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� FO-SPR based competitive inhibition
assay for detecting progesterone is
described.

� A limit of detection of 0.5 ng mL�1

was achieved in 2-fold diluted bovine
milk.

� Capacity for reducing the time-to-
result was proven.

� The assay was evaluated with raw
milk samples, showing excellent
correlation with ELISA.
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Analytical methods that are often used for the quantification of progesterone in bovine milk include
immunoassays and chromatographic techniques. Depending on the selected method, the main disad-
vantages are the cost, time-to-result, labor intensity and usability as an automated at-line device. This
paper reports for the first time on a robust and practical method to quantify small molecules, such as
progesterone, in complex biological samples using an automated fiber optic surface plasmon resonance
(FO-SPR) biosensor. A FO-SPR competitive inhibition assay was developed to determine biologically
relevant concentrations of progesterone in bovine milk (1e10 ng/mL), after optimizing the immobili-
zation of progesterone-bovine serum albumin (P4-BSA) conjugate, the specific detection with anti-pro-
gesterone antibody and the signal amplification with goat anti-mouse gold nanoparticles (GAM-Au NPs).
The progesterone was detected in a bovine milk sample with minimal sample preparation, namely ½
dilution of the sample. Furthermore, the developed bioassay was benchmarked against a commercially
available ELISA, showing excellent agreement (R2 ¼ 0.95). Therefore, it is concluded that the automated
FO-SPR platform can combine the advantages of the different existing methods for quantification of
progesterone: sensitivity, accuracy, cost, time-to-result and ease-of-use.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In dairy industry, optimal reproductive performance of cows is a
crucial factor for profitability [1,2]. In order to avoid long calving
intervals and the related economic losses, accurate estrus detection
ssay for the detection of progesterone in dairy milk using a fiber optic
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is essential. However, not only do the modern high-productive
dairy cows show their external estrous symptoms less clearly, the
visual signs are also regularly missed due to the insufficient in-
spection of the cows on large farms. Therefore, in order to improve
the detection of heat in dairy cows, one solution can be to use a
biosensor for measuring hormone levels related to ovulation and
heat, such as progesterone (P4), which is independent of the
external symptoms [1e3]. The concentration of this important
biomarker in milk correlates well with the level of this reproduc-
tion hormone in blood. The concentration of P4 is typically below
3.5 ngmL�1 inmilk during estrus, while it is high for pregnant cows
(>7 ng mL�1) and remains high throughout gestation [1,4]. Hence,
regular monitoring of milk P4 levels is very useful for dairy farmers
to accurately identify cows in heat and optimize the timing of
artificial insemination as well as to detect pregnancy in an early
stage or abnormalities in the estrous cycle [3,5].

Standard analytical techniques frequently used in the past for P4
monitoring, like thin layer chromatography and gas chromatog-
raphy [6], isotope dilution in combination with mass spectrometry
[7] and high performance liquid chromatography [8,9] suffered
from a number of drawbacks such as high costs, extensive sample
preparation and their limitation to be only used in a lab environ-
ment. More recently, sensitive bio-analytical methods based on
immunologic concepts were developed and commercialized
[10,11]: radioimmunoassays (RIA) [12], lateral flow immunoassays
(LFI) [13,14], fluorescence immunoassays (FIA) [15,16], electro-
chemical immunosensors [17], and enzyme immunoassays (EIA)
[1,10,18,19]. The advantages of these methods are mainly their
specificity and sensitivity in the targeted concentration range
(1e10 ng mL�1) [13]. Among these, the two most commonly used
are ELISA and lateral flow tests, which have both been shown to
provide reliable measurement results for P4 detection with mini-
mal sample preparation. The major drawbacks of the reference
ELISA tests are the time-to-result (�1 h) and the laborious handling
steps [1,2,20]. On the other hand, the sensitivity of the fast
(�15 min) lateral flow tests (0.8e5 ng/mL [13,14,21]) is consider-
ably lower than that of ELISA (0.2e1.3 ng/mL [1,20]). Despite these
disadvantages this lateral flow technology is already used in dairy
farming for monitoring the reproductive status of a cow by means
of an automated online tool, called the Herd Navigator (Lattec,
Hillerød, Denmark) [3,22].

Immunoassays for P4 detection can also be implemented on a
surface plasmon resonance (SPR) based transduction platform [23].
SPR is an advanced label-free, real-time detection technology that
provides accurate information on analyte concentrations and
binding kinetics [24,25]. Although SPR is already widely used to
detect proteins, peptides and nucleic acids, monitoring small
molecules still remains challenging [5], as their direct binding to
the sensor surface results in a weak signal [5,26].

In this work, the use of one such SPR platform, being an in-house
developed fiber optic (FO)-SPR, is demonstrated for the first time
for the detection of low molecular weight targets. This FO-SPR
sensor platform has been previously reported as a cost-effective
and easy to use alternative to the expensive and more complex
SPR systems [27] for (i) studying the binding kinetics of bacterio-
phages on the sensor surface [28], (ii) the implementation of
antibody and aptamer based assays on the fiber surface [29e31],
and (iii) the implementation of DNA/RNA based assays including
the real time monitoring of nucleic acid amplification and high-
resolution melting for single nucleotide polymorphism detection
[27,32e34]. Here, the development of a competitive inhibition
bioassay for detection of P4 in bovine milk samples (Fig. 1) on the
FO-SPR platform (ciFO-SPR) is described. In the ciFO-SPR, a detec-
tion antibody competes to bind either P4 from the sample or its
derivative immobilized on the sensor surface. To improve the limit
Please cite this article in press as: D. Daems, et al., Competitive inhibition a
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of detection (LOD), the signal is amplified by means of gold nano-
particles (Au NPs) functionalized with a goat anti-mouse antibody
(GAM), similar to other competitive immunoassays for small mol-
ecules [5,24,26]. The established ciFO-SPR is validated against a
competitive commercially available ELISA (cELISA).

2. Materials and methods

2.1. Reagents

All chemicals were of analytical reagent grade. Progesterone
(P4) and buffer reagentswere supplied by Sigma-Aldrich (Belgium),
unless stated otherwise. Solutions were prepared with deionized
water purified by a Milli-Q Plus system (Millipore, Marlborough,
MA, USA). Acetic acid, hydrochloric acid and sodium hydroxide
were purchased from Chem-Lab (Belgium). Sodium chloride, 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) were supplied by Fischer Scientific
(Belgium) and Tween-20 by Applichem (Germany). Progesterone-
BSA conjugate (P4-BSA) and mouse anti-progesterone antibody
(anti-P4 Ab) were purchased from AbD Serotec (UK). Goat anti-
mouse antibody (GAM Ab) was supplied by Life Technologies
(Belgium). Au NPs (ø 20 nm) were produced by BBI Solutions (UK)
and carboxylic acid-SAM formation reagent was purchased from
Dojindo (Japan). The milk progesterone enzyme-immunoassay (M-
kit Elisa) and ELISA milk standards were purchased from Ridgeway
Science (UK). A milk sample was collected for 6 cow (numbered
Cow 1e6) selected from a 50 headed herd on an experimental farm
(Hooibeekhoeve, Geel) in Flanders, Belgium. These samples were
taken from cows in heat.

2.2. FO-SPR setup

The FO-SPR device and FO-SPR sensor tips were manufactured
as previously described in detail [27,32]. In short, the FO-SPR device
consists of a HL-FHSA tungsten halogen lamp (Ocean optics, USA), a
UV-VIS spectrophotometer (USB4000, Ocean Optics, USA) and a FO-
SPR sensor tip. All the components were installed on a High-Z S400
CNC/T router (CNC-Step, Germany) to allow automated handling. A
modified T1 thermocycler (Biometra, Germany) was used to control
the temperature of the samples. The replaceable FO-SPR sensor tips
were coupled by means of an SMA-type connector to a bifurcated
optical FO-SPR sensor to guide white light from the halogen lamp
into the FO-SPR sensor tip, and back to the spectrophotometer
[32,33]. Binding phenomena at the gold surface of the sensor tip
result in a shift of the typical spectral resonance SPR-dip recorded
by the spectrophotometer.

The manufacturing of a FO-SPR sensor tip consisted of several
steps. Briefly, the jacket and the cladding of a 400 mm multimode
TEQS fiber (Thorlabs, Germany) were respectively removed with
pliers and acetone. Subsequently, the fiber was cleaved with a LDC-
400 device (Vytran, UK) tomake a FO-SPR sensor with a total length
of 4.3 cm (a middle part with cladding of 3.6 cm and two ends of
0.6 cm and 0.1 cm). Next, a 50 nm gold coating was deposited onto
the 0.6 cm end of the FO-SPR sensor surface using a sputter coater
(Quorum Q150T ES, UK). The freshly prepared FO-SPR sensor tips
were incubated overnight with a 100 mM mixed self-assembling
monolayer (Carboxylic acid-SAM formation reagent), washed in
ethanol, and stored in 50 mM MES buffer (pH 6) until further use.

2.3. Immobilization of goat anti-mouse antibody on gold
nanoparticles

GAM Abwas coupled to Au NPs (ø 20 nm) by passive adsorption.
First, the pH of the Au NPs (initial concentration of 7� 1011 particles
ssay for the detection of progesterone in dairy milk using a fiber optic
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Fig. 1. Conceptual overview of the ciFO-SPR bioassay. Starting from a FO-SPR biosensor (A), the P4-BSA is covalently immobilized on the surface of a gold coated fiber with carboxyl
SAM through EDC/NHS activated carboxyl groups (B). The free P4 in solution and the immobilized P4-BSA on the FO-SPR sensor compete for the detection antibody (anti-P4) (C).
The signal is enhanced by Au NPs functionalized with GAM-Au NPs (D).

D. Daems et al. / Analytica Chimica Acta xxx (2016) 1e6 3
per mL) was adjusted to pH 9.2 with a 0.2 M Na2CO3 solution.
Following, the GAM Abs were added to the Au NPs at final concen-
tration of 5 mg/mL and incubated on a rotator (Grant-Bio PRT-30,
Keison products, UK) at room temperature for 20 min. In a next
step, 500 ml of 0.5% BSA in PBS was added to the Au NPs and incu-
bated on the rotator for 1 h to reduce unspecific binding of the Au
NPs to the FO-SPRsensor tipduringdetection. After centrifugationof
the Au NP-solution for 40min at 7000 rpm at 20 �C, the supernatant
was discarded and the GAM-Au NPs were diluted in PBS buffer to a
final optical density (OD) of 0.5 or 1.0 (wavelength ¼ 530 nm), cor-
responding to the concentration of 7 � 1011 or 14� 1011 Au NPs per
mL, respectively. The OD was measured with a SpectraMax M2
spectrophotometer (Molecular Devices LLC., USA). The prepared Au
NPs were stored at 4 �C until use.

2.4. Competitive inhibition assay on the FO-SPR

The FO-SPR sensor tip was immersed in 50 mM MES buffer to
reach a stable baseline, followed by activation of the carboxyl
groups on the FO-SPR sensor tip surface using 150 mL of 0.4 M EDC
and 0.1 M NHS in 50 mMMES solution for 10 min. Next, the FO-SPR
sensor tip was immersed in the P4-BSA conjugate solution with a
concentration of 25, 50 or 100 mg mL�1 in 10 mM sodium acetate
(pH 4.5) for 30 min, followed by a short washing step of 30 s in a
regeneration buffer (1 M NaCl and 50 mM NaOH). The unreacted
activated groups were blocked with 150 mL of 50 mM ethanolamine
in PBS for 8 min.

In the first step of the ciFO-SPR bioassay, the P4-BSA function-
alized FO-SPR sensor tip was put in 150 mL of a pre-incubated
mixture of anti-P4 Ab in PBS buffer with 0.5% BSA and (i) a P4
dilution in PBS or (ii) a milk sample for 15 min. Milk standards and
bovine milk samples were incubated for 10 min at 37 �C and vor-
texed before use. Next, the signal of the anti-P4 Abs, captured onto
the P4-BSA sensor tip surface, was amplified for 30 min by binding
with the GAM-Au NPs. The complete protocol for detecting P4 is
shown in Supplementary Information Table S-1.

2.5. ELISA procedure

A commercially available competitive ELISA (M-Kit, cELISA) was
applied as a reference technology for P4 quantification in bovine
milk samples in this study. The wells of a microtiter plate were
loaded with either 10 mL of milk standard or sample solution. These
milk standards were derived from an anoestrus or ovariectomized
Please cite this article in press as: D. Daems, et al., Competitive inhibition a
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cow in which there will be little or negligible amounts of P4 and
spiked with P4 (0e10 ng mL�1). Following, 200 mL of progesterone
labeled enzyme was added to each well and incubated for 1 h at
room temperature. The microtiter plate was washed 3 times with
200 mL cold demi-water (5 �C). Finally, 200 mL of the substrate so-
lution was added to each well and after 20 min the color change
was quantified in terms of the absorption at 570 nm as measured
with a spectrophotometer (SpectraMaxM2,Molecular Devices LLC.,
USA).

2.6. Data processing

FO-SPR data were recorded with LabView (National In-
struments, USA) and further processed using Origin 8 (OriginLab,
USA). Calibration curves were fitted with a logistic fit [35]:

y ¼ A2 þ
ðA1 � A2Þ
1þ

�
x
x0

�p (1)

where A1 is the minimum asymptote (response value at zero
standard concentration), A2 is the maximum asymptote (response
value for infinite standard concentration), x is the target concen-
tration, x0 is the inflection point, p is the Hill's slope (refers to the
steepness of the curve), and y is the FO-SPR shift.

Equation (2) was used to calculate the LOD of the established
bioassays:

LOD x ¼ x0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðA1 � A2Þ
ððLOD Y � A2Þ � 1Þ

p

s
(2)

where LOD y ¼ y0 � 3 � s0, with y0 is the average response for 0 ng/
mL P4 and s0 is the mean standard deviation for y0.

The intraclass correlation coefficient (ICC) [36], which assesses
the reliability of ratings by comparing the variability of different
ratings of the same object, was calculated with the statistical
package R (version 2.11.1, The R foundation for Statistical
Computing, Vienna, Austria).

3. Results and discussion

3.1. FO-SPR competitive inhibition assay development

A competitive inhibition bioassay was implemented on the FO-
ssay for the detection of progesterone in dairy milk using a fiber optic
aca.2016.11.005



0

2

4

6

8

25 50 100

FO
-S

P
R

 s
hi

ft 
(n

m
)

Immobilized P4-BSA (μg mL-1)

A

0

3

6

9

12

15

no Au NP Au NP

FO
-S

P
R

 s
hi

ft 
(n

m
)

Signal amplification

B

Fig. 2. A) FO-SPR shift from immobilization of different P4-BSA conjugate concentrations. Error bars represent one standard deviation (n ¼ 3). (B) Comparison of a ciFO-SPR
bioassay using anti-P4 Ab with or without Au NPs for signal amplification as detection antibody. Error bars represent one standard deviation (n ¼ 3).
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SPR to quantify the concentration of P4 inmilk samples. This type of
bioassay was chosen since for low molecular weight targets the
sensitivity of SPR based sensors is often not adequate. As indicated
in Fig. 1, the free P4 in solution and the P4-BSA conjugate immo-
bilized on the FO-SPR sensor tip surface get in competition for the
detection antibody (anti-p4). To improve the LOD, the signal
generated by the binding of the detection antibody to the FO-SPR
sensor tip was amplified through the binding of Au NPs function-
alized with GAM antibody (GAM-Au NP) (Figure S-1). In order to
achieve a reproducible calibration curve for the ciFO-SPR bioassay,
three main aspects of the assay were first optimized in buffer
conditions: (i) immobilization of P4-BSA conjugate to the FO-SPR
sensor tip surface, (ii) signal amplification by GAM-Au NPs and
(iii) specific detection by monoclonal anti-P4 Ab. These parameters
were evaluated based on the size of the FO-SPR shift, reproduc-
ibility, sensitivity, and LOD.

Firstly, the FO-SPR sensor tip was functionalized with three
different P4-BSA concentrations (25, 50 and 100 mg/mL) (Fig. 2A).
The immobilization with both 50 and 100 mg mL�1 P4-BSA conju-
gate resulted in the highest and most reproducible FO-SPR shifts
with coefficients of variation (CV) below 5%. In order to minimize
the cost of the bioassay, 50 mg mL�1 was selected for immobiliza-
tion, unless stated otherwise. To quantify the level of aspecific
binding, tests were performed in absence of the P4-BSA conjugate
on the FO-SPR sensor tip surface. This resulted in a negligible shift
of 0.06 nmwith a CV of 2.4% (data not shown). Moreover, the anti-
P4 Ab was specific for P4 as no significant FO-SPR shift was
observed when BSA without P4 was immobilized on the FO-SPR
sensor tip surface (data not shown).
Fig. 3. ciFO-SPR bioassay performed with series of P4 concentrations in PBS buffer and mil
signal with GAM-Au NPs. A) FO-SPR sensorgrams for the range of P4 concentrations in PBS
sensorgrams for the same range of P4 concentrations in milk standards. C) The FO-SPR s
concentrations, yielding a logistic fit calibration curve (based on Eqn. (1)). Error bars repre
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Secondly, the role of Au NPs on the signal amplification was
studied by comparing the direct binding of free anti-P4 Ab to the
FO-SPR sensor tip surface and the same antibody when function-
alized to Au NPs. In both cases, the FO-SPR sensor tip surface was
functionalized with a 100 mg mL�1 P4-BSA conjugate. A 3.3 times
increase in FO-SPR shift was obtained when anti-P4 Ab was
immobilized on Au NPs (11 ± 1 nm, n¼ 3) compared to free anti-P4
Ab (3.4 ± 0.2 nm, n ¼ 3) (Fig. 2B). Moreover, it was also observed
that the concentration of Au NPs plays an important role in the
signal amplification efficiency. By doubling the initial concentration
of GAM-Au NPs from 0.5 to 1 OD in the ciFO-SPR bioassay, the
FO-SPR shift was doubled after 30 min (Figure S-2). Importantly,
both for bare Au NPs and GAM-Au NPs, interaction with BSA and
P4-BSA conjugate immobilized on the FO-SPR sensor tip surface
resulted in negligible FO-SPR shifts, proving there is no aspecific
binding (data not shown).

Thirdly, the influence of the anti-P4 Ab concentration on the
shape of the calibration curve, and correspondingly the LOD, was
studied. Four different concentrations of anti-P4 Ab were tested in
buffer conditions: 0.1, 0.2, 0.4 and 0.8 mg mL�1. For the first two
conditions, GAM-Au NP concentration was doubled (from 7 � 1011

to 14 � 1011 Au NPs per mL) to accelerate binding kinetics. The FO-
SPR shifts obtained from different anti-P4 Ab concentrations were
plotted as a function of the P4 concentrations (0, 1, 2, 5, and
10 ng mL�1). A logistic fit (Eqn. (1)) was used to establish the
calibration curves (Figure S-3). The steepness of the calibration
curves (p-value from Eqn. (1)) was used as a criterion for the
sensitivity of the bioassay, with steeper calibration curves having
lower p-value. Thus, the p-value decreased from 2.0 ± 0.6 nm for
k standards by (i) dipping the FO-SPR sensor tip in the sample and (ii) amplifying the
buffer (from 0 ng mL-1P4 (upper curve) to 10 ng mL-1 (the lowest curve)). B) FO-SPR
hifts (nm) for buffer (C) and milk standards ( ) are plotted as a function of the P4
sent one standard deviation (n ¼ 4 in buffer and n ¼ 3 in milk standards).

ssay for the detection of progesterone in dairy milk using a fiber optic
.aca.2016.11.005



Fig. 4. Calibration curves for P4 established with different duration of the signal
amplification step (1, 2, 3, 5, 10, 20 and 30 min). Error bars represent one standard
deviation (n ¼ 3).
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0.8 mgmL�1 anti-P4 Ab to 1.1 ± 0.2 for 0.1 mgmL�1 anti-P4, resulting
in a more sensitive calibration curve. Correspondingly, the LOD
decreased from 5.7 ng mL�1 to 0.7 ng mL�1 of P4. Moreover, the CV
was the lowest for 0.1 and 0.2 mg mL�1 of detection Ab, namely 9%.
In conclusion, the lowest anti-P4 Ab concentration (0.1 mg mL�1)
showed the best reproducibility, highest sensitivity and lowest LOD
(Table S-2).

3.2. Progesterone detection in buffer and milk standards with ciFO-
SPR assay

Using the optimized parameters of the ciFO-SPR bioassay, a
calibration curve was established for measurement of P4 con-
centrations in the range of 1e10 ng mL�1 in PBS buffer and milk
standards (Fig. 3C), starting from their FO-SPR sensorgrams
(Fig. 3A and B). Although the signal amplification step with GAM-
Au NPs was 30 min in both cases, the FO-SPR shift was higher for
buffer compared to the milk samples. This difference can be
explained by the change in refractive index (RI) induced by dip-
ping the FO-SPR biosensor tip in a milk sample. However, the
overall DRI [37], between PBS buffer before and after the dipping
step, is similar for experiments in buffer and milk. This observa-
tion indicated that no milk residues are sticking to the FO-SPR
sensor tip. In Fig. 3C, a logistic curve (Eqn. (1)) was fitted on the
Fig. 5. Comparison of the P4 levels determined with the in-house developed ciFO-SPR
biosensor and the commercial cELISA test.
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measurements for both buffer (R2 ¼ 0.99, n ¼ 4) and milk stan-
dards (R2 ¼ 0.99, n ¼ 3), resulting in LOD values of 0.6 and 0.5 ng/
mL and CVs of 8 and 16%, respectively. Furthermore, zooming into
the most relevant concentration range (0e5 ng mL�1), linked to
the heat in cows, decreased the average variation both for buffer
samples (7%) and for milk standards (9%). As the steepness was
maximized over the most important interval of the ciFO-SPR
calibration curve, the signal variation of the higher P4 concen-
trations is increased using the logistic fit. In the remainder of this
paper, the calibration curve for milk will be used to determine the
P4 concentrations in raw bovine milk samples with the FO-SPR
sensor.

The potential of the FO-SPR platform as a field device with
limited sample preparation was further explored by shortening the
measurement time of the established ciFO-SPR bioassay. Besides
the functionalization of the FO-SPR sensor tip, which can be done in
advance, the signal amplification with GAM-Au NPs is the most
time consuming step, being 30 min in the presented bioassay.
Therefore, the effect of shortening this amplification step on the
calibration curve was evaluated based on reproducibility, sensi-
tivity and LOD (Fig. 4). The experiment was performed on milk
standards with various duration of the amplification step, ranging
from 1 to 30 min. The steepness of the calibration curves (p-value
Eqn. (1)) was again used as a criterion for sensitivity. The p-value
was similar for signal amplification during 10 min (1.3 ± 0.2 nm),
20 min (1.1 ± 0.1 nm) and 30 min (1.1 ± 0.2 nm), resulting in a
similar sensitivity. Moreover, based on Eqn. (2), similar LODs were
obtained for these bioassays: 0.6 ng mL�1 for 10 and 20 min and
0.5 ng mL�1 for 30 min. However, the average CV over the P4
concentration range 0e5 ng mL�1 increased from 9% (30 min,
R2 ¼ 0.99) to 14% (20 min, R2 ¼ 0.99) and 22% (10 min, R2 ¼ 0.99).
Further decrease in time affected the quality of the fit (R2 < 0.99),
the reproducibility (CV > 25%), the sensitivity (p-value � 2 nm) and
the LOD (>1.3 ng/mL). In conclusion, combining independent pre-
functionalization of the FO-SPR sensor tip with a signal amplifica-
tion step of 10 min can bring the total detection time under 20 min,
offering the possibility to determine the P4 concentration in raw
milk shortly after the milking of a cow.

3.3. Screening of biological samples

The established ciFO-SPR bioassay for quantification of P4 in
milk was further validated against the cELISA, the most commonly
used method for P4 quantification in milk, by measuring six bovine
milk samples taken from six different cows. These samples were
taken from cows in heat, thus typically having a low P4 level
(<3.5 ng mL�1). The samples were processed with a minimal
sample preparation procedure consisting of two steps: (i) incu-
bating for 10 min at 37 �C and (ii) diluting the sample with anti-P4
Ab in buffer (Section 2.4). The P4 concentrations in the six bovine
samples were determined with the ciFO-SPR biosensor using the
calibration curve in milk standards shown in Fig. 3C. All the values
obtained for the FO-SPR shifts (nm) and the ELISA absorbance
signals (AU) are shown for each sample in Figure S-4. The average
CV was 14% and 22% for ciFO-SPR (n ¼ 4) and cELISA (n ¼ 6),
respectively. As shown in Fig. 5, the P4 concentrations quantified
with the ciFO-SPR bioassay correlated linearly with the corre-
sponding cELISA results (R2 ¼ 0.95). Moreover, the ICC was calcu-
lated to be 0.97 (n ¼ 6).

4. Conclusions

Despite advances in accuracy and time-to-result, off-laboratory
screening of P4 with automated and cost-effective assays is still a
challenging. In search of new techniques to quantify P4 in bovine
ssay for the detection of progesterone in dairy milk using a fiber optic
aca.2016.11.005
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milk, an in-house developed FO-SPR biosensor was explored for
establishing a competitive inhibition bioassay. The designed ciFO-
SPR bioassay was first optimized by determining the concentra-
tion of (i) P4-BSA conjugate to be immobilized on the FO-SPR
sensor tip, (ii) anti-P4 antibody and (iii) GAM-Au NPs. Calibration
curves were established with the ciFO-SPR bioassay for spiked
buffer samples and milk standards in the biologically relevant
concentration range between 1 and 10 ng mL�1, resulting in an LOD
of 0.6 ng mL�1 and 0.5 ng mL�1 P4, respectively. Furthermore, the
time-to-result of the established ciFO-SPR bioassay was reduced
under 20 min resulting in a similar LOD and sensitivity of the assay.
Finally, the bioassay was validated against a reference cELISA
technique. In the low concentration range corresponding to heat,
the results obtained with the ciFO-SPR biosensor for bovine milk
samples correlated very well with those of the cELISA, resulting in
ICC of 0.97. In conclusion, the developed platform combines the
ease-of-use and cost efficiency of a lateral flow assay with the ac-
curacy, sensitivity and possibility for automation of an ELISA test.
Future work will focus on integrating this ciFO-SPR bioassay in an
automated milking robot on a dairy farm to monitor the repro-
ductive cycle of dairy cows.
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