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Low-cost device for ratiometric fluorescence measurements

Yordan Kostov and Govind Rao®
Medical Biotechnology Center and Department of Chemical and Biochemical Engineering,
University of Maryland Biotechnology Institute, Baltimore, Maryland 21201

(Received 25 June 1999; accepted for publication 24 August)1999

An all-solid-state, low-cost device for fluorescent wavelength-ratiometric detection is described.
Ultrabright light-emitting diodes were used as light sources. This allowed electronic modulation of
the light, simple optical configuration, and miniaturization of the instrument. Narrow-bandpass
interference filters were used for wavelength separation. Detection was accomplished by
high-sensitivity, large-surfacBIN photodiodes. An integrating double-ramp technique with fixed
upper and lower thresholds was employed for conversion of the light intensities into time intervals.
The duty ratio of the output signal was a function of the fluorescence intensity ratio. Additionally,
the concentration of the fluorophore could be measured. The device could be easily designed as a
battery-operated version. It could be used for a variety of ratiometric fluorescence measurements.
© 1999 American Institute of Physidss0034-67489)01412-4

I. INTRODUCTION the device. The high-efficiency semiconductor light sources
avoid problems connected with high-power consumption and

Fluorescence wavelength-ratiometric methods have reheat dissipation. The narrow-emission band of these LEDs

ceived considerable attention during the last decade. Thegermitted the use of filters for wavelength selection instead

main application is in the biomedical field. Ratiometric dyesof monochromators. The device could easily be battery op-

and combinations of dyes are widely used for measurementsrated. It could be used for more accurate ratiometric mea-

of pH, C&", Mg?*, Zr?*, heavy metals, and transmembranesurements of fluorescence.

potentials'~® This interest is dictated by the possibility of

performing measurements without electrical contact with th§, pEScCRIPTION OF THE INSTRUMENT

object under investigation, as well as the possibility for equi- ) ] )
librium measurements. A. Optical configuration

The ratiometric approach is based on the use of dual-  The optical configuration of the system was chosen to be
excitation or dual-emission dyes. They possess at least twgs simple as possible, with the intent that it would be used in
peaks in their excitation and/or emission spectrum. When i |ow-cost device. The system had to work with solution-
contact with an analyte, the amplitude of one of these peakghase fluorescent indicators, so the sample compartment was
is affected—either because of the changes in the electroghosen to hold a standard 1 cm disposable cuvette. In this
structure of the dye or because of dynamic quenching. Thease, the right-angle geometry is superior. In the case of
ratio of the fluorescence intensities at these wavelengths nonturbid solutions it allows an increased signal-to-noise ra-
at one of the wavelengths and at an isoemissive pemt-  tio (SNR).
relates with the concentration of the analyte. ~ LEDs are the natural choice for light emitters in low-cost

The_ ratlometrlc aDDFOQCh offers significant advantages Ilevices. At present, there are commercially available LEDs,
comparison with conventional steady-state methods. It isvhich cover the whole visible regidhand part of the U\A2
well known that the latter are prone to errors due to losses imhe LEDs used in the device were chosen to match the ex-
the optical path, photobleaching, scattering, and backgroungitation maxima of the indicator dye as closely as possible.
light. This results in the need for very strict experimental The number of the emitters and detectors in the scheme
conditions and frequent recalibration. Implementation of radepends on the type of the indicator employed. For charac-
tiometry avoids most of these problems. . terization of the device, a dual-excitation indicator was used.

The standard equipment for the ratiometric measureit was pH-sensitive carboxydichlorofluorescein, in solution.
ments is usually a conventional fluorimeter, or a custom-builtrhe optical path is shown in Fig. 1.
system® These expensive systems are restricted to labora- The dual-excitation indicator required two light sources.
tory use. In this article, we describe a simple, low-cost de-They were a high-brightness, blue LED MBB51TAH{VIi-
vice for fluorescence ratioing measurements. It is based ogro Electronics Corp., Santa Clara, {Anaximum wave-
all-solid-state technology. The use of high-brightness lightiength 470 nm, 40 nm full width at half maximu(@WHM),
emitting diodesLEDs) avoids the need for use of mechani- [uminous intensity 4000 mcd, and a green NSPG 89D
cal or other external choppers and permits miniaturization oghia, Mounville, PA, maximum wavelength 520 nm, 40 nm
FWHM, luminous intensity 5000 mcd. The output light was
9Author to whom all correspondence should be addressed; electronic maffiltered using narrow-bandpass interference filters: 470

grao@umbc.edu and 520-10 nm. The emission filter was 58010 nm. The
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FIG. 1. Optical configuration for dual-excitation fluorescence measurements N —

and electronical diagram of the device. Abbreviations: VCCS, voltage- .

controlled current source; PCU, photoconversion unit; and Sw, switch. ‘ >
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transmission of the excitation filters in the passband was  FiG. 2. Time diagrams of the signals. See the text for details.

50%, and the transmission of the emission filter was 75%.

The absorption of the filters in the stop band was greater than

4. All the filters were from Intor, Inc(Sorocco, NM. The  tified signals, so on the input of the integrator the signals
fluorescence was collected using a large active dfa from the both wavelengths always have opposite signs. The
mn?) PIN photodiode S1223-0lHamamatsu, Bridgewater, output from the bandpass filter and input signals on the inte-
NJ). The filters, LEDs, and the photodiodes were mounted a§rator are shown in Figs.(@ and 2b). The output of the
close as possible to the cuvette, forming a rigid optical unithtegrator is connected to a trigger with hysteresis, which

with the shortest possible light path. controls switches Swl and Sw2. . N o
If the input signal of the integrator is positive, this will

_ o _ cause a gradual increase of the voltage on the integrator out-
B. Electronic arrangement and prInCIp|e of Operatlon put [F|g Zc)] When it reaches the upper threshold of the

The LEDs were driven using custom-built voltage- hysteresis trigger, the output switches to the opposite condi-
controlled current sources with shutdown. In the dual-tion [Fig. 2d)], changing the positions of switches Sw1l and
excitation mode, only one LED was working at a time. TheSW2. Now the signal from the other investigated wavelength
LED current was modulated at frequenty,=3 kHz. The (from the second LEDis fed into the integrator, but it has an
LEDs were operated in pulsed modeectangular square opposite sign. This causes the gradual decrease of the inte-
wave with 50% duty ratipat a peak current of 60 mA— grator’s output voltage. When it reaches the lower threshold
twice as much as the nominal rating. The total output opticaPf the hysteresis trigger, it switches back, and the process is
power from the blue LED was approximately 3.3 mw, andepeated. As a result, a square wave appears on the output of
the power from the green was approximately 1.4 mW. the trigger.

The detection and conditioning electronics are shown in ~ The current that flows through the integrator during the
Fig. 1. They consist of a photoconversion unit, filter, recti-time interval, equal to a half period of the modulating fre-
fier, multiplier by (—1), integrator, and comparator with hys- guency, is given by the following equations:
teresis.

Wheq one of LEDs emits modulated light, the other isli: fllzlel sin2mftdt, 1,=— fllZlez sin2wftdt, (1)
off. The light from the working LED passes through an ex- 0
citation optical filter and excites fluorescence in the sample
cuvette. The fluorescence passes through an emission optical
filter. It is detected by a photoconversion unit, which consists
of a photodiode, transimpedance amplifier, and an appropri- 2 2
ate second amplification stage. This signal is passed through 7 F1’ 2=~ "lr2,
a second-order, narrow-bandpa&s<10) active Chebyshev
filter with unity gain. The center frequency is chosen to berespectively. Heref, denotes the modulation frequency of the
equal to the modulation frequency of the LED. The bandpassxcitation light, andlz; and |z, are the amplitudes of the
filter rejects steady-state components, which originate fronfluorescence signals corresponding to each wavelength of in-
the ambient light, and diminishes the level of the low- andterrogation. The signal is harmonic, as the high-frequency
high-frequency noise. The amplitude of the resulting ac iscomponents of the rectangular LED modulation are sup-
determined by passing it through a rectifier. However, inpressed by the bandpass filter. The output voltage of the
order to be able to distinguish between signals that originatetegrator is proportional to the integral of the current flow-
from the different wavelengths, a sign is assigned to the redng through the capacitor. If the initial and final voltages are

2
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the lowerUy, and the uppeb ,, threshold of the trigger, then (T1+T>) is proportional to the concentration of the fluoro-
the integration time§’; and T, will be given by the equa- Phore. The ratio of the time intervals is evaluated either us-

tions ing a timer (digitizing the lengths of the intervaland nu-
merical calculation of the ratio, or simply by measurement of
l:w Tzzw_ (3y  the dc componeriduty ratio (DR)] of the square wave. As
Nyly ’ ol DR=T,/(T,+T,), the ratio is given by the equation

Here, RC is the integration constant. In E(?. and (4) the
time intervals are assumed to be equal to a whole number of

half waves; as the length of the integration time is usually ~T> 1

more than 18 times longer than the length of one half wave, ﬂ " DR-1° ®)

this does not introduce significant error. Now, if the ratio of _ _

the intensities is calculated by C. Error considerations
ley T, _The biggest source of error was the npise from '_[he pho-
E =K T—l (4) todiode. All other possible sources of noidi&e the switch-

ing noise of the multiplexer, etcwere smaller by an order of
the ratio of the time intervalsT(,/T,) is proportional to the magnitude, as measured in the setup.
luminescence intensity ratio. The period of the square wave The noise contributes to error in the time intervals
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- FIG. 5. Comparison between thgH, mea-

e surements as determined by the device, and a
3 conventionapH meter.(®), Orion 230 A and
(O), device.
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andT,. Hence, the standard deviation of the measuremenaf focusing optics. The total optical power, coupled into the

could be described as sample, was 40&W at 470 nm, and 6 4«W at 520 nm.
o2 o2 1 o2 o2 The use of LEDs also allowed electronic modulation of
02:j+ T2 ( N n T2 ) ©6) the excitation light intensity at relatively high frequency, 3
T2 T3 RCAU\nfIZ, ndl%,)’ kHz. The frequency was chosen to be much higher than the

ever-present 60 Hz, but still far before the roll-off of the

Consequently, the error in the measurement could be dimin{ransimpedance amplifier

ished using two independent approaches—increasing the in- The narrow emission of the LED allowed the use of

tegration constant RC or Increasing the difference betWeeﬂarrow—bandpass interference filters instead of monochroma-
the thresholds of the hysteresis trigger.

tors in the excitation paths. However, the emission filter was
selected to be wide-bandpass, with the same rejection ratio
outside the bandA=4), to measure greater fluorescence
The use of semiconductor light sources greatly simpli-signals and to improve the SNR.

fied the optics of the device. The small dimensions and the The device was used for detectionpi using ratiomet-
negligible power dissipation of the LEDs made it possible toric dye. It was 5tand 6)-carboxy-27'-dichlorofluorescein,
place them in close proximity to the sample compartmentmixed isomergMolecular Probes, Inc., Eugene, OB-(and
This minimized the light path and allowed the excitation 6-CDCH], pKa 3.8. Its fluorescence excitation spectra are
light to be efficiently coupled into the sample without the useshown in Fig. 3. This is a dual-excitation indicator. As can

IIl. PERFORMANCE AND DISCUSSION
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be seen, both acidic and basic forms of the indicator possesntration of the dye, it could be used as a parameter indi-
an excitation maximum at 482 nm. The basic form of thecating the need for change of the sensing dye. In Fig. 6 the
indicator also possesses a well-defined excitation peak at 5Idtted curve represents the experimentally measured fre-
nm, while the acidic form almost does not fluoresce whemuency when the sample is diluted. It was proportional
excited at this wavelength. Thus, the ratio of the emissior{within the experimental errprto the concentration of the
intensities above 550 nriwhen the indicator is excited at indicator.
470=10 and 52610 nm) strongly depends on tipél of the Another possible source of error in the fluorescence
solution. The indicator concentration used wasuhol/l,  measurements is scattering of the excitation light in the me-
which was the initial concentration for the dilution tests. Thedia. Although the filters used have quite high absorption in
right-angle geometry and configuration for dual excitationthe stop band, scattered excitation light could be comparable
were used. with the fluorescence intensity. In order to evaluate the in-

The performance of the device was evaluated in twdluence of the scattering on the setup, the device was tested
steps:(a) determination of the calibration curve of the device with two samples of §and 6) CDCF atpH 3.8, one of
and (b) comparison ofpH determined by the device and a which contained 0.5% of colloidal silicd.udox HS30, Du-
commercialpH meter—model 230 AOrion). In both cases Pont, Wilmington, DE added as a scatterer. The difference
the initial solution contained Zmol/l 5-(and 69CDCF in  in the output ratio was less than 1%.
0.1 M phosphate buffer witpH 6. It was titrated with 0.1 M With minor changegusing one LED for excitation and
HCI, to which 2 umol/l 5-(and 69CDCF was added. The two photodetecto)s the device could be used for dual-
calibration curve is shown in Fig. 4. Figure 5 shows theemission indicators. Another possible application is the use
comparison betweepH determined by the device and the of indicators immobilized in sensing membranes. However,
standardoH meter. Almost in the whole range tipgl could  the latter would require changes in the optical
be determined with accuracy of 0.@8l units. The errors, as configuration—the low thickness of the membranes imposes
expected, were smallest in the region aroundphg of the  a requirement for front-face geometry.
dye. At both ends of the calibration curve the errors were In conclusion, the presented ratioing device has been
higher. The highest errorA(=0.08pH) was in the most shown to operate successfully under various experimental
acidic point of the range. This could be explained by the factonditions. The device is all-solid state, rugged, and low
that at very lowpH the indicator has negligible fluorescence cost. Its low-power consumption allows it to be adapted eas-
when excited at 520 nm. This strongly degrades the SNR anily to battery operation.
introduces some offset in the measured values.
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