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Abstract

Bioassays are indispensable tools in areas ranging from fundamental life sci-
ence research to clinical practice. Improving assay speed and levels of detec-
tion will have a profound impact in all of these areas. We recently developed
a rapid, sensitive format for immunosorbent assays that expedites antigen
mass transport by rotating the capture substrate. This review outlines the
theoretical foundation of rotationally induced hydrodynamics and its appli-
cation in heterogeneous assays. We describe a general solution that solves
the rates of immunoreactions on rotating capture substrates, taking into ac-
count both diffusion and the rate of reaction between antibody and antigen.
The general solution applies to a wide range of rotation rates, including mass
transport–limited to reaction rate–limited assays, and is validated experimen-
tally. We discuss several applications that demonstrate how immunoassays
can be tailored to increase speed as well as lower the limit of detection of
viral particles, pathogens, toxins, and proteins.
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LOD: limit of
detection

SERS: surface-
enhanced Raman
scattering

AFM: atomic force
microscopy

1. INTRODUCTION

Bioassays are essential tools in basic life science research, drug discovery, human and veterinary
diagnostics, food and environmental safety, and bioterrorism prevention (1–7). Although such
assays are already a mainstay in the diagnostics arena, enhancements in sample throughput, analysis
time, and levels of detection will clearly advance early disease diagnosis, improve patient prognosis,
reduce outbreaks, and decrease hospitalization. We have recently shown that the hydrodynamics
induced by substrate rotation provide an effective means to (a) increase the speed of heterogeneous
immunoassays while (b) simultaneously lowering the limit of detection (LOD). This review focuses
on the theory and application of this new immunoassay format.

Many of today’s assays rely on fluorescence for detection, and optical absorbance is still com-
monplace for enzyme-linked immunosorbent assays. Motivated by the need to decrease the LOD,
investigators have developed several innovative approaches to readout, including techniques based
on nanowires (8–10), surface plasmon resonance (11–16), quantum dots (17–22), microcantilevers
(23–25), surface-enhanced Raman scattering (SERS) (5, 26–39), and atomic force microscopy
(AFM) (40–44). These techniques are capable of detecting tens to hundreds of antigens after
capture on a solid phase, which can translate to LODs in the femtomolar range. However, the
delivery of antigen to the sensing surface often relies on diffusion as the mode of mass transport
(Figure 1), which results in long incubation times (i.e., several hours) because biological analytes
have small diffusion coefficients due to their large sizes (45). Consequently, the accumulation of a
detectable level of analyte at the sensing surface at concentrations below the femtomolar range is
not possible on a realistic time scale.

Several approaches for increasing reactant flux have been investigated as ways to overcome this
obstacle. These strategies leverage the fact that antibody-antigen binding kinetics are typically fast
relative to mass transport (46–52). Magnetic field–assisted flux (53), confinement of the fluid-flow
profile to a thin layer above the sensing surface (54, 55), and elevations in temperature to decrease
solution viscosity (56) have all been explored. Despite decreasing assay time, questions concern-
ing how such modalities can best be used and what LODs are achievable remain only partially
answered. Furthermore, the practical utility of magnetic field–based approaches is potentially
confounded by the expense of magnetic labels and reagents. Two of the most mature methods of
increasing flux include electric field–driven assays (57–60) and lateral-flow assays (61–68).

Electric fields can be used to drive the transport of charged species and have been employed
to reduce DNA-hybridization assays (60) and heterogeneous immunoassays to only a few minutes
(57). Targets can also be manipulated electrophoretically to specific locations in a microelectrode
array (57, 58) or electroosmotically in microchannels (59). These approaches, however, are not

Antigen 

Antibody

a  Stagnant b  Rotation

Figure 1
Schematic representation of antigen binding under (a) stagnant and (b) rotation conditions.
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Rotation-induced
flux: convective flow
induced by rotation of
substrate

Nonspecific binding:
the undesirable case in
which a nontarget
antigen or secondary
antibody binds to the
capture antibody

broadly applicable because different targets have different isoelectric points and therefore have
mobilities that vary with pH. Issues related to the ionic strength of the solution must also be taken
into account.

Lateral-flow, or immunochromatographic, assays have already been incorporated into many
commercial systems (61–68). Lateral-flow assays employ a porous membrane (e.g., nitrocellulose)
as a solid phase with a localized region of immobilized antibody. Capillary forces drive the liquid
through the membrane, and the antigen and tracer are extracted and concentrated in the capture
zone. This method has been used to monitor drugs, toxins, hormones, proteins, and pathogens (63).
The popularity of this so-called dipstick configuration lies in its ease of use, speed, and portability.
Nonetheless, these assays are semiquantitative at best, and signal saturation is common. LODs
and the ability to multiplex can also be problematic.

This review discusses an approach that employs rotation-induced flux (Figure 1) as a means
to overcome many of these barriers. Rotation-induced flux is a well-established method for quan-
titatively manipulating mass transport and is a mainstay in electrochemical research (69–71). We
recently published a series of papers describing the development, theory, application, and ad-
vantages of using a rotating capture substrate as a new immunoassay format (72–74). Herein we
describe a model of antibody-antigen binding kinetics at a rapidly rotating capture substrate, along
with studies that validate the model. Note that although the experiments conducted in our labora-
tory relied largely on AFM and SERS for detection, the overall approach can be implemented with
almost any type of assay and readout modality. The following sections also include examples in
which a rotating capture substrate is used to detect viruses, pathogens, toxins, and proteins, high-
lighting the ability to decrease assay time, reduce nonspecific binding, and enable standard-free
quantification of important antigens.

2. THEORY

We developed our model by considering two components of the assay mechanism: (a) antigen
binding to an antibody-modified substrate and (b) the rate of reactant delivery (i.e., the flux of
reactant to the substrate). The former component embodies the rates of antigen-antibody asso-
ciation and dissociation. The latter component formulates the reactant flux in terms of diffusion-
or convection-controlled mass transport. The convective model is based on the hydrodynamics
introduced by substrate rotation and takes advantage of the quantitative formulations that have
been a hallmark of the use of rotating disk electrodes in electrochemistry (69–71).

2.1. Antibody-Antigen Binding

Consider an antibody-antigen binding reaction at a capture surface,

SAb + Ag ⇔ SAb−Ag , (1)

where SAb is the immobilized antibody on the capture surface, Ag is the antigen, and SAb−Ag is the
surface-bound antibody-antigen complex. The equilibrium binding constant K is

K = kon

koff
= Γ

(S0
Ab − pΓ )[Ag]

, (2)

where kon (liter mol−1 s−1) and koff (liter s−1) are the association- and dissociation-rate constants, Γ
is the captured antigen concentration on the surface (mol m−2), [Ag] is the antigen concentration
at equilibrium (mol liter−1), S0

Ab is the initial surface antibody concentration (mol m−2), and p is
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the ratio of S0
Ab to the jamming limit of the antigenS0

Ag :

p = S0
Ab/S0

Ag . (3)

This factor is introduced when the antigen is larger than the antibody. It is needed when packing
of antigen is limited by the size of the antigen and not by the size of the antibody.

2.2. Static Conditions

The flux of reactant to a planar substrate can be quantitatively formulated for systems that meet
the following boundary conditions. Condition 1 dictates that the reactant be homogeneously dis-
tributed throughout the solution before the experiment begins. Condition 2, the semi-infinite
condition, requires that the solution at some position removed from the substrate remain unaf-
fected over the course of the experiment.

In quiet solution, the linear-diffusion equation is

∂C
∂t

= D
∂2C
∂x2

, (4)

where D is the diffusion coefficient of the antigen (m2 s−1), C is the analyte concentration, t is time
(s), and x is the distance in solution from the surface (i.e., x = 0 defines the substrate surface). In
electrochemistry (69, 71), the observed current in quiet solution is directly linked to the diffusional
flux (Jdiff , mol m−2 s−1) of a redox species at the electrode surface,

Jdiff = D1/2Cb

π1/2t1/2
, (5)

where Cb is the bulk concentration of analyte. If we assume that the concentration of reactant is
continually driven to zero at the electrode surface, the result is the well-known Cottrell equation,

id = nF AD1/2Cb

π1/2t1/2
, (6)

where id is the diffusion-limited current, n is the redox stoichiometry, F is Faraday’s constant, and
A is the area of the electrode. Integration of Equation 6 then yields the accumulated charge, Qd ,
as a function of electrolysis time:

Qd = 2nF AD1/2Cb t1/2

π1/2
. (7)

The same approach can be applied to a heterogeneous immunoassay by adding one more boundary
condition, namely that the binding sites on the capture substrate not be saturated with antigen.
Below, we show that the resulting theory allows the quantity of extracted antigen to be predicted,
and we also underscore the importance of the diffusion coefficient and the need for increased mass
transport for large molecules.

Using these three boundary conditions, one can calculate the uptake of antigen over time
through a simple modification of Equation 7:

Γ = 2D1/2Cb t1/2

π1/2
. (8)

This equation shows that accumulation of antigen is directly proportional to D1/2, indicating that
a 100-fold difference in D translates to a 10-fold difference in Γ . Equation 8 also shows that Γ

increases linearly with t1/2.
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Mass-transport
limited: refers to the
accumulation of
antigen on the surface
being governed by the
rate at which the
antigen reaches the
surface; antibody-
antigen binding is
relatively fast in
comparison

2.3. Rotation-Induced Convection

At a rotating disk, mass transport combines diffusive and convective flow. The convective-diffusion
equation for linear flow toward the surface (i.e., the negative x direction) is

∂C
∂t

= D
∂2C
∂x2

− vx
∂C
∂x

, (9)

where vx is the flow velocity in the x direction. At steady state, the velocity profile is

vx = −0.51ω2/3V −1/2x2. (10)

Here, V is the kinematic viscosity of the liquid, and ω is angular velocity (rad s−1) (75).
In electrochemistry, when the current at a rotating disk electrode is limited by mass transport,

the concentration near the electrode surface is independent of time:

∂C
∂t

= 0. (11)

We can then integrate and solve Equation 9 to yield

Cb = −
(

∂C
∂x

)
x=0

1.61D1/3ω−1/2V 1/6 (12)

because the flux of reactant under the conditions of convection (Jconv, mol m−2 s−1) at the surface
is

Jconv = −D
(

∂C
∂x

)
x=0

. (13)

Thus, substitution of Equation 13 into Equation 12 gives

Jconv = Cb D
1.61D1/3ω−1/2V 1/6

= Cb D
δ

, (14)

where δ is the diffusion-layer thickness (m)

δ = 1.61V 1/6 D1/3ω−1/2. (15)

The same solutions (Equations 12–15) also apply to binding reactions at the surface of a rotating
capture substrate if the binding reaction is mass-transport limited and the accumulation of antigen
can be neglected (e.g., at early incubation times). Jconv can also be written as

Jconv = �Γ

�t
. (16)

When the rate of mass transport to the surface surpasses the rate of binding, the interfacial reaction
kinetics must be considered when solving Equation 9; that is, the association and dissociation of the
surface complex should be included in a complete solution for the heterogeneous immunoreaction.
Specifically, the boundary condition at the capture surface is

−D
(

∂C
∂x

)
x=0

= kon(S0
Ab − pΓ )C1 − koff Γ, (17)

where C1 is the antigen concentration in the liquid immediately adjacent to the surface. To solve
Equation 9, the quasi-static condition approximation must be applied (Equation 11). Again, we
can integrate and solve Equation 9 for the net flux at the surface:

Cb − C1 = −
(

∂C
∂x

)
x=0

1.61D1/3ω−1/2V 1/6. (18)
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Because

Jconv = ∂Γ

∂t
= D

Cb − C1

δ
, (19)

combining Equations 17 and 18 yields

C1 = Cb D/δ + koff Γ

kon(S0
Ab − pΓ ) + D/δ

. (20)

Note that C1 is time dependent because Γ increases with time. As shown below, it is reasonable
to assume that C1 is a constant at short time scales.

Equation 20 can be simplified by recognizing that Γ is insignificant at short time scales, which
gives

C1 = Cb

1 + kon S0
Ab/(D/δ)

. (21)

Next, we can substitute Equation 21 into Equation 19, leaving

Jconv = ∂Γ

∂t
= kon S0

Ab

1 + kon S0
Ab/(D/δ)

Cb . (22)

Integration of Equation 22 shows that Γ is linearly proportional to t at short incubation times:

Γ = kon S0
Ab

1 + kon S0
Ab/(D/δ)

Cb t. (23)

To determine kon and D, Equation 23 can be rearranged to form

Cb t
Γ

= δ

D
+ 1

kon S0
Ab

. (24)

Finally, substitution of Equation 15 into Equation 24 gives

Cb t
Γ

= 1.61V 1/6

D2/3

1
ω1/2

+ 1
kon S0

Ab
. (25)

Equation 25 shows that 1/Γ is proportional to 1/ω1/2. We can therefore determine D and konS0
Ab

by measuring Γ at several angular velocities and by using a linear-regression analysis to establish
the slope and intercept of the plot. If we know or can reasonably estimate S0

Ab , then kon can be
determined. Note that under extremely low rotation conditions, the hydrodynamic boundary
approaches the size of the substrate, and the approximations made in the solutions of Equation 9
are no longer valid (69).

3. EXPERIMENTAL VALIDATION OF THEORY: MODEL SYSTEM
FOR ANTIBODY-ANTIGEN BINDING KINETICS AT A ROTATING
CAPTURE SUBSTRATE

3.1. Mass Transport– Versus Reaction Rate–Limited Binding

In Section 2, we developed general solutions for the binding kinetics at a capture substrate rotated
from low to extremely high speeds. Equation 22 shows that two terms, konS0

Ab and D/δ, dominate
the rate of reactant accumulation. The former term is a measure of the binding rate, and the latter
is a measure of the mass-transport rate. The ratio of the two terms, the dimensionless Damköhler
number (Da = konS0

Abδ/D), is a good measure of whether the reaction is mass-transport limited
or reaction-rate limited. When Da � 1 surface accumulation is mass-transport limited, whereas
when Da � 1 accumulation is limited by the rate of reaction between antigen and antibody.
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A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
10

.3
:3

87
-4

07
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

4/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AC03CH18-Porter ARI 11 May 2010 7:3

GNP: gold
nanoparticle

The impact of the three kinetic regimes can be more precisely formulated. When konS0
Ab is

much larger than D/δ (Da � 1), accumulation is limited by mass transport. Equation 22 then
reduces to the product of

Jconv = �Γ

�t
= D

δ
Cb . (26)

Using Equation 15, we can recast Equation 26 as

Jconv = �Γ

�t
= D2/3Cb

1.61V 1/6
ω1/2. (27)

In this case, the flux of the antigen at the capture surface is proportional to ω1/2.
When konS0

Ab is much smaller than D/δ (Da � 1), accumulation is limited by the reaction rate,
and Equation 22 reduces to

Jconv = �Γ

�t
= kon S0

Ab Cb . (28)

Interestingly, the flux of the antigen onto the capture surface is independent of ω.
When konS0

Ab is similar to D/δ, binding falls in the regime of intermediate reaction kinetics. Both
terms contribute to the rate of antigen accumulation, and Equation 22 must be used. One therefore
expects that a plot of Γ versus ω1/2 would (a) be linear at low ω, that is, when mass transport is
limiting and the D/δ term dominates; (b) start to level off at higher ω, that is, when both the
reaction rate and mass transport affect the binding rate; and (c) eventually become independent of
ω, specifically when the binding reaction rate is limiting and the konS0

Ab term becomes controlling.

3.2. Capturing Gold Nanoparticles: An Atomic Force Microscopy Study

To test these predictions, 30-nm gold nanoparticles (GNPs) were modified with an antibody [anti–
mouse immunoglobin G (IgG)] to act as a model analyte and were exposed to an antigen (mouse
IgG)-coated capture substrate. AFM was then used to directly enumerate the captured GNPs to
determine Γ . These results are presented in the 5 × 5 μm images in Figure 2a–h for capture
substrates rotated at different speeds for 10 min in a 3.6 × 109 particles ml−1 suspension. As is
evident, the number of captured GNPs increases with ω, consistent with the rotational control of
δ and, in turn, binding rates.

The other three images in Figure 2 provide further support for the development and expec-
tations of Equations 22 and 23. Figure 2i shows a surface that is saturated with nanoparticles
following static incubation in a high concentration of GNPs for 16 h. The high packing density of
GNPs demonstrates that the surface is far from saturated after the 10-min rotations. Furthermore,
the images in Figure 2j,k show an increase in Γ for 20- and 30-min rotations at 800 rpm. The
numbers of captured GNPs per 25 μm2 are 253 ± 8 and 320 ± 15, respectively, compared to
128 ± 14 GNPs for a 10-min rotation at 800 rpm. This trend indicates that Γ is linearly dependent
on t. These data validate the low–surface concentration criterion employed in the development
and use of Equations 22 and 23.

At a more detailed level, the experimentally determined flux (J = �Γ /�t) of GNPs is plotted
in Figure 3 as a function of ω1/2. J roughly follows a linear dependency on ω1/2 at the lower rota-
tion speeds, which indicates mass transport–limited kinetics per Equation 27. When the rotation
speed surpasses ∼25 rad s−1 (∼240 rpm), the plot deviates from linearity, which shows that the
mass transport–limited condition is no longer valid. Moreover, a best fit of Equation 22 to the
experimental data suggests that J will reach a limiting value at a large rotation rate, as expected for
reaction rate–limited conditions. These results show that the experimental data can be accurately
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1 µm 

a  0 rpm b  50 rpm c  100 rpm d  200 rpm

e  400 rpm f  800 rpm g  1,600 rpm h  3,200 rpm

i  Saturation coverage j  800 rpm, 20 min k  800 rpm, 30 min

Figure 2
Atomic force microscopy images of 30-nm anti–mouse immunoglobin G (IgG) antibody–functionalized gold nanoparticles on mouse
IgG–coated gold surfaces. (a–h) The substrate was rotated in nanoparticle suspensions of 3.6 × 109 particles ml−1 for 10 min. The
rotation speeds were 0, 50, 100, 200, 400, 800, 1,600, and 3,200 rpm, respectively. (i ) A capture surface was saturated with 30-nm gold
nanoparticles by incubating in a high concentration of particles (3.6 × 1011 particles ml−1) for an extended period (16 h). ( j, k) The
substrate was rotated at 800 rpm in 3.6 × 109 particles ml−1 suspension for 20 and 30 min, respectively. See Reference 74 for
experimental details. Reproduced with permission from Reference 74. Copyright 2009, American Chemical Society.

modeled by Equation 22; this equation, rather than its abbreviated form (Equation 27), should
therefore be used to deduce the metrics central to binding kinetics.

Equation 25 provides an approach with which to test the reliability of the theoretical model
further by determining the values of D and kon simultaneously. If the model is accurate, it should
be possible to determine the values of D for the GNPs from the data in Figure 2. Figure 4
graphs tCb/Γ as a function of 1/ω1/2 for the captured GNPs. The plot reasonably follows a
linear relationship with a nonzero intercept, indicating the binding follows the reaction kinetics
model. From the slope of the linear regression line, we calculate D for the 30-nm GNPs to be
1.8 × 10−11 m2 s−1. The product konS0

Ab (i.e., the inverse of the intercept) is 5.6 × 10−6 m s−1;

394 Wang et al.
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ω1/2 (rad s–1)1/2

0 5 10 15 20 25 30 35

F
lu

x
 (

m
o

l m
–

2
 s

–
1
)

0

1e–14

2e–14

3e–14

4e–14

Measured flux
Calculated flux at ω = 0

Practical
rotation limit
(10,000 rpm)

Intermediate kinetics

Reaction-rate limited

Diffusion limited

Figure 3
Flux of gold nanoparticles as a function of the square root of the rotation speed ω1/2. Trend lines (dashed blue
lines) indicate the reaction rate–limited flux (see Equation 28) and diffusion rate–limited flux (see
Equation 27), calculated via the parameters determined here. The solid red line is a plot of Equation 22 that
uses the experimentally determined binding kinetics parameters, extrapolated to the practical upper limit of
rotation speed. A previously determined value of konS0

Ab (5.6 × 10−6 m s−1) was used. Note that the
calculated and observed flux at ω1/2 = 0 coincide with each other (74). Reproduced with permission from
Reference 74. Copyright 2009, American Chemical Society.

we refer the reader to a recent publication (74) for an analysis of these data to deduce a value for
kon.

To check the value of D, the Stokes-Einstein equation was used to calculate the hydrodynamic
diameter of the GNPs. The result is 24.7 nm, which closely matches the average diameter found

ω–1/2 (rad s–1)–1/2
0.0 0.1 0.2 0.3 0.4 0.5

tC
b

/Г
 (

s 
m

–
1
) 

2.0e+5

4.0e+5

6.0e+5

8.0e+5

1.0e+6

1.2e+6

1.4e+6

Figure 4
Plot of the product of time and the ratio of gold nanoparticle concentration to surface coverage (tCb/Γ ) as a
function of the inverse of the square root of the rotation rate (1/ω1/2). The data points follow a straight line,
indicating the correctness of the binding kinetics model (Equation 23). Reproduced with permission from
Reference 74. Copyright 2009, American Chemical Society.
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PPV: porcine
parvovirus

from AFM imaging, 25.4 ± 2.9 nm. Importantly, this level of agreement (see Reference 74 for
details) validates the theoretical basis for antibody-antigen binding kinetics. These results begin
to demonstrate that a rotating capture substrate can serve as a simple tool not only to accelerate
assay time but also to probe key fundamental parameters in assay reaction kinetics.

4. APPLICATIONS OF A ROTATING CAPTURE SUBSTRATE

4.1. Atomic Force Microscopy–Based Label-Free Immunoassay
for Porcine Parvovirus

This subsection demonstrates the ability of capture substrate rotation to reduce incubation time
while maintaining a high level of analytical performance (e.g., LOD) via realistic samples and ma-
trices. To this end, capture substrates modified with monoclonal antibodies for porcine parvovirus
(PPV) were exposed to sample solutions of PPV (3.2 × 106 TCID50 ml−1, where TCID50 refers
to 50% tissue-culture infective dosage) as a function of ω and t and were then imaged by AFM to
enumerate PPV accumulation (72). PPV appeared as a spherical object with a height of ∼18 nm.
The height of the imaged PPV is consistent for all the particles (76) but is slightly smaller than
expected, which is attributed to dehydration of the ∼25-nm viral particles after drying.

Figure 5 plots Γ against ω for 10- and 30-min incubations. Rotation rates up to 1,200 rpm
were tested. Rotation clearly yielded a significant increase in the number of captured viruses for
both incubation times. Not surprisingly, the 30-min incubations led to increased accumulation
of PPV on the immunosubstrate as compared to the 10-min incubations rotated at the same
speeds. Importantly, the shape of each curve paralleled that expected for accumulation influenced
by mass transport. The data can be accurately fit to Equation 23, which shows that the binding
kinetics for a larger analyte can be quantitatively analyzed as well as manipulated to decrease assay
time.

Rotation rate (rpm)
200 400 600 800 1,000 1,200

10-min incubation
30-min incubation

Г a
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P
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e
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Figure 5
The number of porcine parvovirus (PPV) particles bound to the capture substrates at varying rotation rates
is plotted. Each plot is constructed from the average of two to three substrates at each rotation rate. Five
atomic force microscopy images from each capture substrate were collected. The error bars represent the
errors introduced through Poisson statistics, and the solid lines represent weighted fits of the experimental
data to Equation 23. Reproduced with permission from Reference 72.
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PPV concentration (TCID50 ml–1)
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Figure 6
Dose-response curves for immunoassays performed under stagnant conditions and with capture substrate
rotation at 800 rpm. The sample volume was 1.0 ml, and the incubation time was 10 min. Each data point is
the average signal measured from five different locations on the same sample substrate, and the standard
deviations are represented by the error bars. Abbreviation: PPV, porcine parvovirus. Reproduced with
permission from Reference 72.

Stagnant incubation:
assay in which only
diffusional mass
transport is
responsible for the
delivery of antigen to
the sensor surface

To demonstrate the analytical value of rotation-induced flux for an immunoassay, two sets of
PPV binding experiments were carried out (72): one without substrate rotation and the other with
rotation at 800 rpm. Dose-response curves were constructed by exposure of capture substrates to
varying concentrations of PPV diluted in 10 mM PBS (phosphate-buffered saline) and through
use of AFM for enumeration. All incubation times were held at 10 min. Figure 6 plots the results.
The immunoassay performed with substrate rotation is clearly much more sensitive than the
immunoassay that relied solely on diffusion. A much longer incubation (∼12 h) is required for
stagnant incubations to reach equivalent values of Γ . Again, the assay at 800 rpm was carried out
in 10 min. A few virus-sized objects were found in the images of blanks; these were attributed to
debris with a size comparable to PPV. On the basis of these results, the LOD, which is defined as
the concentration yielding a signal equal to the blank signal plus three times its standard deviation,
was determined to be 3 × 105 TCID50 ml−1 without rotation and 3 × 104 TCID50 ml−1 with
rotation at 800 rpm.

4.2. Standard-Free Quantification of Viral Particles

The adherence of PPV binding to the mathematical model for rotationally induced flux results in
a unique and valuable application: Rotationally induced flow facilitates the accurate determination
of virus concentration without the use of standards. Typically, infectious and hemagglutination
titration and plaque assays are used to determine approximate virus titers in units of TCID50,
hemagglutination units, or plaque-forming units (77). Although these approaches are highly valu-
able, concentrations of virus particles represent a more effective means for assessment of assay
performance and, ultimately, diagnostic utility (78).

At present, transmission electron microscopy (TEM) is the standard method for measuring
virus concentration (78). However, the reliable implementation of this approach requires highly
purified virus solutions and the accurate transfer of small sample volumes to the TEM grid. The
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Sandwich
immunoassay:
two-step assay in
which (a) the antigen
first binds to the
antibody and (b) a
labeled secondary
antibody binds to the
captured antigen for
indirect detection

Extrinsic Raman
label (ERL): a SERS
tag for antigen
detection consisting of
a gold nanoparticle
modified with a Raman
reporter molecule and
a labeling antibody

DSNB: 5,5′-
dithiobis(succinimidyl-
2-nitrobenzoate)

analysis of the images also assumes that the virus is homogeneously distributed across the dried
sample. The combined weight of these factors severely limits the reliability of this method (78).

A rotating capture substrate overcomes these obstacles. Imaging and enumerating the bound
PPV with respect to ω and t can quantify the solution concentration of viral particles via
Equation 27. This technique can then be used to determine the relationship between a measured
titer (e.g., TCID50) and viruses per unit volume with much less sample pretreatment, lower-cost
instrumentation, fewer reagents, and a significant reduction in time.

To demonstrate this application, we analyzed the data in Figure 5 with respect to Equation 25
by plotting t/Γ as a function of 1/ω1/2. The slope of the linear regression yields the product CbD2/3,
from which we determined the bulk solution virus concentration to be 7.6 × 109 viruses ml−1

by assuming a hydrodynamic diameter of PPV of 25 nm (79). For comparison, we previously
determined the concentration to be 4.6–4.9 × 109 viruses ml−1 through experiments based on
the exhaustive extraction of PPV from a sample solution (72).

4.3. Surface-Enhanced Raman Scattering–Based Sandwich Immunoassay
for Rabbit Immunoglobin G

The rotating capture substrate approach can be used to expedite both the antigen-binding and the
antigen-labeling steps in a sandwich immunoassay. To this end, we performed an assay for rabbit
IgG protein that used extrinsic Raman labels (ERLs) in the second step to read out the antigen
concentration by SERS. In this assay, a capture substrate specific for rabbit IgG was prepared and
incubated under either static or rotating conditions. Subsequently, the substrates were exposed
to ERLs under static or rotating conditions. ERLs consist of a GNP to provide the surface
enhancement, modified with both an antibody to specifically label the captured antigen and an
inherently strong Raman reporter molecule such as 5,5′-dithiobis(succinimidyl-2-nitrobenzoate)
(DSNB) to provide the Raman signal. Reference 74 details the effect of rotation on both the binding
and labeling steps and the differences between the two. For example, the difference between the
values of D for the protein and for the ERL, as well as the difference between binding-site vacancies,
resulted in different contributions from kinetic binding and mass-transport limitations in each step.
Ultimately, conditions were determined in which the incubation time for each step under rotation
was minimized, and the analytical performance of the assay was maintained as compared to 12-h
stagnant incubations.

An anti–rabbit IgG capture substrate was prepared and incubated with varying concentrations
of antigen for 12 h under stagnant conditions, following a blocking step. The bound antigen was
labeled with a rabbit IgG–specific ERL with a 12-h stagnant incubation. The SERS spectra for
each of the sample concentrations are displayed in Figure 7. The spectral signature is consistent
with the Raman spectrum of DSNB, the Raman reporter molecule used to construct the ERL.
The figure shows that the spectral intensity increases as the concentration of rabbit IgG increases,
due to the binding of more ERLs. Quantitative information regarding the analyte concentration
is obtained by a dose-response curve in which the intensity of the band at 1,336 cm−1 due to the
symmetric NO2 stretch is plotted as a function of analyte concentration (Figure 8). This assay
was used as a control compared with the assay with substrate rotation (800 rpm). Optimization
showed that a 10-min sample incubation and a 15-min label incubation closely matched the SERS
response for the stagnant assay with the two 12-h incubation steps. Both sets of data are shown in
Figure 8.

Several noteworthy observations can be made from the two curves. Although the responses for
the two assays are nearly equivalent, the assay with rotation was performed in 25 min, whereas that
of the standard (i.e., quiet) assay ran for 24 h. Thus, the use of rotation yields a significant (nearly
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Figure 7
Surface-enhanced Raman scattering (SERS) spectra for the detection of rabbit immunoglobin G samples
obtained from a 12-h sample and extrinsic Raman label stagnant incubations. Reproduced with permission
from Reference 73. Copyright 2007, American Chemical Society.

60-fold) reduction in assay time without a loss of sensitivity. Furthermore, the level of nonspecific
binding for the rotated substrate is less than the level obtained under stagnant conditions, which
reduces the LOD. The LOD for the assay without rotation is ∼10 ng ml−1, whereas that for the
assay with rotation is approximately 10-fold lower (∼1 ng ml−1). Ultimately, rotation reduced
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Figure 8
Dose-response curves for the surface-enhanced Raman scattering (SERS)-based detection of rabbit
immunoglobin G (IgG), comparing the results for a control assay requiring 24 h (12-h capture step and 12-h
labeling step) to those obtained with optimized rotation (800 rpm) performed in 25 min (10-min capture step
and 15-min labeling step). The SERS intensity is that of the symmetric nitro stretch (vs; NO2) at
1,336 cm−1. The dashed lines represent the lowest detectable signal (blank signal plus three times its
standard deviation) for each assay. Abbreviation: ERL, extrinsic Raman label. Reproduced with permission
from Reference 73. Copyright 2007, American Chemical Society.
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each incubation step in a two-step sandwich assay while improving the analytical performance, a
feat that is not typically attainable.

4.4. Reducing Nonspecific Binding

Nonspecific binding results from off-target analytes and/or the label sticking to the capture sub-
strate, yielding a false positive response, which ultimately limits the diagnostic reliability of im-
munoassays. Indeed, a host of steps, such as use of blocking agents, can be taken to minimize non-
specific binding. Such strategies can reduce, but often cannot eliminate, the background signal.
This issue is becoming more important as readout technologies become more sensitive, accentuat-
ing the need to distinguish whether the signal equivalent to a single binding event is due to the an-
alyte or nonspecific binding. Thus, methods to reduce or eliminate nonspecific binding will prove
pivotal to the ability to exploit the sensitivity of many existing and emerging readout platforms.

Although specific interactions have been observed to proceed at a rate above that of mass
transport, nonspecific binding is typically much slower and therefore is not diffusion limited.
Nonspecific binding occurs because the label has restricted lateral diffusion in the vicinity of the
capture surface (80), which allows for the accumulation of many weak interactions (e.g., electro-
static, Van der Waals, and Lewis acid-base forces) among the antigen, label, and capture substrate.
The level of nonspecific binding therefore depends on the rate of accumulation of these interac-
tions (47). Because nonspecific binding is not mass-transport limited, an increase in antigen and
label flux will probably have a greater impact on the specific accumulation of the target species as
opposed to off-target moieties.

To test this assertion, we incubated capture substrates specific for mouse IgG with human
IgG, an off-target analyte. The substrates were then exposed to a suspension of anti–mouse IgG
antibody–modified ERLs. Thus, any detectable SERS signal originated from the nonspecific bind-
ing of ERLs to either the capture antibodies or the bound antigen. Figure 9 shows the results
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Figure 9
Plots of surface-enhanced Raman scattering (SERS) background intensity versus incubation time for both rotation (red circles) and
stagnant (blue squares) incubations in extrinsic Raman labels (ERLs). (a) Low ERL is the response from substrates exposed to a solution
containing 4.2 × 1010 particles ml−1. (b) High ERL is the response from substrates exposed to a solution containing 9.4 × 1010

particles ml−1. Prior to ERL exposure, substrates were incubated with 20-μl drops of 100 ng ml−1 human immunoglobin G for ∼16 h.
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of experiments that used two different label concentrations. The plots show that rotation has
little effect on nonspecific ERL binding. Moreover, rotation increases the rate of specific binding
(i.e., antigen and label binding) without increasing that of nonspecific binding. These data further
substantiate the fact that capture substrate rotation not only decreases the time required for both
incubation steps in SERS-based sandwich immunoassays but also decreases the level of nonspe-
cific binding. The combined weight of both circumstances leads to shorter assays with improved
LODs. We believe this result applies to virtually all types of assay formats.

5. SIMULATION OF BINDING KINETICS FOR IMMUNOASSAY DESIGN

The precise control of flux at a rotating capture substrate, coupled with an understanding of the
theoretical underpinnings of the process, allows quantitative predictions of reactant accumula-
tion with respect to time. As detailed elsewhere (74), models for such predictions are usually
performed via numerical simulations. This section presents a few examples of how simulations
can aid in understanding fundamental limitations in assay performance for a given set of condi-
tions and in advancing assay design to meet specific performance metrics (e.g., LOD and analysis
time).

Figure 10 presents the impact of differences in δ, achieved through rotation, on the accumula-
tion of PPV on a 5 × 5 μm capture substrate as a function of t using previously determined kinetic
parameters (74). A kinetic binding curve from diffusion (i.e., static solution) was also simulated
via Equation 8. Clearly, the thinner the diffusion layer is, the faster the approach to equilibrium
is. From simulations, we can compare the times needed to reach a given Γ . Table 1 lists the
theoretical times for a static assay as well as for assays at different rotation speeds to reach 1%,
5%, and 15% of the equilibrium surface concentration (ΓE ). It takes, for instance, 10 min at a
rotation speed of 800 rpm and 28.5 h for static diffusion to reach 15% of ΓE , an expediting factor
of 166 for rotation assays! The table also shows that an additional increase in the rotation speed
can further shorten incubation times, but to a much smaller extent.

0

5,000

10,000

15,000

20,000

25,000

30,000

0 2,000 4,000 6,000 8,000
Time (s)

P
P

V
 v

ir
u

se
s 

p
e

r 
2

5
 µ

m
2
  

0.456 μm 

Static 

45.6 μm

4.56 μm

Figure 10
The effect of rotation speed on binding kinetics. Simulated porcine parvovirus (PPV) surface accumulation
in a 5 × 5 μm area as a function of time and diffusion-layer thickness. The bulk virus concentration was
assumed to be 1.0 × 1011 viruses ml−1. Reproduced with permission from Reference 74. Copyright 2009,
American Chemical Society.
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Table 1 The effect of diffusion-layer thickness on binding time of porcine parvovirus

Rotation speed
(rpm)

Diffusion-layer
thickness (μm)

Damköhler
number

Time to reach 1%
equilibrium
coverage (s)

Time to reach 5%
equilibrium
coverage (s)

Time to reach
15% equilibrium

coverage (s)
Infinity 0 0 13 67 200
80,000 0.456 0.20 15 82 260
800 4.56 2.0 40 190 620
8 45.6 20 300 1,400 4,200
Static – – 460 11,000 10,000

Figure 11 shows the binding kinetics at different analyte concentrations. Simulated accumula-
tions of PPV in a 5 × 5 μm area as a function of t and Cb are plotted in Figure 11a. Significantly,
at low concentrations (below 1.0 × 1011 viruses ml−1 or 166 pM), it takes an extremely long time
to approach ΓE , even at 800 rpm. In an additional illustration of the impact of concentration on
binding rates, the times required for a rotation at 800 rpm to reach 50% of ΓE at different PPV
concentrations are plotted in Figure 11b. The critical conclusion to draw from these results is
that equilibrium is not reached on a practical time scale for low concentrations, and therefore
the dose-response curve depends on t. Figure 12a shows time-dependent dose-response curves
simulated for different incubation times at an 800-rpm rotation plotted on a semilog scale. The
curve shifts to higher concentrations as t decreases, leading to a reduced sensitivity and an elevated
LOD. This situation is clearly presented in Figure 12b, which shows an expanded Figure 12a

in the low-concentration range on a linear scale. From these simulations we obtain an LOD of
2.0 × 106 viruses ml−1 (3.4 fM) for a 10-h incubation, compared to 8.0 × 107 viruses ml−1

(130 fM) for a 10-min incubation. This is only one of many examples of how such simulations can
provide guidance for tailoring experimental parameters to satisfy conflicting assay priorities such
as speed versus LOD.
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Figure 11
The effect of antigen concentration on binding kinetics. (a) Simulated porcine parvovirus (PPV) surface accumulation in a 5 × 5 μm
area as a function of time at different PPV bulk concentrations. The rotation speed was assumed to be 800 rpm, resulting in a
diffusion-layer thickness of 4.6 μm. (b) The time required to reach 50% equilibrium coverage at different concentrations. Reproduced
with permission from Reference 74. Copyright 2009, American Chemical Society.
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Figure 12
Incubation time dependency of porcine parvovirus (PPV) dose-response curves. (a) Simulated PPV surface accumulation in a 5 ×
5 μm area as a function of PPV bulk concentration at different incubation times. (b) Expansion of panel a at low concentration on a
linear scale. The rotation speed was assumed to be 800 rpm, corresponding to a diffusion-layer thickness of 4.6 μm. The dashed line is
an assumed threshold of three viruses per image to differentiate analytes from background. Reproduced with permission from
Reference 74. Copyright 2009, American Chemical Society.

6. CONCLUSIONS

This review details the first application of rotation-induced flux for the acceleration of antigen
binding and labeling in heterogeneous immunoassays. The premise of the technique is that con-
ventional heterogeneous immunoassay speed is usually limited by the rate of mass transport, that
is, by diffusion of antigen to an antibody-coated surface. We have derived equations and solved the
binding kinetics for antibody-antigen binding reactions on a rotating substrate surface. We found
that by vigorously rotating the capture surface, the binding reaches the regime of intermediate
binding kinetics, for which the rate of mass transport is comparable to the reaction rate. Systematic
studies of the influence of rotation on antigen and label binding led to an optimized immunoassay
that, in comparison to a stagnant assay carried out in 24 h, yielded in 25 min a 10-fold decrease
in the LOD. Under these conditions, we can also determine the diffusion coefficient and reaction
rate constant of the antigen.

Although specific antibody-antigen interactions are often considered to proceed at a rate above
that of mass transport, nonspecific binding is typically much slower and not diffusion limited.
Consistent with this observation, we found that rotation has little effect on nonspecific binding.
Thus, rotation increases the rate of specific binding (i.e., antigen and label binding) without
increasing that of nonspecific binding. The consequence is that capture substrate rotation not
only decreases the time required for incubation but also decreases the level of nonspecific binding.
The combined weight of both circumstances leads to shorter assays with improved LODs.

An interesting question is whether high rotation rates produce shear stresses (81, 82) that could
damage proteins or viruses. The unfolding of proteins could expose hydrophobic regions and lead
to aggregation. We have not observed any effects suggesting shear stress. AFM images of viruses
captured during rotation showed no sign of damage, and assay results are consistent with the
capturing of intact viruses. However, this is an issue that should be kept in mind when pushing
the limits of rotation as a means for expediting immunoassays. Finally, although the merits of
rotation-induced flow have been limited to AFM- and SERS-based immunoassays, this approach
is amenable to all traditional and emerging readout modalities.
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