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Stable microenvironment with pH ranging from 3 to 11 is achieved by on-demand control of 
droplet formation and electrolysis. 
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In this paper, we develop a strategy to form on-demand 5 

droplets with specific pH values. The pH control is based on 

electrolysis of water in microfluidics, and the produced 

hydrogen and hydroxyl ions are separated and confined in 

individual containers during the droplet generation, triggered 

by a pressure pulse. By tuning the applied voltages and 10 

pressure pulses, we can on-demand control the pH value in a 

droplet.  

Introduction 

pH is a measure of the hydrogen ion concentration in an 
aqueous solution, which determines the chemical activity or 15 

function of many molecules. Control of pH in microfluidics 
offers many intriguing possibilities for biological or chemical 
applications such as reaction1-5 (proteolysis, protein 
crystallization, catalysts, etc.), separation (e.g., capillary 
electrophoresis6 and isoelectric focusing7, 8), cell culture9, and so 20 

on. Therefore, the formation of a specific pH environment is 
crucial in developing lab-on-a-chip devices. Conventional 
techniques (such as carbon dioxide dissolution10, 11, regulation of 
acid and base solutions12, 13) developed for pH modulation on a 
large scale are difficult for miniaturization and integration into 25 

microfluidics. When transferring these techniques to 
microfluidics, valves or membranes need to be integrated to 
regulate reagents flow9, 10. Moreover, as it takes substantial time 
for the bulk solutions to be well mixed, the corresponding pH 
regulator is neither precise nor quick in response. Using 30 

electricity to electrolyze or split water for pH control is one 
promising method for its easy manipulation and good 
compatibility with microfluidics. For water electrolysis 
technique3, 14, 15, a DC voltage is applied across a pair of 
electrodes; H+ and OH- ions are produced near the anode and 35 

cathode so that a stable pH gradient across the electrodes is 
formed.  However, the concomitant products (H2 and O2) usually 
form gas bubbles and may disturb the flow in microfluidics2, 16. 
To avoid gas generation, water splitting technique, which uses 
electricity across a bipolar membrane to split water molecule into 40 

H+ and OH- ions, is a superior method2, 17. In practical 
applications, the water splitting or electrolysis technology may 
still possess some limitations. In one aspect, the generated ions 
(H+ and OH-) are not in confined space. Therefore, an electric 
voltage need to be consistently applied to offset the diffusion 45 

and/or dispersion3, 5, 8, 15. In the other aspect, a continuous spatial 
gradient of pH is critical in applications where pH gradient is 

needed (e.g., separation of proteins using isoelectric focusing7, 8), 
whereas other applications (such as reaction, titration, culture, etc) 
need a specific and stable pH in a confined environment.  50 

Here, we propose a new droplet-based pH regulator, in which 
the ion products of water electrolysis are encapsulated into 
isolated droplets to form a stable pH environment. We first 
introduced its working principle, device configuration, and 
operation procedure. We demonstrated that the ion production 55 

and droplet size can be respectively controlled by the applied 
electrical and pressure pulse. Then, we performed pH 
characterization, and compared with the theoretical prediction. 
Finally, as a demonstration, we used the pH regulator to study the 
aggregation-induced emission (AIE) of zwitterionic hemicyanine 60 

dye, TPE–Cy, in response to acid and base conditions.  

 
Fig 1 Illustration of conventional electrolysis-based pH regulator. In the 
continuous flow, pH changes in solutions near the electrodes in a 
microchannel (a) in the initial status and (b) upon applying a voltage. 65 

Unstable pH gradients are generated as the electrolysis products advect 
and/or diffuse into surroundings. The flow rate is ~0.2 mm/s, and a 
mixture of hydrion pH indicator solution (UI-100, Micro Essential 
Laboratory Inc.) and 0.1 M Na2SO4 solution was used as the electrolyte 
solution in the experiment. 70 

Fig.1 shows the principle of a conventional pH regulator based 
on water electrolysis. In a microchannel, when a voltage is 
applied to a pair of electrodes, water is electrolyzed. H+ and OH- 
ions are generated near the anode and cathode, and locally change 
the pH in these vicinity (Fig. 1a,b), according to6, 7 75 

Anode: ↑++= +
22 442 OeHOH   (1) 

Cathode:  ↑+=+ −
22 2444 HOHeOH  (2) 
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However, in the continuous flow, the H+ and OH- ions advect and 
 

 diffuse with time (Fig. 1b), which causes an unstable pH gradient 
and hinders forming a precise pH in close vicinity.

 5 

Fig. 2 The configuration and working procedure of the droplet-based pH regulator: (a) The schematic illustration of the pH regulator. The inset shows the 
details near the nozzle. The red and black dash arrows represent the flow directions of the oil and water phases.  (b-e) The working procedure: (b) The 
initial status, (c) A current pulse (duration 100 ms, amplitude 5 μA) was applied to electrolyze water, (d) A pressure pulse (amplitude 1.0 psi, duration 40 
ms,) was applied to inject out a droplet and (e) The recovering status. (f-n) Snapshots of the formation of pH-adjustable droplets while stepping the current 
pulses from +5 μA to -5 μA. A mixture of hydrion pH indicator solution (UI-100, Micro Essential Laboratory Inc.) and 0.1 M Na2SO4 solution was used 10 

as the electrolyte solution in the experiment.  

To solve this problem, we designed a pH regulator that utilizes 
isolated droplets to instantaneously separate and encapsulate the 
electrolyzed H+ and OH- ions. As illustrated in Fig.2a, the pH 
regulator includes an injection channel, a nozzle, a T-junction, 15 

and a pair of electrodes in the device. A pair of electrodes (for 
water electrolysis) is integrated in the injection channel which has 
two inlets. One electrode (marked as B) is located at the middle 
of the injection channel while the other electrode (marked as A) is 
located near the nozzle where the electrolysis products are 20 

encapsulated in the formed droplets. Pw and Po are the initial 
pressures applied to the two water inlets and the oil inlet, 
respectively, to maintain a stable water/oil interface at the nozzle. 
An additional pressure pulse (δPw) is imposed on the water inlet 
close to the nozzle to facilitate solution circulation in the injection 25 

channel. A pressure pulse (∆P) is applied to the injection channel 
to trigger the formation of a droplet which contains the 
electrolysis ions (see details in our previous paper 18). 
 The device consists of a poly(dimethylsiloxane) (PDMS) layer 

containing microfluidic channels and a glass substrate with 30 

electrodes. The PDMS microfluidic layer was fabricated using 
standard soft lithography techniques. To fabricate electrodes on 
the glass substrate, an adhesive layer of 200 Å Ti/W and 2000 Å 
platinum were sputtered, and followed by a lift-off process. An 
insulation layer of silicon oxide with a thickness of 1 µm was 35 

then deposited and patterned. Finally, the PDMS replica and glass 
substrate were cleaned, treated with oxygen plasma, aligned 
under the microscope, and bonded together to seal the 
microchannels. 
 Fig. 2b-e show the working procedure of the pH regulator. The 40 

pressures applied to all the inlets are supplied by pressure 
transducers (2KSNNF01, Marsh Bellofram). In the experiment, 
the pressures Pw and Po on the water and oil phases are 2.8 psi 
and 3.0 psi, respectively, which keep a stable water/oil interface 
near the nozzle (as shown in Fig. 2b). Meanwhile, an additional 45 

pressure δPw (~ 0.04 psi) is applied to one water inlet (the one 
close to the T-junction) to circulate water flow in the injection 
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channel (indicated by the red dash arrows in Fig.2a and b). When 
a current pulse (supplied by a source meter, Keithley 2400) is 
applied on the electrodes, the water is electrolyzed and H+ and 
OH- ions are generated near the anode and cathode. The ion 
concentration near the nozzle (H+ ions, in the case of Fig. 2c), can 5 

be regulated by the amplitude and the duration of the current 
pulse. Next, a pressure pulse (amplitude 1.0 psi, duration 40 ms) 
imposed by a solenoid valve is applied to the two water inlets; it 
triggers the onset of the injection of the ions near electrode A 
from the nozzle. Note, the droplets volume should be large 10 

enough to encapsulate the whole produced ions near electrode A. 

Meanwhile, the produced ions near electrode B (OH- ions, in the 
case of Fig. 2e) is washed away by the additional flow caused by 
δPw (The whole procedure can be found in Movie 1, ESI†). This 
flushing process is critical as it retains the same initial status. 15 

Otherwise, the ions near electrode B would accumulate and 
diffuse out to electrode A, which changes the ion concentrations 
in the background solution for predictable pH regulation. After 
the injection of the droplet into the oil phase (Fig. 2d), the water 
phase retracts to the nozzle; the system is stabilized and ready for 20 

the next cycle (Fig. 2e).  
For a current pulse with duration t and constant amplitude i, in 

terms of Faraday's law, the ions produced by electrolysis can be 
calculated by integrating of the current over the total electrolysis 
time t6: 25 

nF

it
idt

nF
N

t

== ∫0
1

  (3) 

where N is the number of moles of the species involved, n is the 
valency number of ions, and F is the Faraday constant. 
Considering the equilibrium of water dissociation, the pH value 
in a droplet with a volume V, can be expressed as: 30 
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Therefore, in the experiment, by tuning the amplitude and 
duration of the current pulse, we can precisely tune the amount of 
the produced ions. Meanwhile, by tuning the amplitude and 
duration of the pressure pulse, we can precisely form a droplet 35 

with prescribed volume and at prescribed time18. The on-demand 
droplet production system has been systematically calibrated in 
our previous paper18. The standard deviation of the droplet size is 
less than 2%.  In this way, a droplet with a preset pH value is 
formed. We kept a same pressure pulse which resulted in a 40 

constant droplet volume, ~1 nL, while stepping the current pulse 
from -5 μA to +5 μA. As shown in Fig. 2(f-n), the pH in the 
droplets varies from ~3 to ~11. This pH range is wide enough for 
many chemical and biological reactions. 
 During the electrolysis process, H2 or O2 are generated, 45 

accumulating in the form of gas that may significantly interfere 
with the flow. According to the electrolysis reactions (Eqs. (1-2)), 
the number of moles of produced H2 and O2 are half and one-
fourth of the generated ions. In the experiments, the highest 
production of the O2 and H2 were estimated19 as ~20 pL, which 50 

were nearly two orders of magnitude lower than the droplet 

volume (~1 nL). We expect the gas generation in our system may 
dissolve in the solution, therefore no bubbles were observed in 
the microchannels (in Fig. 2b-n). 

To calibrate the performance of the pH regulator, we simply 55 

stepped the amplitude of the current pulse from 1 nA to 10 µA, 
and kept all the other conditions the same. For each step, 
thousands of droplets were generated, merged, collected, and the 
corresponding pH value was measured using a commercialized 
micro pH electrode (Lazar Research Lab, Inc). The results were 60 

plotted in Fig. 3, shown together are the model predictions (solid 
lines). The discrepancy between the experimental data and the 
model predictions, especially for the lower current amplitude, is 
due to the fact that only the faradaic current (ifaradaic, associated 
with electrolysis) should be taken into account in Eqs. (3) and (4), 65 

while the current i is composed of three parts: 

leakageingchfaradaic iiii ++= arg   (5) 

where icharging represents the capacitive charging current to the 
electrode double layer capacitor (the double layer capacitance at 
electrode/water interface, typically 10~40 µF/cm2)20  and the stray 70 

capacitors across the pair of electrodes21. As the RC time constant 
is within a few milliseconds, two orders of magnitude shorter 
than the current pulse duration (~100 ms), icharging takes a very 
small part in the total current. ileakage represents the leakage 
current to the substrates between the two electrodes. ileakage is 75 

estimated on the same order of the applied current i. Despite 
discrepancies between the model predictions and experimental 
data, the model (Eq. (4)) can be functioned as a guideline for pH 
adjustment in the droplet-based pH regulator. The calibration 
curve is needed for practical use.  80 

 
Fig. 3 The relationship between the current pulse and the pH value in the 
droplets. In the experiment, the current pulse duration was kept constant 
(100 ms), while the amplitude was changed from 1 nA to 10 μA. pH value 
was measured using a commercialized micro pH electrode (Lazar 85 

Research Lab, Inc) with an accuracy of 1 %. The error bars represent the 
standard deviations for ten independent measurements. The solid lines are 
the model predictions based on Eq. (4).  

 To demonstrate the performance of the pH regulator, we 
performed the emission characterization of an AIE dye, TPE-Cy, 90 

at various pH values. AIE dyes exhibit significant enhancement 
of their light-emission in the tight packing states whereas they 
exhibit weak or almost no emission in loose packing state22. pH 
condition can affect the TPE-Cy molecular structures, change its 
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packing states, and then its emission intensity23. Therefore, 
characterization in a series of specific and stable pH conditions is 
essential to screen possible pH-sensitive window and reveal the 
aggression characteristics of TPE-Cy in response to acid and base 
conditions.  5 

Fig. 4a shows a schematic illustration of the microfluidic 
device. The left branch is used to form a droplet with controlled 
pH, while the right branch is used to form a droplet of TPE-Cy 
solution. In the experiments, 0.1 M Na2SO4 solution was used as 
the electrolyte solution and the concentration of TPE-Cy was 10 

chosen as 0.1 mM. Firstly, a droplet of TPE-Cy and the other 
droplet with controlled pH values were generated in sequence. 
Then, this pair of droplets was merged in a passive merging 
chamber18,24 and formed a new droplet. All the droplets had a 
uniform volume of 1 nL, which resulted in a series of 2 nL 15 

merged droplets. According to the calibration curve in Fig. 3, we 
can precisely control the pH value in the merged droplets. Figs. 
4c and d show the red emission intensity of TPE-Cy versus pH 

value: strong red emission at pH < 5 (region I), strong to 
moderate red emission at pH 5~7.5 (region Ⅱ), weak to no 20 

emission at pH 7.5~11 (region Ⅲ). More interestingly, there is a 
good linear relationship between the emission intensity and the 
pH in the physiological range of pH 5.5–7.5, indicating TPE–Cy 
is suitable to serve as a fluorescent pH-sensitive bioprobe23. The 
capability of precise tune of pH allows us to investigate the 25 

molecular structures and interactions of AIE dyes at specific and 
stable pH conditions. Moreover, in this screening experiment, a 
small amount (100 µL) of TPE-Cy was used, which is especially 
important for testing expensive or limited samples. In 
combination with other microfluidic techniques, this pH 30 

regulation platform can be directly adopted in many pH-related 
applications, such as screening the optimum pH conditions for 
reactions (enzyme activities25, protein crystallization26 and 
aggregation23, 27) or generating suitable pH conditions for on-chip 
culture28. 35 

 
Fig.4 (a) Schematic illustration of the chip for screening the dye emission intensity vs. pH values. This chip includes two branches for generating droplets 
of various pH and TPE-Cy solutions, a chamber for merging droplet and a chamber array for trapping droplets. (b) The fluorescence images showing the 
emission intensity of the merged droplet with different pH values (ranging from 3 to 11). Imaged were taken under an inverted microscope (Eclipse Ti, 
Nikon) equipped with a mercury lamp and a filter cube (EX 340-380 nm; DM 400 nm; EM 605-655 nm). (c) The normalized emission intensity in the 40 

merged droplet versus pH value. There are three regions divided by the blue dash lines.  (d) The details for normalized emission intensity versus pH value 
from 5.5 to 7.5.  The red dash line is a fit of linear regression. 

 
 To our knowledge, this is the first report on a droplet-based pH 
regulator. By taking advantage of the compartment of droplets, 45 

the droplet pH regulator has many inherent characters: (1) Stable. 
The generated ions (OH- or H+) are separated and confined in 
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isolate droplets; diffusion and dispersion effects are eliminated. 
These stable microenvironments are essential for long-time 
experiments (e.g., for culture or detection). (2) Fast response. The 
pH value in a droplet can be changed during each cycle. The 
throughput of the pH regulator is a few droplets per second. 5 

Therefore, the pH values in the droplets can be on-demand 
changed within few seconds. (3) No bubbles formation. In the pH 
regulator, as the electrolysis is conducted by short pulse and the 
products are confined in droplets, the gas production is so low 
that no bubbles are detectable. Therefore, no additional functional 10 

parts (such as degassing membranes) are required. (4) Easy 
manipulation. The pH in a droplet can be well controlled by 
tuning the applied current and pressure pulses. While the existing 
methods need consistent electricity to maintain a stable pH value, 
the droplet-based pH regulator only requires an electric pulse 15 

supply during the droplet formation. (5) Compatible. In the pH 
regulator, the solution is handled in the format of droplets. By 
combining the mature techniques in droplet-based microfluidics 
(e.g., splitting, merging, trapping, and so on), the pH regulator 
can be easily applied for the pH-related on-chip reaction or 20 

detection. Moreover, sample can be transferred from the droplets 
to a continuous stream using a hydrophobic and oleophilic 
membrane or an electrical field29-31 for oil removal and droplet 
merging.  

Conclusion 25 

In this paper, we present a simple and adaptive microfluidic 
system that enables on-demand formation of droplets with pH 
regulation in an isolated compartment. We confine the 
electrolysis ions into isolate droplets to avoid diffusion and 
dispersion effects. The pH in droplets is well controlled by tuning 30 

the applied current and pressure pulses. Compared with other 
methods, our droplet-based pH regulator is stable, fast in 
response and flexible in operation. We believe this pH regulator 
will find important applications in the fields such as biological 
assay, protein crystallization, enzyme assay, and so on. 35 
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