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ABSTRACT: A highly sensitive surface plasmon resonance (SPR)
biosensor employing magnetic nanoparticle (MNP) assays is
presented. In the reported approach, MNPs simultaneously served
as “vehicles” for rapid delivery of target analyte from a sample to
the sensor surface and as labels increasing the measured refractive
index changes that are associated with the binding of target analyte.
An optical setup based on grating-coupled surface plasmon reso-
nance (GC-SPR) was used with a magnetic field gradient applied
through the sensor chip for manipulating with MNPs on its
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surface. Iron oxide MNPs and a sensor surface with metallic diffraction grating were modified with antibodies that specifically
recognize different epitopes of the analyte of interest. The sensitivity of the biosensor was investigated as a function of mass transport
of the analyte to the sensor surface driven by diffusion (free analyte) or by the magnetic field gradient (analyte bound to MNPs).
Immunoassay-based detection of # human chorionic gonadotropin (ShCG) was implemented to evaluate the sensitivity of the
MNP-enhanced GC-SPR biosensor scheme. The results reveal that the sensitivity of ShCG detection was improved by 4 orders of
magnitude compared with the regular SPR sensor with direct detection format, and a limit of detection below pM was achieved.

Surface plasmon resonance (SPR) biosensors are intensively
researched for fast and sensitive detection of chemical and
biological analytes in important fields such as medical diagnos-
tics, food control, and environmental monitoring.l_3 This
optical method is based on the measurement of refractive index
changes that are associated with the capture of target analyte on
the metallic sensor surface by attached biomolecular recognition
elements. SPR biosensors offer the advantage of direct and rapid
analysis and typically allow detection of large and medium-size
molecules at above nanomolar concentrations. To enhance the
sensitivity, the amplifying of SPR biosensor response to molec-
ular binding events was pursued on the basis of enzyme™ and
nanoparticle® '® labels. Gold nanoparticles were shown to
strongly enhance the refractive index changes1 ! which, for instance,
allowed decreasing the limit of detection (LOD) for DNA strands
to the femtomolar level.”

Similarly, magnetic nanoparticle (MNP) labels were em-
ployed in SPR biosensors®'>"* to increase the binding-induced
refractive index changes'* and in this'* and other analytical
techniques'>~*” allowed efficient preconcentration and purifica-
tion of target analytes such as DNA,** RNA,* proteins,24’25
cells,*" bacteria,® and viruses®” contained in complex samples.
Moreover, in various optical biosensors MNPs were employed
for the quick delivery of analyte to the sensor surface by magnetic
field gradient, which allows overcoming a slow diffusion-driven
mass transfer.">**3° However, to our knowledge, this function-
ality has not to date been utilized for SPR biosensors. One of the
reasons is that SPR biosensors mostly rely on the attenuated total
reflection method (ATR) with Kretschmann configuration that

is implemented by using bulk prism couplers and thus does not
allow applying a magnetic field through the sensor chip.

In this paper, we report a new approach that combines SPR
biosensor technology with MNP assays for detection and manip-
ulating molecular analytes on the sensor surface. It is based on
grating-coupled surface plasmon resonance (GC-SPR) with a
metallic diffraction grating sensor chip that is functionalized by
antibodies recognizing the target analyte. The MNPs conjugated
with antibodies specific to different analyte epitopes served both
as labels for enhancing refractive index changes due to the
capture of target analyte and as “vehicles” for the rapid delivery
of analyte from a sample solution to the sensor surface. They
were rapidly collected on the sensor surface by magnetic field
gradient applied directly through the GC-SPR sensor chip. The
contribution of the velocity of MNPs in a magnetic field gradient
to the sensitivity of MNP-enhanced GC-SPR biosensor is dis-
cussed, and its performance is demonstrated in an immunoassay
experiment in which £ human chorionic gonadotropin (ShCG)
was detected.

B MATERIALS AND METHODS

Materials. Magnetic nanoparticles (fluidMAG-ARA) with
iron oxide core (magnetization saturation Mg, of 50 emu g71
characterized by SQUID measurement), polysaccharide capping
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Figure 1. (A) Scheme of an optical setup and (B) a sensor chip of
MNPs-enhanced GC-SPR sensor. (C) The angular SPR reflectivity
spectra from a gold diffraction grating before and after the immobiliza-
tion of capture antibody.

layer (thickness ~ 12.5 nm) were purchased from Chemicell
(Berlin, Germany). The hydrodynamic diameter of magnetic
nanoparticles of d = 220 & 63 nm was measured by dynamic light
scattering (DLS, from Malvern Instruments, UK). A pair of
capture (cAb, MAF05-627) and detection (dAb, MAF05-043)
monoclonal antibodies that recognize different epitopes of 3
human chorionic gonadotropin (ShCG, A81455M) was ob-
tained from Meridian Life Science (Saco, ME, USA). The affinity
constant of the cAb was K, = 4 x 10'° M~ according to the
manufacturer specification. 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were
from Pierce (Rockford, IL, USA). Dithiolalkanearomatic PEG6-
COOH (thiol-COOH) and dithiolalkanearomatic PEG3-OH
(thiol-PEG) were purchased from SensoPath Technologies
(Bozeman, MT, USA). 2-(N-Morpholino)ethanesulfonic acid
(MES), PBS buffer tablets, and Tween-20 were purchased from
Sigma-Aldrich. PBS-Tween buffer (PBST) was prepared by
adding Tween 20 (0.05%) in PBS buffer solution.

Optical Setup. An SPR biosensor setup depicted in Figure 1A
was used. A light beam with a wavelength of A = 632.8 nm was
emitted from a He—Ne laser (Uniphase, CA, USA), passed
through a chopper and a polarizer selecting transversal magnetic
(TM) polarization, and was made incident at a surface of a sensor
chip with gold diffraction grating. The sensor chip was mounted
on a rotation stage (Huber AG, Germany) to control the angle of
incidence, 6. The intensity of the laser beam that was reflected
from the sensor chip surface was measured by using a photodiode
(PD) connected to a lock-in amplifier (Princeton Applied
Research, TN, USA). Against the surface of the sensor chip, a
flow-cell with depth h = 0.3 mm, width w = 4 mm, and length
L = 8 mm was attached. Samples were laminar-flowed over the
sensor surface at a flow rate of 503 uL min ', which corresponds

to the maximum flow velocity v,,,= 8.4 mm s " at the distance
from the surface h/2. For the MNP immunoassays, an external
magnetic field with a gradient perpendicular to the surface of
VB = 010 T mm ' was applied by using a 1.4 T NdFeB
cylindrical magnet (diameter 10 mm, length 25 mm from
Neotexx, Berlin, Germany) placed at a distance of 2 mm from
the sensor surface. As seen in Figure 1C, the resonant coqulin to
surface plasmons by using diffraction grating coupler'?"** is
manifested as a resonance dip in the reflectivity spectrum R(6).
Similarly to SPR biosensors utilizing the ATR method, the
binding of molecules to the gold surface is observed as a shift
in the reflectivity dip, Af. For the measurement of kinetics of
reactions occurring on the surface, the angle of incidence was
fixed at € = 9°, and the temporal binding-induced variations of
reflectivity signal, R(t), were recorded by using the software
Wasplas (developed at the Max Plank Institute for Polymer
Research, Mainz, Germany).

Sensor Chip Preparation. Silicon master grating with sinusoi-
dal relief modulation (period A = 520 nm, depth = 58—64 nm)
was prepared by using a hologra;)hy and reactive ion beam etching
(RIBE) as described previously.” The profile of the master grating
was cast to a PDMS that was poured over its surface and cured
overnight at 65 °C. Afterward, the PDMS stamp was detached, and
the grating structure was transferred into a thin layer of UV-curable
polymer (NOA72, Netherlands) deposited on a glass sensor
chip surface by spin-coating. After 90 min exposure to UV light
(48 mWcem *ata wavelength of 4 = 365 nm, Bio-Link 365 from
Vilber Lourmat, Germany), the PDMS stamp was released, and
cured NOA72 polymer was aged for 9 h at 65 °C, then the sensor
chip was coated with a thin gold layer (thickness of 60 nm) by
sputtering (UNIVEX 450C from Leybold Systems, Germany).
A thiol self-assembled monolayer (SAM) was formed on the gold
surface (see Figure 1B) by overnight incubating in a mixture of
thiol- COOH and thiol-PEG dissolved in absolute ethanol (molar
ratio of 1:9 with a total concentration of 1 mM) followed by
extensive rinsing with ethanol and drying in a stream of N,.

The capture antibody cAb was in situ immobilized on the
sensor surface by using amine coupling chemistry. First, the
solution with EDC and NHS (concentrations in deionized water
of 37.5 and 10.5 mg mL ™", respectively)** was flowed over the
surface for 10—1S5 min to convert the thiol SAM carboxylic
moieties to active esters. Afterward, cAb dissolved in acetate
buffer (10 mM, pH = 5.5) at a concentration of 30 g mL ™' was
circulated through the flow cell for 90 min to react via their amine
groups with the sensor surface. Finally, the sensor surface was
rinsed with PBS to remove loosely bound molecules. The
reflectivity spectra R(6) measured before the immobilization
of cAb and after the rinsing are presented in Figure 1C. The
measured resonance angle shift (A = 0.35°) corresponds to the
surface coverage of antibody 8 = 1.75 ng mm > (0.012 pmol
mm~ for molecular weight of IgG antibodies of 150 kDa).

Modification of Magnetic Nanoparticles. MNPs were mod-
ified with detection antibody dAb according to the protocol
from the supplier with several modifications. Briefly, 20 mg of
MNPs was reacted with freshly prepared EDC and NHS (both
concentrations of EDC and NHS of 11 mg mL ™" in MES buffer)
to activate the carboxylic moieties on the MNP surface (see
Figure 1B). Afterward, the MNPs were washed with pure MES
buffer and incubated with 100 ug of dAb for 2 h at room
temperature. Then the unreacted active ester groups on MNPs
with covalently bound detection antibodies (MNP-dAb) were
deactivated by 20-min incubation with 1 M ethanolamine
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Figure 2. Schematics of used detection formats: direct detection (a),
sandwich assays with amplification by detection antibody (b) and MNP-
dAb without (c) and with (d) applied magnetic field. Detection format
consisting of preincubating MNP-dAb with ShCG followed by sandwich
assay upon applied magnetic field gradient (e).

(pH 8.5), followed by rinsing with PBST buffer. Prior to use, the
modified nanoparticles were dissolved in PBST buffer at a
concentration of 20 mg mL " and stored at 4 °C. The anti-
body-to-MNP ratio was estimated as 10:1, assuming 90% of
antibodies were immobilized on the MNP surface during the
labeling process.>

Detection Formats. All samples were prepared by spiking
0.8 mL of PBST with ShCG at concentrations ranging from 0.5
pM to 0.5 uM. As illustrated in Figure 2, five different detection
formats (a—e) were evaluated for detection of the target analyte.
In direct detection format a, PBST was flowed through the flow
cell until a stable baseline in the SPR reflectivity signal, R(t), was
reached. Afterward, a sample was circulated through the sensor
for 15 min, followed by 3-min rinsing with PBST. The sensor
response was determined as a difference, AR, between the
baseline and the reflectivity signal measured after the rinsing,
In detection formats b—d, the sensor surface was subsequently
incubated with 67 nM of dAb (detection format b) or with 0.6
nM of MNP-dAb (detection formats ¢ and d) and rinsed with
PBST for 5 min. In detection formats ¢ and d, the magnetic field
gradient was VB = 0 and VB = 0.10 T mm ", respectively, upon
the 10-min incubation of the sensor surface with MNP-dAb. In
detection format e, a sample was mixed with MNP-dAb at a
concentration of 0.6 nM, allowed to react with ShCG for 20 min,
and flowed through the flow cell with an applied magnetic field
gradient of VB = 0.10 T mm~ ' for 10 min. Afterward, the
magnetic field was switched off (VB = 0), and the sensor surface
was rinsed for S min with PBST to wash MNP-dAD that was not
affinity-bound to ShCG. The sensor response for detection
formats b—e was determined as a reflectivity change, AR, before
the sample injection and after the S-min rinsing with PBST.
Deionized water and 10 mM NaOH were sequentially flowed for
around 10 min to release ShCG molecules bound to cAb on the
surface (regeneration).

Mass Transfer of Analyte and MNP-dAb to the Surface. On
the basis of the two-compartment model,* diffusion-driven mass
transfer of ShCG and MNP-dAD from a sample in the flow-cell to
the sensor surface can be described by the diffusion rate,

13
kn~1.378 <V ) (1)

hL

where D is a diffusion constant in water. For ShCG and MNP-
dAb, it was determinedas D= 1.1 X 10 *and 2 X 10 ® mm?s !
from their hydrodynamic diameters d = 4 and 220 nm, respec-
tively, based on the Stokes formula. Upon the drag of MNP-dAb
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Figure 3. Specificity test of the sensor chip and MNP-dAD biointerface
architectures. Angular reflectivity spectra measured in PBST (i) after 10-
min flow of MNP-dAb with magnetic field gradient of VB= 0.1 Tmm "
(i), and after switching off the magnetic field and 2-min rinsing with
PBST (iii). The results are shown for sensor surface without (A) and
with (B) the flow of a sample with 45 nM ShCG prior to the experiment.

through the aqueous sample with a dynamic viscosity of u = 1 g
m st by an applied magnetic field gradient, VB, its steady
state velocity, v, can be determined from the following equation,

v = d*pM,;VB/18u (2)

wherep=5g cm > is the bulk density of iron oxide MNPs, M, is
the saturation magnetization, and d is the hydrodynamic dia-
meter of MNP-dAb. For the hCG, the diffusion rate is equal to
kp=4.8 X 10 >mms ', which is larger than the one for MNPs
kv=33 %10 *mms !, owing to its smaller size. The predicted
steady state velocity of MNPs dragged through an aqueous samPle
by the applied magnetic field gradient of VB = 0.10 T mm" " is
equaltov =6 x 10 *mms ', which is ~13- and 180-fold faster
than diffusion rates for hCG and MNP, respectively. For the
investigated ShCG SPR biosensor, the binding kinetics was
diffusion-controlled, as the affinity bindin§ rate multiplied by
the cAb surface coverage k,f ~ 1.2 X 10" mm s ! was larger
than ky (the affinity rate constant of k, ~ 10° M~ s™" was
determined for the interaction between cAb and ShCG by SPR
measurement; data not shown). These data indicate that mag-
netic nanoparticle assay can provide faster delivery of the analyte
to the surface and thus provide enhanced SPR sensor response.

B RESULTS AND DISCUSSION

Sensor Specificity. First, a control experiment was performed
in which a blank sample without the target ShCG analyte was
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Figure 4. (A) Comparison of the reflectivity signal, R(t), measured for a
PhCG concentration of 4.5 nM and direct detection format (a, squares
and the inset), antibody amplification (b, squares and the inset), MNP-
dAb amplification (¢, triangles), MNP-dAb amplification with magnetic
field gradient VB = 0.10 T mm ™" (d, circles). (B) Reflectivity signal,
R(t), for the detection of ShCG at concentrations between 0 and 4.5 nM
by using detection format e.

analyzed by using the detection format d. Figure 3A shows the
angular reflectivity spectra, R(6), measured before the incuba-
tion with MNP-dAb (i) and after a 10-min flow of MNP-dAb
with magnetic field gradient VB = 0.10 T mm " (ii) that was
followed by the rinsing with PBST with the magnetic field
switched off (iii). These results show that the overall reflectivity
decreased upon the collecting of MNP-dAD on the sensor surface
in the magnetic field gradient due to the aggregation of MNPs
and accompanied scattering of incident laser beam (curve ii).
However, the reflected laser beam intensity and resonance angle
of the SPR dip reached the original levels after the rinsing (curve
iii), which indicates negligible nonspecific interaction between
MNP-dAb and the sensor surface functionalized with cAb. For
comparison, Figure 3B shows an identical experiment for a
sample with ShCG at 45 nM concentration. The angular
reflectivity spectra, R(6), before the injecting of MNP-dAb (i)
and after the rinsing (iii) reveal a clear shift in the resonance angle
(A0 =0.45°), which is attributed to the specific binding of MNP-
dAb to ShCG captured by cAb on the surface of the sensor chip.

MNP-Amplified Sensor Response. The MNP amplification
of GC-SPR sensor response was studied for the concentration of
PhCG set to 4.5 nM. Figure 4A shows the kinetics of the SPR
reflectivity signal R(t) upon sample analysis with detection
formats a, b, ¢, and d. For direct detection format a, a small
reflectivity change of AR, = 0.06 & 0.017 was observed,. as seen
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Figure S. The calibration curves for the detection of ShCG by
direct detection format (a, stars), followed by antibody amplification
(b, squares) and the amplification by MNP-dAb without (¢, triangles)
and with (d, diamonds) an external magnetic field. In format e, a sample
with ShCG was incubated with MNP-dAb, followed by the detection of
the MNP-dAb-ShCG complexes with external magnetic field applied
(circles).

in the inset of Figure 4A. The binding of the detection antibody
(format b) led to an ~3-fold increased reflectivity change,
AR, = 0.2 £ 0.017 with respect to direct detection format a.
Because the kinetics for the binding of detection antibody
saturated after the 10-min incubation, we assumed that the
majority of accessible ShCG molecules captured on the sensor
surface reacted with detection antibodies. The 3-fold increase,
ARy,/AR,, of the sensor response is lower than the ratio of
the molecular weights of the antibody (150 kDa) and ShCG
(22.2 kDa). This fact is probably caused by steric hindrance,
leading to only ~30% of ShCG molecules being accessible for
the binding of the dAb.

For the MNP-enhanced sandwich assay with diffusion-
driven mass transfer of MNP-dAb to the surface (detection
format c), a sensor response of AR. = 1.02 £ 0.015 was
observed, which is ~17 times higher than that for format a.
This enhancement is due to the larger mass and higher
refractive index of the MNPs. Let us note that the sensor
response was not saturated after the 10 min flow of MNP-dAb.
If a magnetic field gradient is applied upon the flow of MNP-
dAb (detection format d), one can see a gradual decrease in the
reflectivity signal, R(t), owing to the accumulation of nanopar-
ticles on the surface and the associated scattering. However,
upon rinsing, the reflectivity signal rapidly increased, and a
large sensor response of ARy = 6.4 & 0.021 was measured. This
reflectivity change is ~10> times larger than that for the direct
detection (detection format a) and 6.3 fold higher than for
MNP-dAb diffusing to the surface (detection format c). This
observation can be explained by the rapid magnetically driven
mass transfer of MNP-dAb (v = 6 x 10 > mm s~ '), which is
~1.8 x 10” times faster than the mass transfer of MNP-dAb
driven by diffusion (ky = 3.3 x 10~ * mm s~ '). The sensor
response enhancement ARy/AR_ is lower than the ratio of the
mass transfer rates v/ky; because the sensor response does not
change linearly in time for detection format d and gets quickly
saturated (see curve d in Figure 4A).

Figure 4B compares the SPR reflectivity signal, R(t), measured
by using detection format e for analyte concentrations between 0
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Analytical Chemistry

and 4.5 nM. Similar to the detection format d, R(t) decreased
after the injection of MNP-dAb with captured ShCG, and it
rapidly increased after the removal of the magnet from the sensor
surface and rinsing. The reflectivity change, AR,, after rinsing
increases with the concentration of ShCG in the sample that was
reacted with MNP-dAb. In addition, Figure 4B illustrates that the
sensor surface can be regenerated after detection, which allowed
more than 15 detection cycles with one sensor chip (Figure S1 of
the Supporting Information).

Limit of Detection (LOD). The calibration curves for the
detection of ShCG by using detection formats a—e are plotted in
Figure S for concentrations between 0.45 pM and 45 nM. For
each concentration and detection format, the sensor response,
AR, was measured in triplicate, and the error bar was calculated.
The calibration curve for direct detection (format a) indicates
that the sensor response was close to saturation at concentrations
above nanomolar because the slope in the log—log scale was
significantly lower than 1. This can be explained by the high
affinity constant, Ky ~ 4 x 10" M, of the capture antibody.
Similarly, the slope for the dAb and MNP-dAb amplification
calibration curves b—d is lower than 1, and above nanomolar
concentration, the response saturates. The calibration curve for
detection format e approaches its maximum at ShCG concentra-
tions above 1 nM, which corresponds to the saturation of dAb
binding sites that are carried by MNP-dAb mixed with the
analyte. The sensor response saturation for detection format c
occurs at much lower levels than for formats d and e. The reason
is the slow diffusion-limited mass transfer of MNP-dAb to
the surface (detection format c) that leads to the fact that the
binding of MNP-dAb did not reach equilibrium for any ShCG
concentration.

The LOD was determined as the ShCG concentration at
which the sensor response, AR, was equal to 3 times the standard
deviation of the baseline reflectivity noise, 30 = 0.06. The LOD
for the direct detection (a) was 6 nM. Through the amplification
by detection antibody binding (b), the LOD was improved by
~2 orders of magnitude to 45 pM. With MNP amplification (c),
the LOD was further decreased to 4.5 pM, which is around 3
orders of magnitude lower than that for direct detection. The
enhanced mass transfer of MNPs through the applied magnetic
field (d) allowed reaching an even lower LOD of 0.45 pM: more
than 4 orders of magnitude lower than by direct detection. For
detection format e, a similar LOD, ~0.9 pM, was observed for
the detection of ShCG that was preincubated with MNP-dAb.
The LOD for detection format e is about 2-fold higher than
that for detection format d, which does not agree with the
assumption that the sensor response can be increased by
the enhancing of the mass transfer of ShCG (ky = 4.8 X
10> mm s~ ' for format d) through pulling MNPs by a magnetic
field gradient (v = 6 X 107> mm s ' for format e). This
is probably due to the steric hindrance of the binding of ShCG
decorated on MNPs to the surface with cAb; possible dissocia-
tion of the ShCG and MNP-dAb complexes; and the aggregation
of MNP-dAD in the magnetic field, preventing the forming of a
monolayer on the surface. Let us note that the lowest achieved
LOD of 0.45 pM for detection format d is comparable with that
demonstrated by a sensitive but more complex surface plasmon-
enhanced fluorescence spectroscopy (0.6 pM)*’, and it is around
3 orders of magnitude better than that reported for a SPR
biosensor with a sandwich assay (0.13 nM)*® and SP-enhanced
diffraction detection scheme (0.2 nM).*

B CONCLUSIONS

We combined a grating-coupled surface plasmon resonance
(GC-SPR) with magnetic nanoparticle (MNP) immunoassays
for biosensor applications that require high sensitivity. The
presented results demonstrate that this sensor scheme enables
simple manipulating with molecular analytes on the sensor
surface by using a magnetic field gradient that can be applied
through a sensor chip. Particularly, it offers the advantage of
enhancing refractive index changes associated with the analyte
capture on the surface and allows increasing the slow diffusion-
limited mass transfer from a sample to the sensor surface. The
performance characteristics of this approach were evaluated by a
series of experiments in which ShCG was detected by direct and
sandwich immunoassay formats. The results show that the MNP-
enhanced format using collecting the nanoparticles on the sur-
face by a magnetic field improved the sensitivity by ~4 orders of
magnitude with respect to regular SPR utilizing a direct detection
format. A limit of detection of 0.45 pM was achieved, which is
comparable with the best reported results by other, more
complex biosensor schemes relying on SPR. Future work will
be devoted to the implementation of this detection principle for
the analysis of large analytes, such as bacterial pathogens or
viruses. Mass transfer to the surface is strongly hindered by
diffusion for these analytes and, thus, impedes the sensitivity of
SPR biosensor technology.

B ASSOCIATED CONTENT

© Supporting Information. A reflectivity kinetic figure that
illustrates the sensor regeneration. This material is available free
of charge via the Internet at http://pubs.acs.org.
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