360

A Fiber-Optic System for Measuring Single Excitation~-Dual Emission

Biotechnol. Prog. 1892, 8, 360-368

Fluorescence Ratios in Real Time

John F. MeCarthy® and Richard L. Magin

Bioacoustics Research Laboratory, Department of Electrical and Computer Engineering, 1406 West Green Street,

University of Illinois, Urbana, Illinois 61801

William S. Kisaalita and Patricia J. Slininger

Fermentation Biochemistry Research Unit, National Center for Agricultural Utilization Research, Agricultural
Research Service, USDA, 1815 North University Street, Peoria, Illinois 61604

The development and subsequent evaluation of a fiber-optic system for measuring
single excitation—dual emission fluorescence ratios in real time is described. The design
of the flashlamp excitation source, optics, electronics, and computer software is discussed.
The dual emission pH sensitive fluorophore 1,4-dihydroxyphthalonitrile (1,4-DHPN)
was used to test the performance of this system. The flexible design of this modular
system permits the use of other single excitation—dual emission fluorophores by simply
changing the appropriate optical filters. Upon a single 340-380-nm excitation, pH-
sensitive emissions were monitored at 488 nm and 434 nm. The ratio of these emissions
(488/434) was then computed in real time, for a 2 mM solution of 1,4-DHPN, while the
pH was titrated over the range 5-9. The nonlinear, system-dependent, calibration
curve of pH versus the ratio of emission wavelengths was empirical fit by a fourth-order
polynomial (72 = 0.995). Reliable pH measurements in the range 6-8 were obtained
using concentrations of 1,4-DHPN as low as 50 uM. The standard deviation of pH
measurements using a 1 mM solution of 1,4-DHPN, near neutral pH, was found to be

approximately 0.1 pH unit.

1. Introduction

In the last few years there has been increasing interest
in the field of fiber-optic chemical sensors. Such sensors
offer several advantages over other more conventional
sensors including electrical isolation, suitability for use in
hazardous environments, potentially small sensor size, and
freedom from electrical interference (Narayanaswamy,
1985). Most of the instrumentation used to retrieve data
from these sensors have been based on conventional spec-
trophotometers or spectrofluorometers which have been
appropriately modified (Offenbacher, 1986). Since fiber-
optic chemical sensors have considerahle potential for use
in both industrial and biomedical applications, the de-
velopment of simple, portable, and economical instru-
mentation suitable for use with these sensors is pressing.

Measurement of radiation at two wavelengths in order
to normalize intensity measurements is a well-established
technique in analytical chemistry (Jones and Spooncer,
1983) that is well suited for use with fiber- optic technology.
A common method is to derive the analyte concentration
from the ratio of the radiation measurement at two
wavelengths, both of which are equally sensitive to spurious
interferences while at the same time being unequally
sensitive to the analyte. The principal advantages of this
internal referencing technique, over single wavelength
intensity measurements, stem from its ability to com-
pensate for measurement errors introduced by variations
in source intensity and color temperature, changes ineither
the amount of indicator or the optical properties of the
indicator phase, changes in the “bending loss” of the fiber,
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connector losses, and drifts in the photodetection and
amplification system (Wolfbeis, 1991).

Fiber-optic instrumentation, incorporating an internal
reference system, has been reported. A fiber-optic pH
measurement system, which uses an incandescent
light source, interference filters for wavelength selection,
and mechanical modulation, has been developed on the
basis of phenol red (Goldstein et al., 1980). A solid-state
pH instrument, incorporating light-emitting diode sources
and a photodiode detector, has been designed using the
indicator bromothymol blue (Guthrie et al., 1988). Both
of these systems require dual wavelength excitations and
have employed colorimetric indicator dyes.

Until recently, most commercially available fluorophores
designed for use in a ratio mode, such as BCECF, fura-2,
and HOPSA (Zhujun et al., 1984) also required dual
wavelength excitation. Measurements were made with
these fluorophores by computing the ratio of fixed
wavelength emissions which follow a sequential dual
wavelength excitation (Valet et al.,, 1981). As a conse-
quence, this method has several drawbacks which severely
limit both its accuracy and applicability.

Dual wavelength sequential excitation requires high
stability in both excitation sources and measurement
electronics if the computed ratio is to be independent of
systematic error. In addition, fluctuations in the sample
characteristics, between excitations, will lead to errors in
the computed ratio which can further decrease measure-
ment accuracy. Finally, the usefulness and applicability
of this technique are severely restricted by the technical
complexities involved in its successful implementation.

At the present time, fluorescence-activated cell sorters
and scanning laser microscopes do not possess the capa-
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bility to alternate excitation wavelengths (Bassnett et al.,
1990). Two passes of the same cell or tissue volume through
the instrument are required in order to obtain the desired
measurement ratio. Since this ratio is computed from
measurements made at widely separated points in time,
it reflects only the mean value of the actual parameter
under investigation. Information regarding the dynamic
behavior of the desired parameter is lost as a consequence
of the time lag between sequential fluorescence determi-
nations (McCarthy, 1989).

The lack of dynamical information, inherent in the dual
wavelength sequential excitation approach, becomes even
more problematic when fluorescence ratio based chemical
sensors are used to monitor and control chemical processes
in real time. In order to design effective process control
strategies, the transient dynamic behavior of a chemical
process needs to be monitored.

In recent years several new fluorophores, such as 1,4-
dihydroxyphthalonitrile (1,4-DHPN), seminaphtho-
rhodafluor (SNARF) (Molecular Probes), and indo-1, have
been developed. These preserve the advantages of the
ratio technique, while eliminating many of the drawbacks
previously associated with dual wavelength sequential
excitation spectroscopy. A single, usually broadband,
excitation source is used for excitation, and two parallel
detection channels are used to achieve simultaneous
acquisition of dual wavelength emissions. This feature
allows computation of emission ratios in real time, thus
preserving the dynamic component of the measurement
parameter under investigation. In addition, the use of
emission rather than excitation ratios simplifies the design
of the instrumentation and algorithms necessary for a wide
assortment of applications. To take advantage of the
dynamic measurement potential, encompassed within this
new class of fluorophores, construction of a specialized
fluorescence measurement system was undertaken.

This paper focuses on the development of a fluorescence
ratio based fiber-optic measurement system designed for
use with dual emission fluorophores. From the design of
such a specialized measurement system, a significant
reduction in overall system complexity can be obtained.
In addition, the use of a single excitation source and a
single optical fiber for transmission of both excitation and
emission wavelengths greatly simplifies the system design
and enhances performance.

Potential applications for such a measurement system
are great. These include use in remote fiber fluorometry,
where the optical fiber is placed in close proximity to the
fluorescent sample. In addition, such systems can be
utilized in conjunction with chemically sensing optrodes
containing immobilized fluorophore adherent to the tip
of an optical fiber.

In the remainder of this paper, the design and operation
of a new fluorescence ratio based fiber-optic measurement
system is described. The operation of this system was
tested using the pH-sensitive dual emission fluorophore
1,4-dihydroxyphthalonitrile (1,4-DHPN) (Molecular
Probes, Inc.). However, the flexible design of this modular
system permits the use of other single excitation—dual
emission fluorophores by simply changing the appropriate
optical filters.

2. Instrumentation Design

Instrumentation was designed to enable rapid optical
measurement of pH, via the fluorophore 1,4-DHPN, using
the dual emission ratio technique. This particular fluo-
rophore disassociates into three distinct species in solution.
The predominate species depends on the pH of the solution
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relative to the pK values for the fluorophore. For 1,4-
DHPN, the pK values for the different species were 8.0
+ 0.2 (dianion/monoanion equilibrium) and 5.5 £ 0.3
(monoanion/neutral species equilibrium) (Brown and
Porter, 1977). Following a broadband excitation, the peak
emission of 1,4-DHPN is shifted to longer wavelengths as
the sample pH increases in alkalinity (Kurtz and Bala-
ban, 1985). A difference spectrum (pH 6.0-8.0) shows
that the maximal change with pH occurs at wavelengths
of approximately 435 nm and 486 nm, respectively. By
plotting the ratio of fluorescence emission at two wave-
lengths (486 nm/435 nm) as a function of pH, an empirical
calibration curve was obtained. This empirical curve was
adequately fit by a fourth-order polynomial (McCarthy,
1989).

Frequently in spectroscopic work, the short-term sta-
bility of the light-source intensity limits measurement
speed and accuracy (Scott, 1988). Time-dependent con-
centration changes may also introduce errors in the
measurement of the desired reaction. The dynamic ratio
technique, if correctly applied, will provide increases in
both measurement speed and accuracy.

2.1. System Design Considerations. A gated inte-
grator approach, using a pulsed source and analog detec-
tion, was chosen for simultaneous signal acquisition on
each channel. In general, the choice between gated
integration (boxcar averaging) and phase-sensitive de-
tection (lock-in detection) is based on the time behavior
of the signal (Pease and Wang, 1988). If the signal is fixed
in frequency and has a duty cycle greater than or equal
to 50%, lock-in detection is the best technique to use.
This is because the noise collected during a long gating
time can easily swamp the signal. On the other hand, if
the signal has a duty cycle less than 50 %, such as the pulse
from a flashlamp, then a gated integrator technique is
best. The advantage of this technique is that it rejects all
noise occurring outside the gating interval.

Analog detection was chosen over photon counting on
the basis of the expected signal level. At very low light
intensities, photon counting works well since the input
discriminator tends toreduce front-end noise. Athighlight
intensities, analog detection works better because analog
inputs are less prone to saturation. For moderate light
levels, such as are inherent in the present application,
analog detection was combined with a front-end optimized
for low noise operation.

Signal averaging was added to increase the SNR. Inits
simplest form, signal averaging is just the summation of
signals in memory. If the noise is truly random, it will
have a mean value of zero and a constant rms value. After
nsummations, the rms signal amplitude will have increased
by r, while the noise will have increased by only n1/2, Thus,
the SNR at any point is improved by a factor of nl/2
(Wright, 1987).

2.2, System Configuration. The block diagram of
the measurement system is shown in Figure 1. The four
main subsystems [the flashlamp (excitation) source, the
optics, the photomultipliers, and the electronics] were each
placed in a separate enclosure. Optical connections were
made with step index optical fibers (Polymicro Technol-
ogies, FHP 500/600/630). These fibers have a synthetic
silica core of 500-um diameter encased within a doped
silica cladding containing a thin polyimide outer buffer
coating. These materials give a durable low fluorescence
optical fiber of approximately 630 um in total diameter.
This fiber has a numerical aperture of (.22, which results
in a full angle acceptance cone of 25.4°, and an attenuation
of less than 50 dB/km at a wavelength of 400 nm. These
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fibers were placed within black Teflon sleeving (Alpha
Corp.), in order to ease handling and reduce coupling of
stray light into the fiber. After being placed within this
sleeving, they were terminated in optical connectors (LFR
series) (Amp, Inc.) of the appropriate size. Focusing of
the optical beam was accomplished by means of aspheric
condensing lenses (Melles Griot, 01 LAG 000). The as-
pheric surface minimized spherical aberration, allowing a
much shorter focal length, for a given diameter, than a
spherical lens of equal spherical aberration. This resulted
in low f-numbers, thus maximizing the collecting area of
the lens and concentrating more energy into a fiber located
at its focus. Shielded coaxial cables were used to inter-
connect electrical subsystems. The total system state and
parameter settings were controlled by an Apple 1le
microcomputer (Apple Computer, Inc.).

2.2.1. Flashlamp. A bulb type Xenon flashlamp
(EG&G FX-198), operating at a low repetition rate, was
used as a synchronous source of excitation. The output
of this lamp was collimated by a parabolic reflector (Melles
Griot, 02 RPM 006) and then condensed and shaped by
a pair of plano-convex lenses (Melles Griot, 01 LPX 281
and 01 LPX 108). A pulsed flashlamp excitation source
was chosen for its ability to deliver higher peak power
levels than an equivalent cw-source. In addition, use of
a pulsed source eliminates errors introduced by changes
in ambient light intensity which might occur outside the
pulseinterval. The flashlamp excitation spectrum, which
has approximately 11% of its optical energy contained
within the 300-400-nm range, was filtered by means of a
short pass filter (Dell Optics Co.). Thisfilter hasanaverage
transmission of 25% form 340 to 380 nm and was blocked
to an average optical density of 6 from 430 to 1000 nm.
This selected portion of the flashlamp spectrum, chosen

Figure 1. Modular overview of the entire fluorescence ratio based measurement system.

to coincide with the excitation spectrum of 1,4-DHPN,
was then focused into the proximal end of an optical fiber.

The flashlamp electronics, shown in Figure 2, consisted
of the following components: a 24-V at 2.5 A low-voltage
supply (Power One); a 300-1500-V programmable high-
voltage supply (EG&G PS-350); a flashlamp Lite-Pac
trigger transformer (EG&G FYD-506); and two 1-uF energy
storage capacitors, connected in parallel and rated at 2
kV. The high voltage was programmed over its full range
by means of a 2-10-Vdc external reference supplied by
the Apple Ile microcomputer via an 8-bit D/A card
(Applied Engineering). Flash duration, measured at one-
third peak amplitude, was calculated to be approximately
3.2 ms.

2.2.2. Optics. The optical subsystem, shown in Figure
3, was composed of separate sensor and optical detector
modules. Both were similar in overall design and were
fabricated out of black Deldrin to decrease the weight of
the optical system and to prevent stray reflections from
degrading performance. The distal end of the optical fiber,
originating in the flashlamp subsystem, connected directly
into the sensor module. The sensor module contained a
19-mm diameter dichroic beamsplitter (LPF 1) (Dell
Optics Company), mounted at a 45° incidence angle.
Excitation wavelengths below 420 nm were reflected and
focused into the sensor fiber. Fluorescence wavelengths
longer than 430 nm, returning from the sensor tip, were
transmitted out of the sensor module by the dichroic device
and focused into an output fiber. The broadband fluo-
rescence from this fiber was then focused into the detector
module. Within this module a 19-mm diameter achromatic
beamsplitter (BS) (Dell Optics Company), mounted at a
45° incidence angle, divided the fluorescence signal into
two equal components. Each component was filtered by
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Figure 3. Optical layout of the fluorescence ratio based pH measurement system.

means of a 10-nm band-pass filter, (F1 or F2), centered 2.2.3. Photomultipliers. Optical fibers carrying 434-

at either 488 or 434 nm (Dell Optics Company). Each of and 488-nm emissions were connected to individual pho-
these 12.5-mm diameter filters has a peak transmission in tomultiplier tubes. The photomultiplier subsystem,shown

the passband of approximately 70% and was blocked schematically in Figure 4, contained the following: two
outside this band to an optical density of 4. The output head-on photomultiplier tubes (Hamamatsu, R1463-01)
from these filters was then transmitted out of the detector with 13-mm head diameters; two regulated programmable

module and focused into separate optical fibers. high-voltage supplies (Hamamatsu, C1309-04); two voltage
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Figure 4. Schematic diagram of the photomultiplier electronics.

divider socket assemblies (Hamamatsu, E849-35); and one
15-V at 1 A low-voltage supply (Power One). These
components were housed in an aluminum enclosure to
which optical input and electrical input and output
connections were made. The gain of the photomultiplier
tubes was controlled by the Apple Ile microcomputer, via
the programmable high voltage supplies, using the 8-bit
D/A card previously discussed. The individual 0-10-V
programmable output voltages from the D/A card were
divided down, within the photomultiplier enclosure,
enabling the photomultiplier electronics to generate high
voltages ranging from -190 to -1100 V. This allowed
current gains ranging from 4 to over 2 X 108.

2.2.4. Electronics. The electronic subsystem is shown
in Figure 5. Two identical electrical channels were
available within each module. Timing and digital control
signals were generated by the Apple Ile microcomputer
through the use of a 6522 parallel interface card (John
Bell Engineering, Inc.).

Inthe main module a lowlevel signal current, from either
the internal PIN photodiodes or the photomultipliers, was
manually selected via a toggle switch (SW1). These
currents were directed into a low noise, low drift (Burz-
Brown, OPA101BM), operational amplifier (U1l) config-
ured as a current to voltage converter. The gain of this
stage was software selectable in four fixed decade steps.
Output offsets of this front end amplifier were zeroed via
a potentiometer (R5) which formed part of a current
injection circuit that was optimized for low drift.

Since high gain amplifier circuits are prone to oscillation
when the total phase shift around the feedback loop
(including the op amp) reaches 360°, the minimum value
of feedback capacitance necessary to stabilize this circuit,
while operating at maximum gain, was empirically de-
termined. Since the frequency response of an amplifier
is set by the selection of feedback components, a 3-db
bandwidth of 16 kHz was directly obtained. For unifor-
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mity, the frequency response of this stage was fixed at 16
kHz regardless of the gain setting. A detailed circuit
analysis (White, 1987) demonstrates that this bandwidth
limitation has no effect on the final integrated output. In
other words, although the lowpass filtered signal is reduced
in amplitude and dispersed in time, the output from the
integrator stage remains unaffected. Thus, the choice of
a cutoff frequency represents a compromise between
maintaining signal amplitude and reducing the signal
dispersion. A large signal amplitude improves the S/N at
the output of the first stage (White, 1987), while minimal
signal dispersion lessens the necessary integration time,
thus improving the S/N at the output of the integrator
stage (McCarthy, 1989).

The output of the current to voltage converter stage
was coupled directly to a software-controlled Miller
integrator stage (U2). The Miller integrator started
integration immediately after the flashlamp trigger, using
an operator selected integration period. This stage used
an operational amplifier (Burr-Brown, 3528AM) selected
for its low bias current. A low leakage polystyrene
integrating capacitor (C15) was chosentoincrease stability.
These components enabled use of long integration times
without amplifier saturation and also long holding times,
such as those used in multiple integrations, without voltage
droop.

The output of the integrator stage was coupled to a
variable gain stage (U3) built around a standard opera-
tional amplifier (LM741C). The configuration of this
amplifier was switch selectable (SW2) between inverting
and noninverting to accommodate both photodiode and
photomultiplier detectors. Four feedback positions were
available, each with its own separately adjustable poten-
tiometer. These were selected in tandem with the switch-
able current to voltage ranges thus, allowing separate
calibration of each range as well as the ability to balance
the electrical gain between channels. The gain could be



Biotechnol. Prog., 1992, Vol. 8, No. 4

365

bkrrbE

10
IWi START INT
143 ARNSET INT.
3+ WOQE COMTADL
1ov ean 11
Switcning (A AG731001
L INE us i
N 18 e
A uv-—“’ - r,!, ce
;—‘E o 194 1408
PSRN P R
a 2 1000 (L]
allem— 82 | cio
1 10 "“[n—o'"o
12y A fo—0 o U
10K
RONT_BaNEL) %!

sPST

AQ73400¢
us

ay
$1722-01

~12v +—4]

18

CALTBAATION
aWItCHING

Low
HIoH

inaLot
(TRACK)

- AD78t001
unu\(’ » o e
ey It f!._‘ 001U
N rb——\'_u n
i T 1ok
4, f>‘—‘\ 13 nez
5.} 10K
a LD—-\‘ 1 ha3
-2
—aft
(FAGRY PareD)
Na“l"i!ﬁ'x“ﬂ

INVEATING

ci1s
H

s12v

oA
T

SHC2P8AN

0y
0mas01e -
] P P Yy

us

-~
_H:

i
Lo

-iav

12

As
aam
.2y

(o 35

FFFEEE

K orrFser

e

1 L] 14
=12y
LETY

%,.,nu:cuw
2

oA
aw 10K am
nores

® 2v 12

CURAENT %,. a
s
101
T
10

AosT
Neasa [co
.av W

AS g
Figure 5. Schematic diagram of a single electronic channel.

/v
OUI?

FRONT PANEL

INTY.

b ¢ T

varied over approximately one decade. The output of the
variable gain stage was coupled to a digitally-controlled
sample/hold amplifier (U4) (Burr-Brown, SHC298AM)
and routed out of the electronics subsystem via a BNC
connector. The dc level from the sample/hold amplifier
was multiplexed onto a 16-channel, 12-bit, 25-us, analog
to digital converter card (Applied Engineering) installed
within the Apple Ile microcomputer.

2.3. Control Software. The control software runs
under the Apple DOS 3.3 operating system on an Apple
Ile microcomputer equipped with a Timemaster I H.O.
clock card (Applied Engineering). The interactive user
interface and data input/output routines were imple-
mented in Applesoft Basic for convenience. Assembly
(6502) language was used to expedite overall system control
and data acquisition functions.

The Basic program was approximately 1000 lines, with
calls to assembly language routines which occupied
approximately 4 kB of memory. In addition, approxi-
mately 2 kB of memory was set aside for data storage and
communication between high- and low-level language
routines (Ehlert, 1988).

3. Experimental Methods

3.1. Titrations: Fluorescence Ratio versus pH.
Simuitaneous potentiometric and optical titration were
performed using a 2 mM solution of 1,4-DHPN in a 50/50
ethanol/water solvent. This mixed solvent was necessary
due to the solubility limitations of 1,4-DHPN at acidic
values of pH. This solution was then titrated with a
standardized 17.3 £ 0.4 mM NaOH solution (Fritz and
Schenk, 1969). The pH during the course of each titra-
tion was monitored using a Beckman Model 71 pH meter
(Beckman Corporation). The fluorescence signals at 488
and 434 nm, as well as their ratio, were also monitored
with a silica optical sensor fiber, as previously described.
The system was configured for 8 Hz operation using 1 J
of electrical input energy. When the conversion efficiency
of the flashlamp source is taken into account, this
represents a narrowband optical energy of less than 0.1 uJ
at the output end of the excitation fiber (McCarthy, 1989).
Integration time was set for 100 us, with a current/voltage
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transresistance gain of 1 X 107 and a photomultiplier
current gain of 4000 on each channel. Each data point
reflects the average of 100 samples, with 2 min of time
allowed between data points to ensure adequate mixing
of the solution.

3.2. Fluorescence Accuracy and Precision versus
Dye Concentration. Sensitivity studies were conducted
by varying the concentration of 1,4-DHPN from 1 mM to
5 uM at pH values of 6.0 and 8.0, and from 10 mM to 5
gM at pH 7.0. Various pH phosphate buffers were
prepared by mixing stock solutions of 122 mM Na,-
HPO,;7TH,0 and 122 mM KH;PO, in appropriate com-
binations. A 10 mM stock solution of 1,4-DHPN was
prepared in distilled water and neutralized with NaOH.
Instrument settings were essentially the same as those
used during titration, except that the photomultiplier
current gain was readjusted as necessary. Each data point
obtained represents the average of 200 samples.

4, Results and Discussion

The overall performance of the optical ratio based
instrument and its suitability for making pH measure-
ments in solution was investigated. This wasaccomplished
using a 1-m length of the previously described optical fiber
as a sensor element.

4.1, Titrations: Fluorescence Ratio versus pH. An
acid-base titration of 1,4-DHPN was performed. Plots of
potentiometrically determined pH and optical fluorescence
ratio (488/434), versus titrant volume, were constructed
and are shown in Figure 6. The shape of the potentio-
metrically determined titration curve was typical of that
obtained when a weak diprotic acid is titrated with a
strong base. The optical fluorescence ratio curve had a
very different shape, a continuous smooth curve with no
apparent inflection points.

A plot of dual wavelength fluorescence emission intensity
versus pH, shown in Figure 7, demonstrates that the
fluorescence intensity at 434 nm decreased rapidly as the
pH was made more alkaline. Since this wavelength is
primarily associated with the monoanionic form of the
fluorophore, such a result was not unexpected. However,
since a wavelength of 488 nm is primarily associated with
the dianionic form of the fluorophore, the fluorescence



366

Biotechnol. Prog., 1892, Vol. 8, No. 4

—®— RATIO

4

3

L)

g

=

=TT r2 ¥

=

[

<

&
6F Ly

}.

5, 'l YRS S W WO S S | ) I D ST S S | PO WS R S 0
0.0 2.5 5.0 75 10.0 12.5 15.0 17.5

NaOH (ml)
Figure 6. Potentiometric pH and optical fluorescence ratio for a titration of a 2 mM solution of 1,4-DHPN in a 50/50 ethanol/water

solvent. The titrant was 17 mM NaOH.

5000

4000

3000

2000

FLUORESCENCE (mV)

1 . " L .

7 8 9
pH

Figure 7. System output at 488 and 434 nm, as a function of pH, during the titration of a 2 mM solution of 1,4-DHPN in a 50/50

ethanol/water solvent.

intensity measured at this wavelength should be expected
toincrease. Theslight decrease actually observed probably
results from the dilution of the dianionic species by the
added volume of titrant, since such behavior was not seen
in studies conducted using a commercial fluorometer and
equal volumes of buffered fluorophore (McCarthy, 1989).
Alternatively, the broader excitation and emission band-
widths employed in the present system, in conjunction
with the complex pH-dependent spectral characteristics
of 1,4-DHPN, may result in a reproducible measurement
artifact at this wavelength. As long as this artifact is
reproducible, it should not impact the accuracy of the pH

measurement since the empirically derived instrument
calibration curve will automatically account for this
aberration.

The fluorescence ratio (488/434) as a function of pH
was empirically fit (r2 = 0.995) by a fourth-order poly-
nomial, over the pH 5-9 range, as shown in Figure 8. This
instrumentally generated curve was consistent with the
results from previous laboratory studies using this fluo-
rophore (McCarthy, 1989).

4.2. Fluorescence Accuracy and Precision versus
Dye Concentration. The relationship between fluores-
cence intensity and 1,4-DHPN concentration, at pH 7,
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polynomial was used to empirically fit the data.
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Figure 9. The standard deviation of pH values, as a function 1,4-DHPN concentration at three different values of pH, in phosphate

buffer.

was determined. This relationship was found to be an
approximately linear function of 1,4-DHPN at concen-
trations ranging from 10 uM to 1 mM. However, for all
concentrations of fluorophore used in this experiment,
the fluorescence ratio (488/434) was independent of
concentration. The standard deviation of the ratio in-
creased as the fluorophore solution became more dilute.
For any concentration of 1,4-DHPN, the measurement
error increased with alkalinity, as a consequence of the
decreasing level of 434-nm fluorescence. As the level of
434-nm fluorescence approaches zero, the fluorescence
ratio (488/434) becomes extremely sensitive to small

changes in the denominator. Thus, system noise tends to
greatly impact the accuracy of measurements made in
alkaline solutions.

The present measurement system was configured for
operation with an electrical input energy of 1 J, a flash
rate of 8 Hz, an integration time of 100 us, and a current/
voltage transresistance gain of 1 X 107. Using these
parameter settings, a 1 mM solution of 1,4-DHPN was
required to obtain pH measurements with standard
deviations less than 0.1 pH unit. This result was obtained
at neutral pH, when 200 samples were averaged. Given
this set of operating parameters, the above measurement
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precision was close to the maximum obtainable with this
system regardless of concentration. A plot of pH errors
for other concentrations and pH values was obtained and
is shown in Figure 9.

5. Conclusions

A fluorescence emission ratio based fiber-optic mea-
surement instrument was developed and evaluated using
the pH-sensitive dual emission fluorophore 1,4-DHPN.
This instrument was found to be capable of measuring the
pH of near neutral solutions of 1 mM fluorophore with a
standard deviation of better than £0.1 pH unit.

Although this instrument was demonstrated in con-
junction with a specific dual emission pH-sensitive flu-
orophore, it can easily be adapted to work with different
dual emission fluorophores by simply changing the optical
filters. This would allow sensing of any chemical species
detectable by dual emission fluorescence ratios.

As newer dual emission fluorophores become available,
new optrodes will be designed and fabricated to take
advantage of their unique properties. As a consequence,
simple, portable, and economical instrumentation, such
as the system described in this paper, should find increasing
utility in numerous and diverse areas of scientific inves-
tigation.

The ability of this instrument to perform real time ratio
measurements in a practical dynamic environment is the
subject of a related paper (Kisaalita et al., 1991).

Supplementary Material Available: Applesoft asic Ini-
tialization and Control Program Listing and 6502 Assembly
Control Program Listing (65 pages). Ordering information is
given on any current masthead page.
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