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CMOS electrochemical pH localizer-imager
Han Sae Jung1†, Woo-Bin Jung1†, Jun Wang1, Jeffrey Abbott1,2,3, Adrian Horgan4,
Maxime Fournier4, Henry Hinton1, Young-Ha Hwang1, Xavier Godron4, Robert Nicol5,
Hongkun Park2,3*, Donhee Ham1*
pH controls a large repertoire of chemical and biochemical processes in water. Densely arrayed pH microenvironments would parallelize these processes, enabling their high-throughput studies and applications. However, pH
localization, let alone its arrayed realization, remains challenging because of fast diffusion of protons in water. Here, we
demonstrate arrayed localizations of picoliter-scale aqueous acids, using a 256-electrochemical cell array defined on and operated by a complementary metal oxide semiconductor (CMOS)–integrated circuit. Each cell, comprising a concentric pair of cathode and anode with their current injections controlled with a sub-nanoampere
resolution by the CMOS electronics, creates a local pH environment, or a pH “voxel,” via confined electrochemistry.
The system also monitors the spatiotemporal pH profile across the array in real time for precision pH control. We
highlight the utility of this CMOS pH localizer-imager for high-throughput tasks by parallelizing pH-gated molecular
state encoding and pH-regulated enzymatic DNA elongation at any selected set of cells.
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real time, but it was based on fluorescence pH indicators with offchip optics.
Here, we fully electrochemically realize densely arrayed pH localization in an aqueous solution. We use an array of 256 electrochemical cells, or “pixels,” constructed on a CMOS microelectrode
array (Fig. 1A). Each pixel, consisting of two concentric metallic
rings, cannot only electrochemically generate protons with a positive
current through the inner anodic ring but also electrochemically
create a basic wall with a negative current through the outer cathodic
ring. The basic wall prevents the diffusion of the protons, confining them within a picoliter-scale volume, thus creating an acidic pH
“voxel” above the CMOS surface pixel. The positive and negative
currents are defined by the underlying CMOS electronics with a
sub-nanoampere resolution, and an optimal electrochemical balance
to create and maintain the acidic pH voxel is found when the anodic
and cathodic currents are of the same magnitude. By altering this
magnitude, the local acidic pH value can be tuned electrochemically
with a high precision and in a repeatable manner. Last, each pixel is
randomly accessible, and thus, any set of pixels can be chosen to
create pH voxels, allowing for spatioselective pH programming.
Our system also electrochemically measures pH in real time with
open circuit potential (OCP) sensors integrated across the CMOS
pixel array. This monitoring of the spatiotemporal pH profile enables the precision pH tuning. A variety of CMOS pH sensors and
their arrays have already been developed over the past decades, with
a notable example being CMOS ion-sensitive field-effect transistor
(ISFET) pH sensors (29–39). Our OCP sensors may be viewed as a
variant of such CMOS pH sensors. The key point, however, is the
cointegration of the pH sensing and pH localization capabilities to
enable high-precision control of pH across the array.
Our fully electrochemical aqueous pH localizer-imager can be
compared also to microelectrode arrays for nonaqueous acid localization (24, 25, 40), which were used for acid-controlled phosphoramidite DNA synthesis to build DNA microarrays (24, 25) or
pursue DNA data storage (40). A previous work (24, 25) fabricated
two types of electrode arrays on CMOS chips. In one, a concentric
pair of anodic disk and cathodic ring reminiscent of our structure is
arrayed, but with no experimental details reported; its ability for
fully electrochemical acid localization is unknown. In the other,
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pH, the proton concentration in an aqueous solution, regulates a
large number of natural and engineered biochemical processes, such
as protein activities (1, 2), cell signaling (3), viral infection (4, 5),
tumor growth (6, 7), and DNA deprotection (8–10), to name a few. A
platform that can localize target pH values in a densely arrayed manner can parallelize such pH-dependent processes in aqueous solutions for high-throughput experiments and applications. A timely
example is a high-throughput enzymatic DNA synthesis. Whereas
phosphoramidite DNA synthesis in a nonaqueous solution has been
the dominant synthesis method (11–13), enzymatic synthesis in an
aqueous solution is being actively pursued, for it may reduce cost,
molecular damages, and hazardous wastes (14–16). As pH can gate
each nucleotide incorporation step in enzymatic synthesis (9, 10),
densely arrayed pH localization could drive it in high throughput.
A microelectrode array, which can electrochemically produce
protons at any number of electrodes used as anodes, is a natural
platform with which arrayed pH localization can be pursued. Previous works (17–23) used microelectrode arrays defined on complementary metal oxide semiconductor (CMOS) chips (17–22) or glass
substrates (23) to electrochemically produce protons, with all array
electrodes used as anodes. They, however, used pH buffers to chemically––as opposed to electrochemically––confine the locally generated protons. The resulting arrayed pH localization was thus not via
a fully electrochemical means. Generally, chemical confinement of
protons becomes increasingly less effective with higher electrode
densities (24, 25), an issue that would be particularly pronounced in
water, where protons diffuse notoriously fast (26–28). Aside this issue with the chemical confinement, none of these previous works
(17–23) implemented on-chip pH sensors that can measure pH across
the array in real time; in one of the works (23), pH was quantified in
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while each anodic electrode is surrounded by four nearest cathodic
electrodes, the anode-generated acids were confined not only by a
basic wall electrochemically produced with the cathodic electrodes
but also with a chemical aid using organic base molecules. Another
work (40) reported a fully electrochemical acid localization with a
local anodic electrode surrounded by nearby common cathodes.
However, as each electrochemical cell was not randomly accessible,
only a very limited spatial pattern of acid localization was possible.
Moreover, as none of these works (24, 25, 40) implemented on-chip
acid sensors or used fluorescence acid measurements, no real-time acid
monitoring was done, rendering the accuracy of acid localization
Jung et al., Sci. Adv. 8, eabm6815 (2022)
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and control unknown. In summary, even setting aside whether the
localization is done in aqueous or nonaqueous solutions, our work
is distinctive for its explicit demonstration of fully electrochemical
localization, random access to each electrochemical cell, and real-
time spatiotemporal quantification for precision control, while
each of these works (24, 25, 40) achieves only some, but not all, of
these traits.
To highlight the utility of our CMOS pH localizer-imager, we
performed pH-regulated enzymatic incorporation of nucleotides to
single-stranded DNA molecules in parallel at any selected locations
in the 256-pixel array, exemplifying a high-throughput control of
2 of 11
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Fig. 1. CMOS electrochemical cell array. (A) Image of the packaged CMOS IC featuring a predefined array of 64 × 64 = 4096 Al pads. (B) The CMOS circuit connected to
each Al pad can be configured into one of the three modes: potentiostat, galvanostat, and OCP sensor. (C) Pt electrodes are postfabricated on top of the predefined Al
pad array, resulting in an array of 16 × 16 = 256 electrochemical cells or pixels. Each pixel consists of an inner anodic Pt ring electrode connected to a set of four underlying
Al pads, an outer cathodic Pt ring electrode connected to another set of four underlying Al pads, and a center OCP sensor with a circular Pt electrode connected to one
underlying Al pad. In addition, circular Pt electrodes (with each connected to one underlying Al pad) are postfabricated in between pixels to be used as additional OCP
sensors. A scanning electron microscope image and an optical image of a pixel and its surrounding are shown in the middle and at the right, respectively. (D) In any given
pixel, if both of its two concentric rings are operated in the galvanostat mode with the outer cathodic ring with a negative current injection and the inner anodic ring with
a positive current injection, the base generated by the former serves as an electrochemical wall that confines the protons electrochemically generated by the latter.
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aqueous biochemical processes enabled by the densely arrayed and
spatioselective pH localization. This example, the pH-regulated enzymatic DNA elongation, is an aqueous counterpart to the acid-
regulated phosphoramidite DNA elongation in a nonaqueous solution
(24, 25, 40) and can have a powerful application in enzymatic DNA
synthesis for such applications as molecular data storage.
RESULTS
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Quinone chemistry
Because quinone chemistry (44–46) is used for pH manipulation,
electrochemical reactions of quinone were first characterized in the
aqueous solution (see Materials and Methods) using cyclic voltammetry (CV). For this particular experiment, only one circular Pt
electrode was activated and was operated in the potentiostat mode
as opposed to its usual OCP sensing mode. The CV curve (Fig. 2C)
shows that DMHQ and DMBQ are the main redox species. DMBQ
(labeled as Q) is reduced to a dimethyl quinone dianion (labeled as
Q2−), as the voltage is decreased across a half-wave potential of
E1 ~ −0.3 V versus Ag/AgCl. The Q2− dianions then undergo a series of chemical equilibria, generating HQ− and OH− base molecules (fig. S1). On the other hand, as the voltage is increased across
a half-wave potential of E2 ~ 0.3 V versus Ag/AgCl, DMHQ (labeled
as H2Q) is oxidized into DMBQ, generating protons. For pH localization in a pixel where its concentric rings cooperate in the WE/WE
galvanostat configuration, the protons generated from the inner
anodic ring are consumed by a volume of the base molecules (i.e.,
Q2−, HQ−, and OH−) generated from the cathodic ring. That is, the
base molecules set up an electrochemical barrier that fastens protons within the pixel, thus achieving pH localization.
Control: Spatiotemporal imaging of proton diffusion
Before demonstrating the pH localization, a control experiment is
first presented, where protons are allowed to diffuse away with no
electrochemical walls set up. For this control experiment, a positive
3 of 11
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CMOS electrochemical cell array
The CMOS integrated circuit (IC) (41, 42), on which the array of
16 × 16 = 256 electrochemical cells is postfabricated, features on its
surface an array of 64 × 64 = 4,096 aluminum (Al) pad electrodes in
its foundry fabricated form, with an individual pad dimension of
10.5 × 10.5 m and a pad-to-pad (center-to-center) pitch of 20 m
(see Materials and Methods). Each pad is connected to its own electronic circuit integrated in the underlying CMOS chip, which is individually addressable and highly configurable (Fig. 1B). The pad
electronics can be configured as a galvanostat that can inject a current and simultaneously measure the resulting voltage of the pad
electrode, a potentiostat that can apply a voltage and concurrently
measure the resulting current through the pad electrode or an OCP
sensor that can measure the voltage of the pad electrode while
blocking a current flow. This CMOS IC has previously been designed and used with vertical nanoelectrodes postfabricated on the
pads for highly sensitive intracellular recording of neuronal membrane potentials (a varied version of the galvanostat configuration
was used there for current clamp recording) for fundamental and
applied neuroscience (41–43). In the present work, its application is
changed to electrochemical pH control and imaging by transforming,
via postfabrication, its surface into the new 256-electrochemical-cell
array structure.
Each cell, or pixel, consists of an inner anodic platinum (Pt) ring
and an outer cathodic Pt ring arranged in a concentric geometry
(Fig. 1, C and D). Each ring is postfabricated to make contacts with
four Al pads, and the four corresponding CMOS circuits are used
together as one effective circuit. pH manipulation is enabled by
interfacing the chip surface with an aqueous solution of the quinone redox couple––2,5-dimethyl-1,4-hydroquinone (DMHQ) and
2,5-dimethyl-1,4-benzoquinone (DMBQ) (44–46)––and by making
the concentric electrochemical cell induce redox reactions (see Materials and Methods for the solution composition). To create the local
pH voxel above a pixel, both anodic and cathodic rings of the pixel
are configured in the galvanostat mode, where the anodic ring injects a positive current to oxidize DMHQ into DMBQ for the generation of protons and the cathodic ring injects a negative current to
reduce DMBQ for the generation of base molecules (Fig. 2A; see
also fig. S1 for a full description of the relevant chemical reactions).
The base molecules generated by the outer cathodic ring serves as
an electrochemical wall that confines the protons generated from
the inner anodic ring (Fig. 1D), thus creating an acidic pH voxel in
the local volume above around the pixel center.
In this electrochemical approach to pH localization, the anodic
and cathodic rings in a pixel function independently as two working
electrodes (WEs). In the WE/WE configuration, positive and negative current injections can have different magnitudes, with the
charge balancing completed by an external large-scale Ag/AgCl
pseudo–reference electrode located outside the electrode array (see
fig. S2 for a detailed description of the pseudo–reference electrode).

This enables an independent tuning of each of the anodic and cathodic currents to achieve an optimal acidic pH confinement. The
optimal current ratio is found to be 1:−1 for the concentric ring
pair; pH is successfully localized when anodic and cathodic currents
are equal and opposite.
The CMOS electrochemical cell array can also measure the spatiotemporal profile of pH across the array in real time using OCP
sensors. This is achieved by implementing OCP sensors both at pixel centers and in between pixels (Fig. 1C): overall, the array features
a total of 2048 OCP sensors. Each OCP sensor is a circular Pt electrode postfabricated on an Al pad, whose corresponding CMOS
circuit is configured into the OCP sensing mode. Here, Pt was chosen instead of commonly used and more pH-sensitive metal oxides,
such as iridium oxide and tantalum oxide (47, 48), because of the
limitation in our in-house fabrication facility. Nonetheless, the
OCP sensor with the Pt electrode exhibits a sufficient pH sensitivity
of −49.7 ± 1.4 mV/pH, which is determined on the basis of the principle of potentiometric pH measurement (Fig. 2B; see also Materials
and Methods for a detailed description of the pH calculation from
the measured OCP) (47, 48). The OCP sensor at each pixel center
examines whether a target acidic pH has been reached within the
pixel. The localization of this acidic pH within the pixel is verified
by the OCP sensors in between pixels, which would measure pH
values higher than the in-pixel acidic pH. Notice that this on-chip
electronic pH measurement based on the linear pH-OCP relationship has a broader pH monitoring range than the off-chip optical
measurement based on the nonlinear pH-fluorescence relation of
pH-sensitive fluorescent molecules. Last, we note that while the
concentric rings of a pixel used for pH localization are operated in
the galvanostat mode, the concentric rings in pixels not engaged in
pH localization are operated in the OCP sensing mode for a denser
monitoring of the spatial pH profile.
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current was injected from a single anodic ring in one chosen pixel
(“stimulation pixel”), and all the rest electrodes––the cathodic ring
of the stimulation pixel, all concentric rings of the remaining pixels,
and all circular electrodes––were engaged in the OCP sensing
mode to perform a spatiotemporal imaging of pH diffusion across
the array.
When the anodic ring of the stimulation pixel injected a positive
current of 57 nA for 40 s to oxidize DMHQ for proton generation,
the pH measured at the OCP sensor inside the stimulation pixel
dropped as expected (Fig. 2, D and E). At the same time, the
array-wide pH measurement showed that the electrochemically generated acids spread out radially during the current injection (Fig. 2F;
see also movie S1; fig. S3 shows another control: when a negative
current was injected to the single cathodic ring of the stimulation
pixel, electrochemically generated base spread out radially). This
demonstrates that the acidic pH created by the anodic ring cannot
be confined without an activation of the cathodic ring.
One solution to stopping the proton diffusion is a chemical approach, where one activates the anodic ring only and localizes pH
by using a strong pH buffer (17–23). As mentioned earlier, this
chemical confinement does not scale well with the electrode density, especially in an aqueous solution. Instead, we use the fully
Jung et al., Sci. Adv. 8, eabm6815 (2022)
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electrochemical approach using both anodic and cathodic rings to
obtain pH localization. This full-fledged electrochemical approach
for pH confinement is what shall be described now.
Array-wide localized control of pH
Here, a densely arrayed pH localization, i.e., the construction of an
array of pH voxels, is demonstrated in an aqueous solution using
the concentric pixel array. To start, in a single concentric pixel,
57 nA of current was injected to the anodic ring to produce protons,
and − 57 nA of current was injected to the cathodic ring to create an
electrochemical wall. Spatiotemporal pH imaging shows that an
acidic pH of 5.26 was obtained and maintained within the pixel
throughout 40 s of stimulation, during which pH measured anywhere outside this single activated pixel is larger than 7, showing
that the acidic pH inside the pixel remains localized, instead of
breaking out (Fig. 3, A and B; see also movie S2, left). Figure 3A also
shows that the confined acid vanished as soon as the current injections were terminated. The localized pH value at the pixel center
can be tuned by varying the anodic and cathodic currents with their
ratio kept about 1:−1, where this optimal ratio was found experimentally by leveraging the independent current control of the WE/WE
configuration via trial and error (Fig. 3C; also see figs. S4 and S5).
4 of 11
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Fig. 2. pH manipulation with quinone chemistry and proton diffusion. (A) Illustration of redox reactions of DMHQ or H2Q for brevity and DMBQ (or Q). The oxidation
reaction generates protons, while the reduction reaction generates quinone dianions (Q2−), which serve as base. (B) OCP versus pH calibration. The OCP measured by our
OCP sensors with the circular Pt electrodes has a linear relationship to pH with an experimentally determined sensitivity of −49.7 ± 1.4 mV/pH. This calibration was conducted by measuring OCP of various pH buffer solutions. Only the slope of this calibration line is used in converting OCP to pH (for details, see Materials and Methods).
(C) Cyclic voltammogram at a single circular Pt electrode (which in this case is used not in the OCP sensing mode but in the potentiostat mode) with a scan range from
−0.6 to 0.5 V and a scan rate of 20 mV/s. (D) A positive current is injected into the anodic ring around pad “3434” (i.e., the Al pad located at row 34 and column 34), with
the results presented in parts (E) and (F). (E) The OCP measured with the OCP sensor at pad 3434 (left) and its conversion to pH (right) using the calibration result of part
(B) (see Materials and Methods). (F) Spatiotemporal pH imaging during the stimulation of the single anodic ring around pad 3434. The temporal evolution of the pH
heatmap shows a radial diffusion of protons generated by the anodic stimulation. The ceiling height is about 39 m.
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The on-chip OCP sensors measure pH only on the chip surface
and provide a limited spatial resolution even on the surface as they
are not at every surface position. We thus performed COMSOL
simulations to understand the full three-dimensional (3D) pH profile with a single pixel activated (figs. S6 and S7). These simulations
confirm the pH localization, or the acidic pH voxel formation, with
a steep pH gradient from within to outside the voxel, and also show
that the cross-sectional area of the acidic pH voxel shrinks as the
Jung et al., Sci. Adv. 8, eabm6815 (2022)
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distance from the chip surface is increased. This specific 3D pH
profile––and the associated 3D proton concentration gradient
profile––is a direct consequence of the concentric ring geometry
(different electrochemical cell structures would lead to different
concentration gradient profiles) (49–53).
pH can also be localized in any number of chosen pixels, where
each chosen pixel is still activated with the anodic and cathodic current ratio of 1:−1 optimized for the single pixel pH localization.
5 of 11
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Fig. 3. Array-wide pH localization. (A) pH localization at a single concentric pixel. (B) OCP and pH measured with the OCP sensor at the center of the pixel of part (A) (red
line) and peripheral OCP sensors (gray lines). (C) By altering the magnitude of anodic and cathodic currents in optimal ratio 1:−1, the localized pH value can be tuned.
(D) Array-wide pH localization for all 256 pixels (top) and selected pixels (bottom). (E) OCP and corresponding pH measured at centers of randomly sampled pixels in the
experiment of (D), top. (F) Distributions of measured potentials at anodes, cathodes, and pixel center OCP sensors during application of two sets of anodic and cathodic
current pulses at all 256 pixels. Bin size = 5 mV. The distribution of the measured potentials for each electrode type remains almost identical from the first pulse to the
second pulse, indicating that concentration overpotentials do not develop during the stimulation. The absence of concentration overpotentials indicates that the redox
species (i.e., quinones) are not depleted, enabling a repeatable pH control. (G) pH converted version of the bottom of (F), i.e., distribution of localized pH values measured
at pixel center OCP sensors during the current pulse stimulation. Bin size = 0.1. The distribution of localized pH values remains almost identical from the first pulse to the
second pulse. The ceiling height is about 39 m throughout the figure.
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Parallelizing pH-regulated processes
The utility of this repeatable, arrayed creation of pH voxels in parallelizing pH-regulated chemical processes in aqueous solutions is
now demonstrated with two examples. First, a parallelized pH-gated
molecular state encoding is demonstrated. Fluorescein, a widely
used pH indicator (60, 61), is chosen as the demonstration molecule
because its pH-gated state change can be cross-checked with fluorescence. An individual fluorescein molecule can be either in the
Jung et al., Sci. Adv. 8, eabm6815 (2022)
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unprotonated anionic state “0,” which fluoresces, with a probability
P0, or in the fully protonated neutral state “1,” which does not fluoresce, with a probability P1 = 1 – P0 (fig. S13). The probability P0
increases with pH and saturates to 1 as pH exceeds 6.65 in the
10 M aqueous fluorescein solution (see Materials and Methods).
Thus, the collective fluorescence intensity, which is proportional to
P0, increases with pH and saturates to the maximum as pH exceeds
6.65, creating a plateau where all fluorescein molecules are in 0 with
P0 = 1 (Fig. 4A). Conversely, as pH is lowered from 6.65, P0 decreases, reducing the collective fluorescence intensity. Therefore, when
acidic pH voxels are formed above a select set of pixels (fig. S14), the
fluorescence intensity from each voxel will be reduced, as an appreciable fraction of fluorescein molecules there will be encoded into
state 1. In contrast, the fluorescein molecules in the remaining inactivated pixels will preferentially remain in the state 0, exhibiting
stronger fluorescence intensity.
To demonstrate, a sequence of 20 sets of anodic and cathodic
current pulses (48 and −48 nA; each pulse was 5 s long, and there
was a 5-s time lapse between two adjacent pulses) was applied to an
arbitrarily selected group of pixels in parallel. At the same time, pH
values at all pixels were monitored using the pixel center OCP sensors. Figure 4B shows the measured OCP and pH versus time in an
example stimulated pixel (see also fig. S15 for a similar experiment
with 160-s duration current pulses; see also movie S5). The acidic
pH values reached within all select pixels were close to one another
at any given time, with their distribution nearly identical from pulse
to pulse: the median/SD at t = 6 s (1st pulse), 95 s (10th pulse), and
196 s (20th pulse) are 5.54/0.06, 5.58/0.07, and 5.65/0.10, respectively.
By concurrently performing epifluorescence measurement of pH,
which was consistent with the on-chip electronic pH measurement,
we confirmed that in each of these selected pixels, an appreciable
fraction of fluorescein molecules converted to state 1 every time
acidic pH voxels formed (e.g., approximately 20% of fluorescein
molecules were in state 1 for pH 5.54), whereas in each of the unstimulated pixels, nearly all fluorescein molecules remained in state
0 (Fig. 4C). The key point of this first example is the parallel execution of the pH-gated molecular state encoding at any selected pixels.
We remark that for Fig. 4C, a pH localization pattern different
from the one shown in Fig. 3D was chosen to emphasize the programmability for random pH localization patterns. Also note that
while our wide-field measurement system resolves the lateral fluorescence variation, it does not resolve, but aggregates, the fluorescence variation along the direction vertical to the chip surface.
Therefore, the consistency of the array-wide fluorescence pattern
with the programmed distribution of the acidic pH voxels confirms
that the acidic pH voxels indeed achieve low pH in the vertically
averaged sense.
The second example uses the CMOS pH localizer-imager to perform pH-regulated enzymatic incorporation of chain-terminating
nucleotides, dideoxyadenosine triphosphate (ddATP), onto substrate single-stranded DNA molecules at any prescribed locations
in parallel. The substrate DNA molecules are anchored on a glass
ceiling (62, 63) facing the CMOS chip surface at a distance of 14 m.
The acidic pH localization is performed in parallel in a select set of
sites to deprotect the DNA strands only on those sites, making them
available for the binding of nucleotides. Then, the enzyme, terminal
deoxynucleotidyl transferase (TdT), is used as a template-free and
template-independent polymerase that catalyzes the incorporation
of nucleotides to the deprotected 3′OH ends of the substrate DNA
6 of 11
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Fig. 3D and corresponding movie S2 (middle and right) show two
pH localization patterns, and fig. S8 shows yet two additional pH
localization patterns (see also movie S3 that juxtaposes the cases
where all-pixel pH localization succeeds and fails, with the latter
obtained by detuning the anodic and cathodic current ratio from
1:−1; see also fig. S9 for all-pixel pH localization with no ceiling; last,
see movie S4 for comparison with a different electrode structure
that is more susceptible to pixel-to-pixel cross-talk). The pH values
within all chosen pixels were close to one another (Fig. 3E). For example, when activating every concentric pixel on the array (Fig. 3D,
top), the distribution of pixel center pH values had a median of 5.33
and an SD of 0.03 after 20 s (half point) of stimulation. This precision pH control with the array-wide localization could be achieved
for various solution compositions, even with no pH buffering at all
(fig. S10). The pH can be controlled with such accuracy because the
magnitude of the optimal 1:−1 ratio of cathodic and anodic currents
of the concentric rings can be tuned with a sub-nanoampere resolution because of the particular CMOS design of the current injector
in our galvanostat configuration (42). (In the galvanostat mode
here, voltages can be measured at the anodic and cathodic rings
during the current injection. As seen in fig. S11, these voltages are
constant during the current injection, which shows that the injected
currents are Faradaic.) This precision current control is critical, given the high dependence of the localized pH value on the current
magnitudes, i.e., the rates of redox reactions (fig. S5) (54, 55). [It
would be interesting to explore in the future the use of the potentiostat configuration for the activation of the concentric rings for the
high-precision pH localization and control, as opposed to the galvanostat configuration as used here (56, 57).]
The local pH control can be repeated multiple times. To test, two
successive sets of square pulses of anodic and cathodic currents
were applied to all 256 pixels (57 nA in anodic rings and − 57 nA in
cathodic rings), with each set of pulses having a duration of 10 s and
the time lapse between the two sets of pulses being 10 s. At the same
time, potentials at all anodic and cathodic rings were monitored
(Fig. 3F, top and middle), which was possible as they operated in the
galvanostat mode (these potentials measured with current injections are not OCPs and are difficult to convert to pH). The distribution of the measured potentials at anodes and cathodes remained
almost identical between the two sets of pulses (Fig. 3F, top and
middle) and did not show any hint of concentration overpotentials
(58, 59). This shows that redox species (i.e., quinones) were not significantly depleted to the extent of rendering the control of the reaction dynamics unrepeatable. Owing to this repeatable control, the
distribution of OCPs (Fig. 3F, bottom) or the corresponding distribution of pH values (Fig. 3G), measured at all 256 pixel center OCP
sensors, also remained almost identical between the two sets of
pulses, despite the wide variation of starting pH values before the
second pulse (see also fig. S12 for repeated pH localization at a single pixel in different solution compositions) (Fig. 3G).
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molecules. As described earlier, this pH-regulated enzymatic DNA
elongation is an aqueous counterpart to the acid-regulated phosphoramidite DNA elongation in a nonaqueous solution. Our platform
parallelizes this aqueous pH-regulated enzymatic DNA elongation.
To start, single-stranded DNA molecules as substrates were anchored to a removable glass ceiling coated with silane-free acrylamide
(SFA) (see Materials and Methods). To spatioselectively incorporate nucleotides to these DNA strands, their 3′ONH2-protecting
group should be converted to the 3′OH-deprotected group at the
selected sites. A sodium nitrite solution buffered to a pH of 5.5 can
perform this deprotection step within minutes (8). The quinone
solution contained sodium nitrite exactly for this reason (see Materials and Methods), and the deprotection was done by creating locally
acidic microenvironments (Fig. 5A) by applying 48 nA of anodic
current and −48 nA of cathodic current to an arbitrarily selected
group of pixels in parallel for 80 s: the localized pH distribution
Jung et al., Sci. Adv. 8, eabm6815 (2022)
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had a median of 5.59 and an SD of 0.06 after 40 s of stimulation.
Subsequently, Cy5-labeled ddATP was enzymatically incorporated
into the spatioselectively deprotected strands (see Materials and
Methods). The measured Cy5 fluorescence pattern was identical to
the pixel activation pattern (Fig. 5B), which attests to the enzymatic
nucleotide incorporation at the selected sites. To emphasize the
programmability for random pH localization patterns once again,
for Fig. 5B, a localization pattern different from those of Figs. 3D
and 4C was chosen. The Cy5 fluorescence signals were localized at
each selected site, indicating successful pH localization at the ceiling. On the other hand, the variation of the fluorescence intensity
and shape at the Cy5-labeled sites might have been caused by the
nonuniform surface coating and, thus, nonuniform distribution of
substrate DNA strands on the glass, and/or by the site-to-site pH
variation, albeit small. This pH variation might have arisen, for example, from the postfabricated process variations of electrodes and/or
7 of 11
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Fig. 4. Parallelizing pH-gated molecular state encoding. (A) Epifluorescence intensity versus pH for an aqueous fluorescein solution (10 M). (B) On-chip measured
pixel-center OCP and pH as a function of time in an example stimulated pixel. (C) Epifluorescence imaging and on-chip pH imaging juxtaposed side by side (left and
middle). In each of the pixels selected for stimulation, an appreciable fraction of fluorescein molecules enter state “1” every time acidic pH voxels are formed (e.g., pH 5.54
converts approximately 20% to state 1), while nearly all molecules are left in state 0 in each of the unstimulated pixels. In the state matrix (right), matrix element 1 refers
to a pixel’s collective status where an appreciable fraction of fluorescein molecules are in state 1, whereas matrix element 0 refers to the status where nearly all molecules
are in state 0. The ceiling height is about 14 m. a.u., arbitrary units.
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Fig. 5. Parallelizing pH-regulated enzymatic incorporation of nucleotides (ddATP) onto single-stranded DNA molecules. (A) Schematic illustration of pH-regulated
enzymatic incorporation of nucleotides to substrate DNA molecules on a glass ceiling with spatioselectivity. Localized pH control induces a spatioselective deprotection
of DNA strands. These deprotected strands can then be enzymatically elongated with Cy5-labeled ddATP nucleotides in parallel. The ceiling height is about 14 m.
(B) After parallelized enzymatic incorporation of Cy5-labeled ddATP to spatioselectively deprotected sites, epifluorescence imaging shows that the Cy5 fluorescence
pattern (right) matches the randomly selected current stimulation pattern (left) exactly, thus confirming the enzymatic incorporation of nucleotides at the spatioselectively deprotected sites. The pH map at the midpoint of the 80-s-long stimulation is shown in the middle.

DISCUSSION

We have reported an advance in scalable pH microelectrochemistry
in an aqueous solution. An array of 256 electrochemical cells with
concentric geometry postfabricated on and operated by a CMOS IC
can fully electrochemically localize pH at any arbitrarily selected
subset of the 256 sites in a parallel fashion. This electrochemical pH
localizer also performs a real-time measurement of the spatiotemporal pH profile, which allows for precise tuning of localized pH
values. We demonstrated the utility of this fully electrochemical pH
localizer-imager first by parallelizing pH-gated molecular state
encoding and then by parallelizing pH-regulated enzymatic DNA
elongation with the spatioselection programmability. This parallel
execution of pH-regulated enzymatic DNA elongation can now be
substantially expanded to densely arrayed, high-throughput enzymatic synthesis of DNA in a mild aqueous medium, which can provide access to a range of molecular biology tools (14–16) and also
can be applied for DNA data storage and archiving (15, 16, 40, 64).
In addition, because pH is a fundamental parameter in manipulating many other processes in chemistry and biology, the highly
densified and parallelized pH control may enable high-throughput
work (14–25, 62–68) for a broad variety of pH-regulated chemical
and biochemical processes beyond enzymatic DNA synthesis. The
number and density of electrochemical cells can be readily increased, for scalability is at the heart of CMOS technology. Scaling
the electrochemistry itself along with such CMOS scaling will
Jung et al., Sci. Adv. 8, eabm6815 (2022)
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stimulate new inquiries at the research frontier. Last, from a broader
point of view, CMOS electronics has been increasingly used for
biological and biotechnological applications in direct interface with
electrolytes, molecules, and cells (29–39, 41–43, 69–77), and this
work adds an advance in this direction of applying CMOS technology to biology and biotechnology.
MATERIALS AND METHODS

Postfabrication and packaging of the CMOS electrochemical
cell array
The custom-designed CMOS IC was outsourced to United Microelectronics Corporation for fabrication in 0.18-m technology.
Each chip from the foundry has an array of 64 × 64 = 4096 Al pads
(10.5 × 10.5 m square) with a pitch of 20 m and a passivation
layer. An array of 16 × 16 = 256 concentric pixels was postfabricated
onto this predefined array with the following steps. First, photolithography was used to define a desired pattern for circle electrodes
(diameter: 8 m), anodic rings (inner and outer diameters: 26 and
36 m), and cathodic rings (inner and outer diameters: 58 and
62 m). Then, the foundry passivation layer was removed to expose
the Al pads via reactive-ion etching. Last, a thick metal layer (15-nm
Ti and 200-nm Pt) was sequentially deposited via sputtering. After
the electrode fabrication, a 14-m-thick SU-8 spacer layer was fabricated above and below the array with 1-mm spacings via photolithography. After the postfabrication, the chip was wire bonded to
a chip carrier (Spectrum Semiconductor Materials, San Jose, CA)
via a custom-designed interposer printed circuit board (PCBWay,
Shenzhen, China). A glass outer ring (Friedrich & Dimmock, Millville,
NJ) and a laser-cut acrylic inner ring were glued to the chip carrier
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from the pixel-to-pixel variations of the CMOS control electronics,
with which the 3D pH profiles of acidic pH voxels created would
not be exactly identical to one another.

SCIENCE ADVANCES | RESEARCH ARTICLE
and the chip, respectively, with polydimethylsiloxane (PDMS). PDMS
was then poured in between the rings to encapsulate the wire bonds
and metal interconnect lines, as shown in fig. S2.

Enzymatic incorporation of nucleotides to substrate DNAs
on a removable glass ceiling
SFA coating of glass ceilings
A glass ceiling was cleaned sequentially in 1 M NaOH (aq), 0.1 M
HCl (aq), and ethanol. In between the solutions, the ceiling was rinsed
with deionized water. Then, it was treated with vacuum plasma. A
2% (v/v) acrylamide (VWR International, Pittsburgh, PA) solution
was made by dissolving 1.3 g of acrylamide in 65 ml of deionized
water and was purged with nitrogen gas for 15 min. Then, 103 mg
of N-(5-bromoacetamidylpentyl) acrylamide (Ark Pharma Scientific
Ltd., Cambridge, UK) was dissolved in 1.07 ml of N,N-dimethyl formamide and then added to the acrylamide solution. Subsequently,
75 l of PlusOne tetramethylethylenediamine catalyst (VWR International, Pittsburgh, PA) and 0.65 ml of potassium persulfate (0.05 g/ml)
were sequentially added to the acrylamide solution. Cleaned glass
ceilings were placed in the final acrylamide solution for 90 min.
Jung et al., Sci. Adv. 8, eabm6815 (2022)
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Array-wide pH localization
The electrochemical setup (fig. S2) was first filled with a quinone
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NY), 5 mM DMBQ (Sigma-Aldrich, Atlanta, GA), 1 M NaCl
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After 90 min of coating, the slides were rinsed with deionized water
and dried with nitrogen gas.
Coupling DNA to SFA-coated glass ceilings
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