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Abstract

A lifetime-based optical NH3 sensor based on the principle of fluorescence resonance energy
transfer was developed. The sensor consisted of sulforhodamine 101 as the donor, bromocresol
green as the acceptor, ethyl cellulose as the polymer support, and tributyl phosphate as the
plasticizer. When the concentration of NHg changed, it caused a change in the decay time of the
SR101, which was measured by phase-modulation fluorometry. At 100 MHz, increasing the
concentration of NH3 from 0 to 175 ppm resulted in a decrease in phase angle of about 31° and an
increase in modulation of about 18%. Oxygen and carbon dioxide did not interfere with the sensor.
However, a 30% relative humidity could cause a downward shift of the response by 5°, while
additional increase in the relative humidity to 100% showed little further effect. For a film
thickness of 40 um, the typical response and recovery times for 90% of total signal change were 1
and 2.5 min, respectively. The phase angle measurements for the same sample were reproducible
for 5 days, with no special care of the film sample.

Optical chemical sensors are of interest in many fields, including biomedical, environmental,
and industrial applications (1-3) and bioreactor and bioprocess monitoring (4,5). These
sensors utilize either a colorimetric or a fluorometric indicator which is sensitive to the
analyte of interest and exhibits a change in absorbance, fluorescence intensity, or
fluorescence life time when the concentration of the analyte changes. Sensors based on
intensity measurements, e.g., absorbance or fluorescence, are often subject to signal drift
resulting from leaching and photobleaching of the indicator dye, variations of light source
intensity, and stability of a photodetector. Although wavelength—ratiometric techniques
provide a means of overcoming these difficulties, few ratiometric fluorophores are available.
Lifetime-based sensing, on the other hand, is independent of fluorophore concentration and
variations in the intensity of the light source and is an internally referenced method.
Therefore it displays excel lent long-term stability and ease of calibration.
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The lifetime of a fluorophore can be measured by either time-domain or frequency-domain
methods (6,7). The frequency-domain method of measuring phase and modulation can
provide rapid measurement with simple instrumentation. In this method, a modulated light is
used as the excitation light source, which forces the emission light of the fluorophore to also
be modulated, but with a lifetime-dependent delay in phase angle and decrease in
modulation. For a single exponential decay, the phase angle shift, ¢, and the demodulation
factor, m, are related to the lifetime of the fluorophore by

tan ¢ = wz,, [1]
m= (1 + a)zrfn)_l/z [2

where, w = 2m-(frequency of excitation light), and =, the lifetime obtained from the phase
angle, is equal to =, the lifetime from the demodulation factor. For a multiexponential
decay or nonexponential decay, the apparent lifetimes are only interpretations of the
measured values of ¢ and /m (6) and are no longer equal to each other. The relations between
phase angle, demodulation factor and these apparent lifetimes are more complicated. One is
referred to Ref. (6) for more details.

The demands for NH3 sensors come mainly from in dustrial and environmental monitoring
of toxic chemicals (8-13) and biotechnology and bioengineering (14,15). Among the optical
NHj3 sensors developed so far, the indicator dyes used in absorbance-based sensors include
bromophenol blue (8,9,16), bromocresol purple (11,12,16,17), bromocresol green (16),
bromothymol blue (18, 19), chlorophenol red (18), p-nitrophenol (20), and p-xylene blue
(16). For fluorescence intensity-based NH3 sensors, the probes 2-naphthol (8), 5-carboxy-4,
5’-dimethylfluorescein (14), 2,7-bis(2-car boxyethyl)-5-carboxyfluorescein (14), acridine
orange(15), 1-hydroxypyren-3,6,8-trisulfonate (15), and 1- naphthol-4-sulfonate have been
employed as the indicators. The laser dye oxazine perchlorate has also been used in an
absorbance-based sensor by monitoring the transmission change at 560 nm (13). The
performance of these sensors varies. The detection limit of these sensors is generally a few
ppm for gaseous NH3 and /M for aqueous solutions, whereas an exceptionally sensitive one
may detect a 7 nM solution of NH3 (14). Typical response times are in the range of 1 to 60
min. However, a sensor containing bromocresol purple embedded in a porous SiO, matrix
fabricated using the sol-gel technique possesses a response time of 10 s (17).

All the NH3 sensors reported so far are based upon either absorbance or fluorescence
intensity. Though the instrumentation is simple, in practice intensity-based sensing often
suffers from uncontrolled variations in the output signal due to the factors other than the
analyte. One such example follows. In the application of an optical sensor in practice, it is
frequently required to couple the sensor element with fiber optics. However, bending of the
fiber optics causes power attenuation (21), and this can easily alter the output signal to a
degree beyond the tolerance of measurement. To pre vent the bending effect, fibers have
been fixed on the bench (22). This obviously remains a problem when the sensor is used for
field work. Furthermore, as mentioned earlier, the stability of light source intensity and
photodetector sensitivity and the leaching and photobleaching of indicator dye are other
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difficulties encountered in intensity-based sensing. In contrast, lifetime-based sensing is not
subject to these factors, because the decay time of a fluorophore is independent of intensity
as long as the signal is detectable.

In this paper, we present the first lifetime-based fluorescence resonance energy transfer
(FRET)? sensor for NH3. Recently, it has been demonstrated (23,24) that lifetime-based pH
and pCO, sensors can be created based on the fluorescence resonance energy transfer
principle (6), using phase-modulation fluorometry. In these sensors, a fluorophore serves as
the donor and a colorimetric dye which responds to the analyte serves as the acceptor. For
efficient energy transfer, the absorption spectrum of the acceptor must overlap with the
emission spectrum of the donor. As the concentration of the analyte varies, the absorption
spectrum of the acceptor changes. This alters the degree of the overlap and therefore affects
the fluorescence intensity and the lifetime of the fluorophore. Another essential requirement
for FRET to occur is that the distance between the donor and acceptor must be comparable
to the Forster distance. This is generally achieved by adjusting the concentration of the
acceptor. A sensor can be based either on a single fluorophore which displays sensitivity to
the analyte or on FRET, in which case the fluorophore is insensitive to the analyte and the
acceptor is sensitive to the analyte. The use of FRET frequently simplifies identification of a
suitable fluorophore because it is difficult to find fluorophores which display both desired
spectral properties and sensitivity to the analyte in the desired concentration range.

Like other optical NH3 sensors, the sensor we report here is based on the pH change induced
by the presence of NH3 in the sensor matrix. The change in pH alters the absorption
spectrum of the acceptor and therefore varies the degree of the spectral overlap between the
acceptor and the donor. This subsequently affects the FRET between the donor and the
acceptor. In our method, the lifetime of the donor fluorophore is dependent on the FRET and
measured using phase-modulation fluorometry. Therefore, the phase angle change which is a
function of the lifetime of the donor can be used as a parameter of measuring NH3
concentration.

MATERIALS AND METHODS

Materials

The ethyl cellulose (ethoxyl content 46%) (EC), tributyl phosphate (TBP), bromocresol
green (BCG), and sulforhodamine 101 (SR101) were purchased from Aldrich or Sigma and
used without further purification. Gases, i.e., pure nitrogen and nitrogen-balanced ammonia
at a concentration of 0.1% (or 1000 ppm-—parts of NH3 per million parts of the total volume),
were from Potomac Airgas (Linthicum, MD). Gas mixtures with NH3 levels less than 0.1%
were obtained by blending pure nitrogen with the 0.1% NH3 through two flow-meter tubes
(Series 150, Advanced Specialty Gas Equipment Corp., South Plainfield, NJ).

2 Abbreviations used: FRET, fluorescence resonance energy transfer; EC, ethyl cellulose; TBP, tributyl phosphate; BCG, bromocresol
green; SR101, sulforhodamine 101; RH, relative humidity; LED, light-emitting diode.
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Sensor Preparation

The preparation of the sensor film was adapted from Mills et a/. (25-28). A solution was
prepared by dissolving 10 g of EC in a solvent mixture of 20 ml ethanol and 80 ml toluene.
Then 1 g of the EC solution was mixed with 0.15 ml of TBP, 0.15 ml of 8.5 mM BCG in
methanol, and 0.015 ml of 6.2 mM SR101 in methanol. After the solution was sufficiently
mixed, a wet film of uniform thickness was created by placing the solution on a microscope
slide with a thickness of 1 mm and drawing the slide under a razor blade clamped
approximately 240 pm above the slide. The film was allowed to dry in the air for half an
hour before use. The thickness of the dried film was measured using a micrometer which has
a resolution of 25.4 ym (or 0.001 in.). As the resolution of the micrometer is not high, the
thickness of the dried film was also estimated from the wet film thickness by a reducing
factor of 5 (24-28). An average thickness was then derived as 40 mm.

Measurements

Absorption spectra were measured using a Hewlett—Packard 8452A uv/vis diode array
spectrophotometer (Palo Alto, CA). Fluorescence spectra and lifetime mea surements were
carried out using an ISS K2 multifrequency phase and modulation fluorometer (Champaign,
IL). The light source was an argon ion laser (5000 series, ILT, Utah) operated at the 488-nm
line. The scattered light from the sample film and the sup porting microscope glass slide was
much stronger than that from a sample solution, especially when the sample film was
oriented 45° relative to the incident light beam. To reduce the scattered light, the sample
glass slide was placed in a 1-cm glass cuvette, with an angle of almost 90° to the incident
beam. The fluorescence was then collected from the edge of the sample glass slide (26). In
the lifetime measurements, the scattered light caused a shorter apparent lifetime. This was
eliminated by placing an Andover 600FH90 long-wave-pass filter (Salem, NH) in the
emission path, which cuts off all the light below 600 nm to ensure no scattered light
interference. The reference used in the lifetime measurements was a 0.5% solution of Du
Pont Ludox HS-30 colloidal silica in water, which has a lifetime of 0 ns, and its scattering
intensity was adjusted by adding proper neutral density filters in its emission path. Gas was
delivered to the cuvette containing the sensor using a setup similar to that described in Refs.
(25, 26), except that an outlet tube and a cover cap were also used to form a closed gas
delivery system. All the measurements were performed at ambient temperature.

RESULTS AND DISCUSSION

The absorption and emission spectra of SR101 in EC/TBP polymer film are shown in Fig. 1
as solid lines. Interestingly, the emission maximum of SR101 in the EC/TBP film is blue-
shifted about 20 nm, compared to the emission spectrum of SR101 in an aqueous solution
(29) and in an EC/TBP polymer incorporating quaternary ammonium hydroxide as a phase
transfer agent (24). This is possibly caused by two factors. Since the polymer matrix retained
the indicator dye, BCG (pH range 3.8-5.4, pK; 4.6 (16)), just about in its protonated form
(yellow color), the acid—base environment this polymer matrix provided must be around pH
4 equivalent, while the polymer matrix used in Ref. (24) is under strong alkaline conditions.
Another factor which may cause the shift is that this matrix is almost water-free. In contrast,
the emission spectrum reported in Ref. (29) was measured in a water solution, and the
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polymer matrix used in Ref. (24) was associated with a phase transfer agent which provided
a water environment, since the phase transfer agent is often solvated with some water
molecules (30). The absorption spectra of protonated and deprotonated BCG in EC/TBP
film are also included in Fig. 1 as dotted lines. It can be seen that the absorption spectrum of
the deprotonated form of BCG overlaps well with the emission spectrum of SR101.

Further experiments were conducted using the sensor film composed of SR101, BCG, EC,
and TBP. First, the emission spectra of the sensor film were measured at different levels of
NHg;, and the results are shown in Fig. 2. As expected, the fluorescence intensity de creased
with increasing NH3 concentration. The emission spectra measurements were carried out
under conditions similar to those used in the lifetime measurements, i.e., the same light
source and the same long-wave-pass filter (Andover 600FH90) in the emission path. Note
that the scattered excitation light at 488 nm has been removed. BCG itself has little
fluorescence compared to the fluorescence intensity of the SR101 at the NH3 concentrations
of interest (i.e., 2-200 ppm). The shape of the spectra in Fig. 2 appeared to change as the
NHj3 concentration increased; i.e., the lower spectra seemed to be broader. It was noted
earlier in a preliminary experiment that both pH and NH3 could alter the shape and intensity
of the emission spectra of SR101 alone in EC/TBP film, but not the lifetime of the
fluorophore. This may be due to the de protonation of the sulfonic acid group on the SR101
in the basic environment. Since we measure the lifetime, slight changes in intensity and
spectral shape will not affect our results. In any case, these variations will be accounted for
in the calibration curves.

The lifetime response of the sensor to different levels of NH3 was determined next by
measuring the phase angle and modulation change as a function of frequency at various
levels of NH3. The results are presented in Fig. 3 as solid lines. It is seen that when the
concentration of NH3 increased from 0 to 175 ppm, the phase angles decreased about 25, 31,
and 35° at frequencies of 50, 100, and 148 MHz, respectively. Additionally, modulation
increased about 11, 18, and 22%. In another experiment, measurements of a SR101-alone
film showed no difference between the phase angle vs frequency curves obtained in pure N,
and 0.1% NHjs, indicating that SR101 itself does not respond to NH3 at these concentrations.
As an illustration, the curve of the SR101 alone in N5 is given in Fig. 3 as a dashed line. The
slight difference between the curves for the donor-only film in N, and the donor-plus-
acceptor film in N5 is due to the minor overlap of the absorption spectrum of the acceptor in
its protonated form with the emission spectrum of SR101 (see Fig. 1).

Figure 4 shows the nonlinear calibration curves of the phase angle, ¢, vs NH3 levels, Pyps3.
These data were extracted from curves of phase angle vs frequency (some of which are
presented in Fig. 3) at frequencies of 50, 100, and 148 MHz. In practice, it is highly
desirable to have linear calibration lines instead of calibration curves because of the
considerations of facilitation of calibration and accuracy of measurement. Therefore, an
attempt to linearize the curves was made using the ratio of tan (gg) (phase angle in N») to tan
(¢) (phase angle at a specific NH3 level) instead of the phase angle itself. The ratios obtained
in this way form reasonably straight lines when plotted against the levels of NH3, as
illustrated in Fig. 5. The slopes of the straight lines represent the frequency-dependent
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sensitivity. In this case, it increases with an increase of the frequency of the modulated light
in the measured frequency region.

The time response and recovery of the sensor to NHsz in dry N, are demonstrated in Fig. 6,
solid line. At a typical film thickness of 40 4m, when the gases sup plied were switched
between Ny and 171 ppm NHg, the response and recovery times of 90% of the total phase
angle change are about 1 and 2.5 min, respectively. The response and recovery times may be
shortened by casting a thinner film and/or increasing the plasticizer content, to the extent
that the response and recovery processes are diffusion controlled (31,32).

The interference of O,, CO,, and humidity with the sensor was studied. Tests of 20% O, or
6% CO> indicated no interference of these species with the sensor response. However, when
humid N, was used instead of dry N, the phase angle decreased about 5°. This is illustrated
in Fig. 6 as a dotted line. The humid N, was obtained by allowing the dry N5 to bubble
through a container of distilled water which provided a relative humidity (RH) of 100%.
This phase angle shift may only occur for the completely dehydrated state of the sensor,
because in a separate experiment in which a NaCl-saturated solution (RH 30.5% (33)) was
used instead of pure distilled water, the same phase angle shift was found. As the sensor is
essentially based on pH change, acidic or alkaline vapor may interfere with the sensor if it
has a proper pKj to drive pH changing in the range of 3.8 to 5.4-the range in which BCG is
sensitive. To verify reproducibility of the measurement, the phase angles of three freshly
prepared sample films were measured. Identical phase angle values (i.e., 60.5, 60.3, and
60.7° at 100 MHz in N,) were obtained over a series of measurements, indicating that the
reproducibility of the measurements was very good. Sensor-to-sensor variation could be
improved with increased accuracy in film preparation. To demonstrate the long-term stability
of the film sensor, the phase angle of a sample film was measured at 100 MHz in both N»
and 161 ppm NHs every day for a period of 5 days, during which no special care of the film
was taken. The results shown in Fig. 7 indicate that the phase angles in N, remained very
constant, while those in 161 ppm NHs gradually decreased. This may be due to a slow
change of the acid—base environment of the polymer matrix.

We have previously demonstrated a low-cost, optical oxygen sensor (34). By using a blue
LED as light source and monitoring the phase angle change at a single frequency (for
example, at 25 MHz where the LED can be modulated fairly well), it is possible to build a
low-cost instrumentation package for the lifetime-based, optical NH3 sensor. A discussion
on how to build an inexpensive detection system for a lifetime-based sensor measuring in
frequency domain has been given in Ref. (35), which may be referred to by interested
readers. In addition, by covering the sensor with a thin silicone layer, it should be possible to
monitor the dissolved NH3 in a liquid phase such as in a bioreactor.

CONCLUSION

A lifetime-based FRET NH3 sensor has been developed for gas-phase NH3 monitoring. This
sensor is not sensitive to the variation in light source intensity or leaching and
photobleaching of the indicator dyes. The sensor is useful in an NH3 range of 2 to 200 ppm.
The calibration of the sensor’s response to different levels of NH3 can be linearized by
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proper treatment of the data acquired. For a film thickness of 40 pm, the sensor shows
response and recovery times for 90% of the total phase angle change of 1 and 2.5 min,
respectively. Twenty percent O, or 6% CO, does not interfere with the sensor, although
humidity does. The phase angle measurements for the same sample are reproducible for 5
days, without any special care of the film sample.
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Normalized absorption and emission spectra of SR101 in EC/TBP film (solid lines); the
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otted lines represent the absorption spectra of BCG in EC/TBP film in NH3 and in air.
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SR101/BCG/EC/TBP film sensor in 0, 6.83, 15.1, 30.8, 43.9, 61.0, 110, and 175 ppm NH3

(from top to bottom). Excitation wave length of 488 nm is indicated by the arrow. Emission
was measured with an Andover 600FH90 long-wave-pass filter.
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at 488 nm, with emission collected through an Andover 600FH90 long-wave-pass filter.
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Excitation is at 488 nm, with emission collected through an Andover 600FH90 long-wave-
pass filter.
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Time-dependent response and recovery of SR101/BCG/EC/TBP film sensor in an alternating
gas supply of pure N, and 171 ppm NH3 balanced with N». Solid line, dry N»; dotted line,
humid N,. Ex, 488 nm; em, 600FH90 filter; frequency, 100 MHz.
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FIG.7.

Long-term stability of SR101/BCG/EC/TBP film sensor in N, and in 161 ppm NHs. EX, 488
nm; em. 600FH90 filter; frequency,: 100 MHz.
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