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Ratiometric pH Measurements Using LysoSensor DND-192
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A method for the ratiometric pH sensing using LysoSensor
DND-192 is presented in this paper. It works in the
physiological pH range. It is based on the use of two
fluorophores which differ significantly in their lifetimes. As
the discrimination of their emissions is performed through
two different frequencies, this method can allow significant
overlap of the emission spectra. A simple long-pass filter,
or a combination of long- and short-pass filters, was used
instead of narrow-bandpass devices. Importantly, the
measurements were carried out under strong ambient
light. The method could be used in a wide variety of
applications, such as intracellular measurements,
microscopy, bioprocess monitoring, etc.
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Introduction

Fluorescence sensing techniques are widely used for high-
sensitivity detection in cell biology (Bae and Lee, 2001; Lee
and Lim, 2001; Uh et al., 2001). Recently, fluorescence
measurements of pH have gained a lot of attention since they
allow intracellular measurements. But, the only fluorescence
parameter for many pH-sensitive dyes that change is their
emission intensity. Fluorescence intensity measurements are
prone to errors because they depend on a number of factors.
These include the intensity of excitation light, length of
optical paths, concentrations of fluorescent dyes, primary and
secondary inner filter effects, (self-) quenching, etc.
(Lakowicz, 1999). In order to avoid extensive and laborious
calibration, self-referencing fluorescence methods are used.
One example is the lifetime measurement. It is free from
many of the problems that were previously mentioned,

however, most of the available fluorescent pH indicators have
short lifetimes (10−8~10−11 s). The equipment for lifetime
measurements on this time scale is complex and sophisticated
(Lakowicz et al., 1986; Laczko et al., 1990). Furthermore, the
fluorescent dyes that have vastly different lifetimes of the
protonated and unprotonated forms are needed. If they differ
only slightly or one of the forms is not fluorescent, then the
lifetime measurements of pH become impractical or even
impossible. Another well-known possible approach is to use
ratiometric probes (Nedergaard et al., 1990; Whitaker et al.,
1991; Slavik et al., 1999; Zignani et al., 2000). In this case,
narrow bandwidth devices (filters or monochromators) are
required for the separation of the excitation or emission bands.
Otherwise, the overlap of the spectra strongly deteriorates the
sensitivity of the measurement. A narrow bandwidth results in
low-light intensities, which imposes the use of highly sensitive
photodetectors (photomultipliers or CCD-based detectors).

Modulation sensing is one solution for avoiding intensity-
related problems when using intensity based dyes (Lakowicz
et al., 1998; Abugo et al., 2000). The used fluorophores
greatly differ in lifetimes, so their spectra can significantly
overlap. Because the measurements of modulation are
generic, it is possible to use them in a variety of applications.
However, this method requires the exclusion of ambient light
or at least to account for it. In real-life applications, this is not
always possible, or else it significantly complicates the
measurement procedures. This makes things difficult or
prevents its application in a number of fields, such as
bioprocess monitoring, microscopy, etc.

Recently, Molecular Probes (Eugene, USA) introduced a
new family of cell permeable pH sensitive dyes LysoSensors,
and their lifetime responses were characterized (Lin et al.,
2001). Although the cells readily take up the dyes, it is
difficult to use them. This is because none of the family
exhibits ratiometric properties, except LysoSensor DND-160
that is a dual-excitation and dual-emission probe. In this
paper, we present the use of intensity-based LysoSensor
DND-192 for the ratiometric pH measurements. We used a
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new approach for the ratiometric pH sensing that is based on
the use of two fluorophores with significantly different
lifetimes. An in-house-built device was used for method
implementation. This method requires no narrow-bandpass
devices (monochromators or interference filters), but it relies
on simple long-pass filtering. Furthermore, the method is
intrinsically insensitive to ambient light.

Theory The theory for ratiometric measurements that uses
dual-frequency lifetime discrimination has been described as
follows (Kostov et al., 2000, 2001). Let a fluorescent sample
emit two emissions with steady-state intensities A1 and A2 and
lifetimes τ1 and τ2 and τ1 = 1000 τ2, respectively. The ratio A1/
A2 is to be determined.

If the sample is excited by modulated light, the AC
amplitude A of the emission will be dependent on the
excitation frequency, the lifetimes, and the steady-state
intensities by the equation

(1)

Suppose that ω1 = 0.1/τ1. Then

(2)

Therefore, at very low frequencies the amplitude of the total
emission equals the sum of both partial emissions. Now,
suppose that ω2 = 100/τ2. Then

(3)

In other words, there is a range of frequencies at which the
amplitude of the long-lifetime emission is practically zero.
When the sample is excited at these frequencies, the AC
amplitude of the emission is almost exclusively from the
short-lived fluorophore.

As a result, the ratio (A1/A2) of steady-state intensities of the
two emissions (regardless of the degree of overlap between
the spectra) can be determined by the equation:

(4)

Materials and Methods

Materials LysoSensor DND-192 was purchased from Molecular
Probes (Eugene, USA). [Ru(bpy)3]Cl2 (bpy = 2,2'-bipyridine) and all
of the other chemicals that were used for preparing the pH buffers
(such as citrate, phosphate, Tris, and bicarbonate) were obtained
from Sigma-Aldrich (St. Louis, USA). The buffer concentrations
were kept at 50 mM in the presence of 0.1 mM KCl in order to
maintain a constant ionic strength. A stock solution of LysoSensor
DND-192 was first prepared in distilled water at a concentration of
0.1 mM, then diluted with pH buffers to a final concentration of
20µM. The reference film consisted of 1% (w/w) [Ru(bpy)3]Cl2

that was physically entrapped in cellulose acetate. In order to

prevent leaching [Ru(bpy)3]2+
 from the film, it was protected from

contact with water by a thin layer (0.2 mm) of RTV108 silicone
rubber.

Steady-state and time-resolved fluorescence measurements
The fluorescence excitation and emission spectra were measured
using a SLM Model 8000 spectrofluorometer (Spectronic
Instruments Inc., Rochester, USA). The excitation wavelength was
370 nm, and the emission wavelength was set at 425 nm.
Frequency-domain lifetime measurements were performed with an
ISS Koala instrument (ISS, Champaign, USA) using a UV light-
emitting diode (LED) NSHU590E (Nichia America, Mountville,
USA) as the excitation source. A 370 ± 10 nm interference filter
and a 450 ± 50 nm interference filter were used for isolating the
excitation and emission, respectively. As a lifetime standard, p-
bis(O-methylstyryl)benzene in cyclohexane (τ = 1.68 ns) was
utilized. Measurements of the modulation of the sensing dye in the
presence of the reference film were also performed.

The intensity decays were recovered from the frequency-domain
data in terms of a multiexponential model:

(5)

where the preexponential factors αi are the amplitude of each
component, Σαi = 1.0, τi are the decay times, and n are the numbers
of exponential components. These values were determined by a
nonlinear least squares analysis as described previously (Gratton et
al., 1984; Lakowicz et al., 1984). Mean lifetimes were calculated
by:

(6)

where fi is the fractional steady-state contribution of each
component to the total emission, and Σ fi is normalized to unity. fi is
given by

(7)

The best fits were obtained by minimizing the  values:

(8)

where ν is the number of degrees of freedom, and ϕω and mω are the
experimental phase and modulation, respectively. The subscript c is
used to indicate calculated values for assumed values of αi and τi,
and δϕ and δm are the experimental uncertainties.

Prototype device The hardware and software of the prototype
device and the measurement procedures of ratiometric sensing were
described previously (Kostov et al., 2000, 2001). The rightangle
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format was used for the dual-frequency ratiometric measurements,
and the reference film was placed inside the cuvette. In-house low-
cost excitation and detection systems were employed. The
excitation source was a UV LED, directly driven from the TTL
output of 200 MHz lock-in amplifier SR844 (Stanford Research
Systems, Sunnyvale, USA) and filtered using a 380 ± 30 nm
interference filter (Intor, Soccorro, USA). Fluorescence emission
was measured through a 400LH long-pass filter (Andover, Salem,
USA), using a C5460 avalanche photodiode (APD) module
(Hamamatsu, Bridgewater, USA) with a cut-off frequency of 10
MHz. Additionally, a 650SP short-pass filter (Andover, Salem,
USA) was used to adjust the desired ratio. The signal from the APD
module was fed into the lock-in amplifier for detection. The
amplifier was controlled through the serial port by a computer
running in-house developed software using Labview 5.0 (National
Instruments, Austin, USA). The algorithm of the operation was as
follows: (a) set the frequency to 25 kHz; (b) read the output 10
times and average; (c) set the frequency to 1 MHz; (d) read the
output 10 times and average; and (e) calculate the ratio of the first
and second averages. All of the measurements were performed
without protection from the ambient light.

Results and Discussion

The chemical structure of LysoSensor DND-192 is shown in
Fig. 1. LysoSensor DND-192 exhibits a significant change in
fluorescence intensity upon acidification (Fig. 2). The change
is about 50 times when proceeding from pH 8.91 to pH 5.96.
However, this is not a spectral change, but only a change in

intensity. Therefore, the dye cannot be used for direct
ratiometric measurements. Furthermore, the dye shows no
significant change in the phase modulation characteristics
(Fig. 3), which suggests that the unprotonated form of the dye
is non-fluorescent. This hypothesis is strongly supported by
the single exponential fit of the data (Table 1). The dye
exhibits a relatively short lifetime, about 12 ns (Table 1),
which makes it a perfect candidate for ratiometric
measurements through lifetime discrimination.

The emission spectra of the sensing and reference dyes are
presented in Fig. 4. The short- and long-dashed lines represent
transmission curves of a 400 nm long-pass filter and a

Fig. 1. Chemical structure of LysoSensor DND-192.

Fig. 2. Excitation (-----) and emission (––) spectra of LysoSensor
DND-192 at different pH values.

Table 1. Multiexponential intensity decay analyses of LysoSensor
DND-192 in different pH buffers

pH na τL

 (ns)
fi

 b �τ!E

(ns)
c

3.94 1 12.45 1.000 12.45 3.2
9.16 2d 11.82 0.994 11.77 3.9

02.87 0.006

aNumber of decay times in the multiexponential fit.
bFractional intensities fi and mean lifetimes <τ> were calculated
using Eqs. (7) and (6), respectively.
cThe  values were calculated by Eq. (8). The standard errors
of phase angle and modulation were set at 0.2 degree and 0.005,
respectively.
dThe appearance of a second lifetime is probably due to scat-
tered light.
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2
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2

Fig. 3. Phase and modulation responses of LysoSensor DND-192
at pH 3.94 and 9.16. The lines in the upper panel show the best
fits to the experimental data. The middle and lower panels show
the plots of residuals between the experimental data and fitted
curves.
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combination of a 400 nm long-pass filter and a 650 nm short-
pass filter, respectively. Using filters with different cut-off
wavelengths allows the contributions from different emissions
to vary, and consequently the actual value of the ratio.

The present methodology relies on the use of a
semiconductor light source for excitation. LEDs are easily
modulated up to hundreds of MHz (Sipior et al., 1996). Their
agility is crucial for the method. However, the actual
modulation frequencies depend on the lifetime of the
reference. As the lifetime of [Ru(bpy)3]2+ in cellulose acetate
film is 927 ns (Kostov, 2001), we chose the frequencies of 25
kHz and 1 MHz in which the requirements of Eqs. (2) and (3)
are fulfilled. At the lower frequency, nearly 100% modulation
of both emissions was achieved, while at 1 MHz only the
emission from the LysoSensor DND-192 is modulated. This is
also confirmed by the modulation measurements on the

frequency-domain fluorimeter (Fig. 5). As expected, there is a
plateau in the modulation graphs for frequencies between 0.63
and 2.5 MHz. Any frequency in this range could be selected.
As the method does not depend on frequency stability, very
low-cost electronics could be used.

The emission spectra of most fluorophores usually extend
far in red. The spectral overlap decreases the sensitivity of all
of the wavelength-ratiometric measurements. In the present
method, the emissions are selected through the modulation
frequencies of the excitation light (rather than intensity
measurements at different wavelengths). This greatly
enhances the accuracy of the measurements. Even a complete
overlap of the emission spectra poses no problem. A simple
long-pass filter for the exclusion of only the excitation light
could be used, while the full emission spectra are observed
and collected. This strongly increases the output signal level
and allows the use of less sensitive photodetectors. As a result,
the whole system (both excitation and emission units) is
entirely a semiconductor. It performs well, even in the
presence of strong ambient light, without destroying the
detector.

Actual pH calibration results using LysoSensor DND-192
are shown in Fig. 6. As can be seen, the ratiometric pH
sensing that uses LysoSensor DND-192 resulted in easy and
reliable pH measurements within the physiological range. The
desired range of the ratio values can be easily adjusted using
different combinations of filters in the excitation and/or
emission path(s).

The use of LysoSensor DND-192 with the new ratiometric
pH measurements can be applied to a whole family of
LysoSensors. The simplicity of the excitation and detection

Fig. 4. Emission spectra of LysoSensor DND-192 and
[Ru(bpy)3]2+. Also shown are transmission curves of a 400 nm
long-pass filter and a combination of a 400 nm long-pass filter
and a 650 nm short-pass filter.

Fig. 5. Phase and modulation responses of LysoSensor DND-192
at different pH values in the presence of the [Ru(bpy)3]2+

reference film.

Fig. 6. The pH calibration curves for LysoSensor DND-192 in
the presence of the [Ru(bpy)3]2+ reference film using different
filters. Each point represents the mean ± SEM of 3
determinations.
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system, the need for only long- and/or short-pass filter(s),
enhanced levels of the output signal, and cost efficiency of this
system can result in useful applications in a variety of fields.
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