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Low cost lasers challenge ultrafast systems in two-photon
excitation applications
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Although excellent research tools, the ultrafast laser systems are poorly suited for routine laboratory instrumentation, simply
due to their high price. Our research group has shown that application of two-photon excitation need not to be limited to
those laboratories that can afford the price and maintenance of ultrafast laser systems. With certain compromises and
well-designed experiments, low-cost lasers can be used in utilizing the positive properties of two-photon excitation. The pur-
pose of this publication is to show examples of bioanalytical applications that are possible using low-cost lasers.
A bioaffinity assay using microparticles as bioactive carriers and an assay for characterization of cell surface antigens are
presented. By direct comparison of the example assays in two instrumental set-ups, a quantity is given to the ‘compromises’

that are made by replacing an ultrafast system with low cost equipment.
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1. Introduction

The use of two-photon excitation in biomedical research
has been steadily growing since Denk, Strickler and Webb
from Cornell first introduced the two-photon excitation mi-
croscope [1]. Originally a PhD student in Gottingen postu-
lated the phenomenon of two-photon excitation in 1931 [2].
In her publication “Uber Elementarakte mit zwei Quan-
tenspriingen” Maria Goppert-Meyer predicted the possibil-
ity of two-photon excitation — more than 30 years before
the first successful experiments. The advent of lasers in the
early 60’s was the triggering point for two-photon excita-
tion experiments within spectroscopy. Other application ar-
eas were ‘found’ only after the discovery of two-photon ex-
citation microscope in Cornell in 1989. The original work
from Cornell was based on the use of a mode-locked
sub-picosecond laser source — in fact the original thought
around the lasers was that microscopy requires the use of
these fast lasers. The assumption was that the NIR radia-
tion from the laser source should be kept as low as possible
to avoid damages from the laser light absorption to the sen-
sitive biological material [3]. Since the efficiency of
two-photon excitation F' is dependent on the product of the
peak P, and average power P,,, of the light source, the
highest two-photon excitation efficiencies with low aver-
age power can be produced with these sub-picosecond laser
sources.

The terms f,,,, and T of Eq. 1 are the repeat rate and the pulse
length of the laser, respectively, whereas the FOM defines
the figure-of-merit for a two-photon excitation laser.

The mode-locked lasers such as used by the Cornell
group are operating typically at high repetition rate around
75 to 100 MHz with pulse length in the range of 70 to 150
femtoseconds. With the average power of 50 mW, focused
to the sample, the figure of merit (FOM) will then range
from 200 W2 to 500 W2. In the mid 90’s, it was discovered
that the microscopical applications were possible with
practically any type of laser equipment operating at a cor-
rect wavelength [4,5]. This has lead into a range of new ap-
plications including direct two-photon excitation of opti-
cally trapped objects by continuous wave (CW) lasers [6,7]
and a whole range of new applications in bioanalytics [8,9].
The earlier fear of destroying the sensitive biological sam-
ple by direct absorption of the NIR light has also been
shown to be exaggerated [10].

The fact remains that an ultrafast high-repetition rate la-
ser is the ultimate choice for applications where the signal
yield is of utmost importance. The purpose of this paper,
however, is to show that the choice of laser is application
specific — in some cases there is only little advantage in us-
ing ultrafast sources as compared to low-cost devices. In
the following, two-different instrumental set-ups are com-
pared in biomedical application examples. The first exam-
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2. Bioanalytical applications of two-photon
excitation

Since the publication of Denk et al., two-photon excitation
microscope has become one of the important workhorses of
biomedical research. A bibliography search in ISI Web of
SCIENCE® with terms “Two-photon excitation micros-
copy” and “Multi-photon microscopy” produces more than
hundred original publications from various research groups
since 1990 up to date — and these are publications whose
topic is two- or multi-photon excitation microscopy. Ma-
jority of publications represent research results that bene-
fited from the use of two-photon excitation microscopes. In
this paper, however, the example assays belong to an appli-
cation area with potentially a much broader user spectrum
than microscopy: bioaffinity assays in fields of in-vitro di-
agnostics, drug-discovery studies and biomedical research.

One of the main advantages of two-photon excitation is
the virtually background free observation of fluorescence
from the diffraction limited focal volume. This property
stems from the fact that by definition the background of
two-photon excitation fluorescence at or near the fluores-
cence wavelength band can be only originated within the
focal volume. In applications pursuing for the ultimate sen-
sitivity of detecting individual fluorescent molecules,
two-photon excitation comes in handy: removal of the
background caused by immersion liquid, scattering, dense
sample matrix etc., enable the use of single molecule detec-
tion techniques in applications that would otherwise not be
accessible. These basic principles have been used in vari-
ous publications seeking for this ultimate sensitivity of de-
tection [11,12].

Another useful property of two-photon excitation is the
ability of simultaneous excitation of multitude of fluo-
rophores with a single laser-line. In combination with the
previously mentioned background free detection, this al-
lows construction of a simple, multiparametric detection
system using a single laser. The property has been ex-
ploited in detection of biomolecule binding reactions from
single molecule levels by use of cross-correlation [13,14]
to multiparametric detection of binding reactions from car-
rier surfaces without separation of the bound and unbound
fractions of the labelled “probe” molecule [15].

As compared to detection of molecules or molecu-
le-clusters, the use of carrier particles circumvents two of
the main problems of high-sensitivity detection from small
volumes. First, overlap of the background and the specific
signal can be largely avoided, since the presence of carrier
particles in the observation volume can be reliably and in-
dependently detected from the specific signal. Secondly,
the particles act as local concentrators of the label mole-
cules boosting the signal levels and the operational assay
concentration range by orders of magnitude. This principle
has been applied in our earlier publications [8,9,15] using
low-cost microchip laser and polystyrene microparticles as
the bioactive carriers.
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The polystyrene carriers may also be replaced by bio-
logical objects such as cells or cell-fragments carrying the
binding site — or function to be observed. From the instru-
mentation point of view, the use of bioactive carriers dif-
fers drastically from direct observation of binding reactions
at single molecule level. Whereas, the single molecule de-
tection requires maximal signal yield and a quasi-con-
tinuous illumination source, the approach based on carriers
can tolerate a low-repetition-rate light source and a lower
signal yield.

3. Instrument set-up

The two lasers to be compared were a Nd:YAG microchip
laser (Nanolase NP-17010, Meylan, France) with nominal
pulse length of 1 ns, pulse repetition rate of 17 kHz and av-
erage power of 70 mW and a mode-locked femtosecond di-
ode pumped Nd:Glass laser (Time-Bandwidth Products
GLX-200, Zurich, Switzerland) with pulse length of 140 fs
(sech?), repetition rate of 110 MHz and an average power
of 150 mW. The corresponding calculated FOM for the la-
sers are ~300 and ~1500, respectively. The optical system
remained the same for comparisons with both lasers. The
fluorescence detection was tuned to around 560 nm emis-
sion band of the used label. Analogue lock-in detection
electronics of the standard TPX-instrument [8,15] was used
for the 17 kHz laser set-up, whereas, direct photon count-
ing electronics was used for the high repetition rate laser
set-up. Channel photomultiplier tubes (C952P, Perkin-
Elmer Optoelectronics, Wiesbaden, Germany) were used
for fluorescence signal detection.

4. Solution measurement

As the first comparison, a solution measurement from 100
nM rhodamine-B (Rh-B) in EtOH was performed. Due to
the clear single photon response of the used channel photo-
multiplier tubes it was straightforward to compare the two
systems in absolute photon counts. The Nd:YAG micro-
chip laser system produced ~15 000 cps fluorescence signal
from this solution, whereas, the signal produced by the
femtosecond system was ~80 000 cps. The ratio of 5.3 be-
tween the signals confirms the earlier FOM calculation.

5. Two-photon excitation bioaffinity assays using
microparticles as bioactive carriers

In TPX-technology [8,9,15], microparticles of a size
around 3 pm are used. These particles are coated with a
capture biomolecule to collect specific analyte molecules
from the sample — reagent mixture. As a fluorescently la-
belled secondary capture molecule attaches to another
binding site of the analyte molecule forming a “sandwich”
— or competes with the analyte molecule for the binding
sites of microparticles, the amount of fluorescence from
each microparticle becomes representative of the amount of
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analyte molecules in the sample. In case of sandwich-type
assay, i.e., immunometric assay format, the signal from
microparticles is directly proportional to the concentration
of the analyte, whereas in the competitive assay format this
relationship is the inverse.

The TPX-instrument (Fig. 1) analyses the samples by
observation of individual microparticles within the reaction
suspension. As an individual microparticle enters the focal
volume of two-photon excitation, the signal from the con-
focal scattering detector (SD) will interrupt the XY-
search-scan of particles. At this point, optical forces from
the focused laser light will laterally trap and guide the par-
ticle axially through the focus (see insert of Fig. 1). Once
the particle signal disappears from the scattering detector,
the search-scan is re-engaged. The time that a particle
spends in the focus is directly proportional to the average
power of the laser — in our case the respective maximum
focus times were about 50 ms for the modelocked Nd:Glass
laser and 100 ms for the Q-switched Nd:YAG. The scan-
ning system enables us detection of up to about 10 parti-
cles/second. The signals of individual particles are filtered
to remove large variations and then integrated into a single
result that is representative of the concentration of the
analyte molecules in the sample. The total measurement
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Fig. 1. The experimental setup. The laser (either a mode-locked or
Q-switched) is directed via an expansion lens to the optical system.
The scanner is used for deflecting the beam in the sample cuvette in
order to find the targets within the sample. After the scanner a
microscope objective lens (Leica C-Plan 40x 0.65, Leica Micro-
systems, Bensheim, Germany) is used for focusing the beam and
collecting the scattered and fluorescence light. The scattered/
reflected light from the target is guided via the confocally arranged
pinhole (PH) to the scattering detector (SD). Fluorescence light
from the sample is filtered with dichroic mirrors DM1 (trans-
mission 530-700 nm) and DM?2 (reflection 530-600 nm)
(UAB-Standa, Vilnius, Lithuania) and a filter (F1, BP560-50,
UAB-Standa) and directed to the detector (CPM).
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time for each sample is determined by the requirement of
result precision. For example, a typical case would call for
measurement coefficient of variation (CV) better than 5%.
This would mean that with particle-to-particle variation of
50%, minimum of 100 particles needs to be measured for
5% CV (improvement in CV is proportional to the square
root of the number of measured events).

To compare the different lasers in an actual application
we chose to use human thyroid stimulating hormone
(hTSH) immunoassay as the model. A full TSH-dose re-
sponse curve was recorded using both lasers (Fig. 2). Each
point of the response curve was measured 60 seconds and
repeated three times. For clearer presentation and compari-
son the O-control values were subtracted from signals. The
0-control was measured 10 times to be able to predict the
lowest limit of detection. In Fig. 2, the 3¢ (3 * standard de-
viation) of the O-control is drawn for both curves — 3¢ or
20 values of the background are commonly used as “confi-
dence values” in determination of the detection limit. The
actual assay format is shown as a sketch in insert within
Fig. 2.

In a second step at 50 mIU/I concentration level a set of
individual particles were measured for a prolonged period
of time to acquire good statistics for individual particle CV
calculation. The individual particle CVs for microchip and
mode-locked lasers were 35% and 50%, respectively. This
difference can be fully accounted for the different observa-
tion times of the microparticles and is on the other hand
compensated by the fact that with shorter trapping time the
number of microparticles becomes higher in a fixed-time
measurement.

From the response curves it is apparent that the
mode-locked laser exhibits better sensitivity. This, how-
ever, is not due to lower signals of the Nd:YAG microchip
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Fig. 2. hTSH dose-response curves for the mode-locked laser

system (diamond) and Q-swithed system (triangle). The detection

limits calculated from the 3¢ value of the O-control are drawn for

each curve (dotted, dash-dot). The respective detection limits are

0.02 mIU/l and 0.1 mIU/l for the mode-locked and Q-switched
systems.
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system. At the detection limit even the low cost laser pro-
duces in average 140 cps during microparticles presence in
the focus. This signal level projected to the 60 s measuring
time and the duty cycle of 15% (85% of time is spent in
searching for particles) would suggest less than 3% CV be-
tween consequent measurements. However, the measured
CV is about 6% indicating that the particle-particle fluctua-
tion is the main cause for variations.

Looking at the signal ratios of microparticles at similar
concentration levels, we find that the ratio is 13 in average,
in favour of the mode-locked system. Since, this is consid-
erably more than what is expected from the calculation,
and what was observed by solution measurements, we can
only conclude the reason for the lower detection limit to be
the saturation of label molecules that becomes pronounced
in microparticle measuring mode. The individual pulses of
the microchip laser are extremely intense — too intense.
Higher repetition rate at the cost of the peak-power would
be preferable — unfortunately such lasers are not on the
market yet. One could argue that by reducing the laser
power the sensitivity would improve. This, however, is a
difficult compromise, since, also the particle trapping
forces would be weakened and the lowered signal would
start limiting the sensitivity. On the other hand, the
achieved sensitivity and dynamic range are already suffi-
cient for most immunoassays as shown in our previous
publications [8,9]. More sensitive assay detection may be
achieved by using nanoparticle labels and dyes that do not
saturate under the intense pulses.

6. Cellular two-photon excitation assays

Microparticles have many positive properties when used in
bioaffinity assays. However, microparticles cannot be used
in assays where the biomolecules of interest cannot be iso-
lated from their natural environment, or when the actual
observation target is a biological system such as a cell. An
obvious solution for these cases is the direct observation of
the biological object, i.e., the cell itself. One of the areas
where two-photon excitation of fluorescence can be used is
the identification of cells. In this application the cells are
marked with specific labels that attach to the identifying
target of the cell — in our example to an antigen at the cell
surface. As compared to the microparticles, the direct use
of cells adds a different “noise” component to the system:
the biological noise. Whereas the microparticles can be
produced with very low variation in size and surface capac-
ity, the nature rather creates variation — to protect its exis-
tence by enabling quick adaptation to changing environ-
ment. Another important difference of cells and micro-
particles from fluorescence application point of view, is the
amount of binding targets: whereas we can concentrate
binding targets artificially on the microparticle surface —
the amount of targets in a cell can be so low that binding of
the label molecules is difficult to detect.

In our example the Rhesus factor determination from a
blood sample was performed using both laser systems. The
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detection of Rhesus factor was based on the use of a la-
belled monoclonal antibody (Anti-D) against red blood cell
surface antigen for the Rhesus factor (see protocol and in-
serts of Fig. 3). In case of a positive Rhesus factor, an anti-
body binds to the antigen on the surface of the blood cells,
whereas the antigen is missing in Rhesus negative cells. In
our example, the interest was not of the subtype of Rhesus
factor, but only of its existence. As compared to other
blood group antigens, the number of Rhesus factor antigens
on cell surface is low — under visual observation using a
fluorescence microscope the positive cells differentiated
only weakly from the negative cells.

Instrumentally the detection of cells in the focus of
two-photon excitation differs from that of detecting
microparticles: Cells are considerably larger than the
microparticles that were used and the cells have an index of
refraction near the surrounding medium. The scattering de-
tectors of the instrument set-ups showed only very weak
and ambiguous signals as the cells entered the focal vol-
ume. Instead of the scattering coincidence, the samples
were analysed by fluorescence burst analysis — detection of
fluorescence bursts from the Rhesus positive cells was con-
sidered a sufficient proof of principle, since we were only
interested in answers without quantity. Due to the lack of
reference signal, the measurements were also performed
with the xy-scanners fixed to the middle of the scanning
field.

Figures 3(a) and 3(b) show typical scans of an Rhesus
negative sample respectively with Q-switched and
mode-locked laser. Comparison with the Rhesus positive
samples of Figs. 3(c) and 3(d) reveals that there is some ap-
parent non-specific binding to negative cells but there is no
problem in identifying positive and negative samples — es-
pecially with the fast mode-locked laser system. The peak
photon count values for the positive cells were about 2 500
cps and 15 000 cps with the Q-switched and mode-locked
systems, respectively, yielding a signal ratio of 6. As com-
pared to microparticle measurement we believe that the im-
proved ratio stems from the fact that red blood cells are
much larger than the 3 pm particles: the saturation is com-
pensated by the fact that a larger portion of the cell be-
comes visible.

7. Conclusions

The use of ultrafast mode-locked lasers in applications of
two-photon excitation can be avoided by careful planning
of the experiments and by the use of low-cost Q-switched
microchip lasers. The limits that are imposed by the use of
these lasers are mostly related to the available wavelengths
and in some cases to the recording speed that can be
achieved. However, as we have shown, there are applica-
tions where there is only very little advantage in using
mode-locked lasers, since signal yield is not always the
limiting factor. It is our belief that in the near future
two-photon excitation will find numerous new application
areas once laboratory instruments utilizing low-cost micro-
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Fig. 3. Determination of the Rhesus factor. The figures a and ¢ have been recorded with the Q-switched system, whereas b and d are the
corresponding recordings with the modelocked laser system. The inserts of a and d show the actual assay formats. The Rhesus negative
samples (a, b) and positive samples (c, d) reveal the function of the system.

chip lasers become commercially available. We also set
high hopes in new developments of near-infrared lasers.

8. Experimental protocols

TSH - immunoassay: The microparticles (3.22 pm
carboxy modified, Bangs Laboratories, Fishers, IN) were
coated by first passively coating the particles with the anti-
body (Medix Biochemica, Espoo, Finland, clone 5404) and
then generating the covalent bonds by EDC reaction. For
each assay, 25 000 microparticles in total assay volume of
20 pl were used. The number of particles/volume unit was
checked every time by counting the particles under a mi-
croscope in a Birker chamber. As a tracer we used succi-
dinimidyl ester of the orange fluorescent dye BF 560.8 (I,
560 nm, 1., 580 nm) (Arctic Diagnostics Oy, Turku, Fin-
land) linked to an antibody against another epitope of the
TSH molecule (Medix Biochemica, Espoo, Finland, clone
5409). The tracer concentration was 1.2 nM in the assay.
For the dose-response curves the sample, TSH standard
was used (Scripps Laboratories, San Diego, CA, catalog
No: T0133, 2.4 TU/mg) in final assay concentrations of 0,
0.05, 0.1, 0.4, 1, 4, 25, 50 and 150 mIU/L.
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Rhesus group determination assay: 3 ml EDTA--blood
from a Rhesus positive (Blood Group B+) donor and from
a Rhesus negative (Blood Group O-) donor was centrifuged
for 20 minutes (500 G) and RBC-fraction below serum and
leucocytes was used without further preparations. B+- and
O- -cells were diluted by factor of 400 in ISOTON II
-buffer (Beckman Coulter Inc.), 0.01% Tween-20, 0.5%
bovine serum albumin, 10 mM NaNj; and from this dilution
5 pl was pipetted to the cuvettes. The RBC-fractions were
estimated to have 4x10° cells/ul, so approximately 5 000
RBC/pl was used in the final concentration. As a tracer re-
agent 5 pl BRAD 3 human IgG3 anti-RhD antibody, (Batch
681L, International Blood Group Reference Laboratory,
Bristol, UK) labelled with BF560.8 (Arctic Diagnostics;
BF560.8) in 11 nM concentration was used (reaction con-
centration of 5.5 nM). Reactions were incubated 1.5 h
(37°C, 1100 rpm, Comfort Thermomixer, Eppendorf) be-
fore measurements.
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