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A microfluidic design for evaluating red blood cell defornidp with geometrical alignment mechanism is proposed. M/the
transit velocity of a cell passing through a constrictiommhel is conventionally utilized as an index of cell defobitigy, the

flow-in angle of the cell entering the channel is found affegthe transit significantly, and would interfere with theakiation.
To suppress such kind of interference, an additional algmnechannel is placed in front of the evaluation channel fignang

target cells before entering the evaluation channel. @Gelisspontaneously aligned by the geometrical constraiit®ut any
additional control. The Experiments on the red blood cetiefthree healthy subjects and a patient with multiple myel@re
conducted. According to the experimental results, thenalignt channel effectively reduce 42.7% of position distidn in

average, and the negative correlation between transititgland cell size is increased. The correlation shows th@dwed size
sensitivity of the proposed method. For the purpose of coimpaand validating the microchannel approach, the t#fof the
subjects’ red blood cells is also measured by an atomic foeiceoscope, the current gold standard of cell stiffnesssmeanent.
The results from two approaches show the same tendency 8BRedeformability, which evidently support the validity thfe

proposed method on cell deformability evaluation.

1 Introduction (a) Conventional Design

Red blood cell (RBC) deformability has become an impor- &) e O \T/;?gos.'tty ZZ

tant index for diseases diagnosis in recent years becaase th o @ ° (@} > ° .° .

relations between RBC deformability and diseases have been @) O Evaluation é A

found from various researches. For example, malaria-diefec L_|

RBCs have been found stiffer than the ones of a healthy per- , SRIESER
12c: . . (b) Proposed Design

son.~< Sickle cell anemia not only makes RBCs stiffer but also -

increases cell viscosityDiabetic patients are also discovered Transit 2

having stiffened RBC4:® In order to perform accurate and & __ i 4 3 ;

statistically meaningful evaluation on RBC deformabijlity > 000 ' o 5 e

reliable and high throughput method is needed for medical ap Agg;m;t &

plications and related studies. This paper is for the pwpos Cell Size
and focuses on improving the sensitivity of RBC evaluation i
a microchannel.

Figures 1(a) and (b) illustrate the idea of the conventiona
single-channel evaluation and proposed method, respéctiv

Both the evaluations are based on the transit of RBCs throug

Fig. 1(a) Evaluation without alignment (b) Evaluation with an
Plignment channel

h . . .
the evaluation channel. The evaluation channel is gegerall
@ Department of Mechanical Engineering, Osaka University the Graduate smaller than the size Of RBCs, so th_at thg RBCS are deformed
School of Engineering, Suita, Japan. Fax: +81-6-6879-4185; Tel: +81-6- by the constriction during the transit. This kind of appioac
6879-7333; E-mail. tsal @hh.mech.eng.osaka-u.ac jp o stands on the fact that the transit velocity, or transit fiofea

Department of Micro-Nano Systems Engineering, Nagoya University the  ca|| through the constriction reflects the deformabilitytioé
Graduate School of Engineering, Nagoya, Japan. L

cell. For example, a soft cell would pass through a constrict

b Department of Cardiovascular Medicine, Osaka University the Graduate . . -
School of Medicine, Suita, Japan. channel at higher transit velocity than a hard one.
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When evaluating cell deformability using a constriction gorized into two groups by how the cell is deformed. One of
channel, cell position, or flow-in angle, before entering th them is to deform cells by the geometrical constraint of a con
constriction channel could affect the transit velocity bét striction channel. For example, Zhergal. proposed a mi-
cell, and would interfere with the evaluation results. Heare  crofluidic system for high-throughput measurement which ca
in the conventional design as shown in Fig. 1(a), the cedls armeasure 100-150 cells in one secéh@henet al. utilize mi-
distributed all over the cross-section before enteringetlad-  crofluidic channel for mechanical and electrical measurgme
uation channel, and it very possibly lead to a wide distribu-on single cells’ Hiroseet al. evaluate cell stiffness on in a
tion of transit velocities as the expected results on thitrig microchannel for high-speed cell sorfeT.saiet al. proposed
of Fig. 1(a). To eliminate such kind of interference and toa dimensionless index for cell deformability using a canstr
improve the consistency of the evaluation, a design that cortion channel The other group in microfluidic approach is to
sists of two microchannels is proposed as shown in Fig. 1(b)deform cells by fluid shear stress. For example, Gosseit
When RBCs pass through the first constriction channel, theyse hydrodynamic stretching in a microfluidic system fagdar
are aligned along the central region due to the laminar flonpopulation mechanical phenotyping, and the evaluatianisat
and the geometrical constraints of the channel. After legvi up to 2,000 cells per secorfdKatsumotoet al. classify sin-
the alignment channel, these RBCs will stay aligned, and wilgle RBC deformability in high-shear microchannel floWs.
be evaluated by the second constriction channel. Thelalistri Beechet al. sort cell size, shape and deformability by utiliz-
tion of measured transit velocities with alignment is expdc  ing deterministic lateral displacemeht.The greatest advan-
to be more concentrated, and the negative correlation leetwe tages of microfluidic approach is that it has the capabilfty o
the velocity and cell size should be clearer as expectedtsesu evaluating single cells at much greater throughput thagctir
on the right of Fig. 1(b). methods, such as AFM and optical tweezers.

The experimental study in this paper includes two parts.

Firstly, RBCs from donors are evaluated with and without the

alignment channel for verifying the effectiveness of the-pr ) .
posed method. RBC motion through the evaluation channels ©N the other hand, cell alignment methods have been previ-
are captured by a high-speed camera, and cell size, positidi'Sly developed by different techniques, such as sheath flow
and velocity are extracted from the recorded videos using im@Ptical force focusing and cell '”?rﬁg‘ Sheath flow, also
age processing. According to the obtained RBC trajectorie§"oWn as hydrodynamic focusing, is often used for cell align
and velocity profiles, the RBCs are effectively aligned, andMent in Lab-on-chip applications: The basic idea of the
the evaluation results are also found significantly impecoive ~ Sn€ath flow is to align cells by merging separated flows into a
terms of the increasing of correlation between cell size and"@in oné. The main flow will then have layers, and the flow

transit velocity. The second part of the experimental studyiNat carries target specimen/cell is usually at the ceaesr]
is on the RBCs from a patient with multiple myeloma (MM) Cell alignment can also be done by manipulating cells using

and two healthy subjects as control. An atomic force micro-optical forces!* Although both sheath flow and optical force

scope (AFM), the current gold standard in cell stiffness mea¢an effectively align cells in a microfluidic channel, acater
surement, is utilized for measuring the RBCs stiffnesstier t control for the alignment is needed. Recently, the inertia o
comparison with the proposed microchannel method. The recells in a microchannel has also been used for cell alignment

sults from both the AFM and proposed method show that th&©" €xample, Di Carlet al. utilized the inertial effect in-
RBC deformability of the MM subject is widely distributed Sid€ @ microchannel for continuous focusitigThe method

with large population of stiffened RBCs while the RBC de- requires no complex control but simply by geometrical desig

formability of healthy subjects are less distributed wigwf ©f the microfluidic device. The problem is that cell inerta i

stiffened RBCs. only applicable under the condition when Reynolds number
The rest of this paper is organized as follows. After a brieflS Iargg, _which means it is not suitable for evaluation with a

review on the methods of evaluation and alignment in Sec. 2constriction channel.

the experimental method are described in Sec. 3, which-is fol

lowed by the results and discussions in Sec. 4. The case study

on MM is presented in Sec. 5. Finally, the paper is concluded 14 gym up, the proposed alignment method can improve the

in Sec. 6. cell evaluation in a constriction channel while requiriraad-
ditional control. To the best of the authors’ knowledge, the
2 Related Works idea of aligning cells by geometric constraints and thegrate

tion of such alignment method in a deformability evaluation
Different approaches of microfluidic system have been develsystem with a constriction channel are firstly proposed i th
oped for evaluating cell deformability, and they can be cate work.

2| Journal Name, 2010, [vol]1-10 This journal is © The Royal Society of Chemistry [year]
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evaluation. The & umand 3umchannels are for RBC alignment
and evaluation, respectively. The height of the channellis¥

3.2 The Design and Fabrication of Microfluidic Channel

[ o Figure 3 shows the dimensions of the proposed microfluidic
Vs , design. There are two constriction channels, alignment and
< T ' evaluation channels, in the design, and their width abgih
and um, respectively. As reported in previous study, hun-
dreds times of transit of a RBC through gr&wide channel
is needed to cause permanent damage to the cell in most of
cases'® Thus, it is fair to assume that RBCs’ properties are
not significantly changed by passing through thedn-wide
alignment channel before being evaluated in than3dvide
3 Method evaluation channel. The PDMS microfluidic channels are fab-
ricated from a master mold, which is made by standard pho-
tolithography procedure on a photoresist-coated (SU&300
MicroChem Corp.) silicon wafer. The thickness of the mold
is 4um, and is the same as the height of the fabricated chan-
nels.

Figures 2(a) and (b) shows the overview of the experimental

system, andi its phote, respectively. The system is cortstiuc 3 5 Experiment Procedure

by three main parts including (1) a feedback pressure contro

system actuated by a piezoelectric actuator; (2) the pexpos Blood samples are from volunteer donors. All the subjects,
channel design fabricated in a Polydimethylsiloxane (PPMS three healthy subjects and a patient with MM, have read and
microfluidic chip; and (3) a high-speed camera for recordingagreed the consent of the experiment. The blood is withdrawn
cell motion. The pressure control system includes a pressuiby a licensed physician in a hospital. The blood is dilutetthwi
sensor (FP101A, COPAL ELECTRONICS Inc.), a piezoelec-standard saline (OTSUKA Corp.) at the blood-to-salineorati
tric actuator (PSt150, Syouei System Co., Ltd.), a glass syef 1 : 50 for evaluation® The prepared sample is placed on a
ringe (SGE Corp.) and a computer-based controller. The preshaker for 10 minutes for RBCs to adapt to the saline environ-
sure control system is directly connected to the inlet oftite  ment. In the meantime, the saline solution is injected ih# t
crofluidic channel as shown in Fig.2 while the outlet is open t PDMS channel, so the surface inside the microfluidic channel
the atmosphere which is assumed constant during the test. Tls wetted, and the environment in the channel is similar o th
pressure difference between the inlet and outlet is kept corprepared sample.

stant during the test. The high-speed camera (IDP, PHOTRON Finally, the prepared RBC samples are injected into the
Inc.) is mounted on the microscope (IX71, OLYMPUS Corp.) channel from the inlet of the microfluidic chip, and then the
for capturing cell motion inside the microfluidic chip. The constant-pressure pump is connected to the inlet to estiedli
capture rate is set at 3000 frame per second (fps) while theonstant flow. RBCs are carried by the flow moving from the
shutter speed is set at 1/20000 second. The spatial resoluti

of e_aCh captured f_rame is 52256 pixels, and one pixel iS , There are about 5 million RBCs infl! of whole blood. Dilution is necessary
equivalent to the distance of4um. for observing single cell behavior through a microfluidic chel.

Fig. 2(a) The overview of the experimental setup. (b) A photo of
the system.

3.1 Experimental System

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |3
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Fig. 4 Examples of tracked RBC motion in the experiment.
inlet to outlet, and the behavior through the evaluatiomeha Cell Position >

nel is recorded by the high-speed camera. The experiment is
performed in the room temperature at’€5 The pressure dif-
ference between the inlet and outlet of the channel is kept at Fig. 5 The relation between RBC transit velocitgc, and fluid
kPa. The pressure variation during the test is controllélivi  velocity, v¢, inside the evaluation channel. The transit velocity is
0.1 kPa according to the measured pressure, thus the flow conermalized by fluid velocity using Eq.(1) for representing the cell
dition inside the channel is considered as constant. deformability.

Blood cells other than RBCs have been seen in the mi-

crochannel during a té'stFor the cells smaller than RBC, such different from others will be visually examined, and will be

as pla'gelgts, they usually have_no p_rqblerr_1 passing thrd@ht removed from the evaluation result if the flipping motion is
constrictions, and can be easily distinguished in the aigly found

by _ceII size. On the other hand, for the bigger ones, _su_ch as Figure 4 shows an example of tracked results plotted on a
white blood cells (WB(_:s), they often clog the constrlctlons,[i e-position plane. The origirt & 0 [ms] andx — 0 [um)
because of the large size. For the clog that can be reMOves the plot is defined as the moment and cell position when
b_y the flow, the recorded Qata _before. and after the clog will bea RBC is at the entrance of the evaluation channel. The cell
given up due.to the possible inconsistent ﬂOW. caused by th ngth,L, in the channel is measured as an index of cell size,
clog. In the situation that the clog cannot be simply remove

L nd RBC transit time in the given pressure is ranged from 2 to
by the flow, the clogged PDMS chip will be replaced by a new, [ms] as shown in Fig. 4. By considering the average transit

one. time of 4 [ms] and the condition of RBCs being continuously
] ) N ) fed into the evaluation channel, the system is capable d¢f eva
3.4 Motion Analysis and Deformability Evaluation uating single-cell deformability up to 250 cells per second
3.4.1 Cell Tracking by Image Processing 3.4.2 Cell Deformability IndexAlthough the pressure

RBCs’ size and trajectories are extracted from the recordegifference between the inlet and outlet of the microfluidic
videos by cell tracking program developed in Matlab (Math-channel is maintained constant, slight difference in the flo
works Corp.), and the velocity of each RBC is calculated fromfrom one test to another is still possible due to differentRB
its moving trajectory with respect to time. RBCs sometimesnumbers and flow resistance between different microfluidic
have flipping motion inside the microchannel, which may af-chips. To compensate such difference, the normalized tran-
fect the cell evaluatiod® Since the flipping motion corre- st velocity, v, of each cell is utilized as the index of RBC
sponds to significant size change from the top view throughieformability, and is defined as
the microscope, it can be automatically detected by the pro-
gram. However, the flipping motion inside the constrictions V=
cannot be clearly judged due to the limited dimensions and
resolution of acquired images. To compensate it and to asvherevgsc andvy are the measured cell transit velocity and
sure the validity of the evaluation, the cell motion which is the estimated velocity of fluid flow inside the evaluationcha

VRBC
e &

T The chance of observing other cells is relatively low sitheeratio of RBCs, 1 A proper cell sorting system to continuously feed cell® itite evaluation
white blood cells and platelets of normal human blood is 10@04 channels is needed in order to achieve such a high throughput

4|  Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]
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(a) Conventional Design
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(b) Proposed Design
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Fig. 7 (a) The trajectories of RBCs flow through two constriction
channels. (b) The velocities of RBCs with respect to their positions.
The red curves are the fitting results representing the velocity
profiles.

Fig. 6 The snapshots from the experimental videos. (a) without
alignment channel. (b) with alignment channel.

nel, respectively. The transit velocitygac, is the average ve-

locity of a RBC passing through the constriction channed, an

is calculated based on the first and last tracked points of thé @ RBC is extremely small compared with the width of the
RBC within the evaluation channel. The estimated fluid ve-evaluation channel, there will be no deformation, and the ve
locity, vs, is calculated based on the RBC velocity in the mainlocity of the cell would be the same as it of the fluid. The
channel, and the ratio between the width of the main channelnormalized velocity of the RBC becomes

and the evaluation channel, which is

Wirgin ) V=1 4)

Vi = Vimain
o eva After the normalization using Eq. (1), a RBC is said to have
WhereVimgin,Wmain andweya are the measured RBC velocity in high deformability if itsv'is close to 1. The deformability is
the main channel, the width of the main channel the evaluasaid to be low when theis close to 0.
tion channel, respectively. Since individual RBC velodity
the main channel may differ from one to another due to dif-
ferent position on a cross-section, the average value afehe
velocities in the main channel among all detected RBCs is cal
culated forvmgin in the evaluation.

Figure 5 illustrates the relation between fluid velocity andFigures 6(a) and (b) show snapshots of experiments without
RBC transit velocity represented in red and blue lines,@esp and with alignment channel, respectively. The positions of
tively. The two lines are overlapped before RBCs reachieg th RBCs without the alignment channel are distributed aloeg th
constriction channel because cell velocity is assumedaimes  vertical direction while the distribution of RBCs’ positie
as the fluid velocity due to low Reynolds number. While RBCswith the alignment channel is clearly suppressed. Figure 7
are squeezing into the channel whose width is oniyn3 the  shows the effectiveness of cell alignment based on a track-
cells are greatly deformed, and result in significant resist ing result. In Fig. 7(a), each yellow dot represents a trdcke
force against cells moving forward. As a result, the velocit point of a RBC in a video frame, and all points together show
of the cell becomes less than the fluid velocity, which leads t the trajectories of RBCs flowing, from left to right, insideet
channel. The distribution of RBC position along y axis, per-
pendicular to the flow direction, is notably better focusiedra
8Vmain is the average velocity of a RBC when its positigiis —40 < x < —20 p_aSSI_ng _throth the allgnmer_1t channel. The width of the dis-

[um]. x= 0 is defined as the entrance of evaluation channel as in Fig. 4 tribution is measured as the distance from the top to thebott

4 Experimental Results

4.1 Effectiveness of Cell Alignment

VRee < Vf =V < 1 3

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |5
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Fig. 8 The evaluation results of three healthy subjects. (a)-(c) show the resthitait alignment, and (d)-(f) show the results with alignment.
The pairs of (a)(d), (b)(e) and (c)(f) are the results from the ssuthgects. In (a)-(f), the blue and red data points indicate the RBC flow into
the constriction channel along the central region and outside the casgiahr respectively. Examples of RBCs images are included in each

plot.

Table 1 Effectiveness of Alignment by Distribution Width andd,

di [um] | dp [um] | Ad [%]
Test#1| 46.8 | 27.8 | 40.5%
Test#2| 458 | 262 | 42.9%
Test#3| 46.3 | 257 | 44.6%

of all tracked points. The distribution widths before anteaf
the alignment channel are indicateddasandd, as shown in
the Fig. 7(a). The measureld, d, and the percentage of re- posed alignment channel on the RBCs from three healthy sub-
duction,(d; —dy)/di, from the results are tabulated in Table 1. jects. The data points are extracted from videos captured du

sured, the direction and the magnitude of velocities, respe
tively. The red curves are the velocity profiles obtained by
curve fitting on the velocities with respect to the positions
y-axis. From the results in Fig. 7, it can be visually obsdrve
that the variations of both the positions and velocities BOR

are significantly reduced after the alignment channel.

4.2 Evaluation With/Without Alignment

Figure 8 shows experimental results with and without the pro

ing the test, and the total recording time is less than 150

Figure 7(b) shows the cell velocities before and after thefor each RBC sample. After removing the results of the cells
alignment channels. The x components of RBCs’ velocitieother than RBCs and also the results where more than one
are shown in black arrows. The arrows’ roots, directions andRBCs inside the constriction at the same time, more than 140
lengths indicate the cell position where the velocitiesraea-

RBCs are successfully tracked for each test. Figures 8fa)-(

6| Journal Name, 2010, [vol]1-10
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are the results without alignment channel, while Figs.8{d) results by different conditions are presented in Appendax |
show the results with alignment channels with the same RBC#urther information to the microfluidic evaluation.
corresponding to (a)-(c). The x and y axes in Figs. 8(a) to (f)
are the cell length in the channel and deformability index by5
Eq.(1). The plots are expected to be negatively correlaged b
cause a larger RBC is likely to have greater in-channel lengt Multiple Myeloma is a type of cancer in which normal blood
L, and less normalized velocity, “The blue and red points  ¢g|is cannot be produced from bone marrow due to abnormal
in Fig. 8 indicate the RBCs flow into the constriction Cha””e|plasma cells. There are two aims in this experimental study.
along the central region and outside the central regiope®s  The first aim is to validate the proposed microfluidic evalua-
tively. The vertical position of each RBC in the main channelyjgp, approach by comparing it with the results from AFM, the
is represented bymain, which is obtained from its trajectory. cyrrent gold standard method of cell stiffness measurement
Whenymain = 0, it means the RBC moves along the center linethough the RBC stiffness and transit velocity are not éyac
in the main channel. the same in terms of unit and physical meaning, but they both
Two observations can be seen from the distribution of theeflect the deformability of RBCs. Therefore, it is expedied
data points in Fig. 8. First, the tendency of RBCs responsgee the same tendency of the RBCs’ deformability from both
from different flow-in position is clearly different thatéfones  of them. For example, a RBC with relatively low transit veloc
flow into the channel outside the central regidfnkin| > 10) ity should have relatively high stiffness from AFM since low
are consistently having lower transit velocities as the redransit velocity reflects low cell deformability. The sedaim
points indicated in Fig. 8. The ones flow inside the centralis to see how if there is any significant difference between th
region (Ymain| < 10) show better correlation betweerafid  RBC deformability from the patient with MM to the healthy
L. The second observation is that the RBCs along the censupjects.
tral region in Fig. 8(a)-(c) are located in similar locatoas The patient’s RBCs are evaluated along with the RBCs from
the ones in Fig. 8(d)-(f). This result supports that the pro-two other healthy subjects. The evaluation channel with the
posed alignment improves the evaluation by removing the celwidth of 2umis utilized for the test, and the Dulbecco’s PBS
flow into the constriction outside the central region. While (D8537, Sigma Corp.) is used for RBC dilution and suspen-
RBCs enter the channel outside the central region, RBCs ar§ion. On the other hand, an AFM (Nanocute SlI, HITACHI
bent due to the dramatic change of moving direction, and alCorp.) is employed for measuring RBC stiffness under three
most "hang” on the edge of the entrance as the RBC imagegifferent indentation depths, 100, 200 and 300 nm.
associated with red points shown in Fig. 8. Such sharp turn Figure 9 summarizes the evaluation results of the test, and
significantly slows down RBCs' velocities while entering@th  the columns from left to right are the results of the patiemt a
constriction, and consequently, reduces transit velagfithe  two healthy subjects, respectively. Figures 9(a)-(c) heere-
RBCs. Since such lowis due to cell motion but not cell prop-  sults of AFM measurement while (d)-(f) are the results of the
erty, it is not desirable for the evaluation. The negativee0  proposed method. Figure 9(g)-(i) are the measured diame-
lation, R, between the length and deformability is improved ter of undeformed RBCs in the microchannel before entering
from the results without alignment to the results with align the channel. According to the results in Figs. 9(a)-(c), the
ment. The negative correlation can be interpreted as tiiat CEeRBC stiffness of MM patient are varied from 4 to 33 [kPa]
deformability reduces with cell size increases, which nsake while the RBC stiffness of two other healthy subjects are con
physical sense that a large cell moves slower in the constricstantly under 15 [kPa]. The similar tendency are observed by
tion than a small one due to greater amount of deformation ithe proposed method in Figs. 9(d)-(f) that the data of the MM
the same cell deformability is assumed. patient is more scattered in Fig. 9(d) than the healthy sttbje
There are exceptions away from the majority population ofin Figs. 9(e) and (f). The Fig. 9(g)-(i) shows that all three
the data points where the RBCs show lain Fig. 8. Those  subjects having similar size distribution of RBCs, so thatsc
RBCs are visually examined, and are found having differentering of the cell stiffness/deformability of MM subject sna
deformability from other RBCs. An example is shown in not due to the RBC size but RBC deformability.
Fig. 8(f) at(L,V) = (9.0, 0.36). Such exceptions show that  In order to reduce the possible effect from time and keep
the proposed method can perform a scan of large populatiothe both evaluations within the similar time period as theeti
of RBCs for finding the RBC with specially low deformability from blood withdrawal, only very limited RBC samples are
while obtaining the cell deformability of majority popuilat. obtained in AFM measurement. Itis due to the nature of AFM
The experimental conditions, such as how the velocity ismeasurement which takes several seconds, or even mirutes, t
calculated, the width of the constriction, the flow rate diesi
the microchannel and the type of suspension solution, can afithe large RBCsL(> 20[um]) are removed after visual examination for avoid-

. ing the case of rouleaux formation which has been previo nted as a
affected the results of evaluation. Therefore, the expemial Sygmptom of MM 19 previouesl

Evaluation on Multiple Myeloma RBCs
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(a) MM Subject, AFM results

(b) Healthy Subject #1, AFM results
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Fig. 9 The comparison between MM subject (1st column) and two healthy galffred and 3rd columns). (a)-(c) RBC stiffness measured by
AFM. (d)-(f) The relation between RBC transit velocity and in-channegjth corresponding to Figs. 9(a)-(c). (g)-(i) The distribution of RBC
diameter, corresponding to Figs. 9(a)-(c), measured inside theftuidio channel before entering the constrictions.
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measure one RBC. On the other hand, the experimental timel. The way of calculating normalized transit velocity V.

in the proposed method for each blood sample is about 15 sec-  Figure 10(b) and (c) shows including and excluding the
onds, not including the sample preparation and image pseces phase of cell deformation, respectively. It shows the tran-
ing, but hundreds of RBCs behavior can be recorded by the sit velocities are increase by excluding the phase of de-
vision system. This again shows the great advantage of high-  formation. In other words, the transit velocity of each
throughput of the microfluidic approach in cell evaluation. RBC in Fig. 10(b) is calculated as the average veloc-
ity from RBC just reaches the channel entrance until the
RBC reaches the channel exit while the transit velocity is
calculated from the RBC fully entering the channel While
the advantage is that RBC entering position no longer af-
fect the cell evaluation, the disadvantage is that we lose
the information of cell transient response during defor-
mation. In the case that the overall cell deformability
is considered, the transit velocity including deformation
phase should be utilized.

6 Conclusion

A microfluidic design with geometrical alignment for improv
ing the sensitivity of evaluating cell deformability is jpased
and tested. Four concluding remarks are:

1. The proposed microfluidic design provides a simple and
effective method for cell alignment in the evaluation of
cell deformability. Cells are spontaneously aligned by the

geometrica| constraints without any additional control. 2. The flow rate inside the microchannel.The flow rate is

represented by the RBC transit velocity, and Fig. 10(b)

2. The sensitivity to cell size is clearly enhanced by the and (d) shows the cases @tgc = 7 + 2[um/ms| and

proposed alignment from conventional microchannel ap-
proach. The correlation between cell size and transit ve-
locity increases with cell alignment compared with the
ones without cell alignment under the same conditions.

. RBC deformability evaluated by the proposed method is
compared with the RBC stiffness measured by an AFM,
the current gold standard in cell stiffness measurement.
The comparison shows the similar tendency between two

0.7+ 0.2[um/mg], respectively. It is interesting to see
that even with 10 times difference in the transit velocity,
the two sets of data are largely overlapped in the plot, and
the difference is that the in-channel length in the slower
flow rate is slightly shifted to the left. This shows that
the normalization method in Eq.(1) effectively compen-
sate the effect coming from the different flow condition,
and similar results can be obtained under the transit ve-
locity within these ranges.

methods, which supports the validity of the proposed

method. 3. The selection of solution for RBC suspension and dilu-

tion. Three different solutions commonly used in biology
experiment, standard saline, phosphate-buffered saline
without magnesium and calcium (PBS-) and phosphate-
buffered saline with magnesium and calcium (PBS+), are
tested, and the results are in Figs. 10(b), (e) and (f), re-
spectively. There is no significant difference between
these three solutions in this condition test, especialti wi
standard saline and PBS-. Thim PBS+ is found slightly
increased and the width afdistribution is reduced.

4. The patient with MM is found having large population
of stiffened RBCs while only few stiffened RBCs are de-
tected from the RBCs of healthy subjects.

Acknowledgement

We would like to thank Mr. Shuhei Yoshikawa and Mr. Kohei
Ochi for their assistance in the experiments. This work 5 su
ported by Grant#23106003 and #26820086 of The Ministry of
Education, Culture, Sports, Science and Technology (MEXT)

of Japan. References
1 F. K. Glenister, R. L. Coppel, A. F. Cowman, N. Mohandas and/B.
Appendix A Cooke,Blood, 2002,99, 1060-1063.

2 H. Bow, I. V. Pivkin, M. Diez-Silva, S. J. Goldfless, M. Dao, S.
J. C. Niles and J. Harb,ab on a Chip, 2011,11, 1065-1073.

) 3 M. Brandao, A. Fontes, M. Barjas-Castro, L. Barbosa, Ft&d3. Cesar

Figure 10 shows the results of the RBCs from the same source and S. Saadur. J. Hematol, 2003,70, 207-211.

evaluated under five difference combinations of experimen-4 K. Tsukada, E. Sekizuka, C. Oshio and H. Minamitaviicrovascular

tal conditions. Figure 10(a) illustrates the conditionad a Research, 2001,61, 231-239.

. . . 5 C.D. Tsai, S. Sakuma, F. Arai and M. KanekBEE Transactions on
Fig. 10(b) is the control group for the other four results in = g = . * Engineering, 2014,61, 1187—1195.

FigS.lO(C)-_(f). The ﬁV? difference conc_iitions are varied i g v zheng, E. Shojaei-Baghini, A. Azad, C. Wang and Y. Stah on a
three condition categories, and the details are as follows: Chip, 2012,12, 2560-2567.

Effect of Experimental Conditions

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |9



RSC Advances

Page 10 of 10

(a) Diagram of system conditions

(b) The control group for condition test. v =7

(c) Excluding deformation phase

Vpac =7
b

1 I 1
l (b) Including Deformation | ool * R = —0.40 (346 RBCs) ould R =-0.19 (346 RBCs) (] -
(d) Flow Rate — : ?=—0.019L + 0.860 — ©=-0.009L + 0.800 =
Vrpe = U o . - B
© 08 © 08 s
IS iy 5 Sow ¥
307 e °;;:f{|‘!",{. 307
o) 5 Qﬁ:ﬂ'. > 5
7 06 § 7 06
§ 0.5 ; .E; 0.5
= =
= =
K04 2 o4
= =
g o3 g o3
i ! B S 1. Including Deformation Phase S 1. Excluding Deformation Phase
‘ » Vrec =V 0211 2. Constriction Width = 3 [um] 0211 2 Constriction Width = 3 [um]
l (c) Excluding Deformation 01 3. Transit Velocity = 7 + 2 [um/ms] ol 3. Transit Velocity = 7 + 2 [um/ms]
4. Suspension Solution: Saline 4. Suspension Solution: Saline
| (e) & (f) Suspension Solution |
8 10 12 14 16 18 8 10 12 14 16 18
In-Channel Length, L [pm] In-Channel Length, L [pum]
(d) Applying slow flow rate (e) Using PBS without Mg & Ca (f) Using PBS with Mg and Ca
1 1 1
« R=-0.32 (168 RBCs) o> « R=-038 (222 RBCs) [ ] « R=-033 (245 RBCs) (@]
b % = —0.018L + 0821 Vmain L O — o=—0016L+0821 o 09 = —0.015L +0.828 —
0.8 © 0.8 < 08 i ¥
EE S B o7fy e et gt e 2o R X
I I o 3 oty ol Ly ) s §".‘""-2;-§’-;:' .
0.6« A 200 0.6 e i, Lt A S ~ 06 N it o R
= e A T e, 2 ¥ 2 ..;.o)f:' MR = L . ._-&"&. .‘-.:. -
] ERACE ] LT I BN 2 B oime °
s 05 . ot 3 S 0. * LR LR So
= . e = . H =
=} = =}
o4 Qo4 § 0.4
= = =
g 03] £ 03] £ 03
2 1. Including Deformation Phase ZO 1. Including Deformation Phase ZO 1. Including Deformation Phase
0211 2. Constriction Width = 3 [um] 02r 2 Constriction Width = 3 [um] 0211 2_Constriction Width = 3 [um]
i 3. Transit Velocity = 0.7 + 0.2 [um/ms i 3. Transit Velocity = 7 + 2 [um/ms] B 3. Transit Velocity = 7 + 2 [um/ms]
i 4. Suspension Solution: Saline i 4. Suspension Solution: PBS - 4. Suspension Solution: PBS +
) 10 12 14 16 18 ) 10 12 14 16 18 ) 10 12 14 16 18

In-Channel Length, L [pum]

In-Channel Length, L [pum]

In-Channel Length, L [pum]

Fig. 10The experimental results on RBC evaluation under different condit{ahd-he diagram showing the tested conditions; (b) The
condition where deformation phase is included for RBC transit velocijyfie condition where deformation phase is excluded for RBC

transit velocity; (d) The condition where 1/10 times flow rate is applied dutirdest; (e) The condition where PBS- is used for RBC

suspension and dilution; (f) The condition where PBS+ is used for RB@esision and dilution.

7 J. Chen, Y. Zheng, Q. Tan, E. Shojaei-Baghini, Y. L. ZhangLiJ
P. Prasad, L. You, X. Y. Wu and Y. Subab On A Chip, 2011,11, 3174—
3181.

Y. Hirose, K. Tadakuma, M. Higashimori, T. Arai, M. Kaneko,IRsuka,
Y. Yamanishi and F. Arai, Proc. of the IEEE Int. Conf. on Robstand
Automation, ICRA, Anchorage, USA, 2010, pp. 4113-4118.

D. R. Gossett, H. T. K. Tse, S. A. Lee, Y. Ying, A. G. Lindgrén, O.
Yang, J. Rao, A. T. Clark and D. D. Carlo, Proc. of the Natiohehdemy
of Sciences, PNAS, 2012, pp. 7630-7635.

Y. Katsumoto, K. Tatsumi, T. Doi and K. Nakatet. J. Heat Fluid Flow,
2010,31, 985-995.

J. P. Beech, S. H. Holm, K. Adolfsson and J. O. Tegenféldh on a
Chip, 2012,12, 1048-1051.

Y. Zheng, J. Nguyen, Y. Wei and Y. Surgb on a chip, 2013,13, 2464—
2483.

B. Zhao, J. S. Moore and D. J. BeeBeigence, 2001,291, 1023-1026.
K. B. Roth, C. D. Eggleton, K. B. Neeves and D. W. M. Marap on a
Chip, 2013,13, 1571-1577.

D. D. Carlo, D. Irimia, R. G. Tompkins and M. Toné¥oc. of the Na-
tional Academy of Sciences, PNAS, 2007,104, 18892—-18897.

10

11

12

13
14

15

16 S. Sakuma, K. Kuroda, C. D. Tsai, W. Fukui, F. Arai and M. Kené&ab
On A Chip, 2014,14, 1135-1141.

17 J. Greer, D. Arber, B. Glader, A. List, R. Means, F. Paraa&e
G. Rodgers and J. Foerstédntrobe’s Clinical Hematology 12th Edition,
LWw, 2013.

18 J. Wan, A. M. Forsyth and H. A. Stonitegrative Biology, 2011, 3,
972-981.

19 M. Dimopoulos and R. Ket al., Blood, 2011,117, 4701-4705.

10 | Journal Name, 2010, [vol], 1-10

This journal is @ The Royal Society of Chemistry [year]



