www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

pH-Dependent migratory
behaviors of neutrophil-like cells
in a microfluidic device with
controllability of dissolved gas
concentrations

Masashi Tomita'2, Satomi Hirose'2, Taishi Nakamura'? & Kenichi Funamoto23"*

Inflammatory microenvironments often become acidic (pH < 7.4) due to tissue oxygen deprivation
and lactate release in glycolysis by activated immune cells. Although neutrophils are known to
accumulate in such microenvironments, the effects of pH on their migration are not fully understood.
Here, we first investigated the pH control around cultured cells with a microfluidic device, which was
equipped with two gas channels above three parallel media channels. By supplying gas mixtures with
predefined carbon dioxide (CO,) concentrations to the gas channels, the gas exchange adjusted the
dissolved CO, and affected the chemical equilibrium of sodium hydrogen carbonate in the cell culture
medium. A pH gradient from 8.3 to 6.8 was generated along the media channels when gas mixtures
containing 1% and 50% CO, were supplied to the left and right gas channels, respectively. Neutrophil-
like differentiated human promyelocytic leukemia cells (HL-60) were then seeded to the fibronectin-
coated media channels and their migratory behaviors were quantified while varying the pH. The cell
migration became more active and faster under high pH than under low pH conditions. However, no
directional migration along the pH gradient was detected during the three-hour observation. Thus, the
microfluidic device is useful to elucidate pH-dependent cellular dynamics.
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Leukocytes that eliminate pathogens play a major role in the immune response against infection and viruses.
Leukocytes can be classified into five types: neutrophils, eosinophils, basophils, lymphocytes, and monocytes!.
Neutrophils, which account for 40-60% of all circulating leukocytes, can eliminate pathogens through multiple
mechanisms and are the first line of defense cells in the innate immune system?. A significant decrease in
neutrophils in the blood leads to problems such as severe immunodeficiency and death?3. Neutrophils are
sensitive to stimuli and can reach the site of inflammation or tissue damage in large numbers within minutes,
and they are known to exhibit chemotaxis, sensing a concentration gradient of chemicals in the environment
around the cells and migrating to areas of higher concentration?. During acute inflammation, they are activated
by chemokines secreted by cells, adhere to the vascular endothelial cell layer, and migrate according to the
chemokine concentration gradient?. Neutrophils then transmigrate across the vascular endothelial cells and
migrate to inflammatory sites by sensing a concentration gradient of inducible factors such as bacterial-derived
formylpeptide and complement component C5a>>S. Neutrophils can also migrate to tumor sites induced by
chemokines secreted by tumor-forming cancer cells’. Thus, neutrophil behavior is differentially affected
by various physiological conditions and complex scenarios in the microenvironment. Understanding the
behavior of neutrophils is essential for elucidating and regulating immune responses to changes in the in vivo
microenvironment, such as individual infections and complex inflammatory disease states.

The pH in human tissues is maintained in the range of about 7-7.4 with small fluctuations, with some
exceptions (e.g., pH 1-3 in the stomach and pH 4-7 in the small intestine). In particular, the pH in serum must
be tightly controlled at about 7.4 for human survival, and deviations from the blood pH of 7.3-7.45 tend to be
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small®. This pH in the body is regulated by various biological mechanisms, such as the respiratory and renal
systems’. However, inflammatory microenvironments often become acidic due to tissue oxygen deprivation
and lactate release!®!!. The tumor microenvironment is also acidified by excessive production of lactic acid and
carbonic acid due to activation of the glycolytic system!2. For example, it has been reported that extracellular pH
decreases to about 6.8 in human breast cancer tissue®. Decreased extracellular pH delays neutrophil apoptosis
and affects immune and bactericidal responses!?. It has also been reported to cause insulin resistance in skeletal
muscle cells and increase the risk of developing cancer and cardiovascular disease’. On the other hand, an
increase of blood pH to be >7.45 due to metabolic and respiratory disorders is defined as alkalosis, affecting
homeostasis!>!*. As described above, cell behavior is related to pH in the in vivo microenvironment, but a
detailed understanding of the relationship has not been achieved.

To reproduce the in vivo pH environment in vitro, HEPES-buffered Ringer’s solution, hydrogen chloride, or
0.1% acetic acid have been added to cell culture medium containing sodium hydrogen carbonate (NaHCO,) 215,
In these techniques, the pH is adjusted by changing the volume of carbon dioxide (CO,) dissolved in the cell
culture medium, using a chemical equilibrium centered on NaHCO,'®!”. The pH can also be controlled by
placing the medium in an environment with a controlled CO, concentration. Normally, when incubating cells,
the CO, concentration inside the incubator is kept at 5% to maintain the pH of the cell culture medium at 7.4'8,
However, the incubator method has difficulty in generating a pH gradient in a microenvironment.

Recently, microfluidic devices have been used to study cellular dynamics. Microfluidic devices generally
fabricated with polydimethylsiloxane (PDMS), a transparent and highly gas permeable polymer, have micro-
sized channels. Cells can be cultured in the microchannels and observed in real time under strict control of
various environmental factors. We have developed microfluidic devices that reproduce hypoxic conditions in
vivo by controlling oxygen concentration to elucidate oxygen-dependent cell dynamics'®-!. By supplying gas
mixtures at preadjusted oxygen concentrations to the gas channels, the oxygen concentration in the device
can be controlled by means of gas exchange between the cell culture medium and the supplied gas mixture
through PDMS. Experiments with cancer cells'*?! and Dictyostelium discoideum?® using the developed device
have shown that the migration speed of these cells increased in hypoxic environments and that they undergo
aerotaxis, migrating from hypoxic regions to normoxic regions. In addition, microfluidic devices that can control
pH are being developed?. By supplying a liquid of a certain pH into a gel-filled channel in the device, the pH
can be controlled by permeation of the liquid into the gel. Studies have been conducted on the pH dependence
of Serratia using this device, which showed a tendency to migrate from excessively acidic or alkaline regions to
neutral regions under a pH gradient?2.

In this study, we examined the behavior of neutrophils in response to pH. We attempted to control the pH
of microenvironments through gas exchange and chemical equilibrium in a previously developed microfluidic
device with controllability of oxygen concentration (Fig. 1). We measured the pH of the cell culture medium
when gas mixtures with a controlled CO, concentration were blown against the medium and determined the
relationship between the CO, concentration and pH. Using uranine, which changes fluorescence intensity
according to pH2?, pH control in the media channel in the device was validated when gas mixtures with adjusted
CO, concentrations were supplied to the gas channel. Moreover, we observed the migration of neutrophil-like
human promyelocytic leukemia line cells (HL-60 cells) while controlling pH. Under the pH gradient from 8.3 to
6.8, the migration speed of neutrophil-like HL-60 cells was found to decrease at low pH (<7.4).

Results

Variation in pH by dissolved CO, concentration in the cell culture medium

Theoretical analysis of pH in the cell culture medium based on the chemical equilibrium equation showed that
the higher the CO, concentration, the lower the pH (Fig. 2). The pH of the cell culture medium in the centrifuge
tube became constant approximately 2 h after blowing each gas mixture with adjusted CO, concentration.
Consistent with the theoretical estimation, as the CO, concentration in the gas mixture blown against the cell
culture medium increased, the pH decreased. The pH in the cell culture medium RPMI-1640, which is normally
used for cell cultures of human leukemia cell lines, was 7.7 with the 5% CO, gas mixture. The pH decreased to
6.9 with the 50% CO, gas mixture and increased to 8.4 with the 1% CO, gas mixture. Here, under 0% Co,, the
pH in the medium appeared to be > 9.5, but could not be measured due to the upper limit of the optical pH
sensor. Based on the measured values, a logarithmic approximation of the relationship between pH and CO,
concentration, ¢, , in the supplied gas mixture yielded the following equation:

pH = —0.3961nCatm + 8.363 (1)

Comparison of the measured and theoretical values showed a large deviation between the two values with
increasing CO, concentration in the gas mixture blown against the cell culture medium. This may be because the
theoretical analysis was performed assuming low CO, concentration, and did not take into account the effects
of other chemicals such as FBS added to the cell culture medium, and the existence of chemical equilibrium
by buffer systems other than NaHCO,. Therefore, Eq. (1) obtained by actual measurements was adopted as the
equation to relate the CO, concentration in the cell culture medium to pH, and was used in the pH measurement
of the cell culture medium in the media channel based on the fluorescence intensity of uranine, as described
later.

CO, concentration and pH control by microfluidic device

Numerical simulation revealed changes in the CO, concentration in the media channels when gas mixtures with
predefined CO, concentrations were supplied to both gas channels (Fig. 3). The supply of 1% CO, gas mixture
to both gas channels generated a uniform CO, concentration of approximately 1.1% CO, in the media channels,

Scientific Reports |

(2024) 14:28730 | https://doi.org/10.1038/s41598-024-79625-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a) Gas channels
(2 mm wide,
0.15 mm high)

Polycarbonate film (b) y [mm]
(20 x 25 mm square, I
0.5 mm thick) 10 +

1 mm

2 mm
0 —

2 mm

4 PDMS
Media channels (30 x30 mm square, 10T
o(ignm wfi](_ieﬁ) 4 mm thick)
.15 mm hig '\ : } j f ‘X [mm]
Glass coverslip /10 0 10 \

(c)

Gas channels

Polycarbonate film Region of interest (ROI)

Media channel

1
I versli L p ! : d
Glass coverslip 0 1 > x [mm]
Fig. 1. Schematic of microfluidic device. (a) Perspective view, (b) top view with enlargement of the region of
interest (ROI) with subdivided regions A1-AS5 set in the media channels between the gas channels, and (c)
enlarged cross-sectional view in the zx-plane (y=0 mm).
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Fig. 2. Variations in pH of cell culture medium with dissolved CO, concentration: theoretical estimation and
measurement with an optical pH sensor (mean+S.D., n=3).

while the supply of 50% CO, gas mixture generated a uniformly high CO, concentration of approximately 49%
CO,. The supply of gas mixtures of 1% and 50% CO, to the left and right channels, respectively, generated
a linear CO, concentration gradient of approximately 1.3-48% CO, along the media channels between the
positions of the two gas channels.

Fluorescence microscopy images were obtained under CO, control by injecting a cell culture medium
containing uranine into the media channels (Fig. 4a). The higher the CO, concentration in the gas mixture
supplied to the gas channels, the lower the fluorescence intensity of the uranine, indicating the lower pH. In
each 100 pum x 100 um area in the ROI along the media channels (see Fig. 1b), the fluorescence intensity I
under each condition was normalized by dividing it by the intensity under the 5% CO, condition, I5 (Fig. 4b).
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Fig. 3. Computational results of steady CO, concentration in the microfluidic device placed in a stage
incubator controlled at 5% CO,. (a) CO, distributions on a horizontal cross section (z=0 mm), generated by
supplying gas mixtures containing 1, 5, 20, or 50% CO, to both gas channels for uniform CO, conditions, or
by supplying gas mixtures with 1% and 50% CO, to the left- and right gas channels, respectively for a CO,
gradient. (b) CO, concentration profiles along the center line of the media channel (y=0 mm, z=0 mm) under
different CO, conditions. The variables ¢; and ¢, indicate the CO, concentration in the gas mixtures supplied

2 L
to the left and right gas channels, respectively.
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Fig. 4. Validation results of pH distribution controlled by dissolved CO, in the cell culture medium in the
media channel. (a) Representative fluorescence microscopy images of cell culture medium containing uranine.
The uniform CO, conditions were generated by supplying gas mixtures containing 5, 20, or 50% CO, to both
gas channels and the stage incubator for reference. The CO, gradient was generated by supplying gas mixtures
with 1% and 50% CO, to the left and right gas channels, respectively, and 5% CO, to the stage incubator. (b)
Representative fluorescence intensity ratio /I relative to 5% CO, condition. (c) Relationship between relative
fluorescence intensity ratio and pH of the cell culture medium containing uranine. (d) CO, concentration and
pH gradients generated in the media channels (mean+S.D., n=3). The variables ¢, ¢y, and ¢, indicate the
CO, concentration in the gas mixtures supplied to the left gas channel, the right gas channel, and the stage
incubator, respectively.

Uniform fluorescence intensity distributions were observed in the media channel when the same gas mixtures
were supplied to both gas channels, whereas a fluorescence intensity gradient was observed along the media
channel when gas mixtures at different CO, concentrations were supplied to the left and right gas channels. The
relationship between fluorescence intensity and pH was then approximated exponentially, using the relative
fluorescence intensities at 5, 20, and 50% CO, (Fig. 4c). Subsequently, the pH distribution under the CO,
concentration gradient was calculated (Fig. 4d), and the CO, concentration distribution was also estimated
based on Eq. (1). Consequently, the pH gradient from 8.3 to 6.8 was generated along the media channels when
gas mixtures at 1% and 50% CO, were supplied to the left and right gas channels, respectively.

Changes in migratory behaviors of neutrophil-like HL-60 cells under controlled pH

HL-60 cells differentiated into neutrophil-like cells were seeded into fibronectin-coated media channels, and their
behavior under pH-controlled conditions (see Table 3) was investigated by analyzing sequential microscopic
images. Representative phase-contrast microscopy images of neutrophil-like HL-60 cells before and after 3 h
observation under the pH gradient, and cell migration trajectories drawn by setting the initial position of each
cell at the origin in the subdivided regions A1-A5, are shown in Fig. 5a. The cells were more active on the high
pH side (regions Al and A2) than the low pH side (regions A4 and A5). However, the migration was random
in all regions, showing no directional migration along the pH gradient. The migration speed measured in each
region dividing the ROI every 200 um in the x-direction increased after 1 h, and was smaller on the low pH side
than on the high pH side in all time periods (Fig. 5b). Classification of the migration speed of cells between 2
and 3 h by 2 um/min in each subdivided region A1-A5 indicated that the population of fast migrating cells
was larger on the high pH side (regions Al and A2) than on the low pH side (regions A4 and A5) (Fig. 5¢). The
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Fig. 5. Measurement of migration of neutrophil-like HL-60 cells with the microfluidic device placed in a stage
incubator controlled at 5% CO,. (a) Representative phase-contrast microscopy images of neutrophil-like HL-
60 cells before and after the 3-h experiment under a pH gradient, and migration trajectories of neutrophil-like
HL-60 cells over the period. (b) Temporal and spatial variations in average migration speed of the cells under
the pH gradient (mean + S.D., n=3). (c) Stacked bar chart of migration speed in the subdivided regions A1-A5
between 2 and 3 h after the experiment under the pH gradient. (d) Spatial variation in average migration speed
of the cells between 2 and 3 h after the experiment under the uniform pH conditions and the pH gradient and
(e) variation in the migration speed with pH (mean +S.D., n=3). (f) Box-and-whisker plots of persistence

of the migration direction between 2 and 3 h after the experiment under the uniform pH conditions and the
pH gradient. The upper and lower extremes represent the 90th and 10th percentiles, the box plot represents
quartiles, and the open square and circle inside each box show the average and the median values, respectively.
The variables ¢; and ¢, indicate the CO, concentration in the gas mixtures supplied to the left and right gas
channels, respectively. Significant differences in persistence were assessed by the Kruskal-Wallis test followed
by Dunn’s post-hoc test. **P <0.01; ***P < 0.001.
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directionality of migration was evaluated by decomposing the migration speed into x- and y-directional velocity
components, # and v, which are parallel and perpendicular to the pH gradient, respectively (Fig. S1a). There was
no significant change between the high and low pH sides, or in the directionality of migration according to the
pH gradient.

To further investigate the behavior of neutrophil-like HL-60 cells in response to pH, the cell migration was
measured under uniform pH conditions (pH 6.8, 7.6 and 8.3) by supplying gas mixtures of 50, 5, and 1% CO,
concentration to the gas channels, respectively (Fig. 5d). Under all pH conditions, as observed in the experiment
with the pH gradient, cell motility became active 1 h after the start of the experiment. The migration speed of
neutrophil-like HL-60 cells between 2 and 3 h after the start of the experiment was 3.0 um/min under a uniform
pH of 7.6 generated with 5% CO,, and was similar for pH 8.3. In contrast, at lower pH 6.8, the migration speed
decreased to 1.6 um/min, which was about half that at pH 7.6. The summary of cellular experiments under
uniform pH and a pH gradient indicated a linear correlation in migration speed of neutrophil-like HL-60 cells
with pH between 8.3 and 6.8 (R>=0.95, Fig. 5e). Persistence of the cell migration direction was examined by the
ratio of the total length of the cell migration trajectory to the distance between the initial and final points between
2 and 3 h under each pH condition, focusing on the regions A2-A4 where pH gradient was generated (Fig. 5f).
The persistence values ranged from 0.1 to 0.2 under all pH conditions, but tended to be larger under high pH
condition (low CO, condition) than under low pH condition (high CO, condition). Here, the persistence of the
migration direction in the regions A1 and A5 was almost the same as that in the regions A2 and A4, respectively,
as the pH levels were similar.

The pH-dependent migration speed of neutrophil-like HL-60 cells was increased by supplementation of
chemical materials (Fig. 6). Chemical stimulation of a complement by adding N-Formyl-Met-Leu-Phe (fMLP)
to the cell culture medium accelerated the cell migration especially under acid region (Fig. 6a), but the migration
speed still showed a pH-dependent variation with a larger value under a high pH region (Fig. 6d). Moreover,
addition of sodium pyruvate or cariporide to the cell culture medium also enhanced the cell migration (Fig. 6b,c),
while maintaining the linear correlation in migration speed of neutrophil-like HL-60 cells with pH between 8.3
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Fig. 6. Measurement of migration of neutrophil-like HL-60 cells under a pH gradient with chemical stimuli by
using the microfluidic device placed in a stage incubator controlled at 5% CO,. Temporal and spatial variations
in average migration speed of the cells under the pH gradient with supplementation of (a) 10 nM fMLP, (b)
1 mM pyruvate sodium, or (¢) 10 uM cariporide (mean=+S.D., n=3), and (d) variation in the migration speed
with pH between 2 and 3 h after the experiment under the pH gradient with/without the chemical stimuli.
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and 6.8 (Fig. 6d). The x-directional velocity tended to show negative values at the region with pH gradient,
implying cell migration toward the alkalic region, but the directional migration along the pH gradient was not
clear enough (Fig. S1). The average migration speed of neutrophil-like HL-60 cells at three different pH levels
(pH 8.32, 7.56, and 6.86 at x=—1.4, 0, and 1.4 mm, respectively) under a pH gradient without/with chemical
stimuli was summarized (Fig. S2) and statistically analyzed. The results indicated that the cell migration speed
under the control condition was significantly lower than that in the presence of fMLP (P<0.005), pyruvate
(P<0.001), or cariporide (P<0.005). In addition, the cell migration speed at pH 8.32 was significantly different
from that observed at the other pH levels (P <0.001).

Discussion

The pH control of the cell culture medium in the microfluidic device was achieved by adjusting the dissolved
CO, through gas exchange and by manipulating the chemical equilibrium of NaHCO,. The behavior of
neutrophil-like HL-60 cells was found to be pH-dependent, with increased migration in high pH environments
and suppressed migration in low pH environments. However, the direction of migration was not affected by the
pH gradient in the present study.

By adjusting the components in the gas mixtures supplied to the gas channels, the CO, concentration in the
cell culture medium in the adjacent media channels across the PDMS membrane could be controlled owing
to the high gas permeability of PDMS (Fig. 3). The chemical equilibrium centered on NaHCO, was shifted by
changing the CO, concentration in the cell culture medium; the pH of the cell culture medium decreased with
increasing dissolved CO, (Fig. 2). The pH distribution was validated with the fluorescence intensity of uranine
solution filled in the media channel, showing that a pH gradient from pH 8.3 to 6.8 was generated when gas
mixtures of 1% and 50% CO, were supplied to the left and right gas channels, respectively (Fig. 4). In previous
studies, the pH was adjusted by adding HEPES-buffered Ringer’s solution, hydrogen chloride, or acetic acid to
cell culture media containing NaHCO, to reproduce in vivo pH environments in vitro'®'"'5, Chambers that
control permeation of solutions at two different pHs?>?#2> and cell metabolism?® have also been utilized to
generate pH gradients. Compared with the previous devices, the present microfluidic device can generate pH
gradients between pH 8.3 and 6.8 in a microenvironment more easily and precisely.

The experimental and numerical results of the CO, concentration and pH level showed good agreement at
both ends of the media channel (Fig. 4d). However, the pH gradient was slightly gentler in the computational
result than in the experimental one, and the position of the gradient was also shifted between the two. This
might be due to inaccuracies in setting parameters such as the diffusion coefficient and solubility of CO, in each
material assumed in the numerical simulation. The presence of components other than NaHCO, in the cell
culture medium might affect the control of dissolved CO, and protons. Other reasons include limitations in the
performance of the experimental setup, such as leakage of CO, or permeation of atmospheric gas components
while the gas mixtures traveled from the gas blender to the apparatus, shortage in supply of gas mixture to the
gas channels and stage incubator during measurement of fluorescence at reference CO, concentrations, and
temperature change by supply of gas mixtures. Improvement of the experimental setup to eliminate these effects
will be subjects for future study.

The developed microfluidic device enabled real-time observation of neutrophil-like HL-60 cells under pH-
controlled conditions (Fig. 5). Migration of neutrophil-like HL-60 cells was fast in the high pH region with
few slow-moving cells, whereas it was slow in the low pH region, indicating suppression of cell motility. The
measured cell migration speed was around one-third to one-fifth of those reported in the previous papers?’~%.
This could be caused by cell differentiation methods; ATRA and DMSO, leading to different expressions of
glycoproteins like CD11b and CD14 on cell membrane®*3!. The fibronectin coating on the media channels
and experimental condition without a chemical gradient inducing chemotaxis could also be attributed to the
slow migration speed. Interestingly, a linear correlation was confirmed between pH and the migration speed of
neutrophil-like HL-60 cells under the pH gradient (Fig. 5e). However, the cells showed random migration, and
no clear directional migration along the pH gradient was observed during the short observation (Fig. S1). The
consistency of migration direction tended to be less at low pH (Fig. 5f), indicating higher probability of random
changes or large angle changes in migration direction. Previous studies revealed that the migration of mouse
and human neutrophils was affected by extracellular pH and migration was inhibited at low pH*"*2. In addition,
mouse neutrophils reportedly exhibited directional migration under a pH gradient”’. Consistent with these
studies, the present study showed that a low pH environment suppressed the migration of neutrophil-like HL-60
cells, but no directionality of migration along the pH gradient was observed during the three-hour observation.
The migration speed was increased by the supplementation of fMLP, and still showed a pH-dependent variation
with an increase under a high pH region (Fig. 6a,d). Consequently, the neutrophil-like HL-60 cells have the
characteristics to increase their migration speed under high pH condition regardless of chemical stimulus by a
complement.

To our knowledge, the HL-60 cells do not have specific receptors dedicated to detecting proton (H*) or
changes in H* concentration. However, they can respond to changes in pH through general cellular mechanisms,
such as ion channels and transporters that regulate intracellular pH, proteins that change conformation and
function by pH changes, and cellular metabolism3*3. The explanation for the decreased migration speed under
alow pH by energy consumption for maintenance ionic balance and pH homeostasis seems to be plausible. Ion
channels and transporters that regulate intracellular pH use ATP to transport ions across the cell membrane.
In addition, the cells might also need to repair damage caused by the low pH, further increasing their energy
consumption. Practically, the decrease of migration speed of neutrophil-like HL-60 cells observed under acid
region was somewhat offset by addition of sodium pyruvate (Fig. 6b,d). In addition, inhibition of sodium-
proton (Na*/H*) exchanger (NHE) function with cariporide improved migration speed (Fig. 6¢,d), which was
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5 and

contradictory to the previous report?’. Here, cariporide has been reported to downregulate cell adhesion?
the fact is a possible reason for the increase of cell migration in the present study.

As limitations in this study, migration became active after 1 h (Fig. 5b), but after 3 h, cell adhesion became
poor, resulting in detachment from the bottom of the media channel and the drifting of cells by slight convection.
For longer time-lapse observations, the experimental method must be improved, such as periodic replacement
and evaporation prevention of the cell culture medium and coating for cell adhesion. The presence or absence
of ATRA in the cell culture medium may have affected the behavior of the differentiated cells when they were
collected and introduced into the media channels. Furthermore, though this study focused on pH-dependent
migration of neutrophil-like HL-60 cells, cellular experiments with multiple types of leukocytes would provide
information on universality and specificity of pH responses depending on cell types. Future studies are expected
to elucidate the pH-depending cell dynamics and their mechanisms for HL-60 cells of other phenotypes such
as macrophage, as well as for other cell types like human monocytic leukemia cell line (THP-1) and natural
immune cells by long-term observation and biochemical analysis at different pH levels and gradients.

Conclusion

We demonstrated the usefulness of the microfluidic device for studying cellular responses under pH-controlled
microenvironments. Uniform pH conditions and a pH gradient from pH 8.3 to 6.8 were generated in the media
channels by supplying gas mixtures at controlled CO, concentration to the gas channels which manipulated the
chemical equilibrium of NaHCO,. The migration of neutrophil-like HL-60 cells was then investigated, showing
increase and suppression of migration speed in the high and low pH regions, respectively.

Methods

Chemical equilibrium utilizing sodium hydrogen carbonate

The pH of the cell culture medium was controlled by manipulating the chemical equilibrium of NaHCO, in the
cell culture medium by changing the dissolved CO, concentration.

NaHCOs — Na™ + HCO3 )
HCO; +H™ = H,CO3 )
H2CO3 = CO5 + H20 (4)
HCO; = H' + CO3~ (5)

The equilibrium constants K, and K, of Eqs. (3) and (5) are given by Eq. (6) according to references'”*¢-3%,

—log1oKn = an/T 4+ b, T — cp, (6)

where T is the absolute temperature of the aqueous solution, and the values of (an, bn, cn) are (3404.71, 0.032786,
14.8435) and (2902.39, 0.02379, 6.4980) for n=1 and 2, respectively. At 37 ‘C (T=300 K), the constants are
calculated as follows:

[H*] [HCO;] [H'] [HCO3]  [HT] [HCO;]

= — _ _ -7 7
Ky H,C05 RIS Cou] 498 x 1077, )
H*| [CO3~
Ky = [ [coiT] = L 576 107", (8)
[HCO; |

where the molar concentration of water was set to 1 ([H,0]=1). The cell culture medium RPMI-1640 (183-
02023, Wako, Japan) used in this study contained 0.0238 mol/L NaHCO, (molar weight of 84). This leads to the
following approximation with low CO, concentration:

M = [NaHCOs] = [CO3 ™| + [HCOj3 | = 0.0238 [mol/L]. )

By calculating the molar concentration of hydrogen ions from Egs. (7) - (9), the pH in the cell culture medium
can be determined by Eq. (10):

(10)

K18 4+ \/K?S? + AMK K>S
H=-1 HY| = -1

p 0810 [ ] 0810 oM )

where § is the solubility of CO, in the cell culture medium, calculated as S=25c, /100 [mM/atm] based on

Henry’s law, considering the solubility of CO, in water of 25 mM/atm at 37 C.

Microfluidic device

The previously developed microfluidic device with controllability of oxygen concentration was utilized for pH
control (Fig. 1)?°. The device was 30 mm square and 4 mm thick. It had three parallel media channels at 2-mm
intervals on the bottom, and two parallel gas channels at 1-mm intervals perpendicular to the media channels

Scientific Reports |

(2024) 14:28730 | https://doi.org/10.1038/s41598-024-79625-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

For experiments RPMI-1640+10% FBS

For proliferation RPMI-1640+10% FBS + 1% P/S
For differentiation into neutrophil-like cell | RPMI-1640+10% FBS+1 uM ATRA

Table 1. Components of cell culture media.

Medium | Gas PDMS PC film
Density, p [kg/m’] 1.0x10° |1
Viscosity, 4 [Pa s] 1.0x107 | 1.0x107°

Diffusivity of CO,, D [m?/s] 26x107° [2.0x107° [22x107° |9.6x10713
Solubility of CO,, S [mM/atm] | 25 12.1 47.38

Table 2. Parameters for numerical simulation.

at a height of 500 um from the bottom. All channels were 2 mm wide and 150 pm high. The media channels
were injected with a cell suspension of HL-60 cells, or cell culture medium mixed with uranine, depending on
the experiments. The concentration of dissolved gases, i.e., CO, in the present study, in the cell culture medium
in the media channel was controlled by gas exchange through the PDMS between the media and gas channels
by adjusting the components of gas mixtures supplied to the gas channels. The center position between the two
gas channels was defined as the origin of the x-coordinate, and the directions parallel and perpendicular to the
media channels were set as the x and y directions, respectively.

The device was fabricated by transferring the channel patterns onto PDMS (SILPOT, 184 W/C, Dow Toray,
Japan) using soft lithography and bonding the PDMS to a glass coverslip after plasma treatment?®3°. To reduce
the effect of the ambient environment on the concentration of dissolved gases in the device, a polycarbonate film
(0.5 mm thick) with low gas permeability was embedded at a height of 1 mm from the bottom of the device. In
cellular experiments, the media channels were coated with 100 pug/mL of fibronectin (FC010, Merck Millipore,
USA) diluted in phosphate-buffered saline (PBS) (P5119, Sigma-Aldrich) for > 30 min to promote cell adhesion.

First, the pH controllability of the device was verified using a 1:1 mixture of RPMI-1640 with 10% heat-
deactivated fetal bovine serum (FBS) (51820, Biowest, France) (see Table 1) and bromothymol blue (BTB)
solution. The mixture containing BTB was injected into the media channels, and then gas mixtures with 1% and
50% CO, were supplied to the left and right gas channels, respectively. A color gradation from yellow to blue
was observed, indicating that a pH gradient was generated in the media channels via gas exchange between the
channels. For further quantification of the pH distribution, it was measured using the optical method described
below.

Numerical simulation of CO, concentration

The CO, concentration in the microfluidic device was computed using COMSOL Multiphysics software (ver.
5.5, COMSOL AB, Sweden)?. The three-dimensional computational model of the microfluidic device was
created based on computer aided design (CAD) data of the channel pattern. The Navier-Stokes equations and
the equation of continuity were employed as the fundamental equations to analyze the flow field.

p(u-V)u=pAu—Vp (11)
pV - -u=0 (12)

where u is the velocity vectors, p is the pressure, and p and y are the density and viscosity of the fluid, respectively.
The convection-diffusion equation was used to analyze the CO, concentration c.

oc
— =DAc—u-V 13
En c c (13)

where D is the diffusion coefficient of CO,, and ¢ is time. The physical parameters of each device material were
set referring to references?36-3849-43 (Table 2). In the flow field analysis, the gas flow rate supplied to each gas
channel was set to 30 mL/min, and the culture medium in the media channel was assumed to be static. For
boundary conditions, flow velocity was determined at the inlet of the gas channels, zero pressure at the outlet,
and no slip on the channel walls. For the analysis of CO, concentration in the device, it was assumed that the
device was placed in a 5% CO, environment and that there was no flux through the bottom glass coverslip. The
CO, distribution in PDMS, PC, the cell culture medium, and at their interfaces with gas mixtures were set as
mM units by the product of the solubility and concentration of CO, in each material based on Henry’s law (see
Table 2). At the interface between the PDMS and the cell culture medium, a partition condition of the mass flux
of CO, was applied to satisfy the continuity of the CO, partial pressure:
CPDMS Cmedium

- 7 14
SPDMS Smedium ( )
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where c,p, o and Sy are the concentration and solubility of CO, in PDMS, respectively, and c_;.... and
S edium 1€ those in the cell culture medium (Table 2). The CO, distribution in the device was computed for a
uniform CO, condition in which a gas mixture of 1, 5, 20, or 50% CO, was supplied to both gas channels, and
for a CO, gradient condition in which gas mixtures of 1% and 50% CO, were supplied to the left and right gas
channels, respectively.

Measurement of pH distribution

The changes in pH of the cell culture medium with CO, concentration were measured using an optical pH
sensor (FireSting-PRO, PyroScience, Germany). For the experiment, 3 mL of cell culture medium (Table 1) in
a 50-mL centrifuge tube was immersed in a thermostatic bath to maintain the temperature at 37 +0.5 °C. The
medium was blown with gas mixtures of 1, 2, 3, 4, 5, 10, 20, or 50% CO, by a gas blender (MU-3400, HORIBA
STEC, Japan, or 3MFC GAS MIXER, KOFLOK, Japan). Each gas mixture contained 21% o, and N, as the
remaining gas component. The flow rate was set at 200, 100, 50, and 20 mL/min for the gas mixtures at <5, 10,
20, and 50% CO,, respectively, due to performance limitations of the gas blenders. The temperature and pH of
the cell culture medium were measured every minute for 2 h. The pH measurement was performed three times
for each CO, concentration.

The pH distribution in the media channels was subsequently measured using uranine, which exhibits pH-
dependent changes in fluorescence intensity. Uranine (F0096, Tokyo Chemical Industry, Japan) dissolved at 50
mM in pure water was further diluted with the cell culture medium to a final concentration of 50 pM, and then
50 pl of this medium was introduced into each media channel. The device was then placed in a stage incubator
(STXG-WSKMX-SET, Tokai Hit, Japan) (37 °C) mounted on a fluorescence microscope (EVOS M7000, Thermo
Fisher Scientific, USA). A gas mixture at 5, 20, or 50% CO, was supplied at 200 mL/min in total to both gas
channels (30 mL/min each) and to the stage incubator (140 mL/min) to generate a uniform condition in the
device at each CO, concentration. A CO, concentration gradient was generated in the device by supplying 1%
and 50% CO, gas mixtures to the left and right gas channels, respectively, while the stage incubator was filled
with the 5% CO, gas mixture. Each gas mixture contained 21% O, and N, as the remaining gas component
(Table 3). Fluorescence microscopy images of the cell culture medium containing uranine were acquired 2 h
after supply of the gas mixtures. The fluorescence intensity in each microscopic image was then quantified using
the image analysis software Image] (National Institutes of Health, USA). A partial region of 5 mmx0.1 mm
set in the region of interest (ROI) at —2.5 mm<x<2.5 mm (see Fig. 1b). The ROI was further divided into
100 um X 100 pm squares, and the spatial average of the fluorescence intensity, /, was measured in each area.
Three devices were used in the validation experiment, and the pH distribution was evaluated with the nine
media channels.

Cellular experiments under controlled pH

HL-60 cells, which are widely used as a model of leukocytes or neutrophils, were used for the cellular experiments
under controlled pH conditions. We obtained the HL-60 cells from Cell Resource Center for Biomedical
Research, Institute of Development, Aging and Cancer Tohoku University. The cells were cultured in a 100-
mm cell culture dish with the RPMI-1640 supplemented with 10% heat-deactivated FBS and 1% penicillin-
streptomycin (P/S; G6784, Sigma-Aldrich, USA) in an incubator (5% CO,, 37 °C) (Table 1). The cells were kept
at a cell density between 1x 10° and 1 X 106 cells/mL, and those between the 6th and 15th passages were used in
the experiments. To induce the differentiation of HL-60 cells into neutrophil-like cells, the cells were cultured
with the RPMI-1640 supplemented with 10% heat-deactivated FBS and 1 pM all-trans-retinoic acid (ATRA;
186-01114, Wako, Japan) for 5 days, keeping the cell density at 2x 10° cells/mL (Table 1)*%. The differentiation
of HL-60 cells into neutrophil-like phenotype was confirmed by the nitro blue tetrazolium (NBT) reduction test
using phorbol 12-myristate 13-acetate (PMA). The cell suspension was supplemented with 1 mg/mL of NBT
(N6876, Sigma-Aldrich) and 1 pg/mL of PMA (10008014, Cayman Chemical, USA), and incubated for 15 min.
After washing with PBS, the number of differentiated and non-differentiated cells was counted, and >40% of
the cells were differentiated (Fig. S3). Subsequently, 50 pL of neutrophil-like HL-60 cell suspension (3 x 10° cells/
mL) was injected into each of the media channels in the microfluidic device. After a 30-min incubation, cells
that did not adhere to the media channels were washed out by exchanging the medium with fresh cell culture
medium (Table 1). Here, for further investigation of the mechanisms for variation of migration speed with pH,
chemical materials were individually supplemented to the cell culture medium for cellular experiments. In case
of inducing chemical stimulus by a complement, 10 nM fMLP (063-02811, FUJIFILM Wako Pure Chemical,
Japan) was added*>*. A 1 mM sodium pyruvate (11360070, Thermo Fisher Scientific) or 10 uM cariporide

Right gas

Left gas channel ¢,

channel ¢, [%] | [%]
Condition N, |0, |CO, |N, | O, | CO,
1% CO, 78 |21 |1 78 |21 |1
5% CO, 74 |21 |5 74 |21 |5
50% CO, 29 |21 |50 29 |21 |50
1-50% CO, gradient | 78 |21 |1 29 (21 |50

Table 3. Components of gas mixtures supplied to the gas channels.
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(SML1360, Sigma-Aldrich) was added to examine effects by energy consumption for pH-homeostasis and by
NHE function?”*#8, The device was then placed in a stage incubator (INUBSF-ZILCS, Tokai Hit) (5% CO,,
37 °C) mounted on a disk scanning microscope (IX83-DSU, Olympus, Japan) or a fluorescence microscope
(EVOS M7000, Thermo Fisher Scientific). By supplying gas mixtures to the gas channels as summarized in
Table 3, a uniform CO, concentration or a CO, concentration gradient (uniform pH or pH gradient) was
generated in the media channels. The flow rate of the gas mixture supplied to each gas channel was set at > 30 mL/
min. Immediately after supply of the gas mixtures was initiated, time-lapse observations of the cells in the media
channels were started. Phase-contrast microscopy images were collected every minute for 3 h, covering the
5 mmX1 mm ROI (see Fig. 1b) with the tiling function. Three devices were used for the experiments in each
condition.

The migration of HL-60 cells in sequential microscopic images was measured by particle tracking velocimetry.
Cell positions were determined by analyzing microscopic images using Find Maxima, a built-in plugin of the
image analysis software Image]. Subsequently, cell trajectories were determined by a squared-displacement
minimization algorithm coded with MATLAB (MathWorks, USA)*. The displacement per minute (velocity)
and its absolute value (speed) were calculated, and the average values were obtained in each subregion of the ROI
divided every 200 pum in the x-direction. Moreover, in the subdivided regions A1-A5 of the ROI divided every
1 mm in the x-direction (see Fig. 1b), the persistency of migration was evaluated by calculating the ratio of the
total length of the cell migration trajectory to the distance between the initial and final points. Approximately
2000 cells (mean=+S.D.=2274+649) were measured in each media channel. Significant differences in each
metric were assessed by the Kruskal-Wallis test followed by Dunn’s post-hoc test or the two-way analysis of
variance (ANOVA) followed by Bonferroni’s post-hoc test for multiple comparisons, and statistical significance
was inferred at P<0.05.

Data availability

The data presented in this study are available from the corresponding author upon reasonable request.
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