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Evaluation of agglutination strength by flow-
induced cell movement assay based surface
plasmon resonance (SPR) technique’
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Amarit,’ Armote Somboonkaew,” Boonsong Sutapun,® Pimpun Kitpoka,” Mongkol
Kunakorn," Toemsak Srikhirin®®°*

A flow-induced cell movement assay combined with a surface plasmon resonance (SPR) technique was developed to
quantify the agglutination strength, derived from the standard tube-agglutination test. Red blood cells (RBCs), based on
the ABO blood group system, were specifically captured by anti-A and/or anti-B antibodies immobilized on a sensor
surface. The agglutination strength corresponds to the amount of antigen—antibody interaction or the strength of RBC
adhesion. Under a shear flow, the adherent RBCs were forced to move out of the region of interest with different average
cell velocities (v;) depending upon the adhesion strength and wall shear stress (WSS). Namely, a higher adhesion strength
(higher agglutination strength) or lower WSS represents a lower v, or vice versa. In this work, the agglutination strength
was derived from the v, that was calculated from the time derivative of the relative SPR signal by using a simple model of
cell movement response, whose validity was verified. The v, values of different samples were correlated with their
agglutination strengths at a given WSS and antibody surface density. The v, decreased as the agglutination strength
increased, which can be considered as a linear regression. The coefficient of variation of the calculated v, decreased to
0.1 as v, increased to 30 pm/min. The sensitivity of this assay can be controlled by optimizing the antibody surface density

or the WSS. This assay has the capability to resolve the antigen density of A; and B RBCs from that of A;B RBCs.

Introduction

Human red blood cells (RBCs) are categorized into a blood
group system based on the presence of antigen types on the RBC
membrane.! The ABO blood group, composed of A antigens and B
antigens, is the first and foremost system to consider before
transfusion, because ABO-incompatible transfusion can be fatal.?
The RBCs can be classified into four groups: A, B, AB, and O, and
can be further divided into a subgroup system depending on the
amount of antigens expressed on the RBCs; for example, subgroup
Ay > A, > A; or B > B;.! The agglutination test is a standard
technique for identifying blood group. By incubating unknown
RBCs with known antibodies in solution phase or vice versa, the
clumping of RBCs, mediated by crosslinking of the antigen—
antibody binding, appears as a large complex. The strength of
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agglutination, including 1+, 2+, 3+, and 4+ levels, is determined
from the level of the agglutination form as seen by the naked eye.
No agglutination due to an absence of antigen—antibody reaction is
represented by 0. The agglutination strength relates directly to the
amount of antigen—antibody binding, which normally depends on the
antigen density on the RBCs. These levels must be sufficient to
cover all subgroups to prevent false diagnosis. For example, 4+
strength is always the A; and B subgroup but a mixed field of 2-3+
strength can be found the A; or B; subgroup.

The surface plasmon resonance (SPR) technique was employed
to measure biomolecular interaction, such as protein,4 DNA,>7 and
cellular detection® in real time and without label molecules.
Adsorption of analytes on a sensor surface can be monitored with
high sensitivity via changes in the refractive index compared to a
background. The SPR imaging technique, also known as SPR
microscopy, has been developed for cellular studies such as
detection of a target cell specifically binding to the sensor surface or
cell-based assays investigating cell response under an external
stimulus.®* When combined with microarray technology, SPR
imaging is well regarded as a useful tool for high-throughput and
multiplex analysis.” '° These capabilities confer advantages for the
reduction of assay cost, detection time, and sample consumption.
Therefore, the idea of applying the SPR technique to blood grouping
is of interest. The first ABO blood grouping by using the SPR
technique was reported.!’ The indentification of the ABO blood
group by using the specific antibody surfaces was successfully
carried out and the antibody surface could be regenerated for
repeated use. Houngkamhang et al. used SPR imaging in ABO blood
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grouping for multiplex analysis, which could reduce the cost and
analysis time.'> However, to fully realize the SPR application for
blood grouping, additional information on agglutination strength is
needed.

Because RBC-RBC adhesion (the RBC agglutination) is based
on the same principle as the adherence of RBCs on a surface, solid-
phase biosensors such as the SPR technique can quantify the
agglutination strength though the strength of cell-surface adhesion.
A simple and standard method for quantitative analysis of the
adhesion strength was determined by applying a fluid shear stress
acting on the adherent cell.'* ' This shear stress gives rise to the
distraction of cell-surface binding, leading to detachment of cells
from the surface. The adhesion strength was defined as the critical
wall shear stress (critical WSS) at which 50% of the cell population
remained.' ' To find out this critical WSS, the remaining RBCs
under various WSSs (shear stress at a wall channel) have to be
determined for a long time. Therefore, it is not suitable in real
applications for blood grouping.

In general, the adherent RBCs under a given WSS below the
critical WSS are moved by rolling along the surfaces without
detaching.'” A kinetic model of the membrane—surface adhesion and
its detachment under tension describing this phenomenon was
proposed by Dembo ef al. Based on the cell membrane—surface
attachment mediated by receptors—ligand binding, an increase in the
adhesion strength corresponds to increases in the ligand density on
the surface, the receptor density on the cell membrane, and the
ligand-receptor affinity, which are inversely proportional to the
rolling velocity of the cell."® This model was also used to describe
rolling of adherent neutrophils mediated by selectin.'” Brunk er al.
investigated sialyl Lewis*-coated microspheres rolling along with the
E-selectin surface under a shear flow. The relationship between the
adhesion strength and the rolling velocity is described by a power
function where the adhesion strength is inversely proportional to the
velocity.® Therefore, we propose an average cell velocity (v,
average velocity of the RBCs moving on the surface) to
quantitatively evaluate the agglutination strength within a reasonable
detection time.”! By fixing the WSS and finding v, instead of the
critical WSS, the assay time and the complication of adhesion
strength analysis are reduced compared to the conventional method.
However, based on the SPR technique, calibration between v, and
the adhesion strength or the agglutination strength is required.

In this work, the SPR technique together with a flow-
induced cell movement assay was developed for evaluating the
agglutination strength by monitoring v.. The flow-induced cell
movement assay was based on applying the WSS driving RBCs
specifically adhering on a sensor surface which was
immobilized by anti-A and/or anti-B antibody (Scheme 1). The
SPR signal was converted to v, by using a simple model of cell
movement response, whose validity was also verified. The v,,
calculated from the SPR, was investigated in various
conditions, including different densities of antibody surfaces
and RBCs having different agglutination strengths. Finally,
qualitative analysis of antigen density on the RBCs was
exemplified and the precision of this assay was shown.
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Scheme 1 lllustration of the flow-induced cell movement assay.

Experimental

Materials

SPR bare gold chips (50 nm of gold) coated on BK7 were purchased
from Ssens (Netherland). Dextran with a molecular weight of 500
kDa was purchased from Pharmacosmos A/S (Denmark). 1-ethyl-3-
(3-diethyl-aminopropyl) carbodiimide (EDCO), N-
hydroxysuccinimide (NHS), glycerol, and ethanolamine were
purchased from Sigma-Aldrich Co. (USA). Tween 20
(polyoxyethylene(20) sorbitan) was purchased from Merck KGaA
(Germany). Pluronic F-127 and StabilCoat® immunoassay stabilizer
were purchased from Sigma—Aldrich (Singapore). A flow cell made
of polydimethylsiloxane (PDMS) was purchased from Dow Corning
Co. (USA). IgM antibodies of the ABO blood system, including
anti-A and anti-B, were obtained from the Thai Red Cross Society
(Thailand). Deionized water (DI water) was used to prepare all
aqueous solutions, including phosphate buffered solution (PBS:
0.15M NaCl, 0.01M phosphate, pH 7.4), normal saline solution
(NSS: 0.9% NaCl (w/v)), glycerol, Pluronic F-127, and NaOH
solution. All samples, used in this work, were left-over blood
samples obtained from blood donors in the Blood Bank of
Ramathibodi Hospital (Bangkok, Thailand) and they were typed for
the ABO blood group by the standard agglutination technique. This
work was approved by the Ramathibodi Hospital Ethics Committee.

Sample preparation

RBC samples were prepared from fresh Ethylenediaminetetraacetic
acid (EDTA) blood. The EDTA blood was centrifuged at 3000 rpm
for 1 minute. The blood components were separated into three layers
consisting of the upper layer (plasma), the thin-middle layer (platelet
and white blood cell), and the lower layer (RBC). The upper and
middle layers were removed. The remaining RBCs were washed
three times with NSS. Finally, 1% of RBC solutions (v/v) were
prepared in PBS. Each pooled RBC sample was obtained by mixing
the same group together in equal volume and adjusted to 1% RBCs
V/v).

This journal is © The Royal Society of Chemistry 2012
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Fig. 1. Experimental setup. (a) Position of the antibody region and region of interest (ROI). In all experiments, the antibody spot is a square,
where L = 493 ym. The RBC movement was investigated within the ROI, where the Wgc, is about 130 um. The ROI possesses half of the
antibody region (Ls, = 246.5 um, vertical direction). (b) The RBC movement under shear flow. The antibodies were immobilized on the
carboxylated-dextran matrix, whose thickness was about 100 nm. The antigen branch is located on protein band 3, indicated by “2”. “1” indicates
the antigen—antibody binding that mediates the RBC adhesion. The RBC membrane rolls up in a tank-treading motion with ve.

Procedure of antibody immobilization and making a spot of
antibody surface

The carboxylated-dextran surface was employed.”> Antibody
immobilization via amine coupling was done by converting the
carboxyl group to the reactive ester group with 0.4 M of EDC and
0.1 M of NHS for 10 minutes. Anti-A and anti-B antibodies in
sodium acetate buffer at pH 5.5 were immediately injected for 10
minutes and an increase in the SPR signal was observed. The
residual of the unreactive ester group was deactivated by reacting it
with ethanolamine at pH 8.5 for 10 minutes. Unbound antibodies
were washed twice with 10 mM of NaOH for 1 minute. PBS was
used as a running buffer. Finally, the antibody surface was preserved
by the immunoassay stabilizer in dried phase. An antibody spot was
made by rotating the immobilized antibody substrate by 90°,
yielding the 493 pm x 493 pm spots of the antibody surface. The
antibody surface density (molecules/cm?) can be calculated from the
SPR signal . *

A simple model of cell movement response

The relative SPR signal (RS) is defined as the ratio of the SPR signal
at any time to the SPR signal of cell attachment (before the cell starts
its movement). A change in the RS indicates loss of the cell from the
surface. Because the detection range of the SPR sensor chip is about
200-250 nm, the observed RS originates from the cell membrane
and some part of the inner cell or cell-surface contact area.® Under a
shear flow, the WSS induces RBC deformation and the RBC lifts
away from the surface, depending on the WSS’s magnitude.*
However, there is no further deformation or change in the cell-
surface distance of a deformed RBC at a static WSS. Thus, the RS
obtained from the SPR can represent the ratio of cells remaining on

This journal is © The Royal Society of Chemistry 2012

the surface to the amount of adherent cells at the initial time, which
is known as the adherent cell fraction.

In this experiment, a spot of antibody surface with dimensions of
L x L was employed. A simple model of cell movement response is
based on the assumption that the cells initially attach on the surface
with uniform distribution. The cell-surface contact area or RS
decreased when the cells were forced out of this spot in the direction
of the fluid flow. The average cell velocity (v.) corresponds to the
rate of reduction of the RS (Section 1 of the Supplementary
Information), given by

RE_ L S, (1a)
dt Lab i

or @ :_l V., (1b)
dt Lab ¢

where w; is the weight of the amount of adherent cells moving with
cell velocity v;. L,, represents the length of the interception between
the immobilized antibody region and the region of interest (ROI) as
shown in Fig. la. Equation (1) represents the simple model of cell
movement response. The relationship exhibits the linearity between
v, and time derivatives of the RS (dRS/dt).

SPR imaging instruments

The SPR imaging instrument, based on the Kretschmann
configuration, was reported previously by Houngkamhang ef al.'* A
tungsten-halogen lamp (Ocean optics, HL-2000-FHSA-HP, 20 W)
was used as the wavelength-tunable light source, tuned from 650 nm
to 900 nm by a linear variable band pass filter (Edmund Optics,

Analyst, 2012, 00, 1-3 | 3
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Fig. 2. Characteristics of cell movement under WSS. (a) The WSS profile of a 235 x 496 um? rectangular channel, where the positions at +
246.5 ym are the channel wall. The Wkgo, occupied the position from —65 pm to 65 um. (b) The RS during the RBC attachment and movement

process. B RBCs were analyzed on the anti-B surface, which has a surface density of 6.83 x 10" molecules/cm? “, “ii”, and “iii” indicate
average WSSs within the Wi, of 0, 1.92, and 9.59 dynes/cm?, respectively. The RS decreases monotonically as the reduction of the adherent

RBCs within the ROI as shown in images (c)—(f); the length of the scale bar is 100 um.

NT63-450). The p-polarized light was derived from a linear
polarizer, collimated and illuminated to the glass prism at a fixed
incident angle. The SPR sensor chip (Xantec, CMD200) was
attached on the glass prism surface, connected together by an index
matching gel (Cargille Labs.). The surface of a PDMS flow cell was
treated with 0.05% (w/v) Pluronic F-127 for 12 hrs prior to apply
onto the sensor surface by using a mechanical clamp. The buffers
and samples were pumped into the flow cell by using a multi-
channel peristaltic pump (Ismatec). The reflected light from the SPR
chip were detected by a CCD camera (Basler, SCOUT scA1400-
17gm) allowing to spatially generating the SPR curve. The
wavelength was adjusted in a linear region of the SPR curve and
fixed at a constant that provides the highest image contrast
throughout the experiment. In-house software based on Labview was
used for motion control and data processing. The cell adhesion
phenomena were measured via the change of the reflected intensity,
which was converted to refractive index units (RIU) by calibrating to
known refractive index solutions (glycerol solution). A pixel of the
SPR image was calibrated with the real length scale from circles
with known diameter. The average length per pixel was found ~22
pm.

4 | Analyst, 2012, 00, 1-3

With the same fluidic setup of the SPR instrument, an optical
microscope (Olympus, CH30) was used for the cell imaging. A top
view image of cell adhesion on the sensor surface was captured
though a 10x objective lens collimating the light to a USB CCD
camera (HDCE-20 series digital camera, BST Co., China).

Setup of wall shear stress

An illustration of an RBC adhering on an antibody surface is shown
in Fig. 1b. The A and/or B antigen branches on the RBC membrane
bind to the antibodies on the sensor surface. Under the shear flow,
the adherent RBCs were subjected to a WSS, leading to RBC
deformation and movement in the flow direction. The bond
detachment occurs on the upstream (left) side of the peripheral zone
of the cell-surface contact due to fluid torque. Consequently, the cell
membrane rolls up like tape peeling'® and the bond rebinds on the
downstream (right) side of the peripheral zone, leading to a rolling
movement. The strength of the RBC adhesion is related directly to
v., which depends on the affinity between antigen and antibody, the
antibody density on the sensor surface, the antigen density on the
RBC membrane, and the WSS.%

This journal is © The Royal Society of Chemistry 2012
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All experimental processes were under a laminar flow with a
calculated Reynolds number (Re) of approximately 50 for a given
maximum flow rate of our pressure driven pump (flow rate ~ 1000
pL/min), where the dynamic viscosity of PBS is approximately 0.01
dynes-s/cm® (1 dynes/cm® = 0.1 Pa). The height and width of the
rectangular channel were 235 and 493 pm, respectively. To make
sure that the laminar flow was fully developed, we also set the
position of the ROI at over 7 mm and there was no interruption due
to the RBC adhesion (the effect of a rough surface) in our
experiment conditions (Detailed in Section 2 of the Supplementary
Information).

The WSS profile of our rectangular channel related to the
gradient of fluid velocity is like parabola as shown in Fig. 2a (the
formula shown in Section 2 of the Supplementary Information). To
remove analysis error from non-uniform WSS near the channel wall,
an ROI with a width (Wp¢,) of approximately 130 um was set at the
center of the antibody region. The length of the ROI was set equal to
the length of the antibody spot (493 pm). The horizontal center line
of the ROI overlapped the edge of the antibody region to define L,
accurately (Fig. 1la). Therefore, L, from the SPR image is
approximately 246.5 + 22 um (£ 1 pixel). The average WSS in the
ROI was calculated as a function of the flow rate. For example, a
flow rate of 50 puL/min provides a WSS of approximately 2.40
dynes/cm’.

Results and discussion

SPR signal of cell movement under wall shear stresses

To accurately predict v, via the simple model of movement response
(Eq. (1b)), the RBCs should adhere uniformly on the surface.
Unfortunately, a non-uniform distribution results from the inertia
forces, including lift** and centrifugal force,” acting on suspended
RBCs which are concentrated in particular positions during flow in a
microchannel. The effect of lift force can be reduced if Re is kept
below 10.%” The overlapping and crashing of RBCs due to the cell-
velocity distribution must be considered. The amount of adherent
RBCs was decreased to prevent interruption of the RBC movement
along the surface while giving a satisfactory SPR signal. Figure 2b
shows an example of the characteristics of the RS during the cell
attachment and movement process. The cell attachment process was
carried out by injecting 1% RBC solution with Re ~9 (which is low
enough for the migration due to inertia to be ignored). Once the
RBCs reached the sensor surface, the flow was stopped to avoid the
lift force against the RBCs transporting to the surface. The RBCs
were allowed to react for 1 minute before the WSS of 1.92
dynes/cm® was applied to remove the suspended RBCs from the
surface for 3 minutes, since this magnitude only reduced the
adhesion efficiency to 10% and was not enough to move the
adherent RBCs. In all our experimental conditions, the WSS for
starting the movement of the adherent RBCs was found to be
between 2.40 and 4.79 dynes/cm’. Therefore, the WSS of 1.92
dynes/cm?® did not interrupt the cell movement analysis. Now, the
adherent RBCs adhered uniformly, as evidenced by optical
microscopy (Fig. 2¢). The specific binding of RBCs on the antibody
surface was found to be 4268 + 426 cells/mm®. The average distance

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. The selection of the analysis regime. (a) The cell movement
response, i.e., the relative SPR signal (RS) and the adherent cell
fraction obtained from the SPR and the optical microscope,
respectively, at a given WSS of 19.2 dynes/cmz. The RS changes its
behavior after a few minutes, as indicated by the dashed lines “1” (the
first regime) and “2” (the second regime), where the line for each
regime was found by drawing a straight line mostly going through data
points of the cell movement response. The analysis regime was
defined between t; and t,. ¢ is a time point, defined as the interception
point between the dashed lines “1” and “2”. f, can be found from the
coefficient of variation (CV) of the cell velocity distribution. If CV = 0.5,
t, corresponds to an RS of 0.6. For the adherent cell fraction, it had
only one regime (the dashed line “3”). The calculated slopes of RS
and the FS were —0.0348 (dashed line “2”) and —0.0342 min” (dashed
line “3”), respectively.

between the adherent RBCs was approximately 8 pm, which is
sufficient to reduce crashing among them in our analysis time. The
non-specific binding of A RBCs on anti-B surfaces and B RBCs on
anti-A surfaces was tested and found to be approximately 165 + 57
cells/mm?. All RBCs with non-specific binding can be removed by a
WSS of at least 2.40 dynes/cm?.

The cell movement process was carried out by adjusting the
WSS to be above 2.40 dynes/cm”. For an example, after the RS
was saturated during the cell attachment process (Fig. 2b), the
WSS at 9.59 dynes/cm® was applied. The RS decreased
monotonically due to the reduction of RBCs in the ROI (Fig.
2¢-2f). The edge of the area occupied by the adherent RBCs
appeared as a parabolic-like profile after a long time period
similar to the WSS profile. Figure 3 shows the characteristics of
the adherent cell fraction and the RS. Originally, the adherent
cell fraction was thought to show only one regime. However,
the RS revealed that in fact two major regimes could be
observed during the movement. The first regime of the RS
decreased nonlinearly and more rapidly than the second regime,
where the crossover time (#;) was defined as the time point at
which the first regime changed to the second regime. The
aspect of two regimes caused the antibody surface density to be
lower in the lateral zone of the antibody region than in the
central zone (Section 3 of the Supplementary Information). The
adherent RBCs near the edge of the antibody region moved

Analyst, 2012, 00, 1-3 | 5
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Fig. 4. (a) Diagram for choosing an available analysis regime. The
analysis regime must be subject to the coefficient of variation (CV)
and the trial relative SPR signal (the trial RS) staying in the usable
area. (b) The precision as a function of v, was investigated via CV.

with higher velocity than those near the center, leading to more
crashing and overlapping of RBCs. This resulted in loss of the
cell-surface contact area, which was observed as a steeper drop
of the first regime. This was not observed in the adherent cell
fraction that was obtained by the direct cell imaging or cell
counting method. This situation lasted until the adherent RBCs
passed from the lateral zone (x < 70 pm from the edge) to the
near-center zone (100 um < x < 246 um from the edge), where
the immobilized antibody is more uniformly distributed. The
cell movement reached a constant value of v, leading to
linearity of the second regime.

Relative SPR signal versus cell velocity
To verify the validity of the movement response model (Eq. (1b))

that is used to convert the RS to v,, —dRS/dt and v, under the same
experimental conditions were plotted as y and x, respectively.

6 | Analyst, 2012, 00, 1-3

Because they have the linear relationship, the calculated slope must
be inversely proportional to the true value of L,,, which is 246.5 pm.
The value of v, obtained by varying the WSSs was calculated by
tracking the individual RBC positions, averaging around 40 cells at
any time from snapshot images during the cell movement process. A
pixel of the optical microscope image was calibrated to dot images
from a calibration slide (Motic). The RSs were obtained from a
separate experiment but using the same fluidic setup, WSS, sample,
and antibody surface density. Experimental replication was carried
out at least twice (in duplicate) by using 5.0 mM of NaOH for
regenerating the antibody surface, which did not diminish the
binding ability of the immobilized antibody (Detailed in Section 4 of
the Supplementary Information).

As mentioned above, the first regime of the RS was not taken
into consideration due to the interruption of overlapping of RBCs in
the lateral zone. Therefore, only the second regime was considered.
Additionally, the last time period of the RS was ignored because the
adherent RBCs moving with high velocity had already moved out of
the ROI before others moving with low velocity. Thus, the value of
RS did not represent the average information of the cell population
after a long time period. This error can be avoided by choosing an
analysis regime which does not exceed the limited time (#) that is
spent to allow a group of the adherent RBCs with the highest
velocity moving out of the ROIL The analysis regime was defined as
the time period between ¢; and ¢, However, it is easy to determine the
analysis regime via a value of the RS from RS(#,) to RS(#). Based on
a normal distribution of v;, we proposed that RS(z)) is a function of
the coefficient of wvariation (CV) of v; (Section 1 of the
Supplementary Information).

1

_ 6).
14+3CV

RS(1,)=1-

Figure 4a shows a diagram for choosing the analysis
regime. A reliable v, must be under the constraint of a pair of a
CV and a trial RS placed in the usable area which is the trial RS
> RS(#). To find an available analysis regime, the trial RS was
chosen. Then, v, was calculated from the range between RS(%,)
and the trial RS. Finally, the trial RS and the CV calculated
from the replication of v, were checked by using the diagram
(Fig. 4a). If the trial RS and the CV stayed in the usable area,
the value of v, from this analysis regime was accepted. If they
stayed in the unusable area, we had to search for a new trial RS.
Although this procedure seems uncomfortable, practically, it is
easy to obtain the available trial RS in the first time by
choosing it at almost the last point of the linear behavior of the
second regime.

By using this procedure, the CV as a function of v, was
investigated. It was found that the higher the value of v., the
lower the CV, varied from 1 to 0.1 (Fig. 4b), as well as almost
independent from the length of the analysis regime. It means
that the analysis regime increase for more values of the v..
Therefore, it is better if we optimize the antibody surface
density and the WSS to provide high v.. Moreover, this is also
valuable to achieve fairly good precision of the measurement
(CV < 0.2) which is in the range of v, from approximately 20 to

This journal is © The Royal Society of Chemistry 2012
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Fig. 5. The validity of the simple model (Eq. (1b)) was checked by
comparing the calculated L., which is equal to 1/slope. The
calculated L, 245 pm, is very close to the true L,,, 246.5 ym.

30 um/min. However, high v, provide a steep slope of the RS
affecting to accuracy of the v, calculation (detailed in next
section). To solve this problem, the sensitivity of the RS to the
v, have to decrease by increasing a magnitude of L.

To correlate v, and—dRS/dt, care must be taken to ensure that v,
is observed during the same period as the RS. At a given antibody
surface density, v. increased from 0.680 to 27.7 pm/min when WSS
increased from 2.40 to 38.4 dynes/cm®. The available analysis
regime was found by the method mentioned above. By plotting —
dRS/dt versus v,, the L,, calculated from the RSs is approximately
245 um (Fig. 5), which is very close to the true L., 246.5 pum.
Although the drop of the first regime caused the error in the
calculation of v,, its effect was so insignificant that it was not found
in the measurement. This suggests that our simple model is valid. It
means that Eq. (1b) can be used for converting RS to v,, which can
be calculated from the second regime.

The relationship between the cell velocity and the agglutination
strength

The quantitative analysis of the agglutination strength by using a
flow-induced cell movement assay was carried out by observing the
relationship between samples’ known agglutination strengths and
their v, calculated from the RS. Higher agglutination strength should
correspond to lower values of v.. In this study, samples of subgroup
A3, subgroup B; (1+ to 3+ agglutination strength, corresponding to
low antigen density), and subgroup A; and B (4+ agglutination
strength) were employed. It is necessary to optimize the antibody
surface density matching the WSS to obtain the available v,
satisfying every level of agglutination strength within a reasonable
detection time (about 10 minutes). Namely, the second regime was
not observable from the steeper RS. This means that the WSS was
too high or the antibody surface density was too low. On the
contrary, the RS with shallower incline required a longer period to
give more reliable data (the v.). It means that the RS(#) should be
nearly at the boundary line (Fig. 4a). However, the value of v,

This journal is © The Royal Society of Chemistry 2012
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calculated from RS can be generated in a limited range from
approximately 0 to 40 pum/min due to the limitation of our
experimental setup such as size and location of the ROI, the WSS
and the antibody surface density.

The v. was correlated with the agglutination strength for
both group A and group B, (Fig. 6). Lines “1” and “2” represent
analysis on the anti-A regions which had different surface
densities and WSSs. Line “3” represents analysis on the anti-B
region. The v, decreased monotonically with increasing
agglutination strength, and this was fitted well by linear
regression. As results, the line “1” and “2” have different
slopes. This verified that the sensitivity of the measurement
based on the flow-induced cell detachment assay can be
adjusted by optimizing the antibody surface density and the
WSS. Moreover, the sensitivity of line “2” is lower than that of
line “3”, even though the antibody surface density of anti-A is
slightly less than that of anti-B. This is caused by the following:
1) the antigen density on A RBCs is twice as high as that on B
RBCs,?® and/or 2) the antigen—antibody affinity of group A may
be better than that of group B.

Capability of distinguishing different antigen densities

To exemplify a capability of this assay for monitoring the
antigen density, the v, values of the RBCs which have slight
differences in antigen density, that is, A; or B versus A;B, were
investigated. A; antigen has a higher density on A; RBCs
(0.81-1.17 x 10° sites per cell) than on A;B RBC (0.46-0.85 x
10° sites per cell), and B antigen has a higher density on B

RBCs (0.61-0.83 x 10°sites per cell) than on A;B RBCs (0.31—

¥ Group A “1”||
® Group A “2”
® Group B “3”

[
=

®
«“y»

[a—y
th

y = -5.3968x+26.391

[y
=

| y=-5.0409x+23.381 \®

Cell velocity (um/min)
tn

¥
y= —1.4;393x+5.|9311 ;
1 2 3 4
Agglutination result (+)

Fig. 6. The relationship between the agglutination strength and the v,
of groups A and B RBCs was investigated. This relationship can be
fitted well by linear regression, where their sensitivities depend on the
WSS and the antibody surface density. The conditions are: “1”: WSS
= 9.59 dynes/cm® and anti-A surface density = 6.45 x 10
molecules/cm? “2”: WSS = 2.64 dynes/cm’ and anti-A surface density
= 3.47 x 10" molecules/cm?; “3": WSS = 9.59 dynes/cm? and anti-B
surface density = 6.61 x 10" molecules/cm?.
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Fig. 7. The identification of slightly different antigen densities of A,
and B versus AB RBC by flow-induced cell movement assay.

0.56 x 10% sites per cell).”® At an WSS of 9.59 dynes/cm?,
pooled A;, B, and A;B RBCs (10 pooled samples) were
analyzed on anti-A and anti-B with surface densities of 5.23 x
10'" and 5.16 x 10'° molecules/cm?, respectively. The results
were examined by independent two sample t-test. The
difference between the v. of A; and A;B RBCs and between the
v. of B RBCs and A;B RBCs was statistically significant (p =
0.016 and p = 0.049, respectively) at the 95% confidence
interval. A; and B RBCs moved with lower v, than A|B RBCs
due to higher antigen density, which allowed more formation of
antigen—antibody binding (Fig. 7). This assay can distinguish
the different antigen densities even though their agglutination
strengths are the same (4+). The resolution of this assay,
controlled by the antibody surface density and the WSS, is
better than that of the agglutination technique.

Conclusions

The development of the SPR technique for the analysis of the
agglutination strength based on flow-induced cell movement
assay was reported. By applying the WSS to the RBCs adhering
on the surface on which the specific antibody was immobilized,
the agglutination strength was evaluated though the v. of
adherent RBCs rolling out of the ROI. Based on the resistance
of the cell movement due to the antibody holding the antigen on
the RBC membrane, a higher v, indicated lower agglutination
strength, corresponding to lower antigen—antibody bonding, and
the converse. The agglutination strength was derived from v,,
which was calculated from the change in the SPR signal as a
function of time. The assay can be used to quantitatively
analyze the different agglutination strengths ranging from 4+ to
1+ with CV down to 0.1 depending upon v.. We expect this
work to complement the capability of the SPR technique for

8 | Analyst, 2012, 00, 1-3

cellular study. Moreover, other techniques based on solid phase
support can be applied to the analysis of cell adhesion strength
by using this assay.
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Illustration of the flow-induced cell movement assay. a flow-induced cell movement assay is developed as a
tool for the quantification of the strength of RBC agglutination or the cell-surface adhesion. The assay is
done by monitoring the movement of the RBC interacted with the immobilized antibody via the SPR intensity
changed. The speed of the RBC movement can be calculated and is related to the agglutination strength.
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