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Abstract

The high level of discrimination offered by fluorescence microscopy has led to its widespread use for the analysis of individual microbial
cells. The major limitation of fluorescence microscopy in microbial ecology is that many types of environmental samples contain
autofluorescent material that can obscure emission from a fluorescent label. Time-resolved fluorescence microscopy (TRFM) is a
technique that greatly reduces background autofluorescence whilst maintaining signal strength of the fluorescent target. TRFM differs
from fluorescent microscopy in the use of fluorophores that are characterized by long-lived luminescence. Samples are briefly illuminated
to excite fluorescence then capture of luminescence is delayed for a time interval sufficient to ensure autofluorescence has largely faded.
TRFM has not been extensively used in microbiology because of the limitations and cost of available time-resolved microscopes and the
lack of suitable long-lived fluorescent labels. Here we describe modification of a commercial fluorescence microscope for time-resolved
operation through the addition of an image-intensified camera and low cost flashlamp. The TRFM was used in combination with a novel
immunofluorophore for the specific detection of Giardia cysts in a water sample containing large amounts of autofluorescent material. A
60-us gate delay between excitation and detection resulted in a 30-fold increase in contrast of labeled parasites compared to conventional
immunostaining. To our knowledge, this is the first report of the use of TRFM for the detection of microorganisms in environmental

samples. © 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Fluorescence-based microscopy techniques are widely
used in microbial ecology. Such techniques include fluo-
rescence staining for total counts, viability counts, immu-
nofluorescence staining and fluorescence in situ hybridiza-
tion (FISH) [1]. Whilst fluorescence provides superior
discrimination over chromophore-based techniques, its ap-
plicability is limited in situations where a weak fluorescent
signal must be viewed against high levels of sample auto-
fluorescence.

To reduce autofluorescence, narrow band-pass filters
can be used to spectrally resolve fluorophores. This ap-
proach however is unable to assist in the (frequent) in-
stance when autofluorescence occurs within the same pass-
band as the target fluorophore.

* Corresponding author. Tel.: +61 (2) 9850 8111.
E-mail address: rconnall@ics.mq.edu.au (R. Connally).

For example, immunofluorescence is routinely used for
the analysis of water samples for Cryptosporidium and
Giardia. Autofluorescent algae and mineral particles
present in environmental water sources can result in false
positives, obscure immunofluorescence and greatly in-
crease the tedium of analysis [2,3]. Background autofluo-
rescence has been reported to be a significant limitation
in the use of FISH techniques for analysis of microbial
communities in activated sludge [4], soil [5] and seawater
(Cavicchioli, R., University of NSW, Australia, personal
communication).

The underlying principle exploited in time-resolved
methods is the rapid decay of autofluorescence compared
to the typical lifetime of a long-lived synthetic fluoro-
phore, see Fig. 1. An intense light pulse of short duration
that decays rapidly to zero intensity is used to excite fluo-
rescence in the sample. The period of time that elapses
from excitation to capture (gate delay period) is set to
detect only the long-lived emissions. During this time, au-
tofluorescence decays rapidly to low levels yet the long-
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lived fluorophore decays only minimally, thus greatly in-
creasing the signal to noise (S/N) ratio. Autofluorescence
of most natural compounds is characterized by fluorescent
lifetimes ranging from 1 to 100 ns whereas fluorophores
are now available with lifetimes greater than 1.6 ms [6].
Time-resolved methods exploit the large difference in fluo-
rescence decay lifetimes between natural autofluorophores
and long-lived synthetic fluorophores.

A commercial epifluorescence microscope can be readily
modified to exploit the fluorescence lifetime differential
through the addition of a pulsed illumination source and
electronically gated image intensifier. Accurate control of
the delay period and efficient detection of the faint fluo-
rescence are critical tasks that have been approached in
various ways by different groups [7-10]. Most modern
time-resolved fluorescence microscopy (TRFM) designs
employ a gated microchannel plate (MCP) image intensi-
fier to meet this requirement since it provides both high
optical gain and excellent temporal resolution. The MCP
intensifier is a compact array of microscopic photomulti-
plier channels that can be electrically gated with nanosec-
ond precision. A phosphor target is used to convert the
amplified signal into a visible image for collection by a
charge-coupled device (CCD) camera.

Long lifetime fluorescent chelates suitable for TRFM
are largely based on the trivalent lanthanides, terbium3*
and europium®* [11-15].

The intrinsic absorbance of europium and terbium is
very low (<1 M~! cm™!) and this is offset by chelating
the ion with a sensitizing ligand to capture and transfer
energy [16]. The recent report of a highly fluorescent che-
late [17] led us to synthesize a derivative for use in the
evaluation of time-resolved techniques on our TRFM.

Methods to produce a pulsed light source include mo-
tor-driven chopper wheels, acousto-optical modulators
(AOMs), pulsed lasers or flashlamps [7,18-20]. Mechanical
choppers that interrupt the excitation beam have been fa-
vored for a number of years due to their low cost, free
choice of excitation source and high repetition rate. When
compared to flashlamps however, their poor beam quality,
slow switching rates and mechanical vibration are signifi-
cant limitations. Specifically, we have found that vibration
is problematic with microbial applications, which typically
require high magnification. With these considerations in
mind, a design based on a fast flashlamp and single stage
image intensifier has been employed.

TRFM techniques greatly assist resolution of target cells
from background autofluorescence since emissions from
autofluorescent life-forms and debris are eliminated from
the field of view by virtue of their short fluorescent life-
times. Thus TRFM has applications where autofluores-
cence limits the utility of fluorescence-based techniques
[3,21-23].

We describe the detection of Giardia lamblia cysts in an
environmental water sample that contained large amounts
of autofluorescent material. The cysts were detected using

an immunofluorophore conjugate with a long fluorescent
lifetime. This model system was used to examine the effi-
ciency of TRFM to resolve target cells from autofluores-
cent background. To our knowledge, this is the first report
of the use of TRFM in a microbiological application.

2. Materials and methods
2.1. Instrumentation

The configuration of the time-resolved microscope is
shown in Fig. 2. Within the Dicam-Pro camera head
(PCO Computer Optics, Kelheim, Germany) is an image
intensifier coupled to a CCD camera. The image intensifier
is a single stage 12-um MCP array fitted with a gating
module to control image acquisition to 5 ns resolution.
The cooled monochrome CCD element is a super VGA
1280(H) X 1024(V) format that supports 12-bit (4096 gray
scales) resolution. An image capture-manipulation soft-
ware package together with drivers and software for the
PCI card were supplied.

2.2. Oriel flashlamp power supply

An Oriel model 68825 power supply was used to control
a 6426 guided-arc xenon flashlamp with repetition rates up
to 100 Hz. Maximum flash energy was 160 mJ at 60 Hz
with discharge duration of 1.6 us full width half maximum
(FWHM). Trigger input is accessible from a rear connec-
tor together with a synchronization output for the camera.

2.3. Microscope

A Zeiss Axioplan epifluorescence microscope equipped
with a 50-W Hg vapor lamp was retrofitted with a dual
illumination port adapter to accommodate the Oriel flash-
lamp. The illumination source could then conveniently be
switched to the flashlamp for time-resolved studies or mer-
cury lamp for conventional epifluorescence microscopy.
Zeiss filter set 487909-0000, referred to in the text as filter
set 9, is recommended for use with fluorescein (FITC)
labels and was used for conventional microscopy. A cus-
tom filter set comprised of a BP340/10 excitation filter,
FT560 beam splitter and BP575-640 emission filter was
used for time-resolved microscopy. Images were captured
using a 40 X Neophot objective and 10X camera adapter
mount to give a final magnification of 400.

2.4. Host PC software

Custom software was written to integrate a camera con-
trol library (PCO Computer Optics, Kelheim, Germany)
with an image-handling library from Accusoft Corpora-
tion (Northborough, MA, USA). The package also sup-
ported statistical functions to analyze selected regions of
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captured images. Software was added to communicate
over the host PC’s serial port with an external microcon-
troller that controlled an on-board solid-state relay for
triggering the flashlamp. Flash count and duration be-
tween flashes were fully programmable from software dia-
logs within the application.

2.5. Water sample

G. lamblia cysts (5.7 X 10*) were added to 10 pl of water
concentrate equivalent to 100 ml of environmentally
sourced water [27]. The 10000:1 concentrate used was
rich in autofluorescent algae, diatoms, plant debris and
fluorescent minerals.

2.6. Fluorescent substrates

TruCOUNT beads (Becton Dickinson, Sydney, Austra-
lia) 6 um in diameter were suspended in 100 ul of 0.02 M
phosphate-buffered saline (PBS) and a 5-ul volume used
for slide preparations.

The beads are reported to display a sub-microsecond
fluorescence lifetime and are optimally excited by 480
nm light (Davis, K., Becton Dickinson Inc., personal com-
munication). PBS was prepared with a single Aldrich P-
4417 tablet in 100 ml de-ionized water, pH set to 6.8 with
1 M HCI. The published method [26] was used as the basis
for the synthesis of a fluorescent europium chelate: 4,4’-
bis-(1",17,1",2",2" 2"-pentafluoro-4",6"-pentandion-6"-yl)-
chlorosulfo-o-terphenyl (BPPCT).

2.7. Antibody—chelate conjugation

A 100-pl aliquot of G. lamblia 1gG antibody G203 (Aus-
flow Pty. Ltd., Sydney, Australia) at 2.2 mg ml~! concen-
tration was desalted, exchanged for 0.1 M bicarbonate
buffer at pH 9.25 and concentrated two-fold using Milli-
pore Ultrafree-0.5 50 K centrifugal filters. The concen-
trated antibody (4.4 mg ml™!) in 50-ul volume was reacted
with 10 ul of BPPCT dissolved in DMF at a concentration
of 25 mg ml~!. BPPCT was added as two (5 pl) aliquots
separated by 1 h for a total reaction time of 2 h at room
temperature. Removal of unconjugated material and buff-
er exchange was achieved by three washes in 50 K centri-
fugal filters using PBS. Fluorescence to protein ratio (F/P)
was determined as 8.5 based on the extinction coefficient
(e320) of BPPCT (3.84x10* cm™' M™!). G203 antibody
has a negligible absorption at 320 nm so the observed
Aagol A3 ratio of BPPCT (0.65) was used to determine
protein concentration.

Protein concentration (mg ml™") = (Az80—(A320 X (A2g0/
A320))) X Apro320, Where Apror320 is the absorbance at 320
nm for antibody at 1 mg ml™! (a value of 1.34 was used).

The immunofluorophore was stable for 4 weeks, stored
at 4°C and was filtered before use with Millipore Ultrafree
MC filters 0.22 um.

Intensity - ) —— Signal aquisition period —!
A \ '
excitati/on/v 5 - Eugcpium chelate
(light) pulse uorescence |
(t) 240ps !

not to scale) ,..
|+ Gate Delay —*

Autofluorescence

(1) 20ns :

'« 1us Time

Fig. 1. The light pulse induces fluorescence from autofluorophores and
the euoropium chelate alike. Termination of the light pulse is followed
by the rapid decay of autofluorescence whereas fluorescent intensity of
the chelate decays thousands of times more slowly. Signal acquisition is
held off for the gate delay period to permit decay of prompt autofluo-
rescence, light from the luminescing chelate is then gathered minus the
background.

G. lamblia cysts were labeled using antibody at concen-
trations ranging from 28 pg mi~' to 280 pug ml~! and
optimal brightness was achieved at 33 pg ml~! (data not
shown). The spiked G. lamblia water sample of 10 pl was
filtered on a Millipore Isopore 0.8-um membrane filter.
Triple washing of the filter with 200 ul of PBS was fol-
lowed by incubation for 15 min with 100 ul of G203 che-
late conjugate antibody at 33 pg ml~! in PBS buffer. Fil-
ters were washed several times with 200 ul of PBS before
chelate activation using 100 pl of 2 mmol EuCl; solution
for 5 min followed by a further three washes with PBS.
Filter concentrates were washed from the membrane using
PBS and collected for slide preparation.

2.8. Lifetime determination

The characteristic time that a fluorescent molecule re-
mains in the excited state prior to returning to the ground
state is known as the fluorescent lifetime (7). Assuming
single exponential fluorescence decay, the intensity of the
fluorescence at time 7' may be defined using Eq. 1:

IT:I(]'CT/_T (1)

where the pre-exponential constant I is the initial inten-
sity immediately after excitation and 7 is the fluorescence
lifetime. The fluorescence lifetime equates to the time tak-
en for intensity to decay to approximately 37% of the
original intensity (e”!'). Measurement of this parameter
is important to quantitatively determine the effectiveness
of the TRFM in reducing the effect of autofluorescence.
Lifetime of selected regions in the field of view was deter-
mined by logging fluorescence intensity measurements
over increasing gate delay periods and fitting to Eq. 1
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using Origin 6.0 software (Microcal Software Inc., North-
hampton, MA, USA).

2.9. Image processing

An average intensity value for regions of interest within
the captured image was determined by sampling a rectan-
gular region containing 600-1000 pixels. The running
average of four such samples was the value logged. Soft-
ware written for the TRFM included a line histogram tool
that captured position and intensity values for all pixels
between any two points selected by the operator (see Fig.
3 for example). This tool was used to capture data sequen-
ces for processing by Origin 6.0 to generate the three-di-
mensional (3D) graph shown in Fig. 4. The contrast im-
provement achieved using time-resolved techniques was
calculated using the ratio (Eq. 2) of the fluorescence in-
tensity for labeled cysts (/c) and background (/g) without
time resolution (Ico/Igy) and after 60 us (Iceo/Iseo):

AContrast = (Ice0/1860)/(Ico/I8o) (2)
Images were processed to improve printing clarity by a
brightness-boosting algorithm (Accusoft library) after de-
termination of the change in contrast (AContrast).

3. Results
3.1. Time-resolved image capture

The monochrome sequence shown in Fig. 3 illustrates
qualitatively the effectiveness of time-resolved techniques
using a delay duration of 10 ps and 60 us. The two Giardia
cysts (labeled A and B) in the field of view could be re-
solved with increased contrast from background using a
10-us delay. The initial intensity of some autofluorescing
debris exceeded the brightness range employed for the
capture. However after 10 us, the labeled cysts were the
brightest objects in the field of view. Increasing the gate
delay to 60 us resulted in a small loss in the visible inten-
sity of the cysts yet this was greatly offset by a large

embedded RS232 serial data link data and control link
microcontroller ——" trigger output / to computer
trigger input to flash controller. N
Flash lamp Dicam Pro
controller | +~"CCD camera

lamp

Zeiss Axiophot IBM PS/2

light source switch microscope

Fig. 2. Layout of the instrumentation used in the time-resolved fluores-
cence microscope.

Fig. 3. Two Giardia cysts labeled A and B embedded in a highly auto-
fluorescent background. Top image captured using Zeiss filter set 09,
40X objective, 10X eyepiece and no time delay. Middle and lower im-
ages captured in time-resolved mode (using the TR filter set) at 10 ps
and 60 us respectively by integrating 250 capture loops. The particle la-
beled C was determined to be a fragment of precipitated immunofluoro-
phore conjugate.

reduction in background and could be compensated for
by increasing photomultiplier gain.

Quantitative analysis of cyst ‘A’ contrast using the line
histogram software indicated a 30-fold enhancement
achieved with a gate delay of 60 us relative to no delay
(0 us). Fig. 4 serves to highlight the large difference in
observed fluorescent lifetimes for autofluorescent and che-
late labeled species. Autofluorescence is reduced to the
level of instrument background noise from 60 pus onwards
and implies a potential limit in contrast ratios to approx-
imately 50-fold based on the 2% noise figure measured.
Optimal S/N performance was achieved by extending the
time delay until background reached this noise floor. Fur-
ther extension served only to decrease chelate emission
without a corresponding gain in contrast. Coordinates 50
and 300 on the X-axis in Fig. 4 specify the points used to
determine lifetime coefficients for background and label
respectively. These points correspond to the center of the
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Fluorescence Intensity (arbitrary units)

%
A 100 200 300 400 500 B
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Fig. 4. 3D cascade plot illustrating decay of fluorescence intensity over
time for immunoconjugate and autofluorophores in Fig. 3. The X-axis
corresponds to the line A-B separating two labeled cysts in Fig. 3.
Time and fluorescence intensity correspond to the Z- and Y-axes respec-
tively.

cyst labeled A and a bright autofluorescing component
visible just past half way on the line A-B in Fig. 3 (0 us).

Chelate labeled cysts in 0.02 M PBS (pH 6.8) displayed
a fluorescence lifetime (7) of 242 £ 38 us with a correlation
coefficient of 0.87 between experimental data and pre-
dicted single exponential decay estimates (Oriel 6.0 soft-
ware). Experimentally determined lifetime for background
autofluorescence excited by 350 nm wavelengths (X-coor-
dinate 300 in Fig. 4) was 19+0.7 us. The correlation co-
efficient relating predicted and experimentally determined
autofluorescence lifetime was 0.98. Measurements in time-
resolved mode using Zeiss filter set 09 to excite emission
from 6-um TruCOUNT beads (data not shown) gave an
estimated lifetime of 19 = 1 us with a correlation coefficient
of 0.99.

4. Discussion

Fluorescence microscope techniques are extensively used
in microbial ecology, as they are amongst the most useful
methods for the study of individual microorganisms in
environmental samples [1,3,24]. Fluorescence signal
strength against an autofluorescent background is a crit-
ical factor in determining the utility of such methods and
many environmental samples contain sufficient autofluo-
rescing material to limit the use of fluorescent-based tech-
niques. With the TRFM, a progressive reduction in auto-
fluorescence was achieved as the delay between the
excitation flash and image acquisition was increased. Fluo-
rescence intensity of labeled cysts decreased only mini-
mally in the same time frame and image contrast was
consequently greatly enhanced. Overall, reduction of auto-
fluorescence resulted in a 30-fold increase in S/N ratio for
labeled cysts against background.

The TRFM has been shown to greatly aid the detection

of a specific microorganism in an environmental sample
using immunofluorescent techniques. The technique has
many potential applications in microbial ecology where
the fluorescence signal strength relative to background au-
tofluorescence limits the utility of conventional fluores-
cence microscopy. For example, it is possible to link
long-lived fluorophores to oligo-nucleotide probes and
perform time-resolved FISH [12,25-28]. This would facil-
itate the direct detection of microorganisms using FISH
techniques where currently signal strengths relative to au-
tofluorescent background limit the application [4,5,29,30].

TRFM results in images with vastly decreased complex-
ity and this facilitates the use of automated computer rec-
ognition systems that can process images at high speed.
Repetitive and tedious analyses can be allocated to an
automated system that requires minimal operator inter-
vention.

Two essential components of the TRFM are the image
capture system and pulsed light excitation source. The
optimal excitation pulse/acquisition cycle is illustrated in
Fig. 1 and the acquisition timing of the TRFM is close to
ideal. The Dicam-Pro CCD camera can be gated with
nanosecond accuracy and the integrated image intensifier
provides sufficient gain (10 000-fold) to capture weak fluo-
rescence. Alternatives to an electronically gated image in-
tensifier require some method of optically blocking the
excitation beam, and motor-driven chopper wheels or fer-
ro-electric liquid crystal display (LCD) shutters have been
used. Mechanical choppers are slow, vibration prone and
degrade acquisition efficiency whilst LCD shutters have
poor optical transparency [12,18-20]. Most modern
TRFM designs opt for the superior performance offered
by image-intensified gated CCDs.

Arc-lamps are the brightest continuous radiation sour-
ces available excluding lasers, however they require some
means of interrupting the beam to produce a pulsed ex-
citation source. AOMs or chopper wheels have been used
for this purpose although this adds significantly to the cost
and complexity of the final instrument [7,12,18,19]. Fur-
thermore, the synchronization issues and vibration prob-
lems associated with motor-driven choppers can be diffi-
cult to overcome. Lasers have been employed in some
advanced TRFM designs and the excitation pulse is often
generated by a tunable dye-laser pumped by a larger laser
[7,8,32]. Such systems deliver high-energy pulses with near
ideal excitation characteristics but cost is high and usually
only justified for specialized applications.

Flashlamps have higher peak irradiance and relatively
more energy available in the ultra-violet (UV) portion of
the spectrum than arc-lamps [31]. This is important since
europium and terbium chelates both require excitation in
the mid-UV (320-350 nm). Pulse width of the flash mea-
sured at FWHM can be less than 1 us for selected com-
mercial flashlamps, although the trailing edge at lower
intensities extends for a much longer period. The apparent
persistence of autofluorescence for up to tens of micro-
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seconds is an artifact induced by the slow decay of flash-
lamp plasma. Different spectral components in the plasma
decay at different rates with short wavelengths reported to
decay most rapidly [31]. Fluorescent TruCOUNT beads
were used to determine plasma lifetime since they are
known to have a sub-microsecond fluorescence lifetime.

Flashlamp energy was determined to decay at an ap-
proximately single exponential rate with a lifetime of
19 ws. This equates to a residual flash intensity after
60 us of 4% of initial intensity whereas the chelate (lifetime
of 242 £ 38 us) retained 88% of its original intensity.

Whilst the flashlamp is not perfect due to relatively slow
decay of the excitation pulse, this is not a significant prob-
lem when used in conjunction with a fluorophore having a
fluorescence lifetime at least 10-fold greater than total
flash lifetime.

The flashlamp-based TRFM described here is devoid of
the vibration often associated with conventional mechan-
ical TRFMs [33] and is significantly faster and less costly
than arc-lamps/chopper configurations. Moreover, flash-
lamp life is reported to exceed 10% flashes.

The availability of suitable fluorescent chelates has been
a significant factor in limiting the application of TRFM.
Early attempts to prepare immunoconjugates using com-
mercial fluorophores such as Quantum Dye (Research Or-
ganics Inc., Cleveland, OH, USA) met with no success and
prompted the synthesis of a number of chelates reported in
the literature. In our experience, the BPPCT fluorophore
has superior fluorescence intensity over quinolinone- [15]
and phenanthroline- [34] based chelates prepared, and
conjugation to antibodies presented few difficulties. Perkin
Elmer (Wellesley, MA, USA) supplies long-lived fluores-
cent labels (LANCE reagents) that are marketed for time-
resolved work. Carbostyril 124 is available commercially
from Aldrich and when modified with a chelating side-arm
has been reported to be a suitable fluorophore for TRFM
[15,16,19,35]. Fragments of precipitated immunoconju-
gate, as typified by the particle labeled C in Fig. 3, were
observed in some fields of view. Filtration of the immu-
noconjugate is necessary to remove these fragments since
they constitute non-specific background, however precip-
itation can occur during the incubation of immunoconju-
gate with sample. We have found that stability of the anti-
body (and resistance to precipitation) is inversely related
to the level of bound fluorophore (data not shown). Pre-
cipitation can be minimized through use of fresh prepara-
tions of the immunoconjugate and avoiding heavy labeling
(F/P ratio >8). The hydrophobic nature of BPPCT in-
creases the tendency of the antibody to precipitate so
that optimization of the conjugation protocol (by varying
BPPCT concentration) is necessary for best results.

The TRFM as configured can deliver a 30-fold contrast
enhancement of labeled target against background. Other
systems have been reported to deliver higher S/N ratios,
however this was achieved at the expense of an AOM
equipped laser light source [7]. Decreasing the flash life-

time or increasing label quantum yield both improve the
S/N ratio and we are currently investigating the latter
approach. Enzyme-linked amplification strategies have
been used with great success to increase the amount of
bound time-resolvable fluorophore and significantly boost
detection thresholds [26]. These methods rely on the depo-
sition of biotin at the target site that is then subsequently
bound to streptavidin conjugated with time-resolvable
fluorophore.

We have shown that a relatively simple design for a lab-
built TRFM based on a fast flashlamp and image-intensi-
fied camera can greatly reduce autofluorescence when used
with an appropriate fluorophore. The reduction in auto-
fluorescence is achieved with a concomitant 30-fold in-
crease in contrast that can easily be improved by enhance-
ments to the fluorophore or excitation source.
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