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While patients with high grade prostate cancer make up only
15�20% of those with prostate cancer, they represent

more than half of the patients who die from prostate cancer.1

Early identification of patients with high grade prostate cancer is
critical to making inroads into reducing prostate cancer-related
deaths.2 While used ubiquitously to screen for prostate cancer,
prostate specific antigen (PSA) is neither a sensitive nor a specific
biomarker for discriminating between low grade and high grade
prostate cancer.3 Thus, there is an urgent need for additional
biomarkers both to improve identification of patients with
prostate cancer and to differentiate patients with low-risk and
high-risk cancers.

A number of urine-based markers have been investigated for
the diagnosis of prostate cancer, including DNA, RNA, and
protein markers.4�6 In a single site study among patients under-
going prostate biopsy, levels of urinary endoglin detected by
ELISA were shown to distinguish between patients with prostate
cancer and those without prostate cancer.7 The predictive value
was found to be superior to the predictive value of PSA.7 Of
particular interest, urinary endoglin was able to distinguish
between high volume and low volume diseases. Its diagnostic
potential between low-grade and high-grade prostate cancer
remains to be determined. Typically, these protein urinary
markers are detected either by ELISA or by Western blotting.
These techniques have inherent disadvantages including the
need to concentrate urine by dialysis to facilitate detection; these
obstacles can increase cost, lead to testing errors, and involve the
need for institutional laboratory testing.4,5 Therefore alternative
technology is needed to feasibly detect endoglin directly
from urine.

In principle, a magnetic biosensing system uses a giant
magnetoresistive (GMR) sensor to detect the stray magnetic field
resulting from magnetic labels on the sensor surface. Its applica-
tion in real biological systems, such as unprocessed human serum
and urines, has been very limited, potentially due to the limited
biological sensitivity.8�22We have designed and developed a new
GMR sensing platform that has unique features improving its
sensitivity, near 0� ground state for the sensor (3-fold increase in
sensitivity) and use of high magnetic moment uniformly sized
small (12.8 ( 1.58 nm) cubic shaped FeCo nanoparticles23 (7-
fold increase in sensitivity). Currently, all other GMR detection
of biomolecules employs a sandwich approach.8�21 Our group
has developed a two-layer competition-based nanomagnetic
assay, which reduces the detection distance by removing the
detecting antibody between GMR sensor and magnetic nano-
particle, further improving the detecting sensitivity (55-fold for
IL-6).23 By integrating these, the sensitivity has been improved
by 1000-fold, and we have demonstrated that our device can
directly detect and quantify low-abundance IL-6 protein directly
from 4 μL of unprocessed human serum sample.23

Our goal in this paper is to develop a competition magnetic
bioassay (Figure 1), in order to quantify endoglin directly from
unprocessed human urine samples using our GMR biosensing
technology and to evaluate whether endoglin levels in urine have
the potential to predict for the presence of prostate cancer and to
distinguish between different grades of prostate cancer.
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ABSTRACT: This study presents a three-layer competition-
based assay for ultrasensitive detection and quantification of
endoglin from unprocessed human urine samples using a giant
magnetoresistive (GMR) sensor and high-moment magnetic
nanoparticle-based biosensing technology. This biosensing
platform detects as few as 1000 copies of endoglin at concen-
trations as low as 83 fM with high detection specificity and has a
three-order dynamic range. The results reveal that endoglin
levels in urine have the potential to predict for the presence of
prostate cancer and to distinguish between prostate cancers of different grades.
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’EXPERIMENTAL METHODS

GMR sensor and nanoparticle fabrication and magnetoresis-
tance measurement: Fabrication of GMR sensor and high
magnetic moment cubic FeCo nanoparticles and magnetoresis-
tance measurements were carried out by following the same
procedures as described in our earlier report.18

Sensor Surface Modification. GMR sensor surface was
sequentially modified with (3-aminopropyl)triethoxysilane (APTES)
followed by capture antibody attachment through 1-
[3-(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) cou-
pling reaction. After each step, the surface was thoroughly
washed with water to remove unbound ligands, which were
collected for quantification. For each step of modification, bound
ligands were quantified using the following equation: amount of
bound ligand on the surface = amount of total ligand added �
amount of ligand recovered (for detailed procedures, see Sup-
porting Information).
Cubic FeCo Nanoparticle Surface Modification. (i) APTES

modification: A solution of APTES (100 μg in 0.5 mL of ethanol)
and ammonium hydroxide (5 μL, 29%) was added to cubic FeCo
nanoparticles (100 μg) and sonicated for 4 h. (ii) Human
recombinant endoglin modification: To a dispersion of FeCo
nanoparticles (0.3 mL, PBS buffer, pH 7.4; 30 μg of FeCo
nanoparticles), dylight 488-labeled endoglin (6.2 μL, 0.5 mg/
mL in PBS buffer, pH 7.4) and EDC (10 μL, 5 mg/mL in PBS
buffer, pH 7.4) was added and shaken overnight at 4 �C under
light-protected conditions. Endoglin to nanoparticle ratio was
found to be 1.36:1 upon quantification. (iii) Streptavidin�AF488
modification: FeCo nanoparticles are modified with streptavi-
din�AF488 in a ratio of 1:1.3 according to our previously
published procedure.18

Two-Layer Competition Assay for Human Endoglin in
Urine Samples. A 4 μL mixture of urine sample (4 nL
per sensor area) and high magnetic moment FeCo nanoparti-
cle-labeled endoglin (1.66� 10�20 mol per sensor area, 4.15 pM,
nanoparticle/endoglin = 1.357) was applied to compete for
capture antibody (1.66 � 10�20 mol per sensor area) on the

GMR sensor surface for 10 min at 4 �C. The resistance change of
the GMR sensor was measured.
Three-Layer Competition Assay for Human Endoglin in

Urine Samples. A 20 μL mixture of urine sample (20 nL
per sensor area) and endoglin�biotin20 (1.66 � 10�20 mol
per sensor area, 0.83 pM) was applied to compete for capture
antibody (1.66� 10�20 mol per sensor area) on the GMR sensor
surface for 30min at 4 �C. Then streptavidin�FeCo nanoparticle
conjugate (41.5 pM, 1.66 � 10�19 mol streptavidin per sensor
area, streptavidin/nanoparticle 1.3:1) was applied for binding for
10 min at 4 �C followed by washing with water to remove
unbound streptavidin�FeCo nanoparticle conjugates. The re-
sistance change of the GMR sensor was measured.
Three-Layer Competition Assay Dose�Response Curve.

Briefly, a spiked mixture of endoglin�biotin20 (1.66 � 10�20

mol per sensor area, 0.83 pM) and varied concentrations of pure
unlabeled human recombinant endoglin in 20 μL of endoglin-
depleted urine cocktail was applied on the sensor surface to
compete for capture antibody (1.66 � 10�20 mol per sensor
area) on the sensor for 30 min at 4 �C. Then streptavidin�FeCo
nanoparticle conjugate (41.5 pM, 1.66� 10�19 mol streptavidin
per sensor area, streptavidin/nanoparticle 1.3:1) was applied for
binding for 10 min at 4 �C followed by washing with water to
remove unbound streptavidin�FeCo nanoparticle conjugates.
The resistance change of the GMR sensor was measured.
Human Urine Samples. We procured urines from patients

who are biopsy positive for high grade prostate cancer U1�U5
and low grade prostate cancer U6�U10 and from individuals
who are biopsy negative for cancer U11�U15.
Total Urinary Protein Estimation. Total urinary proteins in

the urine samples were determined by micro pyrogallol red
method using a total protein kit (catalog number TP0400)
purchased from Sigma Aldrich, following the vendor’s protocol.
Creatinine Quantification in Urines. Quantity of creatinine

in the urine samples was determined by using a creatinine assay
kit (catalog number KGE005) purchased from R&D Systems,
Inc., Minneapolis, MN, following the vendor’s protocol.

Figure 1. A: Two-layer competition detection scheme. The GMR sensors were first functionalized with capture antibodies (a). Nanoparticle-labeled
endoglin and unlabeled endoglin were then mixed and applied on the sensor surface to compete for capture antibodies (b). B: Three-layer competition
detection scheme. The GMR sensors were first functionalized with capture antibodies. Biotin-labeled endoglin and unlabeled endoglin were then mixed
and applied on the sensor surface to compete for capture antibodies (c). Subsequently, streptavidin�FeCo nanoparticle conjugates were applied for
binding (d and e).
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’RESULTS AND DISCUSSION

Two-Layer Competition Assay for Urinary Endoglin De-
tection. The two-layer competition assay (Figure 1A) was used
first to detect endoglin from the urine (4 μL) where urinary
endoglin competes with high magnetic moment FeCo nanopar-
ticle-labeled endoglin (1.66 � 10�20 mol per sensor area, 4.15
pM, nanoparticle/endoglin = 1.357) for capture antibody
(1.66� 10�20 mol per sensor area) on the GMR sensor surface.
Nanoparticle-labeled endoglin in PBS buffer (pH 7.4) (4 μL,
1.66 � 10�20 mol per sensor area, 4.15pM) binding to capture
antibody on the sensor surface served as one control. The other
control (for nonspecific competition) uses endoglin-depleted
urine U1 to compete with high magnetic moment FeCo nano-
particle-labeled endoglin (1.66� 10�20 mol per sensor area, 4.15
pM) for capture antibody (1.66� 10�20 mol per sensor area) on
the GMR sensor surface. High grade prostate cancer patient
urine U1 (4 μL) under this condition resulted in no statistically
significant resistance change, as a sensing signal, compared to
controls. This observation in part may be a result of urinary
endoglin, which cannot effectively compete and easily displace
nanoparticle-labeled endoglin (if nanoparticle labels the endo-
glin at the proximity of its binding site) from the capture antibody
binding site, and/or very low competition from urinary endoglin
in that sample due to low abundance. Hence, the urine sample
U1 was lyophilized and reconstituted in double distilled water to
obtain 6.67-fold concentrated sample for testing under the two-
layer competition assay. Although the concentrated urine sample
U1 showed statistically significant resistance change, the magni-
tude of resistance change is small (Figure 2A).
Using this method, three samples from each group (urines

U1�U3 from patients who are biopsy positive for high grade
prostate cancer; U6�U8 low grade prostate cancer; U11�U13
from individuals who are biopsy negative for cancer) were tested
(Figure 2B). Upon signal averaging, high grade urine samples
group showed statistically significant resistance change whereas
low grade and no cancer urine sample groups did not showed any
statistical significant resistance change compared to control.
Though the two-layer competition assay results are encouraging,
urine samples need to be concentrated, and low grade prostate
and no cancer patients cannot be differentiated by endoglin levels
in the urines (Figure 2C).
Two-nanoparticle labeling of endoglin was sought to improve

the sensitivity of this detection scheme, as the sensing signal

comes from the nanoparticle labeling. To achieve one-nanopar-
ticle labeling per endoglin, we used 1 equiv of nanoparticles and
1.5 equiv of endoglin under coupling reaction conditions. Hence,
for two-nanoparticle labeling of the endoglin, we used 1 equiv of
nanoparticles and 3 equiv of endoglin for reaction.Whenwe used
harvested particles from the endoglin two-nanoparticle labeling
reaction on our GMR sensor, the signal improved minimally
compared to one-nanoparticle-labeled endoglin binding (Figure 3),
indicating that two nanoparticles cannot be attached per en-
doglin potentially due to comparable sizes of endoglin and
nanoparticle and that the other 1 equiv of the particle remains
unmodified and gets washed off after the binding event.
Three-Layer Competition Assay for Urinary Endoglin De-

tection. The other way to accomplish more than one nanopar-
ticle per endoglin to gain assay sensitivity is to modify endoglin
with several biotins; biotins on the endoglin can be recognized by
streptavidin�nanoparticle conjugates (Figure 1B). Endoglin
molecules were labeled with biotin using biotin N-hydroxysucci-
nimidyl ester coupling chemistry to have biotin to endoglin ratios
4, 8, 12, 16, and 20. To identify the correct biotin loading per
endoglin to bind more streptavidin, optimization experiments

Figure 2. A: Resistance change due to competition of the urine sample with magnetic nanoparticle-labeled endoglin (4.15 pM): (a) control, no
competing urine sample; (b) urine U1 from a high grade prostate cancer patient; (c) 6.66-fold concentrated urine U1 from a high grade prostate cancer
patient; (d) endoglin-depleted urine U1 from a high grade prostate cancer patient. Columns, mean; bars, standard deviation; n = 8. Comparison between
groups a:b (P = 0.4193), b:d (P = 0.5543), and a:d (P = 0.1292) show no statistically significant difference whereas a:c (P = 0.0026), b:c (P = 0.0243), and
c:d (P = 0.0047) are statistically significant. B: Resistance change due to competition of 6.66-fold concentrated urine samples with magnetic
nanoparticle-labeled endoglin (4.15 pM): (a) control, no competing urine; (b) U1; (c) U2; (d) U3; (e) U6; (f) U7; (g) U8; (h) U11; (i) U12; (j) U13.
Columns, mean; bars, standard deviation; n = 8. C: Average resistance change caused by (i) three high grade prostate cancer urines (U1�U3), (ii) three
low grade prostate cancer urines (U6�U8), (iii) three no prostate cancer urines (U11�U13); (a) control, no competing urine. Columns, mean; bars,
standard deviation; n g 8. Comparison between groups a:ii (P = 0.1194) and a:iii (P = 0.849) show no statistically significant difference whereas a:i
(P = 0.0006), i:ii (P = 0.0002), and ii:iii (P = 0.0277) are statistically significant. P = power (statistical).

Figure 3. Resistance changes upon binding to the capture antibody-
modified (1.66 � 10�20 mol capture antibody per sensor area) sensor
surface: (a) nanoparticles harvested from one nanoparticle per endoglin
reaction (4.15 pM endoglin); (b) nanoparticles harvested from two
nanoparticles per endoglin reaction (4.15 pM endoglin); (c) endo-
glin�biotin20 (4.15 pM) followed by nanoparticles harvested from one
nanoparticle per streptavidin reaction (41.5 pM streptavidin) binding;
(e) endoglin�biotin20 (4.15 pM) followed by nanoparticles harvested
from two nanoparticles per streptavidin reaction (41.5 pM streptavidin)
binding. Columns, mean; bars, standard deviation; n = 8.
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were performed on silica wafers. Capture antibodies were cova-
lently coupled to silica wafers modified with 3-aminopropyl-
triethoxysilane (APTES). Endoglin labeled with different copies
of biotin (4, 8, 12, 16, and 20 biotin copies per endoglin) were
applied to each capture antibody-modified wafer surface. A fixed
amount of streptavidin�AF488 was applied to all endoglin�
biotin bound surfaces, and unbound streptavidin�AF488 from
each spot was quantified. From the results, one endoglin�
biotin20 (one endoglin molecule is labeled with 20 copies of
biotin molecules) was found to capture 3.2 copies of streptavidin�
AF488 (see Supporting Information, Table S3 and Figure S2). If
the streptavidin�nanoparticle conjugate (streptavidin/nanopar-
ticle, 1.3:1) binds similarly as streptavidin�AF488 to endo-
glin�biotin20, then this will result in three nanoparticles per
endoglin on average. This three-layer assay not only will result in
more nanoparticle labels per endoglin but also will increase the
distance between the nanoparticle label and sensing surface. If
advantageous, more nanoparticle labels per endoglin will override
the disadvantageous distance increase between nanoparticle label
and the sensing surface, and the sensing signal from the three-
layer assay will be greater compared to the two-layer assay on the
GMR platform.
The three-layer competition assay was used to detect endoglin

from the 6.67-fold concentrated high grade prostate urine sample
(4 μL, U1) where urinary endoglin competes with endo-
glin�biotin20 (1.66 � 10�20 mol per sensor area, 4.15 pM,
biotin/endoglin = 20) for capture antibody (1.66 � 10�20 mol
per sensor area) on the GMR sensor surface followed by
streptavidin�FeCo nanoparticle conjugate (41.5 pM, 1.66 �
10�19 mol streptavidin per sensor area, streptavidin/nanoparticle
1.3:1) binding and washing with water to remove unbound
streptavidin�FeCo nanoparticle conjugates. The same experi-
ment without competing urine sample for capture antibody on
the sensor surface served as one control. The same experiment
with endoglin instead of endoglin�biotin20 and without compet-
ing urine sample for capture antibody on the sensor surface served
as negative control. The three-layer assay produced 25% more
signal (117 mΩ) compared to the two-layer assay (94 mΩ).
Streptavidin nanoparticles also do not nonspecifically bind to
endoglin (Figure 4). Urinary endoglin also competed efficiently
with endoglin�biotin20 compared with nanoparticle-labeled en-
doglin. This is reasonable because the nanoparticle is heavy, and if
it is modified at the proximity of the endoglin binding site to
capture antibody so that once the nanoparticle-labeled endoglin
binds to capture antibody, it is difficult to be displaced by urinary
endoglin. Since biotin is small in size compared to the nanopar-
ticle, urinary endoglin can effectively compete and easily displace
endoglin�biotin20 from the capture antibody binding site.
Though the three-layer competition assay performs better than
the two-layer competition assay, urine samples need to be
concentrated for testing unless sensitivity is further improved.
To increase the number of nanoparticles per endoglin in the

three-layer competition assay, two-nanoparticle conjugations per
streptavidin were sought as a solution. Because streptavidin is a
slightly larger molecule compared to endoglin, it will be worth
trying a two-nanoparticle conjugation per streptavidin despite
failure with endoglin. When we used harvested particles from the
streptavidin two-nanoparticle labeling reaction on our GMR
sensor, the signal improved minimally compared to the one-
nanoparticle-labeled streptavidin binding, indicating that two
nanoparticles cannot be attached per streptavidin due to compar-
able sizes of streptavidin and the nanoparticle (Figure 3). The

undesired processing of urine samples was avoided by using a
20 μL urine volume (20 nL per sensor area), as it provides 5-fold
more urinary endoglin than that for the 4 μL urine volume in the
three-layer competition assay, leading to a significant drop in
resistance change (big sensing signal) upon competition.
Though the higher sample volume covers extra area including
the capture antibody-modified area, as endoglin reaches the
proximity of capture antibody because of Brownian motion,
binding can occur. To test this hypothesis for the two-layer

Figure 4. Resistance changes upon binding to capture antibody-mod-
ified (1.66 � 10�20 mol capture antibody per sensor area) sensor
surface: (a) magnetic nanoparticle-labeled endoglin (4.15 pM); (c)
endoglin�biotin20 (4.15 pM) followed by streptavidin�FeCo nano-
particle conjugate (41.5 pM, 1.66 � 10�19 mol streptavidin per sensor
area, streptavidin/nanoparticle 1.3:1) binding; (e) endoglin (4.15 pM)
followed by streptavidin�FeCo nanoparticle conjugate (41.5 pM)
binding. Resistance change due to competition of 6.66-fold concentrated
urine U1 sample (b) with magnetic nanoparticle-labeled endoglin (4.15
pM); (d) with endoglin�biotin20 (4.15 pM) followed by streptavi-
din�FeCo nanoparticle conjugate (41.5 pM) binding (e). Columns,
mean; bars, standard deviation; n = 8.

Figure 5. Resistance changes upon binding to the capture antibody-
modified (1.66 � 10�20 mol capture antibody per sensor area) sensor
surface: (a) 4 μL magnetic nanoparticle-labeled endoglin in PBS buffer
(4 nL and 1.66 � 10�20 mol per sensor area, 4.15 pM); (b) 20 μL
magnetic nanoparticle-labeled endoglin in PBS buffer (20 nL and 1.66�
10�20mol per sensor area, 0.83 pM); (c) 4μL endoglin�biotin20 in PBS
buffer (4 nL and 1.66� 10�20mol per sensor area, 4.15 pM) followed by
4 μL streptavidin�FeCo nanoparticle conjugate in PBS buffer (4 nL and
1.66 � 10�19 mol streptavidin per sensor area, 41.5 pM) binding; (d)
20 μL endoglin�biotin20 in PBS buffer (20 nL and 1.66 � 10�20 mol
per sensor area, 0.83 pM) followed by 4 μL streptavidin�FeCo
nanoparticle conjugate in PBS buffer (4 nL and 1.66 � 10�19 mol
streptavidin per sensor area, 41.5 pM) binding. Columns, mean; bars,
standard deviation; n = 8.
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assay, 4 μL nanoparticle-labeled endoglin in PBS buffer (pH 7.4)
(4 nL and 1.66� 10�20 mol per sensor area, 4.15 pM) and 20 μL
nanoparticle-labeled endoglin in PBS buffer (pH 7.4) (20 nL and
1.66 � 10�20 mol per sensor area, 0.83 pM) binding to capture
antibody (1.66 � 10�20 mol per sensor area) on the sensor
surface was carried out. A sensing signal obtained by the use of a
20 μL sample volume corresponds to 78% of the sensing signal
obtained by the use of a 4 μL sample volume, and this can happen
mainly because of Brownian motion (Figure 5).
To test this hypothesis for the three-layer assay, 4 μL en-

doglin�biotin20 (4 nL and 1.66� 10�20mol per sensor area, 4.15
pM) and 20 μL endoglin�biotin20 (20 nL and 1.66� 10�20 mol
per sensor area, 0.83 pM) binding to capture antibody (1.66 �
10�20 mol per sensor area) on the GMR sensor surface followed
by 4 μL streptavidin�FeCo nanoparticle conjugate (4 nL and
1.66� 10�19 mol streptavidin per sensor area, 41.5 pM) binding
was carried out. The sensing signal obtained by the use of a 20 μL
sample volume corresponds to 75% of the sensing signal obtained
by the use of the 4 μL sample volume and supports involvement
of Brownian motion (Figure 5). Though the signal drops by
∼25% by the use of a 20 μL sample volume, it provides 5-fold
more urinary endoglin than that for the 4μL sample volume in the
three-layer competition assay, leading to a significant drop in
resistance change upon competition.
On the basis of this outcome, urine samples (20 μL; urine from

patients who are biopsy positive for high grade prostate cancer
U1�U5 and low grade prostate cancer U6�U10 and from
individuals who are biopsy negative for cancer U11�U15) were
tested as such without any processing under the three-layer
competition assay wherein 20 μL urine samples (20 nL per
sensor area) compete with endoglin�biotin20 (0.83 pM, 1.66 �
10�20 mol per sensor area) for capture antibody on the sensor
surface. All urine samples showed statistically significant resistance
change in the sensing signal compared to control (Figure 6).
To build upon these results, as a next step to determine

endoglin levels in the tested urine samples, a dose�response
curve was established for the three-layer competition assay. To
have a real biological environment for the dose�response curve
experiment, equal amounts of all urine samples tested were mixed
to give a urine cocktail, and endoglins in the cocktail were depleted
on a capture antibody-coated silica wafer surface. Briefly, a spiked
mixture of endoglin�biotin20 (0.83 pM) and varied concentra-
tions of pure unlabeled human recombinant endoglin in 20 μL of
endoglin-depleted urine cocktail was applied on the sensor surface
to compete for capture antibody on the sensor followed by
streptavidin�FeCo nanoparticle conjugate (41.5 pM) binding.

Figure 7 shows the dose�response curve of the three-layer
competition assay which provides a wide detection range of
endoglin from 27.6 fM to 83 pM with a statistically significant
lower detection limit of 83 fM. Results from each single competing
dosewere comparedwith that of their immediate higher and lower
competing doses as well as with the sensor background to arrive at
statistical meaning. Our results show that the sensing signals
obtained from buffer and the endoglin-depleted urine environ-
ment do not statistically differ from each other, indicating that
proteins other than endoglin in the urine do not nonspecifically
compete with endoglin�nanoparticles for capture antibody. This
clearly reveals the detection specificity of our GMR device.
Urine test results from the three-layer competition assay were

fitted into the dose�response curve to deduce endoglin levels in
the urine samples (Figure 8A). Results show that endoglin
concentration levels in urine samples are significantly different
between high grade (208 ( 123 fM) and low grade (79.1 (
57.4 fM) prostate cancer patients and no prostate cancer (45.8(
28.0 fM) patients (Figure 8B).
Total urinary proteins in the urine samples were determined

by the micro pyrogallol red method using a total protein kit from
Sigma Aldrich. One high and one low reading sample for total

Figure 6. A: Resistance change due to competition of 20 μL urine samples (20 nL per sensor area) with endoglin�biotin20 (0.83 pM, 1.66� 10�20 mol
per sensor area) followed by streptavidin�FeCo nanoparticle conjugate (41.5 pM, 1.66 � 10�19 mol streptavidin per sensor area, streptavidin/
nanoparticle 1.3:1) binding: (a) control, no competing urine; (b) U1; (c) U2; (d) U3; (e) U4; (f) U5; (g) U6; (h) U7; (i) U8; (j) U9; (k) U10; (l) U11;
(m) U12; (n) U13; (o) U14; (p) U15. Columns, mean; bars, standard deviation; 6e ne 8. B: Average resistance change caused by (i) five high grade
prostate cancer urines (U1�U5); (ii) five low grade prostate cancer urines (U6�U10); (iii) five no prostate cancer urines (U10�U15); (a) control, no
competing urine. Columns, mean; bars, standard deviation; 6e ne 8. Comparisons between groups are statistically significant. P = power (statistical).

Figure 7. Three-layer competition dose�response curve. Percentage
resistance change due to competition of a spiked mixture of endo-
glin�biotin20 (1.66 � 10�20 mol per sensor area, 0.83 pM) and varied
concentrations of unlabeled human recombinant endoglin in 20 μL of
endoglin-depleted urine cocktail for capture antibody (1.66 � 10�20

mol per sensor area) on the sensor followed by streptavidin�FeCo
nanoparticle conjugate (41.5 pM, 1.66 � 10�19 mol streptavidin
per sensor area, streptavidin/nanoparticle 1.3:1) binding. Data points,
mean; bars, standard deviation; 6 e n e 8.
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urinary protein from each high grade, low grade, and no cancer
group were desalted using a Zeba desalting column (7K molec-
ular weight cutoff), and total urinary proteins were again
quantified to determine the influence of urinary salts on the
pyrogallol red assay for total urinary proteins (see Supporting
Information, Table S4). The total urinary protein determinations
of urine samples before and after desalting do not differ
statistically, indicating the assay is not sensitive to urinary salt
contents. Endoglin levels were normalized to total urinary
protein (TP) and remained significantly elevated in the cancer
cases (Figure 9). Quantitative determination of creatinine in the
urines samples was carried out (see Supporting Information,
Table S5), and endoglin levels were normalized to creatinine
levels and also remained significantly elevated in the cancer cases
(Figure 10).

’SUMMARY

In conclusion, we have developed a novel three-layer competi-
tion assay in a GMR biosensing system to detect urinary endoglin

with high specificity and sensitivity using unprocessed urine
samples. Our platform can detect as few as 1000 copies of the
endoglin at concentrations as low as 83 fM. When functionalized
to detect endoglin in the urine, our GMR biosensing system was
able to successfully discriminate between patients with high
grade cancer, low grade cancer, and no cancer.

’ASSOCIATED CONTENT

bS Supporting Information. Detailed information on sen-
sor and nanoparticle surface modification and quantification
protocols, fluorescent labeling of proteins, assay procedures,
and optimization experimental results. This material is available
free of charge via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: jpwang@umn.edu (J.-P.W.), slato001@umn.edu (J.S.),
xingx009@umn.edu (C.X.).

Figure 8. A: Endoglin levels in all the urine samples tested by the three-layer competition assay. Columns, mean; bars, standard deviation; 6e ne 8. B:
Average endoglin levels in the urine groups: (a) high grade prostate cancer (U1�U5); (b) low grade prostate cancer (U6�U10); (c) no prostate cancer
(U11�U15). Columns mean; bars, standard deviation; n g 8. Comparisons between groups are statistically significant. P = power (statistical).

Figure 9. A: Endoglin to total urinary protein ratio (pg/μg) in tested urine samples. Columns mean; bars, standard deviation; 6e ne 8. B: Average
endoglin to total urinary proteins (pg/μg) in the urine groups: (a) high grade prostate cancer (U1�U5); (b) low grade prostate cancer (U6�U10); (c)
no prostate cancer (U11�U15). Columns mean; bars, standard deviation; n g 8. Comparisons between groups are statistically significant. P = power
(statistical).

Figure 10. A: Endoglin to creatinine ratio (pg/mg) in tested urine samples. Columns mean; bars, standard deviation; 6e ne 8. B: Average endoglin to
creatinine (pg/mg) in the urine groups: (a) high grade prostate cancer (U1�U5); (b) low grade prostate cancer (U6�U10); (c) no prostate cancer
(U11�U15). Columns mean; bars, standard deviation; n g 8. Comparisons between groups are statistically significant. P = power (statistical).
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