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Abstract

Using a thermal polymerization approach and polymerizable pH and oxygen sensing monomers with
green and red emission spectra, respectively, new pH, oxygen, and their dual sensing membranes
were prepared using poly(2-hydroxyethyl methacrylate)-co-poly(acrylamide) as a matrix. The
sensors were grafted on acrylate-modified quartz glass and characterized under different pH values,
oxygen concentrations, ion strengths, temperatures and cell culture media. The pH and oxygen
sensors were excited using the same excitation wavelength and exhibited well-separated emission
spectra. The pH-sensing films showed good response over the pH range 5.5 to 8.5, corresponding to
pK, values in the biologically-relevant range between 6.9 and 7.1. The oxygen-sensing films
exhibited linear Stern-Volmer quenching responses to dissolved oxygen. As the sensing membranes
were prepared using thermally initiated polymerization of sensing moiety-containing monomers, no
leaching of the sensors from the membranes to buffers or medium was observed. This advantageous
characteristic accounts in part for the sensors' biocompatibility without apparent toxicity to HeLa
cells after 40 hours incubation. The dual-sensing membrane was used to measure pH and dissolved
oxygen simultaneously. The measured results correlated with the set-point values.
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1. Introduction

Simultaneous detection of pH and dissolved oxygen concentrations is important for monitoring
drinking water qualities, determining freshness of food, and understanding cell metabolism,
cell respiration rate, cell health and diseases including cancer. Many pH and oxygen sensors
have been developed based on monitoring electro-chemical or optical (color, emission
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intensity, or lifetime) response [1-3]. In general, two separate sensors have to be applied in
parallel to simultaneously measure pH and oxygen concentration.

Optical sensors are minimally or non-invasive, disposable, can be fabricated at microscale
dimensions and combined with optical fiber for remote measurement of (bio)chemical
parameters, and allow for imaging of oxygen tension over a surface or in volume [4]. To date,
several fluorescence-based smart optical dual pH and oxygen sensors have been developed
[4-8]. These dual sensors are usually based on fluorescein-derivatives as pH sensors and
platinum porphyrins as oxygen sensors physically dispersed in suitable polymer matrices.
Klimant and Wolfbeis groups studied a few excellent dual sensors and applied their sensors
for real samples measurements, including in natural marine sediments [7] and bacterial growth
in 24 well microplates [8]. Using their dual optical sensor systems, Klimant group obtained
highly reliable results when used in the marine samples, which are quite close to the results
measured using pH and dissolved oxygen electrodes [7]. Wolfbeis group demonstrated that
the dual pH and dissolved oxygen optical sensors are suitable for parallelized, miniaturized
bioprocessing, and cell-based high-throughput screening applications with multianalyte
detection versatility [8].

Platinum (11) and palladium (I1) porphyrins [9-12], are typical fluorescence-based oxygen
sensors. Advantages of these materials include their long triplet-state lifetimes (in a range of
20 to 70 microsecond) and sufficient triplet-triplet energy transfer from these compounds to
oxygen molecules, resulting in a decrease of the oxygen sensors' emission intensities, a
shortening of their lifetimes by oxygen, and generation of singlet oxygen. These porphyrin
derivatives are usually physically trapped in various polymer matrices including silicon rubbers
or gels, polystyrene, cellulose derivatives, and polyurethane-type hydrogels [4-12]. A potential
drawback associated with physical trapping is leaching of probes from the matrix when
submersed in aqueous solutions [5,13] This is especially problematic with protracted soaking
in cell culture medium at 37°C, since leaching may cause inaccurate measurements and
cytotoxicity. In order to alleviate this problem, it is necessary to chemically link the oxygen
probes to the polymer matrix.

Recently, Payne et al. developed a new oxygen sensor based on Ruthenium(ll) star polymer
with the sensing probe chemically conjugated with polystyrene. Using this approach, the
leaching of sensor was avoided [14]. The oxygen probes used in this work is a monomer with
a platinum porphyrin unit (M1,Figure 1), which emits in the red spectral window, can be
polymerized with other monomers, and can be grafted onto glass substrates with suitable glass
surface modifications. In order to prepare dual sensing membranes with integrated pH sensing
ability (requiring high ion permeability), poly(2-hydroxyethyl methacrylate) (PHEMA)-
containing hydrogel was chosen as the matrix (e.g. the membrane). The PHEMA-containing
hydrogel possesses excellent mechanical, chemical and thermal stability; exhibits good oxygen
and proton permeability; and is transparent and biocompatible, being widely used for contact
lenses [15,16].

Various materials are suitable as fluorescence-based optical pH sensors based on different
sensing mechanisms, including intramolecular charge transfer, photo-induced electron transfer
(PET), and excited state intramolecular proton transfer [17,18]. Among the many optical pH
sensors, 4-amino-1,8-naphthalimide fluorophore-based pH sensors are known to have high
quantum yields, satisfactory selectivity and reproducibility, sufficient stability and short
response time [19,20]. For this study, a 4-amino-1,8-naphthalimide-containing chromophore
(M2), a green emitter, was chosen as the pH sensor. This sensor is also a monomer, enabling
its grafting onto glass substrates by polymerization to form stable membranes. As the lifetime
of the naphthalimide type pH sensor is shorter than 10 nanoseconds and its emission is mainly
from the singlet excited state [21,22], quenching by oxygen is negligible. Therefore, in the dual
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sensing system, the pH sensor can serve as an internal reference for the oxygen sensor. The
oxygen sensor is a neutral platinum porphyrin without pH response group, and serves as an
intra-reference for the pH sensor. The two monomers, M1 and M2, were reported previously
[23-25], however, herein they were first time studied in the PHEMA hydrogel thin films and
integrated together as dual pH and oxygen sensors. These two sensors can be excited at the
same wavelength, but emit their luminescence at different wavelengths. By taking advantage
of the characteristics of the two chosen sensors, a ratiometric method [26-30] is applicable for
the determination of pH and oxygen concentration in a dual-sensing system, and is expected
to be a more practical approach for biological applications. Although pH values and oxygen
concentrations can be determined using the intensity change of an individual pH or oxygen
sensor, in practical applications intensity measurements based on a single sensor are often
adversely affected by instrumental conditions and external interferences including fluctuations
in source intensity, dye concentration and background fluorescence. In order to alleviate these
problems a ratiometric measurement method was developed based on the intensity ratios or
lifetimes of two different fluorescent dyes in the sensor layer, one sensitive to the analyte and
the other used as a reference. The ratiometric approach lends itself to easy operation and/or
provides enhanced signal stability and accuracy [26-30].

We are aiming to integrate the optical sensors with lab-on-a-chip devices for single cell
metabolism studies [31,32]. Herein, we report the performance of individual pH-, oxygen- and
dual-sensing membranes in pH buffers and medium under a variety of experimental conditions,
including dissolved oxygen concentration, pH, ion strength and temperature. We also evaluated
the toxicity of the sensing films to HeLa cancer cells.

2. Experimental section

2.1 Materials and reagents

All chemicals and solvents were of analytical grade and were used without further purification.
The oxygen (M1) and pH (M2)-sensing monomers were prepared according to known
procedures [23-25]. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
N,N’-dimethylformamide (DMF), trimethylsilylpropyl acrylate (TMSPA), 2-hydroxyethy!l
methacrylate (HEMA), azobisisobutyronitrile (AIBN), and acrylamide were obtained from
Aldrich (St. Louis, MO). Ethyloxylate trimethylolpropane triacrylate (SR454®) was purchased
from Sartomer (Exton, PA). Double-distilled water was used to prepare the buffer solutions.
The pH values were determined with a digital pH meter (Thermo Electron, Beverly, MA)
calibrated at room temperature (23 + 2 °C) with standard buffers of pH 10.01, 7.00 and 4.01.
Britton-Robinson (B-R) buffers composed of acetic acid, boric acid, phosphoric acid and
sodium hydroxide were used to tune the pH values. Calibration gases (nitrogen and oxygen,
each of 99.999% purity) were purchased from AIR Liquide America, LP (Houston, TX). Gas
mixtures were precisely controlled with a custom-built, in-line, digital gas flow controller. All
sensing measurements were carried out at atmospheric pressure, 760 mmHg or 101.3 kPa. A
temperature controller was used to adjust the temperature from 23 to 37 °C using a Fisher
Scientific Isotemp 202S water bath with £ 0.5 °C precision. Dulbecco's Modified Eagle's
Medium (DMEM, Invitrogen, Carlsbad, CA) was tuned to pH values in the range of 3.5t0 10.0
by the addition of HCI or NaOH aqueous solution. Quartz glass from University Wafer (South
Boston, MA) was cut into squares of 13.1 x 13.1 mm and 3.6 x 3.6 mm using a dicer
(Microautomation, Billerica, MA).

2.2 Instruments

An oxygen plasma cleaner (Harrick Plasma, Ithaca, NY) was used for quartz substrate surface
activation. A Shimadzu RF-5301 spectrofluorophotometer (Shimadzu Scientific Instruments,
Columbia, MD) was used for fluorescence measurements. To facilitate measurements of the
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films in liquid solutions, quartz substrates (13.1 x 13.1 mm) coated with sensor layers were
inserted across the diagonal into 1-cm optical path quartz fluorescence cuvettes with 3 mL of
pH- and temperature-controlled buffer solutions to enable the sensing membrane to be
positioned at an angle of 45° to the excitation light. A micro DO electrode (Model DO-166FT,
Lazar Research Laboratories, inc. Los Angeles, CA) was used to measure the dissolved oxygen
concentration in B-R buffers.

2.3 Glass surface modification

In order to achieve stable polymer-membrane coating, the quartz surface was modified with
the acrylate-containing silane, TMSPA. The quartz glass was detergent cleaned and sonicated
in isopropanol, then treated with oxygen plasma for approximately 30 minutes to generate
active hydroxyl groups. The quartz glass was immediately placed in a vacuum chamber for 20
hours to graft a thin layer of TMSPA to its surface using a known vapor deposition method
[33].

2.4 Preparation of polymer membrane stock solutions

The sensor monomer (M1, or M2 or both M1 and M2) (1 mg for M2, and/or 5 mg for M1),
HEMA (800 mg), acrylamide (200 mg), SR454 (50 mg), and AIBN (10 mg) were dissolved
in 1 mL DMF (for the oxygen sensor, 10% CHCI3 was used as a co-solvent with DMF to
increase M1's solubility).

2.5 Polymer membrane preparation

10 uL of the stock solution was pipetted onto the surface of the TMSPA-modified quartz
substrate and covered with a clean cover slip (untreated) to form a sandwich structure. The
thickness was controlled using a 25-um Kapton tape shim (DuPont, Wilmington, DE). The
substrate-sensor-cover slip sandwich was placed in a vacuum oven, which was then evacuated
and flushed three times with dry nitrogen gas. Polymerization was carried out under nitrogen
at 80 °C for 1.5 hours. More detailed polymerization was described in the results section. The
substrates with polymerized membranes were taken out of the oven, and the tape and cover
slip removed. The membranes were washed three times in methanol and three times in double
distilled water to remove any residual monomer and DMF. The films were dried and stored in
the dark at room temperature.

3. Results and discussion

3.1 Polymer membrane preparation

To produce polymer membranes with good mechanical stability and oxygen permeability,
hydrophobic SR454 was chosen as a crosslinker. An increase in hydrophobic segments in
PHMEA increases oxygen permeability [15,16]. To further increase the water and ion
permeability, acrylamide was added as a second monomer for the membrane formation [19,
20]. Thermal polymerization of the monomers (sensors, HEMA, acrylamide and SR454) in
DMF under nitrogen using AIBN as an initiator was used to form hydrogels on the quartz
surface, in order to avoid photo-bleaching of the sensors [34] that may occur when short
wavelength (365- or 254-nm) is used for photopolymerization. The reaction was performed at
80°C under nitrogen to decrease the polymerization time. Under these conditions, uniform and
stable polymer membranes on quartz surfaces were obtained after 1.5 hr.

3.2 pH sensor study

3.2.1 Properties of pH sensing membranes in B-R buffers at room temperature
—Figures 2A and 2B show the absorbance and emission spectra of a pH sensing membrane.
Bathochromic shifted absorbance spectra were observed from acidic to basic condition. Similar
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results were observed in other 4-amino-1,8-naphthalimide-containing pH sensing films [19,
20, 23, 24]. Fluorescence intensity increased with a decrease in pH value. This resultis ascribed
to photo-induced electron transfer (PET) in the pH sensors being suppressed by the protonation
of the amino group. When a fluorophore is attached to an electron quencher (usually one or
more nitrogen-containing functional groups which are non-conjugated to the fluorophore), PET
occurs between them [17, 19, 20, 35]. In the piperazinyl group of M2, the nitrogen atom
(NCHzy) is not directly connected to the 4-amino-1,8-naphthalimide fluorophore, of which the
NCH3 moiety is a strong electron donor. PET occurs from the lone electron pair of the
NCH3 group to the acceptor naphthalimide fluorophore, making the sensor weakly fluorescent.
At lower pH, however, the protonation of the amino group diminishes the PET effect and, in
turn, leads to restoration of the fluorescence originating from the fluorophore, 4-amino-1,8-
naphthalimide. Hence, a remarked increase in emission intensity was observed at low pH. The
typical dynamic range of pH response was from 8.5 to 5.5. The fluorescence intensity changes
are described well by a sigmoidal function (Boltzmann fitting) as shown in equation 1.

I 1 —m2
I ml-m e

Iy pH-pK,
1+exp( > ) (1)

where, | and |y are the fluorescence intensities measured at varying pH values and at the highest
pH value (pH 10) used during the calibration, respectively. m1, m2, pKy', and p are empirical
parameters describing the initial value (m1), the final value (m2), the point of inflection
(pK3"), and the width (p) of the sigmoidal curve. The fluorescence intensity changes and their
curve fittings are shown in Figure 2C. The apparent pK, value (pK;'") was 7.04 for the pH
sensing film in B-R buffers without any addition of sodium chloride. The fitting was highly
reliable with a correlation coefficient (R?) of 0.999. Thus, the pH sensing membrane, having
a pKj close to 7, is expected to be suitable for applications in medicine and biotechnology.

3.2.2 Salt influence on pH sensing—*For the pH sensing, one important factor is the
influence of ion strength on the dissociation constant, and consequently the pK; of the sensor.
Figure 2C shows intensity ratio changes of the same pH sensing membrane in buffers of
different ionic strengths with various sodium chloride concentrations. The pKgs were 7.04,
7.00, 7.03 and 7.09 for 0 mM, 1 mM, 10 mM and 100 mM NacCl in the B-R buffers respectively.
The influence of ionic strength on sensing performance and cross-sensitivity of the pH sensing
membrane to ionic strength were both negligible.

3.2.3 Response time and leaching—Response time of the sensing membrane, tgs (i.e.
the time for 95% of the total change in fluorescence intensity to occur), to a change in pH was
less than 1 minute in the transition from pH 8.5 to pH 3.5, and less than 2 minutes in the reverse
direction. This response time is similar to optical pH sensors based on sol-gel silicaand polymer
gel matrices [1,5,19,20,36]. Since the probes were polymerized with other monomers in the
membranes and the membranes were chemically grafted on the quartz surfaces, leaching of
the probes from the membranes was not observed when soaking in PBS buffer at room
temperature for 24 hr. The sensor film also had a good reversibility, which was tested for 6
cycles between pH 9 and pH 3 (see S-Figure 1 of supplementary data).

3.2.4 pH response in DMEM—Because cellular and biological analyses often take place
in cell culture medium, the performance of the sensor was tested in DMEM. A typical titration
of the sensing film in DMEM with various pH values at room temperature is shown in Figures
2D and 2E. Because the medium contains many additives, including amino acids, sugars,
phenol red and serum, which may quench the pH sensors, the fluorescence intensity at a given

Sens Actuators B Chem. Author manuscript; available in PMC 2011 June 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tian et al.

Page 6

pH in DMEM is approximately 25% weaker than that in B-R buffer of the same pH. Because
of the influence of the additives in DMEM as well as autofluorescence, the emission peak of
the pH sensor shifted approximately 10 nm at high relative to low pH. An additional peak from
550 — 625 nm, which belongs to the autofluorescence of the medium, was also observed. The
intensity ratio of low pH (3.5) to high pH (10) was 21, greater than the ratio in B-R buffer
(~14), indicating higher sensitivity in the medium than in B-R buffer. The pK; value (6.82) in
medium remained close to 7, although lower than those in B-R buffers. Therefore, the sensing
membrane is expected to be suitable for pH determination in cell culture medium.

For pH study, the matrix must be ion permeable. Therefore, the sensors easily interact with the
solutes in aqueous media, which may affect the probe's behaviors. The interferences often occur
in the liquid systems. In order to alleviate this problem, there are two possible methods. (1)
Sensors may be designed to be slightly hydrophobic in order to reduce the interactions of the
sensing moieties with the additives in the media. However, the design needs a rationization in
order to not alter the sensors responses, pK, values, and application ranges significantly. (2)
Matrices can also be tuned. Still, the influence of the matrices on the sensing performance
needs to be evaluated. Electrodes do not suffer the interference problems. However, the
electrode can not be used for noninvasive study in biological samples nor are they suitable for
small volumes (a few tens pL) for single cell study.

3.2.5 Temperature effect on pH sensing membrane—Temperature is an important
factor affecting emission intensities. To quantify this effect, fluorescence intensities at pH 5.5
and 7.5 were measured under varying dissolved oxygen concentrations at 25, 28, 31, 34, and
37 °C (see S-Figure 2 in supporting information). The intensity of the sensing membranes
decreased with increasing temperature. Oxygen concentration had no effect on the fluorescence
intensity of the pH sensor. The fluorescence quenching by increased temperature is more
significant at low pH than at high pH. Thus, temperature should be controlled in order to obtain
accurate pH measurements.

3.2.6 Photostability and lifetime of pH sensing membrane—To investigate the
photostability of the sensor, the sensing membrane in pH 7.50 B-R buffer was continuously
exposed to 405-nm excitation light (0.2 mW/cm?) for a period of 5 h. The membrane
fluorescence intensity was recorded at 2-min intervals. A 2.9% intensity decrease was observed
consequent to the integrated expose, which corresponded to a variation of 0.02% per
measurement. It is important to consider photobleaching in organic chromophores. 4-
amino-1,8-naphthalimide-containing pH sensors are more stable than fluorescein-containing
pH sensors [19]. The sensing membrane was found to have a lifetime of at least four months
when stored in water at room temperature in the dark. Covalent immobilization of the active
component in the copolymer significantly reduces the leaching effect, improving sensors'
lifetime.

3.3 Oxygen sensor study

3.3.1 Response of oxygen sensing membrane—Figure 3 shows the response of an
oxygen sensing film measured in B-R buffer (pH 7.5) at room temperature. Typical platinum
porphyrin Soret and Q-bands were observed at 403, 510 and 591 nm (Figure 3A). The
absorbance spectra were unaffected by dissolved oxygen, indicating there was no chemical
reaction between the dissolved oxygen molecules and the platinum porphyrin fluorophores. A
marked dependence of fluorescence intensity on dissolved oxygen concentrations was
observed (Figure 3B), showing that the emission of the probes was physically quenched by
oxygen, and that the sensor membrane exhibited high oxygen permeability in aqueous solution.

The intensity ratios (Ig/) curve (Figure 3D) follows the Stern-Volmer equation:
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I (2)

where Kgy, is the Stern-Volmer quenching constant and [O5] is the dissolved oxygen
concentration [37,38]. Ip and | are the steady-state fluorescence signals measured in the
presence of nitrogen and various oxygen concentrations generated by controlled gas bubbling,
respectively. The dissolved oxygen concentration [O5] is proportional to the partial pressure
of oxygen, pO,, in the gas used to saturate the liquid. At 23 °C under air condition with the
oxygen partial pressure of 21.3 kPa, the [O,] in the B-R buffer is 8.6 mg L1,

The fluorescence intensity ratio in the absence and presence of air, 1g/lg g, was approximately
2.6 at room temperature. This ratio is comparable to those reported for oxygen sensing films
with pltatinum porphyrins physically trapped in polymer matrices of polystyrene and poly
(styrene-block-vinylpyrrolidine) nanobeads [5,9,34]. Equation 2 fits the experimental data with
correlation coefficients exceeding 0.996. Many realized oxygen sensing films, hydrogels, and
silica particles consisting of the oxygen sensors physically trapped in the matrix do not have
linear Stern-Volmer constants. This nonlinearity may be due to non-uniform distribution or
aggregation of sensor materials within the matrix [4—7,34]. The linear response of the oxygen
sensing membrane in aqueous solution indicates a uniform distribution of the sensing moiety
in the thin films achieved by a solution polymerization preparation method. Obata et al. [25]
reported a non-linear Stern-Volmer response to oxygen when the sensing monomer M1 was
physically trapped in poly(isobutyl-co-2,2,2-trifluoroethyl methacrylate) matrix. Linear
response was observed when films were prepared from a copolymer containing the sensing
moiety M1.

3.3.2 Temperature effect on oxygen sensing—In contrast to pH, which had negligible
influence on the sensitivity of the membranes to oxygen, temperature was observed to
significantly affect the oxygen response of the membrane. Figures 3C and 3D show the
temperature dependence of the oxygen sensing membrane in B-R buffers at 23, 27, 32, and
37°C. As with the pH sensing membranes, emission intensities were decreased slightly at
higher temperatures under a given oxygen partial pressure (Figure 3C). The oxygen quenching
effect is more pronounced at higher temperature (Figure 3D). The increase in sensitivity of the
oxygen sensor at high temperatures has been reported previously [1, 5, 7, 39, 40], and is likely
due to enhanced interaction of oxygen molecules with sensing moieties.

3.3.3 Oxygen sensing in DMEM—To monitor biological processes, the sensing
membranes must also be functional in cell culture medium at 37°C. The oxygen quenching
effect in DMEM medium equilibrated with oxygen/nitrogen mixed gas in a range of oxygen
partial pressure of 0 — 30 kPa at 37°C was studied (see S-Figure 3 in supporting information).
Because of the many additives in the medium the fluorescence intensity of the membrane in
DMEM was approximately 50% lower than in B-R buffer. The response of the membrane to
oxygen still followed the first-order linear Stern-Volmer equation. At 37°C, the Stern-Volmer
quenching constant in DMEM (0.067 kPa'1) is much less than in B-R buffer (0.106 kPa1). An
additional weak peak from DMEM autofluorescence was observed at 550-620 nm.

3.3.4 Temporal response of oxygen sensing membrane—The response time of the
membrane in buffer (pH 7.5 was chosen as a biologically-relevant case) to oxygen was short.
The response time (tgs) to change from air-saturated buffer to deoxygenated B-R buffer and
back was less than 10 seconds in both cases. Although faster-responding sensors have been
reported [41,42], this sensor's response time was faster than some other sol-gel materials [43,
441, making it a viable option for monitoring oxygen response in biological applications. The
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sensor film also had a good reversibility, which was tested for 6 cycles between deoxygenated
solutions and oxygenated solutions.

3.3.5 Photostability of oxygen sensing membrane—The sensing membrane in buffer
solution at pH 7.50 was continuously exposed to excitation light at 405 nm over a period of
five hours, while fluorescence intensity was recorded at two-minute intervals. A total intensity
fall-off of 4.6% was observed with a decrease of 0.03% per measurement. Under the same
excitation conditions, the oxygen sensor was observed to have less stability than pH sensor
reported here. Photostability enhancements are now in progress.

3.4 Dual sensor films study

Similar to the preparation of single sensor-containing membranes, the dual sensors were
prepared by polymerization of the HEMA/acrylamide/SR454/DMF solution with both
monomers, M1 and M2. Because the pH sensor had no response to dissolved oxygen
concentration, and the oxygen sensor was not influenced by pH, each can be used as a reference
for the other. Using the same excitation wavelength (e.g. 405 nm), their emissions had no
significant overlap. The response can be calculated from their individual emission changes or
by the ratiometric approach. Figures 4A and 4B show the effect of changes in dissolved oxygen
concentration and pH on the fluorescence intensities of the dual sensors. Fluorescence intensity
changes and their ratios for the dual sensor film are shown in Figures 4C and 4D. Two
approaches were used for the pK, and Kgy determinations. One approach utilized the emission
intensity changes of the individual sensors in Equations 1 and 2 to determine pK, and Kgy,.
pK, determination using the emission intensity at 515 nm of the pH sensor in Equation 1 will
be called method A, and Kgy determination using the oxygen sensor emission intensity change
at 660 nm in Equation 2 will be called method B. Another approach is to use intensity ratios
of the two sensors using Equation 1 (called method C) for pK, determination and Equation 2
(called method D) for Kgy, determination. In method C, Iy is the emission intensity peak at 660
nm (due to the oxygen sensor), which is an intra-reference for the emission intensity, I, at 515
nm (due to the pH sensor). In method D, | is the emission intensity at 515 nm, which is an
intra-reference for the emission intensity, I, at 660 nm.

Whether method A or method C was used, the pH sensing intensity followed a sigmoidal
Boltzmann relationship. The calculated pKgs using the two different methods are nearly
identical (Table 1), proving the robustness of the ratiometric approach. The high reliability is
attributable to the immunity of the pH sensor to oxygen concentration changes, and of the
oxygen sensor to pH change, the lack of overlap between the two sensors' emission spectra,
and the need for only one excitation wavelength equalizing the exciting energy.

Whether method B or method D was used, simple Stern-Volmer response of the oxygen sensing
moiety to oxygen molecules was observed. Because of the different definition of Iy in methods
B and D, the Kgys from the two approaches are not comparable.

The construction of the dual sensor films may have influenced the pK;, and Kgy values. The
dual sensor film showed a slightly lower pK, than that of the pH sensor alone and higher
Ksy than that of the oxygen sensor alone. This may be due to fluorescence resonance energy
transfer (FRET) [45,46] from the pH to the oxygen sensor, as the emission of the pH sensor
has an overlap with the absorbance of the oxygen sensor.

3.5 Validation

The response functions of the pH sensor were validated with test solutions of pH 5.53, 7.16,
and 7.60 at pO, of 21 kPa. The oxygen response functions were tested in pH 7.5 buffers
equilibrated with oxygen and nitrogen gas mixtures with 5, 8, 10, 12, 15, and 20% of oxygen
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corresponding to pO, of 5.1, 8.1, 10.1, 12.2, 15.2 and 20.2 kPa. Experiments were performed
at room temperature using the dual sensing membrane. The results are given in Table 2. The
numbers in parentheses are deviations of the measurements from the set-point values of the
test solutions. Both pH measurement methods gave satisfactory results with experimental pH
value errors less than £0.16. Both oxygen measurement methods yielded results within £10%
of the set-points. This dual-sensing membrane appears to be reproducible and suitable for
practical application.

3.6 Cytotoxicity study

Cytotoxicity to HeLa cancer cells was investigated using MTT-based toxicology assay Kit.
Detailed experiment was given in supporting information. No significant inhibition of cell
proliferation or cytotoxicity was observed after 40 hours incubation in the presence of the
sensing membranes, demonstrating excellent biocompatibility of the new sensing membranes.

3.7 Discussion of advantages and disadvantages of the sensor systems reported herein

Using chemical immobilization of the sensing moieties in the hydrophilic PHEMA matrix, no
leaching of the sensing moieties was observed. With this chemical polymerization approach
using multi-monomers with different sensing capacities, devices for multi-parameters
measurements can be successfully fabricated. This approach enhances the application of the
sensing films for monitoring multiple biological parameters in an environment. Disadvantages
were also observed as: (1) there were significant decreases in intensity of the pH sensors and
oxygen sensors on going from standard B-R buffers to cell culture mediums, (2) pK, and
Ky changes were also observed from the B-R buffers to cell culture mediums, and (3) FRET
was observed in dual sensor films, which shifted the pKj of the pH sensor and of Kgy oxygen
sensor in going from the single sensor to dual sensors. These shortcomings may results in
experimental errors when applied in unknown sample matrices. Further endeavors are
necessary to alleviate these problems. Suitable matrices, which can minimize interactions of
the probes with media, need to be explored. Interference by media is a problem as it often
occurs but is not always completely removed. Using the lifetime measurement approach rather
than intensity method will also be studied as it is believed that lifetime is less affected by
experimental conditions, which will reduce experimental errors. Individual sensor chemically
immobilized in nanoparticles with these particles chemically immobilized in a certain matrix
to keep the probes apart may reduce or eliminate the FRET, as it is known that efficient FRET
occurs within 10 nm between the donor and acceptor pair.

4. Conclusion

New pH, oxygen and dual-sensing membranes were prepared and tested over biologically-
relevant pH, temperature, ion strength, and oxygen concentration ranges in B-R buffers and
cell culture medium. The typical dynamic pH response was observed between pH 5.5 and 8.5.
pKss of the sensing films were around 7, and only slightly affected by the cell culture medium
and buffers. Oxygen response in the hydrogels followed the linear Stern-Volmer equation. The
pH sensor was unaffected by oxygen concentration, and the oxygen sensor did not respond to
pH changes. Thus, each may provide an intra-reference for the other in dual-sensing
membranes. Sensor films were made from polymerizable monomers and probes did not leak
from the membrane matrix into buffers or cell culture medium. No cytotoxicity was observed
using the MTT assay, indicating excellent biocompatibility of the films. These sensing
membranes are being applied to single-cell metabolism studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of M1 and M2.
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Figure 2.
A) Absorbance and B) emission of pH sensing membrane in B-R buffer at different pH values.
C) Fluorescence intensity ratios at different salt concentrations. 1 is the fluorescence intensity
at515 nmin pH 10.0 buffer. Fluorescence spectra were obtained using 405-nm excitation light.
D) Fluorescence intensities of the pH sensing membrane in DMEM at different pH values. E)
Fluorescence intensity ratios of figure D. I is the fluorescence intensity at 515 nm in pH 10
DMEM. According to the sigmoidal plot, the pK is 6.82 with a R2 of 0.997. The weak emission
between 550 and 625 nm was due to autofluorescence of the medium.
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Figure 3.

A) Absorbance and B) emission of oxygen-sensing membrane in B-R buffer (pH 7.5) with
different dissolved oxygen concentrations [O,]; C) Temperature dependent emission
intensities at 660 nm in pH 7.5 B-R buffer; D) Stern-Volmer curves at different temperatures.
Fluorescence spectra were obtained using 405-nm excitation light.
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Oxygen and pH responses of the dual-sensor. A) Measured in pH 7.5 B-R buffer with different
dissolved oxygen concentrations [O,]; B) Measured in air-equilibrated buffers, corresponding
to oxygen partial pressure of 21 kPa or [O,] of 8.6 mg L™L. C) Intensity variations with pH
under air-equilibrated buffers. D) Intensity variations in pH 7.5 B-R buffer with different DO
concentrations [O]. Intensity ratio of Is;snm/ls15nm at pH 10 N Figure C was for pKy
determination using method A. I515,m/lggonm in Figure C was for pK, determination using
method C. lggonm under N2/l60nm IN Figure D was for Kgy determination using method B.
I515nm/lg60nm IN Figure D was for Kgy determination using method D. pKjs were determined
from the sigmoidal plots; Kgys were determined from the Stern-Volmer equations.
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Table 1

pKj, values and Stern-Volmer constants.?

pK, from Method A )  pK, from Method C€)  Kgy from Method B9 Ky from Method D &)

pH sensor only P) 7.04 (0.999)

Dual sensor b) 6.93 (0.998) 6.94 (0.996) 0.084 (0.997) 0.065 (0.999)

Oxygen senor only P) 0.074 (0.997)

a . - .
)Correlatlon coefficient (R2) in parentheses.

b)

Experiments carried out at room temperature.

<)

Experiments carried out in air-equilibrated buffers, corresponding to oxygen partial pressure of 21 kPa or [02] of 8.6 mg L1,

d)

Experiments carried out at pH 7.5 and unit in kpaLl.
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