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Methods to measure protein biomarkers with ultralow
detection limit (DL) and high sensitivity promise to provide
valuable tools for early diagnosis of diseases such as cancer,
and for monitoring therapy and post-surgical recurrence.[1,2]

Surface plasmon resonance (SPR) utilizing nanoparticle–
antibody labels for signal amplification in immunoassays is an
emerging approach for detecting proteins in biomedical
samples.[3–10] Herein, we show for the first time that clustering
of superparamagnetic labels on SPR sensor surfaces leads to
unprecedented sensitivity and ultralow DL for protein
biomarkers in serum. Specifically, antibody bioconjugates
on 1 mm diameter superparamagnetic particles (MP) used for
off-line antigen capture enabled SPR detection of cancer
biomarker prostate specific antigen (PSA) in serum at an
ultralow DL of 10 fgmL�1 (ca. 300 am). This approach opens
doors for accurate diagnostics based on new protein bio-
markers with inherently low concentrations.

SPR immunoassays involve attaching capture antibodies
(Ab1) to an SPR chip and measuring signals after capture of
the protein analyte from the sample. Since SPR lacks
ultrahigh sensitivity, gold and magnetic nanoparticles have
been used as labels on secondary antibodies (Ab2) in
sandwich assays to amplify SPR signals for biomarker
detection by increasing average film thickness.[3–10] For
example, Au nanoparticle–antibody conjugates were used to
detect human IgG (DL 1 ngmL�1),[3] and PSA with DLs
0.15,[4] 1.0,[6] and 0.01 ng mL�1,[7] in buffer. Magnetic nano-

particles have been used for conjugate preparation, analyte
capture, and magnetic-assisted separation.[8, 11] Magnetic
nanoparticle–Ab2 conjugates were used to detect brain
natriuretic peptide in plasma (DL 1 ng mL�1),[8] heat shock
protein-70 in buffer (DL 0.3 mgmL�1),[9] and staphylococcal
enterotoxin B in feces (DL 100 pg mL�1).[10]

Sensitivity and DLs for proteins in buffer can degrade
significantly in corresponding determinations in patient
samples such as serum or saliva.[12] This is largely because
non-specific binding (NSB) of any of the hundreds of non-
analyte proteins in these media can seriously compromise
DLs.[8] Here, we report a simple method using superpara-
magnetic particles (Dynabeads, Invitrogen), a commercial
SPR flow sensor, and off-line analyte capture to attain
ultrahigh sensitivity and ultralow DL for a cancer biomarker
protein in serum. High sensitivity is related to off-line
reduction of NSB combined with clustering of the super-
magnetic particles on the SPR chip. No previous reports using
magnetic particle labels in SPR have elucidated such large
amplification afforded by magnetic particle clustering.[8–10]

We chose PSA as a model protein because of its
established use as a clinical biomarker for prostate
cancer.[13] For off-line PSA capture, we synthesized magnetic
particle–Ab2 bioconjugates (MP–Ab2) using tosylated MPs
(see the Supporting Information). Protein assays estimated
the number of Ab2 molecules per MP as (1.0� 0.1) � 105 and
the number of Ab2 molecules per control 1 mm silica particle
as approximately 5 � 104. From the surface area of the 1 mm
particles and the dimensions of one Ab molecule (14.5 nm �
8.5 nm � 4 nm) and considering the largest and smallest
footprint orientations on the particle, we estimated a possible
range of 3.2 � 104 to 2.5 � 105 antibodies per particle (see the
Supporting Information). The experimental value of (1.0�
0.1) � 105 antibodies per MP is within the range of estimated
coverage. In addition to advantages of lowering NSB by off-
line PSA capture, this very large number of antibodies on the
MP–Ab2 serves to drive the Ab2 + PSAQ[Ab2·PSA] equilib-
rium towards binding and facilitate efficient capture of PSA.

PSA in 40 mL calf serum was captured off-line by MP–
Ab2. The resulting MP–Ab2–PSA particles were washed with
blocking buffers, then injected into an SPR flow system and
captured by antibodies on the gold SPR chip (Figure 1).
Unless otherwise specified, all SPR measurements were done
in pH 7.0 phosphate buffer saline (PBS, 0.1m in phosphate,
0.14m NaCl, 2.7 mm KCl) containing 0.05 % Tween-20 (PBS-
T).
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Monoclonal antibodies (Ab1) to PSA were covalently
immobilized onto carboxylate-functionalized Au-SPR chips
(Reichert Inc.) using 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS).
Unreacted carboxy groups were blocked by ethanolamine,
and then treated with 2% bovine serum albumin (BSA) in
PBS-T to minimize NSB (Supporting Information, Fig-
ure S1). SPR was monitored continuously after injection of
the MP–Ab2–PSA bioconjugates. As controls, 1 mm diameter
non-magnetic silica particle–Ab2–PSA (SP–Ab2–PSA) con-
jugates were prepared similarly and used in SPR (Supporting
Information).

SPR curves for binding of MP–Ab2–PSA to Ab1 are
shown in Figure 2A in the fgmL�1 PSA range in calf serum,
which provides a good human serum surrogate for immuno-

assay standardization.[14] Corresponding SPR curves for silica
controls, SP–Ab2–PSA, were not observed in the fgmL�1

range, but required pg mL�1 concentrations of PSA before
signals were observed (Figure S2). The SPR signal increase
above zero PSA using MP–Ab2 or SP–Ab2 labels is plotted in
Figure 2B. A single assay takes approximately 100 min
(Supporting Information).

Using MP–Ab2 for off-line PSA capture, we obtained a
DL of 10 fgmL�1 PSA (ca. 300 am) as 3 standard deviation

(SD) units larger than the zero PSA signal. This ultralow DL
was 10 000-fold better than 100 pg mL�1 obtained with the
non-magnetic SP–Ab2–PSA control. Further, sensitivity as
slope of the calibration curve in resonance units (RU) per
fgmL�1 PSA for MP–Ab2–PSA was 220-fold larger than for
SP–Ab2–PSA (Figure 2 B).

The DL for MP–Ab2 with the SPR sensor was 1.5 times
better than the previous most sensitive serum PSA determi-
nations utilizing digital fluorescent enzyme-linked immuno-
sorbent assay (ELISA, 14 fgmL�1 PSA)[2a] and 33-fold better
than by a DNA-based bio-barcode assay (330 fgmL�1).[2b]

However, a bio-barcode assay detected 30 am PSA
(1 fgmL�1) in goat serum.[15] We report here the lowest DL
achieved to our knowledge thus far for PSA in serum by an
SPR immunosensor. A recent non-magnetic gold nanorod
labeled SPR assay achieved a lower DL for IgE proteins,[16]

but was not tested in serum.
We used magnetic and silica particles of the same size

(1 mm) to make MP–Ab2–PSA and SP–Ab2–PSA conjugates,
but MPs showed four orders of magnitude lower DL
representing a 10 000-fold signal enhancement compared to
silica particles. This large amplification was attributed to MP–
Ab2–PSA aggregates that form on the SPR chip while no
noticeable SP–Ab2–PSA aggregates form in the low pg mL�1

PSA range (Figure 3). Scanning electron microscope (SEM)

images reveal these aggregates for MP–Ab2–PSA at
5 pg mL�1 PSA, but not with SP–Ab2–PSA (5 pg mL�1 PSA)
(Figure 3, Figure S5). The linear increase in SPR signal with
increasing [PSA] using the MP–Ab2–PSA conjugate
(Figure 2) suggests that SPR signal depends on PSA because
the amount of PSA captured on the SPR chip depends on its
concentration in solution, while the extent of aggregation is
independent of PSA concentration. This latter observation
was confirmed by size distribution analysis of particle

Figure 1. SPR immunosensor utilizing a clustered magnetic micro-
particle–Ab2–antigen bioconjugate for signal amplification (not drawn
to scale).

Figure 2. Flow SPR for the binding of A) MP–Ab2–PSA to covalently
immobilized Ab1 on the SPR sensor surface. B) Influence of PSA
concentration on maximum SPR signals (less zero PSA control) for the
binding of MP–Ab2–PSA (*) and SP–Ab2–PSA (~) conjugates made
from different PSA concentrations in calf serum (as denoted). The
zero PSA signal results mainly from NSB. RU = response unit.

Figure 3. Scanning electron microscopy images of A) magnetic MP–
Ab2–PSA (5 pg mL�1 PSA) and B) nonmagnetic control SP–Ab2–PSA
(5 pg mL�1 PSA) bound to Ab1 on gold SPR surfaces.
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dispersions using dynamic light scattering (DLS) which
showed significant PSA-independent aggregation of MP–
Ab2–PSA, but no aggregation of SP–Ab2–PSA (Figures S3
and S4).

SPR response (in RU) can be related by theory to the
amount of bound antibody per unit area by the expression[17]

1 RU� 1 pg mm�2. Thus, relating the SPR signal response (in
RU) to the number of magnetic particles on the SPR chip
using the known density (1.7 gcm�3) and dimensions of our
MPs, we estimated that 7 � 103 pg mm�2 MPs (i.e. 7.9 �
103 particles mm�2) are required to give the observed 104-
fold SPR enhancement. This calculation assumes that the
observed SPR amplification is a result of mass from the MP
clusters bound within the 300 nm evanescent wave distance
from the Au chip surface. Experimentally, from the analysis of
MP–Ab2–PSA particlesmm�2 area on the SPR chip from
SEM images (Figure 3A), we obtained about 6.3 � 103 MP–
Ab2–PSA particles mm�2 area over SP–Ab2–PSA. This
accounts for ca. 8000-fold signal enhancement for MP–Ab2–
PSA over SP–Ab2–PSA. The remaining 20% signal enhance-
ment may arise from the higher refractive index of MP (ca.
1.6)[18a] over SP (1.43). For comparison, a 0.04 unit change in
refractive index of DNA amplified SPR by approximately
10%.[18b] Based on this, the higher refractive index of MP over
SP can contribute up to 40% amplification. Also, we cannot
rule out a minor contribution from the interaction of inherent
magnetic field of the supermagnetic particle aggregates with
the surface plasmons.[19]

The SPR immunosensor with off-line MP–Ab2 sample
capture was used to determine PSA in four human serum
samples. Samples were diluted in buffer 20000-fold to
correspond to the linear range of the PSA calibration. Results
showed excellent correlation to determinations of PSA in
undiluted samples by ELISA (Figure 4) over a clinically

relevant range of PSA. There was no significant difference in
PSA found between the two methods at the 95 % confidence
level (t-test). These results confirm good accuracy, as well as
high selectivity for PSA in the presence of thousands of other
proteins in serum.

In summary, we have demonstrated an unprecedented low
DL for a cancer biomarker protein at am levels in serum using

an SPR immunosensor with MP amplification. The approach
gave excellent correlation with ELISA for PSA in cancer
patient serum. The added value of the low DL is in detection
of recurrent prostate cancer, and in applications to future
protein biomarkers with extremely low serum levels. The
ultrahigh sensitivity is attributed mainly to mass and refrac-
tive index enhancement from clustered magnetic particle
conjugates on the SPR chip. Given the good linear dynamic
range of SPR response (Figure 2B), and the lack of depend-
ence of MP aggregation on concentration of PSA (Figures S3
and S4), we speculate that an antibody bound analyte–MP
particle or aggregate on the SPR surface may act as a
nucleation site for the binding of further MP particles or
aggregates, as predicted for single magnetic domain induced
superparamagnetic particle aggregation.[20] The approach
should also be applicable to other proteins and small
molecules. Further studies are underway to uncover the full
details of reproducible surface aggregation and signal am-
plification.

Experimental Section
Materials and methods. Prostate-specific antigen (PSA), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), and N-hydroxysuccini-
mide (NHS) were from Sigma. Monoclonal primary antihuman PSA
antibody (Ab1, clone no. CHYH1), and secondary anti-PSA antibody
(Ab2, clone no. CHYH2) were from Anogen/Yes Biotech Laboratory,
Ltd. Tosyl-activated superparamagnetic microparticles (MP, Dyna-
beads, 1 mm diameter) were obtained from Invitrogen. Carboxy-
functionalized silica microparticles (SP, 1 mm diameter) were from
Bangs Laboratories Inc. (IN, USA). PSA standards were prepared in
calf serum.[14] Human serum samples were from Capital Biosciences
(Rockville, MD).

Surface plasmon resonance (SPR) was done using an SR7000DC
dual channel flow SPR spectrometer from Reichert Analytical
Instruments (NY, USA). SPR gold chips with a mixed self-assembled
monolayer of 90% monothiol alkane PEG3-OH and 10 % monothiol
alkane PEG6-COOH were from Reichert (SR7000). SPR was done in
pH 7.0 phosphate-buffered saline (PBS, 0.1m in phosphate, 0.14m
NaCl, 2.7 mm KCl) containing 0.05% Tween-20 (PBS-T). Scanning
electron microscopy (SEM) of MP–Ab2–PSA and SP–Ab2–PSA
bound to capture antibodies on SPR chips was done using Zeiss field-
emission scanning electron microscope (DSM 982 Gemini).

Ab2 was covalently conjugated to tosyl-activated MP following
the protocol provided by Invitrogen (see the Supporting Information
for details of bioconjugate preparations). For standard curve gen-
eration, PSA in 40 mL calf serum was stirred with the MP–Ab2 or SP–
Ab2 for 90 min at 37 8C to capture PSA off-line.[15, 21]
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