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A
biomarker is a molecular substance
that can bemeasured and used as an
indicator of a biological state. Tech-

nologies to detect biomarkers are essential
for biological research and for applications
in medical diagnostics. A common strategy
in the design of biomarker assays is to
use multiple sequential process steps, e.g.
sample dilution, affinity capture, washing,
labeling, and chemical or biochemical
amplifications.1�4 Disadvantages of a multi-
step strategy are that every additional step
increases time, requires reagents, involves
fluid manipulation, and introduces variabil-
ity. Multistep assays can yield very high
sensitivities, but they generally take hours
to complete, use expensive reagents and
sometimes lithographic chip technologies,
and require complicated equipment. An
opposite approach is to try to conceive
and develop an assay technology that is
based on only a single biofunctional prob-
ing reagent. Ideally, in a single step a very
small amount of the probing reagent is
spiked directly into the raw sample and a
biomarker-dependent signal is acquired
without needing any chip or any further
reagents. Such a one-step homogeneous as-
say with minimal reagent use will be ideal for
rapid measurements in small biological sam-
ples, provided that good biomarker detec-
tion sensitivities (i.e., below the level of 1
picomol/L) can be realized in biological ma-
trices such as blood plasma. Nanotechnologi-
cal principles thatmay enable such aone-step
homogeneous raw-sample assay with single
reagent spike are, for example, biomarker-
induced conformational changes in molec-
ular probe molecules,5�7 biomarker-induced
binding between molecules8 or between
nanoparticles,9�12 or conformational changes
combined with interparticle binding.13 How-
ever, raw biological samples are very difficult
to deal with, particularly when dilution, wash-
ing, and amplification steps are avoided.

Whole blood plasma for example contains
very high levels and a wide variety of endo-
genous proteins,14 which slow the transport
of materials in the fluid and which drive
nonspecific binding processes that can com-
pletely overwhelm the biological functionality
of added assay reagents.
In this paper we describe a one-step

homogeneous assay technology based on
magnetic nanoparticles in a pulsed mag-
netic field. We demonstrate that the
assay can be operated in undiluted human
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ABSTRACT

Assay technologies capable of detecting low biomarker concentrations in complex biological

samples are fundamental for biological research and for applications in medical diagnostics. In

this paper we address the challenge to perform protein biomarker detection homogeneously in

one single step, applying a minute amount of reagent directly into whole human blood

plasma, avoiding any sample dilution, separation, amplification, or fluid manipulation steps.

We describe a one-step homogeneous assay technology based on antibody-coated magnetic

nanoparticles that are spiked in very small amount directly into blood plasma. Pulsed

magnetic fields and a double-linker molecular architecture are used to generate high

biomarker-induced binding and low nonspecific binding between the nanoparticles. We

demonstrate dose�response curves for prostate specific antigen (PSA) measured in undiluted

human blood plasma with a detection limit of 400�500 femtomol/L, in a total assay time of

14 min and an optically probed volume of only 1 nL. We explain the dose�response curves

with a model based on discrete binding of biomarker molecules onto the nanoparticles, which

allows us to extract reaction parameters for the binding of biomarker molecules onto the

nanoparticles and for the biomarker-induced binding between nanoparticles. The demon-

strated analytical performance and understanding of the nanoparticle assay technology render

it of interest for a wide range of applications in quantitative biology and medical diagnostics.

KEYWORDS: magnetic nanoparticles . one-step homogeneous immunoassay .
whole human blood plasma . PSA
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plasma with high sensitivity and that the underlying
assay processes can be quantitatively analyzed based
on discrete molecular and nanoparticle binding
events. The assay starts with the spiking of a very small
amount of a nanoparticle probing reagent into the
sample (typically a few volume percent). The nano-
particles are coatedwithmonoclonal antibodies, target-
ing two different epitopes on the biomarker protein.
After the one-step reagent spike, the assay proceeds in
three phases as sketched in Figure 1a. In the first phase
the biomarker molecules are captured by the antibody-
coated magnetic nanoparticles in diffusive random
motion, in the absence of a magnetic field. Thereafter
a pulsating magnetic field alternatingly concentrates
the particles in chains (during time tconc) and lets the

nanoparticles diffuse by Brownian motion (during tdiff).
The field-on period generates a concentration of parti-
cles, while during the field-off period the diffusive
motion randomizes the angular orientations of the
nanoparticles and facilitates biomarker-induced inter-
nanoparticle binding. The inter-nanoparticle binding
gives clusters of nanoparticles, which are sensitively
detected by optical scattering at applied magnetic
rotation frequencies.15,16 Curves are measured of the
optical scattering signal as a function of the field
rotation frequency (see the inset of Figure 1a), where
the plateau signal reveals the number of clusters in
solution and the value of the critical frequency, ωcrit,
reveals the size of the clusters, as we will detail later. In
our experiments the three phases of the assay take a

Figure 1. Principle of the one-step homogeneous assay technology based on magnetic nanoparticles. Into the biological
sample a tiny volume of nanoparticle probing reagent is spiked, and thereafter the assay proceeds in three phases, which are
controlled by the applied magnetic field (see panel a): Capture, pulsation, and detection. During the pulsation phase,
nanoparticle concentration (tconc) and nanoparticle diffusion (tdiff) are alternated, so that biomarker-induced nanoparticle
clusters are formed. During the detection phase, the clusters are magnetically rotated and thereby generate a modulation of
optical scattering. The result is a curve of optical scattering signal as a function of frequency (as sketched in the inset); the
plateau reveals the number of clusters in solution, while the critical frequency reveals the cluster size and the viscosity of the
sample.16 (b) Scheme of the molecular surface architecture that we have engineered to suppress nonspecific interactions in
complex matrices. Antibodies with biotinylated PEG (polyethylene glycol) linkers are coupled to streptavidin-coated
nanoparticles. Thereafter a second layer of linkers is added in order to surround the antibodies by a shell of linkers.
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total time of 14 min, with 10 min for the capture phase,
2 min for pulsation, and 2 min for cluster detection.
We first investigate the binding dynamics of nano-

particles in a pulsating magnetic field. The assay is a
sandwich immunoassay for prostate specific antigen
(PSA), and we use a standard bioconjugation method
(EDC coupling chemistry) to couple antibodies to
carboxyl groups on the nanoparticles; details are given
in the Methods section. The time and field required for
the arrangement of nanoparticles into chains depend
on the particle susceptibility and the particle density.17

In our experiments we use a nanoparticle concentra-
tion of 1 pM, which corresponds to an average inter-
nanoparticle distance of 12 μm. The particles with a
diameter of 500 nm concentrate into chains very
rapidly,18 and in a magnetic field of 50 mT a concen-
tration time tconc of 2 s is sufficient. The role of
nanoparticle diffusion in the inter-nanoparticle bind-
ing process can be studied by varying the diffusion
time, tdiff, as presented in Figure 2a. The figure shows
the optical scattering signal due to nanoparticle bind-
ing as a function of the diffusion time for a total of 20
applied pulses. The data show a steep signal rise at
short diffusion times and a slight decrease at larger
values. We can understand the steep rise from the time
that is required for Brownian randomization of the
nanoparticle orientations, which equals the time that is
needed for translational diffusion by one particle dia-
meter [55 ms for a 500 nm particle in water19]. The
rotational and translational randomization increases
the biomarker-induced binding probability of the nano-
particles by a factor of 2�3. This will result in an
enhancement of biomarker detection sensitivity bymore
than an order of magnitude, due to the sublinear char-
acter of the dose�response curves, as we will see later in
this paper. The decrease of inter-nanoparticle binding at
long diffusion pulse widths (tdiff > 4 s) can be understood
from the outward diffusion of the nanoparticles, which
lowers the local nanoparticle concentration and thereby
the encounter probability. We observe the same binding
characteristics for different biomarker concentrations
(see inset), which proves that the inter-nanoparticle
binding dynamics are dominated by the properties of
the nanoparticles and the applied field. Figure 2b shows
the nanoparticle binding as a function of the total
pulsation time. The nanoparticles are concentrated into
chains during the first few pulses, and subsequently the
binding signal rises and saturates. A Langmuir curve fit20

reveals a timeconstant of τ=37(10 s. The timeconstant
is independent of thebiomarker concentration (see inset),
which demonstrates that we operate in a regime where
the antibodies on the nanoparticles rather than the
biomarker molecules are limiting the inter-nanoparticle
binding reaction. From the time constant we can esti-
mate an effective biomarker-induced inter-nanoparticle
association rate of kon = 104 M�1 s�1 (see the Methods
section).

Figure 2. Nanoparticle binding as a function of magnetic
pulse parameters. (a) Optical signal as a function of tdiff, the
time for diffusive Brownian motion. The pulse width for
nanoparticle concentration is tconc = 2 s, and the total
number of pulses is 20. The main panel shows data for a
biomarker concentration of 15 pM; the inset, for 150 pM. (b)
Nanoparticle binding signal as a function of the pulsation
time. The solid line is a Langmuir curve with an association
time constant of 37 s. (c) Critical frequency measured as a
function of the biomarker concentration, for binding with
pulsation (tdiff = 4 s) and without pulsation (tdiff = 0), in both
cases for a field strength of 3.7 mT. The dashed lines are
guides to the eye. The critical frequency is constant in the
doublet regime (wherem = 1 andm = 2) and drops as larger
clusters appear (multiplet regime, m > 2).16 The top x-axis
indicates the cluster multiplicity number qualitatively ob-
served by video microscopy. The inset shows a dose�
response curve with pulsated nanoparticles, using a stan-
dard COOH surface chemistry. The horizontal line indicates
the average value of the blank plus three times the standard
deviation of the blank (N = 10). The dose�response curve
shows a detection limit of 5 pM in buffer.
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The inter-nanoparticle binding process generates an
evolution of species in the fluid. The population starts
with single nanoparticles. After biomarker capture and
pulsation, two-particle clusters appear, denoted by the
multiplicity number m = 2. The formation of two-
particle clusters reduces the number of free single
particles in solution. We speak of the doublet regime
when the solution dominantly contains single particles
and two-particle clusters (m= 1 andm=2).We speak of
the multiplet regime when clusters of higher multi-
plicity appear in solution (m > 2). At any time, the total
signal S can be expressed as a summation over the
species in solution: S = ∑SmNm, with Sm the signal
per cluster and Nm the number of clusters with multi-
plicity m.
We can distinguish the doublet and multiplet re-

gimes by recording the critical frequency of rotation.
The critical rotation frequency, ωcrit, is the maximum
applied rotation frequency that a cluster can synchro-
nously follow (see the signal-versus-frequency inset in
Figure 1a). The critical frequency depends on the
cluster size; ωcrit is largest for m = 2, and it decreases
for m > 2 because larger clusters have a larger viscous
drag.16 Figure 2c shows the critical frequency as a
function of the biomarker concentration for an assay
with and without pulsation. The development of the
critical frequency is in agreement with observations of
the cluster multiplicity by video microscopy (see top
x-axis). The pulsation results in a dose�response curve
with a detection limit of 5 pM in buffer (see inset). It
appears that the system is in the multiplet regime over
nearly the complete dose�response curve; so the
standard bioconjugation method to couple antibodies
to the nanoparticles appears to generate in buffer a
high level of nonspecific binding, which masks the
doublet regime in the dose�response data. The non-
specific nanoparticle binding increases further when
blood plasma is used as a sample matrix, and as a
result, picomolar biomarker concentrations cannot be
resolved in this cluster assay.
In order to be able to investigate samples with sub-

picomolar biomarker concentrations in matrices of
high biological complexity, we have developed a
versatile molecular architecture as sketched in
Figure 1b. Antibodies with flexible biotinylated linkers
are attached to streptavidin-coated particles, and bio-
tinylated linkers (without antibodies) are added to
shield the surface of the nanoparticles and enhance
the colloidal stability.21 Thereafter another layer of
linkers is added as an inert shell around the antibodies,
coupled via multivalent streptavidin�biotin binding.
We have studied linkers of different lengths and com-
pared the modular architecture to the standard cou-
pling of antibodies to carboxyl groups on the
nanoparticles, showing a systematic increase of the
hydrodynamic radius, a shift of the charge state, and a
reduction of the nonspecific binding (see the Methods

section). The surface architecture with a double layer of
linkers very effectively suppresses the formation of
nonspecific particle�particle bonds, significantly bet-
ter than just a single layer of linkers. The pulsed
magnetic assay reveals a pronounced effect of the
surface architecture on the biomarker-induced binding
of nanoparticles, as is shown in Figure 3. Panel (a)
shows the critical frequency measured as a function of
the biomarker concentration, in buffer and in un-
treatedplasma.We see that a reliable low-concentration
assay can now be performed in untreated plasma.
The critical frequency in untreated plasma is about
one-third of the value in buffer because of the higher
viscosity of plasma (the critical frequency is inversely
related to the fluid viscosity15,16). Figure 3b shows a
dose�response curve recorded in buffer with the linker
architecture on the nanoparticles. The nonspecific inter-
particle binding is very effectively suppressed and
results in a limit of detection of 160 femtomol/L PSA in
buffer, which is about a factor of 30 lower than with the
standard carboxyl coupling of antibodies to the nano-
particles. The inset shows that the nanoparticles have
a time constant for inter-nanoparticle binding of only
12.7 ( 1.7 s, which is three times faster than with the
standard bioconjugation method.
Interestingly, the dose�response curve reveals a

shapewith two undulations, one in the doublet regime
and one in themultiplet regime (see Figure 3a). We can
understand the shape from a model for the nano-
particle binding processes in the fluid (see Supporting
Information). The model is based on the fact that the
capturing of biomarkers by the nanoparticles is a
discrete process governed by Poisson statistics. For
low biomarker concentrations most nanoparticles do
not carry a biomarker molecule, which gives a state
with mainly single nanoparticles and only a few dou-
blets. At high biomarker concentrations the binding
probabilities increase, resulting in a state with many
doublets and few single nanoparticles. For the doublet
regime (with onlym = 1 andm = 2) the total signal can
be expressed as a function of the average number of
biomarkers per nanoparticle x:

S(x) ¼ ∑
m

SmNm = S2 Nns
2 þ (N � 2Nns

2 )
1 � e�ξxΓ

2 � e�ξxΓ

" #
,

with x ¼ Cb=CN
Γ ¼ 1 � e�tcap=τcap (1)

where S2 is the optical signal per doublet, N2
ns is the

number of doublets not caused by biomarkers
(nonspecific doublet background),N is the total number
of nanoparticles, ξ is the fraction of biomarkers on
the nanoparticles that is sterically available to form an
inter-nanoparticle bond (0 e ξ e 1), Γ is the fraction of
biomarkers that is captured from solution onto the
nanoparticles (Langmuir kinetics, 0 e Γ e 1), Cb and CN
are respectively the concentration of biomarkers and
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nanoparticles in theoriginal solution, tcap is thedurationof
the biomarker capturing process, and τcap is the capture
time constant. The steric availability factor ξ takes account
of the fact that captured biomarker molecules have a
limited potential to generate an inter-nanoparticle bond,
due to steric hindrance originating from antibody mis-
orientationor surface roughnessof theparticles. Figure3b
shows a fit of eq 1 to the data in the doublet regime. We
have determined in an independent experiment that the
captured fraction in buffer is aboutΓ=0.95. This allows us
to deduce from the curve fit that the biomarker steric
availability for the surface architecture with linkers is ξ =
0.43 ( 0.12, so about half of the captured biomarker
molecules are sterically available to form an inter-nano-
particle bond. For the standard carboxyl coupling of
antibodies, the steric availability is ξ = 0.26 ( 0.07 (see
Supporting Information), which is nearly a factor of 2
lower than for the surface architecture with linkers.
Interestingly the slope of the dose�response curve is

the same for the doublet and the multiplet curve seg-
ments, but themultiplet segment is shifted towardhigher
biomarker concentrations. This points to a reduced bind-
ing effectiveness of multiplets versus single particles. We
attribute the shift to a reduced effective area for elonga-
tion ofmultiplets. In the doublet regime, the formation of
clusters is driven by single particles, whose spherical
shape implies that biomarker molecules over their com-
plete surface area can induce inter-nanoparticle binding.
In themultiplet regime, theprocess to growdoublets into
longer multiplets is sterically hindered, because the
doublets are magnetically oriented and only biomarkers
captured at their extremities can generate further cluster
elongation (see sketch in Figure 3b). Consequently, the
shape of a doublet causes a less effective biomarker-
induced inter-nanoparticle binding process, which shifts
the multiplet segment to higher concentrations in the
dose�response curve. We can model the reduced bind-
ing effectiveness by an area ratio F, which is the ratio
between the area of the two extremities and the total
surface area of the cluster (see Supporting Information).
From the fit we deduce an area ratio of F= 0.012( 0.005,
which points to the existence of effective binding caps
with a solid angle of 0.65 sr. Note that an interesting
consequence of the existence of the doublet and multi-
plet regimes is that the total assay dose�response curve
has a very large dynamic range, over several orders of
magnitude in biomarker concentration.
In Figure 3c we show dose�response data for assays

in blood plasma, namely, for a mixed-gender plasma
pool and for an untreated female plasma pool.
The mixed-gender plasma pool was precleared by
immuno-extraction of PSA originating frommale plasma
donors. Female plasma contains no or extremely low
levels of PSA,3 so PSA clearance was not required. The
nanoparticle assay was performed with a reagent-
to-plasma ratio of only 5%. The dose�response curve
for the precleared plasma pool correlates perfectly with

Figure 3. One-step homogeneous magnetic nanoparticle
immunoassay for PSA, in buffer and in blood plasma.
Nanoparticles are coated with the molecular surface archi-
tecturewith linkers. The total reagent spike is only 5%of the
plasma volume. (a) Critical rotation frequency of nanopar-
ticle clusters as a function of the PSA concentration for
buffer anduntreatedbloodplasma,measuredwith a field of
6 mT. The dashed lines are guides to the eye. (b) Dose�
response curve in buffer, where each point has been
measured in triplicate. The doublet regime (up to 5 pM)
has been fitted using eq 1; the curve fit in the multiplet
regime is described in the Supporting Information. The
inset shows the binding signal as a function of the pulsation
time. The graphical sketch shows in green the effective
areas for cluster growth, for single particles, and for dou-
blets. (c) Dose�response curve in untreated blood plasma.
The inset shows an overlay of the dose�response curves in
buffer, precleared plasma, and untreated plasma. The line is
a curve fit according to the model description (see the
Supporting Information). The horizontal line shows the
level of the blank plus three times the standard deviation
of the blank.
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the dose�response curve in buffer across three
decades of biomarker concentration (see inset).
Measurements in untreated female plasma also cor-
relate well but show a higher blank level due to
nonspecific binding. The limit of detection is
400�500 femtomol/L in both plasma types. A fit of
the plasma dose�response data gives in plasma the
same signal per doublet and the same effective
binding cap as in buffer, but a slightly lower Lang-
muir factor (Γ = 0.72 ( 0.25), which we attribute to
the higher viscosity of the matrix.

CONCLUSION

We have described a one-step homogeneous im-
munoassay technology in which a very small amount
of magnetic nanoparticles is spiked directly into whole
blood plasma. Sensitive and rapid biomarker detection
in blood plasma is enabled by the use of a pulsating
magnetic field (see Figure 1a) and the use of a double-
linker surface architecture on the nanoparticles (see
Figure 1b). Both contribute in an essential manner to
achieving high specific binding as well as low non-
specific binding in blood plasma. The dose�response
curves consist of two concatenated segments, one in
which nanoparticle doublets are formed and one in
which multiplets are formed, which results in a dose�
response curve with a dynamic range over several
orders of magnitude in biomarker concentration. It is
important to place our results in the perspective of
existing literature. The founding paper of Baudry et al.9

describes the enhancement of nanoparticle clustering
by a magnetic field, but the paper shows assay results
only for buffer and not for plasma. Our recent
publication16 describes the detection of magnetic
nanoparticle clusters in a rotating magnetic field, but
it shows only two-step assays (the samples were
diluted in buffer halfway during the assay) and only
for the binding of streptavidin to biotinylated BSA
(bovine serum albumin). The latter is an artificial model
system that has a binding affinity that is several orders
of magnitude higher than the biological system of the
present paper, i.e., monoclonal antibodies capturing
the medical biomarker PSA. Finally, papers that report
high immunoassay sensitivities in plasma1�4 use as-
says based on series of sequential processing steps
(such as sample dilution, affinity capture, washing,
labeling, and chemical or biochemical amplifications),
use chip technologies,4 and have very long total assay

times. This is in strong contrast to the assay technology
of this paper, which is basedononly a single step, namely,
the spiking of a small amount of probing reagent directly
into a whole blood plasma sample, which uses an ex-
tremely small amount of reagent (few volume %), which
does not need a chip technology (it is a homogeneous
solution-based assay), and which has a total assay dura-
tion on the time scale of minutes. We have demonstrated
the ability to record and model the population dynamics
of thenanoparticle systemand theability toquantitatively
extract the underlying parameters for capture of biomar-
kers onto the nanoparticles and for biomarker-induced
inter-nanoparticle binding. We have demonstrated a limit
of detection of 400�500 fmol/L PSAmeasured directly in
whole human blood plasma, in a total assay time of 14
min andwith an optical probing volume of only 1 nL. The
optical probing volume is much smaller than the total
sample volume of the cuvette used in the experiments.
We have verified by video microscopy that the particles
and particle clusters are uniformly distributed over the
entire cuvette during the complete assay; therefore we
foresee that the assay can also be performed in a much
smaller sample volume, namely, a volume that is close to
the present optical probing volume, i.e., a sample volume
on the order of a few nanoliters. The flexible magneto-
temporal control of thehomogeneousone-stepassay, the
fact that separation and washing steps are not necessary,
the use of a single probing reagent in a very low amount,
and the small sample volume render the technology
suited for biological analysis and for further miniatur-
ization, integration, andmultiplexing. Ultrasmall sam-
ples can be taken and analyzed for biotechnological
process monitoring22 and the screening of libraries of
biological materials.23 The one-step homogeneous
assay technology is also suited for medical in vitro

diagnostics, in robotic high-throughput instrumenta-
tion, and in future rapid and cost-effective point-of-
need systems that will operate with miniscule sam-
ples from a finger prick.24�26 Furthermore, the experi-
mental and modeling frameworks that we have
developed in order to gain understanding of the
underlying assay processes form a strong basis for
further scientific studies on nanoparticle properties,
coating properties, nanoparticle�matrix interac-
tions, binding affinities, and the biological availabil-
ity of surface-coupled antibodies, in buffer solutions
as well as in complex biological matrices such as
whole blood plasma.

METHODS

Opto-magnetic Platform. A collimated laser beam (658 nm
wavelength, Sanyo DL-6147-240, operating at 15 mW) is fo-

cused with a low numerical aperture lens (NA = 0.025) into the

center of a glass cuvette of square inner cross section (1 mm2).

The low numerical aperture lens gives a depth of focus of 1mm,
equal to the optical path inside the cuvette. The beam waist
diameter is calculated to bew= 1.22λ/NA = 32 μm. The optically
probed fluid volume is approximately 1 nL. The focus of the laser
beam and the center of the glass cuvette are placed in the
middle of a quadrupole electromagnet, which generates a
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rotatingmagnetic field in a vertical plane.16 The electromagnets
have been calibrated with a Hall probe and generate a max-
imum field of 70 mT. The self-inductance of the coils becomes
important only at frequencies above several hundreds of Hz. We
measure the scattered light at an angle of about 30� from the
main optical axis, where the signal intensity is maximum. The
scattered light is collected by a low NA lens onto a photo-
detector (New Focus, model 2031, gain 2.106). Voltage signals
measured by the photodetector are sampled at 1 kHz during 3 s
and stored in a file using digital data acquisition (National
Instrument NI-DAQ 6259). The data are processed by an FFT
algorithm in MATLAB to compute the signal amplitudes. The
optical scattering signal from the clusters appears at twice the
rotation frequency of the applied magnetic field, due to the
point symmetry of the clusters. The fwhm value of the 2f peak is
about 50 mHz. The precision of the 2f amplitude determination
is better than 2%. Curves of the optical scattering signal as a
function of frequency are determined between 1 and 25 Hz in a
total scan time of 2 min. The signals are stable over time,
indicating that no magnetically induced clusters are generated
during the frequency-selective detection phase and that only
the chemically formed clusters are measured.

Coating of COOH Nanoparticles with r-PSA Antibodies. Chemicals
were purchased fromSigmaAldrich except if stated otherwise. EDC
(1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride,
Thermo Scientific Pierce) is dissolved in deionized water at a final
concentration of 40mg/mL. COOHmagnetic nanoparticles (100μL,
AdemTech Masterbeads, 500 nm diameter) at 50 mg/mL are
washed three times with 500 μL of MES buffer (50 mMMES buffer
pH 6.2 þ 0.001 [% v/v] Triton). The nanoparticles are suspended
in 250 μL of MES buffer. The antibodies (R-PSA10 mAb and
R-PSA66mAb, purchased from Fujirebio) are added to the solution
at a concentration of 20 μg per mg of nanoparticles, and EDC at a
final concentration of 2 mg/mL is added. The nanoparticles are
incubated for 30 min with the antibodies at room temperature,
mixed on a thermomixer at 600 rpm. The reaction is blocked by
adding 2M Tris buffer pH 8.0 to a final concentration of 0.1 M. After
30 min the nanoparticles are magnetically washed twice and the
supernatant is removed and replaced by 500 μL of 50 mM Tris
buffer pH 8.0. As a last step, the nanoparticles are suspended in
500μL of storage buffer (AdemTech). The binding kinetics of PSA to
the antibodies has been measured by surface plasmon resonance
(BiaCore SPR instrument), and a value of kon = 105 M�1 s�1 was
determined. We can estimate an effective kon for biomarker-
induced inter-nanoparticle binding from the data in Figure 2b.
The data give a time constant of τ = 37 ( 10 s. From this time
constant we can calculate an effective association rate kon = 1/(τC),
with C the effective concentration of antibodies during the pulsa-
tion phase. We have determined the number of active antibodies
per nanoparticle by incubating known amounts of nanoparticles
and PSA for 1 h (long enough to reach equilibrium) and by
measuring with UV absorption (Nanodrop) the amount of biomar-
ker left in the supernatant. We found that each nanoparticle holds
approximately 200 active antibodies. Thus the effective concentra-
tion of antibodies during the field-induced inter-nanoparticle bind-
ing process is approximately 200 per nanoparticle volume of about
500nmcubed, so about3μM.This gives anestimate for theeffective
inter-nanoparticle association rate constant of kon ≈ 104 M�1 s�1.

Coupling of PEG Linkers to r-PSA Antibodies. Biotinylated PEG
linkers modified with an NHS group (b-PEG-NHS, purchased
fromCreative PEGWorks) were conjugated to the antibodies (R-
PSA10 mAb and R-PSA66 mAb, purchased from Fujirebio). The
concentration of antibodies was measured by UV absorbance
(Thermo Scientific, Nanodrop). The b-PEG-NHS solution is pre-
pared in PBS at 5 mM and is added to the antibodies in a
10 molar excess. The mixture is incubated for 1 h at room
temperature under gentle shaking. The biotinylated antibo-
dies are purified through a PD10 column in 0.1% NaN3 in PBS.
A control experiment with fluorescein-PEG-NHS linkers re-
vealed that on average just a few PEG linkers are coupled to
each antibody.

Linker Multilayer Architecture on Magnetic Nanoparticles. Strepta-
vidin-coated nanoparticles (10 mg/mL; 500 nm Masterbeads,
AdemTech, 6� 1010 particles per mL) are magnetically washed
three times in PBS buffer and resuspended in PBS by sonicating
three times at 50W for 3 s. A 25μg amount of biotinylatedR-PSA

antibodies per milligram of nanoparticles is added to the
nanoparticles and incubated for 15 min under gentle shaking.
Additional hydrolyzed b-PEG-NHS (thus with a nonreactive
NHS group) is added to the solution at a final concentration
of 200 pmol per milligram of nanoparticles and incubated
for 15 min under gentle shaking. An excess of streptavidin
(2.2 nmol per mg nanoparticles) is added and incubated under
gentle shaking for 10 min, and then an excess of hydrolyzed
b-PEG-NHS (90 nmol per mg nanoparticles) is added and
incubated for 15 min under gentle shaking. The nanoparticles
are magnetically washed and suspended in buffer (5% BSA in
PBS with 1 mM biotin). The solution is sonicated for 3 s at 50 W.

Measurement of Mean Nanoparticle Size and Charge. Measure-
ments have been performed by dynamic light scattering
(Malvern, Zetasizer). For measuring the hydrodynamic mean
diameter, the nanoparticles have been diluted to 50 μg/mL in
NaCl buffer, and a sample volume of 1mLwas sonicated at 50W
for 3 s twice. The mean diameter progressively increases, from
506 nm (COOH) to 520 nm (Streptavidin) and to 550 nm (PEG-
coated nanoparticles). The same protocol has been followed for
the zeta potential measurements, using 10 mM phosphate
buffer pH 7.4. The measurements show a progressive reduction
in the surface charge of the nanoparticles: carboxyl-coated
nanoparticles are most strongly charged (Z = �23 mV), then
the particles with streptavidin (Z = �19 mV), and the particles
with PEG linkers have the lowest charge (Z =�14mV). In buffer,
only the PEG-coated nanoparticles showed no measurable
nonspecific interparticle binding, which demonstrates that
PEG linkers suppress nonspecific interactions and increase the
nanoparticle stability.

Immunoassay Samples. We performed immunoassay experi-
ments in three matrices, namely, in buffer, in a mixed-gender
plasma pool that was precleared of PSA, and in an untreated
female plasma pool:

(1) Experiments in buffer. PSA is spiked in buffer (5% BSA in
PBS) from a PSA calibrator (60 μg/L) purchased from
Fujirebio. In the immunoassay experiments, 1.5 μL of R-
PSA nanoparticles at 2mg/mL (1:1 ratio ofR-PSA10mAb
and R-PSA66 mAb nanoparticles) is added to 28.5 μL of
buffered PSA.

(2) Experiments in mixed-gender heparin plasma pool
(purchased from Innovative). Mixed-gender plasma
pools contain a background PSA level frommale plasma
donors. We cleared the plasma by incubating for 30 min
a volume of 0.5mL of plasmawith 5mg of nanoparticles
coated with R-PSA antibodies and subsequently with
5 mg of nanoparticles coated with Protein G to remove
excess IgG. The nanoparticles are magnetically re-
moved, and the precleared plasma is spiked with PSA
from the calibrator. The immunoassay capture starts by
addingR-PSAnanoparticles to the sample, with 1.5μL of
nanoparticles at 2 mg/mL added to 28.5 μL of pre-
cleared plasma. The solution has a final plasma content
of 95%.

(3) Experiments in female heparin plasma pool (from
SeraLab). Female plasma contains no or extremely low
levels of PSA, so PSA clearance is not required. The
plasma is spiked with PSA from the calibrator and a
detergent at 2% w/v in dry form. The immunoassay
capture starts by adding R-PSA nanoparticles to the
sample, with 1.5 μL of nanoparticles at 2 mg/mL added
to 28.5 μL of plasma. The solution has a final plasma
content of 95%.
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