needed to ascertain the robustness of the analytical
method, the lack of spectral interference from plasma-
type emission is certainly promising.

CONCLUSION

Excimer laser fragmentation fluorescence spectros-
copy using a 193 nm ArF excimer laser was used to
detect atomic Pb emission from solid PbNO; and
PbNO,; mixed into a soil. The detection method differs
from other solid ablation processes in that lower laser
fluences can be used where there is no plasma gener-
ation and subsequent broadband emission; fluences
above 2 Jcm? resulted in plasma formation. The de-
tection limit for PbNO; in a single soil type is about
200 ppm, achieved with minimal sample preparation
and an analysis time on the order of a minute. The
technique holds promise as a rapid and sensitive meth-
od for processing soil samples for assessing exposures
or the effectiveness of soil remediation.
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INTRODUCTION

Fluorescence lifetime imaging (FLIM) is typicaly
done in a two-dimensiona imaging mode without mea-
suring the entire lifetime spectrum. The introduction of
an imaging spectrograph into the detection path of the
lifetime instrument allows the lifetime spectrum to be ob-
served, including the lifetime signature of any excitation
light passing through the emission filter of the micro-
scope. Excitation light leaking into the detection path of
a conventional FLIM system is detrimental to the mea-
surement of the lifetimes, since it causes a variable mix-
ing of a short lifetime component into the data. However,
by intentionally allowing excitation laser light to enter a
spectrally resolved FLIM (sFLIM) detection system, an
internal standardization may be provided by comparing
the modulation depth and phase shift of the laser light to
that of a standard. Such an approach stabilizes the life-
time measurement obtained from a system over time and
can reduce the time between measurements by eliminat-
ing external standardization. Long-term stabilization is
particularly important in drug screening instruments re-
quiring a combination of high-speed and high-stability
measurements. Internal standardization can be imple-
mented in sSFLIM using a scattering surface and a holo-
graphic notch filter. Although this light does not travel
the same optical path though the microscope as the fluo-
rescence excitation and emission light, the path length
difference can be calibrated, and following calibration it
may be used to increase the speed and stability of spec-
trally resolved FLIM measurements. When compared di-
rectly to an external standardization procedure improved
accuracy and precision were observed while potentially
improving the throughput of sFLIM instrumentation.

Fluorescence lifetime imaging in either the time= or
frequency*® domain is becoming a mature method for
investigating proximity relationships in intact cellular
systems.”® A variety of commercia instruments are avail-
able as additions to wide field and confocal microscopes
and approaches have been described for the analysis of
mixtures® and functional imaging.”'%* In the time do-
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Objective \
Ground glass \

Notch filter ————————*

FiG. 1.

Dichroic Mirror

Illustration of the optical paths for (a) excitation and emission of fluorescence and (b) scattered light. The solid line in the excitation and

emission diagram (a) indicates both directions of the optical path that are not shared by the scattered light. In the Nikon TE-300, the distance from
the midpoint of the dichroic mirror and the object plane of the microscope is approximately 13 cm. The scattered light path illustrated (b) is one

of many possible paths and is shown for illustration only.

main, the response of aregion of a preparation to a pulse
of light is observed. In the frequency domain, the mod-
ulation and phase shift of fluorescence light observed
from a preparation is compared to the response from a
standard. For either approach, the light collected passes
through an emission filter removing excitation light and
regions of the emission spectrum that are not of interest.
More recently, frequency domain spectrally resolved
fluorescence lifetime imaging (sFLIM) has been de-
scribed.*? Among the many advantages of the method is
the ability to observe the full emission spectrum of the
system being studied, which might include many fluo-
rophores.

Lifetime imaging could be of interest in the field of
drug discovery to assess donor—acceptor relationships on
alarge scale provided that it can be shown to be fast and
reliable. Moving spectrally resolved fluorescence lifetime
imaging to the level of aroutine automated measurement
would allow single or multiple donor—acceptor pairs to
be followed simultaneously. However, little is known
about the long-term stability, accuracy, and precision of
either FLIM or sFLIM. No benchmarks are available for
sample throughput and no inter-laboratory comparisons
have been done on standard samples. Considerable the-
oretical work on approaches to obtaining optimal signal-
to-noise ratios (S/N) in FLIM has been reported previ-
ously.’®* However, other factors influencing the stability
of frequency domain lifetime imaging measurements
have not been investigated extensively and much of what
is known remains anecdotal. Experience has shown that
in some systems temperature-related phase drift in acous-
to-optic modulators can be a problem. Frequent calibra-
tion can reduce instrumental drift;** however, thisincreas-
es the analysis time. While some of the problems asso-
ciated with phase drift may improve with the introduction
of new modulation technologies such as modulated LED
light sources and other types of modulators, these tech-
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nologies have not been fully evaluated for long-term sta-
bility and applications remain where a laser is desirable.

This note is concerned with investigating the stability
of spectrally resolved frequency domain lifetime mea-
surements using laser excitation sources and increasing
the throughput of the method. A direct comparison be-
tween external and internal standardization proceduresis
made. This is done by observing the phase and modu-
lation depth of laser light intentionally introduced into
the detection path of the sFLIM and comparing the result
to that obtained by conventional calibration methods.

Distance-Dependent Phase Shift. A typica fluores-
cence microscope incorporates a filter set consisting of an
excitation filter, a dichroic mirror, and an emission filter.
This arrangement provides excitation light to stimulate
fluorescence; the excitation light is later removed from the
detection path by the emission filter. In the implementation
of the spectroscopic FLIM system, the excitation filter is
removed and the emission filter is replaced with a holo-
graphic notch filter. These filters are designed for light
arriving perpendicular to the surface. As the angle of the
incident beam deviates from perpendicular, such as will
happen from light scattered by the ground glass disk, it
can pass the notch filter. This light carries information
about the phase shift of the incident light.

The point to note, however, is that this light does not
travel the same path as the light used to excite the sample
(Fig. 1). The majority of the laser light passing the notch
filter is scattered directly into the detection path without
traveling to and from the object plane of the microscope.
This results in a path length difference between the light
exciting fluorescence in the microscope and the internal
reference. These differences can be accounted for by not-
ing that sinusoidally modulated light travels a fixed dis-
tance, d, through a medium during a single period of
modulation. The distance traveled is related to the re-
fractive index, n, the frequency of modulation, f, and the
speed of light, c. In air, the relationship simplifies to:



C
d=- (1)
Equation 1 indicates that for a light source modulated at
80 MHz, the distance traveled is about 3.75 meters per
period. Thus, the difference between the position of zero
phase calculated with the use of a standard and that mea-
sured from laser light leaking through a notch filter will
be: (1) insensitive to small adjustments in focus as this
is small relative to the distance per period, (2) easily cal-
ibrated, and (3) once calibrated, no further calibration
should be needed. As such, it can serve as an internd
reference for subsequent measurements.
The modulation and phase lifetimes for single com-
ponent decays can be computed from the modulation
depth and the phase shift.

[1
=0t -1 2

T, = o~ tan ¢ (©))

In practical implementations of the frequency domain
technique, measured modulation depths and phase shifts
must be adjusted to account for the modulation and phase
position of the excitation light. This is normally done by
measuring a lifetime standard such as Rhodamine 6G or
by measuring the modulation depth and phase shift of the
excitation light directly using a reflective surface or scat-
tering medium in the object plane of the instrument. In
the case of a lifetime standard, the modulation and phase
shift of a mono-exponential external standard system can
be computed by rearranging Egs. 2 and 3:

1
My cac = Vig ooz 4
d)std,caic = tanil((‘n) (5)

where myy . is the calculated modulation depth, bggcac
is the calculated phase shift, 7 is the fluorescence lifetime
of the standard, and o is 2w f, where f is the frequency
of modulation in Hz. Calibrated corrections to the mod-
ulation depth and phase shift can then be computed from
data measured as a calibration data set:

_ My cac
mcorr -
rns{d,meas

d>corr = d)lassr,meas - d)s(d,meas + d)std,calc (7)

where myy s IS the measured modulation depth for the
calibration sample, Mg mes 1S the measured modulation
depth of the laser light, dgymes IS the measured phase of
the standard, and s mess 1S the measured phase of the
laser light. Correction for the experimental modulation
and phase can then be applied to subsequent measure-
ments.

mlaser,mem (6)

= Mgy, (8)

¢mp,wrr = d)samp,mem - (blaser,int + d)oorr (9)

where My, mess 1S the measured modulation depth for the
sample, M iS the modulation depth of the laser in-
ternal standard, ¢ompmess 1S the measured phase of the

ot

s

o
5

Fic. 2. (a) Image of the system. Black enclosure on the left side of
image contains the Ar ion laser, AOM, laser shutter, and mode scram-
bler. The laser light is relayed to the back of the microscope by an
optical fiber. The microscope assembly includes the programmable x—y
stage and the camera, spectrograph, and intensifier assembly. Signal
generators are located to the right to the back of the microscope. (b)
The CCD camera, intensifier, relay optics, and spectrograph are mount-
ed underneath the microscope.

sample, and ¢, IS the phase of the laser internal stan-
dard. The reference given by the laser within every spec-
tral lifetime image provides the internal calibration.

EXPERIMENTAL

The spectrally resolved lifetime imaging system was
built as an accessory to an inverted fluorescence micro-
scope (E-300 Quantum; Nikon, New York, NY) (Figs. 1
and 2). Images were collected using a charge-coupled
device (CCD) camera (SensiCam Long Exposure; PCO
Computer Optics GmbH, Kelheim, Germany) attached to
a modulatable image intensifier (High Rate Imager; Ken-
tech Instruments Limited, United Kingdom). Imageswere
relayed from the image intensifier to the CCD camera
using a pair of camera lenses (Nikon 50 mm f/1.8; B &
H Photo, New York, NY). The intensifier was attached
to the microscope via an imaging spectrograph (PARISS;
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Fic. 3. Raw data image from sFLIM acquisition. The image shows a
narrow band from the scattered laser light and a broad band of fluores-
cence from the rhodamine 6G. The graphs show the raw average phase
and modulation depth for a single lifetime data set. They show the
distinct signature of the rhodamine 6G and scattered laser light. Peak
values at the beginning and end of the rhodamine region of the phase
data are an artifact of the threshold algorithm used to process the data.

Lightform Inc., Hillsborough, NJ), which provided the
spectroscopic resolution. [Hlumination was provided by an
Ar* ion laser (190C-6; Coherent, Santa Clara, CA) tuned
to 488 nm. Light from the laser passed through an acous-
to-optic modulator (AOM) (SSM-402F8-1; IntraAction
Corp, Belwood, IL). The AOM was driven with a phase-
locked signal generator set to a frequency of 40.15 MHz
(2023A; IFR, Wichita, KS) leading to optical modulation
at 80.30 MHz. The AOM signal generator was frequency
and phase locked to a second signal generator, which pro-
vided the frequency signal for the modulatable intensifier.
The output of the signal generator was amplified using a
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broadband RF power amplifier (PA-4; IntraAction Corp,
Belwood, IL) and used to drive the AOM. The zero order
light from the AOM was selected and relayed through a
multimode optical fiber (PCU40-2-SS-GT; Multimode Fi-
ber Optics, East Hanover, NJ) to the microscope illumi-
nation port. The optical fiber was mechanically shaken at
50 Hz with the assistance of an acoustic speaker and a 6
V transformer to scramble the modes. An automated
multi-well plate sample changer was implemented with
an x-y scanning stage (Scan IM 120 X 100; Marzhauser,
Wetzlar, Germany).

Data collection consisted of an image series in which
each image was taken in a set of 16 phase steps 22.5°
apart. Following each image series in which a sample was
measured, a standard was acquired. Acquisition of amea-
surement consisting of sample and standard data sets typ-
ically took ~5-10 s, including the time spent to change
sample position.

Calibration Samples. A series of 1 wM solutions of
Rhodamine 6G (Rhodamine 590 Chloride, Exciton, Day-
ton, OH, lot #60060) were introduced into the wells of a
plastic-bottomed 384-well plate (Packard ViewPlate-384,
Perkin Elmer Corp.). These samples were excited using
the 488 nm line of the Ar* ion laser and observed using
a 505 nm dichroic mirror and a 488 nm holographic
notch filter (HNF-488.0; Kaiser Optical Systems, Ann
Arbor, MI).

RESULTS AND DISCUSSION

A rhodamine solution measured in the system exhib-
ited distinct regions consisting of scattered light from the
laser and rhodamine 6G (Fig. 3). Analysis of a series of
such images indicated an ‘‘excess’ phase delay of 0.502
+ 0.008 radians in the system due to the extra distance
traveled to and from the object plane of the microscope.
Using Eg. 1 and a modulation frequency of 80.30 MHz,
the extra distance traveled by the excitation light was
computed to be ~30 cm. This corresponds to an extra
travel time of ~1 ns for the light exciting fluorescence
in the microscope. A similar analysis of the modulation
depths indicated that at the point of observation the scat-
tered laser light was ~10% demodulated relative to the
point where it excited rhodamine 6G.

The samples of the rhodamine solution in the 384-well
plate were measured over the course of 1.5 hours. This
implies a rate of ~4 samples per minute including the
measurement of a standard well. Two approaches to the
measurement of the modulation and phase lifetimes were
compared: (1) Measurement relative to a single standard
taken at the beginning of the measurements (Fig. 4). (2)
Measurement of the sample using the laser light as a ref-
erence. The internal standard method gave 1,, = 4.10 *
0.04 ns and 7, = 4.08 * 0.09 ns, while the external
standardization method resulted in 7, = 4.06 = 0.04 ns
and 7, = 4.26 * 0.15 ns. This indicates that the internal
standardization method gives similar or better results
while increasing the accuracy and throughput of the mea-
surement. While neither method showed evidence of sig-
nificant drift over the period of measurement, the inter-
nally standardized approach showed fewer signs of sys-
tematic errors and, in the case of the phase lifetimes,
improved precision. Three points are worth noting. (1)
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Fic. 4. Comparison of interna and external standardization procedure for a series of uniform solutions in a 384-well plate. The internal standard
procedure () showed better stability over time than the external procedure ().

The external standard consisted of a single standard at
the beginning of the plate. This type of measurement
gives systematic errors with sensitive dependence on the
single measurement of the standard at the beginning of
the plate. (2) The increased variation in the phase lifetime
indicates that phase “‘jitter’’ is substantially reduced using
the internal standardization procedure. (3) Use of the in-
ternal standardization procedure indicates that the alter-
nating collection of a standard following each sample is
not necessary, which would improve the throughput of
sFLIM measurement to <8 samples/min in the system
described.

CONCLUSION

The present study indicates that a relatively ssmple and
desirable introduction of a holographic notch filter into
the optical arrangement of a spectrally resolved FLIM
system results in a stabilization of the lifetime measure-
ments over time. The notch filter blocks most of the ex-
citation light and allows the widest spectral range for the
emitted fluorescence and, hence, gives the greatest ver-
satility. A few minor drawbacks to the method should
also be noted. The primary limitation of the approach is
that the fraction of scattered light through the filter is
constant for a particular set of components and arrange-
ment. This will result in a limited dynamic range for the

measurements since the intensity of fluorescence collect-
ed will vary with individual preparations. Within the dy-
namic range restrictions imposed by this condition, the
method has several advantages:

1) The calibration should be stable over time and is
valid after turning the system off and back on.

2) It removes the requirement of regularly measuring
a standard solution over the course of along series
of measurements, which could give stability over
weeks of repetitive measurements.

3) The standard is collected under the same conditions
and coincident in time with the sample.

The optical arrangement described here is a relatively
simple modification of systems commonly in use for con-
ventional fluorescent lifetime imaging. It consists of in-
stalling a spectrograph and a notch filter and gives con-
siderable additional information about the sample under
study. The arrangement could also be used to good effect
in cuvette systems to obtain convenient access to spec-
trally resolved lifetime measurements.
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