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a b s t r a c t

Surface plasmon resonance (SPR) technology and the Biacore biosensor have been widely used to mea-
sure the kinetics of biomolecular interactions in the fluid phase. In the past decade, the assay was further
extended to measure reaction kinetics when two counterpart molecules are anchored on apposed sur-
faces. However, the cell binding kinetics has not been well quantified. Here we report development of
a cellular kinetic model, combined with experimental procedures for cell binding kinetic measurements,
to predict kinetic rates per cell. Human red blood cells coated with bovine serum albumin and anti-BSA
monoclonal antibodies (mAbs) immobilized on the chip were used to conduct the measurements. Sensor-
grams for BSA-coated RBC binding onto and debinding from the anti-BSA mAb-immobilized chip were
obtained using a commercial Biacore 3000 biosensor, and analyzed with the cellular kinetic model devel-
oped. Not only did the model fit the data well, but it also predicted cellular on and off-rates as well as
binding affinities from curve fitting. The dependence of flow duration, flow rate, and site density of
BSA on binding kinetics was tested systematically, which further validated the feasibility and reliability
of the new approach.

Crown copyright � 2008 Published by Elsevier Inc. All rights reserved.
The Biacore biosensor is an optical device used to determine
biomolecular interactions between immobilized ligands or anti-
bodies and flowing receptors or antigens in real time [1–3]. With
surface plasmon resonance (SPR)1 technology, it measures the
changes in refractive index near a planar chip surface (within a dis-
tance of �300 nm from the surface) induced by binding of soluble
molecules to immobilized counterpart molecules on the sensor chip.
Kinetic rates and equilibrium affinity of biomolecular interactions
are then predicted by fitting measured data (sensorgrams) using
reaction kinetic models in bulk chemistry. The Biacore biosensor to-
gether with relevant analyses has become a widely used standard
method for characterizing biomolecular interactions in laboratories
and in the food and pharmaceutical industries [4–6]. Much effort
has been focused on providing accurate and reliable data, improving
data analysis, and widening the applications [1,7–9].

Recently, SPR technology and the Biacore biosensor were fur-
ther extended to measure the interactions of biomolecules ex-
pressed on the surface of a cell, virus, or particle, which enables
direct determination of the binding of surface-bound molecules
without protein purification and/or reconstruction. For example,
08 Published by Elsevier Inc. All r

; RBCs, red blood cells; mAbs,
NHS, N-hydroxysuccinimide;
binding of human red blood cells (RBCs) expressing blood group
antigens to immobilized anti-blood group-specific antibodies on
the Biacore chip surface has been measured to sort blood group-
specific RBCs from whole blood samples [10,11]. Similar tests were
done to characterize some novel monoclonal antibodies (mAbs) to
virulent Listeria monocytogenes cells [12], to screen peptide ligands
selectively capturing circulating malignant epithelial cells from
human prostate, bladder, and breast cancer cells [13], to map bind-
ing epitopes in the Plasmodium vivax domain that adhere to Duffy
antigen in RBC invasion [14], to determine the valency of antibody
binding to enveloped human influenza virus particles [4], and to
measure the binding of Staphylococcus aureus and Staphylococcus
epidermidis cells to immobilized fibronectin [15]. Technically, four
SPR-based biosensors were proposed, in which a commercialized
Biacore biosensor enables cell binding measurements at the lowest
nonspecific binding [11]. Although previous studies have offered
the potential to extend SPR-based Biacore biosensor in measuring
biomolecular interactions on the cell surface, quantitative analyses
of kinetic rates and binding affinity remain lacking.

In a Biacore biosensor, binding of flowing cells to immobilized
probes on the chip is mediated by underlying antibody–antigen
or receptor–ligand interactions, which are governed by kinetic
rates and binding affinity, as well as site densities of surface-bound
molecules, cell concentration, flow rate, and flow duration. For
example, cell binding responses were enhanced when higher con-
centrations of flowing cells or higher site densities of immobilized
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antibodies were used [4,10,15]. Low flow rate and long flow dura-
tion retain the same kinetics as high flow rate and short flow dura-
tion [15]. However, interpretation of binding data and calculation
of kinetic rates and binding affinity become complicated because
kinetic models used in bulk chemistry are unable to relate
apparent cell binding responses to intrinsic kinetic parameters of
the interacting molecular pair. Thus, development of a rationale
for cellular and molecular kinetic models and relevant analyses
to quantify biomolecular interactions on the cell surface is
required.

Binding of soluble or cell-bound antigens (or receptor) to immo-
bilized antibodies (or ligand) is governed by respective kinetic
mechanisms. In contrast to three-dimensional (3D) binding where
at least one of the two molecules is in fluid phase, the binding of
cell-bound molecules to immobilized counterpart molecules re-
quires that both molecules are captured on two apposed surfaces,
so-called two-dimensional (2D) binding. In typical 3D binding as
performed in conventional Biacore tests, mass transportation effect
needs to be accounted for in best fitting sensorgram data at differ-
ent receptor concentrations and ligand site densities in systemati-
cally varied flow rates when the reaction kinetics in bulk chemistry
is applied to a large reaction system (say, analyte concentration >
nanomolar) [7,16]. In 2D binding, however, a probabilistic model
is required because the binding of a cell-bound antigen (or recep-
tor) to an immobilized antibody (or ligand) is a stochastic process,
which is governed by the 2D kinetics of small systems. Although
the probabilistic model has been widely applied using different
molecular systems in various assays [17–23], care should be taken
when it is applied to quantify biomolecular interactions in a Bia-
core biosensor, where mass transportation of flowing cells and
forced formation and dissociation of antigen–antibody (or recep-
tor–ligand) bonds have great impact on cell binding responses
[24,25]. As the first in a series of studies, we propose in the present
work a cellular kinetic model that relates cell binding responses to
cellular kinetic rates, and develop relevant procedures and ap-
proaches to conduct the measurements and analyze the data. The
model not only fits sensorgram data well, but also enables predic-
tion of the kinetic parameters of surface-bound biomolecular
interactions.

Kinetic modeling

We developed a new kinetic model to quantify the 2D kinetics
of interactions between a molecule (species A) and its counterpart
molecule (species B). When binding of A molecules coupled to or
expressed on a cell to B molecules immobilized on substrate is con-
ducted in a Biacore biosensor (Fig. 1a), the reaction no longer
follows 3D kinetics in bulk chemistry. Molecule-coupled or -ex-
pressed cells are driven to bind onto and debind from B mole-
cule-immobilized substrate when flowing in the vicinity of the
chip surface (�one cell height high from surface). Recorded time
courses of response units (RU), or sensorgrams, represent the num-
ber of bound cells on the chip surface (Fig. 1b).

Cell binding and debinding are governed by 2D forward and re-
verse reactions between surface-bound interacting molecules.
Here a cellular kinetic model is proposed to predict binding kinet-
ics per cell from sensorgrams. Assuming that A and B molecules are
uniformly distributed on cell and chip surfaces, respectively, and
that binding of a cell to one region of chip surface does not affect
the ability of another cell to adhere to another region on chip sur-
face, cell binding and debinding kinetics is described in terms of
effective on-rate Kc

on (in s�1), and off-rate per cell kc
off (in s�1),

respectively,

½Cell�free ¢
Kc

on

kc
off

½Cell�Bound ð1Þ
where the reciprocals of effective on- and off-rates, 1=Kc
on and 1=kc

off ,
are defined as the respective characteristic time constants of free
cells binding to and bound cells debinding from the surface. Specif-
ically, the number of bound cells at time t, N(t), during the cell sus-
pension injection or association phase follows

dNðtÞ
dt
¼ Kc

on½Nmax � NðtÞ� � kc
off NðtÞ ð2aÞ

or

dRUðtÞ
dt

¼ Kc
on½RUmax � RUðtÞ� � kc

off RUðtÞ; ð2bÞ

where Nmax is the maximum number of bound cells geometrically
available at a given site density of B molecules on chip surface
[10]. Eq. (2b) is obtained by assuming that the number of bound
cells is linearly proportional to RU by a constant, kRU, that is,
RU(t) = kRU � N(t) and RUmax = kRU � Nmax [10,26]. Integrating Eq.
(2b) returns an analytical solution:

RUðtÞ ¼ Kc
on � RUmax

Kc
on þ kc

off

f1� exp½�ðKc
on þ kc

off Þt�g: ð2cÞ

Note that Kc
onð¼ kc

on � CÞ is a lumped kinetic parameter, where kc
on

(in ml � s�1) is the on-rate per cell, and C(in ml�1) is the average
number concentration of freely flowing cells close to surface. In
the current work, Kc

on is used as a measure of association reaction
as C is unable to be measured experimentally.

Assuming that detached cells are unable to rebind onto chip
surface, the response unit for cells remaining bound at time t,
RU(t), during running buffer injection or dissociation phase, is

dRUðtÞ
dt

¼ �kc
off RUðtÞ: ð3aÞ

Again, integrating Eq. (3a) yields an analytical solution,

RUðtÞ ¼ RUP � expð�kc
off tÞ; ð3bÞ

where RUP is the peak RU value at the end of the association phase.
To predict binding kinetic parameters, we use Eqs. (2c) and (3b)

to fit independently the data for association and dissociation
phases, respectively, from measured sensorgrams. This yields a
set of lumped binding rates, Kc

bð¼ Kc
on þ kc

off Þ, and off-rates per cell,
kc

off . We then calculate the effective on-rate per cell, Kc
on (=Kc

b � kc
offÞ,

and effective binding affinity per cell, Kc
að¼ Kc

on=kc
off Þ, from the

above definitions. The statistical significance (or lack thereof) of
the difference in RUP values at different flow rates and durations
or in kinetic rates at different flow rates was assessed using the
Student t test.

Materials and methods

Biotinylation of BSA and RBCs

Bovine serum albumin (BSA) (Sigma, USA) was coupled to the
surfaces of RBCs using a modified biotin–avidin–biotin linkage pro-
tocol [27–29]. Briefly, BSA proteins were biotinylated by incubat-
ing 2 mg of proteins with 0.25 mg of NHS-LC-Biotin for 1 h
according to the manufacturer’s instructions (EZ-Link, Pierce,
USA). BSA:biotin ratio for biotinylated BSA or the number of biotin
molecules per BSA molecule was then determined with the HABA
kit (Pierce, USA), and was 1:20 in the current work.

RBCs were isolated from fresh whole blood of healthy donors,
and washed three times in phosphate-buffered solution (PBS). Col-
lected RBCs were then biotinylated by incubating 109 RBCs with
100 mM sulfo-NHS-LC-Biotin for 45 min according to a modifica-
tion of the manufacturer’s instructions. After being rinsed, biotinyl-
ated RBCs were kept at 4 �C in RBC storage solution (EAS45+)
[30,31].



Fig. 1. Schematic of Biacore binding assay. (a) In the Biacore cell assay or 2D assay, antigen-expressed or –coupled RBCs are perfused into the flow chamber, where they
interact with the antibody-immobilized chip surface (left). Also illustrated is the Biacore molecular assay or 3D assay, in which soluble antigens or analytes are perfused
(right). Dimensions are not scaled. (b) Time course of response unit (RU) or sensorgram is demonstrated in terms of baseline, association, and dissociation phases.
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BSA coupling on RBCs

Approximately 800 ll of biotinylated RBCs at 2.5 � 108 cells/ml
was added into 200 ll of 1 mg/ml avidin solution, which was incu-
bated at room temperature under mild agitation for 45 min to form
a biotin–avidin complex on RBCs. Biotin–avidin-linked RBCs were
washed three times and resuspended in 950 ll of PBS. Fifty micro-
liters of biotinylated BSA at 10–100 lg/ml was then added into the
suspension, which was incubated at room temperature under mild
agitation for 45 min to couple BSA to RBCs. After being rinsed, BSA-
coupled RBCs were kept at 4 �C in EAS45+.

Coupling efficiency and site density of BSA on RBCs were deter-
mined using flow cytometry. RBCs were incubated with fluorescein
isothiocyanate-conjugated sheep anti-BSA monoclonal antibody
(mAb) (Immunology Consultants Laboratory, Newberg, OR, USA) at
a concentration of 10 lg/ml in 200 ll PBS buffer at 4 �C for 35 min.
After being washed, the cells were analyzed by flow cytometry. Site
densities were then calculated by comparing the fluorescence inten-
sities of the cells with those of standard beads (Bangs Labs, Fishers,
IN, USA) [20,23], which were 45 and 82 lm�2 in the current work.

Biacore cell assay

For this assay, 10 lg/ml of mouse anti-BSA mAb in 10 mM so-
dium acetate (pH 5.0) (Sigma, USA) was covalently coupled to
the channels of CM5 chip surface with primary amine groups using
a standard amine coupling method, which yielded �9000 and
�12,000 RU. A plain channel subjected to the same activation
and deactivation treatments but without immobilized proteins
was used as the control.

Kinetic measurements were performed using the Biacore 3000
biosensor (Pharmacia, Sweden) at 25 �C on CM5 chip with PBS as
running buffer (Fig. 1a). BSA-coated RBCs in filtered and degassed
EAS45 + at 4 � 107 cells/ml were fully premixed and injected to
flow over the channels, followed by perfusing PBS, at preset flow
durations and flow rates. Cell-bound chip surface was regenerated
by perfusing PBS for a long time (>30 min) at a high flow rate
(>50 ll/min). This test cycle of association, dissociation, and regen-
eration was repeated in triplicate in each condition. Time courses
of cell binding responses (RU) were recorded in real time
(Fig. 1b). Flow duration and flow rate were systematically varied
in the ranges 10–15 min and 1–10 ll/min, respectively.

Results

Cell binding was specifically mediated by BSA–anti-BSA antibody
interactions

Binding specificity of BSA-coupled RBCs to anti-BSA mAb-
immobilized chip surface was quantified in terms of time depen-
dence of cell binding responses, RU. As exemplified in Fig. 2, RU
was dramatically higher when both BSA and anti-BSA mAbs were
present (dashed line) than when anti-BSA mAbs were absent (dot-
ted line). Similar nonspecific responses were also observed when
BSA-coupled RBCs were preincubated with soluble anti-BSA mAbs
before being injected into the flow chamber (data not shown). The
time course of specific response, RUS (solid line), was obtained by
subtracting nonspecific response, RUN, from total response, RUT.
These data demonstrated that cell binding measured using SPR
technology and the Biacore 3000 biosensor was specifically medi-
ated by BSA–anti-BSA mAb interactions.

Binding was regulated by flow duration and flow rate

Cell-specific responses, RUS, are regulated by flow duration. To
test this, flow duration was systematically varied at 10 and



Fig. 2. Cell binding specificity. The response unit for specific binding of BSA–anti-
BSA antibody interactions, RUS (solid line), was obtained by subtracting nonspecific
binding of BSA-coupled RBCs to plain chip surface, RUN (dotted line), from total
binding of BSA-coupled RBCs to anti-BSA mAb-immobolized chip surface, RUT

(dashed line).

Fig. 3. Dependence of flow duration. (a) Plot of response unit against time at two
flow durations of 10 min (gray dashed line), and 15 min (gray dotted line), at a
given flow rate of 5 ll/min. Also plotted are the theoretical predictions using Eqs.
(2c) and (3b) (black solid lines). (b) Peak response unit, RUP, is plotted at 10 (solid
bars) and 15 (open bars) min, at three given flow rates of 1, 5, and 10 ll/min. Data
are presented as mean ± SE RUP for three test cycles at that flow duration. The P
value indicates the level of statistical significance of differences in peak RUP at
different flow durations.
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15 min at preset flow rates. As exemplified in Fig. 3a, the binding of
BSA-coupled RBCs at a given flow rate of 5 ll/min was significantly
enhanced when flow duration was prolonged from 10 (gray dashed
line) to 15 (gray dotted line) min. Similar dependences of flow
duration were also observed at flow rates of 1 and 10 ll/min (data
not shown). This was further confirmed by comparing RUP at dif-
ferent flow durations. As shown in Fig. 3b, RUP was 1.6-fold lower
at 1 ll/min, 1.3-fold lower at 5 ll/min, and 1.3-fold lower at 10 ll/
min, at 10 min (solid bars) than at 15 min (open bars). Dissociation
of bound cells followed a similar debinding kinetics at various flow
durations, suggesting that flow duration or reaction time would
not influence dissociation kinetics.

Alternatively, cell-specific responses, RUS, are regulated by flow
rate. To conduct the test, flow rate was systematically varied for 1,
5, and 10 ll/min at preset flow durations. As exemplified in Fig. 4a,
the binding of BSA-coupled RBCs at a given flow duration of 10 min
was enhanced when flow rate increased from 1 (gray dashed line)
to 5 (gray dotted line) and 10 (gray solid line) ll/min. Similar
dependences of flow rate were also observed at a flow duration
of 15 min (data not shown). RUP was 1.7- and 1.9-fold lower at
10 min, and 1.3- and 1.5-fold lower at 15 min, respectively, at
1 ll/min (solid bars) than at 5 (open bars) and 10 ll/min (hatched
bars) (Fig. 4b). Again, dissociation of bound cells followed a similar
debinding kinetics at various flow durations, implying that flow
rate or cell transportation would not influence dissociation
kinetics.

Binding followed a simple kinetics

The time course measured for specific response, RUS, exhibited
an ascending transition phase when BSA-coupled RBCs were per-
fused into the flow chamber, as exemplified in Fig. 2 (solid line),
3a, and 4a, indicating that number of bound BSA-coupled RBCs
was enhanced with flow duration. It was then followed by a
descending transition phase when PBS was perfused, demonstrat-
ing that bound RBCs were reduced by buffer flow. Eqs. (2c) and
(3b) were used to fit the association and dissociation phases in
each curve, respectively, to obtain two parameters: Kc

b and kc
off .

The fitted Kc
b and kc

off values were then used to predict each RU-ver-
sus-t curve (black solid lines in Figs. 3a and 4a). It is evident that
the model fits the data well, imparting confidence in the estimated
kinetic parameters.

Flow rate, but not flow duration, regulated cellular kinetic parameters

The impact of flow duration on the fitted kinetic parameters
was tested using both individual and global fitting at a given flow
rate of 5 ll/min. In an individual fitting, the data for three test cy-
cles at each flow duration were pooled and fitted using Eqs. (2c)
and (3b) to predict kinetic parameters at that flow duration, as
exemplified in Fig. 5 at 10 (open bars) and 15 (solid bars) min,
respectively, and the mean values were obtained by averaging
the two sets of parameters (hatched bars). No marked differences
in kinetic parameters were observed at the two flow durations
(Kc

b ¼ 5:2� 10�3 and 3.6 � 10�3 s�1 at 10 and 15 min, respec-
tively). This was further confirmed by a global fitting, where the
data for all six test cycles at two flow durations were pooled and
then fitted using the model to obtain a single set of parameters.
Global fitting yielded a set of kinetic parameters of
Kc

b ¼ 3:6� 10�3 and kc
off ¼ 8:2� 10�4 s�1 (dotted bars), which

was in excellent agreement with the mean of the parameters fitted



Fig. 4. Dependence of flow rate. (a) Plot of response unit against time at three flow
rates of 1 (gray dashed line), 5 (gray dotted line), and 10 (gray solid line) ll/min, at a
given flow duration of 10 min. Also plotted are the theoretical predictions using Eqs.
(2c) and (3b) (black solid lines). (b) Peak response unit, RUP, is plotted at 1 (solid
bars), 5 (open bars), and 10 (hatched bars) ll/min, at two given flow durations of 10
and 15 min. Data are presented as mean ± SE RUP for three test cycles at that flow
rate. The P value indicates the level of statistical significance of differences in peak
RU at different flow rates.

Fig. 5. Dependence of cellular kinetic rates on flow duration at a given flow rate of
5 ll/min. Lumped binding rate, Kc

b, and off-rate per cell, kc
off , are obtained by fitting

individually the measured sensorgrams using Eqs. (2c) and (3b) at 10 (open bars)
and 15 (solid bars) min. Also plotted are the mean values obtained by averaging the
two sets of parameters predicted from individual fitting at each flow duration
(hatched bars) and the single set of parameters from global fitting at both flow
durations (dotted bars). Effective on-rate, Kc

on, is calculate as Kc
b � kc

off . Data are
presented as the means ± SE of kinetic parameters.

Fig. 6. Dependence of cellular kinetic rates on flow rate. Lumped binding rate, Kc
b,

and off-rate per cell, kc
off , are the mean values of two sets of parameters from ind-

ividual fitting at two flow durations of 10 and 15 min using Eqs. (2c) and (3b) at 1
(open bars), 5 (solid bars), and 10 (hatched bars) ll/min. Data are presented as the
means ± SE of kinetic parameters. The P value indicates the level of statistical sig-
nificance of differences in kinetic parameters at different flow rates.
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using individual fitting at two flow durations (Kc
b ¼ 4:4� 10�3 and

kc
off ¼ 8:7� 10�4 s�1). Effective on-rate, Kc

on, was then calculated
ð¼ Kc

b � kc
off Þ and is illustrated in Fig. 5. Similar independence of

flow duration was obtained at flow rates of 1 and 10 ll/min (data
not shown). These results suggested that flow duration does not af-
fect cellular kinetic parameters even though peak RUP increased
with duration, as was expected.

Similarly, the impact of flow rate on fitted kinetic parameters
was further tested. To conduct a statistical t test, mean kinetic
parameters obtained from the above individual fitting (cf. hatched
bars in Fig. 5) were used. As exemplified in Fig. 6, lumped binding
rate, Kc

b, was 2.4- and 2.6-fold lower at 1 ll/min (open bars) than at
5 (solid bars) and 10 (hatched bars) ll/min (1.8, 4.4, or 4.7 � 10�3

s�1, P = 0.02 4 and 0.081, respectively), indicating that cell binding
was regulated by flow rate. By contrast, off-rate per cell, kc

off , was
the same at 1, 5, and 10 ll/min ((7.9, 8.7, or 8.1) � 10�4 s�1,
P = 0.51 and 0.69, respectively), indicating the characteristic time
constant of bound RBCs debinding from the surface,
1=kc

off � 1:2� 103s. Again, effective on-rate, Kc
on, was calculated

and is also illustrated in Fig. 6. Flow rate, but not flow duration,
regulated the binding of BSA-coupled RBCs to anti-BSA mAb-
immobilized surface.
Kinetic parameters were also manipulated by molecular site densities

We further tested the effect of BSA site density (mr) on cellular
kinetic parameters. Two site densities of 45 and 82 lm�2 for BSA-
coupled RBCs were used to conduct the measurements at 1 ll/min.
As exemplified in Fig. 7, lumped binding rate, Kc

b, was 1.5-fold low-
er at 45 lm�2 (open bars) than that at 82 lm�2 (solid bars) (2.0 and
2.9 � 10�3 s�1, respectively) (Fig. 7). By contrast, off-rate per cell,
kc

off , was similar at 45 and 82 lm�2 (7.7 and 9.3 � 10�4s�1, respec-
tively). Again, effective on-rate, Kc

on, was calculated and is illus-
trated in Fig. 7. These data demonstrated that cell binding
depends on site densities of interacting molecules.

Discussion

The goal of the current study was to quantify the binding kinet-
ics of surface-bound molecules using surface plasmon resonance
technique. We developed a cellular kinetic model to predict kinetic
rates and binding affinity from sensorgrams measured using the



Fig. 7. Dependence of cellular kinetic rates on site density (mr). Lumped binding
rate, Kc

b, and off-rate per cell, kc
off , are the kinetic parameters from individual fitting

at a flow duration of 10 min using Eqs. (2c) and (3b) at BSA site densities of 45 (open
bars) and 82 (solid bars) lm�2 at a given flow rate of 1 ll/min. Data are presented as
the means ± SE of kinetic parameters.
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Biacore biosensor. On development of the kinetic model with rele-
vant experimental procedures and data analyses, we are able to
characterize how flow dynamics affects the binding of cell-bound
antigens (or receptors) to surface-immobilized antibodies (or li-
gands), and to determine how fast and how strong they bind, as
well as how long they remain bound. Our data indicate that the
model fits the sensorgram data well over systematically varied
flow durations, flow rates, or site densities of BSA (Figs. 3–7). The
advantage of the new approach is that it extends SPR technique
from soluble analytes to cell-bound biomolecules with quantifica-
tion of kinetic rates as well as binding affinity, which is crucial to
understand the underlying mechanisms in such biological process
as inflammatory cascade [32], tumor metastasis [33], and athero-
sclerosis and wound healing [34]. Such a new approach also pro-
vides a quantitative cell binding platform for the pharmaceutical
industry.

BSA–anti-BSA mAb interaction is a typical molecular system
used in developing bioanalytical and immunological methods. In
the current work, we also measured 3D kinetic rates of binding
of soluble BSA to anti-BSA mAb immobilized on chip surface at a
flow rate of 30 ll/min and flow duration of 5 min. This yielded
3D on- and off-rates of 1.4 � 103 M�1 s�1 and 1.8 � 10�4 s�1,
respectively, or a 3D association constant of 0.8 � 107 M�1, which
is consistent with the 1.1 � 107 M�1 published previously [35]. It
was also evident that the 3D off-rate so measured is comparable
to the 2D off-rate obtained in the current work (7.9–8.7 � 10�4

s�1) when taking into consideration the effect of anchorage of
BSA molecules on RBC surface and the difference between BSA con-
centration in solution and BSA site density on RBCs. A one-order-
of-magnitude lower off-rate per cell (2 � 10�5 s�1) was obtained
when malignant epithelial cells were driven to bind with immobi-
lized peptides where a different molecular system was used in a
similar Biacore cell assay [13]. Direct comparison of the 2D effec-
tive on-rate with the 3D on-rate is impossible, as they follow dis-
tinctive kinetic mechanisms.

Binding of cell-bound antigens (or receptors) to surface-immo-
bilized antibodies (or ligands) under applied flow is a complicated
biological and biophysical process. Flow has dual functionality: (1)
to drive antigen- or receptor-bound cells to the vicinity of the chip
surface, and to let them collide and interact with immobilized anti-
bodies or ligands to form antigen–antibody or receptor–ligand
bonds; and (2) to force the dissociation of formed bonds and to de-
tach bound cells from surface. It was well understood that more
cells were captured on the chip surface with longer flow durations
at a given flow rate. This would not affect binding kinetics per cell
in the case where the number of bound cells is not geometrically
saturated at a given site density of BSA molecules on chip surface
(Figs. 3 and 5). It should be pointed out that such the cell binding
would be unstable when flow duration is too short at a low flow
rate (data not shown), as is expected.

Flow rate, however, does affect the effective on-rate
Kc

onð¼ kc
on � CÞ, as the average concentration of freely flowing cells

close to the surface (�one cell height high from the surface), C, is
physically related to flow rate. Prediction of spatial and temporal
distribution of flowing cells in a high bulk concentration of cells
(e.g., 4 � 107 cells/ml in the current work) is a challenge even in
fluid mechanics analysis, which is beyond the scope of the current
work. Nevertheless, it seems reasonable to assume that C approx-
imates the bulk concentration of flowing cells along the following
lines of reasoning. In a typical CM5 chip (as seen in Fig. 1), the
height of the flow chamber is approximately threefold higher
(20 lm) than cell diameter (�6.5 lm), which confines the concen-
tration gradient of flowing cells along the height. It takes �0.5–
0.05 s for RBCs to flow from the inlet through the outlet of the
chamber at flow rate of 1–10 ll/min, suggesting that sedimenta-
tion of flowing RBCs can be neglected. The total number of cells
flowing into the chamber (2–60 � 105 cells) is at least 10 times
higher than the number of bound cells geometrically available,
Nmax (<104 cells), which reduces the concentration gradient of
flowing cells distributed from the center to the wall of the cham-
ber. Taken together, it is possible to estimate on-rate per cell using
kc

on � Kc
on=C, which is 2.6, 8.8, and 9.7 � 10�11 ml � s�1 at 1, 5, and

10 ll/ml, respectively. Here, the differences in kc
on are attributed

mainly to the impact of different applied flows (or forces) on bond
formation and dissociation per cell at different flow rates.

In addition to the estimated cellular kinetic rates, we were also
able to obtain Rmax, the RU value for the maximum number of
bound cells available at a given chip surface, by fitting the sensor-
grams using Eq. (2c). In the current work, Rmax was predicted to be
137 ± 34.1, 102 ± 16.1, and 107 ± 9.4 RU at flow rates of 1, 5, and
10 ll/ml, respectively, and no statistical differences were found be-
tween any two estimated Rmax values (P > 0.4). Here it is hard to
measure Rmax experimentally via saturating chip surface using
BSA-coated RBCs, as the bound cells are difficult to remove com-
pletely and the interactions between free and bound cells and
the RU fluctuation become much higher at the end of the sample
injection phase. This would be even worse when high cell concen-
trations are used, where the model proposed would no longer
applicable.

BSA site density also regulates cell binding. We estimated on-
rate per cell, kc

on, to be 3.1 and 4.0 � 10�11 ml � s�1 at BSA site den-
sities of 45 and 82 lm�2, respectively, at 1 ll/min (cf. Fig. 7). Such a
difference may be interpreted from the viewpoint of 2D kinetics
per molecule. In fact, the binding of an antigen- or receptor-bound
cell is governed by intrinsic 2D kinetic rates and binding affinity
per molecule, molecular site densities on cell and chip surfaces,
collision frequency, and contact duration between two apposing
surfaces, and applied force exerted from flow onto cells, as well
as interactions among cells in a large population [18–20,23]. Even
with the same intrinsic 2D kinetic rates and binding affinity per
interacting molecule, 2D on-rate per cell was enhanced when the
higher site density was used (Fig. 7). This enhancement could be
saturated when saturated immobilization of anti-BSA mAb (e.g.,
from 9000 to 12,000 RU in the current work) is used (data not
shown). Here the purpose of using a high-site-density anti-BSA
mAb surface is to obtain the measurable RU and to retain the rea-
sonable sensitivity of a cell binding assay. Such a high site density
of anti-BSA mAb would not bias the 2D kinetic analysis, as only a
few BSA molecules coupled to the RBC membrane and facing the
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chip surface are geometrically available to interact with immobi-
lized mAbs. For example, at the given BSA-coupled site densities
of mr = 45 and 82 lm�2 in the current work, the numbers of BSA
molecules geometrically available to bind to immobilized mAbs
are estimated to be �207 and �377, which follows the assumption
that this reaction system is a small system, as compared with
micromolar or nanomolar soluble BSA concentrations in 3D kinetic
measurements, and retains the stochastic nature of 2D kinetic
analysis. To further elucidate the molecular mechanism governing
the binding of flowing cells to a surface, a molecular kinetic model
that correlates 2D kinetics per cell with 2D kinetics per molecule is
required, which is the ongoing work of our serial studies.

Finally, we developed a cellular kinetic model to quantify the ki-
netic parameters of surface-bound molecules obtained with the
SPR technique. Relevant experimental procedures and data analy-
sis were proposed. This new assay is able to be extended to other
biological systems where interacting molecules are constitutively
expressed or reconstructed on the surfaces of cells or other molec-
ular carriers. Understanding the 2D cellular kinetics (the current
work) and the 2D molecular kinetics (the ongoing project) is help-
ful in extending the SPR-based biosensor from measuring the
kinetics of soluble molecules to measuring the kinetics of sur-
face-bound molecules, which are important in clinical diagnosis
and prognosis as well as in the pharmaceutical industry. And
developing a kinetic model that correlates 2D and 3D kinetics of
interacting molecules would further theoretical understanding of
the binding kinetics of biomolecular interactions.
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