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Abstract Prostate specific antigen-a,-antichymotrypsin was
detected by a double-enhancement strategy involving the
exploitation of both colloidal gold nanoparticles (AuNPs) and
precipitation of an insoluble product formed by HRP-
biocatalyzed oxidaion. The AuNPs were synthesized and
conjugated with hors:-radish peroxidase-PSA polyclonal antibody
by physisorption. 1Jsing the protein-colloid for SPR-based
detection of the PSA/ACT complex showed their enhancement
as being consistent with other previous studies with regard to
AuNPs enhancement, while the enzyme precipitation using
DAB substrate was applied for the first time and greatly
amp'ified the signal. The limit of detection was found at as
low as 0.027 ng/m of the PSA/ACT complex (or 300 fM),
which is much higher than that of previous reports. This study
indicates another way to enhance SPR measurement, and it is
generally applicable to other SPR-based immunoassays.
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Prostate carcinoma is a major cause of death in the male
population. It is the most common tumor in men, the
second leading cause of cancer deaths among males, and
the fourth most ccmmon cause of death overall in the U.S.
[2, 6]. The disease is increasing rapidly, which has led to
the prediction that prostate cancer will become the most
common cause of cancer causing death in men by the year
2010 [23]. At present, no curative therapy is available once
the disease metastasizes to other sites in the body.

Prostate specific antigen (PSA), a 34-kDa serine protease,
is the most reliable and specific biomarker for the preoperative
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diagnosis, monitoring, and follow-up of patients with
prostate cancer [9]. It offers the best hope about an early
and accurate detection while the disease is still localized in
the prostate gland [5]. The major forms of PSA found in
serum are complexes with two major extracellular serine
protease inhibitors, o,-antichymotrypsin (PSA/ACT, MW
90 kDa) and o,,-macroglobulin (PSA/AMG), and a free form
(f-PSA, MW 34 kDa) [18]. PSA/ACT is the predominant
form of the PSA complex; it is immunoreactive, whereas
PSA/AMG is not. Conventional assays for PSA detection
mostly involve a monoclonal or a polyclonal antibody of
PSA tagged with an enzyme, a fluorophore, or a radioactive
isotope [2, 16, 17]. These approaches had several disadvantages,
such as being time consuming, inconvenient, and expensive.
Furthermore, the immune reactions could not be observed
in real time.

SPR, an affinity optical sensor based on the detection of
changes in mass concentration at a biospecific interface
[3,12,15,21], has been applied to detection of PSA
[4,7,13]. However, it is a fact that lack of a highly
sensitive analytical method for detecting an analyte at low
concentrations is a major impediment to SPR biosensor
technology. To improve the sensitivity of PSA detection
using SPR, AuNPs have been used because of their high
mass as well as the asset of their ability to undergo surface
plasmon resonance phenomenon leading to strengthening
the SPR signal [11, 19, 20]. Recently, another strategy has
noticeably emerged as a novel technique to amplify the
SPR sensitivity, exploiting an HRP-catalyzed precipitation
mechanism [8]. Alfonta et al. [1] prepared liposomes
labeled with biotin and HRP to amplify antigen-antibody or
oligonucleotide-DNA biosensing processes by the precipitation
of an insoluble product on electrode. Su et al. [24] reported
that the HRP-catalyzed oxidation of 4-CN could be applied
to enhance the signals of cuvette-based surface plasmon
resonance and quartz crystal microbalance (QCM) biosensors
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Fig. 1. Schematic diagram illustrating the steps in PSA/ACT
complex detection and enhancement strategy based on the SPR
immunosensor.

After the biotinylated PSA/ACT mAb was immobilized onto the SA layer,
the PSA/ACT complex in HBS buffer was flowed over the 1:9 surface.
Response of the antigen-antibody reaction was measured in real time using
the BIAcore 2000 apparatus. Subsequently, HRP-PSA pAb-AuNPs were
injected over the sensor surface to achieve better sensitivity.

as well. In this note, we present a novel method, so-called
double enhancement, for the specific PSA/ACT complex
sensing process based on the application of HRP-labeled
polyclonal antibody-functionalized gold nanoparticles. By
functionalizing the AuNPs with HRP, we can exploit both
the outstanding characteristics of gold colloid and enzyme
precipitation sequentially for signal enhancement of the
SPR biosensor. The strategy is illustrated in Fig. 1.

In the strategy, the first step involved preparation of
colloidal gold nanoparticles. AuNPs were prepared by
sodium citrate reduction of aqueous HAuCl, solution as
described by Turkevich ef al. [25]. A volume of 20 ml of
1.0 mM HAuCl, was heated to the boil, and 2 ml of 1%
sodium citrate was added to the boiling solution while
stirring vigorously. The solution was further boiled for
5 min to complete the citrate reduction of the gold ions.
Then, the solution was kept on stirring for the next 30 min
and cooled to room temperature. The formation of the
monodisperse colloidal gold particles was indicated by a
color change from dark blue to red. The colloidal solution
was cooled and filtered through a 0.45-pum filter. Before
use, the pH was adjusted to 7.2 by adding 0.5 N NaOH,
and the solution was stored at 4°C. This method yielded
spherical, quite homogenous, ruby red particles, as revealed
by TEM (inset A, Fig. 2), and the size distribution was very
narrow (D,...=22.7 nm; RSD=3.51 nm) as measured by
DLS (inset B, Fig. 2). Curve (a) in Fig. 2 shows the UV-vis
spectrum of the ruby red solution produced after chemical
reduction with sodium citrate, indicating formation of AuNPs
with a maximum absorption peak at A=527 nm, assigned
to the characteristic feature of gold plasmon resonance [24].
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Fig. 2. UV-vis absorption spectra of (A) AuNPs; (B) Protein-
gold conjugate.

- Maximum absorptions of (A) and (B) are 527 and 533 nm, respectively.

The inset A is the morphology of AuNPs characterized by HR-TEM using
a JEOL model JEM-2100F instrument operated at an accelerating voltage
of 200 kV. The inset B describes the size distribution of AuNPs measured
by dynamic light scattering (DLS) analysis using a BI-200SM goniometer
system and a BI-9000AT digital multiple correlator (Brookhaven
Instruments, U.S.A.).

PSA pAb was conjugated to HRP using the EZ-Link
maleimide activated horse-radish peroxidase kit according
to the manufacturer’s protocol. Thereupon, the protein-
colloidal gold nanoparticles were prepared by physisorption.
Adsorption isotherms were constructed for the HRP-PSA
pAb conjugate to determine the minimum amount of
protein that was necessary to coat the exterior of the
AuNPs [10, 14]. A series of protein solutions of increasing
concentration was made, and 1 ml of colloidal AuNPs was
added to 0.1 ml of the protein solution. After 5 min, 1 ml
of 10% NaCl was added and rapidly mixed. If the protein
was not adsorbed and the gold particles were not
stabilized, aggregation of the gold granules was indicated
by a color change from red to light blue. The minimum
amount of protein that prevented this color change was
used. For the ca. 23 nm colloid, 200 pg of HRP-PSA pAb/
L ml of colloid was required to prevent aggregation. The
protein-Au conjugate was synthesized by the addition of
the identified amount of HRP-PSA pAb to 1 ml of pH
adjusted colloid followed by incubation on ice with periodic
gentle mixing for 30 min. Then, 0.5 ml of freshly made
and prefiltered (0.45 um Millipore) containing 1% BSA
and 0.1% Tween 20 were added to prevent aggregation of
protein-coated gold particles. The protein-labeled gold
particles were centrifuged at 12,000 rpm for 30 min. The
clear to pink supernatant was discarded and the concentrated
labeled gold pellet was resuspended in 2 ml of 0.1 M PBS
buffer (pH 7.2). The enzyme immunogold solution was



stored at 4°C for up to 1 week without loss of activity. As a
resul;, a damping of surface plasmon band occurred as
indicated by a small red shift from 527 to 533 nm (curve
(b), Fig. 2), and it showed the adsorption of HRP-PSA pAb
onto the surface of AuNPs.

For real-time detection of the PSA/ACT complex, a
BlAcore 2000 appa-atus (Pharmacia Biosensor AB, Uppsala,
Sweden) was used. The instrument was operated using the
BlAcore 2000 conirol software; data were evaluated using
BlAevaluation 3.2. In this study, to reduce any nonspecific
adsorption and steric hindrance effect of protein immobilization
as well as to maximize the capture protein quantity, a
surface chip using a 1:9 molar ratio of HS-OEG,-COOH/
HS-OEG,-OH was used [22]. The chip fabrication, biotinylation
process, and streptavidin immobilization were carefully
described in our previous publication [7]. Then, 20 pg/ml
biotinylated PSA/ACT mAb was immobilized by injecting
35 ul over the flovs cell 2 for 7 min at 5 pl/min. Flow cell
1 was considered as a reference cell for correction of
the signal responses. The unbound biotinylated PSA/ACT
mAb was washed away using a mixed solution of 25 mM
NaOH/0.2 M NaCl for 2 min. To detect the analyte, the
PSA/ACT complex was diluted with HBS buffer to yield
concentrations ranging from 0 to 1,000 ng/ml. The analyte
concentrations we:'e injected over the immobilized surface
for 5min. After measuring the immune response, the
sensor chip was r2generated by injecting 50 mM NaOH/
1 M NaCl for 2 mn. As shown in Fig. 3, the analyte could
not be determined at low concentrations ranging from
0.0C1 to 1 ng/ml, and the linear range was only observed
for concentrations ranging from 1 to 1,000 ng/ml (Fig. 4).
A linear regressio:: equation for the primary response was
calculated as y=0.1029x+ 9.8785 (R*=0.9968, n=5), where
y and x are the relative RU and analyte concentration,
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Fig. 3. Detection of the PSA/ACT complex at concentrations
ranging from 0.001 to 100 ng/ml.

The error bars illustrete the relative standard deviation (RSD) for three
replicates.

FEMTO-MOLAR DETECTION OF PSA/ACT CoMPLEX 1033

10000
®  Primary response
v AUNPs enhancement
= Double enhancement assay
1000 -
o}
o
2
o
% 100 i L)
o
10 4

0.0001 0.001 0.01 0.1 1 10 100 1000 10000
[PSA/ACT complex] (ng/ml)

Fig. 4. Logarithmic correlation between the relative RU and the
PSA/ACT complex concentrations.

respectively. The RSD of the zero concentration was
1.95. As defined, the limit of detection of the PSA/ACT
complex is three times the standard deviation for the
average measurement of blank samples [7]. Therefore, the
LOD was determined to be as low as 56.9 ng/ml.

For the enhancement assays, the SPR signal was amplified
sequentially in two steps as depicted in Fig. 1. After the
immune response between the biotinylated PSA/ACT
mAb and PSA/ACT complex had occurred, the HRP-PSA
pAb-Au complex was injected over the surface for 5 min
at 5 ul/min for the gold enhancement. Subsequently, a 0.2
DAB/H,0, substrate solution was freshly prepared and
injected to react for 2 min. The deposition of the oxidized
insoluble product on the chip interface leads to SPR
angle shifts and thus the sensitivity of SPR biosensor could
be improved. Regeneration of the surface was carried out
as above, or using glycine-HCI, pH 2.0, with a 2-min
pulse. Interestingly, the relative RU values of the SPR
immunoassays could be considerably improved by the
enhancement strategy, as revealed in Fig. 3. The logarithmic
correlation between the relative RU and the PSA/ACT
complex concentration also exhibited a good linear relationship
for the AuNPs enhancement and the double enhancement
assay (Fig. 4). Linear regression equations were also
obtained by the same calculation as the previous section.
In the AuNPs enhanced assay, the analyte range was only
linear for concentrations ranging from 0.01 to 100 ng/ml.
The linear regression equation was y=11.836x+136.06
(R>=0.9755, n=5) and the RSD was 12.5; the LOD derived
from this equation was 3.16 ng/ml. From the slopes of
the equations, it is evident that the sensitivity was
improved by a factor of 115 (from 0.1029 to 11.836 RU)
per concentration unit (ng/ml) by the AuNPs enhanced
immunosensing. The result is also consistent with other
previous studies [11]. Similarly, the linear regression
equation for the double enhancement based on gold and
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enzyme precipitation was y=43.24x+ 309.24 (R*=0.9826,
n=6). The detectable range of concentration was obtained
over 0—100 ng/ml. Moreover, fluctuation of RU values at
zero concentration of the analyte was invariable in the
enzyme precipitation reaction, leading to a very low RSD
being achieved (RSD=0.4). Consequently, the LOD was
found to be as low as 0.027 ng/ml of the PSA/ACT
complex (or LOD=300 fM). As a result, the SPR sensitivity
was improved by a factor of 3.65 in comparison with the
AuNPs enhanced assay (from 11.836 to 43.24 RU), orby a
factor of 420.2 in comparison with the primary immune
response (from 0.1029 to 43.24 RU) per concentration unit
(ng/ml).

Several methods have been implemented to achieve
better sensitivity of PSA detection based on SPR {4, 7, 13].
However, the detections were limited at nM scale. In this
study, a three orders of magnitude enhancement has been
achieved for the SPR immunosensing (0.027-56.9 ng/ml).
The detection limit of the assay was found to be as low as
the femto molar level after the double enhancement. The
results show that by functionalizing the AuNPs with HRP,
we can exploit both outstanding characteristics of gold
colloid and enzyme precipitation sequentially in a so-
called double enhancement strategy. Although simple in
design and concept, it moreover also provides a fast,
highly sensitive, and wide-range analytical method for
detecting not only the PSA/ACT complex, but also other
analytes at low concentrations.

Acknowledgment

This work was supported by grant No. RT104-03-05 from
the Regional Technology Innovation Program of the
Ministry of Commerce, Industry and Energy (MOCIE).

REFERENCES

1. Alfonta, L., A. K. Singh, I. Willner. 2001. Liposomes labeled
with biotin and horseradish peroxidase: A probe for the
enhanced amplification of antigen-antibody or oligonucleotide-
DNA sensing processes by the precipitation of an insoluble
product on electrodes. Anal. Chem. 73: 91-102.

2. Armbruster, D. A. 1993. Prostate-specific antigen: Biochemistry,
analytical methods, and clinical application. Clin. Chem. 39:
181-195.

3. Bae, Y. M., K. W. Park, B. K. Oh, and J. W. Choi. 2006.
Immunosensor for detection of Escherichia coli O157:H7
using imaging ellipsometry. J. Microbiol. Biotechnol. 16:
1169-1173.

4. Besselink, G A. J., R. P. H. Kooyman, P. J. H. J. van Os,
G. H. M. Engbers, and R. B. M. Schasfoort. 2004. Signal
amplification on planar and gei-type sensor surfaces in

10.

I1.

12.

13.

14.

15.

16.

17.

19.

surface plasmon resonance-based detection of prostate-
specific antigen. Anal. Biochem. 333: 165-173.

. Blijenberg, B. G, R. Kranse, I. Eman, and F. H. Schroder.

1996. Some analytical considerations on the measurement of
prostate-specific antigen. Fur. J. Clin. Chem. Clin. Biochem.
34: 817-321.

. Brawer, M. K. and P. H. Lange. 1989. Prostate-specific

antigen and premalignant change: Implications for early
detection. CA Cancer J. Clin. 39: 361-375.

. Cao, C., J. P. Kim, B. W. Kim, H. Chae, H. C. Yoon, S. S.

Yang, and S. J. Sim. 2006. A strategy for sensitivity and
specificity enhancements in prostate specific antigen-o,-
antichymotrypsin detection based on surface plasmon
resonance. Biosens. Bioelectron. 21: 2106-2113.

. Cao, C. and S. J. Sim. 2006. Signal enhancement of surface

plasmon resonance immunoassay using enzyme precipitation-
functionalized gold nanoparticles: A femto-molar level
measurement of anti-glutamic acid decarboxylase antibody.
Biosens. Bioelectron. (In press.)

. Chu, T. M. 1994, Prostate-specific antigen in screening of

prostate cancer. J. Clin. Lab. Anal. 8: 323-326.

DeRoe, C., P. I. Courtoy, and P. Baudhuin. 1987. A model of
protein-colloidal gold interactions. J. Histochem. Cytochem.
35: 1191-1198.

Gu, J. H., H. Li, Y. W. Chen, L. Y. Liu, P. Wang, J. M. Ma,
and Z. H. Lu. 1998. Ephancement of the sensitivity of
surface plasmon resonance biosensor with colloidal gold
labeling technique. Supramol. Sci. 5: 695-698.

Homola, J. 2003. Present and future of surface plasmon
resonance biosensors. Aunal. Bioanal. Chem. 377: 528-
539.

Huang, L., G Reekmans, D. Saerens, J. M. Friedt, F.
Frederix, L. Francis, S. Muyldermans, A. Campitelli, and
C. V. Hoof. 2005. Prostate-specific antigen immunosensing
based on mixed self-assembled monolayers, camel antibodies
and colloidal gold enhanced sandwich assays. Biosens.
Bioelectron. 21: 483-490.

Hyatt, M. A. 1989. Colloidal Gold: Principles, Methods and
Applications. Vols. 1-3. Academic Press, New York.

Kim, H. S., Y. M. Bae, Y. K. Kim, B. K. Oh, and J.-W. Choi.
2006. Antibody layer fabrication for protein chip to detect
E. coli O157:H7, using microcontact printing technique. J.
Microbiol. Biotechnol. 16: 141-144.

Klee, G. G, C. M. Preissner, and J. E. Oesterling. 1994.
Development of a highly sensitive imnmunochemiluminometric
assay for prostate-specific antigen. Urology 44: 76-82.
Kuriyama, M., M. C. Wang, L. D. Papsidero, C. S. Killian,
T. Shimano, L. Valenzuela, T. Nishiura, G. P. Murphy, and
T. M. Chu. 1980. Quantitation of prostate-specific antigen in
serum by a sensitive enzyme immunoassay. Cancer Res. 40:
4658-4662.

. Lilja, H., A. Christtensson, U. Dahlén, M. Matikainen, O.

Nilsson, K. Petterson, and T. Lovgren. 1991. Prostate
specific antigen in serum occurs predominantly in complex
with o-antichymotrypsin. Clin. Chem. 37: 1618-1625.

Lyon, L. A., M. D. Musick, P. C. Smith, B. D. Reiss, D. J.
Pefia, and M. J. Natan. 1999. Surface plasmon resonance of



20.

21.

22.

colloidal Au-modified gold films. Sens. Actuat. B Chem. 54:
118-124.

Mitchell, J. S., Y. Wu, C. J. Cook, and L. Main. 2005.
Sensitivity enhaacement of surface plasmon resonance
biosensing of small molecules. Anal. Biochem. 343: 125-
135.

Nam, Y. S. and J. W. Choi. 2006. Fabrication and electrical
characteristics of ferredoxin self-assembled layer for
biomolecular electronic device application. J. Microbiol.
Biotechnol. 16: 15-19.

Otsuka, H., Y. Akiyama, Y. Nagasaki, and K. Kataoka. 2001.
Quantitative anc. reversible lectin-induced association of

23.

24.

25.

FEMTO-MOLAR DETECTION OF PSA/ACT CompPLEX 1035

gold nanoparticles modified with o-lactosyl-w-mercapto-
poly(ethylene glycol). J. Am. Chem. Soc. 123: 8226~-8230.
Savage, P. and J. Waxman. 1996. PSA and prostate cancer
diagnosis. Eur: J. Cancer 32A: 1097-1099.

Su, X. and S. J. O’Shea. 2001. Determination of monoenzyme-
and bienzyme-stimulated precipitation by a cuvette-based
surface plasmon resonance instrument. Anal. Biochem. 299:
241-246.

Turkevich, J., P. C. Stevenson, and J. Hillier. 1951. A study
of the nucleation and growth processes in the synthesis of
colloidal gold. Discuss. Faraday Soc. 11: 55-59.



