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P
rotein crystallization can be a daunt-
ing task and often takes years to opti-
mize for a given protein. Typically, a

screening process is employed in which
many conditions of various protein concen-
trations and buffers are tested separately
until an optimal combination initiates crys-
tallization.1�4 Crystallization is a necessary
precursor of crystallography, which is the
most commonly used method to elucidate
protein structure, requiring highly ordered
protein crystals in order to obtain high-
resolution X-ray diffraction patterns to ana-
lyze the atomic arrangement of a protein.5

Usually, the chosen X-ray beam technol-
ogy governs the types and quality of
crystals desired leading to further crystal-
lization screening and optimization for a
specific crystal characteristic. In traditional
crystallography, the high dose of X-ray
radiation requires large crystals to avoid

damage before diffraction and to provide
suitable electron density.6

Many complex proteins such as mem-
brane proteins pose even greater difficulties
during crystallization method development
and in many cases are nearly impossible to
crystallize at sizes suitable for traditional
crystallography, which is why less than 400
out of the 80 000þ protein structures de-
termined to date comprise membrane
proteins.7 The main reason for this is that
membrane proteins have large unit cells
dominated by solvent (>70%) where sol-
vent�protein interactions dominate, leav-
ing few contact areas for protein�protein
interactions. Consequently, increased disorder
arises in the unit cell arrangement, even-
tually preventing ordered crystal forma-
tion.8 For example, it took 12 years to de-
termine the structure of photosystem I (PSI)
at atomic resolutionwith themajority of this
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ABSTRACT Traditional macroscale protein crystallization is accomplished non-

trivially by exploring a range of protein concentrations and buffers in solution until a

suitable combination is attained. This methodology is time-consuming and resource-

intensive, hindering protein structure determination. Even more difficulties arise

when crystallizing large membrane protein complexes such as photosystem I (PSI)

due to their large unit cells dominated by solvent and complex characteristics that

call for even stricter buffer requirements. Structure determination techniques tailored

for these “difficult to crystallize” proteins such as femtosecond nanocrystallography

are being developed yet still need specific crystal characteristics. Here, we

demonstrate a simple and robust method to screen protein crystallization conditions at low ionic strength in a microfluidic device. This is realized in

one microfluidic experiment using low sample amounts, unlike traditional methods where each solution condition is set up separately. Second harmonic

generation microscopy via second-order nonlinear imaging of chiral crystals (SONICC) was applied for the detection of nanometer- and micrometer-sized PSI

crystals within microchannels. To develop a crystallization phase diagram, crystals imaged with SONICC at specific channel locations were correlated to

protein and salt concentrations determined by numerical simulations of the time-dependent diffusion process along the channel. Our method

demonstrated that a portion of the PSI crystallization phase diagram could be reconstructed in excellent agreement with crystallization conditions

determined by traditional methods. We postulate that this approach could be utilized to efficiently study and optimize crystallization conditions for a wide

range of proteins that are poorly understood to date.
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time being spent developing a crystallization method
to provide suitable crystals.7 This was a significant
accomplishment as PSI is the largest andmost complex
membrane protein crystallized to date consisting of 36
proteins to which 381 cofactors (chlorophylls, carote-
noids, quinones, and 4Fe4S clusters) are noncovalently
attached.7 One can imagine that the ability to easily
grow membrane protein crystals would drastically
expedite structure determination. However, an alter-
native route is the current development of femto-
second nanocrystallography which is tailored for com-
plexmembrane protein structure determinationwhere
smaller, ideally nanometer-sized crystals can be uti-
lized to provide diffraction patterns.9,10 Yet femtose-
cond nanocrystallography still imposes some desired
crystal characteristics such as a monodispersed sus-
pension of nanocrystals, thus it is imperative to opti-
mize crystallization conditions to obtain such samples
as well as to develop methods to characterize sample
size distributions.11

Microfluidic devices have become widespread
in their application toward biochemistry12 includ-
ing areas such as electrophoresis,13�15 PCR,16�18

immunoassays,19�21 biosensors,22�24 and more.25�28

Protein crystallization has also been demonstrated in
capillaries29�31 and amicrofluidic device32 bymeans of
counter-diffusion33 in which lysozyme and insulin,
among others, have been crystallized. In these experi-
ments, protein and crystallization buffer concentration
gradients form along a channel in which many condi-
tions can be realized in one experiment. Controlled
mixing of two reagents by microfluidic droplet
generation34 has also been employed for crystalliza-
tion screening35 in which protein and buffer are inter-
spersed within a droplet. These methods have been
applied to the more common high ionic strength
“salting-in” procedures for proteins with well-known
crystallization characteristics where a separate saline
buffer or buffer containing precipitants like polyethyl-
ene glycol come into contact with protein solution.
Low ionic strength crystallization which lacks any
precipitant, such as that employed for the membrane
protein complex PSI,8 has not yet been demonstrated
in a microfluidic device to the best of our knowledge.
The reason behind this alternate crystallization path-

way for PSI is due to the many factors influencing the
solubility of proteins including ionic strength, pH, and
precipitant concentration, among others. In typical
salting-in crystallization procedures, protein solubility
is generally highest at medium ionic strength and
decreases at high ionic strength due to competition
between ions and protein for the solvent water. How-
ever, solubility is also decreased at very low ionic
strength as charged groups on the protein surface
are depleted of counterions, thereby facilitating crys-
tal contact formation between oppositely charged
groups on nearby protein molecules. This latter effect

is referred to as the “reverse of salting-in” and occurs
with PSI.36 Specifically, the salt (MgSO4) and the protein
coexist in one solution, and microfluidic crystalliza-
tion is accomplished by diffusion of the salt ions
(Mg2þ and SO4

2�) at a faster rate than the protein. This
is possible due to the large difference in diffusion
coefficients between the salt ions and protein, result-
ing in a temporal ionic strength gradient within the
protein solution capable of probing various condi-
tions in a crystallization phase diagram within one
experiment.
Establishing a salt gradient within the microchannel

requires the presence of a large reservoir to accept the
diffusing salt ions, thus reducing the salt concentration
of the protein solution. A crystallization buffer free of
MgSO4 is brought into contact with the salt-containing
protein solution at a defined interface in a similar
fashion as the introduction of a high ionic strength
buffer in the opposite salting-in crystallization regime.
In either case, direct mixing of the two solutions would
cause rapid changes in protein and salt concentration
that are beyond the kinetics of crystallization causing
the protein to “crash out” of solution and form an
amorphous precipitate.37 Defined initial conditions,
a stable interface, and convection-free conditions
are thus important for microchannel crystallization
experiments to establish optimized and reproducible
crystallization conditions. Furthermore, quantitatively
modeling concentration changes of participating ions
becomes difficult when convection occurs as it can be
caused by a variety of factors such as density gradients
and evaporation.
Most capillary crystallization experiments employ-

ing diffusion-based crystallizationmethods implement
gels to reduce convection32,38�40 usually by adding a
low concentration of gel to the protein solution to
increase viscosity. However, this alters the crystalliza-
tion conditions in a way that could pose problems
when translated to macroscale crystallization experi-
ments when large amounts of crystals are needed. To
avoid this, the gel acupuncture method (GAME)41,42

has been developed for capillary counter-diffusion
crystallization. In this method, the capillary is filled with
protein solution and partially punctured into a gel base
saturatedwith crystallization buffer, thus establishing a
porous barrier between the crystallization buffer and
protein solution to effectively reduce convective mass
transport. Here, we have adapted this method to a
microfluidic channel in which the protein solution in
the channel forms an interface with a gel-filled reser-
voir at the opposing channel endwhere salt-free buffer
is added. Over time, salt ions diffuse out of the micro-
channel, forming an ionic strength gradient to induce
crystallization at points along the channel where opti-
mal conditions are met.
In this work, we demonstrate the ability to crystallize

the membrane protein complex PSI using a gel barrier
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and diffusion of salt and protein within a microfluidic
device. Furthermore, we have incorporated a hydro-
phobic valve to set up a discrete crystallization zone,
making quantitative analysis possible. Crystal forma-
tion along a microchannel was investigated with both
bright-field microscopy as well as an effect known as
second harmonic generation using second-order non-
linear imaging of chiral crystals (SONICC). To the best
of our knowledge, SONICCwas applied for the first time
to the imaging of a protein crystallization process
within a microfluidic channel, where we exhibit the
capability of this technology to detect PSI crystals in
the micrometer- and nanometer-size domains. Lastly,
by correlating numerical simulations of the protein
and salt concentrations along the channel to crystals
imaged with SONICC, we illustrate the potential for
efficient crystallization phase diagramdevelopment by
producing a portion of the PSI phase diagram.

THEORY

An important aspect of this method is quantitative
analysis to determine the actual concentrations of
protein and salt that induce spontaneous nucleation
(initial formation of stable protein clusters) and crystal-
lization as well as a successful piecing together of the
crystallization phase diagram of a protein. In our
channel layout, two reservoirs are present at both
channel ends (see Figure 1a). Initially, protein solution
flows into the channel via capillary action. For quanti-
tative analysis, a discrete, consistent crystallization
zone is necessary, which is provided by the linear
channel. Furthermore, leakage of protein solution into
the opposing reservoir would cause variable concen-
trations of protein and salt in that reservoir that cannot
be quantified. To overcome this, a hydrophobic valve
was developed at the channel/gelled reservoir inter-
face. At the valve, capillary action is halted since it is
driven by surface tension (γ) along the hydrophilic
channel.43,44 The Young�Laplace equation45 describes
the relationship between surface tension, capillary
pressure (pc), and surface contact angle (θ):

pc ¼ 2γ cosθ
r

(1)

where r is the radius of the fluid meniscus. At hydro-
phobic contact angles (>90�), pc becomes negative;
thus placing the valve at the channel end effectively
halts capillary flow of the protein at the interface of the
gelled reservoir to establish a discrete crystallization
region within the channel.
The concentrations of salt and protein within the

microfluidic channel are determined by numerical
modeling using the representative geometry and con-
sidering the diffusion coefficients (D) of the salt ions46

(Mg2þ: 7 � 10�10 m2/s, SO4
2�: 1 � 10�9 m2/s) and

protein (in channel: 2� 10�11 m2/s, in gel:47 9� 10�12

m2/s). A smaller PSI diffusion coefficient was considered

in the gelled reservoir due to the large size of PSI and
was calculated based on a theoretical model given by
Boyer and Hsu that accounts for protein mass and
agarose concentration.47 The diffusion coefficients of
the salt ions were assumed to have a negligible change
in agarose gel. The numerical simulations are based on
Fick's second law for time-dependent diffusion:48

Dc
Dt

¼ Dr2c (2)

where c is concentration, t is time, andr is the gradient
operator. The discrete crystallization region along the
channel wasmodeled, and concentration profiles were
obtained spanning the entire channel length for var-
ious experimental durations. When the actual experi-
ment was imaged, various locations along the channel
where crystals were observed were correlated to the
simulations that correspond to the duration of the
experiment at hand. Our aim was to use this quantita-
tive information to form a phase diagram for PSI which
compares protein concentration to salt concentration
and assigns these concentrations to the various crystal-
lization phases: nonsaturatedwhere salt concentration
is too high and crystallization does not occur, meta-

stable where crystallization can occur nonsponta-
neously, nucleation where crystallization is spontaneous,
and supersaturated where salt concentration is so low
that protein precipitates rapidly and forms amorphous
precipitate.49

RESULTS AND DISCUSSION

The working principle of the microfluidic crystal-
lization device is first discussed. Figure 1a shows a
longitudinal cross section of the channel and two
reservoirs where PSI and buffer A (see Methods) were
added. The channel was rendered hydrophilic by oxy-
gen plasma treatment which facilitated filling of the
channel with aqueous protein solution via capillary
action. Because the opposing reservoir was punched
postplasma treatment, the reservoir walls remained
hydrophobic. Our fabrication technique is beneficial
compared to chemical surface treatments, avoiding an
added fabrication step and possible adverse reactions
with the sample. As the protein fills the channel via
capillary pressure, it eventually meets hydrophobic
regions in the reservoir which halt the flow, acting as
a hydrophobic valve.50 Figure 1b illustrates a channel/
reservoir interface without this valve where protein
leaks into the reservoir as opposed to Figure 1c, which
shows the valve effectively impeding protein flow. This
barrier was necessary in order to eliminate leakage of
the protein solution into the opposing reservoir where
mixing could occur with buffer A/agarose during initial
filling of the device. Furthermore, initial experiments
demonstrated that the pipetting steps for filling both
reservoirs could not be performed in a synchronized
manner to ensure defined initial conditions for the
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microfluidic crystallization experiment, fortifying the
need for a valve barrier. Once the channel was filled,
the empty second reservoir was filled with molten
agarose that was gelled and saturated with buffer A
to aid in the depletion of salt in the channel. Without a
gel barrier, convective mixing was observed in which
buffer A flowed rapidly into the channel and depleted
the protein solution without crystallization (not shown).
To reduce this effect, it is common practice to gel the
protein solution during diffusion-based microfluidic
crystallization;32,38�40 however, our method eliminates
the need to alter the protein solution (which can influ-
ence crystallization) by using a stand-alone gel plug.
Figure 2 shows a top-down perspective of the

channel with drawn hexagonal PSI crystals of various
sizes and abundance at their expected locations along
the channel. Due to diffusion, ionic strength and
protein concentration gradients form. As shown by
the triangular scale, these two gradients decrease
toward the gelled, initially protein-free reservoir, as
indicated by the black to white color gradient. At the
lowest ionic strength (white region of the scale),
proteins precipitate out of solution rapidly and form
amorphous precipitate instead of crystals. In the direc-
tion toward the protein reservoir (black region of the
scale), crystal size increases and abundance decreases
as crystallization kinetics change based on the salt and
protein concentrations. At higher salt concentrations,
the loss of interaction between the PSI trimers and salt
ions is less extensive, thus a single crystal can build
upon itself as less new nucleation events occur. The
opposite occurs at lower salt concentrations because
more free PSI trimer is present, thus the chance for new
nucleation events is greater.

Numerical Simulations. In order to determine the con-
centrations of salt and protein along the channel,
numerical simulations were employed. The model
considered diffusion of both salt ions (Mg2þ and
SO4

2�) and PSI spanning the entire channel geometry
which was replicated identically to that used experi-
mentally. Diffusion was based on Fick's laws, and
diffusion coefficients of the salt ions and proteins were
considered as described in the Theory section. Because
diffusion out of the channel occurred into the gelled
reservoir, the diffusion coefficient of PSI in agarose was
calculated based on a relationship between its esti-
mated diffusion coefficient in water and the concen-
tration of the agarose that it diffuses into, as developed
by Boyer and Hsu.47 It was assumed that diffusion of
the salt ions was not influenced by the gel; therefore,
their diffusion coefficients remained the same in the gel.

The simulations were solved as a time-dependent
study, and four time durations were studied: 3, 6, 10,
and 14 days. Concentration profiles of both salt ions
(Figure 3a,b) and protein solution (Figure 3c) were
developed. At 3 days, the concentration profiles of
both salt ions show a slightly curved trend with the
lowest concentration near the gelled reservoir (0 cm)
and increasing concentration as the protein reservoir
(3 cm) is approached, as shown in Figure 3a,b. As time
increases to 6 days and greater, the salt ions develop a
linear concentration profile with a decreasing slope. At
very long durations, >4 months (not shown), the
concentration profile becomes completely horizontal,
indicating a homogeneous, equilibrated concentration
distribution spanning the entire microchannel with a
concentration of half the initial value. The profiles of
both ions are comparable due to the similarity of their

Figure 1. (a) Cross section of the microfluidic channel used for crystallization. Two reservoirs are located at channel ends
where solutions can be introduced. The saline protein solution is injected into the channel from the reservoir on the right and
fills via capillary action. The hydrophobic valve is placed at the left channel end to stop protein flow, effectively setting up a
discrete crystallization zone. Hydrophobic surfaces are indicated in red, and blue designates hydrophilic regions. On the left
side of the image, the reservoir containing the buffer A gel plug is shown. (b) Photograph of the buffer A reservoir/channel
interface without the hydrophobic valve illustrating leakage of protein out of the channel and into the reservoir. (c)
Photograph of the same interface with the hydrophobic valve showing impeded protein flow and no leakage out of the
channel.
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diffusion coefficients; however, the protein concentra-
tion profile differs significantly due to its diffusion
coefficient being 1�2 orders of magnitude lower.
Figure 3c shows the PSI concentration profile that
maintains a hyperbolic type trend over all time dura-
tions plotted. At a much longer time compared to the
salt ions (>10 years), the protein concentration profile
does equilibrate in a similar fashion; however, this time
duration is beyond the scope of any crystallization
experiment that would be utilized for applications such
as femtosecond nanocrystallography. It is important
that the protein diffuses slowly, and its concentration
remains high along a greater portion of the channel
compared to that of the salt ions so that enough
protein is available to crystallize. If both solutions were
depleted, no crystals would form because there is
simply not enough starting material. An ideal scenario
would involve salt depletion along the channel in a
linear gradient with minimal protein depletion to
minimize interactions between the salt ions and PSI
trimers, resulting in self-stabilization of the trimers by
forming crystals.

Photosystem I Crystallization. Crystallization of PSI within
a microfluidic channel was performed successfully using

the reverse of salting-in diffusion method. After 3, 6,
and 10 days of incubation, the channels were imaged
using second harmonic generation via SONICC. This
technology is based on the excitation of two photons
which combine and emit as a single high-energy
photon, a phenomenon that only occurs in noncentro-
symmetric (lacking an internal plane of symmetry)
species such as various protein crystals.51,52 Individual
protein molecules, amorphous precipitate, and the
majority of salt crystals (including MgSO4) do not
possess this capability, thus this imaging technique
can exclusively obtain a high contrast signal from
protein crystals in complex mixtures or suspensions.
A powerful imaging technique such as SONICC is
crucial for our microfluidic crystallization experiments
as the crystals in the channel were not isolated for
further examination andwere imaged directly on-chip.
We were thus able to use SONICC to confirm the
presence of crystals in the channel (and therefore a
successful crystallization process) despite the dark
green protein solution masking them under bright-
field optical microscopy. Furthermore, SONICC provides
the ability to detect small nanocrystals (<500 nm)
that would be unresolvable with bright-field microscopy.

Figure 2. Top-down view of the channel structure, laid out similarly to that in Figure 1. PSI crystal characteristics are drawn
within the channel as hexagons, indicating expected changes along the channel. At the gel/channel interface, salt
concentration is the lowest; therefore, protein rapidly precipitates out of solution and forms amorphous precipitate (small
dots). Moving toward the protein solution reservoir, crystal size increases and abundance decreases. In terms of the phase
diagram, each phase canbemappedout along the channel beginningwith supersaturated near the gel/channel interface and
transitioning toward nonsaturated at the opposite end of the channel.

Figure 3. Simulated relative concentration profiles of protein and both salt ions along the microfluidic channel. Distance on
the x-axis is the location relative to the gel/channel interface (0 cm). The simulations consider spatial and time-dependent
diffusion of Mg2þ (a), SO4

2� (b), and PSI (c). Each plot shows the concentration profiles at four different time points ranging
from 3 to 14 days. At 3 days, the ions exhibit a slightly curved trend that becomes linear at later time points. The PSI curves
show a hyperbolic trend due to its lower diffusion coefficient compared to the ions. The 10 day profile given by the solid bold
line corresponds to the experimental data shown in Figure 4.
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This is a major advantage for femtosecond nanocrystal-
lography applications since we can determine crystal-
lization conditions where nanocrystals are formed using
our microfluidic platform in tandem with SONICC
imaging. Figure 4 illustrates this ability, as the top se-
quence shows a bright-field image of the channel and
the bottom sequence shows the corresponding SONICC
image of a 10 day crystallization experiment. While the
bright-field frames do not show crystals, the SONICC
frames represent high contrast images clearly showing
a strong signal from the PSI crystals present along the
channel.

The SONICC detection in Figure 4 also illustrates the
expected crystal growth trends previously mentioned
and drawn out in Figure 2. The channel position closest
to the gelled reservoir (P1) shows no signal most likely
due to nonspontaneous nucleation (metastable) at the
region of lowest protein concentration. Moving toward
the protein reservoir to P2, a large number of small
crystals are observed, indicating many nucleation
events occurring at low ionic strength, yet at this point,
the PSI trimer concentration is great enough to provide
adequate starting material for crystallization to occur.
Moving along further toward points P3�P6 illustrates a
decrease in crystal abundance and an increase in
crystal size as expected when the ionic strength in-
creases, and more salt�protein interactions are pre-
sent that reduce the number of nucleation events. We
suspect the signal at the walls throughout the channel
are a result of some pervaporation through PDMS
causing small concentration changes at thewalls when
the chip was removed from the humidity chamber
during the time needed for SONICC imaging. A SONICC
signal was not observed at the earliest viewing of the
device yet intensified as time passed. Consequently,
we used the central region of the channel to determine
crystal growth for further analysis.

It is also important to note that the SONICC instru-
ment is capable of detecting nanometer-sized crystals
with a spatial resolution of ∼4 μm. We thus postulate
the existence of nanocrystals around P2, and the upper
limit crystal size range spanning to P6 is ∼4 to 15 μm.
Our study showed that spontaneous crystallization

conditions are only present along a very small portion
of the channel (∼3 mm of the total channel length of
3 cm), indicating that optimal crystallization conditions
are met under narrowly specific ionic strengths and
protein concentrations as expected for membrane
proteins such as PSI. Theoretically, this region could
be spread out and shifted based on the initial protein
and salt concentrations; for example, applying half the
initial salt concentration used experimentally (25 mM
MgSO4) to the simulations would place the observed
10 day nucleation region 9.5�14.8 mm away from the
gelled reservoir. However, this was not further exam-
ined due to the strict crystallization conditions adhered
to by PSI; thus known, stable initial conditions were
employed. Furthermore, crystals were not observed in
the channel region further downstream of P6, indicat-
ing that the ionic strength was too high for sponta-
neous crystallization to occur as the solution has not
reached the nucleation zone. As an additional confir-
mation of favorable crystallization conditions, a control
experiment was performed where buffer containing
50 mM MgSO4 was added to the gelled reservoir,
maintaining a high salt concentration throughout the
device. As expected, since the solution was in the
nonsaturated zone, PSI crystallization was impaired
and did not occur as confirmed by a lack of SONICC
signal throughout the entire microchannel.

To further confirm the capabilities of this device, we
also performed crystallization experiments with two
other proteins, lysozyme and phycocyanin, using a
different precipitant for both. Conditions were similar
to the PSI experiment such that the channel was filled
with precipitant and protein solution, and diffusion of
precipitant out of the channel established concentra-
tion gradients. For both proteins, we observed crystal-
lization at nucleation conditions that are in excellent
agreement with previously reported conditions for
these proteins. Further detail can be found in the
Supporting Information.

Phase Diagram. Experimental and simulation data
can be combined to develop portions of a crystal-
lization phase diagram. Experimentally, one can ob-
serve locations along the channel where crystallization

Figure 4. Microfluidic device dimensions with a zoomed in region showing SONICC and bright-field images of the
microchannel: The capability of SONICC for detection is illustrated as a high contrast image compared to the bright-field
image where crystals are not detectable in the dark protein solution. Only a small portion of the channel (3 mm) is shown
where crystals were detected as further downstream conditions did not favor crystallization. Six positions are marked
(P1�P6) corresponding to the labels shown on the phase diagram in Figure 5. The region depicted beyond P6 is
representative of the remainder of the microchannel, which did not exhibit PSI crystals within the channel.
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occurs for specific incubation times, and the entire
nucleation zone can even be visualized based on
known initial conditions, as shown in Figure 4. At each
point, crystal size can also be measured if size is an
important characteristic for the application at hand. For
example, in femtosecond nanocrystallography, small,
monodispersed nanocrystals in solution are desired.
Accordingly, determining the crystallization conditions
at the channel location nearest to the gelled reservoir
where crystals are still detectable (P2) would be a good
starting point to make the smallest crystals. On the
other hand, traditional X-ray crystallography requires
large crystals to avoid X-ray damage so one could study
the conditions where larger crystals are detected (e.g.,
in the P6 region).

To accomplish such a quantitative analysis, the
results of the numerical simulations were correlated
to those observed experimentally. The concentration
profiles developed in Figure 3 provide the concentra-
tion of the salt ions and protein (in this case Mg2þ and
SO4

2� for PSI) at any point along the channel. Further-
more, while we only simulated four time points, any
duration of time can be studied. The experimental
result presented in Figure 4 represents a 10 day
experiment which is shown as a thick solid black line
in the simulated concentration profiles. From chosen
points along the channel where crystals were ob-
served, we calculated the simulation-derived concen-
trations of PSI, Mg2þ, and SO4

2�. We chose six points
labeled as P1�P6 in Figure 4, which were assigned to
themetastable region (P1) and spanned the nucleation
zone with increasing ionic strength and protein con-
centration (P2 to P6).

A crystallization phase diagram conventionally
compares protein concentration on the y-axis to salt
concentration on the x-axis and describes the four
zones of the crystallization process: supersaturated,
nucleation, metastable, and nonsaturated. Figure 5 il-
lustrates these zones as various shades of gray and
black with assigned ranges of salt and protein concen-
tration. In the case of the 10 day experiment, the
metastable zone was realized at the area closest to
the gelled reservoir where no SONICC signal was
obtained (P1). While this lack of SONICC signal could
represent either the metastable or nonsaturated zone,
we assigned the metastable zone to this region as the
small calculated difference in salt concentration be-
tween P1 and P2 would unlikely cause a jump from the
nucleation to nonsaturated zone. In a follow-up experi-
ment, this assignment could be confirmed by screen-
ing conditions for metastable characteristics using a
seeding procedure that induces crystallization in this
zone. Because the chip was imaged directly as-is with
no sample extraction, we did not perform such a test.

Despite this, determining the nucleation zone of a
protein is usually most sought after and was demon-
strated in this experiment. Positions P2�P6 fall within

the PSI nucleation zone where SONICC signal was
observed and thus can be placed accordingly on the
phase diagram in Figure 5. To our knowledge, SONICC
has not been used thus far in any capillary or micro-
fluidic crystallization procedures previously reported.
This analysis methodology is extremely beneficial as
the crystallization conditions tailored for small crystals
such as nanocrystals can be quantified and assigned to
the appropriate region of the phase diagram to aid in
future crystallization trials for nanocrystallography ap-
plications. From this single experiment, a large portion
of the nucleation zonewas uncovered unlike in a single
crystallization trial where one set of conditions (protein
and salt concentrations) is screened. Specifically
around position P2, the smallest crystals were ob-
served and, due to the powerful resolving power of
SONICC, likely relate to nanometer-sized crystals de-
sired for femtosecond nanocrystallography. We also
performed 3 and 6 day crystallization experiments in a
similar way to further develop the nucleation zone (see
triangle and square symbols in Figure 5). These results
showed similar trends compared to the 10 day experi-
ment such that all three experiments span the nuclea-
tion zone on the phase diagram. When these specific

Figure 5. Possible phase diagram for PSI based on experi-
mental and simulation data. Positions along themicrochan-
nel were correlated with simulation data to determine salt
and protein concentration assignments for each phase. For
the 10 day experiment, positions are labeled according to
Figure 4 (P1�P6). At position P1, protein concentration was
lowest and crystals were not observed, likely indicating the
metastable region. P2�P6 are positionswhere crystalswere
observed, indicating conditions of the nucleation zone.
Additionally, 3 (2) and 6 (9) day experiments were per-
formed in a similar way, and corresponding salt and protein
concentrations were extracted from the simulations. For
those experiments, crystals were observed at each corre-
sponding data point indicating nucleation zone conditions.
Negligible variation (∼0.15 mM MgSO4) was observed
based on duplication of the 10 day trial; thus error bars
are encompassed by the marker size.
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experiments utilizing PSI were combined, the nuclea-
tion zone fell within a MgSO4 concentration of
∼5�13 mM and PSI concentration of ∼4�30 μM,
which is in agreement with values of previously deter-
mined crystallization conditions for PSI where 6�9mM
MgSO4 was reported.

8 It should be noted that the 10
day trial was duplicated and negligible variation was
observed between trials (∼0.15 mM MgSO4).

We envision this microfluidic crystallization device
to be applicable to a wide range of proteins and buffer
solutions due to the ability to apply the sample as-is.
We demonstrated this by successfully analyzing three
different proteins crystallized under very different
conditions: decreasing ionic strength for PSI and in-
creasing ionic strength for lysozyme and phycocyanin
using two different salts (NaCl and ammonium sulfate,
respectively). Moreover, the nucleation conditions de-
termined for all three proteins are in excellent agree-
ment with those previously reported (see Supporting
Information for details on the crystallization of lyso-
zyme and phycocyanin). The matching of experi-
mental and literature nucleation zones for the
three proteins is also an excellent justification for
the numerical model used. We also emphasize that
similar diffusion models have been used which
agreed with experimental crystallization events as
evidenced by others.33,53

Lastly, asmentioned previously, an addedbenefit of
our novel method over diffusion-based capillary crys-
tallization methods that generally employ a gelled
protein solution32,38�40 is the incorporation of a gel
without altering the protein solution.We illustrated the
versatility of this device by crystallizing PSI using the
unique reverse of salting-in procedure, which has not
been performed within a capillary or microfluidic
crystallization device utilizing diffusion until now. Ad-
ditionally, simple parallelization of several microfluidic
channels with various starting conditions can also be
enacted to encompass a larger portion of a protein's
phase diagram, leading to rapid screening of pro-
teins with unknown crystallization conditions. This is
advantageous asmore conditions can be screened in
fewer experiments compared to traditional ap-
proaches. Furthermore, sample consumption in such
a device is minimal (on the order of nanoliters) which
is favorable for a precious protein sample where
starting material is scarce. Combined, the demon-
strated device can be fostered into a power-
ful protein crystallization tool for initial method

development to determine optimal crystallization
conditions of a given protein.

CONCLUSION

We demonstrated a novel microfluidic protein crys-
tallization method for the membrane protein PSI.
Crystallization of this protein is unique in that salt
and protein coexist in solution initially, and salt is
depleted to facilitate crystallization. This previously
developed reverse of salting-in crystallization method
for PSIwas successfully incorporated into amicrofluidic
device where salt and protein concentration gradients
were established by diffusion. Crystallization of PSI was
realized in 3, 6, and 10 day experiments as confirmed
by second harmonic generation imaging via SONICC,
in which expected crystal growth trends were also
observed. At low ionic strength regions, PSI was found
as abundant small crystals, and as ionic strength
increased, crystal size increased and abundance de-
creased. Numerical simulations provided quantifica-
tion of salt ions (Mg2þ and SO4

2�) and protein (PSI)
concentration along the entire channel for various
experimental durations. A portion of the PSI phase
diagramcould be constructed from the computed con-
centration values at specific time points and crystal for-
mation imaged with SONICC at designated points along
themicrochannel. The nucleation zone observedwith this
methodwas in the rangeof that previously determined for
PSI. To further support our method, we also achieved
similar success with lysozyme and phycocyanin.
In the future, proteins with unknown phase dia-

grams and crystallization conditions can be studied
with this methodology due to the versatility of the
procedure where protein can be applied natively with-
out gelling. A single microchannel experiment can
encompass the entire nucleation zone of a protein
for a certain starting condition. Parallel experiments
can be performed to increase efficiency, and once
optimal conditions are determined, they can be ap-
plied to macroscale methods for high-throughput
production of crystals with desired characteristics.
Collectively, an entire protein crystallization phase
diagram could be pieced together more efficiently
using low volumes of precious sample to better under-
stand proteins that are not well studied. This, in tandem
with highly sensitive imaging, provides a unique cap-
ability to newly developing technologies for protein
studies such as femtosecond nanocrystallography where
nontraditional crystallization characteristics are desired.

METHODS

Materials and Chemicals. SU-8 photoresist was purchased from
Microchem, USA. N-Dodecyl-β-maltoside (β-DDM) was from
Glycon Biochemicals, Germany. 2-(N-Morpholino)ethanesulfonic
acid (MES),magnesiumsulfate (MgSO4), and lowgelling temperature

agarose were from Sigma-Aldrich, USA. Poly(dimethylsiloxane)
(Sylgard 184) was from Dow Corning, USA, and glass micro-
scopy slides were purchased from Fisher Scientific, USA.

Device Fabrication. The microfluidic channels were fabricated
using standard photolithography and soft lithography as re-
ported previously.54 Briefly, AutoCAD software (Autodesk, USA)
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was used to design the microchannel structure that was
transferred to a chrome mask (Photosciences, USA). The mask
was then used to create a silicon master wafer by patterning
structures with a negative photoresist via photolithography. A
polydimethylsiloxane (PDMS) mold was cast using the master
wafer as a template in which the negative relief of the structure
formed the linear microchannels in the polymer. The resulting
channels measured 3 cm in length with a cross-sectional width
of 50 μm and depth of 35 μm. The microchannel was cut out of
the mold and oxygen plasma treated to render the PDMS
surface hydrophilic and with exposed silanol groups. Reservoir
holes were then punched into channel ends postexposure in
order to maintain a hydrophobic surface along the reservoir
walls to form the valve interface. The PDMS slab was then
irreversibly bonded to an oxygen plasma-treated glass micro-
scope slide to create a sealed channel system.

PSI Purification. PSI was isolated and purified as previously
described.8 Briefly, thylakoids isolated from cell cultures of the
cyanobacterium Thermosynechococcus elongatus were incu-
bated in 0.6% β-DDM to solubilize PSI. PSI was further purified
by anion-exchange chromatography on a Q sepharose HP
column. The column was equilibrated using a buffer containing
20 mM MES, 0.02% β-DDM, and 50 mM MgSO4 (pH 6.4) at 4 �C.
The salt concentration was then increased to 100mMMgSO4 to
elute photosystem II and PSI monomers and further increased
to 150 mM MgSO4 to finally elute trimeric PSI. This protein
solution was diluted to 6 mM salt, then concentrated to 10 mM
chlorophyll using ultrafiltration to precipitate PSI in the form of
small crystals. The final solution was made by completely
dissolving the PSI microcrystals in a buffer containing 50 mM
MgSO4 (5 mM MES, 0.02% β-DDM, pH 6.4) to a chlorophyll
concentration of 20 mM. This PSI solution was used for the
microfluidic crystallization experiments described next.

PSI Crystallization and Imaging. Three microliters of PSI solution
was pipetted into one empty reservoir of themicrofluidic device
to fill the microchannel by capillary action. Agarose was dis-
solved in anMgSO4-free buffer containing 5mMMES and 0.02%
β-DDM at pH 6.4 (buffer A) to a concentration of 1% (w/v) by
heating. Five microliters of the 1% (w/v) molten agarose buffer
was pipetted into the second empty reservoir and allowed to
cure at 4 �C for 15 min. Ten microliters of buffer A was then
pipetted onto the gelled reservoir. The chip was placed in a dark
humidity chamber to avoid PSI degradation and solution
evaporation and allowed to incubate at ambient temperature
for crystallization to proceed. Three separate experiments were
performed with 3, 6, and 10 day incubation periods. In each
case, the chip was then removed from the humidity chamber,
and themicrochannel was imaged with bright-field microscopy
and second harmonic generation microscopy via SONICC
(SONICC instrument, Formulatrix, USA). To capture the entire
microchannel, the SONICC software was programed to acquire
consecutive images along the microchannel.

Numerical Simulations. COMSOLMultiphysics 4.3 software was
used to quantify the concentrations of both salt ions (Mg2þ and
SO4

2�) and PSI along the microchannel. This was done by
simulating diffusion of all three species within themicrochannel
and reservoir. The device geometry drawn in the software was
an exact replicate of the microfluidic channel system used
experimentally. The Transport of Diluted Species package in-
corporated the diffusion coefficients of both salt ions and PSI
with values presented in the Theory section. The diffusion
coefficients of the ions were obtained from literature measure-
ments in water, and the PSI diffusion coefficient in solution was
estimated from the Stokes�Einstein relationship for a trimer
size of 10 nm.55 The diffusion of each species was then
simulated over several time periods of 3, 6, 10, and 14 days,
which allowed for the transport of the particles to be calculated.
The obtained numerical solution was then used to obtain
concentration profiles of the salt ions and PSI spanning the
entire microchannel at the previously mentioned time points.
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