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Background: Acoustic sensors that exploit resonating
quartz crystals directly detect the binding of an analyte
to a receptor. Applications include detection of bacteria,
viruses, and oligonucleotides and measurement of myoglobin, interleukin 1␤ (IL-1␤), and enzyme cofactors.
Methods: Resonant Acoustic ProfilingTM was combined
with a microfluidic lateral flow device incorporating an
internal reference control, stable linker chemistry, and
immobilized receptors on a disposable sensor “chip”.
Analyte concentrations were determined by analyzing the
rate of binding of the analyte to an appropriate receptor.
Results: The specificity and affinity of antibody–antigen and enzyme– cofactor interactions were determined
without labeling of the receptor or the analyte. We
measured protein concentrations (recombinant human
IL-1␤ and recombinant human myoglobin) and quantified binding of cofactors (NADPⴙ and NADⴙ) to the
enzyme glucose dehydrogenase. Lower limits of detection were ⬃1 nmol/L (17 ng/mL) for both IL-1␤ and
human myoglobin. The equilibrium binding constant
for NADPⴙ binding to glucose dehydrogenase was
2.8 mmol/L.
Conclusions: Resonant Acoustic Profiling detects analytes in a relatively simple receptor-binding assay in
<10 min. Potential applications include real-time immunoassays and biomarker detection. Combination of this
technology platform with existing technologies for concentration and presentation of analytes may lead to
simple, label-free, high-sensitivity methodologies for
reagent and assay validation in clinical chemistry and,
ultimately, for real-time in vitro diagnostics.
© 2005 American Association for Clinical Chemistry

Akubio Ltd., Cambridge, United Kingdom.
*Address correspondence to this author at: Akubio Ltd., Unit 181, Cambridge Science Park, Cambridge CB4 0GJ, UK. Fax 44-1223-225336; e-mail
mcooper@akubio.com.
Received April 26, 2005; accepted July 18, 2005.
Previously published online at DOI: 10.1373/clinchem.2005.053249

Many polymers, ceramics, and molecules are polarized,
and when an electric field is applied, the molecules will
align themselves with it, producing induced dipoles
within the molecular or crystal structure of the material. A
permanently polarized material such as quartz (SiO2) will
produce an electric field when the material changes
dimensions as a result of an imposed mechanical force.
This material is termed piezoelectric, and the phenomenon is known as the piezoelectric effect (1 ). This signal
transduction mechanism, which forms the basis of acoustic sensing, was in fact first discovered by the Curie
brothers in 1880 (2 ). Today, acoustic sensors are generally
based on quartz crystal resonators that are found in
electronic devices such as watches, computers, and televisions, with more than 1 billion units mass-produced
each year. Quartz crystal resonators became of interest to
physicists and chemists when it was demonstrated that
there is a linear relationship between mass adsorbed to
the surface and the resonant frequency of the crystal in air
or a vacuum (3 ). Application to biological samples became possible when suitable oscillator circuits for operation in liquids were developed (4, 5 ). As molecules interact with immobilized receptors on the surface of a quartz
crystal, there is a concomitant modulation of the acoustic
resonance of the crystal. This in turn produces a modulated electrical signal that can be analyzed by standard
digital signal-processing techniques. The quartz crystal
thus can be used as a very sensitive “microphone” to
detect the presence of an analyte. The signal indicates not
only the presence of the analyte but also the specificity
and affinity for a surface-bound receptor.
By monitoring the change in resonance frequency and
resistance that occurs on adsorption of an analyte to the
surface (Fig. 1), quartz crystal resonators can be used to
characterize interactions with small molecules (6 – 8 ), peptides (9 –11 ), proteins and immunoassay markers (12–18 ),
oligonucleotides (19, 20 ), bacteriophages (21–23 ), viruses
(24 –26 ), bacteria (27–32 ), and cells (33– 41 ). The technology can thus be applied to an extremely wide range of
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older QCM systems and highlight early progress made
from application of RAP to selected clinically relevant
molecular interactions.

Materials and Methods
instrumentation and sensors

Fig. 1. Pictorial representation of a piezoelectric bioassay.
A piezoelectric acoustic wave device (such as a quartz crystal resonator) is
coated with a selective, passivating layer on which an analyte-specific receptor
can be immobilized. Liquid containing the analyte of interest is then passed
across the surface by appropriate microfluidics, which enables selective capture
of the analyte. This additional bound material in turn modulates resonance of the
acoustic wave device, which is transformed into an electrical signal via the
piezoelectric effect.

biological and chemical entities with a molecular weight
range from Mr ⬍200 through to an entire cell. Real-time
monitoring of changes in the resonance properties of the
crystal allows the label-free determination of interaction
affinities and kinetics, as is the case for optical biosensors
that exploit interfacial evanescence and/or surface polaritons (42 ). However, acoustic sensors are more than just
simple mass balances. Much more detailed information
can be obtained about an interaction than is the case with
optical biosensors because the acoustic sensor response is
sensitive not only to the mass of analyte bound, but also
to changes in the viscoelastic properties and charge of the
receptor–analyte complex (43, 44 ).
The majority of platforms currently used in clinical
diagnosis require some type of radioactive, enzymatic,
chemiluminescent, or fluorescent labeling to report the
binding of an analyte to a receptor. This labeling step
imposes additional time and cost demands, and can in
some cases interfere with the molecular interaction by
occluding a binding site, leading to false negatives/low
sensitivity. Many reporter compounds are also hydrophobic, and in many screens, background binding is a major
problem, leading to false positives/low specificity. We
have developed a novel acoustic detection technology,
that we term Resonant Acoustic ProfilingTM (RAPTM).
This technology builds on the fundamental basics of the
quartz crystal microbalance (QCM)1 with several key
additional features that are detailed in the Materials and
Methods and Results and Discussion sections. This system
generates high-quality, high–information-content data in
real time, which can be analyzed to give quantitative
information regarding analyte concentration as well as
analyte–receptor interaction specificities, affinities, and
kinetics. In this report we review published work from

RAP experiments were conducted with manually operated or automated prototype 2-channel instruments (Akubio Ltd). The automated instrument was based on a Tecan
MSP9250 liquid-handling robot. The Akubio instruments
apply the principles of QCM in that a high-frequency
voltage is applied to a piezoelectric quartz crystal to
induce the crystal to oscillate, and its resonance frequency
is monitored in real time. The resonant frequencies of the
sensors are determined by a proprietary network analyzer
approach similar to that described elsewhere (5, 45 ). In
brief, to derive the resonant frequency and acoustic load
parameters, the complex impedance of the resonator is
acquired over a frequency range of ⬃50 kHz. These data
are then subjected to a nonlinear fit against a modified
Butterworth–VanDyke model of acoustic impedance
(46, 47 ).
The dual-channel sensors are composed of a pair of
oscillating resonators mounted on a single quartz plate,
which is sealed into parallel microfluidic flow cells fabricated by micromachining from acrylic. The assembled
microfluidics cassette allows a sample to be flowed across
2 surfaces simultaneously, or individually, by use of
separate flow paths to individual flow cells combined
with a common flow path split to address both flow cells.
Interchange between the different flow paths was by
either manual or electronically operated valves (Akubio).
As sample is flowed across “control” and “active” sensors, binding to the active sensor is measured as a
reduction in the oscillation frequency, with the control
sensor acting as a subtractive sample reference.
Sensors were constructed from standard quartz wafers
(Roditi International) that are produced from bare quartz
resonators coated by electron beam deposition with a
titanium adhesion layer and a gold adlayer. These sensors
were then further derivatized with a carboxylic acidterminated interfacial layer deposited from ethanolic solution to provide a surface suitable for protein immobilization. The RAP instruments were fitted with a thermally
stable sensor mounting block, which provided temperature control, and with microfluidic and electrical connections to the pair of piezoelectric resonators in the sensor
cassette. Buffer flow was maintained with the Tecan robot
syringe pumps (Tecan UK) under control of proprietary
software (Akubio).

sensor surface preparation
Nonstandard abbreviations: QCM, quartz crystal microbalance; IL-1␤,
interleukin 1␤; RaM-FC, rabbit anti-mouse (Fc-specific) immunoglobulin; Ms
IgG, mouse IgG; EDC, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride; NHS, N-hydroxysuccinimide; PBS, Dulbecco modified phosphatebuffered saline; GDH, glucose dehydrogenase (EC 1.1.1.47); BSA, bovine
serum albumin; and GMO, genetically modified organism.
1

For mouse IgG, myoglobin, and interleukin 1␤ (IL-1␤)
binding assays, before assessment of antigen binding,
sensor surfaces were prepared. Briefly, rabbit anti-mouse
Fc-specific immunoglobulin (RaM-Fc) and mouse IgG (Ms
IgG) were immobilized on the active sensor surface and
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the control sensor surface, respectively, by conventional
amine coupling chemistry. Sensor surfaces were activated
with a 1:1 mixture of 400 mmol/L 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and
100 mmol/L N-hydroxysuccinimide (NHS; both from
Perbio Science UK), which were prepared separately in
0.22 m–filtered deionized water and mixed immediately
before use (final concentrations, 200 mmol/L EDC and
50 mmol/L NHS). The EDC-NHS mixture was injected
simultaneously across both sensor surfaces for 3 min.
Affinity-purified RaM-Fc (Stratech Scientific Ltd/Jackson
ImmunoResearch) and Ms IgG (Stratech/Jackson) were
prepared for immobilization at 50 mg/L in immobilization buffer (10 mmol/L sodium acetate, pH 4.5) and were
injected simultaneously across separate sensor surfaces
for 3 min. Nonreacted NHS esters were then capped with
1 mol/L ethanolamine (Sigma-Aldrich) prepared in
0.22 m–filtered deionized water (pH 8.5). The running
buffer between sample injections was Dulbecco’s modified phosphate-buffered saline (PBS; Sigma-Aldrich) at a
flow rate of 50 L/min.

Ms IgG binding assay
Ms IgG was prepared at 10 mg/L in PBS and injected
across both active and control sensor surfaces for 1 min.
After a dissociation period of 3 min, sensor surfaces were
regenerated with a 1-min injection of 100 mmol/L HCl
followed by a 30-s injection of 20 mmol/L NaOH.

myoglobin binding assay
Mouse monoclonal anti-myoglobin (Spectral Diagnostics)
was prepared at 5 mg/L in HEPES-buffered saline
(10 mmol/L HEPES, 120 mmol/L NaCl, 3 mmol/L
EDTA) containing 0.05 mL/L Tween 20 (Sigma-Aldrich),
and was captured on the RaM-Fc surface by injection
across both sensor surfaces for 3 min. A dissociation
period of 5 min under HEPES-buffered saline flow allowed the capture and dissociation of anti-myoglobin to
stabilize. Recombinant human myoglobin (Spectral Diagnostics) was prepared at 5 mg/L in HEPES-buffered
saline and then diluted further in ⬃3-fold dilutions to
17 g/L. Myoglobin samples were injected for 5 min,
followed by a 5-min dissociation period. Sensor surfaces
were then regenerated as for the Ms IgG binding assay.
Myoglobin binding curves were superimposed and normalized to the start of the sample injection. Initial binding
rates were calculated from a linear fit model applied to the
initial portion of each binding curve. Initial binding rate
slopes were plotted against myoglobin concentration to
generate a concentration-response calibration curve. Myoglobin concentrations in unknown samples were quantified by interpolation from this calibration curve.

IL-1␤ binding assay

Mouse monoclonal anti-IL-1␤ (R&D Systems Europe) was
prepared at 5 mg/L in PBS containing 0.05 mL/L Tween
20 and was captured on the RaM-Fc surface by injection

across both sensor surfaces for 3 min. A dissociation
period of 6 min under buffer flow allowed the capture
and dissociation of anti-IL-1␤ to stabilize. Recombinant
human IL-1␤ (R&D Systems) was prepared at 12 nmol/L
in PBS containing 0.05 mL/L Tween 20, and then was
diluted further in 2-fold dilutions to 0.75 nmol/L. IL-1␤
samples were injected for 5 min, followed by a 5-min
dissociation period. Sensor surfaces were regenerated
with a 30-s injection of 20 mmol/L NaOH.

glucose dehydrogenase substrate selectivity
and affinity
Glucose dehydrogenase (GDH; Sigma-Aldrich) was supplied in Tris buffer, which is unsuitable for amine coupling. Consequently, a NAP5 column (GE Healthcare/
Amersham Biosciences, Amersham) was preequilibrated
with 10 mL of immobilization buffer [10 mmol/L sodium
acetate (pH 4.5), 0.5 mol/L glucose; Sigma-Aldrich]. GDH
was diluted to 100 mg/L in immobilization buffer, and
200 L was added to the column. An additional 200 L of
immobilization buffer was added to the column, and the
column allowed to equilibrate. GDH was eluted by adding 2 mL of immobilization buffer and collecting 2-drop
(⬃100-L) fractions. GDH activity, measured by a spectrophotometric GDH ⫹ glucose ⫹ NADP⫹ turnover assay, was found to elute in fractions 5–9. Consequently,
these fractions were pooled. The final GDH concentration
was 22 mg/L in immobilization buffer, pH 4.5. Bovine
serum albumin (BSA; Sigma-Aldrich), as a nonbinding
control, was prepared at 50 mg/L in 10 mmol/L sodium
acetate buffer (pH 4.5) without glucose.
Sensor surfaces were activated with EDC-NHS for 8
min. GDH or BSA was then injected simultaneously
across separate sensor surfaces for 4 min. Nonreacted
NHS esters were capped with 1 mol/L ethanolamine (pH
8.5) for 8 min. The running buffer between sample injections was PBS containing 0.05 mL/L Tween 20 at a flow
rate of 50 L/min.
NADP⫹ (Sigma-Aldrich), NAD⫹ (Sigma-Aldrich). and
FAD (Sigma-Aldrich) as GDH-binding cofactors were
prepared at 2 mmol/L in running buffer and diluted in 4
steps to 222 mol/L. Cofactors at each concentration were
injected across GDH active and BSA control surfaces for 1
min, allowed to dissociate for 1 min, and then were
injected a second time. After a 2-min cleaning period in
running buffer, the next cofactor concentration was tested
in duplicate. To calculate the equilibrium binding constant (KD) for NADP⫹ binding to GDH, NADP⫹ was
prepared at 2 mmol/L in running buffer and diluted in
3-fold dilutions to 25 mol/L. Each NADP⫹ concentration was injected for 1 min and then allowed to dissociate
for 1 min, in duplicate. Equilibrium binding was calculated for each NADP⫹ concentration by taking the mean
response amplitude over a 10-s interval during the plateau phase of binding. KD was calculated by plotting
NADP⫹ concentration against mean equilibrium binding
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response amplitude and fitting this to a sigmoidal singlesite binding model.

Results and Discussion
literature trends
There has been an explosion of growth in the number of
publications reporting QCM used to probe biological and
chemical interactions in life sciences research and, to a
lesser extent, in clinical diagnostics. The number of publications involving the use of QCM has increased rapidly
since the mid-1980s, in particular, since the 1990s (Fig.
2A). Many of the separate hardware components that
make up an acoustic biosensor are commercially available
from numerous electronics companies: a lock-in amplifier,
a frequency synthesizer, a power supply, and a quartzcrystal holder. This provides a low barrier to entry for the
academic or industrial researcher compared with the
expense and expertise required to assemble an optical
platform (which usually requires a sophisticated chargecoupled device camera, processing software, optical fil-

ters, optical interfaces, lasers, and other components). As
a result, from 1990 to 2000 the number of publications
involving QCM grew semiexponentially; the rate of
growth slowed slightly from 2000 to 2004 (Fig. 2A).
This period has also seen an increase in the number of
publications describing the detection and quantification
of clinically relevant analytes (12–18 ) (Fig. 2B). Published
limits of direct detection for analytes present in serum,
blood, or urine are typically in the range of 0.1–10 mg/L
(Table 1). Although these limits of detection can meet or
surpass the clinically relevant limits of detection for many
analytes, there are numerous other examples in which
detection of nanogram per liter or even picogram per liter
concentrations is required for accurate diagnosis. However, it is notable that these data were generated on
“home-built” QCM systems, often with the use of very
basic receptor attachment chemistries.
There has been a steady growth in the number of
published reports describing detection of clinically relevant bacteria (27–32 ) (Fig. 2B), and in the last 5 years,
there has been a rapid growth in the number of publications using acoustic biosensors to analyze mammalian
cells (33– 41 ). In the latter application, a variety of cell
types have been immobilized on quartz resonators coated
with appropriate attachment chemistries. Here the cell
forms an active part of the biological transducer component of the sensor, as bulk viscoelastic changes in the cell
are also detected via the quartz resonator. This approach
has been used to monitor interactions between cells and
the adherent surface, as well as the cellular response to a
variety of exogenous stimuli. Both the magnitude and
kinetics of the response can be followed because detection
occurs in real-time and does not require fluorescent,
chemiluminescent, quantum dot, or other reporter labels.
The number of publications using acoustic sensing to

Table 1. Selected published data for acoustic detection of
clinically relevant analytes using standard QCM
instrumentation and a piezoelectric immunoassay.
Analyte

African swine fever virus

Fig. 2. Yearly cumulative number of publications citing use of QCM.
(A), publications found during an ISI Web of SCIENCE® search for the term
“quartz crystal microbalance” in the title, keyword, or abstract. (B), publications
found during an ISI Web of SCIENCE search for the term “quartz crystal
microbalance” cross-referenced to the terms “DNA”, “proteins OR immunoassay”, “bacteria”, “cell”, or “virus”.

Anti-Toxoplasma gondii
IgG
Anti-Treponema pallidum
IgG
Complement C4
C-reactive protein
Dermatophagoides
pteronyssinus (house
dust mite) IgE
Fibrinogen
Niacinamide
Total IgE
Transferrin
a

Ag, antigen.

Matrix

Limit of
detection

Reference

Ag:a 1 mg/L
IgG: 0.2 mg/L
Blood, serum 1:5500 dilution

(59 )

Serum

75 IU/L

(61 )

Serum
Serum
Serum

0.1 mg/L
10 mg/L
0.15 kIU/L

(62 )
(12 )
(63 )

Serum
Serum, urine
Serum
Serum

10 mg/L
1 nmol/L
5 kIU/L
0.16 mg/L

(64 )
(65 )
(66 )
(17 )

Serum

(60 )
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measure hybridization of nucleotides, particularly singlestranded DNA, has grown dramatically since 1996 (Fig.
2B). Recent work has shown that it is possible to sensitively and specifically detect genetically modified organisms (GMOs) and even single base-pair mismatches from
PCR-amplified contaminated foodstuffs and pooled patient sera (19, 20, 48, 49 ). Specific detection of GMOs was
achieved by use of synthetic oligonucleotide probes specific for plasmid sequences that were unique to the
relevant modified organism. DNA isolated from certified
reference materials and real GMO-contaminated samples
were subjected to PCR and then hybridized to either
thiolated and biotinylated single-stranded DNA probes
immobilized on the surface of an acoustic quartz biosensor (48 ). The advantages of such an approach compared
with electrophoretic post-PCR detection were claimed to
be the label-free nature of the measurement, the lack of
toxic reagents (i.e., ethidium bromide), and the reusability
of the sensor (more than 20 measurements possible per
sensor). The same group has also described an acoustic
method to determine one of the most frequent mutation
characteristics of ␤-thalassemia in the Mediterranean population: the C-to-T substitution in codon 39 of the ␤-globin
gene (50 ). The system was able to detect sequences
differing in only 1 base by use of a 25-bp probe sequence
together with PCR-amplified pooled serum samples containing genotype-specific 771- and 577-bp sequences.
The ability to probe for pathogen nucleic acid, pathogen antigen, and pathogen-specific host antibodies can
provide for extra assay redundancy, giving greater confidence in the results. In time, this capacity could enable the
development of very robust and precise pathogen detection systems that give information on pathogen copy
number, antigen concentration, and immunologic host
response.

instrument development
The breadth of application areas described above is considerable, with numerous published reports describing
the detection of nearly all classes of clinically relevant
analytes. However, it is surprising that these data have
almost exclusively been generated by use of home-built
QCM systems, often with insufficient attention to surface
chemistry and assay reproducibility. A widely available
and robust acoustic detection system that can generate
reproducible data for the above classes of analytes could
be of great benefit to the life sciences research, clinical
diagnostics, environmental sensing, and homeland defense communities. In response to this challenge, we are
developing RAP systems that incorporate several key
technical advances compared with the prior art. We have
produced high-frequency resonators that possess high
merit or “Q” factors (a measure of the ability of a
piezoelectric device to convert electrical energy into kinetic energy). This increases the detection sensitivity (23 )
and also improves assay reproducibility. These resonators
incorporate a parallel reference control, which enables

analyte to be passed simultaneously over both the active
and control receptors. Real-time subtraction of control
data from active data will further improve the robustness
of the assay.
There have been major advances in the field of microfluidics that enable sophisticated devices to be developed, tested, and ultimately released to the market over a
much shorter time scale than was possible a decade ago.
Because quartz is a piezoelectric material, it is highly
sensitive to flexural, shear, and pressure changes. These
artifacts are undesirable in a system designed to measure
a specific response to analyte. To address this potential
problem, we have combined a proprietary stress-free
mounting system for the quartz crystal with a microfluidic lateral flow device. This ensures that the detector
response is sensitive principally to analyte binding. It also
enables a relatively small (⬍10 L) volume of liquid to be
delivered and removed from the resonant sensing area
rapidly and efficiently with minimal sample dispersion or
sample cross-contamination (Fig. 1).

linker chemistry
The interface between the biosensor surface and the
chemical or biological systems to be studied is a vital
component of all surface-sensitive sensor systems. Receptors must be attached to some form of solid support while
retaining their native conformation and binding activity.
This attachment must be stable over the course of a
binding assay; in addition, sufficient binding sites must be
presented to the solution phase to interact with the
analyte. Most importantly, the support must be resistant
to nonspecific binding of the sample matrix, which could
mask the signal produced by analyte binding. Many
receptor-coupling strategies use a chemical linker layer
between the sensor base interface (e.g., a gold layer) and
the biological component to achieve these ends. The
termini of these molecules can be derivatized with molecules that possess suitable chemical reactivities for receptor capture (e.g., epoxy, carboxyl, amino, biotinyl, or
nitrilotriacetic acid) (51–53 ). The receptor typically is
immobilized on the surface, and the binding partner
(analyte) is allowed to bind to this surface from free
solution. However, it is also possible to configure solution
competition assays in which the analyte is immobilized
on the surface and competes with solution-phase analyte
for receptor.
Selection of the correct coupling chemistry requires
careful consideration of (a) the resulting orientation of
receptor, (b) its local environment on the surface, (c) the
stability of the linkage under the conditions used to
regenerate the surface, and (d) possible effects of the
coupling chemistry on components of the binding interaction. In this study, we used a carboxylic acid-terminating linker layer together with carbodiimide-mediated
amine coupling (e.g., to surface lysine residues or Nterminal residues on a proteinaceous receptor). If immobilization is performed at low pH, the amine terminus of
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the receptor is likely to be more reactive than the ␥-amino
group of any lysine residues, in which case amine coupling can give rise to more ordered surface orientation. A
control receptor (e.g., BSA or nonspecific IgG) was coupled to a control resonator surface, and the active receptor
was coupled to an adjacent resonator surface. The reproducibility of the immobilization process is shown in Table
2A for 18 resonators from 4 different batches, with an
individual batch CV ⬍10% and a combined CV across all
batches ⬍15%. It is also possible to couple sulfhydrylcontaining receptors or thiolated oligonucleotide probes
by use of chemically selective cross-linking reagents such
as 2-(2-pyridinyldithio)ethanamine hydrochloride or 3-(2pyridinyldithio)propionic acid N-hydroxysuccinimide ester to achieve an even higher degree of receptor orientation homology.

rap assay
After the immobilization of control and active receptors,
the resulting “sensor chip” can then be stored for future
use or used directly after receptor immobilization. In a
typical RAP assay (Fig. 3), at t ⫽ 0 s, buffer was contacted
with the receptor via the microfluidic device. At t ⫽ 60 s,
a solution of analyte (in this case Ms IgG) in the running
buffer was passed over the active surface (RaM-Fc) and
the control surface (Ms IgG). As the analyte bound to the

Fig. 3. Example of a typical RAP assay.
(A), binding of Ms IgG to RaM-Fc (active) and Ms IgG (control) sensor surfaces.
Solid line indicates the frequency response generated by binding of Ms IgG to
RaM-Fc; dashed line indicates the frequency response generated by minimal
binding to the control Ms IgG surface. (B), schematic representation of sample
and regeneration solution injections.

active receptor, the additional mass and viscoelastic load
on the resonator produced a change in the resonance
signal (depicted here as a negative change in series
resonance).
The interassay reproducibility of the binding process,

Table 2. Intra- and interbatch immobilization and binding for interaction of RAM-Fc with Ms IgG.
A. Surface immobilization (frequency changes in Hz) for RaM-Fc and Ms IgGa
RaM-Fc immobilization

Ms IgG immobilization

Assay

Mean change, Hz

SD, Hz

n

CV, %

Mean change, Hz

SD, Hz

n

CV, %

Intraset variability

499
503
446
495
502

13
23
18
20
19

4
5
4
5
18

2.6
4.5
4.0
4.0
3.7

367
348
466
408
395

29
11
31
20
49

4
5
4
5
18

7.8
3.2
6.6
4.8
12.0

Interset variability

B. Binding responses (frequency changes in Hz) for Ms IgG interacting specifically with RaM-Fc or nonspecifically with Ms IgGa
Ms IgG–RaM-Fc binding
Ms IgG NSBb
Assay

Mean change, Hz

SD, Hz

n

CV, %

Mean change, Hz

SD, Hz

n

S/B ratio

Z-factor

Intraset variability

248
232
235
253
239

14.2
2.5
15.1
20.1
15.0

4
5
6
5
20

5.7
1.1
6.4
7.9
6.3

3.5
5.0
2.3
4.6
3.9

2.4
5.2
0.8
1.1
2.8

4
3
5
5
18

46
104
55
61.48

0.90
0.79
0.74
0.77

Interset variability

C. Repeat of the Ms IgG binding assay on the same sensorsc
Ms IgG–RaM-Fc binding

Ms IgG NSB

Assay

Mean change, Hz

SD, Hz

n

CV, %

Mean change, Hz

SD, Hz

n

S/B ratio

Z-factor

Intraset variability

233
226
221
235
228

11.9
3.7
13.9
21.4
14.4

4
5
6
5
20

5.1
1.6
6.3
9.1
6.3

5.5
4.0
2.5
5.0
4.7

1.3
4.4
1.0
2.0
2.4

4
3
5
5
18

42
57
88
47
49

0.83
0.89
0.79
0.69
0.77

Interset variability

a
Four sensor batches were tested on separate occasions (intraset variability). Data for all 4 batches have also been combined to summarize variability between
batches (interset variability).
b
NSB, nonspecific binding; S/B, signal-to-background.
c
Binding responses differ from results in Table 2B by less than 10%.
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both for the specific binding of mouse IgG to rabbit
RaM-Fc and for nonspecific binding of Ms IgG to Ms IgG
is summarized in Table 2B, for 18 –20 sensors from 4
different batches, with the binding process repeated twice
(n ⫽ 1 and 2) on each sensor. For this assay, the signalto-background binding ratios on sensors within the same
batch and across all 4 batches were all ⬎40:1, with the CVs
all ⬍10%. In addition, the Z-factor values for all batches
were ⬎0.5, and in all but one case were ⬎0.7, indicating
that the specific binding response is very robust and
reproducible. Furthermore, repetition of the same binding
assay on the same sensor (Table 2C) showed that the
intraassay variability was consistently ⬍10%.
Analysis of the association phase of the binding curve
can give the observed association rate (kobs). If the concentration of the analyte is known, then the association
rate constant of the interaction (kass) can be determined. At
t ⫽ 240 s, the Ms IgG solution was replaced by buffer, and
the receptor–analyte complex was allowed to dissociate.
Analysis of these data can give the dissociation rate
constant (kdiss) for the interaction. Many complexes in
biology have considerable half-lives; thus, a pulse of a
regeneration solution (in this case an acid wash followed
by a basic wash) was used at t ⫽ 240 s and 360 s to disrupt
binding and regenerate the free receptor. The entire
binding cycle can be repeated many times at various
analyte concentrations to generate a robust data set for
global fitting to an appropriate binding algorithm. The
affinity of the interaction can be calculated from the ratio
of the rate constants (KD ⫽ 1/KA ⫽ kdiss/kass) or by a linear
or nonlinear fitting of the response at equilibrium vs
various concentration of analyte.

myoglobin
Myoglobin is a 17-kDa cytoplasmic protein, found in
muscle cells, that binds and stores oxygen. Myoglobin
concentrations in blood usually are very low (⬍100 g/
L). After muscle damage (e.g., cardiac ischemia), however, myoglobin is released into the blood, and concentrations can increase to ⬎1000 g/L immediately after a
myocardial infarction and can remain high (⬃ 500 g/L)
for some time afterward. Detection of myoglobin in blood
is therefore a good diagnostic indicator of preceding and
ongoing cardiac disease and damage (54 ). We used a
mouse anti-myoglobin antibody, previously captured on
a RaM-Fc surface to measure binding of various concentrations of human recombinant myoglobin in real time
(Fig. 4A). Different concentrations of myoglobin in the
sample would give different responses at equilibrium,
which would enable generation of a calibration curve for
analyte concentration. However, as can be seen in Fig. 4A,
at lower myoglobin concentrations considerable contact
time would be required to reach equilibrium. In addition,
in a “real-world” diagnostic application, the sensor is
likely to be used only once and receptor activity may vary
after shipping and storage, which would lead to variable
equilibrium binding characteristics. Hence, analyte con-

Fig. 4. Myoglobin RAP assay.
(A), binding of recombinant human myoglobin to mouse anti-myoglobin antibody,
previously captured on a RaM-Fc surface. Binding curves for 5 different myoglobin concentrations (1700, 500, 170, 50, and 17 g/L; equivalent to 100, 30,
10, 3, and 1 nmol/L) are shown overlaid and synchronized to the start of each
myoglobin injection. Correction for signal drift attributable to the off-rate of the
captured anti-myoglobin antibody was performed by subtraction of the response
from injection of buffer only. (B), myoglobin concentration–response calibration
curve, generated by plotting the initial binding rate for the set of standard
concentrations. Estimates of myoglobin concentration in unknown samples were
calculated by linear interpolation from the calibration curve with an accuracy of
0.5%–15% over the concentration range tested.

centration can be more accurately and rapidly determined
by analyzing the rate of binding of myoglobin to the
antibody and comparing the measured observed association rate with a data set calibrated to analyte concentration (Fig. 4B). This enabled the myoglobin concentration
in the sample to be determined in less than 6 min.

IL-1␤
Members of the IL-1 family have clear therapeutic and
diagnostic potential: the IL-1 agonists IL-1a and IL-1␤ are
induced by central nervous system injury, whereas peripheral or central administration of the IL-1 antagonist
IL-1ra reduces the extent of damage by more than 50%.
The mechanism of action of these cytokines is the subject
of intense research (55 ). IL-1␤ is a 17.3-kDa protein found
in serum, mucosa, and pleural effusions of different
etiologies. It has been suggested as a diagnostic marker in
the differential diagnosis of several pleural diseases (56 )
and has also been found in consistently increased concen-
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trations in normal-appearing mucosa from patients with
Crohn disease, potentially providing evidence for a sustained immune stimulation in Crohn disease in the absence of patent inflammation (57 ). We used a mouse
anti-IL-1␤ antibody, previously captured on a RaM-Fc
surface, to bind various concentrations of human IL-1␤
(Fig. 5A). As in the case for myoglobin, analyte concentration was more accurately and rapidly determined by
analyzing the rate of binding of IL-1␤ to the antibody and
comparing the measured observed association rate with a
data set calibrated to analyte concentration (Fig. 5B). This
also enabled the concentration of IL-1␤ in the sample to be
determined in less than 6 min.

glucose dehydrogenase

Fig. 5. IL-1␤ RAP assay.
(A), binding of human IL-1␤ to mouse anti-IL-1␤ antibody previously captured on
a RaM-Fc surface. Binding curves for 5 different IL-1␤ concentrations are shown
overlaid, synchronized to the start of each IL-1␤ injection. Data have been
normalized by subtraction of the response to injection of buffer alone, to correct
for the off-rate of the captured anti-IL-1␤ antibody. (B), IL-1␤ concentration–
response calibration curve. The initial binding rate for each IL-1␤ concentration
was calculated as for the myoglobin concentration–response calibration curve
(Fig. 4).

Glucose dehydrogenase (GDH) is a key initial enzyme in
the energy production process that uses nucleotide cofactors to “activate” monosaccharide sugars as a prelude to
their subsequent breakdown into pyruvate to enter the
Krebs cycle. NADP⫹ (765 Da) is the preferred cofactor,
and NAD⫹ (663 Da) will act as a lower activity cofactor,
but FAD (830 Da) will not bind or act as cofactor.
Preferred monosaccharide substrates for the enzyme are
glucose and galactose (180 Da). Other monosaccharides,
e.g., fructose (180 Da), and disaccharides, e.g., maltose
and sucrose (342 Da), cannot act as substrates.
GDH was coupled to a carboxylic acid–terminating
linker layer by standard carbodiimide amine coupling as
described earlier. BSA was coupled in a similar manner to
a second sensor surface to be used as a passive control.
NADP⫹, NAD⫹, and FAD were then independently serially diluted and injected across the GDH active and BSA
control surfaces for 1 min. The complexes were then
allowed to dissociate for 1 min until prebinding baseline

Fig. 6. Binding of preferred substrate, poor substrate, and nonpreferred substrate adenine nucleotide cofactors to the metabolic enzyme GDH.
(A), NADP (765 Da; preferred substrate) binding shows a clear equilibrium concentration–response relationship. (B), NAD (663 Da; metabolite) shows a lower
equilibrium binding and compressed concentration–response relationship. (C), FAD (830 Da; nonpreferred substrate) shows very low equilibrium binding.
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values were attained (Fig. 6). From simple visual inspection of the magnitude of the binding responses of the
different cofactors, a rapid estimate of ranking affinity can
be made: NADP⫹ ⬎ NAD⫹ ⬎ FAD. The equilibrium
binding constant, KD, for NADP⫹ binding to GDH was
calculated from analysis of equilibrium binding values
resulting from injection of 3-fold dilutions of NADP⫹. The
mean response during the “plateau” phase of binding
(Fig. 7A) was plotted against NADP⫹ concentration, and
these data were fitted to a sigmoidal single-site binding
model (Fig. 7B) to give a KD of 2.8 mmol/L. This demonstrates that RAP can be used for accurate determination of
cofactor affinities for an enzyme in real time in ⬍20 min.

conclusion
Rapid identification of predictive disease markers, pathogens, and toxins that cause infections or have other
deleterious effects on human health brings many benefits,

including rapid institution of specific therapy and appropriate infection control measures (58 ). Application of
rapid methods in routine practice has, unfortunately,
lagged behind their adoption in other areas of medicine,
in part because of the need to grow organisms and isolate
them in pure culture before they can be identified. Although PCR methods can provide valuable early results
in some situations, local facilities are not available to most
laboratories, and specimens are often transported to reference laboratories for such tests. Current diagnostic
techniques suffer from several limitations, including insufficient sensitivity (low-level infections may not be
detected unless amplification techniques are used, which
imposes severe restrictions because of the need for expensive laboratory equipment and facilities) and speed (current assays generally rely on optical techniques, which
require separation of plasma from erythrocytes before
measurement, which in turn increases the time to result
and can be difficult to do in nonlaboratory environments).
In recognition of these limitations, Akubio is developing a
proprietary acoustic detection technology, Resonant
Acoustic Profiling (RAP), that promises to provide increases in speed, throughput, and sensitivity over established methodologies. Early data from this system suggest
that the technology could potentially form a core detection module for new clinical tests. The system can detect
most classes of clinically relevant analytes in real time
without enzymatic, fluorescent, isotopic, or chemiluminescent labels. However, much work is still required to
improve sensitivity (limits of detection) and specificity
(effects of interferents). Initial applications of the technology will most likely be in the areas of reagent validation
and assay development. In those areas, the real-time,
label-free nature of the assay can give rapid, accurate
information regarding molecular interaction affinities,
specificities, and kinetics. The system is entirely electronic
and has modest requirements for power and data processing compared with analogous optical systems. Hence,
assays in the future could potentially be carried out both
in the laboratory and at the point of use, e.g., in a patient’s
home, at a hospital bedside, or in the field.
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