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Abstract

Extracellular pH has a strong effect on cell metabolism and growth. Precisely detecting
extracellular pH with high throughput is critical for cell metabolism research and fermentation
applications. In this research, a series of ratiometric fluorescent pH sensitive polymers are
developed and the ps-pH-neutral is characterized as the best one for exculsive detection of
extracellular pH. Poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA\) is used as the host
polymer to increase the water solubility of the pH sensitive polymer without introducing cell
toxicity. The fluorescent emission spectra from the polymeric sensor under excitation at the
isosbestic point 455 nm possess two fluorescence peaks at 475 nm and 505 nm, which have
different responding trends to pH. This enables the polymer to detect pH using fluorescent
maxima at 475 nm and 505 nm (/4754 1505nm) ratiometrically. The cell impermeability ensures
the sensor can solely detect the environmental pH. The sensor is tested to detect the extracellular
pH of bacteria or eukaryotic cells in high throughput assays using a microplate reader. Results
showed that the pH sensor can be used for high throughput detection of extracellular pH with high
repeatability and low photobleaching effect.

Graphical Abstract

A polymeric water-soluble extracellular pH sensor is developed with fluorescence ratio-metric and
cell membrane impermeable characters. The pH sensor enables us to exclusively detect the
environmental pH of cells in real time, including bacteria, yeast and mammalian cells. The
capability to detect extracellular pH under multi-conditions is also achieved by applying this pH
sensor to cell cultures in microplates and detecting fluorescence changes with microplate-reader.

TElectronic Supplementary Information (ESI) available: See DOI: 10.1039/x0xx00000x
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1. Introduction

Although the intracellular pH of microbes and mammalian cells are precisely regulated by
homeostasis for the maintenance of metabolism and cell growth, the extracellular pH can
vary greatly 1-°. Due to a reprogrammed metabolic pathway and changes of nutrition and
oxygen supply, cells commonly exocytose protons or acid metabolites, which results in the
acidification of the extracellular microenvironment. Typically, this includes microbes in
fermentation and cancer cells 610 Environmental pH has many effects on cells’ behavior. It
is well known that an acidic extracellular microenvironment drives tumor cell invasion and
metastasis, affects microenvironmental immune function, and influences non-cancerous cell
growth and differentiation 11-16, The extracellular pH of cancer cells is an important
parameter that reflects cell growth and responses to treatment. Extracellular pH also affects
the growth and production of microbe metabolites. It is a critical parameter in microbial
fermentation which needs to be dynamically monitored and well controlled 16-23, Even
though an electrode pH meter can detect the extracellular pH in a large volume, it has
shortcomings in analyzing multiple samples with high throughput. A pH sensor with the
ability to efficiently and accurately monitor extracellular pH is highly desired for both
industry and biomedical research.

Our group has developed a series of cell metabolism sensors, including a series of
fluorescence pH sensors 24-28, Because of the high sensitivity, simplicity and the feasibility
of miniaturization for microenvironmental detection, fluorescence pH sensors attract
significant attention and have been experiencing a series of successes, most of which target
the cytosol or some organelles, i.e. mitochondria and lysosomes 28-3%. Only a few of them
can be specifically limited outside of a cell by either fixing a sensing film on a substrate or
anchoring the sensor complex onto the cell surface 27-28. 36, There is no doubt that
monitoring the pH of the cytosol or specific organelles plays an important role in
understanding cellular responses to different stresses. However, detection of pH changes that
occur in the extracellular microenvironment of cells is also pivotal to understanding the
physiological response of cancer cells during treatment or tumor development 37: 38 as well
as to the optimization of microbial metabolism and fermentation 39 40,

While the sensitivity of fluorescence pH sensors is advantageous, the fluorescence intensity
is very easily affected by excitation intensity and the distribution of sensors, which results in
a low accuracy of pH measurement. To reduce this negative effect, users must make a

standard pH titration curve with the same conditions when they used the sensor to detect the
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pH. Recently, ratiometric detection has proven be a more accurate method by introducing
another emission peak into the sensors 2% 4145 Ratiometric sensors normally possess two
emission peaks which have different responses to the same pH. The only factor affecting the
ratio of emission intensity is pH; neither the local concentration of sensors nor the exciting
intensities change the ratios between peaks in a suitable range.

Stimulated by the research on ratiometric pH sensing probes, we developed a water soluble,
pH sensing polymer with undetectable cell toxicity#L. Unlike the small molecular sensing
probe, this polymeric sensor is exclusively extracellularly localized with the ability to
ratiometrically detect pH with high accuracy. By simply mixing and measuring, our research
shows that it will enable researchers to perform high-throughput measurements of
extracellular pH with a commercial microplate reader, which is commonly used in cell-based
high-throughput assays 46-49,

2. Materials and methods

2.1 Materials and reagents

All chemicals and reaction solvents were of analytical grade and were used without further
purification. N-(2-hydroxyethyl)-4-bromine-1,8-naphthalimide, 3-amino-1,2,4-triazole 6-
bromohexanoic acid , dichloromethane, methanol, triethylamine, methacryloyl chloride, N,
N’-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), -2-propanol, [2-
(methacryloyloxy)ethyl]trimethylammonium chloride (MAETMA), 4-
dimethylaminopyridine (DMAP), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
and azobisisobutyronitrile (AIBN) were commercially available from Sigma-Aldrich (St.
Louis, MO) and used without further purification. 2-(Methacryloyloxy)ethylsulfonic acid
sodium salt (MAESA) was purchased from Fisher Scientific. N-(2-
hydroxypropyl)methacrylamide (HPMA) was synthesized and purified according to a
published method 25 50, The pH sensing probe ANNA, which was named by Zhou J. et a/
(Scheme 1), was synthesized according to a modified procedure in the literature 41,
Deionized water was used for the preparation of buffer solutions. The pH values were
determined with a digital pH meter (Thermo Electron Corporation, Beverly, MA) and
calibrated at room temperature with standard buffers.

2.2 Instruments

A Varian liquid-state NMR operated at 400 MHz for IH NMR was used for NMR spectra
measurements. A Shimadzu UV-3600 UV-Vis-NIR spectrophotometer (Shimadzu Scientific
Instruments, Columbia, MD) was used for absorbance measurements. A Shimadzu RF-5301
spectrofluorophotometer was used for fluorescence measurements. Waters Breeze gel
filtration chromatography (GPC) was used for polymer molecular weight measurement.
Synergy™ H4 Hybrid Multi-Mode Microplate Reader (BioTeK) was used for pH
measurement with standard 96-well plates. A Beckman DU 530 UV/Vis Spectrophotometer
(Beckman Coulter) was used to measure the microbe density (ODgponm)- A Confocal
microscope (Nikon, TE2000E) was used for cell imaging.
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2.3 Synthesis of the monomeric of pH probe (ANNA-HEMA)

The polymerizable pH probe, ANNA-HEMA, was synthesized according to Scheme 1. 100
mg (0.26 mmol) of ANNA, EDC (121 mg, 0.78 mmol) and DMAP (93.5 mg, 0.78 mmol)
were dissolved in 3 mL of DMSO. 102 mg of HEMA (0.78 mmol) was slowly added into
the above mixture at room temperature. The reaction was stirred overnight at room
temperature. 150 mL of dichloromethane was added to the reaction mixture. The organic
phase was washed with ice-cold water twice and one time with brine and then dried over
MgSQO;4. The product of ANNA-HEMA was purified by silica column chromatography with
methylene chloride/methanol (95:5 by volume) containing 0.3% triethylamine. Yield: 100
mg (78.1%). 1H NMR (CDCls, ppm, 8,): 8.61 (d, 1H), 8.40 (d, 1H), 8.04 (d, 1H), 7.52 (d,
1H), 6.88 (d, 1H), 6.10 (s, 1H), 5.57 (s, 1H), 4.31 (s, 4H), 4.18 (t, 2H), 2.35 (t, 2H), 1.72 (m,
1.76~1.68, 4H), 1.46 (m, 1.50~1.42, 2H). MOLDI-TOF (m/z): 504.19, calcd: CygH25N506,
(M+H), 504.18.

2.4 Polymerization and characterization of the pH sensors (ps-pH)

250 mg of HPMA, 6.0 mg of ANNA-HEMA, 30 mg of MAETMA or MESA (for ps-pH-
positive or ps-pH-negative, respectively), and 5.0 mg AIBN were dissolved in 3 mL of
DMF. This solution was degassed three times through a standard freeze-thaw process. The
monomers were polymerized at 65 °C for 16h under nitrogen. The polymer was precipitated
into 150 mL of acetone from the DMF solution. The polymer was re-dissolved in 3 mL
methanol and re-precipitated into 100 mL of ether. This produced 198 mg of ps-pH-neutral
(yield: 77.3%), 190 mg of ps-pH-negative (yield: 66.4%), 176 mg of ps-pH-positive (yield:
61.5%). The sensor's contents in polymers, which were determined by UV absorbance at pH
7.0, are all around 0.02 g per gram of polymers.

2.5 Culture of L. fermentum (Lactobacillus fermentum) for cellular distribution assay and
extracellular pH sensing

L. fermentum (ATCC® 9338™) were cultured in lactobacilli de Man-Rogosa-Sharpe (MRS)
broth following the culture method provided by the supplier. The concentration of
lactobacilli was estimated by measuring the optical density at 600 nm (ODgggnm)- According
to the amount of cells designated for experiments, an appropriate volume of culture was
spun down to harvest cells. The final pellet was re-suspended into fresh MRS medium with
or without 10 pug/mL of ps-pH sensor to get the required concentration for experiments.
Final concentration of the pH probe in the analysis solution is 0.4 uM.

2.6 Culture of E. coli (Escherichia coli) and B. subtilis (Bacillus subtilis) for cellular
distribution assay and extracellular pH sensing

E. coli (JM109) or B. subtilis (168) were cultured in Luria-Bertani (LB) broth overnight at
37°C with vigorous shaking at 180 rpm. The concentrations of bacteria in culture were
estimated by measuring the optical density at 600 nm (ODggonm). Bacteria were harvested
from the appropriate volume of culture by spin-down according to the amount of cells
expected for experiments. The final pellet was re-suspended into fresh LB medium with or
without 10 pg/mL of ps-pH sensor to get the required concentration for experiments.
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2.7 Culture of S. cerevisiae (Saccharomyces cerevisiae) for cellular distribution assay and
extracellular pH sensing

S. cerevisiae (ATCC® 9763™) were cultured in yeast extract peptone dextrose (YEPD)
medium overnight at 30 °C with vigorous shaking at 180 rpm. The culture was diluted with
fresh YEPD medium, followed by additional two hours of incubation at 30°C. According to
the concentrations of yeast in culture which was estimated by measuring the optical density
at 600 nm (ODgggnm), Yeast were harvested from the appropriate volume of culture by spin-
down. The final pellet was re-suspended into fresh YEPD medium with or without 10 ug/mL
of ps-pH sensor to get the required concentration for experiments.

2.8 Culture of HelLa cells and MCC-7 cells for cellular distribution assay and extracellular

pH test

Both HeLa and MCF-7 cell lines were purchased from ATCC. Cells were seeded in a
standard 96-well plate and cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and
incubated at 37 °C in a 5% CO, atmosphere. After getting 100% of confluence, each well
was washed by PBS once and the fresh DMEM adjusted to different pH (medium-pH) was
added to each well, respectively. The Medium-pH containing 10 ug/mL sensors (ps-pH-
neutral) and medium only were used as control in the experiment.

2.9 Cellular distribution of pH sensors assay by fluorescent microscopy

Mammalian cells or microbes were seeded into a 96-well plate and incubated in their
medium containing 10 ug/mL pH sensors for 24 h. For mammalian cells (HeLa cell, MCF-7
cell or J774 cell), MitoTracker® Red FM (ThermoFisher Scientific) were added into medium
and incubated for 4h before imaging. The localization of pH sensors were detected by co-
focal fluorescence microscopy under 488 nm excitation.

2.10 Detect the microbial growth and pH change of culture

Around 0.1 ODgg of fresh microbial culture containing 10 pg/mL of pH sensors (ps-pH-
neutral) was sealed into a cuvette and incubated in a water bath at an optimal temperature
specific to them. After re-suspending cells by up-down shaking, cell density was measured
by ODgqg. The spectra of pH sensors in culture were detected by a spectrofluorophotometer
under the condition of 455 nm excitation. A pH value was calculated based on ratios of
emission intensity at 475 nm (/475,,,) to emission intensity at 505 nm (/505,m)-

2.11 Detect the extracellular pH with a microplate reader

Microbes were re-suspended into fresh medium containing 10 pg/mL ps-pH-neutral sensor
and aliquot into 96-well plate by 100 ul per well. Medium containing either sensor or
microbes only were aliquoted into parallel wells as experimental controls. After sealing
wells with mineral oil to prevent oxygen exchange, the emission intensities at 475 nm and
505 nm from each well were immediately monitored by a microplate reader with 455 nm of
excitation.
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3. Results and discussion

3.1 Design and synthesis of polymeric pH sensors

The monomer of the pH sensing probe was synthesized according to Scheme 1. Three kinds
of polymeric pH sensors carrying different charges were synthesized according to the
scheme in Scheme 2. The molar ratio of monomers used in reaction (a: b: ¢ or d) was 0.7:
91.8: 7.5. We use poly(/N-(2-hydroxypropyl)methacrylamide) (PHPMA), which has been
widely used as the biocompatible host polymer, to increase the water solubility of

sensors 25 51,52 A small fraction of poly[2-(methacryloyloxy)ethyl]trimethylammonium
chloride (PMAETMA) or poly[2-(methacryloyloxy)ethyl]sulfonic Acid Sodium (PMAESA)
was introduced into the polymers to get sensors with positive charges (ps-pH-positive) or
negative charges (ps-pH-negative), while the neutral sensor (ps-pH-neutral) does not
possess either of these fractions.

The sensors were polymerized using the traditional radical polymerization approach with co-
polymerization of ANNA-HEMA, HPMA and MAETMA or MAESA in DMF where AIBN
was used as an initiator. The polymeric pH sensors (ps-pH) were sequentially harvested by
precipitation from solvent into acetone and ether. To remove any non-polymerized
monomers and other potential chemicals, sensors were dialyzed against deionized water for
48h before further characterization and application. The sensors were characterized using

gel permeation chromatography (GPC). The average molecular weights (M,) of three kinds
of pH sensors were about 4,000 each. The polydispersity indexes (PDI) of three polymers
were about 1.5 each. Zeta potential measurement was performed in 10 mM of HEPES buffer
(pH 7.4) and indicated 10.1 mV for ps-pH-positive, —1.36 mV for ps-pH-neutral and -11.1
mV for ps-pH-negative, respectively.

3.2 Cellular internalization of the sensors

After dialysis against deionized water, the aqueous solutions of these sensors were filtered
by ¢0.2 um filter before they were applied to microbial culture. Microbes were incubated
with fresh medium containing 10 pg/mL of pH sensor at room temperature for at least 24h
without any disturbance. No inhibition effect on cell growth was observed even after longer
incubation. The distribution of sensors in microbial culture was detected by fluorescence
imaging with confocal microscopy (Figure 1A and Figure S1-4). Results showed that ps-
pH-neutral and ps-pH-negative were not cell permeable for any of the microbes tested in
this experiment, which are Lactobacillus fermentum (gram-positive), E. coli (gram-
negative), B. subtilis (gram-positive), and S. cerevisiae; while the sensor with positive
charges, ps-pH-positive, is partially cell permeable for lactobacilli and yeast since weak
fluorescence was observed inside cells.

A similar test was performed with mammalian cells by incubating cells with medium
containing 10 pg/mL of sterilized pH sensor at 37 °C for 24h. Using MitoTracker Red as the
positive control, imaging data (Figure 1B and 1C and Figure S5-7) shows that neither ps-
pH-neutral or ps-pH-negative can be taken up by HelLa cell or MCF-7 cells; while the one
with positive charges can get into both cell lines. It is no surprise that the macrophage cell
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J774 took up all three formats of polymeric pH sensors with its biological function of
phagocytosis.

Based on the distribution of the above results, we selected ps-pH-neutral for further
characterization and applications in measuring extracellular acidification.

3.3 Sensor (ps-pH-neutral) response to pH

A B-R buffer with pH range 3 to 10 was applied to test the pH responses of the sensor.
Similar to the sensing probe ANNA, the polymeric pH sensor shows pH-dependent
absorbance spectra with an isosbestic point at 455 nm (Figure 2A) 4. The fluorescent
emission spectra from the sensor under excitation at the isosbestic e point 455 nm possess
two peaks at 475 nm and 505 nm, respectively (Figure 2B). The ratio of fluorescence
intensity at 475 nm to the intensity at 505 nm (2475704 15057m OF 150500 14750m) Was plotted vs
pH and the curve was fit with Bolzmann model by OriginPro 9 (Figure 2B). The curve
fitting equation and the related parameters are listed in Table S1. The pH values, which were
calculated from fluorescence intensity by fitting the equation of ps-pH-neutral, were
validated by a pH meter. The measurement error is less than 0.01. Three concentrations of
pH sensors were applied to test the concentration effects on the pH response of sensors. As
shown in Figure S8, the three titration curves overlapped very well, indicating that there is
not much effect from sensor concentrations on the sensor performances. 10 pg/mL of ps-
pH-neutral was used for the next biological experiments.

3.4 Application of ps-pH-neutral in bacterial culture

The application of ps-pH-neutral was tested with three kinds of bacteria, i.e. L. fermentum,
B. subtilis, and E. coli, which represent the most commonly used bacteria in their related
biology and biotechnology fields (Table 1). Cuvette and 96-well microplate were applied for
low throughput studies (Figure 3) and high throughput studies (Figure 4) under the sealed
condition with mineral oil, respectively. In the low throughput studies, bacterial culture with
pH sensor was incubated at 37 °C. The pH responding spectra in the 2 mL cuvette were
collected by spectrofluorophotometer under the excitation of 455 nm (Figure 3A, 5C, and
5E). The pH responses of the sensor were also tested in a 96-well microplate to demonstrate
the capacity for high throughput applications, where multiple concentrations of bacteria
were repeatedly seeded in wells. The fluorescent emission at 475 nm and 505 nm from each
well could be efficiently detected by a microplate reader with two-minute intervals (Figure
4A, 4C and 4E). Besides the bacteria concentration used in low throughput study (0.1
ODgqg), higher concentrations of bacteria (0.2, 0.3 or 0.4 ODgqg) Were also tested in the high
throughput study.

L. fermentum is a Gram-positive, heterofermentative lactic acid bacterium which is wildly
used in the production of fermented food 3. It was reported that the pH of L. fermentum
culture dramatically affects the product of fermentation 4. It has been also used as a
probiotic with its functional efficacy of antimicrobial and antioxidative activities 5 56,
During the incubation, the fluorescent intensity at 475 nm continued increasing, while the
intensity at 505 nm continued decreasing (Figure 3A), meaning the cultural environment was
acidized by lactobacilli under an anaerobic condition. The pH values of the cellular culture,
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which were calculated from the ratios of 1475nm/1505nm, Changed from 6.75 to 4.51 during the
cell growth from 0.15 to 1.47 ODgqq (Figure 3B). Three concentrations of lactobacilli, i.e.
0.1, 0.2 and 0.4 ODgqg, Were applied in high throughput studies. As shown in Figure 4A,
fluorescent emission at 475 nm and 505 nm from each well could be efficiently detected by
a microplate reader. The ratio data from the same condition shows consistency throughout
the experiment (Figure 4B).

E. coliis a Gram-negative, facultative anaerobe. It is the best studied bacterium and the most
common bacteria used in lab cloning and also one of the preferred bacteria for research on
regulation of metabolism 57 58, |ts respiratory pathways can be alternatively switched to
cater to the energy request under different culture conditions. The anaerobic metabolism
produces acetate, ethanol and CO», etc. into the microenvironment. It has been reported that
environmental pH affects the fermentation and plasmid product °. The pH of £. coli culture,
which was transformed from the ratio of emission peaks (Figure 3C), was changed from
6.97 to 6.22, when the density of bacteria was changed from 0.17 to 0.52 ODgqq (Figure
3D). Two starting bacterial densities, i.e. 0.1 and 0.3 ODgqg, were used in the high
throughput test (Figure 4C). During two hours of incubation at 37 °C, each well with the
same condition showed a very similar ratio of fluorescence emission at 475 nm to emission
at 505 nm at each time point (Figure 4D).

B. subtilis is the best studied Gram-positive facultative anaerobe that has been widely used
as the paradigm of Gram-positive bacteria. The metabolism of B. subtilis, which is very
sensitive to environmental pH, has been intensively investigated 0-62. B, subtilisis one of
the most commonly used industrial bacterium to produce enzymes and other metabolites.
The product of anaerobic fermentation of B. subtilis includes 2,3-butanediol, ethanol and
acetate %3. B. subtilis were cultured under aerobic conditions. When they were seeded in an
environment where the oxygen supply was blocked and residual oxygen in the medium was
consumed very quickly 28, the pH of the culture did not change much, i.e. from 7.01 to 6.65
(Figure 3E and 3F). The optical density of bacteria (ODgqg) only grew from 0.12 to 0.35 in
four hours of incubation. In the microplate, the ratios of fluorescence intensity at 455 nm
and 505 nm (Figure 4E), is relatively stable and repeatable among wells with the same
starting condition, 0.1 or 0.3 ODgqq (Figure 4F).

Because of the different metabolites produced by bacteria under anaerobic conditions (Table
1), the pH of these three bacterial cultures changed with different trends during incubation.
With the well-known capability to produce lactic acid, the pH of L. fermentum culture can
reach even lower pH than 4.5 (data not shown). Under the experimental condition applied on
B. subtilis, there was about 0.35 pH change detected by our pH sensor. Because of different
metabolic pathways under anaerobic condition, the pH changes in different trends among
three bacterial cultures tested in this experiment (Figure 4). Especially for £. coliand B.
subtilis, which are normally cultured in aerobic condition, data detected by ps-pH-neutral in
microplates show that the extracellular pHs changed with different rates when they were
sealed in the same space with limited oxygen supply, and the same thing happened to two
concentrations of the same bacteria (Figure 4D and 6F). Besides the excellent
reproducibility of the sensor for high throughput applications, it is worth noting that the pH
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sensor shows good photo-stability during incubation, and no obvious photobleaching effect
was detected (fluorescent ratio cure of medium, Figure 4B, 4D and 4F).

3.5 Application of ps-pH-neutral in S. cerevisiae culture

S. cerevisiae is the most widely used microbe in the bioindustry including the food and
beverage industry, bioethanol production and other fine chemical production 64,
Environmental pH has a strong effect on the growth and fermentation property of S.
cerevisiae 9567,

The application of the pH sensor in monitoring pH of S. cerevisiae culture was performed
both in a cuvette and a 96-well microplate where the oxygen supply was blocked to
introduce an anaerobic cell culture environment. To observe a conspicuous change of
fluorescence, 0.65 ODgq starting density of yeast were sealed in the cuvette and were
incubated with the pH sensor at 30 °C for five hours to detect the pH and optical density of
culture, respectively (Figure 5A and 5B). As a eukaryotic organism which can grow under
anaerobic conditions, the density of S. cerevisiae reached 1.65 ODgqg, While the pH of the
culture was acidized from 6.91 to 4.97. To test the sensor response to pH in a high-
throughput platform, three starting densities, 0.1, 0.3 and 0.6 ODgq, of yeast were
quadruplicately applied in 96-well plate (Figure 5C). During six hours of incubation, the
ratios of fluorescence intensity at 475 nm and 505 nm, which were detected by microplate
reader under excitation 455 nm, are well correlated with their culture conditions (Figure
5D). Signal vibration was observed at the late incubation. It might be the result of releasing
CO», from culture, which is one of the main products of fermentation with S. cerevisiae.

Besides using microbes, the ability of the pH sensor (ps-pH-neutral) to monitor
extracellular pH of mammalian cells was preliminarily tested in a standard 96-well
microplate. When cells grew to 90% confluence, cell culture medium in each well was
substituted by medium which was adjusted to different pHs (medium-pH) containing 10
ug/mL of pH sensors (Figure S10A). The fluorescence spectra in each well were detected by
a microplate reader under 440 nm, 480 nm and 455 nm excitation, respectively (Figure
S10B). As we can see from fluorescence spectra in Figures S10B and S10C, each well had a
good spectrum corresponding to the related pH condition. This result shows us the very
promising capability of the pH sensor (ps-pH-neutral) to test multiple conditions of
mammalian cells with a standard 96-well plate. No obvious cytotoxicity to mammalian cells
(HeLa MCF-7 and J-774c cells, respectively) was observed after 24h of incubation with
culture medium containing 10 pg/mL of the pH sensor (Figure S11).

4. Conclusion

A new water-soluble polymer-based pH sensor was developed to specifically detect
extracellular pH. The varying responses of two fluorescence emission peaks (475 nm and
505 nm) under 455 nm excitation enables the sensor to ratiometrically detect pH with high
accuracy. The biocompatible polymer, i.e. PHPMA, was introduced into the sensor to
improve the water solubility. After 96h of incubation of cells with sensor (ps-pH-neutral),
no inhibition to cell growth was observed (data not shown). Tested with Gram-negative
bacteria (£. coli), Gram-positive bacteria (L. fermentum and B. subtilis), yeast (S.
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cerevisiag) and mammalian cells (HeLa and MCF-7), the pH sensor, ps-pH-neutral, has
been proven to be exclusively extracellularly localized. This is critical to detect the
environmental pH of cells. All of these characteristics ensure the pH sensor can be
conveniently used to detect cell metabolism with minimal disturbance to cells.

The reliable performance in the detection of pH changes in a microplate further
characterized ps-pH-neutral as a powerful tool in high-throughput screens (HTC) with a
commercial microplate reader, which is widely used in drug discovery, optimization of
reactions, etc. With assistance of a high resolution imaging instrument, this pH sensor has
high potential to be used in single cell metabolism assays 8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Synthesis of the monomeric pH sensing probe (ANNA-HEMA)
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Scheme 2.
Chemical structures of the monomers used for preparing the sensing polymers and a

polymerization scheme.
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Figure 1.

Digstribution of pH sensor (ps-pH-neutral) when it is incubated with microbes (panel A) and
mammalian cells (panels B and C). Cells were not washed in order to show the background
emissions and cells were not stained by the polymer. Green emission is from the polymer
excited at 488 nm, red emission (image c in panels B and C) is from MitoTracker® Red.
Image ais an overlay of image b (sensor), image ¢ (MitoTracker) and image d (DPI) in
panels B and C, respectively.
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pH titration for ps-pH neutral. A: absorbance changes. B: Emission changes excited at 455

nm. C: Ratiometric plots. D: Differences for a few measurements between the results

calculated from the fluorescence sensor and those from pH electrodes showing the high
accuracy of measuring results using the fluorescent sensor.
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Application of ps-pH-neutral in bacterial culture. Bacterial culture containing pH sensors
were incubated in a sealed cuvette at 37 °C. The fluorescence spectra of pH sensors were

dynamically detected by spectrofluorophotometer under 455 nm excitation, A: L.
fermentum, C: E. coli, E: B. subtilis. The pH values (red) were transferred from their

corresponding spectra data and were plotted together with their growth curve (black), B: L.
fermentum, D: E. coli, F: B. subtilis.
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Application of ps-pH-neutral in the high throughput detection of bacterial culture with
microplates. Bacterial culture containing pH sensors were incubated in microplates at 37 °C.
The fluorescence intensities at 475 nm and 505 nm of pH sensors were dynamically detected
by a microplate reader under 455 nm excitation, A: L. fermentum, C: E. coli, E: B. subtilis.
The ratio values (/4755m/1505nm) Were calculated and were plotted vs. incubation time, B: L.
fermentum, D: E. coli, F: B. subtilis.
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Figureb.

Application of ps-pH-neutral in S. cerevisiae culture. A, fluorescence spectra of pH sensor
were dynamically detected by spectrofluorophotometer under 455 nm excitation. B, growth

H1.8
1.6
H.4
E
1.2 S
a
1.02
0.8
0.6

0 S50 100 150 200 250 300

Lazsnm!Is05nm

Time (min)

0.5 0.6 ODgoonm
(SC0.6 1~4)

0.440.3 0Dgopnm

0.1+ v ' : T . .
00:0094:0092:00(3:0004:005:0006:00
Time (h:m)

curve of yeast and pH value which were transferred from data in A were plotted vs.

incubation time in a cuvette. C, screen printing data from high throughput analysis of pH in
yeast culture with microplate. D, plot curves of ratio values (/4754 15057m) from C vs.

incubation time.
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Bacteria used in the testing of pH sensors.

Table 1

Bacterium Gramreaction Metabolism Main products of fermentation References
L fermentum  positive facultative anaerobic  lactic acid, ethanol, CO, 53,54
E. coli negative facultative anaerobic  acetate, ethanol etc. 57-59
B. subtilis positive facultative anaerobic  2,3-butanediol, ethanol and acetate.  60-63
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