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a b s t r a c t

Lateral flow (LF) immunoassays (i.e., immunochromatographic assays) have traditionally been applied to
analytes that do not require very high analytical sensitivity or quantitative results. The selection of poten-
tial analytes is often limited by the performance characteristics of the assay technology. Analytes with
more demanding sensitivity requirements call for reporter systems enabling high analytical sensitivity.
In this study, we systematically compared the performance of fluorescent europium(III) [Eu(III)] chelate
dyed polystyrene nanoparticles and colloidal gold particles in lateral flow assays. The effect of time-
resolved measurement mode was also studied. Because binder molecules used in immunoassays might
not behave similarly when conjugated to different reporter particles, two model assays were constructed
to provide reliable technical comparison of the two reporter systems. The comparative experiment dem-
onstrated that the fluorescent nanoparticles yielded 7- and 300-fold better sensitivity compared with col-
loidal gold in the two test systems, respectively. Although the two reporter particles may induce variable
effects using individual binders, overall the high specific activity of Eu(III) nanoparticles has superior
potential over colloidal gold particles for the development of robust high-sensitivity bioaffinity assays.

! 2012 Elsevier Inc. All rights reserved.

Lateral flow (LF)1 immunoassays represent a popular and widely
used test principle for point-of-care applications. The main features
of LF tests are the user-friendly operation, quickly obtained results,
and fairly good shelf life [1]. The easy assay procedure makes LF tests
suitable for use by personnel without laboratory training and as
over-the-counter products (e.g., for pregnancy and ovulation test-
ing). However, there is an increasing need for high-performing
LF-type tests in small laboratories and hospitals, emergency rooms,
and doctor’s offices. For rapid testing of cardiac troponins in the early
triage of chest pain patients [2,3], currently available LF tests are
highly insufficient. Several technical aspects of conventional LF tests
contribute to the inadequate analytical performance, one being the
low detectability of the traditionally used reporter option, the colloi-
dal gold nanoparticle.

The gold(III) chloride nanoparticles were introduced for the first
time as immunoassay reporters in a pregnancy hormone assay per-
formed in microtiter wells [4]. Other visually detectable reporters,
such as dyed latex and carbon nanoparticles, have been used in
various LF applications [5]. Recently, more sophisticated methods
have been implemented as LF assay reporter systems such as

superparamagnetic beads [6,7], quantum dots [8], and upconver-
ting phosphors [9]. Still, the majority of point-of-care LF tests rely
on visual examination of a color-forming compound on the test
strip, which constitutes a major and important advantage over test
systems requiring an instrument-based readout. A visual readout,
however, is prone to subjective interpretation of the test result.
Poor lighting conditions (e.g., in an ambulance) may lead to false
result interpretation. In addition, the use of a qualitative readout
in the patient data records is unsatisfactory.

There are several reflectance- and fluorescence-based detection
methods that enable data acquisition without subjective interpre-
tation and are capable of quantitative measurements [5]. Fluores-
cence-based detection systems have been implemented in
several successful LF tests [10–13]. Although the detection always
requires special instruments, fluorescence-based assays have be-
come widely used. For point-of-care applications, there are various
types of handheld readers that are feasible for testing analytes with
low sensitivity requirements. Currently, the majority of the fluo-
rescent reporters in LF assays are detected by the specific emission
wavelength of their short-lived fluorescence. A potential drawback
in this is any background signal unrelated to the analyte itself (e.g.,
arising from the test materials and the biological sample). There-
fore, the detection of low analyte levels may be compromised both
by ambiguity of the signal formation and by low specific activity of
the reporters.
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Organic chelates of certain lanthanide ions (e.g., europium, ter-
bium) have intrinsic fluorescence properties that can be used to
produce high-activity reporters for diagnostic assays. Depending
on the chelating structures and other synergistic components
and conditions, these lanthanides exhibit variably long-lived fluo-
rescence with a large and ion-specific Stokes shift. The slow decay
of the fluorescence enables detection in a time-resolved manner,
eliminating the short-lived background fluorescence of the test
materials and biological materials. Europium(III) [Eu(III)] chelate
dyed nanoparticles incorporate thousands of fluorescent chelates
in a protective hydrophobic shell that results in chemical stability
and high lanthanide-specific fluorescence [14,15]. Time-resolved
measurement of fluorescent lanthanide chelates is an established
method in high-sensitivity immunoassays [16–18]. More recently,
successful use of Eu-doped nanoparticles on LF platforms has been
demonstrated [11,19]. An LF assay using Eu(III)-loaded silica parti-
cles without time-resolved measurement reaching very high
analytical sensitivity has been described [20]. However, direct
comparative evaluations of novel versus traditional LF reporters
have not been published.

In this study, two different model assays were constructed to
compare the properties of Eu(III)-chelate-doped nanoparticles with
colloidal gold reporters. A sandwich-type immunoassay to mea-
sure the free form of prostate-specific antigen (PSA) was chosen
as the primary model assay. In the second model, the bioaffinity as-
say was constructed using streptavidin interaction with biotinyla-
ted bovine serum albumin (bio-BSA). The binders in the latter
model assay are considered ideal in terms of the high binding affin-
ity of biotin to streptavidin. The reactivity of binder molecules (e.g.,
antibodies) cannot be assumed to be unaffected after being conju-
gated to different reporter particles. Thus, the biotin–streptavidin
model assay provides a comparison of the two reporter systems
unaffected by possible changes of immunoreactivity on conjuga-
tion to the two different nanoparticles.

Thus, in this study, we systematically compared the detectabil-
ity of fluorescent Eu(III)-doped polystyrene particles and colloidal
gold particles. Three different methods for the readout of the fluo-
rescent reporters were studied, and their respective capabilities to
improve LF assays were compared. The fluorescence-based detec-
tion system was tested by using either a delayed time-resolved
scanning mode or an instant measurement scanning without delay
time between excitation pulse and measurement time window. In
addition, a simple fluorescence imaging method using a digital
camera was evaluated.

Materials and methods

Reagents and materials

BSA (Bioreba, Reinach, Germany) was covalently coupled with
biotin isothiocyanate (BITC, University of Turku, Turku, Finland)
to produce bio-BSA, a model analyte. The coupling reaction was
performed in 50 mM carbonate buffer (pH 9.8) at 23 "C for 4 h.
The concentration of BSA in reaction was 1 g/L, and BITC was used
in 100-fold molar excess. Bio-BSA was separated from unbound
BITC by NAP-5 and NAP-10 columns (Amersham Pharmacia
Biotech, Uppsala, Sweden) using aqueous solution containing
0.9% NaCl. Carboxylate-modified Eu(III)-chelate-doped OptiLink
polystyrene nanoparticles with 107 nm diameter (Seradyn, India-
napolis, IN, USA) were covalently linked with streptavidin (SA, Bio-
SpA, Milan, Italy) or anti-PSA antibody 5A10 [21] as described by
Kokko et al. [15] and Soukka et al. [22] to produce Eu(III)–strepta-
vidin particles (SA–Eu) or Eu(III)–anti-PSA particles (anti-PSA–Eu).

SA-conjugated colloidal gold particles (SA–Au) with a diameter
of 40 nm and an optical density of 10.3 AU at 520 nm (product

code BA.STP40) were purchased from British Biocell International
(Cardiff, UK). The anti-PSA antibody 5A10 was conjugated to colloi-
dal gold (Ani Biotech, Vantaa, Finland) to produce Au–anti-PSA par-
ticles (anti-PSA–Au). The antibodies were diluted in MQ water to a
concentration of 0.188 mg/ml and 100 ll of 200 mM sodium bo-
rate buffer (pH 9.0) to a total volume of 1 ml. The buffered anti-
body dilution was added to 5 ml of colloidal gold solution. The
gold solution was previously adjusted to pH 9.0 with 20 mM
K2CO3. The reaction was incubated overnight at 40 "C, and 5%
BSA was added to block any free binding sites on particles. Excess
antibodies were washed by centrifuging for 30 min with 15,000g at
4 "C and resuspending the pellet in 5 ml of 20 mM sodium borate
buffer (pH 9.0) with 1% BSA. The washing step was repeated twice,
and the final resuspension was done in 5 ml of the same buffer. The
optical density at 520 nm was measured from the gold solution
with a Shimadzu UV-1700 PharmaSpec spectrophotometer
(Shimadzu, Germany).

The binder immobilization of bio-BSA assay strips was done by
dispensing 4 g/L SA in 10 mM citrate–phosphate buffer (pH 5.0)
with 1% methanol on nitrocellulose membrane (Hi-Flow Plus
HF180, Millipore, Bedford, MA, USA). For PSA assay, the striping
of the test line was done with anti-PSA antibody H117 (University
of Turku) in a concentration of 1.5 g/L in 10 mM Tris–HCl buffer
(pH 8.0) with 1% methanol. The control line was striped on the
PSA strips at a 6-mm distance of the test line with rabbit–
anti-mouse polyclonal antibody (Dako, Denmark) in a concentra-
tion of 0.4 g/L in the same buffer as described previously with SA
striping. The striping applicator was adjusted to produce 1-ll/cm
stripes with a liquid flow speed of 250 nl/s.

Prior to striping, the nitrocellulose membrane was attached to
backing plastic with an adhesive surface (G&L Precision Die Cut-
ting, San Jose, CA, USA). After the striping, membranes were dried
at 35 "C for 1 h. An absorption pad was made by attaching a 40-
mm-wide cellulose membrane strip (Millipore) to overlap 2 mm
with nitrocellulose. A feeding pad of an 8-mm-wide glass fiber
strip (Millipore) was attached to overlap 2 mm with the other
end of the nitrocellulose. The assembled membrane card was cut
in 4-mm strips (Fig. 1). The reaction buffer was 100 mM Hepes
(pH 7.4) with 270 mM NaCl, 1% (w/w) BSA, and 0.5% Tween 20.

Instruments

The binder molecule striping was done with a Linomat 5 sample
applicator (CAMAG, Muttenz, Switzerland). The test strips were cut
with a desktop paper cutter (Ideal 1058, Krug & Priester, Balingen,
Germany). A Victor X4 multilabel reader (PerkinElmer, Waltham,
MA, USA) was used to measure the time-resolved fluorescence of
Eu(III) nanoparticles (Fig. 2). A special frame was constructed to
fit the LF test strips to a standard plate holder. The reflectance mea-
surement of colloidal gold was done with a USB flatbed scanner
(Canoscan 9900F, Canon, Tokyo, Japan). The fluorescence imaging
was done with a Canon Powershot SX130 IS digital camera (Canon)
and a D615/25 bandpass filter with a 25-mm diameter (Chroma,
Bellows Falls, VT, USA). A handheld ultraviolet (UV) lamp (Spectr-
oline, Westbury, NY, USA) with 254- and 365-nm wavelength
lamps was used as an excitation light source.

Assay procedure

A standard series of analytes (bio-BSA, 5 pg/ml to 1 lg/ml; PSA,
5 pg/ml to 0.1 lg/ml) were diluted in reaction buffer. The reporters
were also diluted in reaction buffer. SA–Au was diluted 1:1 to an
optical density (520 nm) of 5, SA–Eu and anti-PSA–Eu to a concen-
tration of 5 ! 104 particles/ll. Standard dilutions of the analytes,
solution of reporter-reagents, and reaction buffer for washing were
applied in the wells of a polypropylene 96-well plate (cat. no.
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655201, Greiner Bio-One, Frickenhausen, Germany). Test strips
were sequentially dipped in reagent solutions to absorb liquids
on the strips (Fig. 1B). Volumes of the analyte solution and reporter
solution in assay were 20 ll each. Washing of excess Eu(III) report-
ers was done with 50 ll of reaction buffer. In the colloidal gold
detection system, washing was done with 100 ll of reaction buffer.
After the liquid absorption, the strips were dried in a 37 "C incuba-
tor with air flow for 30 min and measured after drying.

Fluorescence imaging by digital camera

The imaging of fluorescent Eu(III) nanoparticles on LF strips
(Fig. 3A) was done by attaching the camera to a laboratory stand
and a clamp at a height of 20 cm. The bandpass filter was attached
to another clamp as close to the camera lens as possible. The imag-
ing was done in a dark room, and the strips were illuminated by a
handheld UV lamp. The exposure time of the camera was 15 s with
aperture F3.4 and ISO sensitivity 200. This detection system repre-
sents a conventional fluorescence detection method with

continuous excitation and measurement of reported specific signal
through an optical bandpass filter.

Measurement and data interpretation

Maximum signals on binder surface area in fluorescence mea-
surement scanning were compared, and the standard deviation
(SD) of the replicate reactions was calculated. The images acquired
with the imaging-based detection methods were initially
processed using Corel Paint Shop Pro X2 software (Corel, Ottawa,
Canada). The initial processing included cropping and resizing of
assay strip images to a manageable size. The intensity profiles of
the assay strip images were calculated by using the plot profile
function of ImageJ software (National Institutes of Health, Bethes-
da, MD, USA). In both imaging methods, intensity signals on the
binder surface area were summed and compared with an equally
sized area of background signal. This signal-to-baseline ratio was
used to measure the response of analyte. In scanning methods, sig-
nal integration was not done because the reading area of the scan-
ning beam was large enough to cover the whole binding surface
area of the strip. The cutoff level for all detection systems was cal-
culated by the following equation:

3 " SD ðbackgroundÞ þ average backgroundÞ:

The analytical sensitivity was calculated by fitting the measure-
ment data with a linear model and reading the concentration of
analyte at the cutoff level. Maximal signal-to-noise (S/N) ratios
were calculated for each assay by dividing the maximum signal
of the test line by the SD of the signals from the membrane area
outside the binder surface.

Effect of human serum in background signal of
fluorescence measurement

Lateral flow strips with human serum were measured with de-
layed time-resolved detection and an instant detection mode
(Fig. 2) to compare the background signal originating from biolog-
ical material without added reporters. The LF strips were measured
after 100 ll of human serum was completely absorbed and dried.

Fig.1. Schematic illustrations of the test strip (A), liquid absorbing procedure (B), and sandwich-type assay principle (C).

Fig.2. Illustration of the modes used for time-resolved measurement of Eu(III)
nanoparticles. Nondelayed measurement at 0 to 400 ls also includes short-lived
background fluorescence (dashed line). In the delayed measurement window, only
long-lived fluorescence originating from the reporters (solid line) can be measured.
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As controls, 100 ll of previously mentioned assay buffer was ab-
sorbed. The assay comparison was done with five replicate strips
and measured after drying the strips for 30 min at 35 "C. Measure-

ments were done with Victor X4. The delayed time-resolved mode
was done with a 400-ls delay time, a 400-ls counting window,
and a duty cycle of 1000 ls. The instant detection measurement
was done without any delay, with a 400-ls counting window
and a 1000-ls duty cycle.

Results and discussion

Assay principle

The two model assays were optimized with respect to analytical
sensitivity with both types of reporter particles. The performance
of fluorescent Eu(III) particles was studied with three methods: de-
layed time-resolved scanning, instant detection fluorescence scan-
ning, and photography through optical bandpass filter (Fig. 3A).
The results were compared with reflectance-based scanning of
colloidal gold particles (Fig. 3B).

Fig.3. Photos of PSA strips from imaging-based detection methods. (A) Fluorescence image of strips with Eu(III) nanoparticles. (B) PSA strips with colloidal gold. Strips from
left to right are in order of increasing PSA concentrations (range = 0–100 ng/ml). Analytical sensitivities at intervals between PSA concentrations are marked with a star.

Table 1
Matrix for optimization of LF assay conditions.

Nitrocellulose wicking rate (s/4 cm): 90 120 180a

10 mM buffer base Tris Hepesa Na2HPO4/NaH2PO4

NaCl concentration (mM) 130 270a

BSA (%, w/w) 0–2b

Triton X-100 concentration (%, v/v) 0–0.5c

Tween 20 concentration (%, v/v) 0–1d

a Conditions with highest sensitivity obtained.
b Concentration range was tested, and 1% was found to be optimal.
c Concentration range was tested, and no effect was observed.
d Concentration range was tested, and 0.5% was found to be optimal.

Fig.4. Dose–response graphs of PSA and bio-BSA in their respective assays. (A and C) Assays with scanning-based detection systems. Delayed time-resolved measurement is
shown with solid line, and short-lived measurement is shown with dashed line. (B and D) Assays with imaging-based detection systems. Fluorescence photography shown
with solid line and gold reflectance measurement with dashed line. Standard deviations in both directions are depicted as error bars. The limit of detection is marked with ‘‘!’’
in each curve.
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The LF strip used in comparison of reporters consisted of nitro-
cellulose membrane, feeding pad, and absorption pad attached on
a backing plastic (Fig. 1A). In the assay procedure, the liquids were
sequentially absorbed in the test strip from microtiter wells
(Fig. 1B). The first well of the sequence contained the analyte
(bio-BSA or PSA). The second well contained the reporter particles
(SA–Au or SA–Eu in bio-BSA assay and anti-PSA–Au or anti-PSA–Eu
in PSA assay). The third well contained reaction buffer to wash the
unbound reporters from the membrane. In this test format, the
analyte molecule was first bound to the immobilized binder sur-
face with subsequent introduction of the reporters (Fig. 1C). The

sequential absorption of analyte and reporter was done to avoid
cross-linking of SA-coated reporter particles by multivalent bind-
ing of bio-BSA. Such binding of reporters would result in the forma-
tion of reporter aggregates on the test strip.

The time needed to absorb all of the liquids through the nitro-
cellulose membrane was 30 to 40 min, and the total time (includ-
ing the drying and measurement) resulted in a total assay time of 1
to 1.5 h. The sequential absorption of liquids was selected to serve
the needs of assay development and component optimization but
is not feasible in a real diagnostic LF assay. The analytical sensitiv-
ities of the bio-BSA model assays with the two reporters are com-
parable only with the same batch of bio-BSA because the
biotinylation degree may vary in different experiments. The PSA
assay offers a practically more relevant comparison because the
analyte used is equal to the real analytical target, PSA produced
in a baculovirus expression system [23].

Reaction composition optimization

Numerous buffers and reaction conditions were tested for both
reporter systems (Table 1). The ones producing the highest sensi-
tivity for a reporter system were chosen. The optimal buffer com-
position depends on multiple attributes in LF assay (e.g., the

Table 2
Analytical sensitivities of PSA assay and bio-BSA assays with compared detection
methods.

PSA assay
sensitivity (ng ml&1)

Bio-BSA assay
sensitivity (ng ml&1)

Colloidal gold 0.44 6.10
Delayed Eu measurement 0.07 0.02
Short lifetime Eu

measurement
0.08 0.03

Fluorescence photography 0.11 2.21a

a Resulted from elevated background fluorescence.

Fig.5. Examples of signal profiles of PSA with reflectometric measurement of colloidal gold (A) and delayed time-resolved fluorescence scanning of Eu(III) nanoparticles (B).
Reactions with maximal signal (100 ng/ml PSA) are depicted with solid line, and reactions containing no analyte are depicted with dashed line. Both reactions are presented
with four replicates.
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membrane porosity and the properties of analyte molecule). Thus,
the rationale of the buffer optimization was to minimize any
unspecific binding between reporter particles and assay materials
without compromising the signal intensities. Both reporter tech-
nologies required detergent, at least 0.1% Tween 20 in the buffer,
to enable the reporters to move through the nitrocellulose mem-
brane. The amount of SA–Eu and anti-PSA–Eu was tested in the
range of 103 to 108 particles in the reaction, with 106 particles
per reaction providing the maximal signal-to-background ratio.
Different dilutions of the SA–Au particle stock solution (optical
density of 0.715 AU at 520 nm) were tested. A 1:2 dilution showed
no effect in bio-BSA dose–response, whereas the 1:4 dilution pro-
duced a visible decrease of the signal.

Comparison of analytical performance

Analytical sensitivities with each detection method were com-
pared by analyzing dose–response curves of both analytes
(Fig. 4). The sensitivities of both assays with each detection meth-
od were compared (Table 2). The reflectometric detection of colloi-
dal gold was seen to be prone to errors caused by scratches, dust,
and other physical artifacts in the measurement. In practical situ-
ations, such interfering factors lead to less reliable results. The
scanning profiles (Fig. 5) shows that the signal peaks are measured
at the correct position of the membrane surface. In addition, the
background noise of the detection system is visible in the scanning
profile of SA–Au (Fig. 5A). With the fluorescence photography
detection, the analytical sensitivity of the PSA assay was 0.11 ng/
ml. This demonstrates that the improvement gained with time-re-
solved detection is not significant in cases where the background
signal originating from the unspecific binding of reporters is sub-
stantial. Technical limitations of the imaging experiment were con-
sidered in terms of detection sensitivity and reliability. In the case
of the PSA assay, the camera was able to detect even the reporters
bound on the binder surface without any analyte present (see data-
set in supplementary material). Therefore, the sensitivity of the

detection was not the limiting factor of the assay performance.
However, in the case of the bio-BSA assay, an issue with the detec-
tion system reliability was observed. The photography was re-
peated due to failure of the UV lamp the first time. An
unexpected effect of UV radiation on the reaction strips was ob-
served. The background fluorescence of the nitrocellulose mem-
brane was elevated during the UV radiation exposure. This, in
combination with photobleaching of the reporters, resulted in low-
er assay sensitivity (2.21 ng/ml). Because of this bias, the result of
the fluorescence photography of the bio-BSA assay is not consid-
ered to represent the optimal performance of the detection system.

The S/N ratios with each detection method were compared (Ta-
ble 3). The background fluorescence was measured from the area
adjacent to test line with 1 to 2 mm distance from the line. Thus,
the background signal is considered to represent the measurement
noise of the assay. The visual examination of the colloidal gold
particles was in accordance with the results of reflectometric scan-
ning measurement (Fig. 3B). The lowest visually detectable analyte
concentrations were 10 ng/ml bio-BSA and 0.5 ng/ml PSA. A detec-
tion system using Eu(III)-coupled silica particles has been reported
yielding a 100-fold increase in sensitivity over colloidal gold,
although the time-resolved detection mode was not used [20]. This
is in accordance with results described by this study. Improvement
of detection sensitivity by delayed time resolution could not be
seen with analytical sensitivities of the assays. This is mainly be-
cause there was unspecific binding of the reporters producing
time-resolved fluorescence of 70,000 counts at the test area. Of
that background signal, the proportion of the test materials is only
7000 counts. However, a beneficial effect of the delayed measure-
ment mode could be seen by comparing the signals measured out-
side the test line (position 9–11 mm in Fig. 5B) (Table 4). At this
position, the background signal originates mainly from the nitro-
cellulose membrane. Hence, the theoretical benefit from the
time-resolved measurement mode is in direct proportion to the ex-
tent whereby the nonspecific binding of the Eu reporters can be
diminished.

Effect of human serum on background signal of fluorescence
measurement

The potential to eliminate background fluorescence originating
from the biological material itself with delayed time-resolved mea-
surement was evaluated by comparing LF strips subjected to serum
and buffer, respectively. The signals obtained with both measure-
ment modes from nitrocellulose area were compared using five
replicate strips (Table 4). Thus, there is no significant difference
in the proportional increase of fluorescence caused by serum using
the two measurement modes. The performance comparison assays
were done with buffer-based calibrators containing no serum
because optimal conditions for studying the detectability of the
reporters were desired. This experiment suggested that the
proportion of short-lived unspecific fluorescence has little effect

Table 4
Effect of time resolution delay on S/N ratio and interference from serum.

Delayed Eu
measurement
signals

Short lifetime Eu
measurement signals

Average maximum signal 1449779 (244111) 2805637 (427219)
Average signal of the

nitrocellulose
7093 (1812) 165724 (7968)

S/N ratioa 204 17
Average signal with serum 7573 (4133) 391403 (33029)
Average signal with buffer 1994 (92) 155444 (4708)
Signal ratio (serum/buffer) 3.8 2.5

Note: Standard deviations of signals are in parentheses.
a Calculated from average maximum signal and average signal of the

nitrocellulose.

Table 3
Evaluation of maximal signal-to-noise ratios obtained from strips (n = 48) with different detection methods.

PSA assay Bio-BSA assay

Background signal range Median SD S/N ratioa Background signal range Median SD S/N ratioa

Colloidal goldb 198–207 202 1.7 70 225–235 231 1.8 131
Delayed Eu measurementc 3330–12641 6834 1893 372 4776–14234 7530 1839 454
Short lifetime Eu measurementc 148620–183249 159366 6987 207 148014–194344 166648 8240 207
Fluorescence photographyb 52–92 70 11.3 18 85–145 119 11.2 21

a S/N, signal-to-noise ratio. Standard deviation (SD) of the background signal was considered as the noise.
b Background fluorescence in grayscale values.
c Background fluorescence in fluorescence counts.
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on the background signal when a pulsed excitation is used to mea-
sure Eu(III) nanoparticles.

Conclusions

In terms of analytical sensitivity, the fluorescent Eu(III) nano-
particles were shown to provide LF assays of highly improved per-
formance with both of the model assays studied. Compared with
the reflectometric measurement of colloidal gold, the fluorescence
measurement of Eu(III) nanoparticles yielded 7-fold higher sensi-
tivity in the PSA assay and 300-fold higher sensitivity in the bio-
BSA assay. This difference suggests that the performances of the
two reporters can vary with different assays and binder molecules.
The scanning measurements on Eu(III) nanoparticles were proved
to be most robust (i.e., insensitive to physical factors resulting in
errors in measurement such as room dust and fibers from
clothing).

Measurement noise originating from the detection system was
compared with both reporters. Therefore, S/N ratios were also cal-
culated. The very high S/N ratio obtained by scanning of Eu(III)
nanoparticles demonstrated the robustness of the fluorescence
measurement. Compared with S/N ratios obtained with colloidal
gold, the Eu(III) nanoparticles were superior.

The use of the time-resolved detection mode in LF assays cur-
rently requires access to large-sized expensive fluorometers. As
shown with the two model assays of this study, the instant detec-
tion mode provided approximately equal assay performance as the
delayed time-resolved mode. Even with serum samples, which are
considered to be complex biological materials potentially contrib-
uting to the short-lived fluorescence background, the instant
detection mode measurement performed equally well. The long
lifetime of the Eu(III) nanoparticle-derived fluorescence and the
signal enhancement these reporters provide, in comparison with
individual molecular fluorescent chelates, decrease the sensitiv-
ity-limiting effect of short-lived unspecific fluorescence of assay
materials. Therefore, pulsed excitation without a delay before the
photon counting time window still enables high detection sensitiv-
ities to be obtained using Eu(III) nanoparticle reporters. With con-
tinuous excitation, the specificity of Eu(III) nanoparticle reporters
is based on the large Stokes shift that enables the exclusion of
unspecific fluorescence by optical bandpass filters. Importantly,
however, it should still be kept in mind that the time-resolved
mode is of significant value for reaching lower detection limits
when the nonspecific binding of the reporters can be decisively re-
duced in comparison with the prompt fluorescence-generating
background mechanisms.

In many point-of-care applications (e.g., acute coronary syn-
dromes), assays with very high analytical sensitivity and short
turnaround times are highly appreciated. In such a context, the
lack of affordable simple instrumentation, however, may consti-
tute a limitation. Although a portable device for time-resolved
fluorescence detection of LF assays has already been described,
there are currently no commercially available portable readers
for time-resolved fluorometry [19]. Eu(III) chelates require high-
energy excitation light at wavelengths below 400 nm [24]. Cur-
rently available light sources with adequate power, such as a xe-
non flash lamp and its power supply unit, make measuring
instruments large and expensive.

The future prospects of LF assays using fluorometry are depen-
dent on the development of new instrumentation technology. The
fast progress of light-emitting diode (LED) technology and light
detection cells is opening more possibilities in miniaturization of
time-resolved fluorescence detection instruments [25]. In addition,
an alternative method using fluorescent lanthanide compounds,
upconverting phosphor technology, could potentially provide a

sensitive detection technology enabling simpler instrumentation
design than with time-resolved fluorometry [26]. High-activity
lanthanide reporters have great potential for improving the perfor-
mance of LF assays.
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