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ABSTRACT: Viscoelastic flow has been widely used in microfluidic particle
separation processes, in which particles get focused on the channel center in
diluted viscoelastic flow. In this paper, the transition from single-stream focusing to
multiple-streams focusing (MSF) in high viscoelastic flow is observed, which is
applied for cell separation processes. Particle focusing stream bifurcation is caused
by the balance between elastic force and viscoelastic secondary flow drag force.
The influence of cell physical properties, such as cell dimension, shape, and
deformability, on the formation of multiple-streams focusing is studied in detail.
Particle separation is realized utilizing different separation criteria. The size-based separation of red (RBC) and white (WBC) blood
cells is demonstrated in which cells get focused in different streams based on their dimension difference. Cells with different
deformabilities get stretched in the viscoelastic flow, leading to the change of focusing streams, and this property is harnessed to
separate red blood cells infected with the malaria parasite, Plasmodium falciparum. The achieved results promote our understanding
of particle movement in the high viscoelastic flow and enable new particle manipulation and separation processes for sample
treatment in biofluids.

■ INTRODUCTION
Manipulation and separation of bioparticles are crucial aims in
the development of microfluidic devices in biomedical
applications. Continuous particle separation has been achieved
by manipulating particle movement trajectories, which can be
performed by active or passive approaches.1 In the active
particle separation process, a force field is applied to guide
particle movement based on different separation criteria.1,2 In
the passive particle separation process, particle flow and
particle structure interactions are designed for size- and shape-
based separation processes.1,2 Active separation methods suffer
from the requirement of bulk supportive equipment, whereas
passive separation methods are limited by problems of high
pressure drops and low throughput.1

In recent years, hydrodynamic forces have been increasingly
utilized to manipulate particle motion.3−6 The hydrodynamic
force-induced particle separation provides a high throughput
separation process with a simple device design, which has been
applied for bioparticle separation processes such as blood cell
separation,7 circulating tumor cell isolation,8,9 and sperm
retrieval.10,11 The inertial effect has been proposed to induce
particle separation in Newtonian flow12 and is applied for
biosample treatment,13−15 while particle manipulation and
separation in viscoelastic fluid have drawn increasing attention
since biofluids with high-concentration biomolecules, such as
blood,16 semen,17 and DNA solution,18,19 have viscoelastic
properties. The understanding of particle movement in
viscoelastic flow contributes to the biofluid treatment process.

In viscoelastic flow, the nonlinear distribution of normal
stress differences leads to particle migration toward a low shear

stress region.5,20 Utilizing this phenomenon, size-based particle
separation is realized by selectively focusing particles in the
channel center.21 In many cases, viscoelastic flow is combined
with other factors, such as inertial flow,21−24 Dean flow,25 and
the coflow of a Newtonian fluid,26,27 for the tuning of particle
focusing positions and improvement of separation efficiency.
However, most of the existing studies explore the viscoelastic
focusing phenomenon in a diluted system, in which the first
normal stress difference (N1) dominates particle movement.
The influence of the second normal stress difference (N2) is
neglected.5,28 Biosamples with complex composition and high
molecular weight proteins, such as semen and DNA solution,
are semidiluted systems at their normal concentration due to
molecular entanglement, and cells have different movement
trajectories. The understanding of cell movement behavior in
semidiluted viscoelastic flow is necessary for cell separation in
such a high-concentration biofluid.

In a semidiluted system, N2 induces a secondary flow in the
channel cross section, which influences particle distribution.
The secondary flow drag force pushes the particle toward
channel sidewalls, which is verified through experiments and
numerical simulation.29,30 The transition from N1-dominated
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single-stream focusing to N2-dominated multiple-streams
focusing is observed in a semidiluted polymeric solution with
the increase in the flow rate.31,32 However, the influence of N2
on particle movement is only estimated using rigid spherical
particles in previous studies. Compared to synthetic poly-
styrene beads, cell movement in high viscoelastic flow is more
complex as the cell’s physical properties, including dimension,
deformability, and shape, will affect cell-flow interaction and
cell distribution.

In this paper, cell separation utilizing viscoelastic secondary
flow in a high viscoelastic flow is demonstrated. Experiments
are performed in a microchannel with a rectangular cross-
section utilizing poly(ethylene oxide) (PEO) solution, in
which the movement of spherical polystyrene beads, red and
white blood cells, and Plasmodium falciparum parasite-infected
red blood cells is studied. Cells have the transition from single-
stream focusing to multiple-streams focusing (MSF) due to the
presence of a viscoelastic secondary flow. The cell focusing
position is affected by multiple cell physical properties, such as
cell dimension, shape, and deformability, which can serve as
separation criteria in high viscoelasticity flow.

■ THEORY
In a confined channel, particle lateral movement in viscoelastic
flow is driven by the elastic force FE. FE is generated due to the
nonlinear distribution of normal stress differences in the
channel cross section. In a diluted solution, N2 has a small
magnitude compared to N1, and its influence on particle
movement is neglected.5,33Equation 1 shows the estimation of
FE based on N1 and particle diameter a, where y represents the
velocity gradient direction. FE is influenced by the particle
dimension, flow viscoelasticity, and shear rate, and has a
direction toward a low shear rate region.5,34 In the channel
with a rectangular cross section, particles migrate to the
channel center under the influence of FE.
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where a is the radius of the particle, γ is the relaxation time, U
is the flow velocity, and h is the channel height.

In a high-concentration polymer solution, the increase in N2
changes fluid flow and the particle focusing position. Polymer
molecule entanglement in a semidiluted solution leads to the
change of solution viscoelastic properties and the shear
thinning phenomenon.35 In the entangled polymer solution,
the magnitude of both N1 and N2 increases with the increase in
the shear rate, while the ratio of N2 to N1 increases up to
30%.36N2 has a direct influence on fluid flow in the lateral
direction and induces a viscoelastic secondary flow.37−39 In a
rectangular channel cross section, asymmetric vortex pairs
appear,38 as shown in Figure 1a. The drag force induced by
viscoelastic secondary flow FSFD causes particle lateral
movement and changes particle focusing positions. FSFD is
estimated by Stokes’ drag force using the secondary flow
velocity VSF.
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where η is the fluid viscosity and Z is a constant that depends
on the channel aspect ratio AR = w/h.

Particle movement in high viscoelastic flow is affected by
both FE and FSFD, as FE pushes particles toward the channel
center, while FSFD leads to particles trapping in secondary flow
vortices. The influence of FE and FSFD on particle movement
can be characterized by a ratio M, as shown in eq 3.
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Particle focusing positions are determined by M, as shown in
Figure 1a. When M < 1, FE dominates particle movement, and
particles get focused on the channel center line. When M ∼ 1,
FE is balanced with FSFD, and particles get pulled out from the
central focusing position. In the rectangular channel cross
section, the shear stress gradient is smaller in the channel width
direction compared to the channel height direction. As a result,
FSFD is balanced with FE in the channel width direction.
Particles start to move away from the channel center, and two
new focusing positions are formed under the balance between
FE, FSFD, and wall-induced lift force.40 With the increase in the
flow rate, M > 1, particles gradually move out from the central
focusing stream, and the central focusing stream disappears.
When M ≫ 1, FSFD completely dominates particle movement
and particles get trapped in the flow vortices, which is shown as
the increase of the stream width for the two side streams.

■ METHODS
A microchannel was designed for the separation experiments,
as shown in Figure 1b. The microchannel has one inlet and
three outlets, which correspond to the three particle focusing
streams. Fluid is driven by a syringe pump (KDS 200, KD
Scientific, Holliston, MA) and passes through the micro-
channel. The images of focusing streams and cell orientation
are observed near the channel outlet region utilizing a

Figure 1. Multiple-streams focusing mechanism and the channel
setup. (a) Particle distribution in the channel cross section with
different M. (b) Diagram of the microfluidic channel design used in
this study. The channel cross section is 150 μm × 50 μm, and the
total channel length is 300 mm.
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fluorescent microscope (Nikon A1R, Nikon, Japan) and a
high-speed imaging system Fastcam Mini UX50 (Photron, San
Diego, CA).

PEO was utilized as a polymer additive for viscoelastic fluid.
It was obtained from Sigma-Aldrich (St. Louis, MO) with an
average molecular weight of 2 MDa. PEO was mixed with a
PBS solution to make the polymer solution with the
concentration c ranging from 0.1 to 0.5% (wt/v). PEO
rheological property was characterized, and all PEO solutions
tested in this work can be treated as semidiluted solutions.

Fluorescent polystyrene particles (Polysciences Inc, PA)
with diameters of 2, 3, 6, and 10 μm were used to characterize
particle focusing in a PEO solution. Blood samples and
plasmodium-infected RBCs were prepared for the cell
separation experiments in high viscoelastic flow. The experi-
ment was performed with the flow rate ranging from 5 μL/min
to 100 μL/min. A detailed description of device fabrication,
polymer property characterization, biosample preparation, and
experiment setup can be found in the Supporting Information.

■ RESULTS
Influence of Particle Size. Particle MSF in high

viscoelastic flow is highly influenced by the particle dimension,
as proposed in eq 3. The experiment has been performed to
study size-based cell separation by MSF. Fluorescent beads
focusing streams are observed as a reference for the cell
separation experiment. The representative image of the
transition from single-stream focusing to MSF can be found
in the Supporting Information. A color map is created to
characterize the particle focusing streams with the change of
the flow rate and PEO concentration, as shown in Figure 2. It
is found that both the increase in the flow rate and PEO
concentration contribute to MSF. Small-sized fluorescent
beads start stream bifurcation at a low flow rate and PEO
concentration, while the large-sized beads tend to keep the
single-stream focusing.

Blood cell focusing in high viscoelastic flow was studied
utilizing the same experimental setup. RBCs and WBCs were
loaded in the spiral channel device, and the focusing streams
color map is demonstrated in Figure 2. RBCs have a single
focusing stream in 0.1 and 0.2%wt/v PEO at a low flow rate,
and MSF appears with the increase in the flow rate and PEO
concentration. The video of the RBC transition from single-
stream focusing can be found in the Supporting Information.
WBCs have a relatively large size, and they have a single-stream
focusing under most of the test conditions.

Separation of RBCs and WBCs can be achieved utilizing the
difference in their focusing streams, as shown in Figure 3.
RBCs have a volume equivalent sphere diameter of 6 μm, and
WBCs have an average diameter of 12 μm.41 The size
difference between RBCs and WBCs contributes to the
different focusing positions in the high viscoelastic flow. In
low-concentration PEO solution, RBCs have single and
transitional focusing streams, which overlap with WBC
focusing streams, while in a high-concentration PEO solution,
RBCs have MSF. In this case, RBCs and WBCs focus on
different positions and can be collected from different outlets.
The mixture of RBCs and WBCs is loaded in a 0.5% wt/v PEO
solution. At 30 μL/min, RBCs have split focusing streams,
while WBCs have a narrow focusing stream in the channel
center. It is found that 93.3% of WBCs get focused in the
central stream, and 92.5% RBCs are located in side streams.

Influence of Particle Deformability. The high shear
stress in high viscoelastic flow causes cell stretch in the
microchannel, which affects cell movement and focusing
position. The influence of cell deformability on MSF was
studied utilizing RBCs with different deformabilities. When
experiencing shear stress, RBCs transform into a prolate
ellipsoid shape with a constant surface area.42 In the
experiment, formalin was used for the cross-linking fixation
of RBC,43 which is known to rigidify and thus decrease the
deformability of fixed RBCs (FRBC). The focusing streams of
FRBC were examined, and the focusing stream color map is
shown in Figure 2. FRBCs, with reduced deformability, tend to
have a single focusing stream in the channel center. The
transition to MSF happens at a higher flow rate and PEO
concentration compared to untreated RBCs.

The deformation of RBC was evaluated utilizing a high-
speed camera. Figure 4 shows the cell dimension variation of
fixed RBCs and normal RBCs in solution with different
viscoelastic properties. The maximum disk diameter of RBCs is
measured by processing high-speed imaging results in ImageJ
to characterize cell stretching in the high viscoelastic flow. In
the PEO solution, cells get stretched, leading to an increase in
the cell dimension. Under a flow rate of 100 μL/min, the
dimensions of normal RBCs increase to 8.78 μm and 12.5 μm
diameters in 0.1 and 0.5% wt/v PEO solutions. FRBCs have a

Figure 2. Results of multiple-streams focusing for polystyrene beads
and cells. (a) Color map of fluorescent bead and blood cell stream
distribution under different flow rates and PEO concentrations. (b)
Representative images of particle focusing streams.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06021
ACS Omega 2022, 7, 41759−41767

41761

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06021/suppl_file/ao2c06021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06021/suppl_file/ao2c06021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06021/suppl_file/ao2c06021_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06021?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


stiffer surface, and the cell diameter increases up to 9.83 μm in
the 0.5% PEO solution. Figure 4b shows the increase in the cell
dimension with the increase in the flow rate in the 0.5% wt/v
PEO solution. Normal RBCs reach the maximum dimension at
50 μL/min, and FRBCs reach the maximum dimension at 30
μL/min.

The focusing stream distribution of normal RBCs and
FRBCs is compared to rigid spherical particles. Figure 5 shows
the number of focusing streams in PEO solutions of different
concentrations utilizing the data from Figure 2. In this case, the
transitional state from the single-stream focusing to two
streams focusing is counted as 1.5 focusing streams. RBCs have
smaller cell apparent diameters under stretch as they behave
like rigid spherical particles with small diameters. Normal
RBCs have a focusing stream similar to 3 μm beads in 0.1 and
0.2% PEO solutions, while their focusing stream is similar to 2
μm beads in 0.3 and 0.5% PEO solutions. Fixed RBCs have a
single focusing stream in 0.1 and 0.2% PEO, which is similar to
6 μm beads. In a high-concentration PEO solution, fixed RBCs
have focusing streams similar to 3 μm beads. As a result, the
increase in PEO concentration leads to cell stretching for
deformable cells, and the deformed cells behave like smaller
spherical-shaped particles.

Influence of Particle Orientation. The presence of
viscoelastic secondary flow will affect nonspherical particle
rotation and movement in high viscoelasticity flow. The
orientation of RBCs in the PEO solution was studied utilizing a
high-speed camera. Figure 6a shows the image of RBC

movement in a 0.3% wt/v PEO solution at 30 μL/min when
RBCs have focusing positions in both the central and side
streams. RBCs have different orientations in different focusing
streams. In the central focusing stream, RBCs align with the
channel height direction, while in the side focusing streams,
RBCs align with the channel width direction. Cell orientation
change is affected by the dominant force in different focusing
positions. In the channel center, cells are focused by the
viscoelastic force FE. The high shear stress is applied from the
channel height direction due to the channel cross-section
design. When RBCs get focused to split focusing streams near
channel side walls, FSFD dominates cell movement, which has
orientation in the channel width direction (Figure 6b). The
cell stretching is also affected by the particle position and
alignment, as RBCs in central focusing stream have smaller
diameters compared to RBCs in side streams, where RBCs
experience high shear stress (Figure 6c). It is expected that the
nonspherical particles have different focusing positions
compared to spherical ones due to the interaction between

Figure 3. Separation of RBC and WBC in high viscoelastic flow. (a)
Image of RBC (white) and WBC (green color) focusing streams in
the microchannel. Experiments are performed in the 0.5% wt/v PEO
solution at 30 μL/min. (b) Cell concentration intensity of RBC and
WBC in the microchannel.

Figure 4. Cell dimension under different flow conditions. (a)
Measured cell dimensions of RBC and FRBC in different carrier
solutions at a flow rate of 100 μL/min. (b) Measured cell dimensions
of RBC and FRBC in the 0.5% PEO solution at different flow rates.
Error bars indicate the standard deviation of 200 measurements for
each data point.
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particle orientation and force distribution, leading to shape-
based separation in high viscoelastic flow.

Separation of Plasmodium-Infected RBCs from Unin-
fected RBCs. Severe malaria is caused by P. falciparum
parasites that invade and grow within red blood cells. During
their 48 h development cycle inside RBCs, parasites remodel
the host RBC. This parasite-specific remodeling alters the
mechanical properties and deformability of the infected RBC
and distinguishes it from uninfected RBCs.44,45 Based on these
differences, we hypothesized that MSF in high viscoelastic flow
would efficiently separate parasite-infected from uninfected
RBCs. Figure 7 shows the distribution of two different P.
falciparum strains (NF54 and DD2) compared with uninfected
RBCs from the hospital blood bank or freshly obtained from
donors. It is found that the infected RBCs have a higher
propensity to focus in the center of the channel, while the
uninfected RBCs are more evenly distributed in all three
outlets. The observed change of particle collection from the
channel outlets is consistent with expectations that the infected
RBC sample, containing predominantly schizont-stage para-
sites, has higher stiffness compared to uninfected RBCs. In
addition, it should be noticed that the blood bank storage RBC
has slightly higher distribution in the channel center, which is
consistent with the previous report that RBC gets stiffer with
extended storage.46

The propensity of IRBCs to concentrate in the central
channel suggested the possibility of separating a more complex
mixture of IRBCs and uninfected RBCs on the basis of MSF.
To test the efficiency of such separation, a mixed sample
containing 10% schizont-stage infected cells was analyzed on
our device. As shown in Figure 8a, it was found that IRBCs
preferentially accumulate in the central outlet, while uninfected
cells are distributed fairly evenly between the outlets. The
separation efficiency of infected from uninfected cells reduces
as the flow rate increases, which matches the trend of cell shifts
to multiple-streams focusing under a high flow rate observed
for fluorescent beads (Figure 2).

The schizont parasitemia in samples collected from each
outlet was analyzed by flow cytometry and compared to the
input parasitemia of 10%. As shown in Figure 8b, the central
outlet sample displayed a twofold increased parasitemia of
20%, while parasitemia in the side outlet samples reduced to
5%. This result confirms the ability of MSF to enrich
Plasmodium-infected RBCs from a mixture with uninfected
RBCs on the basis of differential deformability. Further
enrichment might be obtained using a longer flow channel
and/or iterative passage of collected streams through the MSF
device.

■ DISCUSSION
Viscoelastic secondary flow-induced MSF is affected by
multiple parameters. In our previous study, the influence of
fluid property and channel geometry on MSF is explained,31 as
summarized in eq 3. This paper focuses on the influence of cell
physical properties in high viscoelastic flow. The microfluidic
channel is designed based on previous work with fluorescent
beads.31 With the increase in flow relaxation time, particle
focusing in the high viscoelastic flow requires a long channel
length.47 As a result, the serpentine channel design is utilized
to increase the channel length, and steady focusing streams are
observed with an increased channel length. The PEO solution
is selected due to its good biocompatibility and rheology
properties.

MSF in high viscoelasticity flow is associated with multiple
cell physical properties as cells have different hydrodynamic
interactions with such complex flow. Size-based separation,
which is widely used in a microfluidic-based separation device,
is demonstrated in the high viscoelastic flow. With the increase
in particle size, FE overwhelms FSFD and large particles focus to
the channel center, while small particles have MSF. In the
blood cell separation experiment, WBCs are efficiently
removed from RBCs by forming a narrow stream in the
channel center, while the majority of RBCs focus on the side
streams. Sheathless size-based separation and enrichment can

Figure 5. Summary of focusing streams of fluorescent beads, RBC, and FRBC in different PEO solutions.
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be realized based on MSF for high viscoelastic flow-related
applications.

Cell mechanical properties are associated with many
physiological and pathological processes. Deformability-based
particle separation is required in the sample treatment
processes such as pathological examination and cell circle
synchronization. In Newtonian flow, deformable particle
focusing toward the channel center has been verified from
experimental results48 and numerical simulation.49,50 Viscoe-

Figure 6. RBC alignment in the multiple-streams focusing condition.
(a) Orientation of RBC in central and side streams. The image was
taken in the 0.3% PEO solution at 10μl/min. (b) Force distribution-
affected cell orientation in different focusing positions. (c) RBC major
axial diameter in central focusing stream and side focusing stream.
Error bars indicate the standard deviation of 200 measurements for
each data point.

Figure 7. Percentage of IRBC and RBC recovered from the central
and side outlets. The experiment was performed using the 0.5% PEO
solution at 30 μL/min.

Figure 8. Results of IRBC and RBC separation. (a) Recovery rate of
IRBC and RBC from the central stream with the increases in the flow
rate. (b) Concentration of IRBC in RBC at different flow rates. The
experiment was performed by injecting a 10% starting parasitemia
mixture of synchronized IRBCs and RBCs in the microchannel with
the 0.5% PEO solution. Error bars indicate the standard deviation of
three experiments.
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lastic focusing has been used in an extensional flow device for
RBC deformability measurement.51 In high viscoelastic flow, it
is observed that deformable cells are more affected by the
nonlinear effect and secondary flow. As a result, deformable
cells have the tendency to focus in side streams.

The deformability-based separation of IRBCs from RBCs
demonstrates the potential of label-free enrichment of parasite-
infected RBCs from the blood sample in a simple microfluidic
device. In addition to the application in cell separation, the
MSF phenomenon provides a new tool for the analysis of
physical properties of infectious cells.52 Continuous, high
throughput cell deformability assessment is needed for large-
scale cell analysis.53 The rapid screening of cell deformability
can be realized utilizing high viscoelasticity flow cytometry, in
which cell mechanical property is evaluated by measuring cell
MSF response change under different flow rates in a confined
channel.

Nonspherical cells are sensitive to force distribution in a flow
field and have different focusing streams compared with
spherical particles. In a pressure-driven shear flow, non-
spherical particles tend to get aligned with the shear stress field,
and particle rotation orbit changes, leading to the change of
particle focusing positions.10,54 Nonspherical cell manipulation
and separation in viscoelastic flow have been demonstrated in
previous works in which cell focusing positions are controlled
by the interaction of different forces, such as the elastoinertial
effect,55 coflow of Newtonian and viscoelastic flow,56 and Dean
flow-coupled viscoelastic flow.57 The viscoelastic focusing of
nonspherical particles mainly depends on the minor axis
dimension, and a nonspherical particle has less focusing on the
channel center compared to spherical particles with equal
volume.55 In high viscoelastic flow, nonspherical particles
experience different forces in different orientations, leading to
particle alignment in specific angles. Compared to spherical
particles with equivalent volume, nonspherical particles tend to
have MSF at a lower flow rate and in low-concentration PEO
solutions. Nonspherical particles tend to get aligned with the
local shear distribution and secondary flow direction. They
experience higher secondary flow drag force as they have a
larger projected area when their orientation is vertical to the
secondary flow direction.

For deformable RBCs, the cell stretching in high viscoelastic
flow leads to the increase of the surface area, which contributes
to cell focusing in side streams. The difference in particle shape
leads to a change in force distribution. Thus, particles have
different balanced positions in the channel cross section due to
their shape difference. Further research is necessary to fully
understand nonspherical particle alignment and movement in
high viscoelastic flow, which contribute to the development of
shape-based cell separation approaches utilizing MSF.

■ CONCLUSIONS
In this work, cell separation in high viscoelastic flow is
demonstrated, and the influence of cell physical properties,
including cell dimension, deformability, and shape, on cell
focusing positions is explored. The N2-induced viscoelastic
secondary flow has a significant influence on cell movement
trajectory, and a multiple-streams focusing phenomenon is
observed. Size-based cell separation is realized by pushing
small cells into side streams while keeping large particles in the
channel center. Deformability-based separation is demonstra-
ted for the isolation of Plasmodium-infected RBCs from
uninfected RBCs, as the high shear stress causes cell stretching.

For nonspherical cells such as RBCs, cells exhibit different
orientations in different focusing streams due to the coeffect of
lift force and drag force. The proposed MSF separation process
is passive and label-free, which can be readily utilized in the
microscale cell separation process. Particle separation with
multiple separation criteria can be realized in the microfluidic
device with a simple microchannel design. The proposed
separation method has the potential for direct cell separation in
biofluids, which are known to have high viscoelasticity, such as
saliva, semen, and blood. Such separation methods have
potential applications in disease diagnostics and biomarker
analysis in clinical samples.
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