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a b s t r a c t

A rationally designed oligoethylene glycol linker conjugate to testosterone was synthesised and covalently
immobilized on a surface plasmon resonance (SPR) biosensor surface. The sensing surface was stable for
more than 330 binding and regeneration cycles allowing a high degree of re-use. This surface was then
used in the development of an ultrasensitive immunobiosensor system for testosterone in buffer utilizing
both secondary antibody and gold nanoparticle signal enhancement. The mechanism for the increased
eywords:
estosterone
urface plasmon resonance
inker
onjugate
aliva

sensitivity results from increased binding mass and a gold plasmon coupling effect. The addition of a sec-
ondary antibody with an attached gold nanoparticle increased the signal sensitivity of the assay 12.5-fold
compared with primary antibody alone. In the enhanced format the assay had limits of detection (LOD)
of 3.7 pg ml−1 with standard in running buffer, and 15.4 pg ml−1 in a stripped human saliva matrix. This
immunobiosensor system has sufficient sensitivity to measure testosterone across the broad physiologi-
cally relevant range in male saliva (29–290 pg ml−1) in under 13 min allowing monitoring of testosterone

in near real-time.

. Introduction

Testosterone is an anabolic androgenic steroid that acts as the
rincipal male sex hormone. The measurement of testosterone lev-
ls is of increasing interest for sports endocrinology (Crewther et
l., 2006; Loebel and Kraemer, 1998) and the study of medical
onditions such as testosterone deficiency syndrome (Tostain and
lanc, 2008). Measurement in saliva offers a viable alternative to

nvasive blood sampling as the hormone concentrations are well
orrelated with serum and plasma free concentrations (Arregger et
l., 2007; Ohzeki et al., 1991; Magrini et al., 1986). Salivary testos-
erone is mostly in the free form rather than bound to sex hormone
inding globulin (SHBG) (Khan-Dawood et al., 1984) and the free
orm of steroids is arguably the most relevant fraction to deter-

ine bioavailability and potential physiological function (Vining et
l., 1983). Furthermore, the relative ease and non-invasive nature
f saliva sampling promotes subject compliance and allows large
umbers of samples to be collected if required (Read et al., 1990;
agrini et al., 1986), without specialist sampling support.

A number of radioimmunoassay (RIA) and enzyme-linked

mmunosorbent assay (ELISA) techniques exist for testosterone
easurement in a variety of media including saliva (Wheeler, 2006;
ranger et al., 2004) as well as alternative plate-based immunoas-
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says such as time-resolved fluorescence immunoassay (Tschöp et
al., 1998). These techniques are typically laboratory-based, labour-
intensive, have high costs per sample, have long wait times for
results (typically hours to days) and for the case of RIA use haz-
ardous radioisotopes.

Biosensors could offer a means for rapid and low cost measure-
ment of testosterone with results available at the point of sample
collection. Surface plasmon resonance (SPR) is a flow-through
biosensor technology that measures very small changes in refrac-
tive index on a noble metal surface when mass binds to that surface
and is used as a transduction approach in many immunobiosensor
assays (Homola, 2008). One of the most popular commercial SPR
systems available is the BIAcoreTM which can utilize carboxymethy-
lated dextran polymer surfaces for the conjugation of proteins or
other amine-bearing molecules (Fivash et al., 1998). Concentrations
of the target antigen can be determined by binding of a primary
antibody to the immobilized antigen in a competitive assay format
with the option of further signal enhancement by use of a sec-
ondary antibody (Mitchell et al., 2006). Until recently SPR lacked
the necessary sensitivity to detect small molecules at the concen-
trations in which they are found in many biological fluids (often
below 1 ng ml−1). In addition to their use for large molecule SPR

immunoassays (Lyon et al., 1998), nanoparticle labels have now
been utilized for small molecule assays to maximise sensitivity
and reduce limits of detection (LOD) (Mitchell et al., 2005). In
such assays it is critical to use rationally designed linker conju-
gates of the target antigen for immobilization to the sensor surface

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:jmitchell@hortresearch.co.nz
dx.doi.org/10.1016/j.bios.2008.11.018
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o allow maximum antibody recognition through relief of steric
indrance and conjugation at a site distant from key functional
roups. Antigen conjugates incorporating attachment of a 15-atom
inker to the 4-position of the steroid have been developed for the
ormones progesterone (Mitchell et al., 2005; Wu et al., 2002),
stradiol, estrone (Mitchell et al., 2006) and catecholamines such as
opamine (Mitchell et al., 2007). Similar linker technology medi-
ted through thiol attachment has also been studied for cortisol
Sharpe et al., 2008).

Testosterone has a physiological range in human adult male
aliva of 29–290 pg ml−1 (Ellison et al., 2002) and so a highly sensi-
ive SPR system would be required to measure it. Previous reports
tudying testosterone immobilized on an SPR biosensor use unsta-
le streptavidin immobilization with biotin coupling at the 3- and
9-positions of the steroid through existing functional groups and
nly study binding kinetics, not an immunoassay (Kaiser et al.,
000). Binding between the related androgen, dihydrotestosterone,
nd SHBG has also been studied by SPR (Luppa et al., 2006; Metzger
t al., 2003). There is a dearth of studies that use SPR biosensors for
easurement in complex biological media. Most small molecule
ork to date has been done with milk (Gillis et al., 2002; Gustavsson

t al., 2004), with studies on interleukin-8 (Yang et al., 2005) and
henytoin (Fu et al., 2007) in human saliva.

We report the synthesis of a novel linker conjugate of testos-
erone and apply it as a coating antigen in the sensitive detection
f testosterone using an SPR-based biosensor. The assay is devel-
ped in buffer where different enhancement techniques using a
econdary antibody conjugated to either horse radish peroxidase
HRP) or a gold nanoparticle are compared. These techniques would
e suitable for extracted hormone samples in buffer, allowing hor-
one measurement in a wide range of matrices. In addition, the

old nanoparticle signal enhancement method is extended to a
uman saliva matrix.

. Experimental

.1. Materials and statistics

Testosterone was from Steraloids (A6950-000), activated char-
oal was from Merck (1.02186.1000) and PEG-400 from Prolabo (26
02-290). All other chemical reagents were from Sigma–Aldrich.
onoclonal primary antibody (mAb) to testosterone was from
S Biologicals (raised in mouse, T2950-22) and anti-mouse

mmunoglobulin G (IgG)–HRP secondary antibody (A9044) and
nti-mouse IgG (M7023) were from Sigma. BIAcoreTM SPR exper-
ments were performed on a BIAcore 2000TM instrument with CM5
extran chips supplied by BIAcoreTM. Running buffer was HEPES
0.01 M) buffered saline (0.15 M) with EDTA (3 mM) and Tween-20
0.005%, v/v) (HBS-EP). Assay curve data were fitted to four param-
ter logistic curves using SigmaPlotTM software and this was also
sed to translate response variability into concentration errors. LOD
ere calculated as the concentration corresponding to the blank

alue less two standard deviations of the blank (Chard, 1995). IC50
as the 50% bound figure from the curve fitting. Sensitivity was

alculated as the slope of the linear portion of the assay curve and
s independent of any non-specific binding (nsb) by reference flow
ell subtraction. Standard errors are quoted. Outlier treatment was
s for Mitchell et al. (2005). All synthesis methods and charac-
erisation data for synthesised compounds are in Supplementary

aterial.
.2. Immobilization of testosterone derivative

A CM5 dextran chip was docked into a BIAcore 2000TM instru-
ent and flow cell two of four was immobilized with steroid as

ollows. N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide (EDC)
oelectronics 24 (2009) 2177–2183

(0.4 M) was mixed 1:1 with NHS (0.1 M) and injected (2× 50 �L at
5 �L/min) to activate the surface. This was immediately followed
by compound 6 (4× 100 �L at 5 �L/min, 1 mg ml−1 in 1% (v/v)
dimethylformamide (DMF) in 0.01 M phosphate buffered saline pH
9). The surface was then deactivated with ethanolamine (1 M, pH
8.5). Flow cell 1 was activated and then deactivated as a reference
flow channel.

2.3. Secondary antibody-HRP signal enhancement

To optimize loading of secondary antibody-HRP conjugate, mAb
(200 ng ml−1, 60 �L in running buffer) was injected immediately
followed by IgG–HRP (60 �L, 10 �L/min) at dilutions of 0, 0.001,
0.002, 0.004, 0.01, 0.013, 0.02 and 0.04 in running buffer. Five repli-
cates were run of each concentration. Regeneration was by injection
of 20% (v/v) acetonitrile in 50 mM NaOH (20 �L). To determine the
relationship between signal and primary antibody concentration,
mAb (60 �L) was injected at concentrations of 0, 5, 10, 25, 50,
100, 150, 200 ng ml−1 immediately followed by IgG–HRP (0.02 dilu-
tion factor, 60 �L, 10 �L/min). Five replicates of each concentration
were run with regeneration as above. Immunoassay of testosterone
was run by mixing mAb (50 ng ml−1) 1:1 with testosterone stan-
dard in running buffer (0, 1, 10, 25, 50, 100, 250, 1000, 5000,
10,000 pg ml−1) in a vial using automated BIAcoreTM functions and
incubating the mixture at room temperature for 5 min before inject-
ing 60 �L. This was immediately followed by injection of IgG–HRP
(0.02, 60 �L, 10 �L/min). There were five replicates of each point,
with regeneration conducted as described above.

2.4. Nanogold signal enhancement in buffer

Gold colloid (25 nm diameter, 0.01% (w/v) HAuCl4) was prepared
by the citrate reduction method (Frens, 1973) and secondary anti-
body was conjugated according to an established method (Mitchell
et al., 2005) to give a final secondary antibody concentration of
300 �g ml−1. Secondary antibody–gold conjugate loading was opti-
mized by injecting mAb (50 ng ml−1, 60 �L) immediately followed
by IgG–gold 25 nm (60 �L, 10 �L/min) at dilutions of 0.5, 0.25,
0.125 in 10% (v/v) PEG-400 in deionized water, regeneration as
above. The relationship between signal and mAb concentration was
determined as for the IgG–HRP enhancement but using IgG–gold
conjugate at 0.125 dilution in place of IgG–HRP and using mAb
concentrations of 0, 1, 2.5, 5, 10, 25, 50 ng ml−1. An immunoas-
say of testosterone was constructed as above but with IgG–gold
25 nm (0.125 dilution) in place of IgG–HRP, primary mAb at 9 ng/ml
injected concentration and using testosterone standards of 0, 1, 5,
10, 25, 50, 100, 250, 1000, 5000 pg ml−1.

2.5. Assay in human saliva

Saliva was collected from a male subject and endogenous
steroids were stripped by addition of activated charcoal (Carter,
1978) (10 mg ml−1), shaking at room temperature for 18 h at
560 rpm and then centrifuging (twice at 4620 × g, 20 min) to
remove charcoal. An assay for detection of testosterone in stripped
human saliva was performed as for the IgG–gold enhanced buffer
assay but with testosterone standards prepared in stripped human
saliva (four replicates) and with IgG–gold at 0.0625 dilution in 7.5%
(w/v) PEG-4000 in deionized water. A more rapid salivary testos-
terone assay was then developed using the same format as above
but with no pre-incubation of standard and antibody, all BIAcoreTM
injection formats changed to “quickinject” and IgG–gold injected
at 20 �L/min reducing assay cycle time to less than 13 min and pri-
mary mAb injected concentration of 4.5 ng/ml. Saliva collection was
approved by the New Zealand Northern Y Regional Ethics Commit-
tee (NTY/07/02/017).
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. Results and discussion

.1. Synthesis of testosterone linker conjugate

Previous reports have indicated that conjugation through the 4-
osition of steroid hormones for immobilization in flow-through
PR biosensors is preferred for optimal antibody recognition and
ignal response (Wu et al., 2002). The synthesis of a testosterone
inker conjugate through the 4-position is summarised in Scheme 1.

or testosterone, it is possible to form an epoxide across the 4, 5-
ouble bond of the A-ring and then attach a thioether moiety under
lkaline conditions (Camerino et al., 1956; Hosoda et al., 1979). From
his derivative it was then possible to activate the carboxylic acid
erminus with NHS to make it more reactive to primary amines

Scheme 1. Synthesis scheme for production of testo
oelectronics 24 (2009) 2177–2183 2179

(Hosoda et al., 1979) and then attach an oligoethylene glycol linker
with amine termini, one of which is protected with a Boc protect-
ing group. The derivative is stable in this form for an extended
period and can be easily de-protected to form a primary amine for
immobilization.

3.2. Immobilization of testosterone linker conjugate

The simple in situ immobilization technique resulted in a high

yield of immobilized steroid and a resultant high binding capacity.
The use of covalent attachment meant that the surface was very
stable, lasting for more than 330 binding and regeneration cycles
despite the use of harsh regeneration conditions (NaOH and ace-
tonitrile). The stability limit of this surface has not yet been reached

sterone–oligoethylene glycol linker conjugate.
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Fig. 1. Schematic of the SPR immunosenso

nd similarly constructed surfaces have lasted more than 1100
ycles (Mitchell et al., 2005). In comparison, immobilizing proteins
an lead to denaturation upon successive exposure to regenera-
ion solutions thus resulting in a much shorter surface lifetime. The
estosterone-linker surface is illustrated in Fig. 1. The oligoethylene
lycol linker has low immunogenecity (Kurusu et al., 2003; Otsuka
t al., 2003) which minimises non-specific binding to the linker unit
hilst providing a hydrophilic chain to project the antigen into the
olar running phase and can be used successfully in immunoassay
f a range of small molecules (Mitchell et al., 2005; Mizuta et al.,
008).

Competitive immunoassay of small molecule targets using SPR
ffers a potentially rapid method of measuring concentration of the
nalyte without the need to immobilize antibody on the sensing
urface, Fig. 1. This means that a highly stable surface with cova-
ently attached coating antigen can be used that does not suffer
rom the unstable coatings of antibody or protein conjugate immo-
ilized systems and the primary antibody can act as the signal
enerator.

.3. Enhancement using IgG–HRP conjugate

When high sensitivity is required, one can bind a secondary
ntibody to add mass to the surface and thus increase signal,
ig. 1. Previous reports utilizing small molecule immobilization
ave shown that secondary antibodies can enhance signal well
eyond the enhancement expected from a simple 1:1 binding event
Mitchell et al., 2005, 2006). Once the testosterone biosensor sur-
ace was constructed, a number of secondary antibodies were tested
or their specific and non-specific binding in buffer and an IgG–HRP
onjugate was chosen for its low non-specific binding properties

20 RU at 0.02 dilution) combined with excellent signal enhance-

ent comparable to that of a standard secondary IgG (7.3-fold). To
etermine the loading of IgG–HRP required for maximum signal
nhancement, a plot of response vs. IgG–HRP concentration was
repared (Fig. S-1 supplementary material). Binding response had
y binding process with nanogold labelling.

largely reached saturation at a 0.02 dilution and so this was adopted
as the best compromise between assay signal and per cycle mate-
rial cost. It was necessary to maximise secondary antibody signal
enhancement so that the loading of primary antibody used was as
low as possible to ensure the lowest possible LOD.

To determine the degree of signal enhancement obtained, a plot
of the relationship between signal strength and primary antibody
concentration was prepared for both the total signal response and
the signal arising from the primary antibody alone, Fig. 2A. The sig-
nal enhancement as determined from the ratio of the slopes of the
linear plots was 7.3-fold, comparable to other secondary antibody
systems (Mitchell et al., 2005). The non-specific binding arising
from the secondary antibody is the intercept of the total response
line and so is not part of the signal enhancement determination.

A competitive assay format was developed for measuring testos-
terone in buffer using IgG–HRP signal enhancement and yielded
a highly sensitive assay standard curve with a LOD of 35 pg ml−1,
assay 1B, Table 2. The variability in the assay signal responses was
so low that the un-enhanced primary antibody bindings could gen-
erate a reliable buffer assay with an even lower LOD of 21 pg ml−1,
assay 1A, Table 2. Whilst primary antibody binding-based assays
are useful in buffer they can be unusable when the primary anti-
body is mixed with a biological sample such as saliva where there is
some variable salivary non-specific binding. In these cases one can
generate an assay curve from the secondary labelling response of
IgG–HRP or IgG–gold conjugates which excludes the non-specific
binding component of the saliva; hence it is always valuable to
study the enhanced assays. Another enhancement technique, using
IgG–nanogold conjugate, was then investigated to further improve
the signal strength of the assay whilst retaining low LOD.
3.4. Enhancement using IgG–nanogold conjugate

Gold nanoparticles can add substantial additional bound mass
to the sensing surface but also undergo SPR themselves and so
can have a cooperative effect in enhancing the SPR signal (Lyon
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Fig. 2. (A) Plot of signal response (RU) vs. mAb concentration for mAb signal alone
(�) (linear fit: y = 5.0017x + 5.512, R2 = 0.9991) and with IgG–HRP signal enhancement
(
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ity in immobilization or needing any form of signal enhancement,
�) (linear fit: y = 0.6864x − 2.8776, R2 = 0.996). (B) Assay standard curve for mAb
nly response in buffer.

t al., 1998). They have been used for signal enhancement in SPR
andwich assays for protein analytes (Lyon et al., 1998) but only
ecently for SPR immunoassay of small molecule antigens (Mitchell
t al., 2005). Previously, a 25 nm gold sol has been found to be opti-
al for use with a secondary antibody in an SPR immunosensor
ith an underlying dextran surface (Mitchell et al., 2005). Such an

gG–nanogold conjugate was produced by charge immobilization
n a citrate reduced colloid. When the conjugate was tested in the
PR system it was found that use of a high loading of polyethy-
ene glycol (PEG) in the diluent of the gold conjugate improved the
tability of the conjugate by reducing settling of the colloid.

To determine the effect of dilution of the gold conjugate on levels
f both specific and non-specific binding in the immunosensor, sev-
ral dilutions were used to enhance primary antibody response and
heir non-specific binding tested. The data showed no significant
ecline in signal enhancement for dilutions from 0.5 to 0.125 but did
how a significant decline in non-specific binding (38% reduction),
able 1. This implies that at these loadings there has been saturation
inding of the primary antibody. This experiment indicated sig-
al enhancement factors of about 13-fold which is consistent with
revious reports with different antigen (Mitchell et al., 2005) for a
extran, 25 nm nanogold system, Table 1. To optimize the primary
ntibody concentration and determine the relationship between
ignal and primary antibody loading, a plot was constructed across

arious primary antibody concentrations for both primary antibody
nly response and nanogold enhanced response, Fig. 3A. Based on
he ratio of the slopes of enhanced and un-enhanced linear plots,
he enhancement across the concentration range was 12.5-fold,
Fig. 3. (A) Plot of signal response (RU) vs. mAb concentration for mAb signal alone (�)
(linear fit: y = 11.246x + 160.57, R2 = 0.9988) and with secondary antibody–nanogold
signal enhancement (�) (linear fit: y = 0.9005x + 3.4431, R2 = 0.9992). (B) Assay stan-
dard curve for IgG–nanogold enhanced assay in stripped saliva, longer format.

indicating consistent enhancement regardless of primary antibody
concentration.

With the additional signal enhancement from the nanogold con-
jugate it was possible to reduce primary antibody to such an extent
that a low LOD could be obtained at 23 pg ml−1, assay 2B, Table 2.
This assay, unlike the IgG–HRP enhanced assay, demonstrated
a linear response range from 25 to 250 pg ml−1 encompassing
the normal physiological range in saliva of healthy human males
(Ellison et al., 2002). The assay sensitivity of 122 RU ml/ng ensured
that sufficient signal could be obtained for good resolution of con-
centrations in the range of interest. This assay is therefore valuable
for the determination of testosterone in saliva samples that have
been extracted and reconstituted in buffer; and if the samples
are concentrated as part of the extraction process it may also be
extended to measurement in female saliva samples where testos-
terone levels are even lower.

Surprisingly, the un-enhanced primary antibody only response
gave sufficiently precise results to be used in formation of an assay
curve despite the very low signal, Fig. 2B. This assay proved to have a
lower LOD of 3.7 pg ml−1, probably due to a reduction in signal vari-
ability associated with the absence of a second binding event, assay
2A Table 2. This LOD is comparable to that previously reported for
an SPR immunoassay of progesterone using a SAM layer approach
(Yuan et al., 2007). However, the current testosterone assay has
the advantage of not using thiol dative bonds of limited stabil-
thus increasing the durability of the assay system whilst reducing
cost and assay cycle time for buffer-based assay. The CVs for the
signal were 3.9% indicating high precision despite the lower sig-
nal response sensitivity, assay 2A Table 2. Signal enhancement is
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Table 1
The effects of nanogold dilution factor on binding signals and sensor signal enhancement factor for the SPR immunosensor.

Nanogold dilution factor Specific binding (RU) Non-specific binding (RU) Enhancement factor

0.5 651.5 ± 0.1 239.7 ± 0.1 13.1 ± 0.03
0.25 705.2 ± 0.1 189.8 ± 0.1 12.9 ± 0.02
0.125 664.9 ± 0.1 149.2 ± 0.1 13.2 ± 0.03

Table 2
Assay parameters for the assay formats developed for testosterone using the SPR immunosensor.

Assay format Primary antibody
concentration (ng/ml)

Incubation time (min) Limit of detection (pg/ml) IC50 (pg/ml) Signal sensitivity (RU ml/ng)

1A. Buffer, primary Ab 25 5 21 ± 6.6 385 ± 12 21.5 ± 0.8
1B. Buffer, IgG–HRP 25 5 35 ± 11 396 ± 22 180 ± 48
2A. Buffer, primary Ab 9 5 3.7 ± 0.9 206 ± 26 11.6 ± 0.9
2
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B. Buffer, gold 9 5
A. Saliva, primary Ab 9 5
B. Saliva, gold 9 5
. Saliva, gold 4.5 0

till required though, as whilst this assay performs well in buffer,
he presence of saliva is likely to compromise un-enhanced assay
erformance. The lower IC50 of both un-enhanced and enhanced
ssays (assays 2A, 2B Table 2) reflects a significant shift of the assay
urve to lower concentrations. With the construction of an assay
ystem capable of detecting testosterone at physiologically relevant
oncentrations in buffer it was then advantageous to convert this
ystem to measure in human saliva.

.5. SPR biosensing in human saliva

The human salivary matrix is a very complex and viscous
uid that is difficult to use in biosensor settings. The components
f saliva can potentially interfere with antibody/antigen binding
vents and result in fouling of fluidic systems and non-specific bind-
ng to sensor surfaces (Yang et al., 2005). These problems are further
ompounded in the case of steroid hormone measurements as only
ery low concentrations of steroids are present in the saliva, espe-
ially in the case of testosterone, reflecting only a small percentage
about 2%) of the blood levels (Rilling et al., 1996).

The nanogold enhanced testosterone assay was adapted for use
n saliva by running standards in stripped saliva. This enhancement
as needed as the use of stripped saliva meant primary antibody
nly responses had too low a signal to noise due to interferences
rom the matrix. By charcoal stripping the saliva, the steroid com-
onent is removed along with a portion of the large molecule
ontent which reduces the non-specific binding but still provides
n approximation to un-treated saliva which is arguably a better
tandard diluent than synthetic saliva since synthetic saliva does
ot approach the chemical complexity present in real saliva. To fur-
her minimise any settling of the conjugated gold colloid with time,
he gold diluent treatment used a higher mass PEG, which can also
educe non-specific binding (Mitchell et al., 2005) and the gold was
iluted further to obtain reduction in non-specific binding.

Reliable assay curves were obtained for both primary antibody
nly and nanogold enhanced bindings despite interferences from
he stripped saliva, Fig. 3B. The presence of stripped saliva caused
he assay curves to shift to higher concentrations and thus result in
oorer LOD than for the buffer, assays 3A, 3B Table 2. Speculatively,
his may be the result of salivary components obstructing binding
etween the free testosterone and the antibody thus resulting in

igher testosterone concentrations being needed for inhibition of
inding to the surface. The presence of salivary matrix greatly com-
romised the performance of the un-enhanced assay resulting in an
OD of 36 pg ml−1 (assay 3A, Table 2), about 10-times higher than
or buffer and not quite adequate for salivary testosterone detec-
23 ± 1.5 288 ± 48 122 ± 3
36 ± 13 299 ± 79 8.1 ± 0.6
66 ± 15 397 ± 60 128 ± 9

15.4 ± 7.3 408 ± 12 45 ± 4.3

tion. LOD for the gold enhanced assay was also increased but to a
much lesser extent (less than 3-fold to 66 pg/mL, assay 3B, Table 2)
and signal sensitivity was retained.

To measure testosterone in human saliva at physiologically sig-
nificant concentrations, the LOD must be reduced further and this
was achieved by halving the primary antibody concentration. This
assay data is shown in Table 2, assay 4. In this assay the addition
of albumin to the primary antibody diluent further reduced non-
specific binding from the stripped saliva standards down to near
zero. As the primary antibody concentration was now so low, it
was not possible to obtain an assay curve from its non-enhanced
response as the variable salivary non-specific binding was now
too high relative to the primary antibody signal thus requiring
the continuation of nanogold signal enhancement. When nanogold
enhancement was employed the LOD was found to have improved
to 15.4 pg ml−1 which is comparable to the enhanced buffer assay.
These results indicate how an enhanced SPR immunoassay can pro-
duce required assay curve results in the presence of a complex
biological matrix where un-enhanced assays cannot. This highly
sensitive assay now opens the way to potential measurement of
testosterone in male saliva at its physiological concentrations with-
out extraction and represents the first testosterone assay system
using an SPR biosensor. Furthermore, the assay cycle time in this for-
mat has now been reduced to less than 13 min per sample. In future,
real saliva samples could be measured by the immunobiosensor
and the results compared to existing lab-based techniques such as
radioimmunoassay.

4. Conclusion

Ultrasensitive measurement of the important steroid hormone
testosterone has been achieved through use of SPR biosensor tech-
nology. A specialized linker conjugate of testosterone has been
synthesised for covalent attachment to a dextran SPR surface as
the coating antigen. This surface has demonstrated stability for in
excess of 330 binding cycles enabling a high throughput of samples
over a single surface. The relationships between signal response and
the use of enhancement labels incorporating secondary antibody
and/or nanogold colloid were examined and binding parameters
optimized. Assay formats were employed utilizing both forms of
enhancement for measurement of testosterone in buffer but it was

also demonstrated that such assays could be performed in buffer
without enhancement due to high precision at low binding sig-
nals. However, this performance could not be extended to stripped
saliva matrix. The assays were then adapted to measurement in
stripped human saliva and showed that with the use of nanogold



and Bi

e
u
o
1
t
c

A

R
t

A

t

R

A

C

C
C

C
E

F
F
F

G

G

J.S. Mitchell, T.E. Lowe / Biosensors

nhancement it was possible to achieve an immunosensor assay
sing SPR with the sensitivity required for measurement at physi-
logically relevant concentrations, with assay cycle times of under
3 min. This rapid assay system opens the way to potential detec-
ion of salivary testosterone in near real-time for physiological and
linical investigation.
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