown
that better outcomes could be obtained if temperature con-
trol was applied to the system.161

Preparation of nanocrystals

Nanoparticle precipitation approaches are usually broadly
categorized as “top–down” or “bottom–up”. A large number
of approaches within each of three categories are reported in
the literature162,163 However, the conventional methods have
some disadvantages. For example, the top–down method is
energy-consuming and might introduce impurities into the
system. The bottom–up method has difficulty in controlling
the crystal size and polymorphs because of intense mixing.
Also, these methods are not suitable for organic nanocrystals
with thermal instability and weak mechanical characteristics.
Microfluidic nanoprecipitation/crystallization approaches of-
fers exclusively “bottom–up” formation of nano-particles
from solution. To fabricate organic nanocrystals, two com-
mon methods, reprecipitation and emulsion, are mainly
used.164,165 But both methods require relatively high energy
input (e.g. vigorous mechanical stirring in batch processing)
to achieve nano-range crystals166 and often fail to meet all
quality requirements of nanocrystals such as shape, struc-
ture, size distribution, etc.

Compared with conventional preparation methods of nano-
crystals, microfluidic devices allow ultra-small material con-
sumption, precise process control, superior mass and heat
transfer performance, excellent reproducibility and mono-
dispersity. Furthermore, in the microfluidic device, the mixing
can be well controlled by adjusting the flow rates and various
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preparation conditions can be high-throughput screened by
varying the operating parameters. In emulsion controlled
nano-crystallizations, microfluidics can offer almost paralleled
control over emulsion drop size and distribution variance.

Using microfluidic devices, nanocrystals with high quality
and a narrow size distribution can be obtained because of
the high reproducibility and precise control of operation pa-
rameters, such as time, temperature, droplet composition,
etc.119,167–169 Song et al. demonstrated that three different
crystal structures of Co nanoparticles were synthesized by
controlling the reaction time, flow rate and quenching proce-
dure in a microfluidic device.29 Sounart et al. synthesised
cysteine-stabilized CdS bionanoparticles in a continuous-flow
microreactor.170 The microchannel used was 200 μm wide.
Nanocrystal nucleation occurred at the centre of channels be-
tween two diffusion-limited laminar streams. The cysteine-
stabilized CdS bioNP (CdS-Cys) photoluminescence intensity
was observed under a CCD and an epifluorescence micro-
scope, which was proportional to the nanoparticle concentra-
tion. Three-dimensional inorganic nanocrystal (NC) super-
lattices have been studied by Bodnarchuk et al.171 Two driven
approaches were explored to study the self-assembly of NCs.
In destabilization-driven approaches, microfluidic plugs of
different compositions were generated by varying the ratio of
the solvent to the precipitant, then incubated to grow 3D
superlattices. The NCs were monitored by optical microscopy.
Another approach, evaporation-driven, relied on the micropo-
rous walls to evaporate the solvent slowly. Round-shaped NCs
were observed by the evaporation-driven method while fac-
eted crystals were observed by the destabilization-driven ap-

proach. NCs in the experiments were doped with Au, PbS,
and CdSe, amongst others. They found that microfluidic
plugs could also be used to grow 3D binary nanoparticle
superlattices. Their latest study used droplet-based micro-
fluidics for a real-time estimation of PbS nanoparticle size
and concentration with a millisecond time resolution.172 The
methods succeeded in synthesizing PbS quantum dots, and
implemented online measurements of colloidal crystalliza-
tion at high temperature on rapid nucleation and growth
stages. A two-stage mechanism was proposed to explain PbS
nanoparticle formation: nucleation (formation of constant
size nanoparticles continuously) and growth (consistent with
the Ostwald ripening kinetic model).

Synthesis of organic nanocrystals by using microfluidic de-
vices has recently received increasing attention.72,173,174 In
2010, organic nanocrystals were synthesized in a 3D flow fo-
cusing microreactor by Génot et al.173 The microreactor could
control the supersaturation level and prevent crystals from
fouling and clogging the channels. By changing the focusing
ratio, large, unwanted crystals could be eliminated and
rubrene nanocrystals with desired size were obtained. During
the experiments, the flow rate of water/CTACI was fixed at 10
μL min−1 while the flow rate of the solution varied from 0.5
to 3 μL min−1. And the mixed-degree of water and rubrene so-
lution was measured by confocal laser scanning microscopy.
Later, the same microfluidic device was used to investigate
the kinetics of organic nanocrystallization.175 In this study,
the side flow rate of an aqueous solution was between 10–50
μL min−1, while the central flow of an organic solution was
between 0.5–3 μL min−1. Based on the variations of the rela-
tive flow rate, the focusing ratios changed accordingly. Even-
tually, nanoparticles with a controlled size were obtained.

Organic nanocrystals have also been investigated under
microfluidic solution environments in confinement in meso-
porous solids,176 polymers or hydrogel matrices177,178 or on
self-assembled monolayers.179 These methods have been suc-
cessfully used to obtain organic nanocrystals. The end applica-
tions for solid confinement approaches are different in that,
primary nanoparticles cannot be isolated and utilized, without
dissolution of the substrate or applications where nano-
particles are dissolved. However, this does allow facile nano-
particle isolation, which is ordinarily very challenging.
O'Mahoney et al. presented a method of simultaneous genera-
tion and stabilization of nano APIs compatible with a standard
batch (and potentially continuous) pharmaceutical process
equipment (ref). The use of confinement based micro fluid en-
vironments does present some specific limitations: limiting the
direct observation via microscopy or spectroscopy (IR, Raman,
NIR, etc.), broadening and masking XRD peaks, and difficulty
in achieving the uniform distribution. Nanocrystals have also
been prepared in larger bulk fluidic environments with poly-
mers as stabilizer.166 But this method suffers from poor control
of particle size distributions, particle shape, severe scale-up is-
sues, and large material requirements in development.

To summarize, microfluidics technology offers a new
method for synthesizing nanocrystals. This technology can be

Fig. 9 Comparison of the final crystals with and without seeding
(control). Reproduced from ref. 161 with permission from the American
Chemical Society.
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used to prepare nanocrystals with an ideal size, shape and
structure. If combined with online analytical methods to
monitor crystal nucleation and growth, it can also provide
important fundamental data for understanding the mecha-
nism of formation of nanocrystal preparation.

Determination of solubility and the metastable zone

As highlighted throughout this review, microfluidics is a
high-throughput technology, which can simultaneously evalu-
ate many separate experiments under different conditions
simultaneously.74,180 This is also highly beneficial in the ubiq-
uitous solubility curve and metastable zone width measure-
ments in crystallization development, which require measure-
ment of the saturation concentration or dissolution point, at
the full anticipated operating range of temperatures, pH
values, concentrations, solvent & anti-solvent compositions,
and counter-ion/co-former concentrations.181 Laval et al. mea-
sured the solubility of adipic acid with less consumption of
time, materials and experimental effort using microfluidics.76

The microfluidic device had ten parallel and independent
channels, and solution concentrations in adjacent channels
had a gradual variation. A temperature gradient along the
channels was created so that when the dissolution of crystals
was observed in the droplets, the solubility could be esti-
mated quickly and accurately. By this method, ten points of
the solubility curve were determined simultaneously by using
less than 250 μL of a solution. The concentration of the
model compound in the droplets was monitored by using a
confocal Raman microscope and was controlled to be stable
in each channel before the outlet of the channel was sealed.
Subsequently, Laval et al. used this approach to determine
the potassium nitrate solubility curve and a new polymorph
was observed for the first time during this study also.182 The
volume of a droplet stored in the microfluidic device was be-
tween 100–200 nL. And temperature was controlled by a
Peltier module to form or dissolve a crystal in droplets. Crys-
tals were investigated in situ, in-chip and in droplets by sev-
eral analytical techniques, such as optical microscopy, confo-
cal microscopy and Raman spectroscopy. It was found that
two crystalline forms existed when the temperature was raised
slowly. M. J. Anderson and his co-workers determined the sol-
ubility of glycerol kinase mutant gly230 under 64 different
conditions while only consuming ∼200 μg of the solute.183 To
determine the solubility, a unique mixture of different re-
agents and the protein solution was generated. 64 kinds of
combinations between the precipitating agent and the protein
were used to determine solubility through each phase dia-
gram. The metastable zone width of lysozyme was determined
in a microfluidic device by M. Ildefonso et al. in 2012.104 The
authors stored droplets (250 nL) of a solution with the same
composition at different temperatures in four microfluidic
devices. After 20 h, they observed and counted crystals which
nucleated in each droplet. By using this method, accurate
measurement of the metastable zone width with good repro-
ducibility was achieved by performing only four experiments

utilizing a large amount of droplets Around the same time,
Dolega and coworkers determined the solubility diagrams of
two model proteins automatically within hours.184 To mea-
sure the supersolubility of a protein, droplets with different
concentrations of the protein and the precipitant were formed
and monitored. The application of electromagnetic valves and
good design of the chip structure allowed droplets to mix rap-
idly and avoided contamination. Meanwhile, the volume of
the droplets was precisely controlled. Workable microfluidic
methods for measuring the solubility and metastable zone
have been demonstrated. As would be anticipated, such ap-
proaches could provide significant benefits where large
datasets are required and/or where the material is very expen-
sive or has limited availability.

Protein crystallization with microfluidic devices

Predicting protein crystallization is a tricky problem since
multiple factors influence the crystallization process of
macromolecules.185 Moreover, it is difficult to grow a protein
crystal that is suitable for high-quality analysis because of the
complexity of macromolecules. There are four basic protein
crystallization methods: batch, dialysis, vapor diffusion, and
liquid diffusion crystallization methods.186 However, most
traditional methods for investigating protein crystallization
require considerable amounts of protein. Microfluidic devices
offer advantages over conventional methods, such as low
sample consumption, a non-convection environment, and
high-throughput screening.58 In microfluidic devices, it is
easier to obtain large protein crystals with high quality for in
situ analysis without physical damage.

Batch crystallization in microfluidic devices. One of the
microfluidic systems used for batch crystallization is
MPCS.187 The CrystalCard contained two independent chan-
nels with 10 μL of useful volume with high-throughput crys-
tallization, and each plug had a different concentration by
varying the flow rates of solutions. Crystals were harvested by
peeling the 100 μm bonding layer directly and then protected
by liquid nitrogen for X-ray diffraction. Maeki et al. utilized a
droplet-based microfluidic approach for protein crystalliza-
tion.188 The device was made up of a PDMS–Teflon capillary.
The drop (2 nL) within a capillary was monitored by using a
video camera. Besides, some crystals were moved to a glass
capillary. To perform in situ X-ray diffraction, crystals should
be fixed first. In this study, due to the high surface tension of
a droplet, crystals could be fixed at the droplet interface with-
out any manipulation. Diffraction data were directly collected
from crystals in the capillary. Though the unfrozen crystal
was damaged by the indirect action of X-ray, it was sufficient
for analysis of the crystal structure. The influence of thick-
ness and capillary materials on X-ray diffraction was also in-
vestigated and the results showed that no difference was
observed.

Vapor diffusion crystallization in microfluidic devices. Yu
and co-workers proposed a PDMS–glass microfluidic device
for vapor diffusion crystallization, which allowed saturated
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reagents to control the evaporation rates precisely and sta-
bly.60 The gas and water permeability of PDMS supersatu-
rated the protein solution by evaporating the solution. How-
ever, excessive evaporation caused large crystals to be broken.
Therefore, the microfluidic device was immersed in paraffin
oil to prevent further evaporation of the solution at the end
of a trial. Wang et al.59 presented a PDMS–glass microfluidic
device. The device had 24 parallel units. The reaction cham-
ber and precipitant channel were connected to the two sides
of the vapor diffusion chamber by channels in each unit,
allowing protein crystals to grow through the vapor diffusion
process. Two-level capillary stop valves applied to the device
guided 24 droplets into each unit and allowed vapor diffu-
sion between the precipitant channel and the reaction cham-
ber. Compared with conventional methods, the CD-like
microfluidic chip was time-saving in mixing and dispensing
for protein crystallization.

Liquid diffusion crystallization in microfluidic devices.
Stojanoff et al. presented a microfluidic device for protein
crystallization using liquid–liquid diffusion methods. In
their method, protein and precipitant solutions were loaded
into the channel from the opposite end, respectively.115

When the solutions filled the channels, the device was
sealed by removable film forms. Different mixing combina-
tions generated an enormous number of conditions. In addi-
tion, the slow and controlled diffusion between solutions is
favorable for the growth of high quality proteins. The device
could be fixed at the goniometric head which was compati-
ble with X-ray and allowed in situ X-ray diffraction. In 2014,
Khvostichenko et al. demonstrated a 12-well array chip
which will consume 60 nL of a protein solution per condi-
tion.189 The chip consisted of four layers, including two
layers of PDMS in the center, COC at the top and bottom.
The mixing of different solutions through diffusion was con-
trolled by valves. The capability of X-ray transparency en-
abled in situ X-ray diffraction.

Dialysis crystallization in microfluidic devices. Dialysis
crystallization relies on water-permeable membranes to real-
ize concentration and dilution of a protein solution.186 It is
difficult to perform dialysis crystallization in microfluidic de-
vices because of the dimension limitation. The PhaseChip
could store 1 nL of droplets in 100 wells and was demon-
strated for protein nucleation and growth by dialysis.107

Thousands of conditions could be screened with the con-
sumption of 10 μg of a protein. The dialysis crystallization
method has some advantages, such as reversible control of
concentrations and reversible growth and dissolution of crys-
tals. In the PhaseChip, water permeated through the dialysis
from the reservoir to protein drops or the opposite. After the
protein drops were loaded into the wells, dry air was intro-
duced into the reservoir to concentrate drops, which pro-
moted the emergence of a large number of small crystals or
protein gel. Pure water was introduced into the reservoir to
lower concentrations of the protein and salt. Finally, large
and high-quality crystals were obtained while small crystals
were dissolved.

Modern analytical technology for
microfluidic crystallization

Modern analytical technologies, such as optical microscopy,
crossed polarizers, X-ray diffraction, Raman spectroscopy,
confocal Raman microscopy, scanning electron microscopy,
have been used in the characterization of microfluidic
crystallization.145,182,190,191

The most direct and intuitive observation method in
microfluidic crystallization is optical microscopy. Images of
crystals in the microfluidic devices can be captured by a
stereo microscope equipped with a CCD camera.182 Optical
microscopy provides an approach to monitor crystal forma-
tion and morphology periodically by automated imaging ac-
quisition and analysis.111 In addition, scanning electron
microscopy has also be used for studying crystal morphol-
ogy.146 However, optical microscopy cannot differentiate be-
tween the crystalline or amorphous state definitely. Due to bi-
refringence of most crystals, crossed polarized filters can
overcome the shortcoming for crystal identification.192 In re-
cent years, Raman microscopy has become a new trend in
the study of crystallization. To obtain the Raman mapping
images, the suitable Raman peak must be determined firstly.
S. Nitahara's group found that the laser exposure time caused
a significant difference in Raman intensities between a crys-
tal and a solution.191 The Raman mapping also has the po-
tential to identify the position of a crystal in droplets.
Depending on the change of Raman intensities with time,
confocal Raman microscopy can be used to determine crystal
growth in droplets under any cumbersome operations.193

And time evolution of Raman mapping images can also show
the change of concentration during crystal nucleation and
growth.191

In situ Raman spectra and X-ray diffraction patterns can
be effectively used to verify the form and structure of crystals
in the microfluidic devices. To achieve this, the microfluidic
devices should be transparent to Raman spectra or X-
rays.111,194,195 In terms of powder X-ray diffraction, it can be
used to determine the structure of crystals that are small or
fragile. When conducting a single crystal X-ray experiment
which is more accurate than powder X-ray diffraction, the
size of microfluidic devices should be appropriately designed
to host large crystals.161,189 Although X-ray diffraction can
evaluate the quality of crystals,106 sometimes, high-flux X-ray
beams may cause radiation damage to the crystals in the liq-
uid-phase.196,197 In that case, cryoprotection becomes vital to
reduce radiation damage.198 M. Maeki et al. have demon-
strated that the quality of crystals without cryoprotection de-
creased dramatically with the increase in the measurement
time.63,190 The results also indicated that the crystals under
cryoprotection did not deteriorate. On the other hand,
cryoprotection also has limitations because of solvent condi-
tions and volume change. For crystals that are resistant to
X-ray radiation damage, X-ray diffraction data for determin-
ing the crystal structure should be collected at room tempera-
ture.189,194,199 F. Pinker and his co-workers have confirmed
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that the crystal structure obtained by X-ray diffraction at
room temperature is reliable using automated synchrotron
beamlines.194 To minimize radiation damage, the authors ad-
justed the exposure time and oscillation range. Another ad-
vantage of room temperature diffraction is that it can elimi-
nate the tedious step of cryoprotection. E. M. Horstman'
group collected on-chip X-ray data of different crystals at
room temperature and then they determined the structure by
merging X-ray data of multiple crystals (Fig. 10).161

In recent years, as a simple and efficient method to iden-
tify crystal forms, the on-chip Raman method has attracted
more and more attention.200 On-chip Raman spectroscopy
can be used to provide stoichiometric information and deter-
mine polymorphs, co-crystals, and pharmaceutical
salts.111,146 M. R. Thorson et al. identified four different
naproxen salts and five different ephedrine salts using Ra-
man spectroscopy.192 On-chip Raman spectroscopy helps to
realize the screening of crystal forms in the early stage of
drug manufacture with fewer amounts of materials. S. Goyal
et al. confirmed crystalline solid forms of PCs by Raman
spectroscopy and compared the on-chip Raman data with off-
chip Raman data of nine caffeine co-crystals (shown in
Fig. 11).111 Later, they described a microfluidic platform that
could be used to screen co-crystals and polymorphs by an on-
chip Raman method in solvent evaporation and anti-solvent
crystallization, respectively.160 The obtained Raman spectra
of crystal forms using on-chip Raman analysis were found to
be consistent with the results obtained by off-chip analysis.

Conclusions

Application of microfluidic devices for investigating crystalli-
zation is attracting more and more attention due to the spe-
cial miniaturized environments of microfluidic devices. Com-
pared to the conventional crystallization methods, the
microfluidic method turns out to be a high-throughput, fast
and reliable method for investigating crystallization pro-
cesses. This review summarized and analysed the state of art
applications of microfluidics in the crystallization arena, in-

cluding crystal nucleation and crystal growth, polymorph and
co-crystal screening, nanocrystals preparation, solubility and
metastable zone determination. The materials and structures
of microfluidic devices for crystallization processes and the
modern analytical methods for microfluidic crystallization
were also summarized and analysed.

Many researchers have demonstrated that crystals with an
ideal shape, size and crystal structure could be obtained by
microfluidic technology. Arrays of conditions conducted in
one experiment could provide possibility for nucleation esti-
mation, crystal form screening, and phase diagram plotting.
And these targets could be more accurately achieved in less
time and by consuming a small amount of materials. On-
chip characterization could avoid the damage caused by the
downstream treatment in traditional experiments.

Indeed, great breakthroughs have been made in the appli-
cations of microfluidic devices in the crystallization arena.
However, there are still some challenges in practical applica-
tions of microfluidic devices for crystallization. For example,
blockage of the channels is an issue for crystallization in
microfluidic devices since the crystals are prone to stick to
the wall of the channels. To overcome this problem, better
design of the channel structure and better materials need to
be proposed. Theoretically, the current nucleation model can
predict empty droplets in experiments, but fail to predict the
exact number of crystals in droplets.109 A more accurate
model needs to be built up to predict the exact number of
crystals in droplets. In addition, better temperature control
technologies for microfluidic devices are required for screen-
ing wider range of supersaturation. In terms of in situ

Fig. 10 (a) Microfluidic device mounted on an XRD. (b) Diffraction
data of crystal products. (c) Different crystals of different compounds
in a microfluidic device. Reproduced from ref. 161 with permission
from the American Chemical Society.

Fig. 11 Raman spectroscopy data of nine caffeine co-crystals on-chip
and off-chip. Reproduced from ref. 111 with permission from the
American Chemical Society.
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characterization methods, although hybrid PDMS–COC is
transparent to X-ray diffraction or Raman spectroscopy, it
has compatibility problems with most of organic solvents.
Hence, new modification methods for the fabrication of
microfluidic devices need to be developed. If all these issues
could be addressed, microfluidic devices will be more widely
used in crystallization and will definitely promote the devel-
opment of the crystallization theory and technology.
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