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xcitation–emission fluorimeter based on linear
nterference filters

ichael Gouzman, Nadia Lifshitz, Serge Luryi, Oleg Semyonov, Dmitry Gavrilov,
nd Vyacheslav Kuzminskiy

We describe the design, properties, and performance of an excitation–emission �EE� fluorimeter that
enables spectral characterization of an object simultaneously with respect to both its excitation and its
emission properties. Such devices require two wavelength-selecting elements, one in the optical path of
the excitation broadband light to obtain tunable excitation and the other to analyze the resulting
fluorescence. Existing EE instruments are usually implemented with two monochromators. The key
feature of our EE fluorimeter is that it employs lightweight and compact linear interference filters �LIFs�
as the wavelength-selection elements. The spectral tuning of both the excitation and the detection LIFs
is achieved by their mechanical shift relative to each other by use of two computer-controlled linear step
motors. The performance of the LIF-based EE fluorimeter is demonstrated with the fluorescent spectra
of various dyes and their mixtures. © 2004 Optical Society of America

OCIS codes: 300.0300, 300.6190, 300.6280.
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. Introduction

n the past two decades the field of fluorescent spec-
roscopy enjoyed remarkable growth. No longer a
ere research tool, it has given rise to a variety of

onvenient instruments used in many biological ap-
lications. This growth has relied on the explosion
n data processing techniques and the extensive de-
elopment of fluorescent probes.
The conventional spectra of fluorescence are either
plot of the intensity of fluorescence of an analyte

xcited by the light of a fixed wavelength as a func-
ion of the emission wavelength or a plot of fluores-
ence intensity received within a fixed spectral band
s a function of the excitation wavelength. These
mission and excitation spectra are special cases of a
ore general three-dimensional representation of

uorescence intensity as a function of both the exci-
ation and the emission wavelengths. The resultant
ual excitation–emission �EE� dependency enables
pectral characterization of an object simultaneously
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uter Engineering, State University of New York at Stony Brook,
tony Brook, New York 11794-2350. The e-mail address for N.
ifshitz is nadia@ece.sunysb.edu.
Received 22 October 2003; revised manuscript received 26 Feb-

uary 2004; accepted 26 February 2004.
0003-6935�04�153066-07$15.00�0
© 2004 Optical Society of America
066 APPLIED OPTICS � Vol. 43, No. 15 � 20 May 2004
ith respect to both its excitation and emission. The
ethod offers a fundamental improvement in the

ensitivity and reliability of detection, especially
hen multiple fluorophores are present in the same

ocation.
The three-dimensional representation of fluores-

ence even from a single-pixel object requires copious
mount of data. If either of the two conventional
uorescence descriptions takes n data points, it is
ommonly believed that the EE needs n2 points.
his would necessitate a significant increase in the
ata-acquisition rate, the processing time, and the
omputer memory. This is probably why all existing
evices for the EE analysis are limited to a single-
ixel mode �the analyzed object can be macroscopic
ut uniform over its volume, e.g., a well-mixed sam-
le in a cuvette�. We argue, however, that under
eneral conditions one does not need n2 points, 2n
eing sufficient for the EE analysis without any loss
f information.
The applications of the EE method can be roughly

ivided into two groups—environmental monitoring
ools and biomedical equipment. In the environ-
ental studies, the technique has been widely used

or detection of endogenous fluorescence of various
hemicals. The biomedical EE equipment can, in
urn, be divided into in vitro and in vivo types. In
itro devices are similar to the environmental equip-
ent, whereas in vivo devices employ fiber-optic en-
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oscopes for excitation and emission signal delivery
o and out of the tissue under study.

Typically, the EE systems employ two monochro-
ators as the wavelength-selection elements for both

he excitation and the emission light. The first
onochromator steps up the excitation wavelength.
he emission spectrum is scanned with the second
onochromator while the excitation wavelength is

ept constant.1–3 Most commercial EE systems are
ased on such a two-monochromator design and suf-
er from relatively slow scanning and data acquisi-
ion. Significantly shorter EE spectra acquisition
imes �minutes� can be achieved with a device com-
rising a monochromator for the selection of the ex-
itation wavelength and a spectrograph to capture
he emission spectra, such as an in vivo system for
nterrogation of oral cavity mucosa.4 Very short ac-
uisition times �seconds� have been demonstrated
n experimental spectrofluorimeters with single-

easurement EE fluorimetry5,6 where two spectro-
raphs were used both for excitation and for emission
etection from a uniform sample. In this system, a
roadband light source irradiated the entrance slit of
he excitation spectrograph to spatially disperse the
merged light beam across the sample. The emitted
uorescence was gathered on the entrance slit of the
econd spectrograph rotated by 90° with respect to
he exit slit of the excitation spectrograph. The two-
imensional �2-D� fluorescence data were detected by
CCD or by complementary metal-oxide semiconduc-

or arrays. A drawback of the technique is that it
ets stringent requirements to both excitation and
etection optics. To the best of our knowledge, there
as at least one attempt to market such a spec-

rofluorimeter.7 However, when we inquired about
he availability of this device, we were told that it had
een removed from the market because of technical
roblems.
In addition to spectral decomposition of broad-

and light, other methods of tunable excitation
ave been reported. Often lasers are used as the
ources for multiwavelength excitation. For exam-
le, a nitrogen–dye laser combination as a tunable
xcitation source has been used in an in vivo endo-
cope device for gastrointestinal studies.8 Another
ophisticated in vivo endoscope system employs a N2
aser that pumps a sequence of dyes placed on a
otating wheel.9 Yet another laser-activated tun-
ble wavelength excitation source for pollution anal-
sis10 employs the effect of frequency doubling and
timulated Raman scattering of a Q-switched Nd:
AG laser to generate many beams of various wave-

engths that are separated with a system of prisms
nd launched into separate optical fibers for convey-
nce to the sample. In another EE setup, a group of
arine scientists used a tunable optical parametric

scillator as a tunable excitation source for macroal-
ae research.11 An original solution was found by
aval Research Laboratory scientists12 who used a

et of seven light-emitting diodes �LEDs� within the
ange between 370 and 636 nm for tunable excitation
n their EE assembly.
These latter EE systems are experimental and cus-
om made for specific applications. All known com-
ercial EE fluorimeters �EEFs� are based on two
onochromators and require 2-D scanning. Imple-
entation of the EE method in practical fluoroscopy

as been rather narrow so far. In most publications,
he technique has been limited to the identification
nd differentiation of autofluorescence. In spite of
ts high fluorescence identification ability, it has not
et found its golden application in biological fluores-
ent detection instruments that differentiate objects
abeled with a variety of fluorescent markers. We
elieve that the fluorescence detection industry shies
way from EE fluorescence for three reasons—price,
omplexity, and weight and size.

An inexpensive, robust, and compact emission
avelength-selection element combined with a
roadband or tunable excitation source would stim-
late a broader utilization of the EE technique for
ainstream fluorescent detection instrumentation.

t would be attractive to employ electronically tun-
ble filters. There are several options available to-
ay: acousto-optic tunable filters,13,14 liquid-crystal
unable filters,15,16 and surface-plasmon17 tunable op-
ical filters. All these experimental instruments can
erform in the EE setup �e.g., the experiments with
he EE dye identification were carried out with two
cousto-optic tunable filters, one for excitation and
nother for emission.13 However, in addition to
heir specific performance flaws �e.g., high-power con-
umption for the acousto-optic tunable filter and a
ow-transmission coefficient for the liquid-crystal
unable filters, these devices depend on a precise
odulation of resonant cavities by piezoelectric spac-

rs and hence require a temperature-stabilized envi-
onment.

The purpose of this paper is to present a robust and
ompact EEF based on two linear interference filters
LIFs� as light wavelength-selection elements. LIFs
f various sizes and wavelength ranges recently be-
ame commercially available. This EEF designed
or simultaneous identification of a multiplicity of
uorescent markers in a sample was tested on a va-
iety of dyes and their combinations. The fluorime-
er has a single-photon detector �SPD� with a digital
utput for fluorescence detection.

Fig. 1. Schematics of the LIF-based EEF.
20 May 2004 � Vol. 43, No. 15 � APPLIED OPTICS 3067
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. Fluorimeter Design

he schematics of the benchtop EEF are shown in
ig. 1. The key feature of the setup is that its
avelength-selection elements are LIFs whose trans-
ittance wavelength varies linearly over the length

f the filters. The LIFs are manufactured by Schott
nd are available from Edmund Optics, Barrington,
ew Jersey. Their spectral range covers both the
isible and the IR regions �400–700- and 400–
000-nm ranges are available� with the light trans-
ission coefficient of 30–45% and the extinction

actor for the wavelengths other than in the trans-
itted range �104. The LIFs come in two sizes, 2.5

m � 6 cm and 2.5 cm � 20 cm and weigh, respec-
ively, 22 and 75 g. In the present experiments, two
lters with 2.5 cm � 20 cm dimensions were chosen
o scan the 300–700-nm spectral range.

The excitation arm of the fluorimeter �Fig. 1� con-
ists of a broadband light source 1 �halogen lamp�
maged on a diaphragm 3 with a wide-angle objective
to illuminate a quasi-monochromatic region on the

xcitation LIF 4. The exiting excitation beam of
13-nm bandwidth is focused into the sample cu-

ette by an additional lens 6 placed in front of the
ample 7. A spectrophotometer or an optical power-
eter �PWM is Fig. 1� is used to monitor the intensity

nd spectrum of the excitation light. The detection
rm includes a wide-angle light condenser 8 that di-
ects the quasi-parallel beam on the detection dia-
hragm 3�. The beam transmitted through the
etection LIF 4� is directed to the SPD optical en-
rance. In addition, two crossed polarizers 5 and 5�
re installed in the excitation and emission arms for
ttenuation of the scattered light.
The spectral tuning of both the excitation and the

etection LIFs is achieved by a mechanical shift of
he excitation filter relative to the excitation dia-
hragm and a subsequent mechanical scan of the
etection filter relative to the emission diaphragm.
he motion and positioning of both filters was regu-

ated by two computer-controlled linear step motors.

. Calibration of Linear Interference Filters

pectral calibration of both LIFs was performed with
spectrophotometer �SP-2000, Ocean Optics, Dun-

din, Florida�. Figure 2 shows the calibration
urves for the excitation and detection LIFs. An ex-
mple of the spectral distribution of the excitation
eam of the first LIF tuned to a wavelength � � 525
m is shown in Fig. 3. The spectral width of the
ransmitted band varies from 12.2 nm at the blue
dge of the filter �410 nm� to 16 nm at the red edge
720 nm� with an approximately constant half-width
f 13 nm in the region between 430 and 580 nm. We
ound that the spectral band of the transmitted light
as virtually independent on the diaphragm width
elow 2 mm so that a 2-mm-wide diaphragm was
hosen to provide the maximum transmitted inten-
ity while the spectral width was kept at a minimum.
068 APPLIED OPTICS � Vol. 43, No. 15 � 20 May 2004
. Scattered Light Consideration

n the present setup, the relatively wide spectral
idth of the excitation beam creates a well-known
roblem of scattered excitation light that interferes
ith the fluorescent signal in the detection arm.
he scattered light is mostly generated by the Ray-

eigh scattering of the excitation light on the solvent
olecules in the sample cuvette, by impurities dis-

ersed in the solvent, or by a high-concentration dye.
o minimize the intensity of scattered light in the
etection channel, a system of two crossed polarizers
ith a contrast ratio of �102 each was installed as

hown in Fig. 1. In practice, the scattered signal
oes not influence the measurements of the fluores-
ent spectrum with the exception of a narrow region
here the excitation and emission wavelength are

lose. The effect becomes more significant at a low
oncentration of dyes when the fluorescent light in-
ensity becomes comparable with the intensity of
cattered light.

ig. 2. Calibration curves for two LIFs used in the experiments.

Fig. 3. Spectral distribution of the excitation LIF.
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The scattered light was accounted for by our soft-
are as we describe in Subsection 2.C.

. Data Collection and Processing

he data collection was controlled by a PC-based con-
rol module. The module initiates a series of mea-
urements of the fluorescence intensity by selecting
he emission and excitation wavelength bands for
ach measurement in accordance with a specified
ata collection scheme that determines how the sam-
les of the spectra will be distributed across the EE
lane. The data collection schemes fall into two cat-
gories: with uniform sampling and with nonuni-
orm sampling. Although uniform sampling is
seful when no a priori knowledge about the EE spec-
rum is available, several optimized schemes with a
educed number of sample points and data collection
imes can be applied when some a priori information
xists, allowing for an appropriate choice of nonuni-
ormly sampled data. For example, the sampling
ensity can be increased in those areas of the EE
lane where the magnitude of the data gradient ex-
eeds a certain level.

A set of measurements resulting from the experi-
ent is processed by the data processing software.
o improve data quality and simplify data presenta-

ion, the data undergoes resampling and deconvolu-
ion. The resampling positions the data at the nodes
f a regular grid on the EE plane while choosing the
rid size to incorporate the finest features of the EE
pectrum. We obtain the new data by approximat-
ng the region of the experimental EE spectrum with
pline functions and evaluating EE values at the new
odes based on the approximation. The deconvolu-
ion procedure �2-D modification of the Jansson meth-
d18� is applied to the resampled data to reduce
lurring due to the relatively wide bandpass of the
IFs. On the basis of the experimentally measured
lurred data and known characteristics of the exci-
ation and emission filters, the estimates of the re-
onstructed deblurred data are generated. The
terative procedure optimizes the estimates by mini-

izing the mean-square deviation of the convolution
ith the filter characteristics from the original
lurred data.
One of the functions of the software was to account

or the scattered light. Its intensity is measured at
he edges of the ��exc, �em� 2-D space where the exci-
ation wavelength is sufficiently far from the emis-
ion wavelength and the fluorescent signal is
ubstantially weaker then the scattered signal. We
ound that the amplitude of the detected scattered
ignal increases with the wavelength following the
pectral characteristic of the lamp �linear in the 400–
00-nm range� and has a half-width corresponding to
he half-width of the excitation beam. Armed with
hese facts, we could interpolate the shape and mag-
itude of the scatter into the area of overlapped emis-
ion and scattered light signals. For each data
oint, the magnitude of the scattered intensity is cal-
ulated and subtracted from the measured total light
ntensity at a given spectral point.
. Experimental Results

. Experimental Excitation–Emission Spectra

he performance of the setup to detect fluorescence
arkers was studied with a number of fluorescent

yes dissolved in water and placed in a 1 cm � 1 cm �
cm sample cuvette. Figure 4 exhibits conventional
xcitation and emission spectra of a 10�8-M solution
f Rhodamine 6G �Exiton, Dayton, Ohio� measured in
ur setup. Comparison with the standard curves
btained with a monochromator showed no signifi-
ant differences in the spectra. The three-
imensional image of the EE spectrum obtained with
10�9-M solution of the same dye is shown in Fig. 5.
scan of the Cy3 dye �Amersham Biosciences� emis-

ion spectrum �Fig. 6� reveals all the spectral details;
he spectrum is only slightly smoothed in comparison
ith the monochromator scan of the same dye excited
y a laser. Thus the transition from the narrow-
and excitation and detection scheme �laser plus
onochromator� to the 13-nm bandwidth is not det-

imental to the spectral resolution.
To demonstrate the ability of our method to distin-

uish between different dyes of strongly varied abun-

ig. 4. Excitation and emission spectra of a 10�8-M solution of
hodamine 6G obtained with the EEF.

ig. 5. EE spectrum of a 10�9-M Rhodamine 6G solution obtained
ith the EEF.
20 May 2004 � Vol. 43, No. 15 � APPLIED OPTICS 3069
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ance, we experimented with mixtures of two dyes.
igures 7�a� and 7�b� display the 2-D EE spectra
btained with mixtures of Cy2 and Cy3 dyes with
oncentration ratios of 10 to 1 and 1 to 6. In spite of
he significant differences in concentration, both dyes
re distinctly separated in the plots and can be easily
dentified and quantified. This experiment demon-
trates the power of the EE technique. A conven-
ional fluorescence scan could not detect the presence
f the lower-concentration dye in Fig. 7�a�.

. Evaluation of the Efficiency of the Optical Setup

he main goal of the experiments described above is
o demonstrate the feasibility of the LIFs as the light
avelength selector in the fluorimeter assembly

ather than the optimization of its optical through-
ut. However, it is important to estimate the total
osses in the system and determine where the heavi-
st losses occur. The optical throughput of the sys-
em is the product of losses at various elements in the
ptical path. The fluorescent response of the system
lso factors in the efficiency of the fluorescent excita-
ion. In Subsections 3.B.1 and 3.B.2 we evaluate the
osses and throughput and compare them with the
xperimental results.

. Throughput of the Excitation Arm
lements of the excitation optics �Fig. 1� include a
alogen lamp, a wide-angle optical condenser, a dia-
hragram to fit the excitation beam into a rectan-
ular shape, an excitation LIF, a polarizer, and a
ocusing lens. We calculated the parameters nec-
ssary to estimate the optical loss such as stereo-
raphic angle of light collection by the condenser
nd the ratio of the diaphragm area to the area of
he source image on the diaphragm. With known
alues of the LIF transmission coefficient, the po-
arizer transmission factor, and the reflections from
he air–glass optical boundaries, we estimated the

ig. 6. Two Cy3 dye emission spectra. Dashed curve: mono-
hromator scan of the dye excited by a laser. Solid curve: exci-
ation and detection by two LIFs with our EEF.
070 APPLIED OPTICS � Vol. 43, No. 15 � 20 May 2004
hroughput of the excitation arm Kexc to be equal to
.2 � 10�4. This is similar to the throughput of a
ingle monochromator.19

. Throughput of the Detection Arm
lements of the detection optics include a condenser,
detection diaphragm, a detection LIF, a detection

olarizer, and a SPD. We calculated the parameters
ecessary to estimate the optical loss such as the
tereographic angle of the fluorescent collection, the
atio of the diaphragm area to the area of the fluo-
escent image on the diaphragm, and the ratio of the
PD input area to the fluorescent beam cross section.
nowing the LIF transmission factor, the transmis-

ion of the detection polarizer, the SPD efficiency, and
he reflections from the air–glass boundaries, we es-
imated the throughput of the detection arm Kdet to
e equal to 4 � 10�6. The losses in the detection
rm exceed those in the excitation arm by 2 orders of
agnitude; 1 order of magnitude was added by the

eometric loss factors �smaller stereometric collection
ngle, ratio of the SPD input area to the fluorescent

ig. 7. EE spectra of mixtures of Cy2 and Cy3 dyes: �a� concen-
ration ratio 10 to 1 and �b� concentration ratio 1 to 6.
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eam cross section�; another factor of 10 is due to the
0% SPD efficiency.
To reconcile the calculated efficiency with the ex-

erimental results, we have to factor in the efficiency
f the fluorescent excitation. Considering, for exam-
le, the experiment with the 10�9-M Rhodamine
ample �Fig. 5� with the peak of the measured fluo-
escent signal NF � 20,000 counts�s, we can compare
t with the value calculated from known parameters
f the dye and optical throughput of the setup. The
fficiency of the fluorescent excitation, that is, the
atio of the number of fluorescent photons per second
F emitted from an observed volume to the number of

xcitation photons per second NI incident to the vol-
me, can be calculated from the following expres-
ion20:

NF�NI � 	n
d. (1)

ere 	 is the quantum yield �close to unity for Rho-
amine 6G21�; n is the dye density �6 � 1011 cm�3 for
10�9-M concentration of Rhodamine 6G�; 
 is the

bsorption cross section in square centimeters �
 �
.8 � 10�21 � �, where � is the dye molar extinction
oefficient �� � 105 for Rhodamine 6G at the maxi-
um of excitation spectrum22�; and d is the length of

he observed volume �volume of fluorescent radiation
athered by the lens and limited by the diaphragm in
he detection arm� along the direction of the excita-
ion beam. Substituting all parameters, we find NF�

I � 5.2 � 10�5, and the expected fluorescent
esponse of the system RF is the product Kexc Kdet

F�NI � 4.2 � 10�4 � 4 � 10�6 � 5.2 � 10�5 � 8.3 �
0�14.
The number of the incident excitation photons was

stimated as follows. We calculated that the lamp
adiated �0.18 W within the 13-nm linewidth band
r, translated into the number of photons �at 550 nm�,
550, �5 � 1017 photons�s. Multiplying this by the
uorescent response RF we obtain the expected signal
s 5 � 1017 � 8.3 � 10�14 � 4 � 104 counts�s, a
emarkably good agreement with the 20,000 counts�s
easured experimentally. This result ascertains

hat the estimation of the EEF efficiency accounts for
ll major losses.

. Discussion

esults obtained on our simple experimental setup
ndicate that it is feasible to implement an inexpen-
ive, lightweight, and robust LIF-based fluorimeter.
ost of the losses was due to the poor collection of the

xcitation light and the fluorescence by inefficient
ptics. Nevertheless, our assembly demonstrated
he ability to confidently detect and quantify the EE
pectra of dyes with the molar concentration down to
0�9 and to quantitatively distinguish dyes with
astly different concentrations present at the same
ocation. We believe that several easily achievable
mprovements in the system such as use of light
ources with higher luminosity, maximization of the
iaphragm area, an increase in the collection angle of
xcitation and detection condenser, and the fitting of
he shapes of the light source and the fluorescing
olume to the geometry of excitation and detection
iaphragms can increase its sensitivity by at least 2
rders of magnitude.
Our system employs two LIFs, one for creating

unable excitation and the other for analysis of the
uorescence. The operation of the EEF thus re-
uires coordinated mechanical scanning of both fil-
ers. In the present design, both LIFs are moved on
ails by two linear step motors. In future designs, to
nsure the longevity of moving parts, it will be pru-
ent to use frictionless magnetic floating platforms
ith programmable linear motion systems. To re-
uce or completely eliminate mechanical scanning,
he fluorimeter should employ an alternative source
f tunable excitation while still relying on the detec-
ion LIF for analysis of fluorescence.

Finally, we would like to comment on the funda-
ental information and theoretic question associated
ith the EE method in general. The physics of flu-
rescence is such that the shape of fluorescent spec-
ra is to a good approximation independent of the way
he dye molecule has been excited. This means that
he joint distribution corresponding to the signal S
�exc, �em� should be factorizable into a product of
istributions S1 ��exc� and S2 ��em�, and consequently
he entire EE spectrum, when properly parameter-
zed, should be describable by 2n data points to the
ame resolution as the conventional fluorescence
mission, and the fluorescence excitation spectra are
escribed with n points. This observation should be-
ome critical for the development of EE-based fluo-
escent imaging devices beyond a single pixel.

. Conclusion

benchtop prototype of an EEF based on commer-
ially available LIFs as light wavelength-selection
lements was developed and the feasibility and per-
ormance of the LIFs was tested. We verified the
erformance of the fluorimeter by obtaining 2-D EE
pectra of several fluorescent dyes of different molar
oncentrations and their mixtures. In the course of
his study, we spectrally calibrated the filters and
ound the algorithm to account for the scattered light.

e optimized the spectral characteristics of the
seudo-monochromatic excitation and developed a
ata processing for resampling and deconvolution
echniques that minimizes the data blurring due to
he finite wavelength range of the excitation.
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