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Abstract. We present a new detection instrument for sensor measure-
ments based on excited-state fluorescence lifetimes. This system con-
sists of a primary optoelectronic loop containing a resonance-type rf
amplifier, a modulatable fluorescence-excitation light source, a fiber
optic feedback loop (with a gap for a fluorescent sensor), and a pho-
tomultiplier tube. A secondary, phase-feedback optoelectronic circuit
consists of a long-wavelength-pass optical filter, a second photomul-
tiplier tube, a photodiode, an electronic phase detector, a dc ampli-
fier, and an electronic phase shifter (inserted into the main loop). This
phase-feedback circuit is new with respect to our previous work. Un-
der the appropriate conditions, the main loop exhibits self-
oscillations, manifesting themselves as sinusoidal rf modulation of
light intensity. The phase-feedback circuit detects the modulation
phase shift resulting from the finite excited-state lifetimes of a fluoro-
phore. As the excited state lifetime changes, the phase shift from the
electronic phase shifter also changes, which results in a shift in self-
oscillation frequency. The detection system uses self-oscillation fre-
quency as the detection parameter and has excellent resolution with
respect to changes in excited-state lifetime (~1 ps). © 2004 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1688814]
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tion) pulse of excitation light. Frequency-domain techniques
{also known as modulation spectroscppgly instead on de-
tecting changes in light intensity modulation depth and/or in-
tensity modulation phase shifts caused by the finite excited
state lifetime of a fluorophoré?

Attempts have been made to create simple and inexpensive
chemical and biosensor platforms using frequency-domain
spectroscopic technigues, such as single-frequency phase
fluorimeters>>® More recently, a new detection platform de-
sign based on a self-oscillating, optoelectronic closed-loop
system was presentéd.

1 Introduction

Steady state and time-resolved fluorescence spectroscopy ar
major research tools in the development of chemical and bio-
logical sensor systems, with numerous applications in the bio-
medical technology, including drug discovery, diagnosis, and
preventative-health applicatioritrough monitoring of envi-
ronmental toxins, for exampleFluorescence-based detection
modalities have the potential for high sensitivity and offer a
large choice of fluorescence sensor technidu@heir high
sensitivity has driven the development of a variety of

fluorescence-based sensbrSteady state(intensity-based The term “closed loop” can be applied to a number of

fluorescence measurements are relatively simple to imple- L . .

- . .~ systems that are quite different from ours, including at least
ment, but are sensitive to spurious factors such as fluctuations ; . . 2
. o ; . . . one for frequency-domain fluorimetfylo avoid confusion, in
in excitation light intensity, bleaching of fluorophores, and

. . . . the context of this paper we define a closed-loop optoelec-
changes in dye concentratiohsAn alternative is time- bap b-op

resolved (lifetime-basedl fluorescence spectroscopy, which tronic system as one consisting of an rf amplifier, a modulat-
e ' able light sourcésuch as an LED or laser dioge delay line
has reduced sensitivities to these effédtinfortunately, sen- g ¢ ) y

" loving i ved ; ic tech (such as a fiber optic delay line, for instahcand a photode-
sor systems employing ime-resolved Spectroscopic 1eCh-q 1o The signal from the output of the amplifier modulates
niques tend to be compl&and expensive.

Th i b h f 1 ved ¢ _the output intensity of the light source. The modulated light
. ere are two branches of ime-resolved SpPectroscopy-: passes through the delay line and is converted back into an
time-domain and frequency-domain technigtieslime-

. . . electrical signal by the photodetector. This electrical signal
domain techniques measure the decay of fluorescence inten

ity af h icall q . d.d enters the input of the amplifier. When the combined gain of
sity after a shor{typically nanosecond or picosecond dura- the amplifier and photodetector is large enough to offset the

optical and electrical signal losses in the loop, the system
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manifests self-oscillations in the form of sinusoidal intensity shift of the VCEPS to change, altering the frequency of self-
modulations of ligh£:10-12 oscillations until a new equilibrium condition was reached.

The earliest sensor applications of closed-loop systems The detection system presented here could be used for
have been in vibration sensing systeth® Only recently chemical or biosensor molecular transduction methods that
have they been applied to time-resolved spectroscopy, whereresult in a deterministic change in the excited state lifetime of
a fluorescent sensor and a long-wavelength-pass optical filtera fluorescent probe. These include methods based on fluores-
have been inserted into the delay Idbj. such a scheme, the  cence resonance energy transfétor quenching®*® of fluo-
intensity-modulation phase shiftaused by the finite excited- rescent probes.
state lifetime of the fluorescent sensor enables the sensor to
serve as a phase shifter inside the loop. As the modulation 9 Prototype Design Specifics
phase shift changes, the frequency of the loop’s self- 21 Main Feedback Loo
oscillations also changes. The frequency serves as the detec=" (
tion parameter of the sensor platform. Experiments have The new configuration of the closed-loop system, with the
shown that the noise levels of these systems, which are con-secondary phase-feedback optoelectronic circuit, is shown in
structed from relatively inexpensive components, can corre- Fig. 1. The resonance amplifier is an RTA-500098 rf amplifier
spond to uncertainties in lifetime changes of the order of a [Radar Technology Inc. RTA-500098 with central frequency
picosecond. 45 MHz, bandwidth(3 dB) 5.2 MHz, 75-dB maximunivari-

An acknowledged challenge to the application of closed- abl® gain, and 2.8-dB noise figureThe phase shift of the
|Oop Systems to time-resolved fluorescence Spectroscopy ap.ampllfler itself can be approximated as constant with I'eSpeCt
plications has been in meeting the gain condifidn.a pre-  to changes in modulation frequerfcyve chose a narrow-
viously described configuration, a long-wavelength-pass bandwidth amplifier to suppress the generation of higher order
optical filter was required to prevent excitation light from en- harmonics in the main loofthe changes in frequency that we
tering the second part of the |O(ﬂead|ng to the photodetec- observe are much less than the bandwidth of this amplifiel’
tor). It was difficult to obtain self-oscillations in the prototype ~ The output of the amplifier is connected to the ac input of a
when using weak fluorophores, as the fluorescence yield andbias-T circuit (ZFBT-6GW 09809, Mini-Circuits, Ing. The
the loss of intensity-modulation depticaused by the finite dc input of the bias-T circuit is connected to a dc current
fluorescence lifetint® are sources of signal loss. supply (LDC 500, Thor Labs, Ing. The output of the bias-T

Weak fluorophores could be dealt with by using improved circuit is connected to the modulatable fluorescence excitation
gain in the closed loop, but there are practical limits. Increas- light source.
ing the electronic gain too greatly results in increased elec- The fluorescence excitation light source is a blue LED
tronic noise and therefore increased bandwidth of self- (NSPB500S, Nichia America Corp., 3-mW output power,
oscillations, degrading the precision of the frequency counting Peak wavelength of 460 nmThis LED can be uséfl with
method. A scheme that retains the advantages of the opticamodulation frequencies at least as high as 250 MHz. The fiber
feedback without requiring as much electronic gain would be optic delay line consists of two pieces of multimode fiber
advantageous in some cases. (Thor Labs, Inc\.. Each piece of fiber is 4.4 m long and has a

In this work, we chose to remove the optical filter from the diameter of 60Qum. A cuvette containing a fluorescent sensor
main loop. This enabled the excitation light to reach the pho- IS placed between the two fiber optic pieces. Light is coupled
todetector, reducing a significant portion of the optoelectronic into each fiber with a fiber-optic collimator. The primary
circuit's losses. This, however, necessitated a new mechanism00p’s photodetector is an ultracompact PNhiodel R5600,
for introducing a lifetime-dependent phase shift in the loop, Hamamatsu Corp. The electrical output of this PMT feeds
since the fluorescence excitation light is frequently signifi- into the input of a VCEPSS0-03-411, Pulsar Microwave
cantly stronger than the fluorescence emission light. Corp). The output of the VCEPS connects to the input of the

Our solution was to map the intensity modulation phase resonance amplifier, closing the loop.
shifts in the fluorescence emission light into an electronic
phase shift. This is accomplished with a secondary, phase-2-2 Secondary (Phase Feedback) Loop
feedback circuit containing an electronic phase detector and aA long-wavelength-pass optical filteiLP-530, CVI Laser,
voltage-controlled electronic phase shift®ICEPS. The out- Inc.) is placed on the side of the cuvetiee., not in-line with
put of the phase detector is a dc voltage dependent on thethe primary loop, as shown in Fig.).10nly fluorescence
modulation phase shift of the fluorescence emission light and emission light will pass through the filter to enter a large fiber
was used to control the VCEPS. The VCEPS was placed bundle(bundle diameter=1 cm). The fiber bundle feeds into
within the optoelectronic circuit, providing the necessary a second PMTultracompact model R5600 PMT, Hamamatsu
lifetime-dependent phase-shifting mechanism. While this so- Corp). The signal from this second PMT enters a series of
lution significantly increased the complexity of the design, the two ZFL-1000 amplifiers and dpassive bandpass filter
electronic phase-shifting mechanism, driven by the modula- (BIF-40 filter, Mini-Circuits, Inc., center band frequency 42
tion phase shift of the fluorescence emission, created less sigMHz, <1 dB loss passband bandwidthl4 MHz). The am-
nal losses in the main loop. Changes in fluorescence phaseplified signal passes into one input of the electronic phase
shifts still altered the resonant frequency of the main loop.  detector.

As the excited-state fluorescence lifetime changed, the rf A second blue LED is connected in parallel with the fluo-
intensity-modulation phase shift of the fluorescence emission rescence excitation source, but is pointed away from the main
changed. Thus, the phase difference between inputs of theloop, toward a photodetectdPDA153 high-speed photode-
electronic phase detector changed, which caused the phaséector, Thor Labs, Ing. This setup provides a reference signal
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Fig. 1 Schematic of the dual-loop system. The primary loop consists of the resonance amplifier, bias-T, excitation light source, fiber optic delay line,
photomultiplier tube (PMT), and VCEPS. The phase feedback mechanism (secondary loop) consists of half of the fiber optic loop (L’) and the

components shown inside the primary loop.

to the secondary loop that is electrically isolated from the discards the second half of the FF{b avoid the effects of
main loop. Coaxial cable directs the signal output of this sec- aliasing'® and modulus-squares each term to obtain a power

ond photodetector to an rf amplifi€gZFL-1000 942 6-01,
Mini-circuits, Inc). This amplifier's output connects to the
second input of the electronic phase dete¢ZRPD-1, Mini-
Circuits, Inc) and to a frequency-counting unftliscussed
shortly).

spectrum.

The computer fits the peak of the power spectrum with a
second- or third-order polynomial to determine the frequency-
space location of the peak more precisely. The fitting routine
is necessary to reduce the effects of noise in the power spec-

The output of the electronic phase detector is connected totrum. The location of the fit's maximum is determined

a variable-gain, basic inverting dc amplifiéibased on a 741
op amp(Radio Shack, Ing. The gain range of this amplifier

through the first-order derivative, and multiplied by a constant
(dependent on the sampling rate and number of elements in

is 1 to 100, but we operated with a gain of 5. The dc output of the DTS to yield the peak frequency in the power spectrum.

this amplifier connects to the control input of the VCEPS. The

amplifier contains an integrated voltage followébased on
another 741 op amp.

2.3 Frequency-Counting Mechanisms

We used a computer-based frequency counter. We constructe

this with a computerPC, Pentium Il, 300 MHg, a digital
acquisition (DAQ) board (AT-MIO-16-E1, National Instru-

ments, Inc., with a 1-MHz sampling rate and 64 analog in-
puts and frequency-analysis software, custom-written with

LabVIEW 6i (National Instruments, Ing. This software is

based on the mathematics of discrete Fourier transfrms

Because systems employing DFTs can resolve only fre-
quencies less than or equal to half of the sampling
frequency'® this unit is capable of measuring frequencies only
between 0 and 500 kHz. We therefore must downshift the
frequency of self-oscillations in the lodp/hich is typically of
he order of 40 to 50 MHzbefore the computer-based fre-
é]uency counter can be used for relative measurements. We
achieve this with a mixe(ZFM-1W, Mini-Circuits, Inc) and
a digital signal synthesize(HP 8648B, Hewlett Packard,
Inc.). The output passes through a low-frequency-pass elec-
tronic filter (Kiwa Electronics, Inc. passive, low-pass filter,
with a 500-kHz cutoff frequendybefore entering the DAQ
board.

(DFT9). Such computer-based mechanisms can be cost-

effective, perform well, and are inherently scalable for sensor

array applications:”

Gain and Phase Conditions for Dual-Loop

With the computer-based frequency counter, the DAQ Optoelectronic Circuit

board first acquires a discrete time serif@'S). The com-
puter performs a fast-Fourier transforfRFT) of the DTS,

The dual-loop optoelectronic circuit begins to self-oscillate if
two conditions are met. First, the round-trip signal gain must
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be increased to equal the round-trip losses of the loop. Sec-is the discrete phase shift introduced by the passive bandpass

ond, the total phase shift in a single round trip must be a filter, n; is the square root of the coaxial cable’s normalized

multiple of 2. dielectric constante/eg), |4 is the net length of the coaxial
The latter requirement is known as the phase condition, cable connecting PMT2 to the electronic phase dete@er

and can be expressed for our system as

L

whereL is the total length of the fiber optic delay lineis the
speed of light in vacuumm is the refractive index of the fiber
delay line,( is the modulation frequendyn radians per unit
time), 7is the excited-state fluorescence lifetime, &hid any
integer. Also® ,, @ gp, andPpyr; are the discrete phase

shifts introduced by the resonance amplifier, the LED, and the
primary PMT, respectively. These are, of course, independent

cluding the cable connecting the intermediate two rf amplifi-
ers and bandpass fillei® pp is the discrete phase shift intro-
duced by the photodetectabrrps is the discrete phase shift
of the broadband amplifier following the photodetector, bnd
is the net length of the coaxial cable from the photodetector to
the broadband rf amplifier and from the rf amplifier to the
electronic phase detector.

If Vpp is a linear function of a certain range Af®pp we
can approximate it as

Vpp=B(aAPpptby), 6)

of fluorescence lifetime and can be assumed to be indepen-wherea, andb, are determined from the linear part of the

dent of Q; ®pd(,7) is the phase shift introduced by the
VCEPS.

phase detector calibration curve; afids the gain of an ex-
ternal dc amplifier connected to the output of the phase detec-

Since the phase shift of the fluorescence emission intensitytor, which can be adjusted for tuning purposes.

modulation is given byarctarf{l7), assuming a single-
exponential decay rafeand it is this phase shift that ulti-

mately causes the frequency response of the system to life-
time changes, it is desirable to choose a working frequency,

Qg, in the vicinity of 1/ to maximize the phase response to
changes in lifetime. With this frequency, one can use (&Y.
to calculate the desired value bfin the absence of a fluoro-

phore, and to choose the frequency range of the electronic

componentgsuch as the resonance amplifier

If ®pgis a linear function of the phase detector voltage
(Vpp) over a certain range of its values, it can be approxi-
mated as

$ps=a;Vpptby, )

where a; and b; are constants determined from the phase

shifter calibration curve. The dc output from the phase detec-

For convenience, we define the following quantities:

@y, =(Pampt Prept Ppuritby),

Oy =[a;by+ajax(Ppyr2— Pept Prrear+ Prraz

- (I)RFA3)];

such thath)k represents the net discrete phase shifts of the
optoelectromcs in the primary IoopiI)k represents the net
discrete phase shifts of the optoelectromcs in the secondary
loop, andl, represents the difference in coaxial cable lengths
from both inputs of the electronic phase detector. For simplic-
ity, we assume thad)kl andd)k2 are approximately constant
with respect to changes Q.

Combining Egs(1) through(5) and rearranging terms en-

tor Vpp depends on the phase difference between the two ables us to derive the following expanded phase condition:

input rf signals:

APpp=d;— Dy, 3

where®, and®, are the phases of the rf signals at the phase
detector inputs 1 and 2, respectively. These are expressed as

!

L
¢)1:¢LED+ n?Q"‘arctamQT)'f'nFBTFBQ'F(I)pMTZ

Q, (4a)

Iy
+ ®rpar+ Preast Pgpet Neo

P
Cr=Pgpt CDPD+<DRFA3+ncC Q, (4b)
where®  gp is the discrete phase shift introduced by an LED,
nis as already defined,’ is the length of the part of the fiber
optic delay line that carries excitation light to the fluorescent
sample(typically half of L), ngg is the index of refraction of
the collection fiber bundleLrg is the length of the fiber
bundle, ®py1, is the discrete phase shift introduced by
PMT2, ®reaq and Pgear are the discrete phase shifts intro-

duced by the broadband rf amplifiers following PMT®@gpe
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27N= (Dk1+,8d>k2+,8a1a2 arctaffQr) +| —

X[nL+ Baja(nL'+ngl.+neple) 1.

C)

3.1 Frequency Response to Changes in Lifetime

We are interested in the relationship between small changes in
the self-oscillation frequency of the syste(()) and small
changes in fluorescence lifetiniér). Taking the derivative of

Eg. (6) and rearranging terms leads to

do  dr
o 7

g(Q7)
(QnL)/(cBasaz) —[(Q/c)(nL’ +nclc+neglpg) +9(Q7)])°

(7
whereg(Q7)=(Q7)/[1+ (Q7)?]. Note that, for the sake of
simplicity, we have neglected the lengths of the coaxial cables
connecting PMT1 to the VCEPS, the VCEPS to the resonance
amplifier, and the resonance amplifier to the LEDs, assuming
that their total length was significantly less tharShould this
not be the case, the effects of these cable lengths can be re-
introduced with the following substitution:
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nL—(nL+ngly), however, is the gaifBa;a,) of the fluorophore term. We can
select the magnitude and sign of the gain to enable the two
wherel¢ is the net length of these cables. terms to balance out more quickly with the net result that the
Itis interesting to examine Eq7) for two limiting cases.  system has lower noise. In the previous single-loop design,

As the magnitude of approaches infinity, the first term inthe  the “gain” of the fluorophore term was fixed in magnitude
denominator of Eq(7) goes to zero. This term represents the and sign. Disconnecting the phase-feedback loop completely
primary loop in the dual-loop circuit. Therefore, for very large iy the new desigr(8=0) would leave only the delay line

values of the dc amplifier gain, the frequency response of the term dependent of2, so that noise in the system would be
system is dominated by the secondary loopgoes to zero,  mych larger.

dr and d) become decoupled. This is to be expected, since
settingB to zero is equivalent to removing the phase feedback 4 Experiment
mechanism, which would be the same as our previous con- P

figuration without the long-wavelength-pass optical filter. We selected the pH-sensitive fluorescent dye, carboxy semi-
naphthofluoresceitSNAFL-2, Molecular Probes, Indor our

experiments. Changes in the pH of a solution containing this

3.2 System Stability dye trigger substantial lifetime changes, which can result in
A primary source of instability in the system can be attributed measurable frequency shifts of the system. This dye has been
to slow variations of the phase constant terms of @J. @y, used previously as a model chemical sensor for lifetime-based

and®, . While these terms may not vary wi, they may detection platform&® We chose initial pH values of 9.2 since
ko . . L revious findings indicatédthat that would yield the maxi-

vary with other environmental variables. For instance, a pmum changes ?n lifetime for a given chan )éin H

change in the operational temperature of the resonance ampli- 9 9 9 P

fier could ch_angébamp. Th.'s WOUlq result in a change db 4.1 Calibration of Phase Detector and VVCEPS
when rremains constant, introducing errors into the measure- i . )
ments of reaction kinetics. To determine th&,; anda, parameters required for estimates
To find the effects of small changes @, and®,_on Q involving Eq.(7), we generated calibration curves for both the
1 2 !

electronic phase detector and the VCEPS using two digital
signal generator$HP 8648B, Hewlett Packard, In¢.two rf
mixers (ZFM-150, Mini-Circuits, Inc), a variable dc power

we take the partial derivatives of E¢G) and combine them
according to error analysis rules, arriving at

2 g2 24172 supply, a digital voltmeter, and a custom-built multichannel
@: [(6D)"™+ B (0Ps,)"] , phase meter that is described elsewReBath digital signal
Q  (Qle)nL+aaBL(Q/c)(nL’ +nclc+negles) +9(Q7)] generators shared a common clock, so their output phases
(8) were locked to each other.

whered(), 5, , and 5@, , represent the uncertainty levels of 4.1.1  VCEPS calibration

Q, @, and®, , respectively. These are, of course, unsigned The first signal generator was set to 50.00009 MHz. The sig-

quantities. A similar calculation can be performed for the na_ll from the first signal generator was splitand connected to a

phase condition of the single-loop systBmesulting in mixer and the VCEPS rf input. The rf output of the VCEPS
was connected to the second mixer. The dc power supply was

5B connected to the control input of the VCEPS.
ﬁ _ Ky 9) The second signal generator was set to 50 MHz to provide
Q  (Qlc)nL+g(Q7)° a heterodyne signal. Its output was split and directed to the

mixers. The difference signal from the mixers was 90 Hz,
which was connected to the low-frequency inputs of the phase
meter. We varied the control voltage between 0 and 18 V
while measuring the phase difference in the 90-Hz signals. We
) ) - repeated the experiment twice, once with the synthesizers set
polarity of (a;a,p), the secondary loop's presence will in- 445 00009 and 45 MHz, and once more with the synthesiz-

crease the denominator of E€g), decreasing &0)/(}) com- ers set to 40.00009 and 40 MHz. The results are shown in Fig.
pared to Eq(9). However, the secondary loop makes the sys- 2. The values of; andb, from Eq. (2) for the 40-MHz run

tem much more complex, and adds a fac(drkz) to the were, respectively, —8.94+0.26 deg/V and 392.34
numerator of Eq(8) due to the new optoelectronic compo-  +0.25 deg.These values were required to calibrate the phase
nents. We would expect that the contributionCIQI2 would be detector.

relatively small, though, since onkjbkl contains terms deal- . )

ing with the resonance amplifier. 4.1.2 Phase detector calibration

The secondary phase-feedback loop should also reduceOnce the phase shifter was calibrated, it was a simple matter
noise. Equatior{6) contains two terms that have dependence to use it to calibrate the phase detector. We connected one of
on (): the fluorophore termBa,a, arctarf()7)] and the delay =~ the HP digital frequency synthesizers to the rf input of the
line term {(Q/c)[nL+ Baja,(nL’ +ncl.+nggleg) |} If 7 VCEPS. The control input of the VCEPS was connected to
remains constant, a small change(lrwill change the phase the variable-voltage dc power supply. The output of the
of the delay line term and require the fluorophore term to VCEPS fed into one of the inputs of the electronic phase
change as well to compensate until an equilibrium. The key, detector. We connected the second frequency synthesizer to

Comparisons of Eqs(8) and (9) show two important
points. First, the secondary, phase-feedback loop has the ca
pability of reducing frequency drift caused by variations in
time of (Dkl' With the appropriate choice of magnitude and
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the other input of the electronic phase detector, and connecte
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Fig. 2 Calibration curves for the VCEPS.

voltmeter.
The two signal generators were set to output sinusoidal primary loop PMT1 voltag€257 V) and amplifier gain until
waveforms with a 40-MHz frequency and a 700-mV ampli- self-oscillations were obtained in the system.
tude. The control voltage was varied between 0 and 1.6 V. We then connected the oscilloscope and spectrum analyzer
while we recorded the output voltage of the phase detector.to the output of the secondary loop PMPMT2). This en-
Using the calibration curve for the VCEPS, we translated the abled us to monitor the rf signal from the intensity-modulated
phase shifter input voltage into a phase shift. The phase de-fluorescence emission light. The PMT voltage was slowly in-
tector output versus input phase shifts are shown in Fig. 3. A creased from zero until the amplitude of the signal wd©0

linear fit indicates that the constarag andb, in Eq. (5) are
—11.45-0.17 mV/deg and 4407.46:64.45 mV, respec-

tively.

4.2

We poured 3 ml of a pH 9.2 solution containing SNAFL-2,
deionized(DI) water, and sodium hydroxide into a cuvette

System Response to Changes in pH

-
et 0,

oo
eae®

J oo
Lt

0 25

50

75

100

Time (sec)

Fig. 4 Experimental data from the pH sensor experiment. The addition

of pH 12 NaOH solution to the cuvette alters the pH from 9.2 to 9.64,
esulting in a change in the frequency of the system’s self-oscillations
f 32 kHz.

excitation light. We powered on the system and adjusted the

mV.

We connected the computer-based frequency counter as-
sembly (including the heterodyne circuitryto the output of
the photodetector. We adjusted the frequency of the digital
signal synthesizer so that the downshifted signal was near the
center of the DAQ frequency resolution range250 kH2.
The system was allowed to stabilize for a few minutes before

and placed it within the gap between the two parts of the We began recording data with the computer-based frequency

optical delay line(as shown in Fig. l We connected an os-

counter. We added 1fl of 0.1 N aqueous NaOHKmeasured

cilloscope and spectrum analyzer to the output of the photo- PH 12.1 with pH metersolution to the cuvette. This caused a
detector. This enabled us to monitor the self-oscillations mani- frequency shiftAQ/2m) of 32 kHz, as can be seen in Fig. 4.
festing themselves as intensity modulation of the fluorescenceNote that the frequency shift due to the increasing pH in Fig.

Vo, [mV]

614
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80 [
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20|
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20|

40 |

~
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Phaseshift [Degrees]

Fig. 3 Calibration curve for the electronic phase detector.
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4 is negative, whereas it has previously been shown to be
positive in the single-loop systefiThis is due to the hetero-
dyning of the signal. While the actual resonance signal may
have increased, the difference signal would decrease if the
frequency synthesizer were set to a frequency higher than the
resonant loop signal.

We used a pH meter on the solution after the experiment
and found the final pH level to be 9.64. According to pub-
lished dat#,a pH shift of 0.44 should produce a phase shift in
the SNAFL of about—5 deg. This neglects the frequency
dependence of the fluorophore’'s phase shift but should be
suitable for a rough check of the prototype’s response com-
pared to theory. Replacin@rctarfQ7) in Eqg. (6) with
q)ﬂuorophoreleads to

AQ
(A(Dflourophorg(lgalaz) == (T) [nL+ Bajay(nL’+ncl,

+Nneslep) ]
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This equation predicts a frequency change of about 114 348
kHz. The value observe2 kHz is well within an order of | Standard deviation = 368.3 Hz
magnitude. Unfortunately, the necessity to remove the solu- —
tion and test it with a pH meter meant that we could not jN: 347\ f
demonstrate the reversability of the pH sensor with 0.1 N HCl X -
acid, as we had done previously with the single-loop sy$tem. 5 346 |
However, a similar demonstration of reversability with the
new configuration has been shown with preliminary results ' ' ! ' : : ' :
elsewheré? @

382 —

4.3 Stabilization Effects of the Phase-Feedback 381 Standard deviation = 964.1 iz :
Circuit < 380l N\W
As already stated, the equation relating the uncertainty levels I 370 L {
of Q to the uncertainty levels of the optoelectronic-based = M[
phase constants in the loop has terms that have the potential to§ 378 | I
both increase and decreag€)/() relative to the simpler a7l L : e
single-loop system. We expect that the decreasing term will -20 0 20 40 60 80 100 120 140 160
dominate, producing a net decrease¥/(). To test this, we Time [sec]
compared() over time with and without connecting the sec- (b)
ondary phase-feedback loop to the phase shifter. Disconnect-
ing the secondary loop is equivalent to lettig~0 in Eq. Fig. 5 Results from stability experiment (a) with the phase-feedback

. : . . _ mechanism and (b) without the phase-feedback circuit (comparable to
(7). Comparison of the signals with and without the phase the simpler, single-loop design). The phase-feedback mechanism in-

f_eedbaCk loop W_i” demonStrat_e whether or not the contribu- creases stability. Standard deviations of the data are included in the
tion of 6P, in Eq. (8 is greater than that of pots.

a;a,[ (Q/c) (nL'+ngl.+negleg) +9(Q27)]. For the com-

ponents used in our system, the valu€QfL)/c is approxi-

mately 47 and the value of({2) is of the order of Iforthe tions presented here. We expect that reduction of the losses of
fluorophore we select&y this experiment should provide a  the loop will enable us to estimate the ultimate noise limits of
rough comparison between the newer configuration and thethe new system.

older single-loop design. o o To determine the best signal-to-noise level achievable with

We placed a cuvette containing SNAFL-2 solution in the  the dual-loop system, we eliminated the gap between the two

system, with the secondary phase-feedback loop connectedyortions of the fiber delay line and connected their ends. This,
(B#0). We adjusted the PMT and amplifier gains as de- of course, left no room for a fluorophore in a cuvette, so no
scribed above and allowed the system to stabilize before start-fluorophore was used. The secondary phase-feedback loop
ing to record data with the computer-based frequency counter.\yas connected and powered, but had no optical input.
The results are shown in Fig(&. The signal noise level Again, the system was powered on, the gains of the reso-
(&1/2m), as determined by standard deviation, was 368.3 Hz. nance amplifier and PMT1 were adjusted, and self-oscillations
Using Eq.(7), we estimatedr at 1 ps. For comparison pur- \ere obtained. After stabilizing the system, we began to
poses, a Fluorolog 8with -3 modulg commercial spectro-  record data with the computer-algorithm-based frequency
fluorometer(Instruments S.A., Ing.in our laboratory has a  counter. The results are shown in Fig. 6. As expected, the
lifetime change resolution of 10 ps. signal noise level improvetstandarddeviation= 251.2 Hz)

We then disconnected the secondary I¢gp=0) and re- The implications of this experiment are that further im-
peated the measurements. At no time did we attempt to induceprovement in signal noise levels will result if the current sys-
changes in lifetime by adding HCI or NaOH. The results are tem is modified to reduce signal losses in the main loop. For
shown in Fig. §). The system demonstrated roughly 2.6 example, laser diodes could be usedther than LEDp as
larger noise levelgstandarddeviation=964.1 Hz)when the  flyorescence excitation light sources since they have better
secondary loop was disconnected. The overall signal drift val- modulation-depth characteristics and can couple light into fi-
ues were larger as well. bers more efficiently.

4.4 Lower Limit of Noise Levels 5 Discussion

In our experience, a dominant factor in the system’s stability We presented a new configuration of a closed-loop, auto-
is the losses of théprimary) loop. Decreasing the losses in  oscillatory, optoelectronic system for chemical and biosensor
the loop enables one to use smaller gains in the PMT and measurements. This system, like its predecessor, has been de-
resonance amplifier, which result in sharper profiles in fre- signed to oscillate at rf frequencies, which are dependent on
quency space and smaller fluctuations in peak frequency. In-the excited-state lifetime of a fluorescent chemical or biosen-
deed, the primary motivation in the development of the new sor. It is inexpensiveprototype cost~$10,000 US, not in-
system was to enable us to remove the long-wavelength-pas<luding the digital frequency synthesizer, PC, or DAQ bgard
filter from the primary loop and thereby reduce the losses.  The original, simpler design had noise levels of 970 Hz
However, these factors cannot be accounted for in the equa-that correspondédo uncertainties in lifetime of 1.7 ps. We
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309 great a level will also increase electronic noise and may result
Standard deviation = 251.2 Hz in a broader bandwidth of the self-oscillations. This is unde-
sirable because it would reduce the precision of the
308 frequency-counting method for lifetime measurements. The
new configuration offers an alternative with smaller gain in
307 the main loop.

The system, like its predecessor, is best suited for relative
measurements. The constarflft§1 and<I>k2 in Eq. (6) are due

to discrete phase shifts in the optoelectronics, phase shifts that
can change with different experimendue to, for example,
different gains on the resonance amplifier or different PMT
bias voltages These constants, of course, disappear with rela-
tive measurements, as can be seen in &y. While it is
theoretically possible to come up with an exhaustive set of
phase constants for a large array of experimental conditions
and settings, such an endeavor would be time consuming at
best. Furthermore, it would not really be necessary for chemi-
cal and biosensor applications, where the point is to measure
a change in a parameter in response to a change in analyte
concentration.

The components of the design presented here, like those of
its predecessor, should be chosen for the lifetime range of the
showed here that the newer unit, with the secondary phase-fluorophores used, meeting the conditidd 7~ 1). The sys-
feedback loop, has noise levels of 368 Hz. This correspondstem will function outside of this window, but with reduced
to a capacity to discern very small changes in fluorescencesensitivity. This places practical limits on the range of fluoro-
lifetime (of the order of a picosecond, @r/7~3X10™%). phore lifetimes that can be used with this detection scheme.
The roughly 60% reduction in noise levels compensates for For example, lifetimes of the order of microseconds would
the 40% loss of frequency response to a given change in life- require delay line lengthk of the order of kilometers, which
time. Note, however, that the new design also has the poten-would result in significant signal losses for visible or UV
tial for variable dynamic range. By reducing the gain of the dc light.2 However, lifetimes shorter than nanoseconds would be
amplifier (8), one can tune the relationship between and fine, provided the system were constructed with optoelec-
dr shown in Eq.(7) to obtain smaller frequency responses to tronic components capable of handling higher modulation fre-
changes in lifetime. guencies. Components for much higher frequencies are avail-

Note that the sensor platform may not be the limiting fac- able, including blue diode lasers which have been used with

tor in resolution of lifetimes. The closed-loop system itself is gigahertz-regime modulation spectroscopy experim&nts.
only half of a complete sensor system. The other half is the
chemical and/or biological sensor component containing a Acknowledgments
fluorophore that changes its lifetime in response to an analyte. This work was funded by a grant from the National Science
This component may be affected by many environmental fac- Foundation(CHE-0230818
tors such as changes in oxygen concentration or temperature.
However, these kinds of effects are specific to the design of
the molecular transduction system, and discussions of them
would be appropriate only in the context of a particular design
rather than a general presentation of a new instrumentation
platform configuration.
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Fig. 6 Results from the experiment to estimate the lower limit on the
prototype’s noise levels. There is no cuvette containing fluorophore in
the primary loop for this experiment.
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