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Microscope Ratiometric Grayscale
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ABSTRACT: Rapid and accurate identification of the intracellular
pH is critical in the field of biomedicine. In this work, we effectively = "o

identified and quantified the intracellular pH and its distribution at
the single-cell level using an image sensor based on an ordinary

Relative intensity

bright-field optical microscope that divided the cell staining images SN Q:::f;:i‘s'e
into their red (R) and blue (B) channels. The grayscale of the R —
and B channels was subjected to a ratiometric operation to )

t i tri all 1 f th . A v . Quantitative
generate ratiometric grayscale cell images of the microscope. U s Analysis

standard curve of pH against ratiometric grayscale curve was then
obtained by incubating HeLa cells at pH 6.00-7.60 in a high
concentration K* jon buffer solution containing nigericin for
obtaining certain intracellular pH values. A good correlation was
evidenced between pH and the ratiometric grayscale of the R and B channels in the pH range of 6.00—7.60. Subsequently, the
intracellular pH value of the AS549 cells under the experimental conditions was measured to be 7.22 + 0.01 by the method.
Furthermore, the changes in the intracellular pH of HeLa cells stimulated with hydrogen peroxide were sensitively monitored, which
demonstrated the applicability of the method. Due to its ease of use, the developed colorimetric microscopy pH detection and
monitoring method provide prospects for pH-related single-cell studies.

Cj’”’ [ pKa = 7708

1. INTRODUCTION self-calibrated ratiometric fluorescence signals and hence
increase detection accuracy.'* For example, Feng’s group'”

Cell pH value is an important index, involved in the regulation
created a lysosomal pH-detecting ratiometric fluorescence

of several basic physiological and pathological processes within

cells, including cell proliferation, apoptosis, and ion trans- nanosensor, which is capable of responding sensitively to the
port.' > Abnormalities in the intracellular pH can disrupt pH pH range (3.0—8.0) under illumination at 415 and6555 nm and
homeostasis and impede normal cellular activity, leading to the has a lysosome-targeting capability. Ghosh et al.' built a pH
development of a variety of disorders such as Alzheimer’s nanoprobe based on FRET using nanoparticles as the donors
disease, stroke, and cancer.*”® It has been reported that in (excitation/emission 980/540 nm, green channel) and orange
cancer tissues, glycolytic actions within cancer cells cause a pH fluorescent protein as an acceptor (excitation/emission 548/
reversal, with cancer cells having a higher pHi (pH 566 nm, red channel), the probe of which can penetrate deeply
intracellular) and a lower pHe (pH extracellular) than at 980 nm excitation, overcoming the limits imposed by the
normally differentiated cells.”® As a result, quick and effective limited penetration depth of the UV excitation, phototoxicity,
monitoring of le is critical for understanding illness and interference from background autofluorescence.
pathophysiology and creating appropriate therapeutic meth- In addition, a variety of biochemical indicator tests often use
ods. image-color-based analysis techniques. Yu et al.'” developed a
To date, diverse pHi detection technologies, such as nuclear method for measuring the intracellular serum glucose
magnetic resonance, electrochemical approaches, and fluo- concentration using R-CDs (Rhodamine B carbon dots) and

rescence imaging, have been developed for extensive studies on
pH-related disease processes and therapeutic methods.””""
Because of their visibility, specificity, and ease of operation,
ratiometric fluorescence methods based on fluorescent dyes for
pHi measurement have been frequently employed.'” Fluo-
rescent dyes convert an input chemical signal into an optical
signal output and have become an important tool in
biomedical research, particularly for visual detection of cell
activities."” Especially, the ratiometric fluorescence approach
yields two distinct emission peaks that can be used to generate

B,0;. The approach involves the use of a smartphone’s RGB
feature to process the intensity of the green channel of color
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Scheme 1. Schematic of Microscopic Colorimetric Single-Cell pH Imaging and Detection with Bromothymol Blue as an

Indicator
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photos and UV lamps to monitor the color change of the R-
CDs and B,0; gel’s fluorescence. By using bromothymol blue
(BTB) as a pH indicator, Jin’s group'® developed a
colorimetric imaging method for pH detection at the
subcellular level based on ordinary visible light bright-field
microscope with single-cell spectral resolution. The method
acquires cell staining images and determines the pH profiling
of cells and subcellular pH values based on the color difference
of these images combined with the displacement of the UV-
absorption spectroscopy peak positions.

Inspired by these studies, in this study, we propose herein a
method for detecting cell pHi, using the grayscale ratio of R to
B color channels from BTB-stained HeLa images. Through
analysis of the relationship between the pHi of HeLa cells and
the grayscale ratio of the two channels, the working curve of
grayscale ratio with pH can be obtained to enable sensitive pHi
recognition and detection at the single-cell level. By using the
method, the distribution of pH in the cytoplasm, organelles,
and other regions of cells can be easily identified in the
grayscale pseudocolor pictures of stained cells. Furthermore,
pH fluctuations in HeLa cells stimulated with H,O, were
observed. The developed approach has great promise for
differentiating and diagnosing cancers on the cell level due to
the variation in the intracellular pH between healthy and
cancer cells.

2. EXPERIMENTAL SECTION

1. Cell Culture and Cytotoxicity Assay. The cell
viability was determined by the CCK-8 assay according to the
manufacturer’s instructions. HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) including
high glucose supplemented with 10% fetal bovine serum
(FBS), 1% penicillin—streptomycin with 5% CO, at 37 °C.
The cytotoxicity of bromothymol blue indicator (BTB) on
HeLa cells was evaluated by the CCK-8 assay. Briefly, HeLa
cells were seeded in a 96-well plate in a cell medium overnight.
After incubated with different concentrations of BTB (0.10,
0.25, 0.50, and 1.00 pg/mL) for 24 h, the culture media were
replaced with the DMEM (200 uL) containing CCK-8 (10
uL). One hour later, the absorbance at 450 nm was determined

using an enzyme meter. Every experiment was run in triplicate,
and the results were averaged.

2.2. Ratio Grayscale Imaging and Static Analysis.
Bright field images of the BTB-stained cells were captured and
stored in TIF format by using an ordinary optical microscope
(OLYMPUS CKX53) with an image sensor (Sony IMX178).
The light intensity was adjusted, and the magnification was
fixed to 20X. The steps for processing images of the BTB-
stained cells for quantitative and qualitative analysis of pHi are
shown in Figure S1. All images were processed by threshold
segmentation to remove background area, red (R) and blue
(B) color channel splitting; grayscale ratio images were
obtained from R dividing B channels; and pseudocolor color
assignment was performed via the Fiji software.

2.3. Calibration of Intracellular pH. The cells were
incubated with five sets of high concentration K* solutions
(120 mM KCl, 30 mM NaCl, 1 mM NaH,PO,, S mM glucose,
and 20 mM HEPES) containing 10 gM nigericin (an ion
carrier that equalizes the concentration of potassium ions
inside and outside the cell, thereby equalizing the pH inside
and outside the cell)'” at pH 6.00, 6.40, 6.80, 7.20, and 7.60 for
cell staining and colorimetric analysis of the stained cells. After
the high concentration of K™ buffer solution was added to six-
well plates with uniform cell density, the cells were stained for
10 min with 0.25 mg/mL BTB indicator. The indicator was
then removed, and the cells were photographed under an
optical microscope. To extract the grayscale of the cells under
the R and B channels of the cells images and compute the ratio
of the grayscale of the two channels (Gg/Gp), the R and B
channels of the images were split using Fiji software. This
approach allows for the construction of a standard curve that
plots Gp/Gjg against pHi.

2.4. Intracellular pH Determination. We chose A549
cells for the experiment. When the cells suspension reached a
uniform density and was in good condition, the media was
withdrawn from a six-well plate. Then, 0.25 mg/mL of the
BTB indicator was added, the mixture was incubated in the
CO, incubator, and the excess indicator solution was aspirated
after 10 min. Then, the images of the stained A549 and HeLa
cells were obtained by using the optical microscope. The
average intracellular pH of the cells was examined after
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Figure 1. (A) Spectral sensitivity characteristic curves of the image sensors plotted against the UV—Vis absorption spectra of 10 mM PBS with BTB
(pH = 6.5, pH = 7.5); (B) diagram showing how a color filter array (CFA) transmits light selectively in certain areas.

splitting the R and B channels of the images and calculating the
grayscale ratios of these two channels by using the obtained
curve of pH versus grayscale ratio.

2.5. Monitoring of the pHi of HeLa Cells under Drug
Stimulation. HeLa cells were stimulated with 100 M H,0,
for 20, 40, and 60 min, respectively, in order to examine the
changes in pHi under H,0, stimulation. The cells were then
incubated with the blank control (no drug stimulation was
applied) and then stained with BTB. To examine the variations
in pHi under H,0, stimulation, cell staining images were
obtained, and the grayscale ratios of R and B channels at
various times under H,O, stimulation were calculated.

3. RESULTS AND DISCUSSION

3.1. Detection Method and Principle. As shown in
Scheme 1, cancer cells have a unique pH regulatory
mechanism that causes pHi to be alkaline in comparison to
that of normal cells. This mechanism is mediated by plasma
pumps on the cell membrane, such as NHE1 and MCT, which
pump excess acid out of the cell.”” When BTB is protonated or
deprotonated, it manifests as yellow or blue in solution,”" while
it appears blue-green in neutral solution. The interaction of the
visible area BTB with cells offers new insights into cellular
imaging pH detection as well as early cancer cell identification
because of the variations in intracellular pH and the
heterogeneity between cells.

BTB is a triphenzylmethane—type dye with a dissociation
constant pK, of 7.1,>” and a pH range of 6.0—7.6, covering the
pH range of most cell physiological conditions.”* The color of
the solutions containing BTB changes from yellow to green
and finally to dark blue when the solution is oxidized to acidic
basic. As depicted in Figure 1A, there are two BTB absorption
peaks in the visible region when the solution pH switched from
alkaline to acidic. The two peaks are located at approximately
wavelengths of 440—400 and 615 nm, and the intensity of the
absorption also varies with the solution pH. As a result, the
effect of difference amplification in pH can be realized by
quantifying pH using the absorption intensity of a single peak,
or by quantifying pH using the ratio of the absorption
intensities of the two absorption peaks (Figure S2). The three-
dimensional reconstruction of HeLa cells with and without
BTB stained under a confocal laser scanning microscope is
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presented in Figure S3, which was manifested that the BTB
indicator penetrated through the cell membrane into the cell.
In the experiment, the SONY IMX178 image sensor was used
to capture the cells images, as illustrated in Figure 1B. The
sensor’s front is coated in an orderly distributed color filter
array (CFA), which allows only particular light wavelengths to
pass through and reach the sensor.”* In the imaging, each pixel
point is assigned a single-color component for the red, green,
and blue colors. The distinct wavelength range of the three
colors are 700—605, 560—500, and 480—435 nm,> respec-
tively. The blue and yellow colors of BTB wavelengths in the
UV-—visible absorption spectrum, as depicted in Figure 1A,
match the R and B channels of the photosensitivity curve of
the image sensor.

As a result, light falling within this wavelength band can pass
through the RGB filter array of the image sensor and be
detected, forming color images. Through the differentiating
treatment of image colors, the image sensor can perform the
same function as the UV spectrophotometer for monitoring
the absorption intensity at a particular wavelength. It may also
be used as an alternative for detecting light intensity at a
particular wavelength. In this study, in doing so, the local pH
variation of cells could correlate with the cell images by the
method. Therefore, the color corresponding to the BTB UV—
visible absorption peak can be amplified and used to indicate
the pHi, and the cellular pH can be quantified by the ratio of
the R to B channel grayscale of the cell images.

3.2. pH Response of BTB. In the experiment, eight sets of
0.1 mM PBS solutions were prepared in six-well plates with the
final concentration of BTB of 0.25 mg/mL, and varied pH
values of 6.00, 6.40, 6.60, 6.80, 7.00, 7.2, 7.40, and 7.60.

The images were acquired using the microscope, which
maintained a dark environment and changed the light source
from dark to bright for 10 groups. This was done in order to
investigate the pH responsiveness of the BTB and the impact
of the microscope light source on image analysis during image
acquisition. After the R and B channels of each batch of the
images were split out, a ratio operation was carried out. As
illustrated in Figure 2, the Gy/Gy decreased when the PBS
solution was changed from acidic to alkaline. As a result, the
pH of the solution can be determined by using the color ratios
of the images produced with BTB staining. However, when the
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The ratio of R to B

Figure 2. Histograms of the grayscale ratio of PBS buffer solution at
gradient pH values from acidic to alkaline stained with BTB under
various microscope light source intensities.

light source of the microscope was changed, the grayscale ratio
value remained constant at pH 7.00 for the PBS solution, and
the variability in the grayscale ratios under the various light
sources was 0.22. It demonstrated that the microscope light
source intensity had no bearing on the analysis of the grayscale
ratios of the images. To guarantee consistency of the
experiments, images were taken by consistently adjusting the
light source to the specified brightness, as the cell outlines were
not covered and the contours of the cells were clearly
discernible.

3.3. Optimization of Cell Staining Conditions. As the
level of toxicity and cell coloration of BTB are critical for its
biological applications, the cells were incubated with four
concentrations of the BTB indicator to determine the ideal
working concentration of BTB. The concentration effect of
BTB on cell viability at 0.10, 0.25, 0.50, and 1.00 mg/mL was
investigated using the standard CCK-8 test. As shown in
Figure 3A, BTB has minimal toxicity toward HeLa cells and be
useful for determining the pHi. The cell viability maintained

over 90% when the HeLa cells were incubated with BTB at
concentrations of 0.10, 0.25, 0.50, and 1.00 mg/mL.

The BTB staining in HeLa cells gradually became obvious
with increasing BTB concentration and incubation time, as
shown in Figure 3B. As the BTB concentration and incubation
period increased, the degree of color development and cell
viability were observed. After 1 h of incubation, the cells were
exposed to the varied concentrations of BTB. At BTB
concentration of 0.25 mg/mL, the majority of the cells
remained viable and the BTB was evenly distributed within the
cells. At BTB concentration of 0.10 mg/mlL, the level of BTB
internalization was superficial and comparable to that of the
control group, while at BTB concentrations of 0.50 and 1.00
mg/mL, the degree of yellowness of certain regions tended to
be the extent of the color of the BTB itself within the majority
of the cells. However, the majority of the cells were spherical at
BTB concentration of 1.00 mg/mL, indicating some toxicity to
the cells.'® Based on cell viability and BTB-stained intensity,
the ideal BTB working concentration for cells was ultimately
found to be 0.25 mg/mL with an incubation time of 10 min.

3.4. Calibration of Intracellular pH. We further
evaluated the pH responsiveness of BTB in HelLa cells in the
presence of nigericin. Experimentally, the pH levels within and
outside the cells were constant in the presence of nigericin,
since the concentration of sodium ions inside and outside the
cells reached equilibrium after 10 min.”® HeLa cells were first
incubated and stained by BTB for 10 min, and the excess
indicator solution was then removed for cell imaging. In the
experiment, the high concentration K* buffer solutions
containing 10 M nigericin were prepared, and the pH values
were adjusted to 6.00, 6.40, 6.60, 6.80, 7.20, 7.60, and 8.00,
respectively. One milliliter of each of the high concentration K*
buffer and 0.50 mg/mL BTB indicator at different pH values
were subsequently added to the six-well plate, respectively.

The high concentration of K" buffer solution was used to
reach intracellular pH values of 6.60 and 7.60, and the cells
were stained with BTB to check the extent of deviation of the
average grayscale ratio of multiple cells from that of individual
cells when processing the cells images. The R and B channels
of the BTB-stained images were split and subjected to
grayscale ratio analysis to determine the differences in
grayscale ratios between images containing multiple cells and
individual cells. The cells images were acquired and
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Figure 3. (A) Histogram of cell viability of four concentrations of BTB acting on HeLa cells; (B) Stained images of HeLa cells incubated with BTB
at concentrations of 0.10, 0.25, 0.50, and 1.00 mg/mL for S, 10, 30, and 60 min.
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HeLa cells; (D) Staining images and ratiometric grayscale pseudocolor maps of HeLa cells incubated in gradient pH high concentration potassium

ion buffer solution, scale bar: 20 ym.

intercepted at a 500 X 500-pixel size. Typically, 30 individual
cells images were obtained from the two sets of cells staining
images after the pH incubation. As shown in Figure 4A, the
distribution of grayscale ratios within a single cell was more
concentrated at 0.923 when the intracellular pH was 7.60. It is
possible to perform the averaged operation directly on the
grayscale ratios of the images containing multiple cells when
processing and analyzing the stained images, as shown in
Figure 4B, where the results of the grayscale ratios of the
stained images containing multiple and single cells were highly
consistent when the external intracellular pH was 6.60 and
7.60.

Subsequently, the intracellular pH was measured through
BTB staining using high concentration K* buffer solutions
containing nigericin at pH 6.00, 6.40, 6.80, 7.20, and 7.60,
respectively, to investigate the viability of the image grayscale
ratio approach for measuring the pHi at the single-cell level. As
shown in Figure 4C, the correlation curve of the ratios of
grayscale R and B channels with pH shows that the Gz/Gj
values were 1.25 at pH 6.00 and 0.85 at pH 7.60, respectively.
In other words, the grayscale ratio of BTB-stained cell images
at pH 6.00 is approximately 1.5 times greater than that at pH
7.60. The Gr/Gy of BTB-stained cell images showed a strong
correlation with pH in the range of 6.00—7.60. As the pHi
increases from 6.40 to 7.60, the degree of redness in the R-

channel cytosol gradually decreases, while the degree of
blueness in the B-channel cytosol gradually increases.
However, the degree of change was not evident when analyzed
from the change in the grayscale value from a single channel.
The images of R, B, and Ggp/Gg were then subjected to
pseudocolor assignment, as shown in Figure 4D. When the
degree of blue increases, the degree of green progressively
weakness, as a result, the Gy/Gy considerably changed inside
the ratiometric grayscale pseudocolor image, as illustrated in
Figure 4D. As the pH of cells increased, the ratiometric
grayscale of the R and B channels in the HeLa cell images
stained with BTB decreased gradually. Consequently, a good
correlation was observed between the pHi and the grayscale
ratios of the stained cells images, and the BTB enabled reliable
sensing of the pH signal at the single-cell level.

3.5. pHi Identification of A549 Cells. In this study, the
pHi of the AS49 cells was further determined by the BTB
staining in order to investigate the generalizability of the
method. The HeLa pseudocolor map shows a slightly greater
degree of blue coloration than that of the A549 pseudocolor
map, as shown in Figure 5. The pH values of the two cell types
were found to be 7.31 + 0.03 and 7.22 + 0.01, respectively,
while the average pH values obtained from single intact cells
were more in line with previously reported values,””*"
indicating the variability and diversity of pH within different
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Ratio images Raw images

Figure S. Images stained and pseudocolor maps in ratiometric
grayscale for pH detection of HeLa and A549 cells, scale bar: 10 pm.

cell types. Due to intracellular glycolytic reactions in cancer
cells, where lactate, pyruvate, and protons accumulate as a
result of anaerobic respiration of glycogen and are pumped out
of the cell in response to altered metabolism in cancer cells,
resulting in a weakly alkaline intracellular profile, and HeLa
and AS549 cells have slightly different weakly alkaline pH
levels.”

3.6. Monitoring pHi of Cells under Drug Stimulation.
To explore the potential applications of the approach for cell
pH sensing, the intracellular pH variation of HeLa cells was
measured after stimulation with H,0,. According to a previous
report,” H,0, causes lysosomal permeability increase in HeLa
cells, and as a result, the pH of the lysosomes will steadily
increase upon the external addition of H,0,. The UV—vis
absorption spectra of BTB at H,O, concentration of 0.1 mM
was measured in 15 min. It can be seen from Figure S4 that the
absorption peaks of BTB with and without 0.1 mM H,0, at
different times did not shift or decrease, which indicated the
mixture of BTB and 0.1 mM H,O, did not disrupt the
structure of BTB to change pH tested. In the experiments,
subsequently, following an increasing 20—40—60 min
incubation with 100 yM H,0,, cell staining images were
obtained using 0.25 mg/mL BTB staining. The intracellular
grayscale ratio images of the tested cells showed that the green
areas were greater than the blue areas in the absence of H,O,
stimulation. As the duration of H,O, stimulation increased, the
degree of blue region in the pseudocolor images of the HeLa
cells steadily increased, while the degree of green gradually
increased (Figure 6A).

Based on the obtained working curve, after 40 min of H,0,
induction, the intracellular pH of Hela cells stimulated with
H,0, was found increased to 7.51. As shown in Figure 6B, the

intracellular pH increased rapidly and dramatically compared
with that at 0 min, and the change in pH leveled off during the
stimulation time ranging from 20 to 60 min. The results are
consistent with the trend of changes reported by Lee et al,*’
who demonstrated the applicability and reliability of the
grayscale ratio-based microscope method for pH detection of
cells.

4. CONCLUSIONS

Important activities including cell division, death, and ion
transport depend on pHi. The typical physiological activities of
a cell can be affected by even minute variations in pH.
Monitoring pHi can improve the efficacy of illness diagnosis
and treatment by more clearly revealing physiological and
pathological processes. We used the BTB as a pH indicator to
measure intracellular pH by ordinary optical microscopy and
by comparing the grayscale of R with that of B channels.
Indeed, prior research®® has demonstrated that the ambient
conditions can impact the pKa of the indicator, and numerous
biomolecules within the cell play a more intricate function.
However, based on the experimental findings, BTB can still be
used to represent pHi. With a typical pK, value of 7.1, the
visible area pH indicator BTB is appropriate for physiological
pH sensing in vitro at most cellular levels. Considering its low
cytotoxicity, low cost, and large grayscale contrast, the method
was successfully applied for imaging of intracellular pH, and
monitoring intracellular pH fluctuations during H,O, treat-
ment, the pHi of HeLa and AS549 cells were determined to 7.31
+ 0.03 and 7.22 + 0.01, which were consistent with previous
studies, with good accuracy. Also, this approach can be
expanded for use in detecting and resolving the subcellular pH
because of its tiny 0.13 ym X 0.13 um pixel dot size, and the
BTB is very useful for differentiating cancer cells from healthy
cells since the pHi and pHe are opposite for cancer cells and
healthy cells. By presenting high-contrast color signals, the
exceptional “differentiating” ability of the BTB will allow it to
distinguish between the tumor from the surrounding healthy
cells. Potential biomedical applications of the method include
early cancer differentiation and intracellular pH monitoring
during medication stimulation or treatment.
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Figure 6. (A) Images stained and pseudocolor maps in ratiometric grayscale for pH detection of HeLa cells after 100 uM H,0, stimulation, scale
bar: 20 um; (B) Plots of intracellular pH changes in HeLa cells stimulated with 100 uM H,0, for time periods of 0, 20, 40, and 60 min.
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