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Abstract Following the release of widely available commercial instruments in the 1990s,
researchers have driven the development of biosensor-based methods for profiling and
screening of small molecule and proteinaceous therapeutic drug candidates. Medicinal
chemists have in turn demanded faster and more accurate assays for characterisation of
drug candidate interactions with target receptors, serum proteins and side-effect profiling
receptors. In response to this challenge, Akubio Ltd. (Cambridge, UK) has been develop-
ing an advanced label-free detection platform, resonant acoustic profiling (RAP™). This
evolution of the basic QCM approach has the potential to change the way assays are
performed and to generate novel information on molecular interactions. Key attributes
covered in this chapter include the ability to multiplex to high numbers of resonators, the
addition of robust interfacial surface chemistries, fully automated sample handling and
sample processing, disposable microfluidic cassettes with submicrolitre dead volumes,
and more sensitive detection electronics.

Akubio has also developed a sensitive and economical method to directly detect par-
ticulate analytes. The technique, which we term rupture event scanning (REVS™), is
based on control of the amplitude of oscillation of an acoustic wave device on which the
analytes have been captured. In this chapter, example applications of RAP™ for proteins



450 M.A. Cooper

and small molecules and REVS™ for virus detection are presented. The physical forces
involved in the processes are also discussed.

Keywords Surface chemistry · Microfluidics · Affinity · Kinetics · Force

Abbreviations
BAW Bulk acoustic wave
BSA Bovine serum albumin
EDC 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
GDH Glucose dehydrogenase
IL-1β Interleukin 1-beta
ITC Isothermal titration calorimetry
Ms IgG Mouse immunoglobin type G
NHS N-Hydroxysuccinimide
PBS Dulbecco’s modified phosphate buffered saline
QCM Quartz crystal microbalance
QCRS Quartz crystal resonance sensing
RaM-FC Rabbit anti-mouse (Fc-specific) immunoglobin
RAP™ Resonant acoustic profiling
REVS™ Rupture event scanning
SPR Surface plasmon resonance
Tween-20 Polyoxyethylenesorbitan monolaurate

1
Resonant Acoustic Profiling

1.1
Benefits of Label-Free Technology

Over the past two decades the benefits of label-free analyses have begun to
make an impact on their use as mainstream research tools in many labora-
tories [1, 2]. Label-free biosensors do not require the use of detection labels
(fluorescent, radio or colorimetric) to facilitate measurements. Detailed infor-
mation on an interaction can be obtained during analysis whilst minimising
sample processing requirements and assay run times [3]. Unlike label- and
reporter-based technologies that simply confirm the presence of the detec-
tor molecule, label-free techniques can provide direct information on analyte
binding to target molecules, typically in the form of mass addition or deple-
tion from the surface of the sensor substrate [4]. However, these technologies
have failed to gain widespread acceptance due to technical constraints, low
throughput, high user expertise requirements and cost. Whilst they can be
powerful tools in the hands of a skilled user evaluating purified samples,
they are not readily adapted to everyday laboratory use where simple-to-
understand results on high numbers of samples are the norm.
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Resonant acoustic profiling (RAP™) from Akubio (Cambridge, UK) pro-
vides researchers with the ability to perform accurate real-time, label-free
characterisations on both purified and crude samples in an easy to use
format. RAP™, which is based on piezoelectric quartz crystal technology,
measures the build-up of molecules on the surface of an oscillating crystal
and provides real-time binding information on the binding interactions. The
piezoelectric effect was first noted by the Curie brothers in 1880 [5]. Today,
acoustic devices based on quartz crystal resonators are found in electronic
devices such as watches, computers and televisions, with over a billion units
mass-produced each year. Application to biological samples became possible
when suitable oscillator circuits for operation in liquids were developed [6, 7].
As molecules interact with immobilised receptors on the surface of a quartz
crystal, there is a concomitant modulation of the acoustic resonance of the
crystal. This, in turn, results in modulated electrical signal that can be ana-
lysed using standard digital signal processing techniques [8]. The signal indi-
cates not only the presence of the analyte but also the specificity and affinity
for a surface-bound receptor. When combined with a flow-based microfluidic
chip, kinetic parameters and complex half-lives can also be quantified. Ad-
ditional evaluations of the viscoelastic properties of binding events, through
analysis of parameters such as motional resistance, may provide unique data
relevant to structural properties and confirmation changes associated with
molecular interaction [9]. The simultaneous measurement of these parame-
ters creates an acoustic profile of a molecular interaction, giving a high level
of information about a binding event on a routine basis.

1.2
Literature Trends

There has been continued growth in the number of publications referencing
the term “quartz crystal microbalance” or “QCM” in which a thickness shear
mode bulk acoustic wave resonator is used to probe biological and chemical
interactions in life sciences research. As alluded by other contributors to this
volume, the term “microbalance” is not strictly accurate: many examples of
non-gravimetric responses of acoustic wave devices to analyte binding have
been reported in the literature [10–15]. Nevertheless, the terms QCM, QCRS
(“quartz crystal resonance sensing”) and BAW (“bulk acoustic wave”) can be
cross-referenced with terms such as “biosensor” and “analyte” to ensure that
the vast majority of publications in the field are captured. Following this ap-
proach, it is immediately obvious that the number of publications that involve
the use of QCM has increased rapidly since the mid-1980s (Fig. 1a). Many
of the separate hardware components that make up an acoustic biosensor
are commercially available from a number of electronics companies: a lock-
in amplifier, a frequency synthesiser, a power supply and a quartz crystal
holder. This provides a low barrier to entry for the academic or industrial re-
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Fig. 1 QCM publications. A Yearly cumulative number of publications found using an ISI
Web of SCIENCE® search for the term “quartz crystal microbalance” in the title, keyword
or abstract. B Yearly number of publications found using an ISI Web of SCIENCE® search
for the term “quartz crystal microbalance” cross referenced using the terms “DNA”, “im-
munoassay”, “bacteria”, “cell” or “virus”



Resonant Acoustic Profiling (RAP™) and Rupture Event Scanning (REVS™) 453

Table 1 Published limits of detection for selected clinically relevant immunoassays

Analyte Matrix Sensitivity Refs.

African swine fever virus Serum Ag 1 µg mL–1 Uttenthaler 1998 [23]
IgG 0.2 µg mL–1

Anti-T. gondii IgG Blood, serum 1 : 5500 Wang et al. 2004 [24]
Anti-T. pallidum IgG Serum 75–900 mIU Aizawa et al. 2001 [25]
Complement C4 Serum 0.1–10 µg mL–1 Hu et al. 1998 [26]
C-reactive protein Serum 10–70 µg mL–1 Aizawa et al. 2001 [16]
Der p (house dust mite) IgE Serum 0.15 IU mL–1 Su et al. 2000 [27]
Fibrinogen Serum 10 µg mL–1 Aizawa et al. 2003 [28]
Niacinamide Serum, urine 1 nM Long et al. 2001 [29]
Total IgE Serum 5–300 IU mL–1 Su et al. 1999 [30]
Transferrin Serum 160 ng mL–1 Wu et al. 2000 [21]

Table 2 Published limits of detection for selected clinically relevant bacteria

Analyte Matrix Sensitivity Refs.
(cfu/mL)

S. epidermidis Growth medium 100 Bao et al. 1996 [31]
L. monocytogenes Milk 250 000 Minunni et al. 1996 [32]
C. trachomatis Urine 260 ng mL–1 BenDov et al. 1997 [17]
S. typhimurium Buffer 530 000 Ye et al. 1997 [33]
S. typhimurium Growth medium 990 000 Park et al. 1998 [34]
S. typhimurium Milk 3 200 000 Park et al. 2000 [35]
S. paratyphi A Growth medium 170 Fung et al. 2001 [36]
T. pallidum Serum 10–600 TU Aizawa et al. 2001 [37]

searcher, when compared to the expense and expertise required to assemble
an optical platform (which usually require sophisticated CCD cameras, pro-
cessing software, optical filters, optical interfaces, lasers etc.). As a result, from
1990 to 2000 the number of publications involving QCM has grown semi-
exponentially; the rate of growth slowing slightly from 2000 to 2004 (Fig. 1a).

This period has also seen an increase in the number of publications that
describe the detection and quantification of clinically relevant analytes [16–
22], (Fig. 1b). Published limits of direct detection (LOD) for analytes present
in serum, blood or urine are typically in the range 0.1–10 µgL–1 (1). Whilst
these LODs can meet, or surpass the clinically relevant LODs for many an-
alytes, there are numerous other examples where pgmL–1 or even fgmL–1

detection sensitivity is required for accurate diagnosis. However, it is notable
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that these data were generated on “home built” QCM systems often using very
basic receptor attachment chemistries.

There has been a steady growth in the number of published papers de-
scribing detection of clinically relevant bacteria [36, 38–42] (Table 2 and
Fig. 1b) and, in the last 5 years, there has been a rapid growth in the number
of publications using acoustic biosensors to analyse mammalian cells [43–
51]. In the latter application, a variety of cell types have been immobilised on
quartz resonators coated with appropriate attachment chemistries. Here the
cell forms an active part of the biological transducer component of the sen-
sor, as bulk viscoelastic changes in the cell are also detected via the quartz
resonator. This approach has been employed 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, as detection occurs in real-time and does not require fluorescent,
chemiluminscent, quantum dot or other reporter labels.

The number of publications using acoustic sensing to measure hybridis-
ation of nucleotides, particularly single-stranded DNA (ssDNA), has grown
dramatically since 1996 (Fig. 1b). Recent work has shown that it is possible
to sensitively and specifically detect genetically modified organisms and even
single base-pair mismatches from PCR-amplified contaminated foodstuffs
and pooled patient sera [52–56]. The ability to probe for pathogen nucleic
acid, pathogen antigen and pathogen-specific host antibodies provides ex-
tra levels of assay redundancy, giving greater confidence in the results. In
time this capacity should enable the development of very robust and precise
pathogen detection systems that give information on pathogen copy number,
antigen level and immunological host response.

1.3
RAP�id™ System

The breadth of application areas described above is significant, with nu-
merous published papers that describe the detection of nearly all classes of
clinically relevant analytes. However, it is surprising that these data have al-
most exclusively been generated using “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 life sciences
research, clinical diagnostics, environmental sensing and homeland defence
communities. In response to this challenge we are developing RAP™ systems
that incorporate a number of key technical advances compared to the prior
art. We have produced high frequency resonators that possess high merit or
Q factors (a measure of the piezoelectric device’s ability to convert electrical
energy into kinetic energy). This increases the detection sensitivity [57] and
also improves assay reproducibility. These resonators incorporate a parallel
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reference control, which enables analyte to be passed simultaneously over
both “active” and “control” receptors. Real-time subtraction of control data
from active data further improves the robustness of the assay.

There have been major advances in the field of microfluidics that en-
able sophisticated devices to be developed, tested and ultimately released
to the market over a much shorter time scale than was possible a decade
earlier. As quartz is a piezoelectric material, it is highly sensitive to flexu-
ral, shear and pressure changes. These artefacts are undesirable in a system
designed to measure a specific response to analyte. To address this poten-
tial problem, we have combined a proprietary stress-free mounting system
for the quartz crystal with a microfluidic lateral flow device with a dead
volume of less than one microlitre. This ensures that the detector response
is sensitive principally to analyte binding. It also enables a relatively small
(< 30 microlitre) volume of liquid to be delivered and removed from the
resonant sensing area rapidly and efficiently with minimal sample disper-
sion or sample cross-contamination (Fig. 2). RAP™ experiments described
in this paper were conducted using manually operated or automated two-
and four-channel instruments (Akubio, Cambridge, UK). The instruments
applied the principles of QCM, in that a high frequency voltage was applied
to a piezoelectric crystal to induce the crystal to oscillate, and its resonance
frequency was monitored in real time. The two-channel instruments com-
prised a pair of oscillating crystal sensors mounted in parallel microfluidic
flow cells, allowing sample to be flowed across two surfaces simultaneously.
As sample is flowed across “control” and “active” sensors, binding to the “ac-
tive” sensor is measured as a reduction in the oscillation frequency, with
the “control” sensor acting as a subtractive sample reference. The RAP™
instruments were fitted with a thermally stable sensor mounting block pro-
viding temperature control, and with microfluidic and electrical connections
to the pair of piezoelectric sensors. Buffer flow was maintained with two sy-

Fig. 2 Microfluidic biosensor chip. Pictorial representation of a piezoelectric bioassay:
a piezoelectric acoustic wave device (such as a quartz crystal resonator) is coated with
a selective, passivating layer to which an analyte-specific receptor can be immobilised. Li-
quid containing the analyte of interest is then passed across the surface using appropriate
microfluidics, which results in selective capture of the analyte. This additional bound ma-
terial in turn modulates resonance of the acoustic wave device, which is transformed into
an electrical signal due to the piezoelectric effect
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ringe pumps (Tecan UK, Reading, UK) under software control (Akubio). Mi-
crofluidics comprised separate flow paths to individual flow cells, combined
with a common flow path split to address both flow cells simultaneously.
Interchange between the different flow paths was either by manually or elec-
tronically operated valves (Akubio). Sensors comprised standard gold-coated
quartz wafers, with a carboxylic acid-terminated linker layer coating to pro-
vide a surface for protein immobilisation, mounted in an acrylic cassette
(Akubio).

1.4
Linker Chemistry

The interface between the biosensor surface and the chemical or biologi-
cal systems to be studied is a vital component of all surface-sensitive sensor
systems. Receptors must be attached to some form of solid support whilst
retaining their native conformation and binding activity. This attachment
must be stable over the course of a binding assay and, 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 non-specific bind-
ing of the sample matrix, which could mask the analyte-binding signal. Many
receptor-coupling strategies utilise a chemical linker layer between the sen-
sor base interface (e.g. a gold layer) and the biological component to achieve
these ends. The termini of these molecules can be derivatised with molecules
that possess suitable chemical reactivity for receptor capture (e.g. -epoxy,
-carboxyl, -amino, -biotinyl, -nitrilotriacetic acid) [58–60]. The receptor is
normally immobilised on the surface, and the binding partner (analyte) is al-
lowed to bind to this surface from free solution. However, it is also possible to
configure solution competition assays in which the analyte is immobilised on
the surface and competes with solution-phase analyte for receptor.

Selection of the correct coupling chemistry requires careful consideration
of: (a) the resultant 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. We have employed a carboxylic acid-terminating
linker layer together with carbodiimide-mediated amine coupling (e.g. to sur-
face lysine residues or N-terminal residues on a proteinaceous receptor). If
immobilisation is performed at low pH, the amine terminus of the recep-
tor is likely to be more reactive than the gamma-amino group of any lysine
residues, in which case amine coupling can give rise to more ordered sur-
face orientation. A control receptor (e.g. BSA or non-specific IgG) can be
coupled to a control resonator surface, and the active receptor is coupled to an
adjacent resonator surface. Note that it is also possible to couple sulfhydryl-
containing receptors or thiolated oligonucleotide probes using chemically
selective cross-linking reagents such as pyridinyldithioethanamine (PDEA)
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or 3-(2-pyridinyldithio)propionic acid N-hydroxysuccinimide ester (SPDP) to
achieve an even higher degree of receptor orientation homology.

1.5
RAP™ Assays

After the immobilisation of “control” and “active” receptors, the resultant
“sensor chip” can then be stored for future use, or used directly after receptor
immobilisation. In a typical RAP™ assay (Fig. 3) at t = 0 s, buffer was con-
tacted with the receptor via the microfluidic device. At t = 60 s a solution of
analyte (in this case mouse IgG) in the running buffer was passed over the ac-
tive surface (rabbit anti-mouse-Fc) and the control surface (mouse IgG). As
the analyte bound to the active receptor, the additional mass and viscoelastic
load on the resonator resulted in a change in the resonance signal (depicted
here as a negative change in series resonance).

For this simple bimolecular association, A + B = AB, the process was as-
sumed to be pseudo first order with no interaction between separate receptor
molecules. The dissociation rate is derived from:

Rt = Rt0e
–kd(t–t0) , (1)

where Rt is the response at time t, Rt0 is the response at time t0 and kd is the
dissociation rate constant. The association rate constant can be derived using

Fig. 3 Typical RAP™ assay with binding and regeneration. A Binding of Ms IgG to RaM-
Fc active and Ms IgG control sensor surfaces. Top line indicates the frequency response
generated by binding of Ms IgG to RaM-Fc and the bottom line indicates the frequency
response generated by minimal binding to the control Ms IgG surface. B Schematic rep-
resentation of sample and regeneration solution injections
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the equation:

Rt =
ka CRmax

(
1 – e–(ka C+kd)t

)
ka C + kd

, (2)

where Rmax is the maximum response (proportional to the amount of im-
mobilised ligand), C is the concentration of analyte in solution and ka is the
association rate constant. Analysis of the association phase of the binding
curve gives directly the observed association rate (kobs). If the concentration
of the analyte is known, then the association rate constant of the interaction
(ka) can be determined. Conversely, if the kinetic parameters for an inter-
action are known (i.e. fixed for a given receptor–analyte interaction), it is
possible to derive the active concentration of an analyte in a sample.

Affinities were then calculated from the ratio of ka/kd and also from analy-
sis of equilibrium binding levels at varying analyte concentration. By measur-
ing the signal attained at equilibrium as a function of analyte concentration,
affinities can be determined from a Scatchard analysis using the equation:

Req

C
= KaRmax – KaReq , (3)

where Req is the response at equilibrium and Ka is the association constant
(1/Kd). A plot of Req/C versus Req has a slope of – Ka.

In the example shown in Fig. 3, at t = 240 s the mouse IgG solution was re-
placed by buffer and the receptor–analyte complex was allowed to dissociate.
Analysis of this data can gave the dissociation rate constant (kd) for the inter-
action. 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 t = 360 s to disrupt binding and regenerate the free
receptor. The entire binding cycle can be repeated many times at varying con-
centrations of analyte to generate a robust data set for global fitting to an
appropriate binding algorithm. The affinity of the interaction was then calcu-
lated from the ratio of the rate constants (Kd = 1/Ka = kd/ka) and confirmed
by a non-linear fitting of the response at equilibrium versus varying concen-
tration of analyte.

1.6
Myoglobin

Myoglobin is a 17 kDa cytoplasmic protein found in muscle cells that binds
and stores oxygen. Normal levels of myoglobin in blood are very low
(< 100 ng mL–1). Following muscle damage (e.g. cardiac ischemia), myo-
globin is released into the blood and can rise to > 1000 ng mL–1 immediately
after a myocardial infarction, and can remain high (∼ 500 ng mL–1) for some
time afterwards. Myoglobin detection in blood is therefore a good diagnostic
indicator of preceding and ongoing cardiac disease and damage [61]. We used
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a mouse anti-myoglobin antibody, previously captured onto a rabbit anti-
mouse-Fc (RaM-Fc) surface to measure binding of varying concentrations of
human recombinant myoglobin in real time (Fig. 4a).

Varying concentration of myoglobin in the sample would give varying re-
sponse levels at equilibrium, which would enable generation of a standard
curve for analyte concentration. However, it can be seen from Fig. 4a, that
at lower concentrations of myoglobin considerable contact time would be re-
quired to reach an equilibrium level. In addition, in a “real world” diagnostic
application the sensor is likely to be used only once, and the level of receptor
activity may vary upon shipping and storage, which would result in variable
equilibrium binding levels. Hence, analyte concentration can be more accu-

Fig. 4 Myoglobin concentration assay. A Binding of recombinant human myoglobin to
mouse anti-myoglobin antibody, previously captured onto a RaM-Fc surface. Binding
curves for five different standard myoglobin concentrations (equivalent to 100, 30, 10,
3 and 1 nmol L–1) are shown overlaid and synchronised to the start of each myoglobin
injection. Correction for signal drift due to the off-rate of the captured antimyoglobin
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
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rately and rapidly determined by analysing 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 con-
centration of myoglobin in the sample to be determined in under 6 min.

1.7
Interleukin 1-Beta

Members of the interleukin-1 (IL-1) family have clear therapeutic and diag-
nostic potential: the IL-1 agonists, IL-1α and IL-1β, are induced by central
nervous system injury, whilst peripheral or central administration of the IL-1

Fig. 5 Interleukin 1-beta concentration assay. A Binding of human IL-1β to mouse anti-
IL-1β antibody, previously captured onto a RaM-Fc surface. Binding curves for five
different IL-1β concentrations are shown overlaid, synchronised to the start of each IL-
1β injection. Data have been normalised by subtraction of the response to injection of
buffer alone, to correct for the off-rate of the captured anti-IL-1β antibody. B IL-1β
concentration–response calibration curve. The initial binding rate for each IL-1β con-
centration was calculated as for the myoglobin concentration–response calibration curve
(Fig. 4)
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antagonist, IL-1ra, reduces the extent of the damage by more than 50%. The
mechanism of action of these cytokines is the subject of intense research [62].
IL-1β is a 17.3 kDa protein that is found in serum, mucosa and in pleural ef-
fusions of different etiologies. It has been suggested as a diagnostic marker
in the differential diagnosis of several pleural diseases [63]. It has also been
found at consistently raised levels in normal appearing mucosa from patients
with Crohn’s disease, potentially providing evidence for a sustained immune
stimulation in Crohn’s disease in the absence of patent inflammation [64]. We
used a mouse anti-IL-1β antibody, previously captured onto a RaM-Fc surface
to bind to varying concentrations of human IL-1β (Fig. 5a).

As in the case for myoglobin, analyte concentration was more accurately
and rapidly determined by analysing the rate of binding of IL-1β to the anti-
body, and comparing the measured observed association rate with a data set
calibrated to analyte concentration (Fig. 5b). This also enabled the concentra-
tion of IL-1β in the sample to be determined in under 6 min.

1.8
Glucose Dehydrogenase

Glucose dehydrogenase (GDH) is a key initial enzyme in the energy pro-
duction process that uses nucleotide cofactors to “activate” monosaccharide
sugars as a prelude to their subsequent breakdown into pyruvate to enter the
Krebs cycle. Nicotinamide adenine dinucleotide phosphate (NADP+, 765 Da)
is the preferred cofactor, nicotinamide adenine dinucleotide (NAD+, 663 Da)
will act as a lower activity cofactor, and flavine adenine dinucleotide (FAD,
830 Da) will not bind nor act as cofactor. Preferred monosaccharide sub-
strates for the enzyme are glucose and galactose (180 Da). Other monosaccha-
rides (e.g. fructose, 180 Da) and disaccharides (e.g. maltose, sucrose, 342 Da)
cannot act as substrates.

Glucose dehydrogenase was coupled to a carboxylic acid terminating
linker layer using standard carbodiimide amine coupling as described ear-
lier. 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” sur-
faces for 1 min. The complexes were then allowed to dissociate for 1 min until
pre-binding baseline levels were attained (Fig. 6).

From simple visual inspection of the magnitude of the binding response
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 levels
resulting from injection of threefold dilutions of NADP+. The average re-
sponse during the “plateau” phase of binding was plotted against NADP+

concentration, and these data were fitted to a sigmoidal single site binding
model to give a KD of 2.8 mM. This demonstrates that RAP™ can be applied
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Fig. 6 Enzyme cofactor screening. Binding of preferred substrate, poor substrate, and
non-preferred 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 level, and
compressed concentration–response relationship. C FAD (830 Da, non-preferred sub-
strate) shows very low levels of equilibrium binding

to the accurate determination of cofactor affinities for an enzyme in real time
in less than 20 min.

1.9
Automation

Scheduled for full commercial launch in 2006, the first instrument from Aku-
bio, employing resonant acoustic profiling technology, the RAP�id-4 (Fig. 7),
integrates the RAP™ detection technology with a continuous flow microflu-
idic liquid delivery system, a thermal control unit, and automated sample

Fig. 7 RAP�id-4™ system (left) and view of the sample rack and injection interface (right)
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handling. Fitted with four individually addressable sensors, the instrumen-
tation can provide specificity, affinity and kinetic characterisations for more
than 200 samples per day. The system is capable of working in a variety of dif-
ferent solvents and in complex biological mixtures. For example, interactions
can be studied in solutions containing up to 10% DMSO, in cell lysates, and in
cell culture media.

1.10
Challenges for Label-Free Technologies

All optical label-free detection methods ultimately measure changes in di-
electric constant or refractive index of a solution in close proximity to the
surface of the sensor substrate. Whilst they are powerful techniques under
extremely well controlled conditions, the advantages are often minimised
when trying to apply these methods in routine analysis procedures. As op-
tical methods rely on proximity-based detection, any analyte that is within
the evanescent sensing field (typically 300 nm for most SPR devices) is de-
tected as “bound”. This is the case whether it physically bound to the receptor
or simply in close proximity to the surface of the sensor. In contrast, RAP™
measures only those materials that are acoustically coupled to the sensor sur-
face, i.e. binding-based detection rather than proximity-based detection. The
process of measuring refractive index changes with optical methods to infer
mass changes imparts a number of other intrinsic limitations, in particu-
lar the masking of binding events that occurs in sample environments that
have variant refractive indices. In cases where the molecules to be tested have
been solubilised in organic solvents, or are components of a crude cell lysate,
culture medium or a serum sample, optical based techniques often are inca-
pable of measuring associated binding events without extensive calibration
or sample preparation procedures. Thus, one notable advantage of acous-
tic detection over more established optical label-free detection is the relative
insensitivity of acoustics to changes in solvent. When running samples con-
taining DMSO, optical detection systems suffer from large bulk refractive
index shifts that arise from the disparate properties of the organic solvent
and the running buffer. For example, the dielectric constant of water is 80,
whereas for DMSO it is 40 (a difference of 100%). To normalise for these large
bulk effects, a calibration routine using known serial dilutions of DMSO in
running buffer is normally run a the beginning, middle and end of a screen-
ing panel [65]. In contrast, acoustic systems are not effected by refractive
index changes, but are instead sensitive to bulk effects dominated by viscosity
and density of the solvent; more specifically the square root of the viscos-
ity:density product [14]. For water, this value is 0.99, whereas for DMSO it is
1.10 (a difference of only 11%).
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1.11
Theoretical Considerations

The possibility of using quartz crystal resonators as quantitative mass meas-
uring devices was first explored by Sauerbrey. The decrease of the resonant
frequency of a thickness shear vibrating quartz crystal resonator, having AT
or BT cut, was found to be proportional to the added mass of the deposited
film. The derivations of Kanazawa and others when one face of a quartz crys-
tal resonator is in contact with a liquid, and the calculation of penetration
depth is dealt with elsewhere in this volume. Brown et al. [66] have attempted
to extend the theory to accommodate polymeric or other finite viscoelastic
layers acoustically coupled to the rigid quartz crystal and a rigid “ideal mass
layer”. This situation is analogous to a biological receptor layer coupled co-
valently to a rigid, high shear modulus chemical linker layer (Fig. 8). Brown

Fig. 8 Idealised model of acoustic attenuation. A Diagrammatic representation of a thick-
ness shear mode bulk acoustic wave resonator, coated with a rigid metal adhesion and
electrode layer, a rigid chemical linker layer, a finite viscoelastic antibody receptor layer,
a second adherent finite viscoelastic analyte layer, and finally a Newtonian liquid. B An
idealised model of acoustic attenuation from bulk quartz through the above layers of
varying viscosity, density, and shear modulus
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et al. considered a finite viscoelastic layer (of thickness hf , density rf and
shear modulus G = G′ + jG′′. The latter value, G, is the complex shear modulus
where G′ and G′′ are the layer storage and layer loss moduli respectively.

These layers are then exposed to a bulk liquid (of viscosity ηL and density
ρL) (Fig. 8). For these layered components, it is possible to derive the surface
mechanical impedances:

ZM = jωρs (4)

for the ideal/rigid mass layer (in Akubio’s the chemical linker layer), where rs
is the mass per area contributed by the linker layer:

ZF =
√

ρf G tan h(γhf ) (5)

for the viscoelastic film (biological film), where γ is the shear wave propaga-
tion constant (γ = j2πf0(rf )1/2) and j =

√
– 1:

ZL =

√
2πfoρLηL

2
(1 + j) , (6)

for the liquid layer (semi-infinite Newtonian liquid), and finally:

Z = j2πfo
√

ρf G
ZL cos h(γhf ) +

√
ρf G sin h(γhf )√

ρf G cos h(γhf ) + ZL sin h(γhf )
, (7)

where Z is the impedance for the composite system. Note that the impedance
measured by the resonator is not simply the sum of those for individual
layers, as for each layer there will be an acoustic phase shift, which causes
a transformation of the impedance contributed by layers more distant from
the resonator. In addition this model does not accommodate the typically in-
homogeneous layers that exist in reality in biological systems (e.g. a hydrated
protein layer), or changes in distribution of mass induced by varying matrix
conditions and analyte binding.

When layers of a material of differing density and viscosity to the liquid
(such as a protein film) are deposited at the surface–liquid interface, then
there is a contribution from both the bulk liquid and from the added material
that has displaced liquid and mechanically coupled to the interface. In this
case the penetration depth can be defined as:

δ = (1 – χp)
√

ηL

πfoρL
+ χp

√
ηL

πfoρf
, (8)

where ηp and ρp are the liquid viscosity and density, respectively, and χp is
the fraction of the volume within the penetration depth occupied by protein.
This could be extended to encompass both a receptor layer and analyte layer
as shown in Fig. 8 if necessary. Integrating the mole fraction of protein/water
in combination with the definition of a composite impedance (Eq. 7), we can



466 M.A. Cooper

derive:

Z = χpj2πfo
√

ρf G
(1 – χp)ZL cos h(γhf ) +

√
ρf G sin h(γhf )√

ρf G cos h(γhf ) + (1 – χp)ZL sin h(γhf )
. (9)

In the case of a resonator coated with a linker chemistry, we can thus
model a rigid (high shear modulus) linker layer with a coupled viscoelastic
receptor layer, followed by binding of a viscoelastic analyte. The latter inter-
action is the most difficult to model as the impedance matching and acoustic
transmission of the penetrative wave between the receptor layer and analyte
layer will depend not only on the density, viscosity and shear modulus of
the binding analyte, but also on the affinity of the interaction (van der Waals
interactions, hydrogen bonds, induced dipole interactions etc. etc.), and con-
formational changes in the receptor that may be induced by analyte binding.
Fortunately, pure mass responses can be calculated in buffered solutions via
SPR measurements, whilst layer thickness can be determined by a combina-
tion of dry film ellipsometry measurements and hydrated liquid phase dual
polarisation interferometer measurements. In addition, the contribution of
viscosity and density to the acoustic load can be deconvoluted via measure-
ment in varying concentrations of buffered glycerol in which the buffer is
constituted from H2O, or from D2O.

1.12
Current and Future Applications of RAP™

Any system that utilises a highly sensitive transducer such as piezoelectric
quartz to measure molecular interactions must possess a variety of integrated
technical controls to facilitate the highest level of sensitivity, accuracy and
precision. Previous attempts to exploit this detection method in a commer-
cial format have been limited by poor sample delivery mechanics, inade-
quate thermal controls, and the lack of a multisensor analysis platform. The
development of proprietary electronics, fitting algorithms and a low-stress
mounting system for the sensor has enabled Akubio to integrate microfluidic
delivery together with automated liquid handling in the RAP�id system. Ease
of use is further facilitated by a number of simple-to-use coupling chemistries
for attachment of target proteins to the sensor surface, and flow-chart-based
assay design software.

These features, together with the ability to directly analyse samples in
crude matrices means RAP�id could be a useful tool for the protein therapeu-
tic and antibody engineering sectors. RAP�id can directly determine active
antibody concentration, interaction specificity, cross reactivity, affinity and
dissociation rates/half lives during the early stage development of drug can-
didates. Later in the pipeline, the technology can also be applied to a fuller
kinetic characterisation of the products and interactions with the therapeu-
tic targets and side-effect profilers. The technology may also be applicable in
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downstream manufacturing processes where the quantification of production
and purification yields in a timely and accurate manor is critical.

In the past, acoustic detection has been used to characterise interactions
with peptides [67, 68], proteins and immunoassay markers [16, 17, 19, 20],
oligonucleotides [54, 55], bacteriophage [57, 69], viruses [70, 71], bacteria [36,
38, 39] and cells [43–46, 50, 51]. The technology can thus be applied to an ex-
tremely wide range of biological and chemical entities. This suggests that one
of the most promising applications may be acoustic cell-based screening in
which live cells or cell membrane fragments form an active part of the sen-
sor. This would potentially enable pathway-based screens to be carried out
on cells to identify or confirm modulators of disease pathways, then mode-
of-action assays to be performed with purified receptors; both with a same
label-free technique.

2
Rupture Event Scanning

The analysis of molecular interactions is an integral part of many processes in
the fields of diagnosis, life sciences and drug discovery. Diagnostic and phar-
maceutical companies spend many millions of dollars to screen compounds
for receptor binding in vitro during the initial phase of the development of
new drugs, and to screen for pathogens which cause human, animal and plant
diseases. Rapid diagnosis of bacterial and viral infections is of paramount
importance for disease prognosis and prompt administration of appropriate
therapy. It is also important to accurately monitor bacterial and viral load
in order to determine the efficacy of drug treatment. Traditional methods of
diagnosis involve direct culture techniques that are time-consuming, prone
to problems of contamination, and may take days or weeks to give a re-
sult. Immunoassays such as antibody ELISA are more rapid, but have limited
sensitivity and generally are used only to detect the antibodies produced
following infection, rather than the infectious agent itself. Oligonucleotide-
based assays, which detect pathogenic DNA or RNA, are very sensitive, but
are expensive and require considerable experimental skill, as the genetic ma-
terial must be isolated before nucleic acid amplification [72]. These methods
can provide valuable early results in some situations, but in many cases local
facilities are not available and specimens are often transported to central ref-
erence laboratories for testing. Hence, there is a real need for methods that
rapidly detect and identify pathogens, especially those organisms that cause
life-threatening infections such as meningitis and septicaemia.

The majority of molecular screening in diagnosis, drug discovery and
the life sciences is carried out by interrogating a sample with some form of
electromagnetic radiation: radio waves, microwaves, infrared, visible light, ul-
traviolet light, X-rays or gamma radiation. The most widely utilised screens
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require some type of radio or fluorescent labelling to report the binding of
a ligand to its receptor. This labelling 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. Fluorescent compounds
are invariably hydrophobic and in many screens background binding is a sig-
nificant problem, leading to false positives. Ideally a screen should be univer-
sally applicable, label-free, sensitive, economical and rapid.

We have developed a new method of detecting analytes, which we term
rupture event scanning or REVS™ [73]. The technology enables rapid, label-
free determination of interaction affinities, both in buffered solutions and in
complex biological fluids. Potential applications range from the diagnosis of
clinical infections to the screening of libraries for receptor binding and the
quantitation of molecular interactions in general. The detection technology
does not utilise any form of electromagnetic radiation, but instead records
vibrational excitation in a substrate caused by disruption of molecular inter-
actions. To induce a molecular complex of moderate affinity to break apart
requires accelerations many orders of magnitude higher than the forces due
to gravity. These very high forces can be imparted on an analyte by using an
acoustic wave device, such as a quartz crystal resonator. In contrast to other
quartz crystal biosensing applications (quartz crystal microbalance or quartz
crystal resonance sensing), REVS™ technology does not only use the quartz
resonator as a sensor, but takes advantage of the active surface of the res-
onator and its influence on systems adhered to it. However, REVS™ technology
and our experimental set-up are also compatible with standard frequency and
resistance shift measurements [74–76]. By monitoring the change in reso-
nant frequency and resistance of the crystal, which occur upon adsorption of
analytes to the surface, quartz crystal resonators can be used together with ap-
propriate surface chemistry and fluidics to detect the adsorption of proteins,
oligonucleotides, cells and other analytes to surface-bound receptors [77].
This allows the label-free determination of interaction affinities and kinetics
in real time. In this short review the capabilities of REVS™ detection will be
demonstrated using the herpes simplex virus as a model system.

2.1
Controlled Applied Force

As the magnitude of an applied electric field applied to a piezoelectric mate-
rial is increased, the amplitude of oscillation increases and there is increasing
acceleration of analytes adhered to the surface. This in turn results in an in-
creasing force exerted by the surface on the analytes, which ultimately causes
rupture of the bonds attaching the analytes to the surface (Fig. 9). Due to
its piezoelectric properties the quartz crystal can be used to detect the ex-
citation of vibrations in the substrate produced by bond rupture, which are
converted into an electrical signal. The signal indicates not only the pres-
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Fig. 9 REVS™ assay. A An AT-cut quartz crystal was coated successively with a chro-
mium layer, a gold layer, a chemical linker layer, and a receptor that mediated specific
attachment of the particle. The crystal was then transversely oscillated by applying a RF
voltage at the main resonant frequency to the gold electrodes on either side of the disc.
B Increasing the applied voltage results in a transverse oscillation of greater amplitude
which, in principle, leads to greater inertial forces between the particle and the surface
and concomitant deformation of the surface and the particle. Ultimately the bond be-
tween particle and receptor surface breaks and vibrations in the quartz are excited. These
vibrations can be detected by using the quartz as a sensitive microphone. Note that the
figures are not to scale

ence of the analytes but also the number of analytes present and their affinity
for a surface-bound receptor. The scanning process requires minimal sample
preparation, works well in buffered solutions and in complex biological fluids
such as serum, and takes only minutes to perform.

The magnitude of excited vibrations is proportional to the number of an-
alytes present over at least six orders of magnitude, right down to the level
of a single particle, with a weight of only 80 fg, in 1 µL of fluid. This corres-
ponds to a mass sensitivity of 80 fg mm–2 (8×10–14 g mm–2) [73]. In compar-
ison, traditional frequency change quartz crystal biosensors have a detection
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limit in the order of 1 ng mm–2 (10–9 g mm–2), whilst the best surface plas-
mon resonance optical biosensors can detect a mass change of 1 pg mm–2

(10–12 g mm–2). The latter technique does not work well in complex fluids
such as undiluted serum, as there is significant non-specific binding of ma-
terials such as serum proteins to the sensor surface.

The resonators used for REVS™ are commercially available polished AT-
cut quartz discs with a diameter of 8.25 mm and a main resonant frequency at
14.3 MHz. The electrodes consist of a 3 nm thin chromium adhesion layer and
between 40–80 nm of evaporated gold. The gold electrodes are covered with
a chemical linker layer to which the desired receptors are attached. A signal
generator is used to drive the quartz crystal at its fundamental resonant fre-
quency, or at a higher overtone. During one scan the drive level is increased
from 0 to 10 V. The response of the quartz at three times the fundamental fre-
quency is fed via a filter into a lock-in amplifier and analysed using a signal
generated by a second amplifier as reference. A more detailed description can
be found in reference [78].

2.2
Detection of Herpes Simplex Virus

Rupture event scanning is a useful addition to existing techniques, as it com-
bines the specificity and versatility of ELISA with the sensitivity of PCR [79].
The ability to include antibodies as a capture reagent adds a critical advan-
tage to the technique, as it can build on the wide availability and tremendous
knowledge base of monoclonal antibodies against viruses and bacteria [80].
The application of REVS™ for viral diagnosis has been validated with her-
pes simplex virus (HSV), which causes recurrent mucosal infections of the
eye, mouth and genital tract. It also causes life-threatening generalised in-
fection in the new-born and, more rarely, a fatal encephalitis in adults [81].
Rapid and sensitive detection of HSV is not a major public health issue except
in the case of herpes encephalitis, where rapid detection of virus particles
in cerebrospinal fluid is a prerequisite for appropriate chemotherapy. HSV
is, however, a relatively fragile enveloped virus particle, sensitive to heat and
desiccation, and is therefore a reasonable surrogate for many viruses of clini-
cal importance such as HIV, hepatitis viruses B and C, and influenza.

For specific detection of HSV the viral samples were incubated for 40 min
on the antibody-coated quartz crystals, washed with phosphate buffered
saline solution (PBS) and then scanned under PBS from 0–10 V. A sharp
peak at approximately 7.4 V with a signal strength of 450 arbitrary units
was detected for a surface coated with HSV specific antibodies, whereas no
signal was detected on surfaces coated with antibodies to which HSV does
not bind (Fig. 10). This demonstrates that REVS™ only detects specifically
bound viruses. A second scan of the driving voltage from 0–10 V immedi-
ately following the first gave no peaks, indicating that the viruses had been
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detached from the surface. To confirm that the interaction between virus
and surface was specific, control experiments were carried out using a modi-
fied herpes simplex virus missing the protein to bind to the antibody on the
surface. The interaction was also specifically blocked by pre-incubating the

Fig. 10 Herpes simplex virus detection. Validation for specific detection of herpes sim-
plex virus using REVS™: a 500 000 HSV (gD+) virions incubated on a surface coated with
an HSV receptor (anti-gD monoclonal antibody), b the same number of HSV virions on
a surface with a receptor to which HSV does not bind (control bovine IgG), c geneti-
cally modified HSV (gD–) on HSV receptor surface, d HSV on a soluble gD-blocked HSV
receptor surface, e HSV in blocking solution (anti-gD monoclonal antibody) on HSV re-
ceptor surface. The traces have been displaced from zero on the y-axis for clarity

Fig. 11 Limits of detection for REVS™. Signal linearity with particle numbers. Serial ten-
fold dilutions of HSV1 gD+ in PBS a sample volume of either 1 µL (open circle) or 40 µL
(open squares) incubated for 40 min at room temperature on a quartz crystal coated with
an HSV specific antibody. The dashed line represents the noise floor
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antibody surface with the protein responsible for HSV binding (surface block-
ing) and by using HSV pre-incubated with antibodies before deposition on
the antibody-covered quartz surface (solution blocking). In all cases no sig-
nal was observed (Fig. 11), confirming that REVS™ is an accurate method to
detect specifically bound analytes.

To determine the sensitivity limits of detection, a HSV sample was seri-
ally diluted in phosphate buffered saline solution. The REVS™ signal specific
for detachment of HSV was log-linear with the number of viruses over six
orders of magnitude using a 1 µL sample (Fig. 11). The signal intensity using
a 40 µL sample volume was approximately fivefold lower than that obtained
using a 1 µL sample. This is believed to be due to a slower diffusion of virions
to the surface in the larger sample volume, which results in a lower amount of
captured virus on the sensor surface when the same incubation period is used
with the larger sample volumes.

2.3
Theory

REVS™ is a novel detection and measurement method very different to clas-
sical quartz crystal resonant sensing (QCRS), which typically involves meas-
urement of changes in frequency and resistance of the resonator. Whereas in
QCRS the resonator is a passive transducer of binding events at the solution–
surface interface, in REVS™ the resonator plays an active role in forcing bond
rupture and then also detecting modulations in the resonance of the crystal
induced by this event. Whilst we have a basic understanding of the processes
involved in REVS™, we acknowledge that much more experimental and the-
oretical work is needed to fully understand the nature of the detachment
event and signal generation. Long- and short-range interactions between
molecules are central to the dynamic behaviour of biological systems. These
interactions have traditionally been examined in great detail using thermo-
dynamic approaches. However, the rupture of these interactions is a dynamic
process and it is well known that the force required to break bonds depends
not only on the affinity of the interactions, but also on the rate at which the
force is applied to the interacting molecules [82, 83]. In recent years a variety
of instruments have been developed to measure the force between molecules,
including glass fibres, optical tweezers, the surface force apparatus and the
atomic force microscope (AFM). Of these, the AFM has rapidly become one
of the most widely used force measurement instruments due to its ease of
use and its commercial availability [84]. AFM measurements are, however,
most often carried out on single molecule interactions in which a single bond
between two binding partners is broken. REVS™ possesses single molecule
sensitivity, however, many of the analytes studied to date (such as viruses
and bacteria) present multiple bonds to the surface of the resonator. It is also
notable that a discrete, transient signal is observed from detachment events
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involving large number of surface-bound analytes. For example, Fig. 9a shows
a sharp peak for the detachment of 500 000 virions. These particles possess
slightly varying shapes, sizes and, in particular, different numbers of bonds to
receptors on the surface. Nevertheless, they dissociate from the surface of the
resonator in a very short period giving rise to the high signal to noise peaks
observed with REVS™.

For the purposes of this discussion we will assume that, up to the threshold
rupture voltage, adherent particles are mechanically coupled to receptors on
the surface via short-range molecular forces (i.e. electrostatic, hydrophobic,
ion-dipole, Van der Waals interactions etc.). Transient forces due to inher-
ent thermal energy of the bound complexes are by themselves insufficient
to break multiple bonds in the short (1 min) assay time of a REVS™ scan;
a necessary condition for subsequent dissociation of the particle. In other
words, it is highly improbable that multiple antibody–antigen bonds will all
rupture simultaneously at room temperature. It should also be noted that
biomolecules such as proteins and viruses are stabilised by weak interac-
tions (for example, the free enthalpies for binding of typical antibody–antigen
interactions are in the order of ∼ 50 kJ mol–1 [85], with detachment forces
measured by AFM in the order of 10–200 pN [86, 87]).

Under the force loading on crystal experienced at high driving voltages,
some of the bonds between virus and the antibody on the surface of the res-
onator will be ruptured, and the particle may partially decouple from the
surface of the crystal. The resulting increased force on the remaining intact
bonds could then lead to an increased rupture rate of the remaining bonds.
This positive feedback mechanism can potentially explain the transient char-
acteristic of REVS™ peaks. This is an attractive hypothesis; however, it is
also important to consider the case in which the load on the particle may be
wholly, or partially, concentrated on one bond at a time, in which case the
bonds will rupture in series [87]. It is also possible that the bonds can reform
within the timescale of the rupture event.

To calculate the forces imparted on a molecule on the surface of the res-
onator it is first necessary to determine the displacement amplitude of the
resonator. This has been shown to depend linearly on the merit factor and
the drive level. For an AT cut quartz resonator it can be calculated from the
following relationship:

A = 1.4 Q Vd , (10)

where A is the amplitude of maximal displacement of the thickness shear
mode resonator, the factor of 1.4 (pm V–1) is a proportionality constant de-
termined by Borovsky et al. [88], Q is merit factor of the resonator and Vd is
the driving voltage. Note that this measured proportionality constant is the
same as that calculated theoretically by Kanazawa [14]. Within Kanazawa’s
model the amplitude is interpreted as the average amplitude across the crys-
tal surface. This is expected to be about one half the maximum amplitude
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at the centre of the crystal, in view of the approximately Gaussian amplitude
distribution [14, 88]. The Q factor in our experiments under liquid has been
determined to be 1400–1600, depending on the resonator used. For a driving
voltage of 7 V this gives an estimated vibrational amplitude at the centre of
the crystal of ∼ 15 nm.

If we assume that particles detected using REVS™ are spherical and at-
tached at a point to the surface of the resonator, we can determine the ratio
between force applied tangentially to the surface of the particle and acceler-
ation of the surface of the particle. We also assume that sphere is rolling, or
pivoting about this attachment point, which we acknowledge is an approx-
imation of the geometry of the virus–antibody interaction. The moment of
inertia of the sphere about a central axis, Js is defined as:

Js =
∫

r2dm = 2πρ

Rs∫
0

r4
(√

Rs – r2
)

dr =
2
5

MsR2
s , (11)

where r is the integrated radius, Rs is the radius of the sphere, Ms is the mass
of the sphere, and ρ is the density of the sphere. The acceleration at the centre
of the sphere, ac is defined as:

ac =
Ft

Ms
, (12)

where Ft is applied total force. The angular acceleration εs of the sphere is
thus defined as:

εs =
FtRs

Js
=

FtRs
2
5MsR2

s
=

5ac

2Rs
, (13)

which makes acceleration of surface of the sphere, as with respect the acceler-
ation at its centre, ac:

as = εsRs =
5ac

2
, (14)

and hence the total acceleration of the surface of the sphere, ats is:

ats = ac + as = ac +
5ac

2
=

7ac

2
. (15)

In other words, for a sphere pivoting about an attachment point to a surface,
the centre of mass of the sphere moves only 2/7th of the distance moved by
the surface at full amplitude about the pivot point. The acceleration of a point
on the surface of the resonator thus is given as:

a =
2
7

A(2πf )2 . (16)

For the 14.2 MHz crystals driven at 7 V employed in our work this gives
an acceleration on the surface of 3.4×107 m s–2 or 3.4 million g! We can es-
timate the mass of a single virus from knowledge of its molecular weight
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(∼ 5×108 Da) which gives the mass of a single virion as 80 fg [81, 89]. Ignor-
ing any contribution from viscous forces in water and treating the virion as
a rigid sphere, this then enables us to estimate the force imparted on a virion
adhered to the resonator from:

F =
2
7

mA(2πf )2 (17)

giving F as ∼ 3 nN. This raises the question: is this force sufficient to break
bonds typically found in biological systems? Atomic force microscopy has
been used to determine the forces involved in single molecule interactions be-
tween antibodies and antigens immobilised on planar surfaces, with typical
measured values in the order of 10–200 pN [86, 87]. However, the virus used
in this study presents multiple receptors on its surface, and will form mul-
tiple bonds with several antibodies on the surface of the resonator. Indeed,
adhesion to surface-bound receptors in biology is characterised by polyva-
lent interactions and multiple receptor–ligand interactions, which serve to
enhance the affinity, or avidity of an interaction. To determine exactly the
number of interacting molecules during each measurement a prior know-
ledge of the surface density of the immobilised molecules, particle geometry
and particle–receptor contact area is required. Surface coverage can be es-
timated using radio-labelling and fluorescence techniques. However, deter-
mination of particle and receptor orientation and the contact area between
the two is problematical, and we have not taken this into account in our cal-
culations. It has also been demonstrated that there is a strong dependence
in the measured adhesion force between biomolecules and the loading rate
(or pulling rate in the case of AFM) [85, 90]. Notwithstanding these effects, it
can clearly be seen that the force imparted by the resonator on the adherent
virion (3 nN), is sufficient to rupture several bonds between the particle and
receptors immobilised on the surface (10–200 pN each).

2.4
Application to Model Clinical Samples

For REVS™ applications using clinical samples, it is necessary to detect
viruses in more complex biological fluids, such as serum or cerebrospinal
fluid, which contain large quantities of proteins. To test the suitability of the
REVS™ technique for use in complex specimens, HSV samples were diluted
in calf serum. Peaks were observed in the region of 7.1 V (Fig. 12). The fact
that multiple, distinct peaks can be observed in serum may be due to par-
tial non-specific blocking of some antibody binding sites by serum proteins,
which could lead to more variations in the number of interactions between
the virus and the surface than is the case in PBS.

These results demonstrate that REVS™ technology could potentially be ap-
plied to a wide range of more complex biological samples. Quartz crystal
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Fig. 12 Detection in neat serum. a 1 µL of HSV gD+ at 5×107 particles/mL in calf serum
incubated for 40 min on a quartz resonator coated with anti-gD IgG monoclonal antibody,
then washed with water and scanned under 10 µL of PBS from 0–10 V. b Calf serum only
incubated for 40 min on a QCM disc coated with anti-gD IgG monoclonal antibody, then
washed with water and scanned under 10 µL of PBS from 0–10 V

resonators have been mass-produced for many years and are relatively in-
expensive. The oscillation and detection system is entirely electronic, which
results in a direct digital read out without the use of optics, filters, charge-
coupled devices or image processing. This makes the instrumentation much
simpler and cheaper than is the case with fluorescence, chemiluminescence
or evanescent wave-based techniques. The major challenges that lie ahead
include the successful integration of the detection technology with fluidics,
chemistry, biology, signal processing, and data management. It is possible to
multiplex the assay in a variety of ways and also to miniaturise the detec-
tor for direct detection in the field or at patient point of care. The label-free
nature of the technique should allow rapid assay development with broad
applicability to the detection of viruses, bacteria, cells, proteins, oligonu-
cleotides and small molecules. Akubio’s acoustic detection technology thus
has great potential as a new method for interrogating chemical and biological
samples in drug discovery, diagnosis, and the life sciences in general.
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