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The realization of biomolecular detection assays for diagnostic purposes is technologically very

challenging because such tests demand full integration for ease of use and need to deliver a high

analytical performance with cost-effective use of materials. In this article an optomagnetic

immunoassay technology is described based on nanoparticles that are magnetically actuated and

optically detected in a stationary sample fluid. The dynamic control of nanoparticles by magnetic fields

impacts the key immunoassay process steps, giving unprecedented speed, assay control and

seamless integration of the total test. The optical detection yields sensitive and multiplexed assays

in a low-cost disposable cartridge. We demonstrate that the optomagnetic technology enables

high-sensitivity one-step assays in blood serum/plasma and whole saliva. Drugs of abuse are detected at

sub-nanogram per millilitre levels in a total assay time of 1 min, and the cardiac marker troponin I

is detected at sub-picomole per litre concentrations in a few minutes. The optomagnetic technology is

fundamentally suited for high-performance integrated testing and is expected to open a new paradigm

in biosensing.
Introduction

In vitro diagnostics is a key element of modern health care and is

of increasing importance due to the need for more effective and

efficient health care. Currently about two-third of diagnostic

tests is performed in centralized laboratories, hosting a large

variety of analytical instruments which are operated by profes-

sional technicians. The remaining one-third of all tests is pres-

ently performed outside centralized laboratories in point-of-care

settings. Point-of-care testing is technologically very demanding

as the tests should be integrated for high ease of use and should

deliver a high analytical performance in an uncontrolled envi-

ronment at an affordable price. A very successful example of

point-of-care testing is the measurement of glucose levels by

diabetic patients. A 1 mL pinprick blood sample is inserted into

a low-cost disposable strip and signals are recorded with

a handheld reader. The enzyme-based assay technology under-

lying the glucose sensor is well suited for analytes in the milli-

molar concentration range, but cannot be applied to analytes

that are present in very low concentrations, e.g. picomolar. To

cover the low-concentration range, immunoassays employ high-

affinity antibodies to detect analyte molecules with high-sensi-

tivity and specificity. For decades the field of point-of-care

immuno-biosensing has been dominated by lateral-flow chro-

matographic strips,1,2 which is based on a continuous transport

of sample fluid through a porous medium by capillary forces.
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Many point-of-care applications have requirements that cannot

be served by the lateral-flow technology. Two such examples are

the roadside screening for drugs of abuse in saliva for traffic

safety, which is demanding on speed of the test, small sample

volume and analyte multiplexing, and the detection of cardiac

markers in blood, which puts high demands on sensitivity,

precision, speed, and analyte multiplexing. This drives an

intensive search for novel technologies that can deliver high test

performance in an integrated format at affordable costs.

Several novel immunoassay detection technologies are being

investigated, for example involving nanoparticle labeling,3–5

label-free electrical detection,6 fluorescence detection,7,8 and

labeling by oligonucleotides followed by biochemical amplifica-

tion.9 Most approaches focus on detection sensitivity or multi-

plexing, and not on the integration potential of the technology.

The assays involve for example a sample dilution step or

a transfer of analytes to a buffer fluid,3–9 (bio)chemical devel-

opment steps,3,9 or wash steps with a buffer liquid.3–9 Such

process steps require storage of fluids as well as mechanical fluid

actuation, which strongly decreases the integration potential,

while adding to the total assay time and reagent use. In fact, the

complete integration into a low-cost disposable cartridge of

assays that are based on multiple fluid manipulations is harder to

achieve than was envisioned more than a decade ago.10

In this article we propose a novel optomagnetic immunoassay

technology that does not require the manipulation or replace-

ment of fluids. The technology is based on nanoparticles that are

magnetically actuated and optically detected in a stationary

sample fluid. The dynamic control of nanoparticles by magnetic

fields impacts all key immunoassay process steps, yielding

unprecedented speed, assay control and seamless integration of
This journal is ª The Royal Society of Chemistry 2009
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the different assay process steps. The optical detection enables

sensitive and multiplexed assays with real-time detection of the

binding processes, in a low-cost disposable cartridge.
Magnetically actuated immunoassay

We have designed a biosensor in which the key immunoassay

process steps are controlled and accelerated by magnetic forces

generated by electromagnets placed above and below the

cartridge (see Fig. 1). We use superparamagnetic particles that

have large field-induced magnetic moments.11 The force on

a magnetic particle scales with its magnetic moment.12 This

means that large particles with large magnetic moments are

favorable for magnetic forces; however, in a biological assay the

particles should not be too large because that generates steric

hindrance for the biomolecular binding between particle and

surface. We have developed an actuation system for particles

with a diameter of a few hundred nanometres. The electromag-

nets are independently powered in order to generate fields with

a tunable magnitude and orientation inside the 1 mL assay

chamber of the cartridge. The assay process steps are depicted in

Fig. 1a, exemplified with a sandwich immunoassay. In the first

stage, dried-in magnetic nanoparticles are redispersed and mixed

into the sample fluid that enters the cartridge. The redispersion
Fig. 1 Optomagnetic immuno-biosensor based on actuated magnetic nan

showing successively the assay processes: (a1) filling of the microchamber, n

particles during the process of binding to the surface; and (a3) removal of fre

forces. (b) The fluid microchamber placed in the optomagnetic system with el

with an intensity that depends on the concentration of nanoparticles at the

(f-TIR). (c) Picture of an assembled disposable cartridge consisting of two

cartridge has outer dimensions of 1 cm � 4 cm. The cartridge contains a sam

volume of 10 mL is supplied, of which 1 mL is analyzed in the reaction microc

surface via an immunoassay on 31 capture spots of 125 mm diameter each.

capture spot. The assay phases a1–a3 are indicated. The signal modulation in

This journal is ª The Royal Society of Chemistry 2009
process of the antibody-coated nanoparticles occurs in just a few

seconds from a thin film of reagents. Subsequently the nano-

particles capture analyte molecules from the sample fluid. This is

a rapid and efficient process due to the large total surface area of

the dispersed nanoparticles. In the second stage, the electro-

magnets are used to move the nanoparticles (and the attached

analyte molecules) through the bulk fluid and concentrate them

at the binding surface. The particles are actuated in the vicinity of

the sensor surface in order to allow rapid and specific biological

binding of the nanoparticles to the sensor surface. In the third

stage, unbound and weakly bound particles are removed from

the surface by the application of a magnetic field from the upper

magnet. A key advantage of using magnetic fields is that these are

not perturbed by the biological matrix, so well controlled forces

can be applied to the nanoparticles. Fig. 1b and c show the

cartridge that is composed of two plastic parts, one with fluidic

and the other with optical structures. The two plastic parts are

joined by biocompatible double-sided adhesive tape that has

been laser-cut in order to define a reaction chamber with

a volume of 1 mL. Dry reagents containing magnetic particles and

dry buffer components are placed as a thin layer in a cavity above

the detection surface. The one-step assay format that we have

developed requires only sample fluid to be applied onto the

cartridge, with no extra fluid addition or fluidic wash steps.
oparticles. (a) Schematic representation of the reaction microchamber

anoparticle redispersion, and capturing of analyte; (a2) actuation of the

e and weakly bound nanoparticles from the sensing surface by magnetic

ectromagnets and detection optics. Light reflects from the sensor surface

sensor surface, by the mechanism of frustrated total internal reflection

structured plastic parts connected by double-sided adhesive tape. The

ple inlet, a channel, a reaction microchamber, and a vent. A total sample

hamber. (d) f-TIR image of magnetic nanoparticles bound to the sensor

(e) Schematic real-time curve of the measured optical signal for a single

phase a2 is caused by switched actuation of the magnetic nanoparticles.

Lab Chip, 2009, 9, 3504–3510 | 3505
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Optical detection

Our biosensor requires a technology to sensitively monitor

the presence of magnetic nanoparticles on the binding surface.

The detection technique itself should be able to accommodate the

placement of electromagnets close to the assay chamber, be

insensitive to applied magnetic fields and should enable the

parallel monitoring of many binding spots for assay multi-

plexing. We have applied the optical principle of frustrated total

internal reflection (f-TIR)13 for the detection of magnetic nano-

particles on the sensor surface, as sketched in Fig. 1b. A colli-

mated beam of light from a light-emitting diode (l ¼ 625 nm)

irradiates the sensor surface in a condition of total internal

reflection, i.e. at an angle of incidence above the critical angle

qcrit ¼ arcsin(n2/n1), with n1 and n2 the refractive indices of the

plastic cartridge and the medium in the cartridge, respectively

(see ESI† for details). The condition of total internal reflection is

met due to the fact that the refractive index of the cartridge

plastic (n ¼ 1.53) is higher than the refractive index of the

medium inside the assay chamber (either air with n ¼ 1, or an

aqueous biological fluid with n z 1.33). A so-called evanescent

optical field is generated at the plastic/fluid interface, which

decays exponentially and penetrates into the fluid by only a sub-

wavelength distance. In the starting situation without magnetic

particles, no light is extracted from the evanescent optical field.

The situation changes dramatically when magnetic nanoparticles

are present at the sensor surface. The particles absorb and scatter

part of the light, thus frustrating the total internal reflection and

thereby reducing the intensity of the reflected light. An important

advantage is the high signal per nanoparticle due to the detection

of the total (i.e. 4p-steradians integrated) scattering and

absorption, in contrast to detection principles that rely on light

scattering into specific angles. The sensor surface is imaged onto

a CCD camera. Fig. 1d shows an image of 31 capture spots of

125 mm diameter each, onto which magnetic nanoparticles have

bound in an immunoassay. For a single binding spot, Fig. 1e

sketches the light intensity of the reflected beam as a function of

time for the different assay process steps. As indicated in Fig. 1e,

the signal due to the presence of nanoparticles at the sensor

surface is quantified by the reduction of reflected light intensity
Fig. 2 Characterization of the sensitivity and speed of the optomagnetic sy

magnetic particles with a diameter of 500 nm, attracted to an untreated sensor

mL�1 (curves from bottom to top) in PBS. The magnetic field was applied with

a function of magnetic particle concentration. The curve is derived from the sa

signal is proportional to the nanoparticle concentration over several decades

3506 | Lab Chip, 2009, 9, 3504–3510
relative to the unperturbed total internal reflected light intensity

prior to the binding of nanoparticles. The optical detection

technique is highly suited in combination with magnetic actua-

tion as the detection is insensitive to applied magnetic field and

as the geometric conditions of f-TIR permit electromagnets to be

situated directly above and below the assay chamber, where

a high degree of assay control is needed.

We have characterized the sensitivity and speed of the opto-

magnetic system by recording signals of actuated magnetic

nanoparticles in a model assay, namely an assay in which

nanoparticles bind quickly and strongly to the detection surface

(hit-and-stick assay). Fig. 2a shows the signal as a function of

time for an assay with streptavidin-coated nanoparticles actuated

toward an uncoated plastic surface. After injection of the fluid,

the lower magnet was powered in order to generate a constant

flux of particles toward the sensor surface. Fig. 2a shows a set of

curves measured for different nanoparticle concentrations. The

signals appear within the dynamic range of the present opto-

electronic detection system, namely between the noise level of

about 0.1% and nearly 100% for full surface coverage by

magnetic particles. The curves show a linear signal increase in the

first 10 s and signal saturation thereafter. The linear increase

originates from the constant flux of nanoparticles toward the

sensor surface, with an average particle velocity of about 20 mm s�1.

Saturation is reached when all nanoparticles in the fluid are

bound to the surface and the fluid has become depleted of

nanoparticles. The saturation signals can be used to derive a

nanoparticle calibration curve of the detection system, indicated

in Fig. 2b. The signal is proportional to the nanoparticle

concentration across a wide concentration range. The linearity

of the curve is a result of the linear dependency of the f-TIR signal

on the particle concentration at the surface. The signal equals

about 2% for a surface density of 1 nanoparticle per 10 mm2, as was

verified by counting nanoparticles on the sensor surface using

an optical microscope.

Biological assays

The optomagnetic biosensor technology based on actuated

nanoparticles can be used for the detection of a broad range of
stem. (a) Real-time curves of the optical signal for streptavidin-coated

surface, for nanoparticle concentrations of 80, 160, 320, 640, and 2000 mg

a strength of 3 � 104 A m�1. (b) Calibration curve of the optical signal as

turation values of curves as in part (a). The linear fit shows that the optical

.

This journal is ª The Royal Society of Chemistry 2009
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biological molecules in affinity-based assays. To demonstrate the

performance of the biosensor, we have developed a variety of

competition/inhibition and sandwich immunoassays that have

strong requirements on integration, speed and sensitivity. The

roadside screening of motorists for the use of drugs of abuse

(DoA) requires tests that (i) are integrated for easy use, (ii) run on

an accessible sample type such as saliva, and (iii) can be per-

formed with high speed in order not to disrupt traffic flow. One

class of the drugs to be tested for is opiates. Opiates, such as

morphine, are haptens that can be detected in a competition

assay.2 Highly specific antibodies are available that have been

engineered to recognize opiates conjugated to bovine serum

albumin (BSA) as well as the native drug molecules. In the rapid

one-step assay that we have developed, a pure saliva sample

enters an assay microchamber with magnetic nanoparticles and

an optical detection surface. The nanoparticles are functionalized

with anti-morphine antibodies and dried into a cavity in the

assay microchamber (see ESI† for preparation details). The

optical detection surface is provided with morphine conjugated

to BSA. Morphine molecules in the sample bind to the antibodies

on the magnetic particles and inhibit their binding to the sensor

surface. Fig. 3a displays the real-time behavior of magnetic

particles in an ultrafast morphine inhibition assay at two drug

concentrations, 0 and 48 ng mL�1, under magnetic actuation and

optical detection. In the first 32 s the magnetic particles redis-

perse in the sample and bind morphine. Thereafter they are

pulled toward the detection surface by the application of

a magnetic field from the lower magnet. In the binding phase

between 32 and 58 s, the particles are subjected to actuation from

the lower magnet that is alternatively switched on and off. The

particles are pulled toward the surface when the field is on, and
Fig. 3 Detection of drugs of abuse in saliva. (a) Real-time trace of the opti

trations of 0 ng mL�1 (grey curve) and 48 ng mL�1 (black curve) in 100% sal

molecules in the sample. In the second phase, nanoparticles are attracted to th

and unbound particles are removed with a magnetic force directed away fr

architecture (morphine in solution, nanoparticles coated with anti-morphine

are shown of the spots after magnetic particle removal, for 0 and 48 ng mL

morphine concentration in 100% saliva, determined after the magnetic remo

microchamber. For comparison: the cut-off level for morphine in saliva is 30 n

Mental Health Services Administration) drug advisory board. The line is a gu

for the five drugs amphetamine (AMP), morphine (OPI), methamphetamine (M

(anti-biotin coated nanoparticles bind to biotinylated-BSA on the sensor surf

and results of a positive multiplexed assay (AMP: 80 ng mL�1, OPI: 48 ng mL

shown. Data represent averages and standard deviations of 5 repetitions on d

This journal is ª The Royal Society of Chemistry 2009
the particles randomize their positions and orientations when

the field is off. The switching of the magnetic field results in

a modulation of the optical signal due to the dynamics of

magnetic nanoparticles. The signal modulation is largest in the

non-binding assay (48 ng mL�1) because nanoparticles do not

stick to the surface and have freedom of motion (the low-

frequency undulation in the signal is a result of the fact that the

optical sampling rate was of the same order of magnitude as the

magnetic switching rate). In a final step at 58 s, unbound and

weakly bound particles are removed from the surface by power-

ing the upper magnet. Efficient control of the assay allows the

morphine test to be performed, from the addition of raw sample

to the final result, in a time of approximately 1 min. The morphine

inhibition assay is quantitative and precise. Fig. 3b shows the

average signal change as a function of morphine concentration

ranging from 0.1 to 100 ng mL�1 in pure saliva, measured in

a one-step assay with dry reagents inside the microchamber.

It is desirable to incorporate the simultaneous determination

of several drugs of abuse into one single test, including morphine,

amphetamine, methamphetamine, tetrahydrocannabinol, and

cocaine. In the multiplexed assay format, individual spots con-

taining drug conjugate for each drug are printed onto the detec-

tion surface and the magnetic particles with the corresponding

antibodies are applied in a dry form above the detection area in

a cavity. We employ inkjet printing to deposit biomaterials on the

detection surface because it allows rapid production of func-

tionalized cartridges and precise localization of spots with

different binding molecules, suitable for a high degree of analyte

multiplexing. Fig. 3c displays an f-TIR image of a multiplex assay

for morphine, amphetamine, methamphetamine, tetrahydro-

cannabinol, and cocaine at various drug concentrations. The
cal signal during a competitive immunoassay for morphine, for concen-

iva. In the first phase, dried nanoparticles redisperse and bind morphine

e sensor surface with the lower magnet. In the third phase, weakly bound

om the surface using the upper magnet. The inset shows the molecular

antibodies, BSA–morphine on the sensor surface). Optical f-TIR images
�1 morphine. (b) Calibration curve of the optical signal as a function of

val step, for a magnetic nanoparticle assay with dry reagents inside the

g mL�1 in the preliminary guidelines of the SAMHSA (Substance Abuse

ide to the eye. (c) Multiplexed competitive immunoassays in 100% saliva,

AMP), tetrahydrocannabinol (THC), and cocaine (COC), and a control

ace). Results of a negative multiplexed assay (all five drugs at 0 ng mL�1)
�1, MAMP: 80 ng mL�1, THC: 800 ng mL�1 and COC: 48 ng mL�1) are

ifferent cartridges.

Lab Chip, 2009, 9, 3504–3510 | 3507
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sixth spot consists of a control biotin assay. Using the current

optics and electromagnets more than 30 spots of 125 mm diameter

can be simultaneously imaged (see Fig. 1d). The number of spots

imaged, and thus the number of detectable analytes, can be

extended to several hundreds by using optics with a larger field of

view and corresponding electromagnets. For the detection of

multiple analytes which can cross-react, it is possible to physically

separate the spots and nanoparticles of cross-reacting species in

different microchambers in the cartridge.

The competition assay results as described above demonstrate

that the biosensor can be used for precise ultrafast assays. For

high-sensitivity determinations it is preferable to use the sand-

wich immunoassay format. We have developed a fully integrated

rapid test for the detection of the protein cardiac troponin I

(cTnI). Cardiac troponin I is a gold standard for the diagnosis of

acute myocardial infarction (AMI).14 The determination of cTnI

has strict requirements in precision and high requirements for

sensitivity as patient blood levels of cTnI at several picomolar or

above have important clinical consequences.15 Because of the

urgent nature of AMI, it is desirable to have a test that is able to

deliver lab-quality results in a rapid and integrated format, which

can be used by non-technical care providers at point-of-care

settings. We have developed a fast and sensitive cTnI test based

on actuated magnetic nanoparticles. Fig. 4a displays the time

evolution of the sensor signal for cTnI at 0 and 1000 pM (see

ESI† for assay details). Nanoparticles were incubated for 30 s

with the sample outside the cartridge and then injected into the

cartridge. After the assay solution was introduced into the

cartridge, the actuation protocol was initiated and particles

carrying cTnI were collected at the surface using magnetic forces

from the lower magnet, resulting in an increase of optical signal.

The collection process has contributions perpendicular to as well

as parallel to the surface (the increase of slope at approximately
Fig. 4 Detection of troponin I in serum and plasma. (a) Real-time trace of t

0 pM (grey curve) and 1000 pM (black curve) in 20% human serum in PBS

injection into the cartridge, a switched actuation protocol was started and n

unbound particles were removed with a magnetic force directed away from th

sandwich architecture, i.e. cTnI bound between antibody-coated nanoparticle

signal from magnetic nanoparticles for a cTnI assay, displaying two cycles of t

particles to the sensor surface. In the first section, the signal increases as particl

the magnetic fields are turned off and particles have full translational and rot

particle arrangements perpendicular to the surface. (c) Calibration curve of th

Nanoparticles were mixed with the sample prior to injection into the cartridge.

a calibration curve of the integrated magnetic nanoparticle assay for cTnI in 1

to the eye. Data represent averages and standard deviations of 3 repetitions

3508 | Lab Chip, 2009, 9, 3504–3510
80 s coincides with the arrival of laterally collected particles, as

was verified using optical microscopy). Once reaching the

surface, particles containing cTnI bind to the anti-cTnI func-

tionalized detection surface. In the binding reaction a gentle

actuation scheme is employed, tailored to the reaction between

cTnI and the antibody. Since in low-concentration assays every

magnetic particle contains on average less than one cTnI mole-

cule, it is advantageous to expose all sides of the particles to the

sensor surface. Furthermore, there will be a substantial amount

of magnetic particles that cannot bind to the sensor due to the

absence of analyte on their surface. We have found that the

application of switched magnetic fields is most favorable for

biological binding, since it generates a continuous rotational and

translational rearrangement of the particles and thereby opti-

mizes exposure of particles to the sensor surface. The magnetic

fields are alternatively switched between a parallel and perpen-

dicular orientation to the sensor surface, with short intermittent

periods without magnetic field for diffusive relaxation of parti-

cles, as is illustrated in Fig. 4b. As magnetic particles tend to

arrange in line with the magnetic field, the process results in

alternating in-plane and out-of-plane particle arrangements

relative to the sensor surface. The three-stage actuation strategy

is designed (i) to efficiently bring particles from the bulk to the

sensor surface, (ii) to randomize the particles for optimal expo-

sure to the sensor surface, and (iii) to minimize non-specific

binding by keeping the particles in constant motion relative to

the sensor surface. The binding reaction proceeds under switched

actuation for 4 min. It can be clearly observed in Fig. 4a that the

rate at which the f-TIR signal increases is greater for an assay in

which more particles bind. Particles that bind to the sensor

surface give a higher contribution to the signal as they are on

average closer to the surface than unbound particles. As

a consequence it is possible to perform analyte quantifications
he optical signal during a sandwich assay for cTnI, for concentrations of

. Nanoparticles were mixed with the sample outside the cartridge. After

anoparticles bind to the sensor surface. After 225 s, weakly bound and

e sensor surface using the upper magnet. The inset shows the molecular

and antibody-coated sensor surface. (b) A real-time curve of the optical

he switched magnetic actuation sequence that is applied to bind magnetic

es form arrangements parallel to the sensor surface. In the second section,

ational freedom. In the third section, magnetic fields are applied to form

e optical signal as a function of cTnI concentration in 20% human serum.

Signals were determined after the magnetic removal step. The inset shows

00% plasma, with dry reagents inside the microchamber. Lines are guides

on different cartridges.

This journal is ª The Royal Society of Chemistry 2009
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based on a kinetic fit of the real-time curve at very short assay

times. A final magnetic separation step further improves the

signal-to-blank ratio, the limit of detection and the precision by

removing unbound and non-specifically bound particles.

High-sensitivity sub-picomolar detection of cTnI can be ach-

ieved with the optomagnetic technology in a total assay time of

5 min. Fig. 4c displays the calibration curve for a cTnI assay in

human serum in which the particles are allowed to react with the

protein for 30 s before injection into the cartridge, followed by

an actuation protocol in the cartridge as described above. The

obtained limit of detection, determined by three-fold the stan-

dard deviation of the blank signal, is 250 fM. The accurate

control of all assay reactions including the bound/free separation

results in a high precision. Coefficients of variations of less than

10%, with the majority of points having variations less than 5%,

are achieved for signal changes greater than 0.5%. The measuring

range before signal saturation is about three orders of magnitude

(0.5–500 pM) and a signal-to-blank ratio of 2300 is achieved

for 500 pM. A power fit in the range between 0.25 and 250 pM

indicates that the curve is slightly superlinear with a power of

1.19 (R2 > 0.99). A near-linear relationship between signal and

concentration is highly desirable for precise analyte quantifica-

tion. Strongly sub-linear dose–response curves have been reported

for magnetic nanoparticle immunoassays without magnetic

actuation;5 the sub-linear behavior translates small signal errors

into large uncertainties in the concentration determination of an

unknown sample.

We have also developed a one-step cTnI assay with dry

magnetic particles in the microchamber, for use with 100%

plasma samples. In this assay, the protocol starts with a 90 s

period of no applied field, in which the particles coated with anti-

cTnI antibodies redisperse from the dry reagent into the plasma

sample in the microchamber and react with the cTnI in solution.

A calibration curve for cTnI in 100% human plasma using dry

magnetic particles in the microchamber is shown in the inset of

Fig. 4c. The limit of detection for this assay was found to be

3 pM. The higher limit of detection is due to higher non-specific

interactions encountered in pure plasma. Further optimization

of the buffer components for dry particles is required in order

for the cTnI assay in pure plasma to achieve a detection limit

similar to the assay in 20% human serum.
Discussion and outlook

The key demonstration of the present article is that sophisticated

actuation of magnetic nanoparticle labels allows the full inte-

gration of immunoassays with high analytical performance. We

have demonstrated that the technology enables high-sensitivity,

one-step, dry-reagent assays in very small samples of blood

plasma and whole saliva, with a total assay time of a few minutes.

The short assay time originates from (i) efficient capture of

analyte molecules by antibody-coated nanoparticles, (ii) rapid

transport of nanoparticle–analyte complex to the sensor surface

by magnetic forces, (iii) efficient binding to the sensor surface by

switched actuation, and (iv) the rapid magnetic wash. The

magnitude, orientation, and time-dependency of magnetic fields

are electronically controlled, giving unprecedented control over

the forces on and speeds of magnetic particles during the assay.

The actuation principle opens a new paradigm in which multi-
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step assays can be performed in a stationary sample fluid,

without requiring fluid transport or fluid replacement.

Magnetic nanoparticles were proposed as labels for affinity

assays in 1978 by Ebersole.16 Decades later, investigations started

on detection using different types of sensors, for example

magnetic coils,17 SQUID,18 microscopic imaging,19 magneto-

resistive sensors,5,20,21 and Hall sensors.22 In our magnetically

actuated assays, detection is enabled by a novel optical scheme

based on frustrated total internal reflection. The optical f-TIR

method is intrinsically insensitive to magnetic fields, but very

sensitive to magnetic nanoparticles. The technique allows the

placement of electromagnets directly above and below the sensing

surface where the most precise control of the assay is required.

Another important advantage is that standard biocompatible

plastic materials are used for the sensor cartridges, which are

produced cost-effectively in large numbers by injection moulding.

The functionalization of the plastic surfaces with various binding

molecules is accomplished by using simple, well established, and

characterized passive adsorption techniques. For covalent

coupling of other molecules such as nucleic acids, surface treated

plastic substrates are also widely available. The optomagnetic

biosensor technology forms the basis for a range of further

investigations, e.g. directed to assays with novel capture mole-

cules and biological analytes, and assays with novel magnetic

actuation schemes.

In summary, the presented optomagnetic biosensor technology

based on actuated nanoparticles makes possible integrated, high-

sensitivity, rapid, multiplexed assays on a small sample volume,

in a low-cost disposable cartridge. We believe that the technology

is fundamentally suited for point-of-care diagnostics and will

open a new paradigm in biosensing.
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