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Abstract Molecular assays such as immunoassays are of-
ten performed using solid carriers and fluorescent labels. In
such an assay format a question can be raised on how much
the fluorescence of the label is influenced by the bio-affinity
binding events and the solid carrier surface. Since changes
in fluorescence intensity as labels bind to surfaces are noto-
riously difficult to quantify other approaches are preferred.
A good indicator, independent of the fluorescence intensity
of the label, is the fluorescence lifetime of the marker fluo-
rophore. Changes in fluorescence lifetime reliably indicate
the presence of dynamic quenching, energy transfer or other
de-excitation processes. A microsphere based assay system
is studied under two-photon excitation. Changes in fluores-
cence lifetime are studied as labeled protein conjugates bind
on microsphere surfaces – both direct on the surface and
with a few nanometer distance from the surface. Fluores-
cence signal is measured from individual polystyrene micro-
spheres and the fluorescence lifetime histogram is simulta-
neously recorded. The results indicate that self-quenching
and quenching by the polystyrene surface are both present
in such a system. However, the effect of the surface can be
avoided by increasing the distance between the surface and
the label. Typical distances achieved by a standard sandwich
type of assay, are already sufficient to overcome the surface
induced quenching in fluorescence detection.
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Introduction

Fluorescence lifetime measurement in nanosecond range is
a standard method of characterizing fluorescent compounds
in the field of spectroscopic research. It has been found to
be an advantageous tool for monitoring the interactions of
fluorescent molecules with surroundings as well as to mon-
itor binding events to other molecules [1, 2]. Fluorescence
lifetime is influenced by various parameters such as pH, sol-
vent polarity and the presence of quencher molecules. Also,
the de-excitation pathways, e.g. intersystem crossing, energy
transfer and conformational changes can have an effect on
the fluorescence lifetime [3].

Fluorescence lifetime measurements have many applica-
tions both in research and in routine bio-analytics. It has been
found that fluorescence lifetime is dependent on the distance
between fluorescent label and a metal surface or a dielectric
interface [4, 5]. These phenomena have received growing
interest over the past few years and has been utilized to con-
trol fluorescence lifetime and intensity with the presence of
metallic surface or nanostructure on glass, silica or plastic
[6, 7]. In bio-analytics, new fluorescence lifetime detection
schemes and principles for lifetime-based fluorescent assays
have been emerged [1, 8].

Fluorescence intensity and lifetime have been quantified
in flow cytometry [9] using microspheres as a solid carrier
surface [10–12]. In general, many fluorescence bio-affinity
assays are based on the use of micro- or nanospheres [13–
16]. Such an assay technique is also novel microvolume
assay technique, TPX-technique [17, 18]. This technique is
based on the measurement of single microspheres using two-
photon excitation of fluorescence.

Two-photon excitation of fluorescence (TPE) is based
on the simultaneous absorption of two photons by a flu-
orophore. Two-photon excitation is typically achieved by
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focusing a long wavelength (near-infrared) laser light with
a microscope objective. A 3-dimensional diffraction-limited
excitation volume on the order of 1 µm3 is created. As a con-
sequence of the excitation scheme practically no background
fluorescence signal is generated outside of this focal volume
[19]. TPE is widely used in laser scanning microscopy and
detection of fluorescent molecules within small volumes [20,
21]. TPE has been used to measure bioaffinity assays in mi-
crovolumes without separation steps [17] and it has been
shown to perform excellently for example in fluorescence
polarization measurements [22, 23].

In this paper, fluorescence lifetime of protein conju-
gates of dipyrrylmethene-BF2 (BF-label) [24, 25] and R-
Phycoerythrin (RPE) are measured to study the behaviour of
these fluorescent conjugates on microsphere surfaces. Two
approaches were used to compare the effect of polystyrene
microsphere with fluorescence lifetime. One, where fluo-
rescent conjugate was directly bound on the microsphere
surface, and the other where a few nanometer distance be-
tween the surface and the conjugate was created by a standard
sandwich assay (Fig. 1). Fluorescence lifetime changes were
determined from individual microspheres using two-photon
excitation. Single photon counting of fluorescence was mea-
sured in coincidence with laser back-scattering signal from
the microspheres. Although our study aims to characterize
the performance of two-photon excitation based microsphere
assay system, we believe that the results are applicable to any
particle or surface based assays.
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Fig. 1 Schematic representation of a) BF-BSA microspheres and b)
hTSH sandwich assay microspheres. Fluorescent labels are bound on
the polystyrene microsphere surface with two different distances: a)
closely-spaced by BSA-conjugate or b) with few nanometer distance
by hTSH sandwich assay and IgG-conjugate

Materials and methods

Reagents

Reagents were purchased either from Sigma or Fluka and
used without further purification. N,N-dimethylformamide
(DMF) was p.a. grade from Lab-Scan (Dublin, Ireland)
and was dried over molecular sieves (4 Å). Water was
MilliporeTM Rios3 grade. Monoclonal mouse IgGs against
human thyroid stimulating hormone (hTSH, clones 5404 and
5405) were purchased from Medix Biochemica (Kauniainen,
Finland) and the hTSH standard from Scripps Laboratories
(San Diego, CA, USA). Polystyrene microspheres (3.2 µm in
diameter, carboxyl modified microspheres, PC05N, COOH-
group/0.852 nm2) were purchased from Bangs laboratories
(Fishers, IN, USA).

The R-phycoerythrin-SPDP conjugate was purchased
from Molecular Probes and bifunctional linker GMBS was
from Pierce (Rockford, IL, USA). Dipyrrylmethene-BF2 la-
beling reagents were synthesised according to previously
published methods [24]. NAP-5 and Superdex-200 gel fil-
tration columns were purchased from Amersham Pharmacia
Biotech (Uppsala, Sweden). Micro titration plates (384-well
plate, TC-grade with black walls and clear bottom) were
obtained from Greiner (Frickenhausen, Germany).

Labeling of IgG and BSA

Labeling of BSA and IgG (anti hTSH MAb clone 5405) with
BF-labels was performed according to previously published
method [25]. Briefly, the labeling reagent (BF530 or BF560
NHS esters) in anhydrous dimethylformamide was added
to the IgG or BSA solution (1 mg/ml, 200 mM NaHCO3,
pH 8.3). The molar excesses of the labeling reagents in re-
spect to the protein were 10 fold for BF530-BSA and 6
fold for BSA-BF560, IgG-BF530 and IgG-BF560. The re-
action mixtures were incubated at room temperature for 3 h.
The products were purified with NAP-5 gel filtration column
using phosphate buffered saline (PBS; 50 mM phosphate,
150 mM NaCl, 10 mM NaN3, pH 7.4) as eluent. The la-
beling degrees (dye/protein ratio) of the protein conjugates
were determined spectrophotometrically using the following
absorption coefficients (ε): BF530 (PBS) ε533 nm = 48 000
cm−1M−1; BF560 (PBS) ε565 nm = 68 000 cm−1M−1; IgG
(PBS) ε280 nm = 210 000 cm−1M−1; BSA (PBS) ε280 nm = 44
000 cm−1M−1 [25]. Following labeling degrees were ob-
tained: 4.8 for BSA-BF530, 2.7 for BSA-BF560, 2.1 for
IgG-BF530 and 3.6 for IgG-BF560.

RPE-IgG conjugate was prepared as described earlier
[26] using SPDP and GMBS as cross-linking reagents. The
RPE-IgG conjugate (labeling degree 1) was purified with
Superdex-200 gel filtration column using the same phos-
phate buffered saline as for the BF-conjugates.
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BF-BSA coated microspheres

The coupling of BSA on the microsphere surface was per-
formed by using a standard EDC coupling method [18].
Microspheres with variable amount of labeled BSA (BF530-
BSA or BF560-BSA) were prepared by using a mixture of
labeled and unlabeled BSA for coating. The total concen-
tration of BSA in the coating was kept constant. The BSA-
mixture for coating contained 0, 5, 20, 50, 80 and 100% of
labeled BSA.

Immunoassay

Mouse monoclonal IgG anti-hTSH (clone 5404) was cova-
lently coupled to microspheres by using a standard EDC
coupling method [18]. Concentration of stock suspension of
coated microspheres was determined with MultisizerTM 3
Coulter Counter (Beckman Coulter Inc.), followed by dilu-
tion with assay buffer (TRIS-HCl 50 mM, NaCl 150 mM,
10 mM NaN3, 0.5% bovine serum albumin, 0.01% Tween
20, pH 8.0) to concentration of 1 × 107 pcs/ml. Labeled anti-
hTSH IgGs were diluted with assay buffer to concentration of
8 nM. hTSH analyte standard was diluted with assay buffer
to concentrations of 100, 300 and 1000 mIU/l. Volumes of 5
µl of microsphere suspension and 5 µl of labeled IgG were
dispensed into a well of micro titration plate followed by
addition of hTSH standards (10 µl). The reaction mixtures
were incubated for 3.5 hr at 20◦C under continuous shaking
(Variomag Monoshake, H + P Labortechnik AG, Germany)
before measurements.

Measurement set-up

Figure 2 shows the fluorescence lifetime measurement set-
up that is based on an optical module of ArcDia TPX-
microfluorometer [27] (ArcDia Ltd., Turku, Finland). A
mode-locked femtosecond diode pumped Nd:glass laser
(Time-Bandwidth Products GLX-200, Zürich, Switzerland)
was used as a light source to create two-photon excitation of
fluorescence. The wavelength of the laser was 1057 nm with
nominal pulse width of 140 fs (sech2), repetition rate of 107
MHz and an average power of 150 mW. The laser beam at
1057 nm was reflected by a dichroic mirror through a beam
scanner unit and focused with a microscope objective lens
(Leica C-Plan 40 × 0.65, Leica Microsystems, Bensheim,
Germany) through the cuvette bottom to the sample. Scat-
tered laser light from objects entering the focal volume was
directed by a beam splitter to a confocally arranged pinhole
placed in the front of a photodiode detector. The fluores-
cence light from the sample was collected with the same
microscope objective lens and directed within a range from
530 nm to 700 nm through the dichroic mirror and opti-
cal fibre to a monochromator (Oriel 77250, Grating 77911,
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Fig. 2 Time-resolved fluorescence measurement set-up using two-
photon excitation of fluorescence. Laser induced fluorescence from
sample is detected with a photomultiplier tube and recorded with time-
to-digital converter with excitation laser pulse detection and coincident
with scattering signal. The measured data is plotted as fluorescence
lifetime histogram

Stratford USA). A photomultiplier tube (R5600, Hamamatsu
Photonics K.K., Sunayama-cho, Japan) was used as a de-
tector in photon counting mode. Time-resolved fluorescence
signal was recorded with time-to-digital converter (PAM and
TimeHarp 200, PicoQuant Gmbh, Berlin, Germany).

Measurements

Fluorescence signal is collected coincident with scattering
signal when a microsphere is in focal volume. Here, the stan-
dard TPX technique [17, 18] is expanded by fluorescence
lifetime detection from single microspheres. The lifetime
measurement was performed using the scattering detector
signal from the spheres as an enable signal for time-to-digital
converter (Fig. 2). The measurement of the fluorescence life-
time is based on the time-correlated single photon counting
(TCSPC) method [28]. In this method time between the de-
tected single photon of fluorescence (start signal) and the
excitation laser pulse (stop signal) is measured. The mea-
sured data is plotted as fluorescence lifetime histogram. By
measuring fluorescence in presence of microspheres, back-
ground signals, e.g. from assay buffer and dark counts from
photomultiplier tube, are efficiently suppressed. As refer-
ences, free BF-BSA and labeled IgG conjugates were mea-
sured by continuous fluorescent lifetime detection from a
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homogenous liquid sample consequently without coincident
scattering signal from microspheres. The fluorescence life-
times were recorded at fluorescence emission maxima, 560
nm for BF530 and 580 nm for BF560 and RPE labeled
samples.

The total measurement times for BF-BSA spheres was
180 s and for hTSH assay spheres 300 s per sample. In aver-
age, one microsphere per second is detected. Thus an average
of 200 and 300 microspheres were measured. The measure-
ment time for a single particle is about 50 ms on average
[27] and the effective fluorescence signal integration time
was approximated to be about 10 s and 15 s for BF-BSA mi-
crospheres and hTSH assay, respectively. The measurement
time for free labeled conjugates was 60 s.

The fluorescence lifetime data was analyzed using Mi-
croGraph OriginTM software. Single exponential fitting was
used to determine average lifetimes from the fluorescence
lifetime histogram and the fitting was applied to the data be-
tween 1 ns and 6 ns after the excitation pulse. The BF-BSA
microspheres and hTSH assay samples were measured with
ArcDiaTM TPX Platereader to evaluate the validity of the
samples (data not shown).

Results and discussion

Choice of data analysis

The fluorescence lifetime τ is a characteristic constant in
time-resolved fluorescence intensity function: I = I0e−t/τ ,
where I denotes fluorescence intensity, I0 initial value of
intensity, t time and e the natural base. When only single
exponential decay is present, solving of the lifetime τ is
quite straightforward. However, in most cases samples ex-
hibit multiple lifetimes with the presence of different pop-
ulations of fluorescent labels due to existent de-excitation
pathways e.g. self-quenching caused by a high antibody la-
beling degree [29]. Various types of fitting algorithm have
been developed and compared to solve single- [30] and multi-
exponential decays [31]. However, multi-exponential curve
fitting has its limitations since the higher requirements on the
quality of measured data than with single exponential fitting.
Multi-exponential fitting requires significantly higher total
number of photons than in the single exponential case to ob-
tain reliable results with respect to the lifetimes and relative
intensities of each lifetime component [32]. Additionally, the
acquisition time-window should be longer in case of multi-
exponential fitting to ensure the separation between longer
lifetime sections and background level. Therefore, single ex-
ponential curve fitting is suitable for the acquired TCSPC
data in this study.

With chosen single exponential curve fitting our excitation
pulse repetition rate of 107 MHz is in applicable range [33].

Fig. 3 Fluorescence lifetime histograms of BF-BSA microspheres and
unbound conjugates with a) BF530 and b) BF560 labels. Percentage
values represent the proportion of labeled BSA of all BSA in the micro-
sphere coating procedure. Solid lines show single-exponential fitting to
time-window of 1–6 ns after laser pulse. The instrument response curve
is shown with dotted line

Single exponential decay analysis with least-squares fitting
method yields to a low systematic deviation of lifetimes
without a requirement of high statistical precision for the
recorded data [31]. Also, the question of the total effect of
the solid phase surfaces to the fluorescent properties of labels
can be answered by the observation of the average lifetime
rather than analyzing multiple lifetimes.

The instrument response was measured by exposing the
photomultiplier tube directly to an attenuated laser beam. The
measured instrument response curve is shown for reference
with dotted line in Figs. 3 and 4. The downward slope yields
decay of 0.26 ns for the instrumental response, thus the fitting
is possible directly without de-convolution the instrumental
response when the fitting time-window of 1 ns to 6 ns is
used. The background was determined to be extremely low
and therefore no background subtraction was necessary.

BF-BSA microspheres

BSA was labeled and coupled on microsphere surfaces
as shown in Fig. 1a. The BF-BSA conjugate bound to
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Fig. 4 Fluorescence lifetime histograms of hTSH assay microspheres
and unbound conjugates with a) BF530, b) BF560 and c) RPE labels.
In the hTSH assay the analyte concentrations were 100, 300 and 1000
mIU/l. Solid lines show single-exponential fitting to time-window of
1–6 ns after laser pulse. The instrument response curve is shown with
dotted line

microsphere were measured in 5 different concentrations de-
noted as 5, 20, 50, 80 and 100 % representing the proportion
of labeled BSA of all BSA in the coating procedure. Figure 3
presents the raw fluorescence intensity decay as histogram.
Table 1 shows the determined average lifetimes and changes
in lifetimes in respect of the unbound BF-BSA.

BF530 and BF560 labeled unbound BSA molecules were
measured both to have fluorescence lifetime of 4.26 ns. Al-
ready the smallest relative amount of labeled BSA (5%) on
microsphere surface leads to remarkable changes in fluores-

cence lifetimes: from 4.26 ns down to 2.65 and 2.68 ns for
BF530 and BF560, respectively. When increasing the rela-
tive amount of labeled BSA the lifetimes are shortened. With
maximal relative BF-BSA amount (100%) lifetimes are 1.99
and 1.89 ns for BF530 and BF560 labels, respectively. Flu-
orescence lifetimes from these BF-BSA microspheres were
measured with different central wavelengths of 540, 560,
580 and 600 nm, but no significant changes in lifetimes with
respect to emission maxima were observed indicating that
the observed quenching processes are not wavelength de-
pendent.

Two separate fluorescence lifetimes can be seen in Fig. 3.
The ratio of the fast decay is increasing with relative amount
of BF-BSA and being somewhat higher with BF560 label
– this fast decay suggests a very fast quenching channel
among some population of conjugates. The labels that lay
within very short distances from the microsphere surface are
assumed to be quenched heavily. Similarly, a small fragment
of the fast decay can be seen in unbound conjugation samples
suggesting a population of the labels having self-quenching
within BSA molecules [34].

After the fast decay (t < 2 ns) a remarkable lifetime short-
ening compared with the free reference sample can also be
seen already with 5% spheres. This change compared with
unbound labeled BSA cannot originate from direct self-
quenching – the distance between adjacent labeled BSA
molecules on the microsphere surface is too large (in the
order of tens of nanometers). More probable factors are the
interactions of the conjugate with the microsphere. Quench-
ing may occur, as the binding of the conjugate is in direct con-
tact with polymer surface. Also, the presence of microsphere
as an optical resonator creates various quenching channels
[35]. These phenomena are strengthened with higher relative
amount of labeled BSA as the distances between labeled pro-
tein conjugates are approaching scale (<10 nm) that enables
Förster type of energy transfer.

BSA molecule has a size of approximately 5 nm yielding
a label distance from 0 nm to maximally of 5 nm from
the particle surface depending on the position of the label
within the BSA molecule. This distance can be considered
as a ‘near-field’ thus the optical resonances or quenching
by polymer material are clearly possible as well as the self-
quenching of the conjugates having a labeling degree greater
than 1 [29, 34].

hTSH assay spheres

Above-mentioned BF-BSA microspheres demonstrates the
situation where fluorescent conjugate was directly bound on
the microsphere surface. Human thyroid stimulating (hTSH)
assay [36] was selected to study the effect of surface on the
fluorescence lifetime when the distance between the labels
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Table 1 Results of lifetime measurements

BF530 BF560 RPE
t (ns) dt (%) t (ns) dt (%) t (ns) dt (%)

% of labeled BSAa

unbound BSA 4.26 ± 0.05 4.26 ± 0.05
5 2.65 ± 0.11 38% 2.68 ± 0.13 37%

20 2.44 ± 0.04 43% 2.43 ± 0.05 43%
50 2.19 ± 0.02 49% 2.23 ± 0.02 48%
80 2.06 ± 0.02 52% 1.97 ± 0.02 54%

100 1.99 ± 0.02 53% 1.89 ± 0.02 56%
hTSH [mIU/l]b

unbound IgG 4.61 ± 0.04 4.02 ± 0.04 2.26 ± 0.02
100 4.21 ± 0.19 9% 3.66 ± 0.14 9% 2.03 ± 0.03 10%
300 4.07 ± 0.05 12% 3.45 ± 0.04 14% 1.87 ± 0.01 17%

1000 3.92 ± 0.02 15% 3.37 ± 0.02 16% 1.86 ± 0.01 18%

aBF-BSA microspheres are labeled with fluorescent labels BF530 or BF560. The average fluorescence lifetimes and standard errors
(t) are presented with changing relative amount of labeled BSA.
bhTSH assay microspheres were measured with fluorescent IgG conjugates containing BF530, BF560 or RPE. The average
fluorescence lifetimes and standard errors (t) were determined with different hTSH analyte concentration. Lifetime shortenings (dt)
are calculated in relation to unbound conjugate.

and the surface is larger than 10 nm. hTSH is a standard
sandwich type of assay (Fig. 1b) where the separation from
the surface was created by primary binding antibody. The
lifetimes of IgG coupled BF530, BF560 and RPE labeled
unbound IgG molecules are shown in Table 1 and Fig. 4.
The unbound conjugates were determined to have lifetimes
of 4.61, 4.02 and 2.26 ns, respectively. With the BF530 label,
the assay lifetimes were from 4.21 to 3.92 ns with increasing
analyte concentration from 100 to 1000 mIU/l, the highest
value approaching the capacity of the assaying reagents. The
observed lifetime decreases of BF560 and RPE labels were
within the used assay range from 3.66 to 3.37 ns and from
2.35 to 1.86 ns, respectively. The BF530 labeled hTSH flu-
orescence lifetime histogram in Fig. 4a appears to follow
single exponential decay much closer than the results of the
BF-BSA measurements. Despite the fluorescent lifetime his-
togram of BF560 conjugate in Fig. 4b is single exponential, a
very small fraction of fast decay is found in the first part of the
lifetime histogram. In the RPE-hTSH histogram RPE seems
to have several lifetime components in Fig. 4c: a clearly
faster (in the range of 1 ns) and slower (5 ns) components
compared with the determined average lifetimes.

Fluorescence lifetime decay near surface

There are a few possibilities that can explain observed hTSH
assay decay behaviour and further confirm our earlier con-
clusions about the BF-BSA conjugates. Firstly, the distance
between label molecule and the microsphere in the case of
hTSH assay is on average considerably larger than BF-BSA
conjugates on microspheres. The sandwich type of assay
limits the quenching, which is caused by direct contact with

the surface, assuming that the sandwich structure is formed
perpendicular to the microsphere surface. hTSH analyte is
small in size about 1 nm, but the used IgGs have a size of
approximately 12 nm leading in sandwich assay to a distance
even up to 25 nm between microsphere and label. In the case
of labeled BSA the distance was evaluated to vary between
0 and 5 nm. The long distance resulting from the sandwich
assay rules out also other near-field related phenomena yield-
ing again single exponential decay, distances over 10 nm are
relatively far to allow any near-field related phenomena to
take place. However, the decrease in fluorescence lifetime
even with the concentration of 100 mIU/l indicates changes
in the environment of individual labels in any antibody to
antigen binding reaction. The shortening of the lifetime with
increasing analyte concentration is the most likely due to
the self-quenching as the labeled IgG is concentrated on the
microsphere surface and therefore the distance between in-
dividual label molecules is decreased. Although RPE label
differs largely from BF labels by its size and quantum ef-
ficiency, RPE conjugate exhibits similar kind of behaviour
as the BF conjugates. Since multi-exponential fluorescence
decay can be observed from the measured fluorescence life-
time histogram of RPE conjugate, more complex phenom-
ena, which are related to the fluorescent protein itself can be
accounted for.

Relative lifetime changes of the different labels are about
the same in the BF-BSA microspheres and in the hTSH assay
microspheres as percentual figures indicate in Table 1. The
quenching of the labeled BSA shows that the polystyrene
surface effects strongly to the labels in close vicinity. The
polystyrene surface induced quenching is clearly minimized
in the hTSH assay as the label distance from the surface
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is extended. Although our specific excitation approach, we
believe that the results can be used as a guideline in other
assays based on different excitation schemes since emis-
sion by definition is independent of the excitation scheme
[19, 37].

Conclusions

We chose to study the temporal behaviour of fluorophores in
a two-photon excitation based assay system. The results of
this study indicate that fluorescence lifetimes of labels near
solid surfaces are influenced by complex phenomena such as
direct interaction with the surface and self-quenching. The
magnitude of these phenomena, however are heavily depen-
dent on the distances between the label and the surface as
well as the distance between adjacent labels. With a separa-
tion layer between the label and the surface as in sandwich
type of assay, these surface induced effects, like quench-
ing, can be avoided whereas proper measurement design or
calibration techniques need to be used to compensate the
self-quenching induced by near-by labels.
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