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The development of a ﬂuorescent excitation ratiometric pH sensor (AHQ-PEG) using a
novel allylhydroxyquinolinium (AHQ) derivative copolymerized with polyethylene glycol
dimethacrylate (PEG) is described. The AHQ-PEG sensor ﬁlm is shown to be suitable for
real-time, noninvasive, continuous, online pH monitoring of bioprocesses. Optical ratiometric measurements are generally more reliable, robust, inexpensive, and insensitive to experimental errors such as ﬂuctuations in the source intensity and ﬂuorophore photobleaching.
The sensor AHQ-PEG in deionized water was shown to exhibit two excitation maxima at
375 and 425 nm with a single emission peak at 520 nm. Excitation spectra of AHQ-PEG
show a decrease in emission at the 360 nm excitation and an increase at the 420 nm excitation with increasing pH. Accordingly, the ratio of emission at 420:360 nm excitation
showed a maximum change between pH 5 and 8 with an apparent pKa of 6.40. The low
pKa value is suitable for monitoring the fermentation of most industrially important microorganisms. Additionally, the AHQ-PEG sensor was shown to have minimal sensitivity to ionic
strength and temperature. Because AHQ is covalently attached to PEG, the ﬁlm shows no
probe leaching and is sterilizable by steam and alcohol. It shows rapid (2 min) and reversible response to pH over many cycles without any photobleaching. Subsequently, the AHQPEG sensor ﬁlm was tested for its suitability in monitoring the pH of S. cereviseae (yeast)
fermentation. The observed pH using AHQ-PEG ﬁlm is in agreement with a conventional
glass pH electrode. However, unlike the glass electrode, the present sensor is easily adaptable to noninvasive monitoring of sterilized, closed bioprocess environments without the awkward wire connections that electrodes require. In addition, the AHQ-PEG sensor is easily
miniaturized to ﬁt in microwell plates and microbioreactors for high-throughput cell culture
applications.
Keywords: pH sensors, optical sensors, ratiometric sensors, allylhydroxyquinolinium
bromide, poly(ethylene glycol), yeast fermentation, online measurements

Introduction
The determination of pH is crucial to deﬁning many important chemical or biological processes. In clinical diagnostics, changes in the pH of blood can be an indication of
respiratory or metabolic distress.1 In critical care such as
when a nasogastric tube is employed, the gastric pH is
monitored to make sure the employed tube is in the right
place and the patient is not in danger of adverse conditions.2–6 The measurement of pH is also important in maintaining food freshness as yeast and bacteria growing in food
can produce soluble acids and amines.7–10 In environmental
monitoring, the pH of rain water is a measure of the level
of pollution in the air from industrial and automotive
exhausts such as sulfur oxides.11–13 In industrial fermentation and cell culture, control of pH and other parameters is
essential to optimum product formation.14–17 Control of the
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extracellular pH in cell culture is important because it
affects the intracellular pH, cell metabolism, glucose transport, the adenosinetriphosphate/adenosinediphosphate ratio,
as well as other processes that contribute to the well being
of the cells and the production of the desired cell product.18
Thus, there are numerous studies on the optimum pH for
different cell lines. In general, the optimum pH range falls
between pH 4 and 8 for various prokaryotes and eukaryotes
that are of value.
For several years, our group has been working on the development of low-cost, noninvasive, and continuous sensor
systems to monitor various analytes (including pH, pO2,
pCO2, glucose, glutamine, etc.) in cell culture.19–24 Our ﬁrst
pH sensor based on 8-hydroxypyrene-1,3,6-trisulfonic acid,
trisodium salt (HPTS) was constructed using noncovalent
binding interactions of the anionic HPTS with supporting
polyethylene glycol ﬁlm. To maximize the noncovalent interactions between the dye and the supporting matrix, and minimize the dye leaching, HPTS was electrostatically adsorbed
on to anionic exchange Dewex resin that is entrapped in
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polyethylene glycol ﬁlm. Accordingly, thus obtained senor
ﬁlm has shown a useful range of pH 6–9, with an apparent
pKa of 7.60.22 However, this sensor does show signiﬁcant
photobleaching as well as probe leaching, making it difﬁcult
for real-time applications. Several unsuccessful attempts
were made to develop immobilizable HPTS without disturbing its pH response. In this regard, we developed a pH sensor using methacrylate derivative of 6,8-dihydroxypyrene1,3-disulfonic acid, disodium salt (MA-HPDS). The sensor
developed with MA-HPDS show very similar pH response to
that observed with HPTS.23 However, the sensor ﬁlms constructed using MA-HPDS show signiﬁcant photobleaching
similar to that observed with HPTS-based sensors. In addition to this, we observed distinctly different photobleaching
kinetics from the corresponding acid and conjugate base species of HPTS and MA-HPDS, affecting the ratiometric
response of the constructed sensors. Here we report a new
pH sensor using a covalently immobilizable pH responsive
probe that has high stability for long periods of photoilluminations with a slightly more acidic useful pH range
(pH 5–8).
Traditionally, pH monitoring is performed using wellestablished electrochemical sensors. However, using these
sensors in certain applications can be problematic if not
impossible. Although bioreactors with capacities of 1 L or
more are equipped with pH electrodes, it is difﬁcult to do
the same for small scale fermentations such as microbioreactors (50 mL) or multiwell plates. Thus, monitoring highthroughput bioprocessing is difﬁcult. Additionally, attaching
a pH meter to shake ﬂasks presents multiple difﬁculties
including expense, changes in mixing dynamics, and potential release of electrode solution into the media. On the other
hand, optical pH sensors offer promising alternatives.25–34
Most optical pH sensors consist of a pH-sensitive ﬂuorescent
dye that can be immobilized, physically or chemically, to a
suitable proton-permeable polymer matrix that is then afﬁxed
to the inner wall of the glass container. In this way, the sensor patch is continually awash in the cell culture media. For
signal detection, an externally mounted monitoring device
collects the signal changes from the sensing patch, which are
then analyzed. Accordingly, change in broth pH can be followed from the exterior surface, noninvasively and continuously during the entire course of the fermentation process.
We have made reasonable progress in developing hand-held,
portable, LED-based devices that send and collect excitation
and emission light to and from the indwelling sensor ﬁlm
from the surface of the bioreactor.20–24 For the present pH
sensor, we tried a different approach that allows for the use
of a tabletop ﬂuorescence spectrometer. In this method, pH
measurements were continuously taken by using a closed
loop tube that circulates the fermentation broth to and from
the bioreactor and the sampling unit (a cuvette in the sample
holder of the spectroﬂuorimeter). This way we are able to
more fully characterize the sensor by observing changes in
the whole spectrum rather than monitoring at the two excitation wavelengths only. Nonetheless, a simple device is now
under construction.
Numerous ﬂuorescence sensors have been developed that
measure the pH-dependent change in emission intensity.30–33
However, most often, these intensity-based measurements
suffer from inherent drawbacks due to probe photobleaching,
leaching of the probe into the solution, heterogeneity of the
probe concentration in the matrix, ﬂuctuations in the intensity of the light source, and change in medium transparency.
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Figure 1. Molecular structure of N-allyl-7-hydroxyquinolinium
bromide (AHQ).

This is especially problematic during the fermentation process where an increased cell-mass ampliﬁes the scattering or
ﬂuorescence from the medium.34 This gives rise to signiﬁcant artifacts in ﬂuorescence intensity based pH monitoring.
Lifetime-based sensors, whose ﬂuorescence lifetimes are pHdependent, do not suffer from these same drawbacks but
require more complicated and expensive instrumentation.35
An alternate approach that circumvents the problems associated with intensity-based measurements is ratiometric
detection. Given a ﬂuorescent indicator that exhibits a pHdependent shift in excitation or emission wavelength, the ratio of the emission intensity at the two wavelengths can be
used as a robust measure of the pH that is insensitive to
most of the systematic errors associated with intensity-based
measurements. Several ratiometric sensor systems have been
described, which rapidly and reliably correlate intensity ratio
to the pH of the medium.36–41 Unfortunately, most of these
systems including those developed with HPTS show extensive photobleaching.22,23 Although the observed photobleaching is accounted for by the ratiometric approach, the
useful life-span of these sensors is limited by a progressively
decreasing signal. More importantly, these dyes were developed primarily for assay-based measurements and are often
tedious or unworkable to immobilize for real-time sensing
applications. Sometimes the probe has to be modiﬁed for
covalent immobilization, but once immobilized, it becomes
insensitive to pH. In this regard, we recently designed a new
probe, allylhydroxyquinolinium bromide (AHQ) that shows
excitation ratiometric pH response with an apparent pKa of
6.40 at room temperature. This is in agreement with that
of 1-methylhydroxyquinolinium iodide reported earlier.41
The molecular structure of the AHQ is shown in Figure 1.
The probe AHQ is strategically designed to have a pendant
allyl group for immobilization on polyethylene glycol dimethacrylate (PEG) and a highly ﬂuorescent pH responsive
hydroxyquinolinium moiety. Interestingly, AHQ pH response
is insensitive to the matrix polarity and composition, ionic
strength, and temperature of the medium. Once immobilized
in PEG, the resulting ﬁlm is resistant to high pressure steam
and alcohol sterilization, which makes it particularly useful
in bioprocessing. These unique pH response features and
utility of AHQ-PEG ﬁlm as sensor for online pH monitor of
yeast fermentation is described in this article.

Experimental Methods
The probe AHQ was prepared using a previously published procedure that describes the synthesis of quinoliniumbased boronic acid derivatives developed for glucose sensing.42,43 Polyethylene glycol dimethacrylate with an average
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molecular weight of 1,000 was obtained from Polyscience
(Warrington, PA). Reagent grade 7-hydroxyquinoline, allylbromide, dimethylformamide, ammonium persulfate (APS),
N,N,N0 ,N0 -tetramethylethylenediamine (TEMED), ethylene
glycol dimethacrylate, and analytical grade sodium acetate,
acetic acid, mono- and dipotassium hydrogen phosphates, sodium carbonate, sodium bicarbonate, glucose, ammonium
chloride, magnesium sulfate nonahydrate, and calcium chloride dihydrate were purchased from Sigma-Aldrich. Yeast
extract used in the preparation of nutrient broth for yeast formation was obtained from Fischer Scientiﬁc. White microﬁltration (Nongauze milk-ﬁlter; KenAG, Ashland, OH)
membrane was used as supporting and blocking aid. Deionized water, puriﬁed using a Millipore Milli-Q gradient system with a resistivity of 18.2 MX cm, was used in this
study.
The AHQ-PEG sensor was fabricated using a previously
published procedure with slight modiﬁcations suitable for
this study.22,23 Brieﬂy, the prepolymer mixture consisting of
polyethylene glycol dimethacrylate, ethylene glycol dimethacrylate (a cross linker), AHQ, and 10% aqueous APS solution in aqueous-ethanol was vortexed vigorously for about
5 min. Subsequently, the mixture was purged with nitrogen
gas for about 10 min, followed by the addition of TEMED.
Then the mixture was vortexed gently for about a minute
before being cast on a cellulosic membrane backing (3  4
in.) The backing membrane utilized here is commonly used
to ﬁlter dairy milk and it will be referred to from here on as
milk-ﬁlter. The milk-ﬁlter membrane is held in place
between two glass plates with Teﬂon spacers. Polymerizing
between the two glass plates helps keep an oxygen-free environment for the reaction while ensuring a uniform ﬁlm thickness as determined by the spacers. Free-radical
polymerization of the acrylate end groups were initiated by
the added APS and TEMED in the prepolymer mixture. After allowing polymerization to proceed for about 1 h at room
temperature, the AHQ-PEG ﬁlm now ﬁrmly afﬁxed to the
milk-ﬁlter membrane was peeled off from the glass plates.
The sensor ﬁlm was allowed to hydrate in deionized water
for overnight. The sensor ﬁlm was washed thoroughly with
solvents in this order: water, methanol, acetic acid, and
water, followed by autoclaving. Finally the autoclaved ﬁlm
was washed with copious amounts of sterile deionized water.
The sensors constructed in this manner were 250 lm thick.
For comparison, the control PEG-ﬁlms without AHQ were
also prepared. The sensor ﬁlms were stored in deionized
water until ready for use. To facilitate insertion of the sensor
into 3-mL ﬂuorescence plastic (polystyrene) cuvettes for reproducible analysis, the AHQ-PEG ﬁlm was cut into 1.1 
2.5 cm2 pieces. These membrane-backed stiff ﬁlms are positioned diagonally into the cuvette in the appropriate medium
for all ﬂuorescence measurements in buffer. The emission
light is collected from the back of the ﬁlm while illuminating from the front. The excitation spectra were collected at
the ﬁxed emission wavelength of 520 nm and slit-widths of
5 nm.
Fluorescence measurements were performed using a Varian Cary Eclipse ﬂuorescence spectrophotometer. A regular
cuvette holder equipped with a temperature controllable thermocouple connected to a Peltier cooling system is used for
all ﬂuorescence measurements, including the temperature-dependent studies. All experiments other than those at varying
temperatures were carried out at 25 C  2 C. Uncorrected
excitation and emission spectra of both solutions and sensor
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Figure 2. Schematic representation of cuvette with front-face
illumination and emission collection to monitor the
online pH of yeast fermentation.

assemblies were recorded in polystyrene disposable cuvettes.
To measure the response time of the sensor, 50 mL buffer
solutions were continuously pumped from reservoirs into a
sealed cuvette containing a sensor assembly.
For pH calibration of the sensor, buffered solutions (0.1 or
0.005 M overall ionic strength) of sodium acetate-acetic acid
(for pH range of 1–4), potassium mono- and di-basic phosphates (for pH range of 5–8), and sodium carbonate-bicarbonates (for pH range of 9–13) were prepared using standard
procedures. The pH adjustment to reach pH 1 and pH 12
and 13 were made with 1 N aqueous solutions of HNO3 and
NaOH, respectively. The other buffers were adjusted to
whole numbers with corresponding conjugate base or acid.
For each set of conditions, the collected data were ﬁt to
Eq. 1.

R¼

½Hþ Rmin þ ka;app Rmax
ka;app þ ½Hþ 

(1)

using a least-squares linear regression to determine the parameters Rmin, Rmax, and ka,app.44
In the fermentation experiments, the ﬂuorescence and/or
scatter contribution from the produced cell mass in the fermentation broth is minimized by front-face illumination.34
The emission was collected from the surface of the sensor
ﬁlm that is ﬁrmly attached onto the inner surface of the
cuvette. The schematic representation of the ﬁlm orientation
used for front-face illumination is shown in Figure 2. The
ﬂuorescence spectral measurements for online pH monitoring during the fermentation process were performed using a
sample/cuvette holder particularly designed for front-face
measurements. The excitation light is ﬁxed at an angle of
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incidence of 20 to the surface normal. Additionally, to prevent optical interference from the media beyond the edges
of the sensor, the outside of the cuvette was masked with a
black tape (not shown in the Figure 2, for clarity) except
for a small square that exposed the sensor. The culture
broth was continuously circulated to and from the shake
ﬂask to the cuvette using a peristaltic pump (Fisher Scientiﬁc) operating at a speed of 5 mL/min. The yeast nutrient
broth (YPD) as prepared contained glucose (15.0 g/L), yeast
extract (7.0 g/L), NH4Cl (2.5 g/L), KH2PO4 (1.0 g/L),
MgSO47H2O (0.3 g/L), and CaCl22H2O (0.1 g/L) with pH
adjusted to 7.0 using 10% NaOH.45 The pH of each solution was recorded using a model AR 25 Benchtop/Portable
Accumet Research Dual channel pH/ion meter (Fischer Scientiﬁc). The fermentation was carried out at 37 C in a 500mL shake ﬂask containing 250 mL of YPD broth that was
inoculated with about 100 mg of yeast powder. The shake
ﬂask was placed on a rotating shaker (Labline Orbit Environ Shaker; Lab-Line Instruments, Melrose Park, IL) set at
200 rpm. Dissolved oxygen and pH were not controlled.
Although steam sterilized sensor ﬁlm was used, the polystyrene disposable cuvette containing a sensor assembly,
closed-loop of nylon tubing that is used to circulate the culture media between the sample and the shake ﬂask was ﬁrst
sterilized thoroughly by circulating 50 mL of 70% ethanol–
water solution. Subsequently, about 100 mL autoclaved
water was circulated to eliminate any leftover ethanol in the
tubing and in sampling cuvette. Then the tubing was
inserted into the fermentation ﬂask. The fermentation broth
was pumped into the cuvette and recirculated to the shake
ﬂask by the peristaltic pump operating at a speed of 5 mL/
min. The Varian Eclips spectrophotometer recorded the
emission intensity at 550 nm with excitation at 360 and 420
nm, at 0.1-min intervals. The ratiometric data collected by
the instrument were converted to pH using Eqs. 2 and 3
with the previously determined calibration parameters. At
30-min intervals, samples of the media from the shake ﬂask
were removed and analyzed for pH using conventional electrochemical probe and optical density (600 nm) using a
Agilent
UV–visible
diode-array
absorption
spectrophotometer.

Results and Discussion
The polyethylene glycol hydrogel ﬁlm, as expected, was
shown to be a suitable matrix for pH sensing as it is highly
hydrophilic with 85% water content and high proton diffusion coefﬁcients.46 Polymerization between two glass plates
to control the ﬁlm thickness simpliﬁed the molding steps and
increased the reproducibility of the measurements. Additionally, the use of the milk-ﬁlter membrane as a supporting ﬁlm
increased the strength of the sensing ﬁlm making it resistant
to harsh conditions such as repeated washing with various
solvents and buffers and steam sterilization by autoclaving.
This white membrane also blocks the interfering signal from
the fermentation medium.34 However, the white milk-ﬁlter
membranes can potentially contribute to the net ﬂuorescence
signal from the sensor assembly, especially in experiments
using short excitation wavelengths. In the present case, we
see insigniﬁcant contribution from the blocking ﬁlm as well
as from the blank PEG ﬁlm that has no attached dye as
shown by the relative emission intensities of AHQ-PEG ﬁlm
and the control PEG ﬁlm in deionized water (Figure 3).
Interestingly, the white, reﬂective surface of the blocking

Figure 3. Fluorescence excitation and emission spectra of
AHQ-PEG (solid line) and control PEG ﬁlm (dashed
line) ﬁlms in deionized water with unknown pH.
kem wavelength for the excitation spectra was 520 nm and kex
for the emission spectra was 420 nm.

ﬁlm (while using the ﬁlm deﬁned in Figure 2) serves to
enhance the signal output from the sensor by reﬂection of
both incident and emitted light back through the AHQ layer,
rather than allowing transmission beyond the patch. This
effectively doubles the path length of the beam, resulting in
emission intensities that are up to four times higher than
those from similar sensors with no membrane backing.26
Figure 3 shows the normalized ﬂuorescence excitation and
emission spectra of AHQ-PEG ﬁlm in water. The sensor ﬁlm
AHQ-PEG in deionized water exhibits two bands (with kmax
at 375 and 425 nm) in its excitation spectrum. The 375nm band corresponds to the acid form in which the hydroxyl
group of AHQ is protonated as AOH. The 425-nm band is
from the corresponding conjugate base that has a deprotonated hydroxyl (or oxy) group, as AO or ¼
¼O.41 Consistent
with other aromatic hydroxy compounds (such as HPTS47–50
and naphthol51), AHQ exhibits increased acidity in the
excited state. In other words, AHQ behaves like a ‘‘super
acid’’ in the excited state. Correspondingly, the AHQ-PEG
ﬁlm shows a single broad emission band with kmax of 520
nm attributable to the conjugate base of AHQ in water. An
analogous spectral behavior was reported previously with a
structurally similar compound 1-methyl-7-hydroxyquinolinium iodide in water.41 Furthermore, the observed two band
structure in AHQ-PEG excitation spectra indicates that the
two characteristic pH-sensitive excitation wavelengths of
AHQ are preserved in the immobilized form. We observed
similar response from free AHQ in aqueous buffered solutions (Badugu et al., Manuscript under preparation). Hence,
the constructed ﬁlm is suitable for real-time pH sensing
applications.
Figure 4 (top) depicts the pH-dependent ﬂuorescence excitation spectra of the AHQ-PEG sensor ﬁlm measured at a
ﬁxed emission wavelength of 520 nm. The sensor exhibits
an increase in the emission intensity with pH with excitations over the isosbestic point (390 nm). On the other hand,
the intensity decreases with excitations below 390 nm. We
observed over 20-fold increase in the intensity ratios
between pH 5.0 and 8.0 for the blue excitations. This is signiﬁcantly higher when compared with the response from the
HPTS-based sensor. The observed corresponding change in
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Figure 5. Fluorescence intensity ratio of AHQ-PEG ﬁlm with
time.
The initial and ﬁnal medium was water and the pH of the
medium was changed between pH 4 and 8, alternatively, by
pumping 50 mL of buffer solution using a peristaltic pump.
The pump speed was 5 mL/min.

ka;app ¼ ka

Figure 4. Fluorescence excitation spectra of AHQ-PEG ﬁlm in
different buffer solutions (top) and the sensor intensity ratio with respect to pH of the medium (bottom)
(kem 5 520 nm).

intensity ratios for HPTS was about 10-fold.22 The ratio of
the intensities at 420 and 360 nm excitations plotted against
pH is shown in Figure 4 (bottom). Multiple separate experiments yielded very similar pH responses, despite slight differences in sensor orientation, thickness, or local probe
concentration, demonstrating the reproducibility of sensor
construction and the robustness of the ratiometric technique.
Very importantly for bioprocess applications, almost the
same response was observed with the ﬁlm before and after
autoclaving. In addition, the precision of these measurements
indicates that the ﬂuorescence or scatter component from the
blocking membrane is consistent and does not interfere with
the operation of the sensor.
Subsequently, the ratio of intensities (R) for the two excitation wavelengths (420 and 360 nm) of AHQ-PEG can be
related to the proton concentration of the medium by

½Hþ  ¼ ka

ðRmax  RÞ ðeO UO Þk2
ðR  Rmin Þ ðeOH UOH Þk2

(2)

where Rmin and Rmax are the ratios for the acid (AOH) and
conjugate base (AO), respectively, e and U are the extinction coefﬁcient and quantum yield of each species evaluated
at k2, and ka is the equilibrium dissociation constant.44
Experimentally, the apparent dissociation constant ka,app, of
the immobilized dye, is given by the product

ðeO UO Þk2
ðeOH UOH Þk2

(3)

and rearranging Eqs. 2 and 3 gives Eq. 1. Subsequently, the
apparent pKa of 6.40 for AHQ-PEG was deduced by ﬁtting
the data in Figure 4 (bottom) to Eq. 1. The range of linearity
of the AHQ-PEG sensor extends from 5.0 to 8.0 and
is therefore favorable in terms of bioprocess monitoring, as
it corresponds to a working range that is consistent with
that observed during many microbial and mammalian
fermentations.
The reversibility and dynamic behavior of the sensor was
investigated by pumping different buffers (pH 4 and 8) alternatively into the cuvette, using a peristaltic pump with a
pumping speed of 5 mL/min. Initially, 50 mL of water was
pumped through the cuvette with the AHQ-PEG ﬁlm. This is
followed by alternate solutions of pH 4 and 8. Finally, 50
mL water was pumped to regenerate the sensor ﬁlm. The
pH-induced change in intensity ratio of the AHQ-PEG ﬁlm
with time is shown in Figure 5. The response time for a
95% change was 2 min. While this is adequate for the purpose of bioprocess monitoring, the faster response times that
are desirable for control schemes should be easily attained
with a reduction in sensor thickness and increasing the pump
speed. As can be seen from the ﬁgure, the change in intensity ratio was completely reversible and could be cycled
back and forth with no observable drift, i.e., the signal
returned to within \1% of the original value with each
cycle.
As mentioned earlier, the optical pH sensors (irrespective
of their certain limitation such as working pH range) can be
easily miniaturized and are not subject to electrical or magnetic interferences whilst attaining better resolutions over
electrochemical sensors. However, most optical sensors
can be greatly affected by the ionic strength of the medium.25,52–55 Considering this known fact, we evaluated the
effect of buffer ionic strength on the AHQ-PEG sensor. Figure 6 (top) shows intensity ratios of AHQ-PEG sensor obtained in two different (0.005 and 0.100 M) buffers at room
temperature. Contrary to our expectations, the intensity ratio
of AHQ-PEG showed a smaller dependence on the ionic
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Figure 7. pH response of AHQ-PEG ﬁlm in clear buffer solutions and in YPD broth (OD600nm 5 0.3) at room
temperature (top). Bottom panel shows the normalized ﬂuorescence excitation spectra of AHQ-PEG
ﬁlm in clear buffer and YPD broth of pH 4 (kem 5
520 nm).
Figure 6. Effect of ionic strength (top) on the pH response of
AHQ-PEG ﬁlm at 25C (top) and the temperature
effect on the ﬁlm in 0.1 M buffered solutions
(bottom).

strength of the buffer than those of HPTS.22 The apparent pKa
of AHQ-PEG changed from 6.40 to 6.30 when the buffer concentration is reduced from 0.1 to 0.005 M. This observed low
cross-responsive nature of the sensor to the ionic strength is
yet to be understood. A more detailed investigation is underway (Badugu et al., Manuscript under preparation).
Considering that the temperature can inﬂuence the acid
dissociation constant of most ﬂuorescent pH sensors, we further tested the effect of temperature on the pH response of
AHQ-PEG. As shown in Figure 6 (bottom), AHQ-PEG
shows very similar pH responses at three different temperatures: 10, 25, and 37 C. The apparent pKa of AHQ-PEG ﬁlm
at 10, 25, and 37 C are 6.42, 6.40, and 6.32, respectively.
We observed a slight reduction in the intensity ratio at 10 C
(see Figure 6, bottom). This discrepancy in intensity ratio
might be due to a decrease in acid dissociation efﬁciency at
reduced temperatures. Thus, the reduced sample temperature
resulted in increased signal from the acid form affecting the
overall intensity ratio. Nevertheless, sensor response is
almost identical at both 25 and 37 C, which are the more
useful temperatures in bioprocessing. More importantly, as
the sensor is targeted for temperature-controlled processes,
the pH response can be easily standardized for that speciﬁc
application.
Although we observed a negligible ﬂuorescence contribution from the supporting milk-ﬁlter membrane toward the

AHQ-PEG sensor response in clear buffered solutions (Figure 3), we anticipated that the contribution from biological
samples, including the produced cells and nutrient broth
might be large. Thus, we reestablished the pH responsive
curve in the media to help in predicting the pH response
data more accurately during fermentation. Correspondingly,
the performance of the AHQ-PEG sensor was evaluated in
YPD nutrient broth with varied pH (from pH 4 to 8) using
the experimental setup shown in Figure 2. Figure 7 compares
the intensity ratio of the sensor measured in the YPD broth
with the calibration curve in clear buffer. To have better
comparison, we obtained a new pH calibration curve for the
sensor in clear buffer solution using similar experimental
setup. Although the apparent pKa of the sensor was preserved, the dynamic range [intensity ratio (I420/I360)] of the
sensor is reduced to half in YPD media when compared with
that in clear buffer. This might be largely due to the signiﬁcant absorption contribution from the YPD broth. The normalized ﬂuorescence excitation spectra of the AHQ-PEG
ﬁlm in clear buffer and YPD broth are shown in Figure 7
(bottom). As can be seen from the ﬁgure, the ﬂuorescence
excitation spectrum of the sensor AHQ-PEG in YPD shows
an additional band at about 450 nm that is contributed by
the used broth. Whereas, the corresponding excitation spectra
of the sensor ﬁlm in clear buffer shows no such additional
peak. Subsequently, we believe that our attempts to block
the background signal (using the opaque milk-ﬁlter membrane) is not totally effective. Although milk-ﬁlter membrane
is more rigid than Whatman ﬁlter paper, it is less opaque.
Thus, it allows the transmission of about 1% light which is
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Figure 8. (A) Variation in the pH of the yeast culture during
the course of fermentation: measured ofﬂine (red)
using conventional pH meter and online (black) with
AHQ-PEG pH patch. Blue curve shows the increase
in OD at 600 nm with time indicating the increase in
cell mass with fermentation process. (B) Linear
regression obtained between OD vs. DpH indicates
that the deviation between online and ofﬂine pH
measurements is indeed due to the increased contribution from the background ﬂuorescence from the
cells.

over 10-fold more than that of the Whatman ﬁlter paper
used in the previous HPTS-based pH sensor.22 As a consequence, a fraction of both the incident light and the emitted
light are lost into the YPD broth. However, the rigidity of
the milk-ﬁlter membrane provides better mechanical support
eliminating the need for the additional plastic (transparency
ﬁlm) support used in the earlier design. Subsequently, eliminating this additional supporting layer allowed for steamsterilization of the AHQ-PEG ﬁlm. One way of counteracting the inefﬁcient blocking by the ﬁlter membrane is to use
higher concentrations of the dye (AHQ) in the sensor patch
or adding a second layer of opaque ﬁlm to the membrane.
Also, the background signal can be substantially reduced by
using a black light absorbing coating on the rare surface of
the sensor ﬁlm. Despite this drawback with the present
design, the ease and simplicity of construction for this sensor
ﬁlm suggest that it is amenable to low-cost, large-scale production. Additionally, because the pKa remains the same
even in media, the applicability to a wide range of cellular
bioprocesses is not diminished.
The AHQ-PEG sensor assembly was used to perform continuous online measurement of the pH during S. cereviseae
fermentation. Figure 8 shows the change in pH of the media
recorded online by the sensor and compared with that measured ofﬂine by a conventional pH probe with 30-min inter-
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vals. Also shown in the ﬁgure is the optical density of the
media as a measure of biomass production. The fermentation
began at pH 7.0 and consistently became more acidic with
fermentation time. As the cells enter the exponential growth
phase, a dramatic increase in optical density is observed, followed by a corresponding decrease in pH that is consistent
with the accumulation of metabolic products such as acetic
acid. The ensuing stationary phase is accompanied by a leveling in the pH at 5.2. On the other hand, the ofﬂine pH,
measured at 30-min intervals, showed relatively lower pH
when compared with that observed with the online measurements, leveling off at about pH 4.7 at the stationary phase.
This deviation in the pH measured with two different measurements was ascribed to the increased interference from the
produced biomass and relatively less sensitivity of the probe
in the acidic pH range (pH  5). However, the observed discrepancy might be largely due to the produced biomass. This
is because, as shown in Figure 8B, the DpH (i.e. the extent
of pH discrepancy between online and ofﬂine measurements)
is linearly dependent on the amount of produced biomass,
quantiﬁed using the OD of the fermentation medium at 600
nm. As described earlier while discussing signal contributions from YPD, using much effective background signal
masking approaches might provide reduced interference from
both the produced biomass and the fermentation broth. By
doing so we expect to see an improvement in the dynamic
range almost close to that observed in clear solutions (Figure
7) and a reduced discrepancy between the pH observed by
ofﬂine and online measurements (Figure 8). However, as the
interference from the produced biomass has linear tendency,
one can easily include a correction factor in generating pH
calibration curve used in real-time monitoring device. Nevertheless, it is worthwhile to note that the raw intensities
recorded by the sensor, as well as the calculated ratio, were
remarkably stable with very little noise and are consistent
with the ofﬂine measurement, despite the continuous ﬂow of
the fermentation broth over 10 h.

Conclusions
The excitation ratiometric pH sensor using a newly developed pH responsive dye AHQ and poly(ethylene glycol) copolymer is described. The sensor AHQ-PEG shows timely
and reversible pH response and demonstrates linearity and
sensitivity in the physiologically and bioprocess-relevant
range with over 20-fold change in intensity between pH 5.0
and 8.0. The pH response of about 2 min was observed at a
buffer pump speed of 5 mL/min. The sensor AHQ-PEG
showed very minimal dependence to the ionic strength and
the temperature of the medium. The developed sensor ﬁlm is
robust, suitable for both autoclaving and alcohol sterilization.
The milk-ﬁlter membranes used as backing for the AHQPEG provided sufﬁcient mechanical support and the simple
casting method ensured reproducible results. The sensor was
successfully used in a shake-ﬂask setup to provide continuous, noninvasive, online measurements of the pH of yeast
fermentation. Although the blocking milk-ﬁlter membrane in
the present sensor is less efﬁcient in eliminating interferences from the fermentation media, thicker membrane backing should remedy this problem signiﬁcantly. On the other
hand, having a blackening the back surface of the sensing
ﬁlm might reduce the interference from the scattering from
the produced biomass. The online pH recorded by the sensor,
while slightly higher, kept pace with samples measured

1400

Biotechnol. Prog., 2008, Vol. 24, No. 6

ofﬂine with a conventional pH electrode. Accordingly, the
present sensor is easily adaptable to monitor sterilized,
closed bioprocess environments without the awkward wire
connections that electrodes require. Hence, it can be used for
disposable bioreactor bags. In addition, the AHQ-PEG sensor
is easily miniaturized to ﬁt in microwell plates and microbioreactors for high-throughput cell culture applications. We
are currently considering to construct a portable, hand-held,
LED-based pH-monitoring device using AHQ-PEG as the
sensor ﬁlm.
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