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T
he importance of studying mem-
brane proteins lies in their ubiquitous
nature, representing 30% of cellular

protein content1 and 70% of drug targets,2

and their functionality as transporters, signal
transductionmediators, and light harvesting
centers as well as electron transfer medi-
ators in photosynthesis,3 among other key
processes.4 Membrane protein structure elu-
cidation has been ridden with obstacles
because of difficulties in forming large crys-
tals necessary for traditional X-ray crystallo-
graphy,5 in part due to the fact that these
proteins are isolated as protein�detergent
micelles.6 While smaller crystals may form
more easily, they are destroyed by the high
dose of radiation necessary to obtain ade-
quate diffraction patterns and therefore can-
not be used to obtain high-quality structure
information by traditional means.7

For these reasons, advancements in X-ray
beam technology have furthered the develop-
ment of new approaches to crystallography
such as femtosecondnanocrystallography8�12

to obtain high-resolution diffraction patterns
from small membrane protein nanocrystals.
Accordingly, X-ray exposure time is reduced
to the femtosecond regime to outrun nano-
crystal X-ray damage so that diffraction

patterns can be obtained before the crystal
is destroyed. Thefirst proof-of-principle experi-
ments for femtosecond nanocrystallography
have been established with photosystem I
(PSI)13 at 8 Å resolution, and more recently,
protein structure determination at atomic re-
solutionhasalsobeenaccomplishedusing this
method.12,14

In order to obtain high-resolution diffrac-
tion patterns from crystals, a well-ordered
crystal is necessary so that the diffracted
signal is void of crystal lattice imperfections.7

Consequently, crystals in the sub-500nmsize
regimeare desired for improved shape trans-
forms, crystal phasing uniformity, and com-
patibility with the beam diameter of the
current state-of-the-art free electron lasers
employed for nanocrystallography as well as
the jetting system used to introduce crystals
to the beam. Variations in crystal size and
shape lead to large amounts of single-crystal
diffraction data, with several hundred thou-
sand images needed for one data set; thus
a monodispersed sample of nanocrystals
with a narrow size distribution could reduce
the amount of data required by an order of
magnitude. Nanocrystals are also desired
for time-resolved studies as diffusion times
of reactants into protein crystals are reduced.
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ABSTRACT Structure elucidation of large membrane protein complexes is still a considerable

challenge, yet is a key factor in drug development and disease combat. Femtosecond nanocrystallo-

graphy is an emerging technique with which structural information of membrane proteins is obtained

without the need to grow large crystals, thus overcoming the experimental riddle faced in traditional

crystallography methods. Here, we demonstrate for the first time a microfluidic device capable of sorting

membrane protein crystals based on size using dielectrophoresis. We demonstrate the excellent sorting

power of this new approach with numerical simulations of selected submicrometer beads in excellent

agreement with experimental observations. Crystals from batch crystallization broths of the huge

membrane protein complex photosystem I were sorted without further treatment, resulting in a high

degree of monodispersity and crystallinity in the∼100 nm size range. Microfluidic integration, continuous sorting, and nanometer-sized crystal fractions

make this method ideal for direct coupling to femtosecond nanocrystallography.
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Obtaining a desired crystal size is difficult due to broad
size distributions resulting from traditional crystalliza-
tion, and moreover, first attempts to isolate nanocryst-
als such as gravitational settling procedures are time-
consuming and result in very low percent recoveries
of desirably sized crystals.15 Here we present, for the
first time, a microfluidic device that can sort and
fractionate a bulk crystal solution to isolate a high yield
of nanocrystals with a narrow size distribution.
The device (Figure 1a) is a microfluidic sorter in

which electroosmosis is responsible for bulk fluid
transport and the selective forces deviating particles
of various sizes are caused by dielectrophoresis (DEP;
see Experimental Section). A constriction is placed in a
wide inlet channel (Figure 1b) to create an inhomoge-
neous electric field, a method known as insulator-
based dielectrophoresis (iDEP).16 This sorter operates
in a continuous mode in contrast to other nano-
particle sorting methods utilizing centrifugation17�19

and filtration.20 The latter methods are also critical for
precious and low abundant protein nanocrystals, as
sample loss and crystal fragmentation may occur.
Other sorting methods employ conjugated21 or che-
mically functionalized nanoparticles21,22 for efficient
separation, yet are invasive to nanocrystallography and
detrimental to downstream applications. Furthermore,
free-flow fractionation methods are suitable to sepa-
rate nanoparticles continuously; however, methods
based on free-flow magnetophoresis23�27 require the
nanoparticle to have magnetic properties and thus
cannot be applied to protein nanocrystals. DEP has
also been previously applied to free-flow fractionation
of nanoparticles,28 has beenminiaturized to themicro-
chip format,29�31 and has been employed to focus
particle streams using microfluidic platforms.32,33

Moreover, the ability to use an iDEP-based sorting design
provides additional benefits compared to electrode-
based microsorters.34�38 Embedding electrodes com-
plicates device fabrication and can lead to electrode
fouling anddamage to sample analytes suchasprecious
protein crystals that need to remain intact during sorting
for further downstream applications.
Several microchannels are employed for operation:

an inlet channel for sample injection and outlet chan-
nels to collect various sorted fractions. A reservoir is
placed at each channel end to extract sorted particles
and place independently controlled electrodes. To
establish an inhomogeneous electric field inducing
iDEP, an insulating material is shaped into a desired
geometry to generate electric field gradients upon
application of an external electric field. We demon-
strate the proof of principle of this novel sorter with
nanometer-sized beads and show that numerical mod-
els accounting for the transport process at the con-
striction are in excellent agreement with experiments.
Furthermore, we applied this sorting mechanism to
crystals of PSI, a large membrane protein complex

consisting of 36 proteins and 381 cofactors.5 These
crystals constitute one of the most challenging sam-
ples for any sorting device, as they are very fragile due
to having a solvent content of 78% and only four salt
bridges acting as crystal contact sites. Yet, we demon-
strate excellent sorting of size-heterogeneous PSI crystal
samples using size characterization methods such as
dynamic light scattering (DLS) and fluorescence micro-
scopy as well as second-order nonlinear imaging of
chiral crystals (SONICC) as a characterization method
for sample crystallinity.

RESULTS AND DISCUSSION

A schematic of the crystal sorter is shown in Figure 1,
providing the overall channel layout (a) as well as the
sorting region (b). The device is 5 mm in total length
with a single inlet channel (I) of 100μmwidth and 12μm
depth, which leads to a series of five outlet channels
(O, outer; MO, mid-outer; and C, center). A small overall
channel length was selected so that high electric field
gradients could be generated with low applied poten-
tials in order to avoid Joule heating effects and sample
destruction. The junction between the inlet and outlets
is a constriction region (Figure 1b) of 30μmwidthwhere
regions of higher gradients of the electric field squared
(rE2) form. This geometry thus evokes DEP forces on

Figure 1. (a) Schematic of the entire sorting device (without
reservoirs for clarity). A single 100 μm inlet (I) channel
is connected to five outlet channels (2 outer channels (O),
2 mid-outer channels (MO), 1 center channel (C)), where
sorted fractions are collected. Positive potential (þHV) is
applied to the inlet and negative potentials (�HV) are
applied to outlets. The total device length is 5 mm. Scale
bar is 1 mm. (b) Zoomed-in schematic of the constriction
region connecting the inlet channel to the outlets. The
100 μm wide inlet converges into 30 μm evoking iDEP.
In (c), areas of high rE2 are shaded, in which the largest
DEP response is realized. Due to negative DEP, particles are
repelled from these areas proportional to their DEP mobi-
lities. Larger particles focus inward toward the center of the
device, as shown by the thicker, solid arrows. Conversely,
smaller particles that experience less FDEP are deflected into
the side outlet channels, as illustrated with the thinner,
dashed arrows. Scale bar is 20 μm.
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nanometer- and micrometer-sized particles streaming
through.39�42 The particles flow through the device
from the inlet to outlets via electroosmosis and upon
entering the constriction region experience a repulsive
DEP force from the high-gradient region inward caused
by negative DEP (nDEP; see also the Experimental
Section), indicated as FDEP in Figure 1c. Larger particles
with greater DEP mobilities (μDEP) experience more
repulsion in this area and are focused into the center
outlet (C), as indicatedby solid, thick arrows. Conversely,
smaller particles with lower μDEP experience less repul-
sion and are able to deflect into the side outlets (O, MO),
as indicated by the thinner, dashed arrows.

Numerical Simulations. Numerical simulations with
two representative bead sizes (90 nm and 0.9 μm)
were performed to model the sorting efficiency and
reveal the influence of DEP on the particle concen-
tration profiles according to details described in the
Experimental Section. In Figure 2a, the concentra-
tion distribution for 90 nm and 0.9 μm beads is shown
when�20 V is applied to all outlet channels (O, MO, C).
Both particle sizes completely deflect into all outlet chan-
nels; thus no sorting occurs. Figure 2b and c represent the
concentration distributions for polystyrene bead sorting
parameters (�60 V center outlet, �20 V other outlets),
with and without DEP considered. In the non-DEP case
(Figure 2b), particles completely deflect into all outlets
similar to the conditions of Figure 2a. However, when DEP
is added (Figure 2c), a focusing effect on the 0.9 μm
particles occurs, as seen by >95% of the initial concentra-
tion in the center outlet and <5% of the initial concentra-
tion in the MO and O outlets. Furthermore, the smaller,
90 nm nanoparticles deflect and are equally distributed
into all outlet channels (>95% concentration). The 90 nm
particles are effectively isolated in the MO and O outlet
channels, thus demonstrating a sorting effect.

These aforementioned simulations provide evi-
dence that DEP plays a significant role in the sorting
process. Moreover, Figure 2d considers a higher nega-
tive potential (<�80 V) focusing both the 90 nm and
0.9 μm particles into the center outlet (>95% concen-
tration) with little deflection into the side outlets (<5%
concentration). The importance of an optimal potential
scheme balancing the flow at the constriction with
the DEP forces is thus substantiated with this series of
simulations. Altogether, numerical modeling demon-
strated that this novel microfluidic sorter provides the
needed flexibility to adjust the potentials in each outlet
channel to optimize the sorting efficiency.

Bead Sorting. The sorting device was subsequently
tested experimentally with 90 nm and 0.9 μm fluores-
cently labeled polystyrene beads with known nDEP
behavior. Beads were suspended in low-conductivity
buffer (15 μS/cm) to obtain ionic strengths similar to
crystallization buffers used with PSI crystals (see below).
Channels were dynamically coated with F108 blocking
polymer to reduce severe adsorption of polystyrene

beads to PDMS channel walls, reduce electroosmotic
flow (EOF),43,44 and avoid clogging due to particle aggre-
gation.45 Bead experiments were initially performed by
applying lowpotentials (�20V to all outlet reservoirswith
þ10 V to the inlet) in order to avoid possible damage to
protein crystals in future experiments. At this potential
scheme, both bead types flowed into all outlet channels
without sorting, which is in agreement with the corre-
sponding simulation for identical potentials (Figure 2a).
To induce focusing, a largernegativepotential (�80Vand
below) was applied to the center outlet, and the outcome
was again in agreement with simulation data (Figure 2d),
as both bead sizes focused in the center outlet channel.
Finally, the optimum sorting condition was found at
approximately�60 V in the center outlet while maintain-
ing�20V in all other outlets. The 0.9μmparticles focused
into the center outlet (Figure 3a), whereas the 90 nm
particles deflected into all outlets (Figure 3b).

Fluorescence intensities of the 90 nm beads in the
outlet channels relative to the inlet channel were

Figure 2. Concentration distributions as obtained from
numerical simulations (for details see the Experimental
Section) of 90 nm and 0.9 μm particles in the microsorter
at various potential schemes (þ10 V inlet in all cases).
(a) �20 V in all outlets shows equal distribution for both
particle sizes. (b) �60 V in the center outlet without DEP
shows deflection of both particle sizes. (c) �60 V in the
center outlet (�20 V in all other outlets) with DEP shows
focusing of 0.9 μm particles, whereas 90 nm particles
completely deflect. Panels (b) and (c) indicate the impor-
tance of DEP in the sorting mechanism. (d) Increasing the
potential in the center outlet to highly negative values
(below �80 V) can focus both particle sizes, indicating the
importance of an optimal potential scheme. The color
legend represents the concentration normalized to the inlet
concentration. Scale bar is 100 μm.
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analyzed, and 0.9 μm beads were counted since they
are large enough to be imaged individually. An almost
equal distribution of 90 nm beads was found in all
outlet channels, whereas 90% of the 0.9 μm beads
focused into the center outlet (Figure 3c). This result is
thus in excellent agreement with simulations shown
previously in Figure 2c. We attribute this sorting phe-
nomenon to an optimum DEP condition acting on
the two bead sizes focusing the larger particles while
allowing smaller particles to disperse into the side
outlet channels (MO and O). Four trials were further
analyzed to determine the sorting efficiency as a per-
centage defined by the ratio of concentration in the
deflected solution versus the initial concentration.
Figure 3c indicates that a sorting efficiency of >90% is
achieved for the 90nmbeads in theO andMOchannels.
For the 0.9 μm beads, a sorting efficiency of 90% in the
center (C) outlet is observed. Additionally, because of an
equal distribution of smaller, 90 nm particles into all
outlets, 80% recovery of these particles is obtained since
four of the five outlets contained the smaller, 90 nm
particles at approximately the same concentration.
These results indicate high recovery of the 90 nm beads

with negligible dilution, which is ideal for nanocrystallo-
graphywhere the smaller particle size range is targeted.
Movies showing the behavior of the two bead sizes
under the conditions of Figure 3 are provided in the
Supporting Information (Videos S-1 and S-2).

Photosystem I Experiments. PSI crystals were prepared
and suspended in a low-salt MES buffer containing the
detergent β-DDM, which forms protein�detergent
micelles that mimic the natural lipophilic membrane
environment tomaintain protein stability and solubility.
Interestingly, crystal adsorption to noncoated PDMS
channels was insignificant in preliminary experiments.
Consequently, the native protein crystallization buffer
was used to maintain the optimum environment for
crystal stability during all sorting experiments, and a
channel coating agent was not employed. The proce-
dure to sort crystals was similar to that of the beads;
however, lower potentials were used because EOF
velocity increases in native PDMS channels.43 Optimal
sorting was achieved with �45 V applied to the center
outlet,�20 V to the side outlets, andþ10 V to the inlet,
whereby larger crystals migrate toward the center
channel and smaller crystals deflect into the MO and
O side outlet channels. A fluorescence microscopy
snapshot under these conditions is shown in Figure
4a, and a movie of this process is available in the
Supporting Information (Video S-3). This potential
scheme was appropriate under the low ionic strength
conditions of PSI; however, this scheme can be adjusted
to achieve an effectiveDEP response fromprotein crystals
that are stable at high ionic strength, if required.

Unlike the simple two-sized beadmodel, the crystal
bulk solution contained a large size distribution, making
it difficult to determine the crystal sizes being sorted
into the side channels via fluorescence microcopy.
We thus utilized DLS to characterize sorted PSI crystal
fractions.46 Figure 4b�d showDLSmeasurements in the
form of intensity heat maps for the inlet bulk solution,
the combined deflected solutions, and the center outlet
solution, respectively. As expected, the bulk solution
had a wide size distribution with particle radii ranging
from∼80nmto∼20μm.Thecenteroutlet showsa similar

Figure 3. (a) Fluorescence microscopy snapshot showing
the 90 nm beads distributed in all outlet channels when
�60 V is applied to the center outlet (�20 V to all other
outlets). (b) Fluorescencemicroscopy snapshot of the 0.9 μm
beads focusing at the same potential scheme as in (a). Scale
bar is 50 μm. (c) Quantified particle distributions in each
outlet channel for both particle sizes as measured by fluo-
rescence intensity for the 90 nmbeads and particle counting
of 0.9 μm beads (see Experimental Section for details). A
relatively equal distribution is seen for 90 nmbeads, whereas
90% of the 0.9 μm beads focus into the center outlet. Error
bars represent the standard deviation.

Figure 4. (a) Fluorescence imageof PSI crystal sorting. Large crystals are shown focusing in the center of the device, and smaller
particles (as indicated by bulk fluorescence) are deflected into side outlet channels. Scale bar is 50 μm. (b) DLS heat map of the
bulk crystal solution injected into the inlet and (c) of the center outlet focused solution. In (b) and (c), a broad size distribution is
determined ranging from approximately 80 nm to 20 μm. (d) DLS heatmap of the solution deflected intoO andMO side outlets
from the same experiment showing a narrower size distribution of fractionated nanocrystals around 100 nm in size.
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distribution since particles of all sizes flowed into the
center outlet. More importantly, the deflected solutions
contained nanocrystals with a size range of∼80�200 nm,
indicating excellent selectivity for the desired size range
below 500 nm. It is also worth noting that a DLS signal
from the PSI trimer that is ∼10 nm in size47 is absent,
indicating the crystals did not dissociate during sorting
and that the sorted solution is mainly PSI crystals. The
proposed dielectrophoretic sorter for nanocrystals thus
proved suitable to sort PSI nanocrystals in a size range
preferred for femtosecond nanocrystallography. This is
a vast improvement over low-yielding settling procedures
to isolate nanocrystals from protein crystallization trials of
PSI that are currently the only method available to safely
harvest nanocrystals.

For complete compatibility with current nano-
crystallography instrumentation,48 a sample volume
of >250 μL is required. Thus, higher throughput capa-
bilities of our device were tested with multiple PSI
sortingexperiments (seeExperimental Section fordetails).
To improve the flow rate through the device by a factor
of 3, a different potential scheme was utilized. Increasing
the inlet and center outlet potentials toþ60 V and�60 V,
respectively, while decreasing the MO and O side outlet
potentials to �5 V facilitated sorting at higher flow rates
(3 μL/h). To analyze whether this new higher throughput
scheme could actually provide a high volume of frac-
tionated nanocrystals, the deflected solutions were ex-
tracted frommultiple experiments toattaina total volume
of 300 μL of deflected solution.

Fluorescence microscopy images of the inlet and
center outlet reservoirs can be seen in Figure 5a and b.
To quantify the sorting efficiency, an imaging thresh-
old analysis was performed to count particles present
in the image frame, as DLS is not suitable to quantify
larger particle sizes and highly polydispersed samples.
As expected, both solutions contain a large variation
in crystal size. Figure 5c and d show histogram dis-
tributions of the crystal radii obtained from two image
frames of the inlet and center outlet reservoirs. Parti-
cles with radii as large as 20 μmwere detected in these
solutions, which is in agreement with the DLS analysis
of the low-throughput experiments. Particles in the
low micrometer range were present in the largest
numbers, indicating their focusing into the center
outlet (no deviation into the MO and O outlets).

Images of the deflected solution in the outlet
reservoirs highly contrasted that seen in the inlet and
center outlet reservoirs. As illustrated in Figure 6a, the
majority of particles in the reservoir consisted of sizes
below the optical resolution limit, indicating that
nanocrystals were the major component of this solu-
tion. Furthermore, because of the higher concentration
of crystals obtained from the high-throughput experi-
ment, second-harmonic generation imaging analysis
could be used to verify crystallinity. This analysis is
important to verify the crystalline content of the sorted

solution after the crystals were subjected to an electric
field. Second-harmonic generation via SONICC was uti-
lized due to its powerful imaging capability to exclusively
detect protein crystals while not producing signal for the

Figure 5. (a) Fluorescence image of the inlet reservoir and
(b) of the center outlet reservoir solution after sorting a
highly polydispersed, larger volume sample (þ60 V inlet,
�60 V center outlet,�5 VMO andO side outlets). Scale bars
are 50 μm. In (c) and (d) a histogram of the size distribution
froman imaging threshold analysis is shown inwhich awide
range of particle sizes from 800 nm to 20 μm are detected
for both the bulk and center outlet solutions. The lower limit
of detection for this method is 800 nm; therefore, nano-
crystals below 800 nm could not be individually resolved.

Figure 6. (a) Fluorescencemicroscopy imageof the solution
in the O outlet reservoir containing the deflected solution
(same experiment as Figure 5). As observed, very few
particles can be individually resolved compared to the bulk
and center outlet reservoirs shown in Figure 5, indicating a
high content of nanocrystals. Scale bar is 50 μm. (b) SONICC
image of the high-volume sample indicating crystallinity of
the sample after having passed through the sorting device,
as indicated by the second-harmonic generation signal
observed. (c) DLS heat map of the deflected solutionmainly
containing nanocrystals (∼60�300 nm) with a small con-
tribution from microcrystals. (d) Histogram of the DLS
measurement: Themajor peak represents crystals with radii
of 100 ( 30 nm, and an overall distribution shows a radii
range of ∼60�300 nm. A small contribution by microcrys-
tals of ∼1 μm in size is also seen here.
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trimer or themajority of salt crystals.49,50 Figure 6b shows
the resultingSONICC imageof adroplet of sorted crystals,
which indicates non-centrosymmetric ordered crystals in
the solution and thus verifies that crystallinity is main-
tained during the sorting process.

To analyze crystal size in the large-volume deflected
solution, DLS was again used. Figure 6c shows the
DLS heatmap of the deflected solution, and Figure 6d
shows a histogram of particle radius with respect
to counts for the corresponding DLS run. The major
peak corresponds to a 100( 30 nm radius, and a slight
increase in the overall radius distribution compared to
the lower throughput sorting (Figure 4) is observed with
an overall radius distribution of∼60�300 nm and a small
contribution fromparticles with radii of∼1 μm. The slight
broadeningof themainpeakcouldbedue to theduration
of the experiment and the equilibrium between the
crystal and surrounding solutionwhereproteinmolecules
are gained and lost over time, causing larger crystals
to form at the expense of smaller crystals. This “high-
throughput” experiment demonstrates the capability of
this novel microfluidic sorter to provide large (∼300 μL)
volumes of fractionated nanocrystals without consider-
able dilution in the side channels. Moreover, the size
distribution remains narrow andwithin the realm desired
for femtosecond nanocrystallography.

CONCLUSIONS

We demonstrated a novel sorter for nanoparticles
and large membrane protein complex crystals realized
within amicrofluidic device employing DEP. Numerical
simulations of the sorting device first demonstrated its
suitability for particle sorting of solutions containing
submicrometer particles. Optimal conditions for poly-
styrene bead sorting revealed in numerical modeling
were in excellent agreement with experimental results
employing 90 nm and 0.9 μm beads. Applying similar
conditions in low-conductivity buffer to PSI crystals
demonstrated that nanocrystals of∼100 nm in size can
be isolated from a bulk solution containing a broad

crystal size range. Even when multiple experiments
were performed to provide a large volume of sorted
sample, the process was reproducible and resulted in
a large volume (∼300 μL) of fractionated nanocrystals
(∼60�300 nm). This volume is in the range typically
required for nanocrystallography experiments, and we
haveapplied for beamtime to test the sortedPSI crystals
at the Linac Coherent Light Source. Furthermore, PSI
remained crystalline as it passed through the sorting
system, as confirmed by second-harmonic generation
imaging. The flexibility of this device thus allows fine-
tuning for optimal separation of delicate particles such
as protein crystals even in the demonstrated case of
fragile, PSI nanocrystals exhibiting high solvent content.
In the future, isolated nanocrystals extracted from

the presented microfluidic chip can be delivered to
femtosecond nanocrystallography experiments for
membrane protein structure determination. The de-
scribed method represents a relatively simple micro-
fabrication method, comprised of elastomer molding
procedures, and can thus be seamlessly used in crystal-
lography laboratories. Applied potentials are below
100 V and can be provided through readily available
voltage sources. Furthermore, for protein crystals in
high ionic strength buffers, experimental parameters
(i.e., electric potentials) can be adjusted to improve the
DEP response, or in more extreme cases, the device
design can be tailored to accommodate a given DEP
characteristic. We thus expect our method to be easily
applied to a large variety of protein crystals and to be
highly relevant to the endeavor of protein structure
determination via nanocrystallography. Besides reservoir
recovery, the employed microfabrication method could
also be directly coupled to a similarly fabricated nozzle51

to deliver crystals for femtosecond nanocrystallography.
These optimal samples would aid in improving the effi-
ciency of protein crystallography afforded by this new
technology, enabling structure elucidation and a new
understanding of many proteins with unknown struc-
tures that catalyze key functions in biology.

EXPERIMENTAL SECTION

Numerical Simulations. To evoke DEP52 in the nanocrystal
sorting device, electric field gradients (rE) are created at the
constriction region as demonstrated in Figure 1c. The dielec-
trophoretic force, FDEP, acting at the constriction region is given
by eq 1:53

FDEP ¼ 2πr3εmRe[fCM]rE2 (1)

where r is the particle radius, εm is the medium permittivity, and
fCM is the Clausius�Mossotti factor. The dependency of FDEP on
r is exploited to sort particles by size within the microfluidic
device. The sign of the DEP force is governed by fCM, which
under direct current (dc) conditions is defined by the medium
and particle conductivities, σm and σp:

54

Re[fCM] ¼ σp � σm

σp þ 2σm
(2)

For the polystyrene beads employed in the modeling study
as well as proof-of-principle experiments, σp was considered
negligible;30 therefore fCM is negative and nDEP prevails, in
which particles experience more repulsion from regions with
higher rE2.

Two particle sizes (90 nm and 0.9 μm) representative of the
polystyrene bead experiments were modeled using Comsol
Multiphysics 4.3. The DEP component was accounted for by the
DEP velocity (uDEP) and mobility (μDEP):

29

uDEP ¼ �μDEPrE2 ¼ � r2fCMεm
3η

rE2 (3)

Considering a fCM of �0.5, μDEP values for the 90 nm and
0.9μmparticleswere calculated to be�1.05� 10�21 and�1.05�
10�19 m4/V2 3 s, respectively. A 2 orders of magnitude difference is
apparent, reflecting the greater DEP response from the larger
particles. In the case where no DEP contribution was considered,
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μDEP was set to zero. Additionally, the electrokinetic (EK) compo-
nent was accounted for by the electrokinetic velocity (uEK) and
mobility (μEK):

uEK ¼ μEKE ¼ [μEO þ μEP]E (4)

where μEO is the electroosmoticmobility, μEP is the electrophoretic
mobility, and E is the electric field strength. Because polystyrene
particles are large and exhibit negligible surface charge, the elec-
trophoretic component is considered small compared to the
electroosmotic mobility.55 Thus, μEP was neglected and a μEO of
1.5� 10�8m2/V 3 s, as previously determined in similar devices and
buffer conditions,43 substituted for μEK.

Diffusion coefficients, D, for each particle size were calcu-
lated using the Stokes�Einstein equation, resulting in values
of 4.9 � 10�12 and 4.9 � 10�13 m2/s for the 90 nm and 0.9 μm
particles, respectively. Concentration profiles were obtained
by computing the total flux, J, incorporating DEP, EK, and
diffusion:56

J ¼ �Drcþ c[uEK þ uDEP] (5)

The system was solved at steady state; therefore,

Dc
Dt

¼ r 3 J ¼ 0 (6)

The device geometry drawn in the software was an exact
replicate (sans reservoirs) of the microfluidic channel system
used experimentally. The solution conductivity used for all
simulations was 15 μS/cm, and applied potentials were þ10 V
in the inlet (I),�20 V in the side outlets (MO and O), and ranged
from �20 to �80 V in the center outlet (C). The Transport of
Diluted Species package incorporated the μDEP and D for each
particle size using the values presented above. The numerical
model was solved for the electric field and creeping flow driven
by EOF, which allowed for the transport of the particles to
be calculated. With this modeling framework, concentration
profiles were acquired for the constriction region and surround-
ing channel sections as shown in Figure 2 and discussed in the
Results and Discussion section.

Materials and Chemicals. SU-8 photoresist was purchased
from Microchem, USA. N-Dodecyl-beta-maltoside (β-DDM)
was from Glycon Biochemicals, Germany. 2-(N-Morpholino)-
ethanesulfonic acid (MES), 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES), and poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (brand name
Pluronic F108) were from Sigma-Aldrich, USA. Fluorescently
labeled polystyrene beads (1% w/v in aqueous suspension) with
diameters of 90 nm (“pink”, Ex: 570 nm, Em: 590 nm) and 0.9 μm
(“yellow”, Ex: 470 nm, Em: 490 nm) were obtained from Sphero-
tech, USA. Polydimethylsiloxane (PDMS) (Sylgard 184) was from
Dow Corning, USA, and glass microscopy slides were purchased
from Fisher Scientific, USA.

Device Fabrication. The microfluidic sorter was fabricated
using standard photolithography and soft lithography as re-
ported previously.42 Briefly, AutoCAD software (Autodesk, USA)
was used to design the sorting structure, which was transferred
to a chrome mask (Photosciences, USA). The mask was then
used to create a silicon master wafer by patterning structures
with the negative photoresist SU-8 via photolithography em-
ploying suitable exposure and developing steps. A PDMS
mold was cast using the master wafer as a template in which
the negative relief of the structure formedmicrochannels in the
polymer. The complete device structure was removed from
themold, and reservoirs were punched at the channel ends. The
PDMS slab was then irreversibly bonded to a glass microscope
slide using oxygen plasma treatment to create a sealed channel
system.

Photosystem I Crystallization. PSI was purified and crystallized
as previously described.15 Briefly, PSI trimers isolated from the
cyanobacterium Thermosynechococcus elongatuswere comple-
tely dissolved in 5 mM MES buffer containing 0.02% β-DDM
and a high concentration of MgSO4 (typically 100�150 mM) at
pH 6.4. Nucleation is induced by depleting the salt concentra-
tion via the dropwise addition of MgSO4-free buffer to achieve
a final salt concentration of 6 mM MgSO4. The concentration of

protein in this low ionic strength solution is then slowly
increased to a chlorophyll concentration of 10mM, correspond-
ing to a protein concentration of 35 μM PSI trimer, and the
solution is allowed to incubate overnight for crystallization to
occur. The crystals are then subjected to several washing steps
with buffer containing 3 mMMgSO4 and suspended in MgSO4-
free buffer containing 5 mM MES and 0.02% β-DDM (pH 6.4).

Sorting Experiments. For polystyrene bead experiments, 5 μL
of 20 mM HEPES/1 mM F108 buffer (pH 5.1) was added to the
outlet reservoirs to fill channels via capillary action. Polystyrene
beads of 90 nm (size confirmed byDLS) and 0.9 μmwere diluted
and mixed in the same buffer and sonicated to create homo-
geneous dispersions. The 1% stock solution was used at a final
dilution of 1:2000 (0.9 μm beads) and 1:1000 (90 nm beads).

For PSI experiments, crystals were suspended in their
MgSO4-free crystallization buffer (5 mM MES, 0.02% β-DDM
detergent, pH 6.4). Platinum wire electrodes were placed in all
reservoirs, and electrodes from a multichannel dc voltage
source (HVS448, Labsmith, USA)were connected. A 5 μL amount
of particle/crystal suspension was added to the inlet reservoir,
and Labsmith Sequence software (ver. 1.15, Labsmith, USA) was
used to manually control each electrode voltage indepen-
dently. Sorting experiments were generally run for 30 min
during method development and testing. In addition to single-
run, small-volume experiments, a scale-up sorting experiment
was performed with PSI to attain a total sorted sample volume
of 300 μL. In this case, the small-volume sorting experiment
was performed 15 times at 3 h durations per run to obtain
a total of 300 μL of sorted nanocrystals from the MO and
O reservoirs (see Figure 1).

Imaging of polystyrene beads was performed using a
fluorescencemicroscope (IX71, Olympus, USA) with a dual band
filter set (GFP/DsRed, Semrock, USA) to narrow the fluorescence
excitation and emission to that of the bead fluorophores. The
filter set contained a 468/34�553/24 nm exciter, 512/23�630/
91 nm emitter, and 493�574 nm dichroic. An attached optical
beamsplitter (Optosplit, Cairn Research, UK) containing 510/
20 nm and 655/40 nm emission filters and a 580 nm dichroic
mirror (Semrock, USA) was used to separate the fluorescence
signal from each bead type into its own frame using a single b/w
CCD camera (iXon, Andor, UK). Imaging of PSI crystals was
performed using fluorescence microscopy with a microscope
filter set containing a 470/40 nm excitation filter, 580 nm
dichroic mirror (Semrock, USA), and a 690/70 nm emission filter
(Chroma, USA). The optical beamsplitter was not employed for
crystal sorting experiments. Micro-Manager (ver. 1.4, UCSF, USA)
and ImageJ (ver. 1.46, NIH, USA) software were used for image
acquisition, processing, and analysis.

Sample Analysis. For polystyrene beads, 90 nm bead data
were analyzed using fluorescence intensity in microchannel
sections due to resolution limits of these smaller beads. Bead
concentrations in each outlet channel were determined by
comparing the fluorescence intensities of the outlet channels
to that of the inlet channel. For 0.9 μm bead data, the Image J
particle tracking plugin was used to count particles in the outlet
channels for quantitative analysis.

For PSI small-volume experiments, DLS (Spectro Size 302,
Molecular Dimensions, USA) was used to analyze reservoir
solutions and determine particle size distributions. After sorting
crystals for approximately one hour, reservoir solutions were
extractedwith a transfer pipet and stored at 4 �C. A 3μL hanging
droplet was set up in a 24-well crystallization plate and aligned
to the DLS laser until a response signal was obtained. Each
sample was subjected to 10 consecutive measurements lasting
30 s, which were combined into intensity heat maps. For the
large-volume PSI experiments, DLS and second-harmonic gen-
erationmicroscopy imaging via SONICC (Formulatrix, USA)were
performed on the sorted solution to confirm nanocrystal isola-
tion and postsorting integrity of protein crystals, respectively.
To quantify crystal sizes in the center outlet reservoirs, an
imaging threshold analysis was further performed to count
particles present in the image frame. The image frame dimen-
sions in pixels were scaled to micrometers, and areas were
obtained for each of the traced particles to calculate particle
radius, assuming a spherical geometry. The lower limit of
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detection for thismethodwas approximately 800 nmdue to the
inability to differentiate smaller particles.
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