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ARTICLE INFO ABSTRACT

Lateral flow (LF) immunoassays are commonly used for point-of-care testing and typically incorporate visually
read reporters, such as gold particles. To improve sensitivity and develop quantitative LF immunoassays, visual
reporters can be replaced by fluorescent reporters detected by an instrument. In this study, we used fluorescent
europium(IIl) chelate doped nanoparticle (Eu-np) reporters to develop a quantitative high-sensitivity LF im-
munoassay for free prostate specific antigen (fPSA). Furthermore, we tested different simplified formats of the
assay and the effect of different modifiable parameters on the detection limit of the assay: dynamic range, assay
duration and number of assay steps. The molar detection limits of the different assay formats were compared
with published detection limits of LF immunoassays with different reporters. The cutoff was calculated from 11
female serum samples. The detection limit of the sensitivity optimized fPSA assay with fPSA spiked into pooled
female serum was 0.01 ng/ml, which is approximately 100-fold lower than the most sensitive gold particle LF
assays and 10-fold lower than other Eu-np and carbon nanoparticle based LF immunoassays. Thus, Eu-np re-
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porters can be used to develop highly sensitive and quantitative LF immunoassays.

1. Introduction

Lateral flow (LF) immunoassays have long been considered ideal for
point-of-care testing of diseases and environmental samples due to their
simplicity and ease of use. Typically, LF immunoassays use visually
read reporters, such as blue latex beads, carbon black nanoparticles,
silver enhanced gold and, most importantly, colloidal gold nano-
particles (Linares et al., 2012). To improve the sensitivity of the LF
assays, magnetic and fluorescent reporters have also been incorporated
into LF assays as reporters. These reporters require an instrument for
detection, which increases the price and complexity of the test. On the
other hand, an instrument-based read-out also provides the advantages
of quantification and objective interpretation of the results. Ad-
ditionally, the instrument can archive and transmit the results auto-
matically. These advantages decrease the risk of operator mistakes and
thus many LF assays with traditional visually read reporters have also
incorporated automated readers.

However, despite these recent reporter improvements the current LF
immunoassays still lack the sufficiently precise quantitation and high
sensitivity needed to meet the performance of central laboratory assays.
Additionally, these goals of quantitation and sensitivity should be met
with a sufficiently simple assay protocol in order to retain the simplicity
advantage of LF immunoassays. Previously, we have shown that the LF

immunoassay sensitivity and signal-to-noise ratio can be improved
significantly with fluorescent europium(Ill) chelate doped nano-
particles (Eu-np) as reporters (Juntunen et al., 2012). Some demon-
strations of LF immunoassays for different biomarkers using Eu-np re-
porters have also been published (Rundstrom et al., 2007; Nabatiyan
et al., 2010; Xia et al., 2009; Salminen et al., 2018; Song et al., 2013).
Also, Eu-np can provide a 100-fold improvement in sensitivity when
comparing Eu-np and colloidal gold nanoparticles in the same LF test
with identical binders (Xia et al., 2009; Zhang et al., 2014). In addition
to Eu-np, quantum dot fluorescent nanoparticles have provided sensi-
tivity improvements in LF when compared to colloidal gold (Di Nardo
et al., 2016; Foubert et al., 2017). Even colloidal gold nanoparticle label
sensitivity can be improved, by improving the visual intensity of the
signal with gold-nanoparticle-decorated silica nanorods or dual gold
label assays (Xu et al., 2014) (Choi et al., 2010).

In this study, we explore the critical parameters of a LF im-
munoassay, which affect the dynamic range, assay duration, number of
assay steps and sensitivity of the final test. Significant improvements in
these aspects of the assay are possible by substituting the normal visual
reporters with fluorescent reporters. The LF assay format also has in-
herent limitations that can be charted through systematic testing of
different parameters of the assay. In order to demonstrate the potential
of Eu-np reporters and chart the limitations of simple yet sensitive LF
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assays with a real immunoassay, we developed a highly sensitive yet
simple and rapid LF assay for free prostate specific antigen (fPSA).
Prostate-specific antigen (PSA) is a human kallikrein protease pro-
duced in prostatic epithelial cells (Yousef and Diamandis, 2002). The
level of PSA in blood is an important marker for early detection of
prostate cancer and also for the recurrence of the cancer after treatment
(Heidenreich et al.,, 2008). Current central laboratory PSA im-
munoassays have limits of detection between 0.008 ng/ml and 0.07 ng/
ml (Sharma et al., 2017). PSA in the bloodstream occurs in complexed
(65-95% of total PSA) and free (5-35%) forms (Lilja et al., 1991). The
ratio of fPSA to total PSA in blood can be used to aid the distinguishing
of prostate cancer from benign prostatic hyperplasia (Peltola et al.,
2011). For example, if the total PSA level is between 4 and 10 ng/ml, a
cut-off of < 25% fPSA can be used to select patients for biopsy
(Catalona et al., 1994). Therefore, a specific fPSA measurement is a
useful addition to diagnosis of prostate cancer, along with other PSA
based serum markers (Stephan et al., 2014). However, in this study the
fPSA assay functions also as a model analyte for exploring the im-
provements to LF immunoassays gained by using fluorescent reporters.

2. Materials and methods
2.1. Preparation of assay materials

Polyclonal mouse IgG (Biodesign, Saco, ME, USA) and H117 mouse
monoclonal anti-PSA antibody (University of Turku) were covalently
coupled with biotin isothiocyanate (BITC) to form biotinylated con-
jugates. The conjugation reaction contained 2 mg/ml of the antibody
and a 100-fold excess of BITC in 50 mM carbonate buffer (pH 9.8). The
reaction was incubated for 4h at room temperature and excess BITC
was separated from the conjugate by NAP-5 and NAP-10 columns
(Amersham Pharmacia Biotech, Uppsala, Sweden), with the biotin-an-
tibody conjugates eluted to 10 mM Tris-HCI buffer (pH 8.0).

Carboxyl-modified Eu(III)-chelate-doped OptiLink polystyrene na-
noparticles with a diameter of 107 nm (Seradyn, Indianapolis, IN, USA)
were covalently linked with anti-PSA antibody 5A10, which binds to an
epitope specific for free PSA (Pettersson et al., 1995), and with both
biotinylated and non-biotinylated polyclonal mouse-IgG (Biodesign,
Saco, ME, USA), as described previously (Soukka et al., 2001a). The
resulting anti-PSA-Eu nanoparticles and bio-mIgG-Eu nanoparticles
were used as reporters in the LF assays. The recombinant PSA used as
standard was produced and purified as described by Rajakoski et al.
(Rajakoski et al., 1997).

The test and control lines on the LF strips were printed with a
Linomat 5 non-contact printer (CAMAG, Muttenz, Switzerland) onto a
Hi-Flow Plus HF180 or HF90 nitrocellulose membrane (Millipore,
Bedford, MA, USA). The streptavidin (SA) test lines were printed in
10 mM citrate-phosphate buffer (pH 5.0). The biotinylated PSA capture
antibody H117 was printed in 10 mM Tris-HCI buffer (pH 8.0), with an
optimized final density of 0.25 pg/cm (result not shown). The control
line of 0.4pg/cm of rabbit—anti-mouse polyclonal antibody was
printed at a distance of 6 mm from the test line in 10 mM Tris-HClL
buffer (pH 8.0). Before printing the lines, the nitrocellulose membrane
was attached to an adhesive backing plastic (G&L Precision Die Cutting,
San Jose, CA, USA). After printing, the membranes were dried in
+35°C for 2h. Subsequently, a cellulose absorption pad (Millipore)
and a glass fiber feed pad were attached overlapping the nitrocellulose.
This assembled membrane card was then cut into 5mm wide lateral
flow strips.

The reaction buffer used for reagent dilutions and wash steps con-
sisted of 10mM phosphate buffer (pH7.4), 135mM NaCl, 0.5%
Polysorbate 20, 1% BSA (Bioreba, Reinach, Germany). The female
serum samples used for measurement of blank signal were from in-
formed healthy volunteer donors.
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2.2. Streptavidin test line optimization

Different densities of SA ranging from 0.5 to 128 ug/cm were
printed and dried on the LF strips. The density of SA was calculated in
micrograms per centimeter of test line, each strip containing a 5 mm
test line. Optimal SA density was tested by performing an assay with
bio-mIgG and mlIgG coated Eu-nanoparticles on the SA LF strips not
containing the biotinylated capture antibody. Firstly, 10”7 bio-mIgG or
mlIgG coated Eu-nanoparticle reporters per strip were added to the SA
LF strips in 20 pl of reaction buffer, together with 18 nmol of d-biotin
per strip. Adding this high concentration of d-biotin to block a constant
portion of the binding sites was necessary to ensure that the bio-mIgG
nanoparticles were not the limiting reagent in the assay. This is because
the SA line contains a much higher number of biotin binding sites than
the total number of biotin molecules on the bio-mIgG nanoparticles.
Using only bio-mIgG nanoparticles would have resulted in a constant
signal from lines with different concentrations of SA, since the usable
concentrations of bio-mIgG nanoparticles are too low to saturate the SA
line.

Secondly, after reporter absorption the strips were washed by
adding 80l of reaction buffer. After reaction buffer absorption, the
strips were dried in room temperature and the long-lifetime Eu(III)-
chelate fluorescence was measured with a Victor X4 multilabel reader
(Perkin-Elmer/Wallac, Turku, Finland) in a time-resolved europium
measurement.

2.3. LF fPSA assay procedure

In the standard LF fPSA assay procedure, 10 pl of PSA spiked pooled
female serum sample and 20 pl of reaction buffer containing 10® par-
ticles of anti-PSA-Eu were added to each strip. Immediately after adding
the anti-PSA-Eu, the strip was washed by adding 20 pl of reaction buffer
and left to run in room temperature for 25 min before measurement. In
the signal development assay, the strips were measured sequentially
approximately every 70s after adding the sample and reporter. The
measurement was repeated during the liquid flow through the mem-
brane for a total of 27 min. All assays had spiked pooled female serum
as the sample matrix.

3. Results
3.1. Density of streptavidin test line

The optimal streptavidin density on the test line was tested by
comparing the capacity of different density lines to bind bio-mIgG-Eu
nanoparticles with the unspecific binding of mIgG-Eu nanoparticles.
The bio-mIgG-Eu nanoparticles show the actual relevant binding ca-
pacity for nanoparticle reporters; the actual biotin binding capacities of
the various densities of SA line may be higher, but steric hindrances
caused by the large sized nanoparticles should lower the effective
binding capacity. The nanoparticle binding capacity of the SA line in-
creases up to a density of 8-16 pg/cm of SA (Fig. 1). Taking the mIgG-
Eu nanoparticle background into account, the maximal signal-to-back-
ground ratio is achieved between 4 and 16 pg/cm of SA. LF strips with
4 ug/cm of SA were used in the fPSA assays.

3.2. Detection limits of different types of assays

The limit of detection (LoD) was calculated from the standard curve,
with the cutoff calculated by the following equation:

LoD = ugz + 1.64505 + 1.64505

where i is the mean of blank measurements, oy is standard deviation
of blank measurements and o is the standard deviation of low sample
concentration measurements. The blank signal was the average signal
of 11 measured female sera with a total of 99 replicates. The LoD was
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Fig. 1. The binding capacity and background of streptavidin test lines with
different concentrations of streptavidin. Solid line shows the nanoparticle
binding capacity of streptavidin lines with different concentrations of strepta-
vidin, tested by adding biotinylated mouse-IgG coated Eu(III)-nanoparticles on

the strip. Dashed line shows the unspecific nanoparticle binding on streptavidin 1"

lines, tested with non-biotinylated but otherwise identical mouse-IgG coated Eu 800 000

(IID)-nanoparticles. Standard deviations of three replicates are depicted as error &0

bars. The streptavidin concentration chosen to be used in subsequent assays was ™

4ug/em. £ 600000 -

tested for the sensitivity optimized fPSA LF assay and three variations of S 3

the assay protocol (Table 1). The assay optimized for high sensitivity % 400 000

had a LoD of 0.01 ng/ml. 5 14
To test the possibility of shifting the dynamic range of the assay to ®

higher concentrations, reporter Eu-np amount was increased ten-fold to 200 000 - 120

10° particles/strip. Compared to the assay with 10® particles/strip, the

upper limit of linearity increased from 5 to 25 ng/ml of PSA (R-square

0.998 for both Eu-np amounts) (Fig. 2). The LoD with the higher na- 0 0

noparticle amount was 0.063 ng/ml. 30

In order to decrease the time the assay takes to reach the maximum time (min)
signal level, the flow speed of the sample and reporter conjugate was

Fig. 3. Signal development after adding the sample to the strip in the fPSA
increased by using a larger pore size nitrocellulose membrane. The

assay with HF75 (@) and HF180 (A) nitrocellulose membranes used in the

assay with the faster flow speed HF75 nitrocellulose reached maximum
signal after 17 min, compared to the 21 min of the normal assay with
HF180 nitrocellulose (Fig. 3). The LoD with HF75 nitrocellulose was
0.014 ng/ml.

The standard assay protocol included a wash step comprising 20 pl/
strip of reaction buffer. When the assay was simplified by eliminating

assays. The assay reached maximum signal after 17 min (dashed line) with
HF75 nitrocellulose and after 21 min (dotted line) with HF180 nitrocellulose.
Coefficients of variation (%) with three replicates are shown with dashed lines
and empty symbols.

variation of the assay protocol had a limit of detection of 0.010 ng/ml

this wash step, the LoD was 0.058 ng/ml (Fig. 4). (3.5 x 10~ '>M). We also tested the assay with different simpler assay

protocol variations to test the effect of these parameters on the sensi-
tivity of the assay. The LoD in these protocols varied from 0.014 to
0.058 ng/ml 5.1 x 107'%-20 x 107 '3M) (Table 1). The simplification
of the assay protocols consisted of removing the wash step to achieve a
one-step protocol and using a fast nitrocellulose to decrease the time

4. Discussion

In this study, we have developed a highly sensitive LF assay for fPSA
with fluorescent Eu-nanoparticles as reporters. The most sensitive

Table 1

The limits of detection of the different variations of fPSA LF assays. Sensitivity optimized assay is the baseline for the other variations and 10° particles/strip is tested
in order to shift the dynamic range. Using a fast HF75 nitrocellulose shortens the assay time and removing the wash simplifies the assay. The limit of detection is
shown for each variation in ng/ml and mol/L. The assay modifications reduce the turnaround time and the number of steps needed to complete the assay but result in
increased limits of detection.

Assay protocol: Limit of detection (ng/ml): Molarity at Detection limit (M) Turnaround Time (min) Number of assay Steps

Sensitivity optimized assay 0.010 35x 10718 21 2
10° particles/strip 0.063 22 x 10713 21 2
Fast HF75 nitrocellulose 0.014 51x 10713 17 2
No wash 0.058 20 x 10713 21 1
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Fig. 4. fPSA LF assay signal/background ratio with a wash step (A) and
without a wash step (@). The LoD with and without a wash step is 0.01 ng/ml
and 0.058 ng/ml, respectively. Coefficients of variation (%) with three re-
plicates are shown with dashed lines and empty symbols.

the assay takes to reach the maximum signal.

Most published LF assays for PSA set the cutoff at the clinically
relevant 4 ng/ml concentration of total PSA and thus do not optimize
the assay for high analytical sensitivity (Miano et al., 2005; Berg et al.,
2001; Dok An et al., 2001; Jung et al., 1999). However, ultrasensitive
PSA assays can help in early detection of prostate cancer recurrence
after radical prostatectomy, and some very sensitive PSA assays have
been developed (Tilki et al., 2015). Li et al. developed a quantitative LF
assay for PSA with quantum dot nanobead-labels, achieving a sensi-
tivity of 0.33ng/ml (1 x 10~ 12 M) (Li et al., 2014). Additionally, some
published microtiter well-based immunoassays for PSA using different
reporter technologies have reported very low limits of detection. Par-
ticularly, Soukka et al. used Eu-np reporters similar to the particles used
in this publication for ultrasensitive detection of fPSA in wells achieving
a limit of detection of 1.3 x 10~ > M with 30 ul of sample (Soukka
et al, 2001b). With 5pul of sample, the limit of detection was
1.3 x 107 '* M, which is equivalent to 59 zmol of fPSA in the sample.
The corresponding lowest detected amount in our fPSA LF assay with
10 ul sample volume was 3500 zmol. Also, published ELISA and che-
miluminescence-reporter assays for fPSA had sensitivities in the same
range as the fPSA LF assay, 2.7 X 10"'®*M for the ELISA and
2.3 x 107 '®M for the chemiluminescence well assay (Matsumoto
et al., 1999; Liu et al., 2016). However, the sensitivity of different as-
says even for the same analyte is not affected only by the assay type or
the label, but also the choice of binders. Therefore, direct label com-
parison between assays is difficult.

Taking this limitation into account, the limit of detection of our
developed LF immunoassay can also be compared to other LF im-
munoassays for different protein markers, with the published limits of
detection converted to molarity as shown by Gordon and Michel
(Gordon and Michel, 2008). In their review, the detection limits of LF
immunoassays based on gold particle reporters varied from 10> to
3 x 10"'* M. However, various types of reporters used in LF im-
munoassays have achieved lower detection limits compared to gold
reporters.

LF immunoassays using Eu-np reporters for various analytes
achieved detection limits down to the 10~ M range (Rundstrom et al.,
2007; Xia et al.,, 2009; Song and Knotts, 2008; Shao et al., 2017).
Carbon nanoparticle based assays had similar detection limits of ap-
proximately 10712M (van Dam et al., 2004; Koets et al., 2006; Parpia
et al.,, 2010). Experimental LF assays for bacterial toxins using dye-
containing liposomes with toxin receptors incorporated in the lipid
bilayer as reporters reached detection limits of 102 and 107'°M
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(Ahn-Yoon et al., 2004; Ahn-Yoon et al., 2003). Finally, LF im-
munoassays with up-converting phosphor reporters had detection limits
ranging from 1012 to 10~ M (Hampl et al., 2001; Corstjens et al.,
2011; Corstjens et al., 2008; Juntunen et al., 2015).

However, there are naturally a number of limitations to an approach
where different LF immunoassay reporters are compared across a
variety of protein markers and publications. First, each protein marker
has different binder antibodies with different affinities. Secondly, the
assay protocols, materials and time to results vary among assays.
Thirdly, assays for different proteins have been tested in different
sample matrices, some of which may be more challenging for the assays
than others. Finally, even the methods used to determine the detection
limit vary among the published assays. Nevertheless, a broad compar-
ison between different reporter types can be made. When compared to
the other published LF immunoassays, the lowest detection limit of
3.5 x 1073 M achieved with our published fPSA LF immunoassay is
approximately 100-fold lower than the most sensitive gold particle LF
assays and 10-fold lower than other Eu-np and carbon nanoparticle
based LF assays. A similar or even superior detection limit can be
reached with up-converting phosphor reporters.

Like all fluorescent reporters, Eu-nanoparticles require an instru-
ment for detection. In addition to the sensitivity enhancement of in-
strument-based reading, use of an instrument also enables quantitative
assays and lowers the possibility of human error in result reading and
data management (Scherr et al., 2016). Because of these advantages,
even LF assays with visually readable gold particle reporters are often
read by an optical instrument. Due to the conflicting needs of sensitive
intrumentation and portability as wells as affordability, the practical
success of fluorescence based LF immunoassays is largely dependent on
the availability of low-cost miniaturized detection instruments. This
need for portable LF readers capable of detecting Eu-nanoparticle labels
is already being met. For example, an LF immunoassay for influenza
using Eu-np reporters together with a dedicated reader is in the market
(Lee et al., 2012; Leonardi et al., 2013). Also, published LF im-
munossays with Eu-np reporters have used commercially available
portable readers (Song et al., 2013; Shao et al., 2017; Liang et al., 2017)
or even a digital camera together with an ultraviolet light source
(Juntunen et al., 2012; Xia et al., 2009; Xia et al., 2013) as a detection
instrument. Uniquely, Preechadakasedkit et al. developed reporter
particles with a gold core coated with europium chelate-doped silica
coating, allowing both visual and instrument-based fluorescent detec-
tion in a LF assay (Preechakasedkit et al., 2018).

In rapid point-of-care assays, the critical parameters that affect the
limit of detection force a compromise between sensitivity on one hand
and speed and simplicity on the other. Particularly the elimination of a
separate wash step simplifies the assay but also increases the limit of
detection from 0.01 ng/ml to 0.058 ng/ml. Additionally, the adjustment
of the dynamic range for samples with higher concentrations of the
analyte may affect the sensitivity of the assay. In the case of our LF
immunoassay, the dynamic range is approximately three orders of
magnitude. This forces a compromise in the detection limit in a quan-
titative assay depending on the desired quantitative range. A tenfold
increase in the number of reporter particles increases upper limit of
linearity approximately five-fold, with a similar increase in the detec-
tion limit (Fig. 2).

The time for the sensitivity optimized assay to reach the stable
maximum signal is 21 min (Fig. 3). This time can be shortened by using
a nitrocellulose membrane with a larger average pore size and thus
faster flow rate. The effect of using larger pore size nitrocellulose is
modest; use of HF75 nitrocellulose, which has a 2.4-fold faster flow rate
compared with HF180, only decreases the assay time by 4 min, from
21 min to 17 min, while increasing the detection limit from 0.010 ng/ml
to 0.014 ng /ml. In order to shorten the assay time, the assay can also be
measured before the maximum signal is reached. However in this case,
in addition to a compromise in sensitivity, the calibration curve for a
quantitative assay has to be adjusted to the exact measurement time
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point due to constant change in the signal level caused by ongoing flow
in the membrane.

In conclusion, it is possible to develop a highly sensitive quantita-
tive lateral flow assay for fPSA by using fluorescent reporters. In order
to achieve a simple and fast assay, a compromise has to be made be-
tween ease of use and sensitivity. Nevertheless, even in the simplest
format, the developed assay is quantitative and the very sensitive
compared to a LF assay based on standard gold particle reporters.
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