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Compared with batch and vapor diffusion methods, counter diffusion can
generate larger and higher-quality protein crystals yielding improved diffraction
data and higher-resolution structures. Typically, counter-diffusion experiments
are conducted in elongated chambers, such as glass capillaries, and the crystals
are either directly measured in the capillary or extracted and mounted at the
X-ray beamline. Despite the advantages of counter-diffusion protein crystal-
lization, there are few fixed-target devices that utilize counter diffusion for
crystallization. In this article, different designs of user-friendly counter-diffusion
chambers are presented which can be used to grow large protein crystals in a 2D
polymer microfluidic fixed-target chip. Methods for rapid chip fabrication using
commercially available thin-film materials such as Mylar, propylene and Kapton
are also detailed. Rules of thumb are provided to tune the nucleation and crystal
growth to meet users’ needs while minimizing sample consumption. These
designs provide a reliable approach to forming large crystals and maintaining
their hydration for weeks and even months. This allows ample time to grow,
select and preserve the best crystal batches before X-ray beam time. Impor-
tantly, the fixed-target microfluidic chip has a low background scatter and can be
directly used at beamlines without any crystal handling, enabling crystal quality
to be preserved. The approach is demonstrated with serial diffraction of
photoactive yellow protein, yielding 1.32 A resolution at room temperature.
Fabrication of this standard microfluidic chip with commercially available thin
films greatly simplifies fabrication and provides enhanced stability under
vacuum. These advances will further broaden microfluidic fixed-target utiliza-
tion by crystallographers.

1. Introduction

X-ray crystallography has been the primary method for
protein structure determination for several decades. Light-
source facilities, such as synchrotrons and X-ray free electron
lasers (XFELs), provide a wide range of beam energies and
pulse durations to accommodate various crystallography
experiments. XFELs are especially powerful due to their high
intensity and ultrashort X-ray pulses, allowing for efficient
diffraction data collection from small crystals on a ‘diffract
before destroy’ basis (Aquila et al., 2012; Patterson, 2014).
However, access to these powerful XFELs is limited, as they
are highly over-subscribed. The recent development of a
compact XFEL (CXFEL), a room-sized facility at much lower
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cost, will increase access to ultrashort pulses for more
researchers and institutions (Rosenzweig et al., 2020; Malin et
al., 2018). However, the CXFEL has a much lower brilliance
compared with XFELs, making it more suitable for repetitive
measurements on a large protein crystal, instead of merging
diffraction from numerous tiny individual crystals with serial
crystallography approaches like at traditional XFEL beams.
Likewise, synchrotron beamlines can benefit from large and
high-quality crystals for improved diffraction data (Clegg,
2019).

The three main crystal sample-delivery methods for X-ray
facilities are fixed targets, liquid and lipid cubic phase (LCP)
injectors, and tape drives (Hunter et al., 2014; Weierstall et al.,
2014). Liquid jets and tape drives involve pumping crystal
slurries, which can lead to challenges such as crystal clogging
and difficulties in controlling the size of the slurry stream or
droplet, as well as high consumption of crystal slurry (Konold
et al., 2023; Zielinski et al., 2022). These methods are not
suitable for large crystals. While LCP injectors provide more
control and protection for membrane crystals with little
sample waste, the resolution can be limited. In contrast, fixed
targets are robust and flexible. They can handle large and
small crystals, are compatible with LCP samples, minimize the
need for manual intervention, offer more options for sample
storage, and can be customized to match specific beamline
requirements including vacuum operation.

By controlling nucleation and promoting crystal growth,
counter diffusion is a technique known for producing larger
and higher-quality crystals than batch and vapor diffusion
methods (Otalora et al., 2009). Protein crystallization involves
controlled manipulation between supersaturated, meta-stable
and stable phase states. By adjusting temperature and
concentration, the system is guided through the phase diagram
to form and grow crystals. While supersaturation is necessary
for initiating crystallization, straying too far from equilibrium
can result in very small crystals with a high level of impurities.
To cultivate large high-quality crystals, it is vital to regulate the
driving forces to ensure a gradual and consistent supply of
essential masses at the crystal-growth front, as well as keeping
the dynamic equilibrium of the system. Since complete control
over kinetics in a protein-crystallization setup is unattainable
(Petsev et al., 2003), most efforts focus on reducing convective
mass transport in the system so that diffusion of proteins and
precipitating agents dominates. Rather than inducing nuclea-
tion by rapidly hitting supersaturation through vigorously
mixing proteins and precipitating agents like in batch or vapor
crystallization methods, diffusion-controlled transport gradu-
ally introduces the precipitating agent. Controlling mass
transport and aggregation kinetics is crucial in counter-
diffusion setups (Ng et al., 2003; Garcia-Ruiz, 2003; Otalora et
al., 2009).

To grow large crystals, one would ideally design a system
with pure diffusion, which can be approached in a micro-
gravity environment (Zegers et al., 2006) or by using other
approaches that minimize convection and gravity effects such
as high-sample-viscosity solutions (Tanaka et al, 2022),
hydrogels (Gavira et al., 2020), capillaries (Maes et al., 2006)

and microfluidic devices (Hansen et al., 2002; Dhouib et al.,
2009). These approaches are used in counter diffusion to
maintain low nucleation rates and slow crystal growth, thereby
enhancing crystal quality. Nevertheless, many successful
counter-diffusion setups still involve harvesting crystals or
collecting data through thick glass capillaries (Kober et al.,
2023; Gonzalez-Ramirez et al, 2017; Kurz et al., 2012).
Counter diffusion in fixed-target chips allows in situ crystal-
lization and beamline measurements in a single device. Saha et
al. (2023) fabricated an entire chip with SU-8 and utilized
centrifuge loading to efficiently set up counter-diffusion trials.
A microfluidic device called ChipX (de Wijn et al., 2021) also
utilized counter-diffusion techniques to grow crystals in situ in
a microfluidic chip for serial crystallography measurements
with separated crystallization buffer channels and a conve-
nient single inlet for the protein solution. However, these
chips have relatively thick polymer windows that the X-ray
beam must pass through, resulting in high background and
lower resolution. Furthermore, these chip designs require
expensive microfabrication steps that limit design flexibility.

In this work, we present a microfluidic chip and counter-
diffusion methods that offer a cost-effective and reliable
method for producing large crystals and preserving their
hydration for extended periods, lasting weeks or even months.
This extended sample stability allows ample time for users to
grow, select and preserve the best crystal batches prior to their
beam time. Furthermore, the microfluidic chip containing the
grown crystals can be directly used for measurements without
requiring further manipulation, making it very convenient to
use a single device for both crystallization and X-ray diffrac-
tion measurements, thereby maintaining crystal quality. The
microfluidic chip has been previously demonstrated to yield
low background, and high-quality diffraction data were
obtained (Liu et al., 2023). Here, we demonstrate counter-
diffusion crystallization under various conditions using lyso-
zyme and measurements of high-resolution low-background
diffraction with photoactive yellow protein (PYP). We also
detail some simple modifications to improve vacuum stability
and rapid fabrication using commercially available X-ray
compatible polymer films. The chip’s user-friendly nature and
ability to store the best batches for weeks, and the ease of
handling fixed-target chips, will be valuable additions to the
toolkit of structural biologists.

2. Experimental setup

Cyclic olefin copolymer (COC; TOPAS Advanced Polymers
Grade 6017, Tg = 170°C) was purchased from Polysciences
Inc., USA. Polyvinyl alcohol (PVA) was purchased from
Sigma—Aldrich (Product 363170). Sec-butylbenzene (99.0%,
TCI America, catalog No. B0714500ML) was used as the
solvent to dissolve the COC. Mylar window film (3 pm, EW-
04575-98, Spex BoPET XRF Window Film) was purchased
from Cole-Parmer. Ultrathin Kapton HN polyimide (5 pm)
was purchased from PolyK. Kapton S0EN thin film of 12.5 pm
was purchased from DuPont. As a supporting frame material,
1 mm-thick transparent polymethyl methacrylate (PMMA)
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sheets (SimbaLux, 5” x 7”) were purchased from Amazon.
Double-sided acrylic adhesive was purchased from Adhesives
Research (ARcare 92712) and adhesive transfer tape was
purchased from 3M (F9460PC). Storage chambers were cut
from 18" x 24”7 x 0.093 (3/32)" clear acrylic sheets from
OPTIX, purchased from the Home Depot. Clear silicone
rubber gasket sheet (LMS, 12”7 x 19.7” x 1/25") and Weld-On
4 acrylic adhesive were purchased from Amazon. Chicken
egg-white lysozyme (catalog No. L6876) was purchased from
Millipore Sigma (St Louis, Missouri, USA). Pluronic F-127
was purchased from Sigma-Aldrich (P2443) to make hydro-
gel. PYP was purified and provided by Srinivasan Muniyappan
and Marius Schmidt at the University of Wisconsin—
Milwaukee, on the basis of the work of Tenboer et al. (2014),
Kort et al. (1996), Imamoto et al. (1995), Borgstahl et al. (1995)
and Meyer (1985).

2.1. Chip and chamber fabrication

As described in our recent publication (Liu et al., 2023), the
microfluidic chip is assembled from four different polymer
layers, as shown in Fig. 1. The enclosed X-ray imaging areas
can be made from pre-fabricated thin films such as Mylar,
Kapton or COC [Fig. 1(a), layer 3]. Our work has primarily
used 2-3 pm COC thin films due to their low background
scatter and high stability during XFEL measurements (Liu et
al., 2023). Commercial Mylar and Kapton thin films improve
vacuum compatibility but are not suitable for XFEL
measurements (Doak et al., 2018; Lee et al., 2019; Murray et al.,

(@

Crystal clear tape —-

protective layer - Layer 1
PMMA frame —
with adhesive Layer 2
COC thin-film —
thickness 2-5um Layer 3
Adhesive spacer —»
thickness 25-150um Layer 4
“sample channel”
Symmetric Layer 3
construction
(Layers 1-3) s
._>-
- Layer 1

Figure 1

2015). The COC thin films were prepared by spin-coating
solutions of COC onto silicon wafers (Liu et al., 2023; Gu et al.,
2023; Gilbile er al, 2021). The solutions were prepared by
dissolving 15 wt% COC in sec-butylbenzene at 120°C over-
night or until fully dissolved. Control over film thickness from
500 nm to 5 um is possible depending on the spin speed and
solution concentration. To improve the delamination of the
COC thin film from the silicon wafer, a water-soluble sacrifi-
cial layer of 9 wt% PVA in Milli-Q water was first spun onto a
clean UV-ozone-treated silicon wafer before COC film
deposition. A 15 min UV-ozone treatment was used to
improve the surface wettability of the silicon wafer. The PVA
sacrificial layer was baked on a hotplate at 120°C for a few
minutes to evaporate residual water. Afterwards, warm COC
solution (>80°C) was spun on top of the dried PVA layer at
1000 r min~" for 60 s to obtain a 2-3 pm-thick film. The thin
film was supported by a stiff PMMA frame. A piece of double-
sided adhesive transfer tape was attached to the PMMA sheet
before laser cutting. After laser cutting, the adhesive backing
was removed and the laser-cut PMMA frames [Fig. 1(a), layer
2] were adhered to the silicon-wafer-supported COC film to
create a half-chip. The wafer with attached frames was then
placed in water to release the half-chip. Scoring with a razor
after applying layer 2 dramatically decreases the time for film
release. Afterwards, a laser-cut spacer [Fig. 1(a), layer 4] was
attached to one of the half-chips. Before assembling the two
half-chips to make a complete chip, the inlet holes are punc-
tured with tweezers. The chips can be prepared months in
advance. Placing a weight on top of the assembled chips

(b

Tmm acrylic—~

Tmm silicon gasket —~::

Chip
2.4mm acrylic —~

Tmm acrylic—~

(a) A schematic drawing of the all-polymer fixed-target chip construction layers, adapted from Gu et al. (2023) with the permission of AIP Publishing.
There are two crucial features of the design. First, a CO, laser is used to cut the adhesive spacer that controls the sample thickness (layer 4) and the thick
supporting PMMA frame with double-sided adhesive on one side (layer 2). These layers establish the geometry of the fixed-target chip. The thin films
that enclose the sample and through which the X-ray beam passes (layer 3) can be fabricated out of various polymer thin films. The system is completely
tailorable to meet user sample and beamline requirements. Layer 1 is a removable protective cover layer of Crystal Clear tape that prevents window film
damage and sample dehydration. (b) A 3D schematic drawing of a fixed-target chip in the customized acrylic storage chamber. The chamber design
allows for direct imaging during crystallization without having to open the chamber. The indent on the acrylic chamber was designed to snugly fit the chip
to minimize the free volume that the sample must equilibrate with. Less than 1% sample volume/weight change is needed to equilibrate between 0 and

100% relative humidity conditions (Gu et al. 2023).
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overnight can improve the adhesive seal between the various
layers after assembly.

To use the chip, a sample is simply pipetted into an
assembled chip or loaded prior to adhering the two chip halves
for vapor-diffusion, microbatch or counter-diffusion crystal-
lization. For vapor diffusion, the entire chip can be placed into
a controlled environment for crystallization. In the case of
microbatch crystallization, after loading the sample(s), a piece
of removable Crystal Clear tape [Fig. 1(a), layer 1] is placed
over the PMMA frames, covering the entire window and the
inlets without touching the thin film on the window. This setup
protects the samples from dehydration. The tape can be easily
removed with a razor immediately before mounting the
sample at the beamline, exposing the X-ray imaging windows
while keeping the inlets covered during the measurements
(Liu et al., 2023; Gu et al., 2023; Gilbile et al., 2021).

The various counter-diffusion setups [Fig. 1(b)], which also
serve as storage chambers, were designed to be compatible
with our all-polymer microfluidic chips [Fig. 1(a)]. The
customized acrylic chambers were fabricated by laser-cutting
clear acrylic sheets and a silicone rubber gasket layer. The
chamber was designed to snugly fit the chip dimensions,
minimizing the volume equilibrating with the solution in the
microfluidic channel [Fig. 1(b)]. Minimizing the free volume
around the chip minimizes the volume that the chip will
equilibrate with during long-term storage, resulting in <1%
hydration change from 0 to 100 relative humidity. For a 1”7 x
1” chip with 1 mm acrylic support on both sides, a piece of
24 mm acrylic was glued onto a 1 mm piece to form the
bottom half of the chamber. Then the chamber with the chip
was covered with precut silicone rubber gasket sheet and
acrylic sheet to form a convenient reusable seal. The entire
assembly can be sealed by cutting through-holes in the acrylic
sheets and using nuts and bolts or, more simply, with binder
clips. The chamber design allows for direct imaging during
crystallization without having to open the chamber. Addi-
tional information about the storage chamber can be found in
the supporting information.

2.2. Rapid test chip fabrication with commercial thin-film
windows (layer 3)

For testing and screening conditions, it is not necessary to
fabricate ultra-thin COC window films. Moreover, to improve
vacuum compatibility, Kapton FN or Mylar is preferred over
COC. Commercially available COC, Mylar, Kapton, propyl-
ene etc. are inexpensive as thicker premade films from sources
such as Chemplex Industries Inc., Malvern Panalytical and
Cole-Parmer (previously SPEX). Kapton films that are 12.5 or
25 um in thickness are relatively stiff and much easier to
handle than 5 pm films (or thinner) used for diffraction
measurements. Scalpels or sharp scissors can be used to cut
windows [Fig. 1(a), layer 3]. Mylar and polypropylene films are
much more flexible. We have found that taping the thin film to
a smooth surface is an easy method to remove wrinkles over
large areas. Laser-cut acrylic frames [Fig. 1(a), layer 2] can
then be adhered to the film to create a half-chip. Following
this, users should cut off extra thin film with a scalpel, attach a

laser-cut spacer [Fig. 1(a), layer 4], puncture inlet holes and
attach the other half-chip. This method is excellent for fabri-
cating chips with more-flexible thin films such as Mylar or
propylene. Further details are provided in the supporting
information.

2.3. Protein crystallization

Lysozyme and PYP were used as model proteins to
demonstrate chip performance with counter-diffusion crys-
tallization. Commercially available lyophilized samples of
lysozyme were dissolved in Milli-Q water to produce protein
solutions of 50 mg ml™~". For four channels on a 1”7 x 1” chip
with 150 pm spacer, 50 pl of protein solution was sufficient.
Two different precipitation buffers were used: 2 M NaCl with
0.1 M sodium acetate buffer pH 4.6, which yields ~30 pum
crystals, and 3% (w/v) NaCl in 0.5 M Tris—=HCI pH 8.5, which
yields >70 pm crystals in situ without counter diffusion at
room temperature. The large lysozyme crystal conditions were
adapted from the work of Yu er al. (2015). The results will
compare these microbatch conditions with counter diffusion.
All samples were sealed in acrylic storage chambers and
allowed to grow for 24 h undisturbed.

Purified PYP was concentrated to 100 mg ml™" in the final
buffer containing 10 mM HEPES, 50 mM NaCl pH 7.5. The
crystallization buffer used was 100 mM MES buffer pH 6.5,
40% PEG 4000 at room temperature. Inside the channels of
the chip, the protein-to-buffer ratio was 50:50. The protein
solution and buffer were mixed with a pipette a few times
before loading. There was 100% buffer inside for counter
diffusion. Pure protein solution in the chip during counter
diffusion was less effective for PYP crystallization.

2.4. Image analysis

Here, we first describe the crystal size analysis and then
present methods for setting up counter-diffusion crystal-
lization. For each of the four sample channels on one chip [Fig.
1(a)], at least five images were taken, covering ~80% of the
chip. Crystal size and density were obtained using the Fiji
software (Schindelin ef al., 2012). When the crystal count was
very low (<15 per frame), the polygon tool from Fiji was used
to manually highlight the area of the crystal and the crystal
area was directly determined. For higher crystal densities [Fig.
2(a)], Trainable Weka Segmentation (Arganda-Carreras et al.,
2017) was utilized to recognize the transparent lysozyme
crystals and outline each crystal. The result was fed to the
BioVoxxel plugin (Brocher, 2022) to render the area covered
by the crystals according to the outline using the extended
particle analyzer, to segregate crystal clusters with the water-
shed tool and to correctly generate a mask labeling the area of
each crystal. Afterwards, the default particle analyzer in Fiji
was used to calculate the area of each crystal and crystal count
per frame. An example image workflow is shown in Fig. 2.

2.5. Sample loading and different counter-diffusion designs

For in situ batch crystallization on the chips, the microfluidic
channel was typically filled with a 50:50 mixture of protein
solution and precipitation buffer. For counter diffusion, only
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Figure 2

An example image-analysis workflow for the crystals used in this article. (¢) The original crystal image was (b) fed into Trainable Weka Segmentation and
(c) further processed with the extended particle analyzer and watershed features within BioVoxxel. The crystals were counted with the default particle
analyzer built into Fiji. Each color represents a different crystal. The scale bar represents 100 pm.

protein solution was loaded in the microfluidic channel.
Importantly, this effectively doubles the amount of protein in
the microfluidic channel for forming crystals. For counter
diffusion, precipitation buffer was added to a reservoir space.
The protein-loaded chip was put into the chamber contacting
the precipitation buffer. A schematic drawing of the process is
shown in Fig. 3. The sample-loading inlets/outlets are left open
to allow diffusion between the protein solution and precipi-
tation buffer. Due to the microchannel geometry of the chip (a
high aspect ratio of channel length to thickness), counter-
diffusion-dominated mass transfer will occur with little
convection in the system. The dimensionless Grashof number,
Gr, describes the contribution of convective mass transfer
(buoyancy to viscous drag forces) in the counter-diffusion
system as

Gr = L*BAcgv2, (1)

where L is the characteristic length, 8 is the solution expan-
sion coefficient due to concentration change, Ac is the
concentration change, g is the gravitational constant on Earth
and v is the solution kinematic viscosity (Otalora et al., 2009).
By tuning the characteristic length alone (chip channel
thickness and use of hydrogels), the Grashof number and the
convection flow in the system can be greatly reduced.

Next, we describe some of the chip counter-diffusion setups
that can be easily implemented for on-chip crystallization.
These designs can be adapted to different user needs and
inspire new designs. The reduction factor in the Grashof
number for each design compared with a 3 mm hanging-drop
crystallization (Grg) is also shown in Table 1. Furthermore,
one can easily exchange the precipitation buffer during crys-
tallization to achieve maximum tunability of the crystal
density and size.

Options for on-chip counter-diffusion crystallization from
easy to difficult fabrication include:

(1) Upside down in a petri dish with parafilm (Fig. 4). This
easy setup uses an upside-down 35 mm petri dish and a stan-
dard microfluidic chip for counter diffusion. It is ideal for

initial testing of crystallization conditions. The chip windows
can be made of thicker inexpensive premade commercial films.
Such chips are quicker to fabricate but have significantly more
background scatter than chips with thin-film windows. To start

@ Tmm

1mm N

140um (variable)

Tmm < > i
Tomm Acrylic frame
<1mm Crystallize
— | Storage chamber

X-ray transparent thin film

Figure 3

A schematic drawing of a typical counter-diffusion setup with a 1”7 x 1”
microfluidic chip. The figures are exaggerated near the inlets compared
with the real dimensions. For (a) sample loading, the protein solution
(yellow) is loaded into the microfluidic channel using a pipette, the
adhesive spacer (green) creates the sample flow layer in between the two
pieces of thin film (dark blue) and the acrylic frame (gray) prevents the
thin film from collapsing. For () crystallization, after loading, the chip is
rotated upside down with open inlets contacting the precipitating buffer
(light blue), and the setup is contained in a storage chamber to prevent
dehydration. (¢) When the crystals are fully grown, the precipitating
buffer is removed and the chip is sealed with Crystal Clear tape. Before
exposure to X-rays, all tape above the thin-film windows is removed,
leaving only inlets sealed to prevent dehydration during data collection.
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Table 1

Comparison of counter-diffusion setup designs and reduction factor in Grashof number [Gr, equation (1)] for a 150 um channel height in a 1” x 1” chip

relative to a 3 mm hanging droplet (Gry).

Design Pros

Upside-down chip in petri dish with
parafilm seal around dish (Fig. 4)
Upside-down chip in chamber (Fig. 3)

Quick, easy and flexible setup; best
for batch experiments.

Straightforward setup with long-term
storage, easy to transport.

Hydrogel reservoir chip (Fig. S1) Agarose, pluronic or another gel as
barrier; separated channels for
different buffer conditions.

Good for more-viscous buffer and
protein solution. Easy to fabricate.

Reservoir in chamber — direct
(Fig. S2)

Reservoir in chamber - filter paper
(Fig. S3)

Good for lower-viscosity solutions or
large viscosity differences.

More difficult to fabricate and seal.

More difficult to set up.

Cons Reduction factor (Gry/Gr) [equation (1)]
Less reliable due to leakage; may be ~ ~10*

difficult to image in the petri dish.
Cross-contamination between chan-  ~10*

nels; cannot vary buffer conditions
in a single setup.
~10'? (assuming 200 nm pore size)

May leak between buffer reservoirs if ~10"

they are overfilled and not produce
crystals when underfilled.
~3 x 10% (assuming 10 pm pore size)

crystallization, the chip is loaded with protein solution and
placed inlet side down in the petri dish. Afterwards, precipi-
tation buffer is added to the bottom of the petri dish.

(2) Hydrogel reservoir chips (Fig. S1 of the supporting
information). Hydrogels such as agarose or pluronic F127 can
be used to improve crystal quality [i.e. decrease L in equation
(1)], fix the crystals in place during measurements or accom-
modate special crystallization conditions. In this case, wells are
cut in the top (the side with inlet holes) PMMA frame (layer
2) for each of the sample channels. Thus, each sample channel
has a separate reservoir. After the sample has been loaded,
one inlet should be sealed with nail polish to prevent
convection flow during handling. The reservoir is then
consecutively filled with the hydrogel and with precipitation
buffer. Only one inlet hole is needed as the sample channel
will connect to the reservoir at the edge of the spacer layer.
Fig. S1 provides detailed images of the setup. The separated
channels and reservoirs allow different protein solutions and
precipitation buffer conditions to be tested on the same chip.

Figure 4

(3) Reservoir in chamber — direct (Fig. S2). This setup
allows direct contact between the protein solution and the
precipitation buffer, and is suitable for more-viscous buffers
and protein solutions. For viscous samples, convection flow is
already low, so no extra counter-diffusion barrier is needed.
Here, the buffer reservoirs are built separately into the
reusable acrylic chambers for sample storage. When the chip is
inserted into the storage chamber, the inlets are directly above
these precipitation buffer reservoirs. Each channel with two
contacting reservoirs on either end is independent, and the
buffer can be switched out at any time during crystallization or
storage. Although easy to fabricate, this type of chamber may
leak between buffer reservoirs if they are overfilled. Conver-
sely, if the chip and/or reservoirs are underfilled, contact and
diffusion between the two may not occur.

(4) Reservoir in chamber — filter paper (Fig. S3). This design
also has separated channels and built-in reservoirs within the
storage chambers. Each buffer reservoir is connected to the
corresponding inlet by a small piece of filter paper. This setup

Photographs and a schematic drawing of the ‘upside down in dish’ setup. The yellow dye visualizes the protein solution. After sample loading, the chip
was placed upside down in the petri dish and the precipitation buffer (blue dye) was added at the bottom of the petri dish at the edge of the chip. (a)
Initial deposition of the precipitation buffer. (b) After adding sufficient precipitation buffer, the solution should spread underneath the acrylic frame
without entering the microfluidic channel. However, petri dishes are less reliable compared with customized storage chambers and can leak if there is
extra stress between the petri-dish wall and the corner of the chip. The top channel shows a case where the precipitation buffer flowed into the protein

channel resulting in batch crystallization conditions.
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allows steady diffusion of the precipitation buffer and is
suitable for low-viscosity solutions or when there are large
viscosity differences between the buffer and protein solution.
The filter paper directs and contains the precipitation buffer to
minimize any cross-contamination between the channels. The
setup can be further secured by covering the entire acrylic
chamber panel with a piece of Crystal Clear tape, sealing in all
reservoirs and filter-paper pieces.

General recommendations include:

(i) For easy loading of very viscous solutions into the
microfluidic channel, load at one end of the channel by placing
a droplet above the inlet and sucking (slight vacuum) from the
other side of the channel. This is easily accomplished by inser-
ting a compressed 1 ml pipette into the other inlet/outlet chan-
nel and slowly releasing the pipette until all the viscous liquid
is drawn into the channel. Pipette tips for loading any of the
solutions can also be cut to better fit to the 1 mm-diameter inlet.

(ii) Hydrogel options such as agarose and pluronic gel are
compatible with all designs. Mixing with the protein solution
and sample loading should be carried out before gelling.
Incorporating hydrogels in channels can improve crystal
quality, can prevent dehydration and movement in the chip
during measurements, and is especially helpful for measure-
ments under vacuum. However, using unsealed hydrogels as
diffusion barriers in storage chambers is not recommended
because they tend to fog up the petri dish or acrylic storage
chamber due to high water content, which can interfere with
observation and imaging during crystallization.

(iii) Covering chip inlets with dialysis membranes cut from
dialysis tubes is generally not advisable. No significant differ-
ences in nucleation and growth of crystals between setups with
and without dialysis membranes have been observed.
Furthermore, ensuring a proper seal is challenging, adding
unnecessary complications to the design.

2.6. X-ray diffraction measurements

PYP was crystallized within an upside-down COC chip in a
petri dish, which was sealed with parafilm; the simplest
counter-diffusion setup. Crystals grown in the chip were

® SSRE12-) RN

Figure 5

measured at ambient temperature at beamline 12-1 at the
Stanford Synchrotron Radiation Lightsource (SSRL). Shortly
before mounting, the storage chamber was opened and the
Crystal Clear tape protecting the chip windows was removed
(the inlets were still sealed with tape to prevent dehydration
during the measurements). As the chips are wider than a
standard magnetic mount, the chip was attached by its edge to
a thin piece of acrylic (0.5 mm), which was then secured onto a
slotted holder with a magnetic base using a screw. This
assembly was subsequently mounted onto the goniometer at
the beamline. Diffraction data were collected at a wavelength
of 0.9799 A with a beam size of 0.005 x 0.04 mm, using an
Eiger X 16M detector (Dectris AG) at a detector distance of
0.2 m. The beamline’s sample-holder translational motors
were used to align and center individual single crystals in the
beam path, using the inline high-resolution camera to identify
each crystal. Datasets were collected from these centered
single crystals in 30° rotations. Diffraction data from nine
sweeps were merged to complete datasets for PYP with xia2
(Winter, 2010; Winter et al., 2018; Beilsten-Edmands et al.,
2020; Agirre et al., 2023), and the structure was refined with
Phenix 1.19 (Liebschner et al., 2019) using the P65 crystal form
(Van Aalten er al., 2000) as a starting model. An example
diffraction pattern of a PYP crystal grown by counter diffusion
is shown in Fig. 5.

3. Results and discussion
3.1. Images of crystals obtained through counter diffusion

The crystals depicted in Fig. 6 were grown using traditional
microbatch conditions and the simplest ‘upside-down chip in
petri dish’ setup (Fig. 4). The counter-diffusion-grown crystals
were significantly larger (>100 pm) than those obtained with
the microbatch method (~30 pum). Additionally, there were
morphological differences between the crystals. The counter-
diffusion crystals grew to span the thickness of the standard
48 pum channel [the thickness of the adhesive spacer, layer 4 in
Fig. 1(a)] and appear flattened, as shown in Fig. 6(b). The

)

(a) A chip mounted at the 12-1 beamline at SSRL. (b) A diffraction image of PYP taken at SSRL 12-1 from the crystal shown in Fig. 7.
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microchannel/sample layer thickness is simply controlled by
the thickness of the adhesive-spacer layer. Increasing the
thickness of the adhesive-spacer layer to 150 pm resulted in
large more-faceted lysozyme crystals [Fig. 6(c)]. PYP crystals,
shown in Fig. 7, also grew to span the spacer layer thickness.
Diffusion-dominated crystallization is clearly visible by the
difference in bright-light imaging. A light, bright, depleted
region of low protein concentration is clearly discernable
around the PYP crystals. Despite a crack in the chip window
film [lower left corner in Fig. 7(a)], the crystal remained intact
and hydrated in the storage chamber. After crystal growth, the
chips were removed from the counter-diffusion setup, sealed
with Crystal Clear tape [Fig. 1(a), layer 1] and placed in a
storage chamber. The storage chambers are almost identical to
the counter-diffusion chambers (Gu et al., 2023) but without
the precipitation buffer or reservoirs. Storage chambers
minimize the free volume that the chip sample is equilibrating
with. They are highly effective in preserving the crystals from
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Figure 6

damage and dehydration. Storage-chamber performance and
additional fabrication details are described by Gu et al. (2023).
Chips fabricated with commercially available Mylar films gave
a very similar loading and storage stability result (Fig. S4). As
an aside, we recently tested the storage chambers with
photosystem I (PSI) crystals, which are extraordinarily sensi-
tive to dehydration (Fromme & Witt, 1998). After loading PSI
crystal slurry into a chip and placing the chip in a sample
chamber, PSI crystals survived in the chip under ambient
conditions for two weeks (Fig. S8).

3.2. Nucleation and growth

Counter-diffusion setups consistently produced larger
crystals (>100 pm) compared with microbatch setups
(~30 pm) with identical chip dimensions (Fig. 8). Typically,
larger crystals were more sparsely distributed within the
channels. Crystals grown through counter diffusion exhibited
comparable or even superior results to those achieved by

Lysozyme crystals obtained in sifu on chip through (a) microbatch crystallization in a 48 pm channel, (b) counter diffusion in a 48 um channel and (c)
counter diffusion in a 140 pm channel. The thinner 48 um channel resulted in a flattened crystal morphology. Tuning of the channel layer thickness is
simply accomplished by selection of the adhesive layer thickness [layer 4, Fig. 1(a)].

Figure 7

(a) PYP crystals obtained on chip by counter diffusion using the simplest ‘upside-down chip in petri dish’ setup. The arrows indicate the channel width
(3 mm) and sides of the adhesive spacer. In the lower left corner, the PYP crystal damaged the 2.7 pm-thick COC window. The lighter area around the
crystal is due to a dramatic reduction in protein concentration, demonstrating that the crystals are growing in the absence of convection. (b) An image of
the PYP crystal mounted at the SSRL 12-1 beamline during diffraction measurements. The diffraction image in Fig. 5 was from this crystal. The bar
highlighted by the arrow indicates the beam size of 5 x 40 pm.
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specifically choosing the buffer conditions that yielded larger
crystals in microbatch setups [such as 3% (w/v) NaCl in 0.5 M
Tris—HCI pH 8.5 for lysozyme]. The variation in crystal sizes
obtained from different designs was not statistically signifi-
cant.

The simplicity and flexibility of the polymer microfluidic
chips and counter-diffusion setups are a significant advance-
ment. Users can select the most suitable design for their
specific needs. One can combine precipitation buffer condi-
tions and counter-diffusion techniques to cultivate larger
crystals. For preliminary experiments, it is recommended to
start with the simple ‘upside-down in dish’ configuration,
which does not require altering the chip design or
manufacturing a chamber. As experiments progress to more-
complex scenarios, such as challenging crystallization condi-
tions, pushing the limits for even larger crystal sizes or
progressive changes in crystallization conditions by exchan-
ging the precipitation buffer during crystallization, the choice
of design should be guided by a thorough evaluation of the
pros and cons outlined in Table 1.

While the trials clearly showed that counter diffusion
directly affects the nucleation rates and growth rates, resulting
in substantially fewer and larger protein crystals, there were
some limitations. Images used to generate the crystal size and
density data were randomly selected across the microfluidic
channels. However, the crystal size and density varied even
with the same conditions. Additionally, frequent imaging and
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Figure 8

Crystal size and density obtained using different crystallization conditions
and counter-diffusion setups. The error bars represent the variation in
crystal size and the number of crystals per microscopy image from the
three independent trials. At least four image frames were taken over
different regions of the chip to account for variation in crystal density
(counts per frame). Different crystallization conditions were used: 2M’
stands for 2 M NaCl with 0.1 M sodium acetate buffer pH 4.6, which yields
regular sized (~30 pm) crystals in microbatch crystallization; ‘3%’ stands
for 3% (w/v) NaCl in 0.5 M Tris-HCI pH 8.5, conditions that typically
yield larger (~80 um) crystals in microbatch crystallization; and ‘regular’
stands for typical microbatch conditions in a microfluidic chip. These
microbatch conditions were achieved with a 1:1 mixture of protein
solution and precipitating buffer in the channels. Counter-diffusion setups
included ‘upside down’ for ‘upside-down chip in chamber’, where the chip
was placed upside down in a petri dish and contacted with a reservoir of
precipitation buffer; ‘hydrogel’ for a 30% pluronic F127 hydrogel reser-
voir chip; and ‘overhead’” and ‘filter paper’ for a reservoir in a storage
chamber with direct contact with the precipitation buffer or indirect
contact through filter paper, respectively.

Table 2

Data-collection and refinement statistics of PYP.

Values in parentheses are for the highest resolution shell.

Wavelength (A) 0.97946

Resolution range (A) 35.68-1.32 (1.35-1.32)

Space group P65

Unit-cell parameters (A, ) 41.194, 41.194, 117.819, 90, 90, 120
Unique reflections 26336 (1771)

Multiplicity 13.83 (5.75)
Completeness (%) 99.36 (94.10)
(Ilo(1)) 22.98 (1.52)
Wilson B factor 16.93
Rumerge 0.063 (1.173)
Rineas 0.065 (1.282)
Rpim. 0.016 (0.495)
CCip 0.9995 (0.4369)
Reflections used in refinement 26336 (1771)
Reflections used for Ryee 2013 (138)
Ryork 0.1704 (0.2331)
Riree 0.1772 (0.2709)
Number of non-hydrogen atoms 1108

Macromolecules 1025

Ligands 11

Solvent 72
Protein residues 124
RMS (bonds) 0.007
RMS (angles) 0.96
Ramachandran favored (%) 96.72
Ramachandran allowed (%) 3.28
Ramachandran outliers (%) 0
Rotamer outliers (%) 3.33
Clashscore 431
Average B factor 2322

Macromolecules 22.7

Ligands 14.32

Solvent 31.98

manipulation of the crystallization setups during the first 6 h
of crystallization had a great impact on the crystal nucleation
rates and density. Handling resulted in some convection and
smaller more-numerous crystals compared with setups that
were left for at least a day to grow. It is therefore recom-
mended to not move or handle the counter-diffusion setup
during the typical crystallization time to maximize the benefits
from the low mass transportation rates.

3.3. X-ray diffraction measurements

The simplest setup of an upside-down chip in a petri dish
was used to grow extra-large PYP crystals within two days of
scheduled beam time at SSRL. The use of counter diffusion
within the chip (in situ) greatly facilitated efficient data
collection. The large PYP crystals were easy to visualize, focus
on and center with the goniometer. Seventeen 30° rotation
wedges were collected from three crystals within 40 min,
achieving high-resolution diffraction to 1.32 A. Data from
nine sweeps were merged to form complete datasets for the
measured proteins, resulting in a high completeness of
99.36%. The high-resolution diffraction datasets from PYP
were refined with excellent merging statistics, yielding
R0/ Riree values of 0.170/0.177. The PYP structure obtained
was comparable to previously reported results, but with higher
resolution (Pandey et al., 2020; Tenboer et al., 2014). Detailed
data-collection and refinement statistics, demonstrating this
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pCA Chromophore

Figure 9

The refined structure of PYP collected at beamline 12-1 at SSRL. The
p-coumaric acid chromophore (pCA), Tyr42, Glu46, Arg52 and Phe96 are
shown.

improvement, are presented in Table 2. The refined structure
is shown in Fig. 9 and the PYP structure was deposited with
PDB ID 9cgh.

4. Conclusions

Straightforward and effective counter diffusion for growing
large crystals within fixed-target microfluidic chips appro-
priate for in situ diffraction was demonstrated. Multiple
designs of counter-diffusion setups and compatible storage
chambers that are effective, inexpensive and highly custo-
mizable were described to allow users to tune nucleation and
crystal growth in order to optimize crystal quality and size
under different sample conditions. High-quality protein crys-
tals grown directly within the low X-ray background chip
minimize sample consumption and enable immediate X-ray
diffraction measurements without additional crystal handling.
Experimental results with lysozyme and photoactive yellow
protein validated the chip’s performance, demonstrating its
potential to yield high-quality diffraction data.

Overall, this work is a valuable tool for structural biologists,
facilitating more efficient and precise protein crystallography
experiments. The microfluidic fixed-target chip stands as a
promising innovation in the field, poised to enhance the
capabilities of X-ray crystallography and improve the struc-
tural analysis of proteins.
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