
 
 

 
 
 

Macquarie University ResearchOnline 
 

 

 

This is the published version of: 
 

Jin, D., Connally, R. & Piper, J., "Ultrasensitive time-resolved nanoliter volume 

fluorometry based on UV LEDs and a channel photomultiplier tube," 

Proceedings of SPIE, 5699, 237-245, (2005). 

 

Access to the published version: 
 

http://dx.doi.org/10.1117/12.590127 

 

Copyright: 
 

Copyright 2005 Society of Photo Optical Instrumentation Engineers. One print 

or electronic copy may be made for personal use only. Systematic 

reproduction and distribution, duplication of any material in this paper for a fee 

or for commercial purposes, or modification of the content of the paper are 

prohibited. 

http://dx.doi.org/10.1117/12.590127


"Ultra-sensitive time-resolved nanoliter volume fluorometry based
on UV LEDs and ,a channel photomultiplier tube

Dayong Jin*, Russell Connally and Jim Piper

Centre for Lasers & Applications, Physics Department, Macquarie University, NSW 2109 Australia

ABSTRACT

A capillary fluorometer was constructed using a 2 mW, 365 nm ultraviolet (UV) light emitting diode (LED) as the
excitation source and a new-generation high-gain (3x108) channel photomultiplier tube. The use of a LED permitted
rapid pulsing of the excitation source so that the instrument could be employed for time-resolved fluorescence (TRF)
applications. A detection limit of -2x108 molecules of BHHT (4,4'-bis (l",1",1",2",2",3",3"-heptafluoro-4",6"
hexanedion-6"yl)-o-tephenyl)-Eu (III) were resolved within a 1.25 nanoliter volume at a SIN ratio of 3: 1. Ultimate
sensitivity of the system was compromised due to visible luminescence emitted by the UV LED, centred around 550 nm
extending to > 700 nm and 2nd-order exponentially decaying with lifetimes of 40 J..ls and 490 J..ls.

'Keywords: Ultraviolet light emitting diodes (UV LEDs), time-resolved fluorescence (TRF), channel photomultiplier
tube (CPM), lanthanide chelate, BHHT

1. INTRODUCTION

Non-specific background fluorescence can greatly limit the effectiveness of immunofluorescence techniques when
the signal from specific fluorescent-Iabelleq microorganisms is masked due to spectral overlap of the competing
autofluorescence l

. Fluorophores with long fluorescence lifetimes (>300 J..ls) permit the use of pulsed excitation and time
gated fluorescence detection to suppress autofluorescence by an order of magnitude or more using TRF techniques.
Trivalent lanthanide ions can form stable coordination complexes (chelates) with a number of organic ligands that
display long excited lifetimes (millisecond regime) suitable for TRF studiesz-6• Recent reports of intensely luminescent
fluorophores with high stability has prompted their use in many applications: homogeneous clinical assays7

,

environmental pathogen detectionS, and DNA-protein interaction using time-resolved fluorescence energy resonance
transfer (FRET)9.

TRF instrumentation is often based on the use of xenon flash lamps or pulsed nitrogen lasers as the excitation source.
, The short pulsed output of the laser and the wavelength (337.1 nm) are desirable when exciting lanthanide chelates,

however the low repetition rate «50 Hz), electrical characteristics and cost tend to promote the use of xenon flashlamps
as an alternative. Flashlamps are popular due t,o reduced size, low price and a broadband range of emission wavelengths;
however only a limited energy fraction (selected by a proper filter set) is actually utilized for excitation. Flashlamps can
be pulsed at greater rates than the nitrogen laser, however the pulse width is relatively long by comparison and the
glowing plasma qm take many tens of microseconds to dissipate lO

•
re'

The recent decade has witnessed a rapid growth of inexpensive miniaturized fluorometric application using light
emitting diodes (LEDs) as the excitation sourcell

. Rapid progress has occurred in the production of solid-state UV
sources with enhanced power. Iwata et al. used a 750-J..lW 370nm UV LED (NSHU 590E, Nichia) to excite a phase-

"modulation fluorometer for fluorescence lifetime measurement lZ
• The performance of UV LED induced fluorescence

detection in capillary electrophoresis was recently reported with a detection limit of 3-femtomole fluorescamine
derivatized bradykinin13

• A flat-window UV LED (NSHU 550E, Nichia) was employed by Lakowicz and his co-workers
in the design of a phase-modulated fluorescence microscope 14.

A newly developed UV LED emitting at 365nm was first evaluated as a fluorescence excitation source by our group.
The commerci~t1'1'Y'available UV LEDs (NSHU 550E and NSHU 550B, Nichia, Japan) emitting at 375nm and 365nm
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respectively, can be used to excite fluorescence from lanthanide chelates. The rapid risetime (nanoseconds) and high
repetition rate (multi-MHz)of these novel excitation sources prompted our interest in UV LED ,excited TRF
~strumentation. The TRF fluorometer was built to investigate the feasibility of employing UV LEDs as the excitation
source for TRF flow cytometry. In order to evaluate the performance of the UV LED-induced TRF detection, we
constructed a square capillary fluorometer and injected a I3-diketone europium chelate, BHHT (4,4'
bis(l", 1", 1",2",2",3",3"-heptafluoro-4",6"-hexanedion-6"y1)-o-tephenyl)-Eu(III) molecules, as a target to
determine the lower TRF detection limit with the capillary fluorometer.

The red-sensitive CPM tube (model MH 1372) has recently become commercially available and was 'e"'mployed due
to the very high gain offered. The CPM works in a similar manner to standard photomultiplier tubes but lacks the PMTs
multi-element dynode structure. Instead, the device contains a single hollow tube internally coated with a semiconductor.
Electrons in transit from the photocathode to the anode strike the curved channel wall several times generating numerous
secondary electrons. This results in a compact design with ultra high gain (30 times more than PMT R928), large
dynamic range, extremely low noise, and fast response.

2. MATERIALS AND METHODS

2.1. Chemicals and buffers

BHHT solution: BHHT was synthesized according to the published method 15,16. The solution was prepared by
dissolving 39 mg of BHHT crystal in 1 ml lA-dioxane (Sigma-Aldrich) followed by a 100-fold dilution with ethanol to
give a 5.524xlO-4M BHHT solutions. This concentration value was calibrated by absorption measurement using
Beckman Spectrometer according to equation 1 resulting in 5.8xlO-4M BHHT solutions. .

(1)

Where A)" is absorption at a single wavelength, E).is the molar absorption coefficient at 320 nm (£320 BHHT: 3.32 x
104M.L-I cm-I

) and C stands for solution concentration. .

Eu3
+ solution: Europium chloride stock solution was prepared by dissolving 100 mg of europium oxide (Eu203) in 3

ml of concentrated hydrochloric acid and evaporating to dryness under vacuum (water-pump) on a boiling water bath.
The solution was re-dissolved in deionized water (1 ml) and again evaporated to dryness under vacuum on the water bath
to remove traces of HCl. The salt was then dissolved in deionized water and transferred to a 25 ml volumetric flask to
give a 22.7 mM solution. The solution was diluted 100-fold to give a 2.27xI0-4 M Eu3

+ solution.

Buffer: Fluorescence enhancing buffer (FEB) was prepared as described by Arnaud using 10 mM sodium acetate
buffer adjusted to pH 4.7 with sodium hydroxide, 0.1 % Triton X-IOO, and 50 flM trioctylphosphine oxide (TOPO)6.

2.2. Time-resolved UV LED emission spectrometer

The flat-window diode (NSHU 550B, Nichia, Japan) typically emits 2-mW UV centred at 365 nm (L1A=lOnm). Time
resolved emission from the UV LED was coupled into an optical fiber interrupted by a mechanical chopper, Model
SR540 (Stanford Research System Inc, USA). A synchronizing signal from the chopper ensured the LED driver
electronics produce pulses only during block periods of the chopper window. The fiber output could either be fed into a
USB2000 Miniature Fiber Optic Spectrometer (Ocean Optics Inc, USA) for capturing the time-resolved spectra or a
photomultiplier tube (PMT), model R928 (Hamamatsu, Janpan), with a 200K-bandwidth current preamplifier, for
measuring time-resolved emission lifetime. The spectrometer can accumulate signals after multiple LED pulses to
achieve high sensitivity; conventional PMT with the preamplifier was employed and proved sensitive enough to record
the time-resolved decaying curves. The results were captured and stored on an oscilloscope and a computer respectively.
The experimental data were analysed using Origin 6.1 software (Microcal, USA). Figure 1 shows the set-up to measure
the native LED time-resolved visible emissions.
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Figure 1. Experimental setup to examine time-resolved visible luminescence as distinct from the native UV LED emissions

2.3. Time-resolved fluorescence spectroscope

Eu3
+ was chelated with BHHT using a molar ratio of 2: I BHHT molecules to Eu3

+ ions since this results in maximum
fluorescence yield.

BHHT-Eu3
+ luminescence intensity was further optimized by titrating with the fluorescence enhancing buffer (FEB)

and this operation was performed in a 5mmx5mm quartz cuvette with real-time monitoring.

A UV band-pass filter (U-340, EO Edmund, Singapore) transmitting -60% at 365nm with a cutoff in the visible from
400nm to 700nm was inserted in excitation light path. A practical fluorescence spectroscope excited by UV LED was set
up by focusing the band-pass limited UV light into the cuvette and collecting fluorescence perpendicular to the excitation
optics; the fluorescence emission was chopped (mechanically) prior to coupling into the optical fiber of the spectrometer
in the same manner as that described for LED native emission measurements. The delay time between LED pulses and
optical chopper windows was adjusted by 5 Ils increments generating a sequence of time-resolved detection windows
constructing a 3-D TRF spectrum-decaying figure as shown in figure 4.

2.4. Time-resolved capillary fluorometer

Thin rectangular cross-section capillaries (0.05 mm I.D. with 0.1 mm O.D.; VitroCom Inc., USA) were used to hold
the test media in a novel time-resolved. fluorometer. The LED and CPM detector (PerkinElmer Optoelectronics,
Germany) were configured as shown in Fig. 2. The LED was synchronized with the chopper and drive current monitored
through a series resistor. The UV light was collimated, fIltered and focused into a -0.5 mm bright spot projecting onto
the 50 Ilm >;,))0 IlID-ID square capillary, so that the UV excitation zone was constrained to a -1.25 nanoliter volume.
Fluorescence emitted from the liquid sample was collected perpendicular to excitation optics and focused through a 1.5
mm pinhole to block background noise from other than fluorescence emitting zone. Prior to passing through the pinhole,
the 5-cm chopper blade mechanically chopped at a frequency of 820 Hz situated as close as to the pinhole resulting in
-25 f.ls rising edge. A 550 nm long pass fIlter was used to help with suppressing scattered visible LED emissions and
resolving TRF signals. The CPM was controlled by a lab-built power supply that could be adjusted to alter the gain over
a large range (0 to 3x108

). The output signal from the CPM was fed to a higher gain current preamplifier (400 KQ
transimpedance) with lower bandwidth (DC to 60 K Hz). Output from the CPM was recorded by an oscilloscope and
subsequently stored digitally for further data handling. In our preliminary experiments without the use of the optical
chopper, au~iluorescence from optics and UV scatterings could saturate CPM before TRF decaying signals could be
detected. When the optical chopper implemented to block all emissions during the UV excitation and appropriate time
delay period, high-gain CPM operation permitted ultra-sensitive TRF detections.
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Figure 2. Thin-capillary-based TRF fluorometer excited by the UV LED with the optical layout.

3. RESULTS AND DISCUSSION

3.1. Time-resolved visible LED emissions

Native emission characteristics of these UV LEDs were observed to display anomalous slow emission decays
covering the 470 nm-to-730 nm visible wavelength ranges (see Fig. 3) when the LEDs were operated in pulsed mode.
The luminescence decays fitting with 2nd order exponential curve with lifetimes of 40 f.ls and 490 f.ls after injection
current pulses. The expected signal emission centered at -613nm time-resolved fluorescence could be masked both
temporally and spectrally by the native LED slowly decaying luminescence.

Furthermore, when the UV LED was driven using a 100 f.ls pulse regime at 80 rnA current (repetition rate: 800Hz),
the intensity ratio of UV emission relative to time-resolved visible was ap.proximately 10000: 1. The UV short-pass filter
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was inserted before the light coupling into the optical fiber and notime-resolved visible emissions could be recorded by
the spectrometer.
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Figure 3. time-resolved spectra of UV LED, Nichia model NSHU 550B: -30 us after injection current pulses
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Figure 4. UV LED induced time-resolved fluorescence spectra from BHHT-Eu3
+ bulk solution in 5mmx 5mm cuvette acquired after

a series of delays with 5J..ls temporal increments.
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3.2. TRF spectrum decays

It has previously been reported that appropriate buffers can optimise luminescent intensity of Eu3+" chelated with
ligands 6. Such intensity optimisation of BHHT chelated europium molecules was performed, FEB buffer was titrated
irito 1.08 x 10-5 M BHHT chelated europium solution to give an 8-fold improvement in fluorescence intensity (data not
show).

In our initial experiments, we observed that 2.762x1O-sM-BHHT chelated europium molecules in the 5mmx5mm
cuvette emitted bright steady red fluorescence under 820-Hz 100-f.ls UV excitation pulses. Figure 4 combi,pes the time
resolved-spectrum changes of UV scatterings and europium fluorescence emissions accumulated since -H's f.ls to 125 f.ls
(As the Origin software can only display 40 XY data in one 3-D figure, the time-resolved-spectrum curves accumulated
after 125f.ls were not shown) under the 820-Hz in one 50-f.ls pulsed UV LED excitations. At the point of -50f.ls, the
chopper started to interrupt UV scattering and at the point of zerof.ls, the signals from UV scatterings is all most nothing
comparing with fluorescence emissions meaning that the chopper can nearly block the 50 f.ls UV scatterings within 50
f.ls. In the period of post zero point, the TRF started to decay slowly; according to the last spectra curve acquired with
125f.ls delay within the post excitation, the curve profile of europium emissions met the previous reports on europium

• • 2
enusslOn . ~

3.3. Detection limit of UV LED induced TRF

The CPM has the maximum secondary-photOelectron gains of 3x1Os when driven with a potential difference of 3000
Volts between photocathode and anode. The CPM was operated with a lower voltage of 2100 volts giving gains of _107

for the work reported here.

A 2.762xlO-6 M-BHHT solution was diluted 1O-fold using FEB buffer and injected into the capillary. The thick solid
line in figure 5 records fluorescence intensity of the chelate over a period of 800 f.ls following the excitation pulse. The
pure buffer solutions without any BHHT-Eu3

+ molecules were similarly analysed and the signal level is represented by
the thin dotted line in figure 5. Both results were obtained using the same excitation power (l02rnA; 100f.ls pulses at 820
Hz). The observed signal arises from a 0.2762 f.lM BHHT-Eu3

+ concentration in -1.25 nanoliter volume zone (0.35
femtomole), equal to 2x1Os molecules, detectable at SIN ratios of 3:1.

As previously noted, the time-resolved LED emissions are broad to -73Onm, the UV short-pass filter itself does not
efficiently suppress the 700nm emission resulting in considerable time-resolved background level when employing the
highly sensitive CPM detector. To better observe the background noise leveJs, the UV short-pass filter was removed
from the excitation light path and FEB buffer solution (alone) was injected into the fluoremeter whilst the LED was
injected with a low current (3.2 rnA). The time-resolved fluorescence emission (originating from the LED) was
observed to be greater than the signal obtained from the fluorescent chelate (2xlOs molecules) over the same time scale.

1.0
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Figure 5. The solid line represents the BHlIT-Eu3+ signal-decay curve; the thin dotted line represents background noise.

1.0

--Signal decay employing UV filter
------Background without UV filter

0.0 ..........---.---~---r-~---.---~~
200 400 600

Time (us)

800

Figure 6. Signal from 2x108 molecules (0.35 femtomole) of BHlIT-Eu3
+ is represented by the solid line, when LED excitation

employed high current pulses (102 mA). The dotted line plots detected intensity of scattered visible emission from the UV LED at a
low injection current of 3.2 mAo

4. CONCLUSION

1RF techniques make it possible to improve almost all fluorometric analyses more specific and accurate, among
which 1RF in rnilli- or microsecond mode is most easy to achieve zero background giving high sensitivity 4. With the
advent and rapid development of easy-operate, solid~state excitation sources and more-compact, high-gain detectors, the
1RF is becoming practical and attractive methodology for bioshemical analytical instrumentation using fluorescence
technology. It will potentially reduce the cost with the designing simplicity, simplify operation and maintenances of the
instruments, and most importantly increase detection sensitivity. To our best knowledge, no application has been
reported based on the new, commercially available, Nichia model NSHU550B.

This work introduced the first LED induced 1RF studies in micro- or millisecond temporal mode using the recently
available 2-mW UV LEDs as novel excitation sources. The new generation photomultiplier CPM with ultra high
sensitivity and low dark current noise was employed for the weak fluorescence photo sensing applications. 2x108

BHHT-Eu3;.molecules in -1.25 nanoliter volume capillary zone were detectable at SIN ratio of 3:1. According to the
originaL' BHHT report, this chelated can be synthesized with -S02Cl group forming BHHCT (4,4'
bio(1",1",1",2",2",3",3"-heptafluoro-4",6"-hexanedion-6"yl)chlorosulfo-o-terphenyl)-;the BHHCT-chelated
europium can be covalently bound to proteins, for example, u-fetoprotein (AFP) with BHHCTIAFP ratio of -70 00015

•

Severai hundreds of europium-chelate labeled AFP can be detected using the practical right angle detection setup in this
work.

The native slowly decaying visible emissions from excitation source itself were considered as one of the main
technical challenges applying UV LED as excitation for TRF studies, since the time-resolved signals in red can be
masked by this time-resolved background. A UV short-pass filter can efficiently purify the UV lights in the excitation
optics suppressing the visible LED emissions down to -70Onm. Background from LED native visible emissions has been
100-fold suppressed by the utilization of a UV short-pass filter in excitation optics and a long-pass filter in detection
optics. The background level from UV LED time-resolved luminescence in this work prevented further increase of CPM
gains (lx107 through this work) and ultimate sensitivity of the system was compromised due to the visible luminescence,
More efficient UV filter combination can improve the detection limit by blocking more native LED visible luminescence
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(>700 nm leakage from the UV filter) permitting the increase of up-to-30-fold CPM gains. Further optimizations in the
optics (e.g. epi-illumination featuring high N.A.) could result in improvements in the detection limit.

No literature has been found to report such long visible (470 nm-to-730 nm) decays from the UV LEDs' emissions to
our best knowledge. Further investigation of physical emission characteristics of the UV LEDs has been carrying out
within this group and more accurate measurements could promote the applications of these novel excitation sources in
the new-generation ultra sensitive biomedical instrumentation.

A higher power (lOOmW) 365-nm LED device is currently under test for TRF applications that can benefit from the
greatly increased excitation energy, as for example in TRF flow cytometry. Rapid progress continues in the development
of new high power solid-state devices operating at shorter wavelengths. Ideally, LEDs operating at 340 nm would be of
great utility for lanthanide chelate excitation and the availability of these devices is certain to expand the number of TRF

1· . 17-19app lcatlOns .
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