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Abstract: A multichannel microfluidic cell (MFC) obtained using 3D printing for studying the
structure of complex solutions by small-angle X-ray scattering (SAXS) is described. MFC was tested
at the BioMUR beamline of the Kurchatov synchrotron. A comparative analysis of SAXS signal from
the standard capillary and from the developed MFC was carried out, with MFC showing significant
advantages. The dynamics of SAXS scattering curves for lysozyme solutions with NaCl precipitant
were studied when the protein and precipitant concentrations changed. The obtained time series of
data are well consistent with the known data for the lysozyme solution.

Keywords: synchrotron radiation; small-angle X-ray scattering; sample cell; structure of solutions;
lysozyme; 3D printing

1. Introduction

The study of the structure of protein solutions by small-angle X-ray scattering allows
one to facilitate the search for protein crystallization conditions and to study the peculiar-
ities of the interaction of proteins with each other and with other organic and inorganic
components involved in biological processes.

SAXS measurements are currently carried out in cylindrical capillaries into which
a pre-prepared solution is injected. Therefore, the dynamics of the formation of the test
solution remain unknown. In addition, the cylindrical shape of the capillary limits the
effective size of the X-ray beam.

Microfluidic technologies solve the above problems by applying synchrotron and
neutron radiation methods, such as small-angle X-ray scattering (SAXS) or neutron scat-
tering (SANS), to study the structure of various objects. Along with the synthesis of
various nanomaterials with controlled shapes and dimensions, two-dimensional (2D) and
three-dimensional (3D) microfluidic devices can be used to study the interactions of macro-
molecules [1,2] and functionally significant domain movements in them under the influence
of terahertz radiation [3], mechanisms and kinetics during the generation of self-assembled
nanostructures [4–7] at different reaction times (from fractions of seconds to minutes),
nucleation and crystal growth mechanisms [8], etc. There are quite a few works [9,10]
justifying the usage of microfluidic cells for SAXS/SANS studies of structures in solutions.
These cells are often designed and optimized for specific cases—for example, [11] shows
a cell for studies of lipid exchange among citrem nanoparticles and ethanol micellar so-
lutions, and in [12], the dynamics of surfactant molecules in solution is studied by SAXS,
microscopy, and rheology methods.
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The use of microfluidics can reduce the consumption of expensive samples and in-
vestigate the dynamics of the interaction process of macromolecules, which is critical in
studying the initial stages of protein crystallization.

In the past few years, studies of the structure of crystallization solutions at nanometer
unit scales have been carried out using SAXS/SANS methods as well as molecular dynam-
ics method [13–18] s. Such work was carried out primarily for saturated crystallization
solutions of a number of proteins [19–24] and potassium dihydrogen phosphate [25]. In
these works, 3D fragments were isolated from the crystal structure of the compounds under
study, from which a single crystal could be built. Additionally, these ordered formations
were found in saturated solutions of lysozyme proteins (octamers [19–24]), thermolysin
(hexamers [26]), and proteinase (dimers [27], aminotransferase (twelve-dimers [28]), as well
as in potassium dihydrogen phosphate solutions (octamers [25]), which experimentally
confirmed the hypothesis of the existence and structure of the precursor cluster in the
crystallization solution.

This paper describes the multichannel microfluidic cell developed by us for studying
the dynamics of the structure in solutions by the SAXS method and its testing at the
synchrotron beamline “BioMUR” of the Kurchatov synchrotron radiation source (KISI-
Kurchatov, National Research Center “Kurchatov Institute”, Moscow, Russia) using the
example of a study of the formation of an oligomeric mixture in crystallization solutions of
lysozyme protein.

2. Materials and Methods
2.1. Production of Microfluidic Cell

Microfluidic devices were printed using DLP technology (Digital Light Processing,
one of the additive manufacturing methods that use liquid photopolymer resins to build
objects, hardening as a result of exposure to light emitted by digital LED projectors). For
printing, an Asiga UV MAX 3D printer (Asiga, Sydney, Australia) with a wavelength of
385 nm and a light intensity of 7.25 MW/cm2 was used.

In order to avoid delamination of the model from the platform, the following param-
eters based on protocol reported by Peter van der Linden et al. [29] and adapted to our
model were chosen: the height of the first layer—25 microns; the exposure time of the first
layer—20 s. The subsequent thicknesses and exposures of the illumination of the layers
were 25 microns and 600 ms, respectively. In order to avoid delamination during printing,
z-compensation was set to 300 µm.

The printing temperature was selected at 45 ◦C for better photopolymer resin workabil-
ity (FunToDo Nano Clear, The Netherlands) during the layer-forming process. Immediately
after printing, the microfluidic device was sonicated in isopropyl alcohol for 90 s at 80 kHz
and then placed in a holder for manual channel washing. After the channels were washed,
the devices were further sonicated and dried with nitrogen gas. Finally, the chips were post-
treated for 2 min using a UV light lamp (Flash DR-301C type, Asiga, Australia, Sydney).

2.2. Description of the Microfluidic Cell

The flow-microfluidic cell is a device for conducting research on the crystallization
processes of water-soluble proteins via the SAXS method using synchrotron radiation (SR).
The device is intended for structural studies of protein solutions when their concentration
and temperature change in various combinations.

The product includes (a) base, (b) X-ray transparent windows, (c) cell body, and
(d) pressure platform (Figure 1).
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Figure 1. Multichannel microfluidic measuring cell: (a) base, (b) X-ray transparent window, (c) cell 
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The required temperature of the solution can be in the range of 0–40 °С and is set using 
an external thermostat, with a heat exchanger that contacts the metal base (Figure 1a) of 
the cell. X-ray translucent windows are made of optical mica for optical vacuum devices 
with a thickness of 30 mm. 

Technical data: overall dimensions—30 × 15 × 6 mm; the diameter of the research 
chamber is due to the size of the synchrotron beam (FWHM 0.48 × 0.26 mm, full Gauss 1.7 
× 1.2 mm)—3 mm; the volume of the research chamber is 7 mL; the number of the input 
channels for samples is 3; the cross-section of the input channels is 30 mkm2; the volume 
of the input channels is short—0.1 mL, long—0.6 mL; section of the outlet channel—125 
mCm2. 

The microfluidic cell is a five-layer structure connected to the stack with screws. The 
cell body (Figure 1c) and the hold-down platform (Figure 1d) are made of photopolymer 
resin using 3D printing. The study chamber through which the X-ray beam passes is lo-
cated in the center of the cell and is formed by a through hole in the cell body, closed on 
both sides by windows (Figure 1 b). 

In the body of the cuvette, there are channels for the inlet and outlet of the analyzed 
fluid communicating with the research chamber. The configuration of the channels allows 
mixing of liquids entering the ditch due to special geometry with semicircular obstacles 
that create turbulent flow movement, which allows liquids to be mixed in small volumes 
with high mixing efficiency (Figure 2a,b). The transparent X-ray windows are connected 
to the cell body by means of a photocured polymeric resin, which ensures the tightness of 
the cell. 

Figure 1. Multichannel microfluidic measuring cell: (a) base, (b) X-ray transparent window, (c) cell
body, (d) pressure platform.

The design of the cell and the presence of several input channels allow one to smoothly
change the concentration inside the measuring chamber during the experiment. The
required temperature of the solution can be in the range of 0–40 ◦C and is set using an
external thermostat, with a heat exchanger that contacts the metal base (Figure 1a) of the
cell. X-ray translucent windows are made of optical mica for optical vacuum devices with
a thickness of 30 mm.

Technical data: overall dimensions—30 × 15 × 6 mm; the diameter of the research
chamber is due to the size of the synchrotron beam (FWHM 0.48 × 0.26 mm, full Gauss
1.7 × 1.2 mm)—3 mm; the volume of the research chamber is 7 mL; the number of the
input channels for samples is 3; the cross-section of the input channels is 30 mkm2; the
volume of the input channels is short—0.1 mL, long—0.6 mL; section of the outlet channel—
125 mCm2.

The microfluidic cell is a five-layer structure connected to the stack with screws. The
cell body (Figure 1c) and the hold-down platform (Figure 1d) are made of photopolymer
resin using 3D printing. The study chamber through which the X-ray beam passes is located
in the center of the cell and is formed by a through hole in the cell body, closed on both
sides by windows (Figure 1b).

In the body of the cuvette, there are channels for the inlet and outlet of the analyzed
fluid communicating with the research chamber. The configuration of the channels allows
mixing of liquids entering the ditch due to special geometry with semicircular obstacles
that create turbulent flow movement, which allows liquids to be mixed in small volumes
with high mixing efficiency (Figure 2a,b). The transparent X-ray windows are connected to
the cell body by means of a photocured polymeric resin, which ensures the tightness of
the cell.
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pressure covers are provided, which are connected to the cell body in a single package 
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of the KISI-Kurchatov, a universal holder was designed and manufactured (Figure 3) with 
the ability to maintain a given temperature. 
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ing L-shaped brackets; 6 – locking screws; 7 – heat exchange table. 

Figure 2. Diagram of a multichannel microfluidic measuring cell (a) and configuration of channels (b).

In order to form a closed volume of the chamber in which the sample solutions are
exposed (in our case, crystallization), optical and X-ray transparent windows made of mica
for optical vacuum devices with a thickness of 30 µm are glued to the cell body on both
sides with photopolymer resin. To prevent the depressurization of the chamber, pressure
covers are provided, which are connected to the cell body in a single package using screws
(Figure 1).

2.3. Holder

In order to obtain a SAXS patterns using microfluidic cells at the BioMUR beamline of
the KISI-Kurchatov, a universal holder was designed and manufactured (Figure 3) with the
ability to maintain a given temperature.
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Figure 3. Drawing (left and center) and photo (right) of monolithic microfluidic cell holder: 1—base;
2—clamps of a rolling pin system a rolling pin system; 3, 4—rolling pin system; 5—supporting
L-shaped brackets; 6—locking screws; 7—heat exchange table.
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The holder, with overall dimensions of 150 × 100 × 22 mm, consists of three parts: the
base (1), a rolling pin system with support brackets (2–6), and a heat exchange table (7).

The base (1) is made of aluminum alloy and is matched by connecting dimensions
with the X-Y carriage of a BioMUR beamline. The clamps (2) of a rolling pin system are
fixed on the sides of base, and holes for attachment of a heat exchange table (7) are provided
in upper part.

The rolling pin system (3, 4) is designed to change and fix the position of the supporting
L-shaped brackets (5), on which the cell (9) is installed when its optical axis is aligned with
the axis of the SR beam. The adjustment ranges are as follows: by cuvette width, 8...50 mm;
by distance from the lower end of the cell to the beam axis, 0...40 mm. The selected position
of the system is fixed by locking screws (6) with corrugation. By means of such a system of
screws positioning the cell, the holder can be used for cells of various sizes.

Heat exchange table with dimensions of 50× 50 mm is made of copper and is equipped
with two elastic lamellae (2) and with the help of which the cuvette is pressed to the table
to set the required temperature of the investigated solution during measurements. In the
center of the table, there is a through hole with a diameter of 4 mm for the SR beam. The
table has a cavity in which cooling fluid circulates, the configuration and dimensions of
the connecting connectors (8) are coordinated with the thermal stabilization system of the
BioMUR beamline.

2.4. SAXS Measurement

Measurements in the microfluidic cell were carried out at the BioMUR synchrotron
beamline, KISI-Kurchatov [30]. Monochromatized radiation was used at a wavelength of
0.1445 nm (which corresponds to a radiation energy of 8.58 keV). The signal was detected
using a two-dimensional Pilatus3 1M pixel detector (Dectris, Switzerland). The signal
was averaged along the radial direction using the FIT2D program [31]. The PRIMUS
program [32] was used to subtract the buffer signal.

The X-ray beam cross-section was 0.35 × 0.50 mm, the scattering angle region corre-
sponded to the range of scattering vector modulus values:

0.2 < q < 6.0 nm−1 |q| = 4π · sinθ

λ
, 2θ—scattering angle (1)

The exposure time was 60 s, and the sample–detector distance was 700 mm. The cell
temperature was maintained at 20 ◦C.

2.5. Materials and Sample Preparation

Tests were carried out on crystallization solutions of lysozyme (growth conditions
of tetragonal syngony), determining the radius of gyration, type, and volume fraction of
oligomers. For this purpose, one cell channel was filled with lysozyme solution, the second
with precipitant, and the third with sodium acetate buffer. Syringe pumps, disposable
plastic syringes, and PEEK tubes were used to load the solutions into the ducts.

The samples were prepared using purified chicken egg lysozyme (HEWL) from Sigma
(CAS # 12650-88-3) without further purification and Helicon high purity sodium chloride
(CAS # 7647-14-5) as a precipitant. Millipore Ultrafine Water (18 MOm * cm) was used
as the solvent. Lysozyme and sodium chloride were dissolved in 0.2 M sodium acetate
buffer (hereinafter referred to as a buffer) pH 4.5 from Helicon (CAS # 6131-90-4). All
solutions were filtered with 0.22 µm Millex membrane syringe filters and the protein
solution centrifuged for 10 min at 10,000 rpm.

In order to achieve a different composition in the central measuring chamber of the
cell, solutions were continuously fed at different rates such that the final concentration of
protein and precipitation the test sample zone was 0 to 40 mg/mL and 0 to 24 mg/mL,
respectively.
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In order to simplify the procedure, the NaCl concentration in the measuring chamber
was increased at a fixed protein concentration (Table 1, line by line). For this purpose, stock
solutions of lysozyme 0, 20, 40, 80 mg/mL, NaCl 60 mg/mL, and NaAc buffer were used.

Table 1. Feed rates of protein, precipitant, and buffer solutions to achieve different crystallization
conditions. The rates are indicated in mL/hr. The concentrations of the sample mother liquors are
shown in parentheses.

Protein
Precipitant 0 mg/mL 12 mg/mL

(60 mg/mL)
18 mg/mL

(60 mg/mL)
24 mg/mL

(60 mg/mL)

0 mg/mL
Vprot = 0 Vprot = 0 Vprot = 0 Vprot = 0
Vpret = 0 Vpret = 0.2 Vpret = 0.3 Vpret = 0.4
Vbuf = 1 Vbuf = 0.8 Vbuf = 0.7 Vbuf = 0.6

10 mg/mL (20 mg/mL)
Vprot = 0.5 Vprot = 0.5 Vprot = 0.5 Vprot = 0.5
Vpret = 0 Vpret = 0.2 Vpret = 0.3 Vpret = 0.4
Vbuf = 0.5 Vbuf = 0.3 Vbuf = 0.2 Vbuf = 0.3

20 mg/mL (40 mg/mL)
Vprot = 0.5 Vprot = 0.5 Vprot = 0.5 Vprot = 0.5
Vpret = 0 Vpret = 0.2 Vpret = 0.3 Vpret = 0.4
Vbuf = 0.5 Vbuf = 0.3 Vbuf = 0.2 Vbuf = 0.3

40 mg/mL (80 mg/mL)
Vprot = 0.5 Vprot = 0.5 Vprot = 0.5 Vprot = 0.5
Vpret = 0 Vpret = 0.2 Vpret = 0.3 Vpret = 0.4
Vbuf = 0.5 Vbuf = 0.3 Vbuf = 0.2 Vbuf = 0.3

3. Results and Discussion

In the case of standard sample capillaries for SAXS data acquisition, the SR beam
travels to the sample, scattering in the air. Then, hitting the holder, the radiation is partially
absorbed by the capillary and scattered by it, as well as the sample solution present inside
(which gives a useful signal for further processing). If the diameter of the capillary is
slightly smaller than the size of the hole in the holder, the radiation scattered to the capillary
passes further unhindered, scatters even more, and ultimately leaves a noticeable “shadow”
on the detector (section AB in Figure 4). When the capillary is positioned horizontally, its
upper and lower walls work as elements of X-ray optics with a negative refractive index
and the effect of total external reflection of radiation scattered in the air. As a result, the
detector concentrates in the vertical direction a weak halo of radiation scattered in the air,
and in the horizontal direction, this effect occupies a larger angular range (section BC in
Figure 4).
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Such artifacts have significant intensity compared to the useful SAXS signal and are
poorly accounted for and masked due to size differences (up to 30%) and capillary positions
used in the experiment. It is necessary to integrate the 2D image in the radial direction
separately in the areas inside the capillary and outside the capillary, excluding illumination
artifacts from the integration area, and then merge the two obtained curves along the area
of overlapped scattering angles.

Figure 5 shows SAXS patterns from lysozyme solution in standard capillary (a) and
microfluidic cell (b).
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Figure 5. Two-dimensional SAXS patterns of lysozyme solutions with a concentration of 20 mg/mL
in the capillary (a) and in the microfluidic cell (b). Red indicates the integration area, which does not
contain artifacts at all scattering angles. Gray—a possible expansion of the integration area, which
turned out to be inappropriate due to the presence of an inactive gap between the detecting units of
the detector.

Due to the parallel camera windows of the microfluidic cell sample, it was possible to
eliminate the “shadow” and gallo from the spherical walls of the capillary (Figure 5b). Only
the area inside the capillary (shown in red in Figure 5a) remains available for integration
experiments without distortion of the final SAXS curve (shown in Figure 5a), whereas
for experiments in the microfluidic cell, the integration can be carried out throughout
the whole detector working area, increasing the collected scattering intensity by an order
of magnitude.

Based on the data obtained for lysozymes at a concentration of 20 mg/mL, the total
noise level of the obtained SAXS curves was estimated, which reflects the sigma(rms)/mean
parameter. For the curves obtained by subtracting the buffer solution data from the
lysozyme solution at an exposure time of 300 s, the ratio of mean square deviations in the
range q from 2.5 to 3.5 nm−1 to the average scattering signal level using integration only
inside the capillary was 3.29 × 10−1, which is a very high value. When using a microfluidic
cell, the ratio of mean square deviations to the average signal level with the same exposure
time was 2.14 × 10−2 (Figure 6).
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itant) was then added to the lysozyme solution, the concentration of which increased step-
wise every 10 min with values of 12, 18, 24 mg/mL. Thus, the total time of the experiment 
with each of the concentrations of the lysozyme solution was 40 min, and a total of 120 
exposures were recorded (40 for each of the three concentrations). 

Figure 7a shows a comparison of 10 time frames (1 min each) when filling the cell 
with two channels (while supplying the lysozyme solution and the solution containing 
the precipitant). As can be seen from Figure 7a, the curves obtained starting from the 6th 
minute coincide with each other, while the preceding curves are very different from each 
other, which indicates an incomplete change in the sample during this time due to the 
resulting flows in the area larger than the diameter of the input channels to the sample 
chamber. Therefore, in the initial data processing, averaging was applied for each sample 
using the corresponding frame 6÷10. (Figure 7b). 

Figure 6. Plots of Lys20 curves—at an exposure of 300 s in the capillary (red), in the microfluidic cell
(blue), and with a decrease in exposure to 60 s (cyan).

Reducing exposure by an order of magnitude without significantly losing the quality
of SAXS curves, in turn, makes it possible to conduct studies of the dynamics of processes
occurring during cell filling.

In order to test the microfluidic cell, the following experiment was performed during
such studies: three Shenchen syringe pumps were connected to the microfluidic cell SPLab-
04 with syringes filled with (1) NaAc buffer solution pH 4.5, (2) purified lysozyme solution,
and (3) high-purity sodium chloride NaCl. Lysozyme and sodium chloride were dissolved
in 0.2 M buffer 1. Next, a command was given to start filling the cell with the one solution
only at a rate of 1 µL/min, and a time of 10 min was maintained, during which, as expected,
based on the technical characteristics indicated above, the microfluidic cell was completely
filled with the one solution. After that, a series of continuous exposures was launched with
a duration of 60 s and with a detector of the BioMUR beamline, and at the same time, a
command was given to start supplying lysozyme and/or precipitant solutions. First, a
lysozyme solution of one of three concentrations, 10, 20, or 40 mg/mL, was added to the
buffer solution, and SAXS patterns were taken for 10 min (10 exposures in total for each
protein concentration). A solution of sodium chloride (precipitant) was then added to the
lysozyme solution, the concentration of which increased stepwise every 10 min with values
of 12, 18, 24 mg/mL. Thus, the total time of the experiment with each of the concentrations
of the lysozyme solution was 40 min, and a total of 120 exposures were recorded (40 for
each of the three concentrations).

Figure 7a shows a comparison of 10 time frames (1 min each) when filling the cell
with two channels (while supplying the lysozyme solution and the solution containing
the precipitant). As can be seen from Figure 7a, the curves obtained starting from the 6th
minute coincide with each other, while the preceding curves are very different from each
other, which indicates an incomplete change in the sample during this time due to the
resulting flows in the area larger than the diameter of the input channels to the sample
chamber. Therefore, in the initial data processing, averaging was applied for each sample
using the corresponding frame 6÷10. (Figure 7b).
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filling of the samples. 

Figure 7. (a) Microfluidic cell-filling dynamics using two input channels. Experimental SAXS curves
from 20 mg/mL lysozyme solution and 18 mg/mL NaCl precipitant concentration. The figure shows
ten frames (exposure time—1 min), and signal stabilization occurs after frame 5. (b) Experimental
SAXS curves from 10 mg/mL (curve 1), 20 mg/mL (curve 2), and 40 mg/mL (curve 3) lysozyme
solutions and buffer solution (curve 4); the concentration of NaCl precipitant in buffer solution
was 18 mg/mL. The signal was averaged over frames corresponding to the stabilized signal (time
frames 6/10).

Figure 8 shows two-dimensional contour plots obtained by measuring a complete
batch of a 20 mg/mL lysozyme solution with different concentrations of precipitant
(0–24 mg/mL), where the color shows the scattering intensity (after subtracting the corre-
sponding buffer signal) depending on the scattering vector and time. It can be clearly seen
that stabilization of the solutions takes place after the 5th minute since the beginning of the
filling of the samples.
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graphic models of lysozyme oligomers are shown in Figure 9. 

Figure 8. Scattering intensity (color) versus scattering vector and time obtained for a series
of lysozyme solution of 20 mg/mL concentration with different concentrations of precipitant
(0–24 mg/mL) (intensities obtained after subtracting the corresponding buffer signals). Solid lines
show the levels of equal intensity. Dashed lines show the starting points of each new solution.
On the insert are the final SAXS curves from each mixture obtained 10 min after the start of the
solution supply.

Typical results of experimental data of lysozyme and lysozyme scattering with a precip-
itant and model curves obtained via the OLIGOMER program [32] using crystallographic
models of lysozyme oligomers are shown in Figure 9.

The oligomeric composition of lysozyme protein solution alone and lysozyme so-
lutions with sodium chloride precipitant was obtained by processing experimental data
with the OLIGOMER program using crystallographic models of oligomers isolated from
the structure of the tetragonal syngony lysozyme crystal. The radius of gyration of the
particles (Rg) increased with the addition of precipitant from Rg = 1.41 ± 0.03 nm (without
precipitant) to Rg = 2.53 ± 0.03 nm (at a maximum concentration of lysozyme protein and
precipitant NaCl), indicating the formation of larger particles in the lysozyme solution
upon addition of the precipitant. The use of crystallographic models—dimer, tetramer,
hexamer, and octamer—in the processing of experimental data allowed us to determine
the type of oligomers and the volume fractions of each of the types of oligomers contained
in the solutions. One hundred percent of monomers were found in the lysozyme solution
without a precipitant, whereas octamers with volume fractions ranging from 0.4% to 2.6%
were found in the lysozyme solution with a precipitant. No intermediate oligomers such as
tetramers and hexamers and larger oligomers were found. The results of the SAXS data
analysis are presented in Table 2.
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Figure 9. Buffer-subtracted experimental SAXS curves (points) and the best fits (black lines) calcu-
lated by the OLIGOMER program from lysozyme solutions with concentrations of 10 mg/mL (a),
20 mg/mL (b), and 40 mg/mL (c). The concentration of NaCl precipitant ranged from 12 to 24 mg/mL
(6 mg/mL increments). The curves are vertically shifted for better visualization. Measurements are
made in a flow-through multichannel microfluidic cell at a temperature of 20 ◦C.
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Table 2. Radii of gyration and volume fractions of monomers, dimers, and octamers for lysozyme
crystallization solutions (10, 20, and 40 mg/mL) without precipitant and with the addition of sodium
chloride precipitating agent (12 mg/mL, 18 mg/mL, 24 mg/mL). The final concentrations of sub-
stances in the sample chamber are indicated.

Lysozyme
Concentration,

mg/mL

Concentration of
NaCl Precipitant,

mg/mL
Rg, nm Proportion of

Monomers,%
Proportion of

Dimers, %
Percentage of
Octamers,%

10 0 1.41 ± 0.03 100 0 0
10 12 1.69 ± 0.03 98.7 ± 0.5 0 1.3 ± 0.1
10 18 1.72 ± 0.03 98.4 ± 0.5 0 1.6 ± 0.1
10 24 1.85 ± 0.03 97.6 ± 0.5 0 2.4 ± 0.1
20 0 1.42 ± 0.03 100 0 0
20 12 1.80 ± 0.03 96.4 ± 0.5 1.8 ± 0.1 1.8 ± 0.1
20 18 2.04 ± 0.03 94.5 ± 0.5 1.7 ± 0.1 3.8 ± 0.1
20 24 2.16 ± 0.03 93.1 ± 0.5 1.8 ± 0.1 5.1 ± 0.1
40 0 1.43 ± 0.03 100 0 0
40 12 1.94 ± 0.03 96.6 ± 0.5 0.8 ± 0.1 2.6 ± 0.1
40 18 2.43 ± 0.03 89.9 ± 0.5 1.2 ± 0.1 8.9 ± 0.1
40 24 2.53 ± 0.03 87.1 ± 0.5 2.0 ± 0.1 10.9 ± 0.1

The tendency to increase the proportion of octamers with an increase in protein or
precipitant concentrations is consistent with the previously obtained results on standard
quartz capillaries [15–20].

4. Conclusions

A new design of a multichannel microfluidic cell for operation at the BioMUR syn-
chrotron beamline of the KISI-Kurchatov (Kurchatov Institute Research Center, Moscow,
Russia) was designed, created, and tested using the example of crystallization solutions
of lysozyme in the range of protein concentrations (0–40 mg/mL) and sodium chloride
precipitant (0–24 mg/mL).

The use of flat–parallel X-ray transparent windows made it possible to get rid of
artifacts in SAXS patterns formed using standard measuring capillaries. As a result of
more than an order of magnitude improvement in the signal/noise ratio, it was possible to
reduce the exposure time by 10 times without significant loss of SAXS data quality.

The reduction in exposure time, in turn, made it possible to conduct studies of the
dynamics of processes occurring during cell filling. It was shown that for the dimensions of
the cell made for the parameters of the KISI beam (beam dimensions 0.35 × 0.50 mm on the
sample), during the first 6 min in the sample chamber, one solution is replaced by another
due to emerging flows in a larger sample chamber compared to the diameter of the input
channels. Therefore, data analysis can be performed for measurements taken after 6 min.
This is the main disadvantage of the new cell compared with chips described in [9–12]—the
flow velocity in the described cell cannot be higher than 1–2 µL min−1, and, in addition,
it requires a significant time for establishing thermodynamical equilibrium after mixing
the solutions. However, the advantage of our cell design is the careful selection of the chip
material and X-ray translucent windows, which makes the cell environment-independent.

In the future, for more intense third- and fourth-generation SR sources (beam sizes
0.20 × 0.05 mm on the sample), the sample chamber dimensions can be reduced down to
the diameter of the inlet channels. This will not only give a gain in the volume of samples
used but will also prevent the artifacts from mixing and replacing the old sample with a
new one. The high intensity of SR radiation will further reduce exposure time. Along with
the above achievements, all this will provide an opportunity to investigate the dynamics of
chemical processes.

The study of crystallization solutions of lysozyme confirmed the formation of octamers,
which are fragments of the structure of the tetragonal crystal. The observed increase in the
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octamer ratio with increasing protein or precipitant concentrations is consistent with the
previously obtained results of experiments using standard quartz capillaries.
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