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A rapid quantitative immunoassay for estriol-16-glucuronide by Surface Plasmon Resonance (SPR)

sensing has been developed and applied to urine samples from non-pregnant and pregnant subjects.

The assay was based on a partially-purified polyclonal antibody (pAb) raised in sheep, which

showed negligible cross-reactivity with estrone-3-glucuronide and estriol-17-glucuronide. Colloidal

gold coated by the pAb was used as the signal generator in the SPR-based inhibition immunoassay.

An estriol-16-glucuronide-ovalbumin conjugate with an oligoethylene glycol (OEG) as linker was used

to immobilize the steroid on the biosensor chip surface. The SPR assay had a limit of detection of

0.016 ng/mL, and could be performed rapidly giving results in two minutes. The assay can be carried

out directly on any urine samples without complicated sample pretreatment. A one-step lateral flow

strip test was also developed using the same pAb nanogold conjugates and bovine serum albumin

estriol-16-glucuronide conjugates as the capture agent spotted onto a nitrocellulose membrane as

the test line. A sensitive and repeatable lateral flow assay was achieved with a limit of detection of

0.49 ng/mL in time-diluted urine using a low coating concentration of the polyclonal antibody. Despite

the strip sensor displaying adequate sensitivity in a standard curve generated by exposure to estriol-16-

glucuronide in a spiked urine blank, the application of the strip sensors to real urine samples was not so

successful due to matrix effects.
Introduction

Surface plasmon resonance (SPR) sensing is a highly sensitive

label-free analytical technique, in which the sensor response is

based on changes in refractive index that occur at the sensor

surface upon binding of the target analyte. The high sensitivity,

speed of response and the requirement for minimal sample

highlights the applicability of SPR for immunoassays. Lateral

flow immunoassays (LFIA) are cost-effective, relatively easy to

perform and provide a more user-friendly analysis than most

laboratory based assays. They can be stored for long periods

without refrigeration, making them suitable alternatives for use

in off-laboratory or resource-poor settings. Moreover, compared

to SPR biosensor-based assays they can be rapidly brought to

market with a relatively small investment.

Estriol-16-glucuronide (E3-16G) is a steroid derived from

ovarian estradiol by hepatic hydroxylation and conjugation and

has been proposed as an alternative urinary metabolite to estrone

glucuronide for the monitoring of ovarian function.1 Metabolism

of estradiol produces three estriol glucuronides, one conjugated

at position 3, one at position 17 and one at position 16. Of the

three, E3-16G is the preferred metabolite for monitoring fertility,

since it is excreted rapidly whereas the estriol-3-glucuronide

undergoes a complex entero-hepatic re-circulation before excre-

tion and hence is delayed with respect to E3-16G.2 E3-16G is also
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produced by the feto-placental unit during pregnancy and is the

predominant estrogen in the urine of pregnant women increasing

in parallel with the healthy growth of the foetus.3 It has also been

associated with breast cancer.4 Much work has been done on

development of assays for the measurement of estriols in the

urine of pregnant women,5 but there are few direct assays with

the sensitivity to measure E3-16G levels in the urine of

non-pregnant women. Detection methods for E3-16G have

traditionally been based on radioimmunoassay (RIA),6,7 high

pressure liquid chromatography (HPLC),8 and liquid chroma-

tography (LC) coupled with fluorescence measurement,9 mass

spectrometry (MS) or UV spectrophotometry.10,11 However,

these analytical methods require many clean-up steps, are time-

consuming and may be expensive.

An accurate nanoparticle-enhanced SPR biosensor-based

assay suitable for measurement of E3-16G in liquid samples has

been described and validated in a previous study with a sensi-

tivity close to 0.1 nmol/24 h (14 pg/mL).12 Baker (1979) showed

that the mean value of the mid cycle peak of E3-16G excretion

using a direct radioimmunoassay method was approximately

75 nmol/24 h.13 Therefore, the sensitivity of the SPR assay is

more than sufficient to measure the low levels of E3-16G

encountered in urine samples during the human menstrual cycle.

A direct assay such as the SPR assay and LFIA is simpler and

cheaper to perform than methods which need extraction or

derivation but it introduces the possibility of matrix effects. All

immunoassays are subject to matrix effects which can interfere

with antibody binding reactions and hence give rise to false

values. Measurement of a physiological marker such as E3-16G,

which is present in low levels in a bodily fluid such as urine,
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makes the acquisition of a blank sample very difficult to obtain

since there is always some analyte present, even in a child’s

urine.14 However, the sensitivity of the enhanced SPR assay is

sufficient to allow for dilution of the urine samples and hence

minimization of matrix effects.15

Despite widespread use, a LFIA for E3-16G suitable for use

with urinary samples obtained during the normal menstrual cycle

has not been reported. The aim of this work is to apply the SPR

assay to detect low levels of E3-16G in clinical samples for use as

a reference assay. This paper describes the validation and

application of a SPR assay and attempts to develop a LFIA, with

the use of a common colloidal gold-labeled anti-E3-16G pAb

reagent, for the determination of E3-16G in human female urine.

Experimental

Chemicals and instruments

Polyvinylpyrrolidone (PVP), ovalbumin (OVA), bovine serum

albumin (BSA), estriol 3-(b-D-glucuronide), estriol-17-(b-D-

glucuronide) sodium salt (E3-17G) and rabbit anti-sheep IgG

(whole molecule) were all purchased from Sigma-Aldrich

(St. Louis, MO, USA). Tween 20 and di-sodium hydrogen

orthophosphate were obtained from BDH Laboratory Supplies

(Poole, England) and sodium azide was from Serva Electro-

phoresis (Heidelberg, Germany), Hi-Flow plus 75 membrane

cards (60 mm � 301 mm) and cellulose fiber sample pads (17 mm

� 300 mm) were from Millipore (Massachusetts, USA).

U-bottom microtiter 96 well plates were from Greiner Bio-One

GmbH (Frickenhasen, Germany). The E3-16G-BSA conjugates,

estrone-3-glucuronide (E1-3G) were obtained from Science

Haven Limited (Palmerston North, New Zealand). The E3-16G-

OEG-OVA conjugates were from Hort Research (Hamilton,

New Zealand).

A BIAcore X-100 system (GE Healthcare Uppsala, Sweden)

was used to monitor the real-time binding performance of

polyclonal anti-E3-16G antibodies and gold conjugates of

a polyclonal anti-E3-16G antibodies to an E3-16G-OEG-OVA

coated surface. Reagents for SPR work, including the CM5 chip,

amine coupling kit (0.1 M NHS, 0.4 M EDC and 1 M ethanol-

amine) and HBS-EP running buffer (0.01 M HEPES pH ¼ 7.4,

0.15 M NaCl, 3 mM EDTA and 0.005% surfactant P20) were

purchased from GE healthcare (Uppsala, Sweden). An Iso-

Flow� Reagent Dispenser (Imagenetechnology, Hanover, USA)

was used to dispense control and test lines on a nitrocellulose

membrane. The strips were cut with an M-70 cutter (advanced

Sensor System Ltd, Ambala, India). An HP scanjet 3500c photo

scanner and dedicated software were used to obtain images of the

strips.

Software

The intensity of the control and test lines on the strips was

quantified with a strip reader system (version 2.00, Simon

Brown2 Ltd, Launceston, Tasmania, Australia). For statistical

analysis, all assay standard curves were fitted to a four-parameter

logistic equation using Graph Pad Prism 5 (La Jolla, CA, USA).

All IC50 values (defined as the concentration that gives half-

maximal effect) were presented as a parameter from the curve

fitting. The sensitivities of the assays were given by the Limit of
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Detection (LOD), defined as the lowest concentration that can be

distinguished from background noise,16 were computed with

OriginPro 7.0 (OriginLab, Northampton, MA, USA).

Urinary samples

Urine collected from a young girl (aged 2 years and 11 months)

was used as a blank standard with low concentrations of

endogenous steroids (‘‘blank’’ urine) for assessing and correcting

the urinary matrix effects. All human urine samples (pregnancy

or non-pregnancy) were collected from healthy female volun-

teers. The urine samples were collected overnight or at any

convenient time during a day as discussed by Cooke et al.,15 but

the collection period was intervals of a minimum of 3 h.

Depending on the duration of the collection period and the

volume of urine passed over this period, all urine samples were

time-diluted to the equivalent of 3.6 L/24 h using Milli.Q water

and stored in a freezer (�20 �C).15

Gold-anti-E3-16G-polyclonal Antibody conjugates

The strategy used for synthesis of the antibody-gold conjugates

has been described in a previous paper.12 In the current work,

two sets of pAb gold conjugates were prepared in triplicate

containing two different concentrations of semi-purified pAb

(187 mg/mL for set A: used for both SPR biosensor work and the

lateral flow test, and 73 mg/mL for set B: used only for the lateral

flow test).

SPR immunoassay

The procedure for carrying out the SPR immunoassay including

the methodology for activating the chip surface and immobilising

E3-16G-OEG-OVA onto the chip surface have been described in

a previous publication.12

� Cross-reactivity of the polyclonal anti-E3-16G antibody.

The percentage of cross-reactivity by estrone glucuronide and

E3-17G was defined as the IC50 of the standard curve generated

with E3-16G standards divided by the corresponding IC50 values

for the two related steroids times 100%. A non-enhanced SPR

assay12 was used to estimate the cross-reactivity of the pAb.

A series of E3-17G standards (0 to 500 mg/mL) and E1-3G

standards (0 to 12.7 mg/mL) were prepared using HBS-EP buffer

as diluent. Samples for injection were prepared by mixing Tris-

maleate (TM) buffer (1 : 5 dilution of 10 mM TM buffer,

pH ¼ 7.10), E3-17G or E1-3G standards, and pAb (15 mg/mL)

according to a volume ratio of 1 : 1 : 1 and incubating for 5 min

at room temperature. Then the samples (15 ml) were injected for

90 s. The surface was regenerated using a mixture of 100 mM

NaOH and 10% acetonitrile in Milli.Q water (5 ml for 30 s). Each

sample was performed in triplicate and the calculations of the

IC50 values were performed using Graph Pad Prism.

� The matrix effect of urine in the SPR immunoassay.

Different dilutions (1 : 5, 1 : 10, and 1 : 30) of TM buffer

(10 mM) or time-diluted blank urine were pre-incubated with an

equivalent volume of a zero standard (HBS-EP buffer) and

Au-pAb conjugates (1 : 100 dilution in HBS-EP buffer) at room

temperature and the SPR response measured (20 ml/120 s at
Anal. Methods, 2010, 2, 368–374 | 369



a flow rate of 10 ml/min) in triplicate. The chip surface was

regenerated using NaOH (100 mM) and 20% acetonitrile in

Milli.Q water (10 ml for 60 s).

� Accuracy of the immunoassay. To determine the accuracy

of the biosensor-based assay, three standards were prepared by

spiking E3-16G (1.29, 3.87, and 6.45 ng/mL) with blank urine,

and measured as unknowns in the standard SPR assay. A 1 : 30

dilution of each spiked urine specimen was incubated with an

equivalent volume of a 1 : 30 diluted TM buffer (10 mM) and

a 1 : 100 dilution of Au-pAb conjugates for which the nominal

pAb concentration was 1.87 mg/mL (187 mg/mL was divided by

the dilution factor of 100). The SPR response for the mixture

(20 ml for 120 s) was tested in triplicate at a flow rate of 10 ml/min.

Between exposures the biosensor surface was regenerated with

NaOH of 100 mM and 20% acetonitrile in Milli.Q water

(10 ml for 60 s).

� Determination of E3-16G in time diluted urine samples. In

the experiments, all urinary samples were pre-diluted to the

equivalent of 150 mL/h (3.6 L/24 h) and tested in triplicate.

Mixtures (20 ml) were prepared containing equivalent volumes of

the urinary samples (either diluted 1 : 30 from volunteer A or

further diluted as shown in Table 1 from volunteer B), a 1 : 30

dilution of 10 mM TM buffer and a 1 : 100 dilution of the gold

conjugates (CpAb¼ 1.87 mg/mL) flowed through the chip in 120 s at

a flow rate of 10 ml/min. The chip surface was cleaned with 100 mM

NaOH and 20% acetonitrile in Milli.Q water (10 ml for 60 s).
Colloidal gold-based lateral flow immunoassay

� Preparation of test strips. The lateral flow test strip was

made up from a commercial nitrocellulose card containing a test

line (E3-16G-BSA conjugates), a control line (rabbit anti-sheep

IgG) and an absorbent pad. The concentration of the E3-16G-

BSA conjugates was 4.8 mg/mL and it was diluted to 1 mg/mL

using Milli.Q water and 10 times concentrated (10x) PBS buffer

before spraying onto the membrane. Half of the total volume was

10x PBS, and another half was the required E3-16G-BSA

conjugates (4.8 mg/mL) diluted to 1 mg/mL and Milli.Q water.

The concentration of the commercial rabbit anti-sheep IgG was

3.5 mg/mL, which was also diluted to 1 mg/mL as described

above. Both the test line and control line were sprayed onto the

nitrocellulose membrane at a speed of 100 mm/s. The dispense

rate was 0.1 ml/mm. The distance between the test and control

line was 0.5 cm. After drying at 40 �C for 1 h, the bottom part of
Table 1 Further pre-dilution of time-diluted urinary samples of preg-
nant volunteer B. DF: Dilution Factor

Time-diluted sample DF in SPR format

Week 4 1 : 300
Week 6 1 : 60
Week 8 1 : 300
Week 10 1 : 1500
Week 12 1 : 4000
Week 14 1 : 12000
Week 18 1 : 12000
Week 24 1 : 25000
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a membrane card, which was designed for attachment of

a sample pad and conjugate pad, was cut away. The membrane

was then cut into 5 mm width strips and sealed and stored under

dry conditions at room temperature.

� Assay procedure. Assay reagents were directly pipetted into

the sample wells of a low protein binding microtiter plate and

allowed to migrate up the strips which were inserted vertically

into the wells. The total volume of sample in the wells was kept at

75 ml. The reaction mixture in each well consisted of 5 ml of

a time-diluted urine sample (or standard) mixed with 5 ml of un-

diluted Au-pAb conjugates, 5 ml of TM buffer (or time diluted

blank urine), 40 ml of diluent buffer (0.154 M sodium azide,

0.05 M Na2PO4 and 1% BSA in Milli.Q water) and 20 ml Tween

20-PVP (2% (v/v) Tween 20 and 1 nM PVP in diluent buffer).

After 15 min, the test results were quantified using a strip reader.

A standard curve was computed by plotting the test line intensity

versus the logarithm of the concentrations of the standard

samples.

� The matrix effect of urine in LFIA. To estimate the matrix

effect of urine samples in the LFIA, standard curves were

generated using both the 10 mM TM buffer (pH ¼ 7.1) and the

blank urine with the same series of E3-16G standards (0 to 100k

nmol/24 h) spiked in the TM buffer. For example, the buffer

standard curve was generated from 12 solutions containing 5 ml

standards, 5 ml un-diluted Au-pAb conjugates, 5 ml TM buffer,

20 ml Tween 20-PVP, and 40 ml diluent while the blank urine

curve was generated by replacing the equivalent volume of TM

buffer (5 ml) with time-diluted blank urine. Both standard curves

were obtained using strips cut from the same nitrocellulose

membrane card. The pH-dependence of the blank urine was

studied by measuring the apparent absorbance of blank samples

in triplicate containing the Au-pAb conjugates in the absence of

analyte. The blank urines were adjusted to different pHs (pH¼ 5.00,

6.77, 7.10, and 9.00) using HCl (0.5 M) and NaOH (0.5 M).

� Precision and accuracy. The assay precision was deter-

mined for both intra-assay and inter-assay strips. These were

evaluated by generating the blank urine standard curves with the

A and B sets of Au-pAb conjugates (conjugates A1–A3 and

conjugates B1–B3) using strips cut from several cards. The

accuracy of the test strips was determined by testing the recovery

of control samples of spiked E3-16G (10, 30, and 50 nmol/24 h)

in blank urine. The test was performed in triplicate (75 ml in

15 min) with the strips cut from the same membrane card for

both the control samples and the calibration curve.

� Determination of E3-16G in urinary samples. In order to

determine the E3-16G profile during a normal menstrual cycle,

daily time-diluted urinary samples collected from volunteer A

were analysed in triplicate without predilution and the profile

patterned from the resulting excretion rates.
Unit conversion

In the lateral flow experiments, the unit used to describe

concentration of time-diluted urinary samples is nmol/24 h which

includes information of time, volume, and concentration.
This journal is ª The Royal Society of Chemistry 2010



Fig. 1 Normalized SPR reference calibration curves performed in the

presence of the time-diluted blank urine (-) and TM buffer (;). All

values are mean � SD from triplicate measurements of each sample.
A common unit used in SPR experiments is g/L. The unit of

nmol/24 h is converted to g/L by converting it firstly to nM by

dividing by 3.6 L/24 h, and then multiplying by the molecular

weight of E3-16G (464.15 g/mol), namely

nmol=24 hr ¼ ðnmol=24 hrÞ = ð3:6 L=24 hrÞ

¼ 0:278 nM � 464:15 g=mol

¼ 0:129 ng=mL

Results and discussion

In developing any biological assay one must first consider the

matrix effects on the response, and in examples like E3-16G, the

extent of the cross-reactivity of other estradiol metabolites for

the antibody (pAb).

SPR immunoassays

The metabolites, such as E1-3G, E3-3G and E3-17G, could

potentially interfere with the determination of E3-16G levels

since all of them have similar chemical structures related to

E3-16G. Table 2 shows the responses of the E1-3G and E3-17G

estradiol metabolites for the polyclonal E3-16G antibody,

compared to that for E3-16G. The low cross-reactivity values

confirmed that neither E1-3G nor E3-17G would interfere to any

significant extent with E3-16G binding. Unfortunately, E3-3G

was not available for testing, and introduces some uncertainty

into the assay results since E3-3G is produced in approximately

twice the concentration of E3-16G throughout the menstrual

cycle. However, given the extremely low cross reactivity for

E1-3G, and the structural similarity between the E3-3G and

E1-3G metabolites, it seems unlikely that E3-3G would signifi-

cantly interfere in the assay.

In order to enhance the sensitivity of the SPR assay for

E3-16G, Au nanoparticle-pAb conjugate (Au-pAb) was used

according to the method of Jiang et al.12 The matrix effect of the

urine samples was established in the SPR by measuring the
Table 2 Cross-reactivity of anti-E3-16G pAb to estradiol metabolites.
Each IC50 value is the mean based on three standard curves each per-
formed in triplicate

Compounds IC50 (ng/mL) Cross-reactivity (%)

E3-16G 0.93 12 100
E3-17G 5.15E4 1.80E-2
E1-3G 1.75E9 5.30E-8

Table 3 The effect of diluting urine samples on the response to E3-16G
binding in an SPR assay. The response is the mean � SD based on
triplicate measurements

Samples

Response of samples (RU)

1 : 5 dilution 1 : 10 dilution 1 : 30 dilution

Control 115.2 � 4.4 129.1 � 2.7 144.3 � 3.0
Urine sample 57.7 � 2.8 81.5 � 0.4 138.3 � 0.5

This journal is ª The Royal Society of Chemistry 2010
binding response of E3-16G in different dilutions of time-diluted

blank urine (Table 3) compared with buffer controls. The results

for the 1 : 5 dilution showed a decrease in binding of approxi-

mately 50% when compared to the control, and indicated the

extent of interference by the matrix. Further dilution to 1 : 10

and 1 : 30 showed the lowering of the matrix effects down to

36.9% and 4.2%, respectively. Subsequent assays were carried out

using a dilution factor of at least 1 : 30.

A reference calibration curve (standard curve, Fig. 1) was

generated using the Au-pAb conjugates (1 : 100 dilution), time-

diluted blank urine (1 : 30 dilution) and a series of E3-16G

standards prepared in HEP-BS buffer. The sensitivity (LOD) of

the curve was 16 pg/mL and the IC50 value was 49 pg/mL. These

were similar to the values reported previously for the buffer-only

standard curve (LOD of 14 pg/mL)12 and the intra-assay coeffi-

cient of variation (CV) was # 3.8%. Thus, there was no

discernible matrix effect in the presence of the diluted blank urine

standard.

To determine the accuracy of the assay, E3-16G standards of

1.29, 3.87, and 6.45 ng/mL (10, 30, and 50 nmol/24 h) spiked in

blank urine were diluted 1 : 30 with HBS-EP buffer, and the

recoveries were measured in triplicate based on the reference

curve (Fig. 1). The recoveries ranged from 92% to 108% with the

highest CV being 0.71% (Table 4). The acceptable recovery of the

standard samples spiked in blank urine indicated the high level of

repeatability and accuracy of the SPR assay.
Lateral flow immunoassays

The LFIA format has similarities with that of the SPR assay.

Both systems utilise a hapten conjugate immobilized onto

a surface, and the signal is generated upon binding of the

appropriate antibody. In both assays, nanoparticles attached to

the antibody have been used for both visualization and signal

enhancement. In this current study, the SPR assay served as

a reference platform for the development and validation of the

attachment chemistry for application to the LFIA. The immo-

bilized hapten conjugate comprised of three distinct areas: the

E3-16G hapten, a linker moiety and a surface binding protein. In

the SPR assay, the linker-surface binding protein combination

was OEG-OVA. The OEG acted as a spacer to allow the hapten
Anal. Methods, 2010, 2, 368–374 | 371



Fig. 2 Buffer (;) and urine blank (-) standard curves obtained from

test strips, calibrated with duplicate measurements. Error bars represent

the SD of the measurements.

Table 4 Recovery and precision of SPR assay and LFIA. The mean value, SD and intra-assay CV were obtained with triplicate measurements.
Recovery is a ratio of the mean value of measured concentration over the known spiked concentration of E3-16G

Spiked E3-16G (ng/mL or
nmol/24 h)

SPR Lateral flow test

Mean � SD
(ng/mL)

Recovery
(%)

Intra-assay
CV (%)

Mean � SD
(nmol/24 h)

Recovery
(%)

Intra-assay
CV (%)

1.29 ng/mL (10 nmol/24 h) 1.191 � 0.008 92 0.71 12.04 � 1.91 120 15.88
3.87 ng/mL (30 nmol/24 h) 4.172 � 0.014 108 0.34 29.23 � 3.33 97 11.40
6.45 ng/mL (50 nmol/24 h) 6.960 � 0.039 108 0.56 49.16 � 3.14 98 6.39
to bind the antibody and lower the non-specific binding onto the

chip surface.17,18 In the LFIA, BSA was used as the surface

binding protein for attachment of the hapten onto the nitrocel-

lulose membrane as the test line.

Fig. 2 shows two standard curves performed with spiked

E3-16G standards in 10 mM TM buffer (pH ¼ 7.10) and blank

urine (pH ¼ 6.77). Both curves were plotted with the mean � SD

for duplicate measurements. Surprisingly, the presence of the

blank urine led to a higher intensity on the test strips. For the

buffer curve, the working range was from 5.2 nmol/24 h to

153.7 nmol/24 h (R2 ¼ 0.99) with an IC50 value of 33.10 nmol/

24 h. For the urine curve, the working range was between

11.1 nmol/24 h and 266.81 nmol/24 h (R2 ¼ 0.99) with an IC50 of

54.22 nmol/24 h. The intra-assay CVs were lower than 15% for

the buffer curve, and 13.7% for the blank urine curve. To

investigate the observed results, a series of experiments were

carried out over a range of pH values indicated that the higher

intensity of the blank urine samples was independent of the pH.
Table 5 Reproducibility of test strips and synthesis of conjugates. Two sets o
pAb was estimated to be 187 mg/mL in set A and 73 mg/mL in set B. All IC50

Inter-CV of IC50 and LOD were calculated using the mean value of three sta

Conjugates

Set A (CpAb ¼ 187 mg/mL)

Conj A1 Conj A2 Conj A3 In

IC50 (nmol/24 h) 121.9 121.1 116.0 2.
LOD (nmol/24 h) 43.44 37.87 40.83 6.
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To evaluate the reproducibility of the test strips and reliability

of the synthesis of the Au-pAb conjugates, two sets of conjugates

were prepared in triplicate and deposited with different concen-

tration of pAb (Set A (CpAb ¼ 187 mg/mL) and Set B (CpAb ¼
73 mg/mL)). Standard curves were generated for each set and the

LOD, IC50 and the inter-assay CVs were determined as shown in

Table 5. For the conjugates of set A, the highest intra-assay CV

(not shown) was 9.6%, the inter-assay CV of the LOD (40.7 �
2.8 nmol/24 h) and IC50 (119.7 � 3.2 nmol/24 h) were 2.7% and

6.9%, respectively. For the tests carried out with the conjugates

of set B, the intra-assay CV was in the range of 0.18% to 11.9%

(not shown), the inter-assay CV of the LOD (3.8 � 1.3 nmol/

24 h) and IC50 (26.1 � 2.4 nmol/24 h) were 9.00% and 34.89%.

The results demonstrated the high stability and reproducibility of

the LFIA format using the Au-pAb conjugates as signal gener-

ators. The lower LOD and IC50 for set B showed that the assay

sensitivity was improved by applying a lower concentration of

the pAb coating. Thus subsequent LFIA analysis of the urine

samples used the lower concentration of pAb in the conjugates.

The accuracy of the strip assay was determined by measuring

the recoveries of the same three control samples (10, 30, and

50 nmol/24 h E3-16G spiked in blank urine). The recoveries

ranged from 97% to 120% (Table 4). The higher recovery (120%)

and variance (16%) values for the 10 nmol/24 h control was

thought to correspond to the absorption value being close to the

lower end of the straight-line portion of the calibration curve.
Determination of E3-16G in urinary samples

In order to validate the use of both the SPR and LFIA assays

with clinical samples, urinary samples were collected and

measured from volunteers A (non-pregnant woman) and B

(pregnant woman). Volunteer A contributed daily urine samples

for a complete menstrual cycle. The E3-16G excretion rates were

determined each day using both SPR and LFIA (Fig. 3A). For

comparison, Fig. 3B depicts the corresponding excretion rates of

pregnanediol glucuronide (PdG), determined with the Ovarian
f conjugates (totally 6) were synthesized with pAb. The concentration of
and LOD shown in the table are mean values of triplicate performances.
ndard curves performed with three different membrane cards

Set B (CpAb ¼ 73 mg/mL)

ter-CV Conj B1 Conj B2 Conj B3 Inter-CV

67% 24.37 25.12 28.78 9.04%
85% 2.55 3.69 5.20 34.86%

This journal is ª The Royal Society of Chemistry 2010



Fig. 3 A) E3-16G concentration obtained using the SPR biosensor (:,

left Y axis) and LFIA strips (-, right Y axis). The mean intra-assay CV

of strip pattern was 11.7 � 8.8%. All values are mean � SD from trip-

licate measurements of each sample. B) Excretion pattern of PdG

(;, right Y axis) compared with E3-16G concentration values obtained

from the SPR biosensor (:, left Y axis).

Fig. 4 Excretion of E3-16G during the first and second trimester

determined using the SPR biosensor (:). All values are mean� SD from

triplicate measurements of each sample. The intra-assay CV of 3

measurements was lower than 4.9%.
Monitor as described by Cooke et al.15 against that of E3-16G

obtained via the SPR. The PdG curve was used to help us confirm

the ovulate day from the E3-16G profile

The measured range of E3-16G excretion rates (from 27 nmol/

24 h (day 5) to 90 nmol/24 h (day 17)) shown by the SPR assay

was consistent with the results reported by Baker et al.13

However the excretion rates determined using the test strips were

much lower than anticipated, being in the range of 0.2 nmol/24 h

to 9.2 nmol/24 h. This was presumed to be due to the matrix

effects of the adult urine sample. Although the absolute values of

E3-16G obtained using the two techniques were in a different

range, the profiles were remarkably similar. Both patterns

showed that the E3-16G excretion rate reached a maximum

(around 90 nmol/24 h in SPR pattern and 10 nmol/24 h in LFIA

pattern) on day 17. Moreover, several common smaller peaks

occurred after the main peak. The rise in E3-16G excretion rate

on day 12 that led to the pre-ovulatory peak on day 17 identified

the beginning of the fertile window.13 The PdG excretion rate

exceeded the threshold value of 7 mmol/24 h identifying the end

of the fertile window on day 23 giving a fertile period of 11

days.19 This threshold also confirms that the E3-16G peak on day

17 is the ovulatory estrogen peak. The smaller post-ovulatory

peaks are consistent with the fact that the excretion levels of

E3-16G in the luteal phase are usually lower than that in the

follicular phase.13 The decline in E3-16G levels for the first 3 days
This journal is ª The Royal Society of Chemistry 2010
is consistent with the observation that in some cycles the levels

are still declining after bleeding commences as a continuation of

the previous luteal phase.13 The luteal phase length defined as the

number of days from the mid-cycle estrogen peak to the day

before the next bleed was 14 days, and is in agreement with the

fact that the mean luteal phase length in normal menstrual cycles

is 14 � 2 days.20 The likely day of ovulation is the day after the

E3-16G peak, thus the direct assay for E3-16G identifies the key

cycle parameters equally as well as measurements of E1-3G.21

The excretion rates for a second menstrual cycle (not shown in

Fig. 3) were also measured with the strip assay and gave

a maximum excretion rate on the peak day of 11 nmol/24 h. The

excretion rates obtained with the strip assay were mainly out of

the linear regression range (4.2 to 198.2 nmol/24 h) of the cali-

bration curve, and therefore the intra-assay CV was high. The

comparison of the SPR and strip results reveal that the matrix

effect of the adult urine sample is different from that in the

‘‘blank’’ child’s urine, and highlights the difficulties associated

with acquiring a truly blank adult urine sample. The question of

why the matrix effects were more predominant in the strip assay

resulted from the high sensitivity of the SPR assay giving a reli-

able response at a greater dilution factor. As a consequence, the

matrix effect of the adult urine in LFIA format was not removed.

Besides the application of the direct E3-16G assay to urinary

samples from a normal menstrual cycle, eight weekly urine

samples from the first two trimesters of a pregnant woman

(volunteer B) were tested using the SPR biosensor. The daily

production of E3-16G before delivery is some 2000 fold greater

than normal cycle luteal-phase excretion.13 Thus the analyte

concentration of urine samples from pregnant women vastly

exceeds the working range of the calibration curve shown in

Fig. 1 (0.12 to 1.13 nmol/24 h). The determination of E3-16G in

these samples necessitated pre-dilution (see Table 1) and Fig. 4

shows the patterns of E3-16G excretion throughout the first and

second trimester of the pregnancy. The insert in Fig. 4 displays

the patterns for weeks 4 to week 12, since the output of E3-16G in

the first trimester was much lower than that in the second

trimester and hence a separate scale is necessary for these data.

The data clearly show how the output of E3-16G rises steadily
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from near the end of the first trimester (week 8) to almost

doubling every 2 weeks.

The present work demonstrates that the SPR biosensor-based

assay can be applied to the measurement of E3-16G in urine, to

give a rapid, precise and accurate analytical tool that requires

minimal sample preparation. It has the potential to be used as

a reference assay for E3-16G, however, a larger sample set of

menstrual cycles would need to be analysed for complete vali-

dation of the system. No estriol assay for the menstrual cycle

levels of E3-16G is available for a comparison of the present

results with a reference assay.
Conclusions

Two colloidal gold-based immunoassays (SPR and LFIA) were

developed and optimized for the rapid detection of E3-16G in

adult female urinary samples. The SPR-based enhanced inhibi-

tion immunoassay allowed for the highly sensitive detection of

E3-16G in human female urine without the need for prior clean-

up and minimal sample preparation. The reported concentra-

tions of E3-16G during a menstrual cycle agreed with those

previously reported.13 Currently, the SPR method appears to be

one of the few efficient ways to accurately analyse the E3-16G

production rates in urinary samples of a normal menstrual cycle.

In addition, although only samples of the first two trimesters

were measured, the rapidly increasing levels of E3-16G in preg-

nancy urine were observed starting from the end of the first

trimester. The matrix effect of urine in the SPR-based assay was

reduced to insignificant levels with increasing pre-dilution of the

urinary samples. For the LFIA format, a LOD of 3.8� 1.3 nmol/

24 h in time diluted urine was obtained, which has not been

reported before in this format. However, the unavoidable matrix

effect of the adult female urine samples masked the response to

E3-16G, and precluded its application to monitoring menstrual

cycle levels of E3-16G. The high sensitivity, accuracy and the low

degree of sample preparation in the SPR assay highlighted its

advantages over the more traditional techniques, with the levels

measured being relevant to environmental monitoring and the

monitoring of steroidal metabolites in veterinary science.
374 | Anal. Methods, 2010, 2, 368–374
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