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This paper describes a novel capacitive method to change the pH in micro- and nanofluidic channels.
A device with two metal gate electrodes outside an insulating channel wall is used for this purpose. The
device is operated at high ionic strength with thin double layers. We demonstrate that gate potentials
applied between the electrodes cause a release or uptake of protons from the silicon nitride surface
groups, resulting in a pH shift in the channel and a titration of solution compounds present. Due to the
high quality silicon nitride insulating layer, the effect is purely capacitive and electrolysis can be
neglected. Fluorescein was employed as a fluorescent pH indicator to quantify the induced pH changes,
and a maximum change of 1.6 pH units was calculated. A linear relationship was found between
applied potential and fluorescein intensity change, indicating a linear relation between actuated proton
amount and applied voltage. Since this pH actuation method avoids redox reactions and can be
operated at physiological ionic strength, it can be very useful as a “soft” way to change the pH in very
small volumes e.g. in bioassays or cell-based research. The sensitivity of the optical detection method
poses the only limit to the detectable amount of substance and the observed volume. In a preliminary
measurement we show one possible application, namely titration of 100 attomol of TRIS in a 7 pL
detection volume. It is important to stress that this pH actuation principle fundamentally differs from
the pH changes occurring in ionic transistors which are due to counterion enrichment and coion
exclusion, because it does not rely on double-layer overlap. As a result it can be operated at high ionic

strength and in channels of up to at least 1 um height.

Introduction

Lab-on-a-chip technologies are widely applied in analytical,
chemical, biological and sensor and actuator systems. When
downscaling lab-on-a-chip devices, the surface to volume ratio
increases and surface properties become increasingly important
for system behavior.! Surface charge governed phenomena in
particular are important, so that control of the channel wall
charge is crucial in nanofluidic separation and concentration
processes.”™ Glass is often used as a substrate to fabricate fluidic
channels due to its favorable properties: it is chemically inert,
optically transparent and provides good electrical insulation.
Glass channel walls, however, also have a strongly pH- and ionic
strength-dependent surface charge, with a point of zero charge
(PZC) at pH = 3 and a negative surface charge at higher pH
values, resulting from deprotonation of surface silanol groups.?
The surface silanol groups furthermore provide a large proton
buffer capacity at pH values away from the PZC.

Recently the influence of the buffer capacitance of a silicon
oxide channel wall on the solution pH in a nanochannel was
demonstrated.® A strong release of protons from the walls was
shown to occur during capillary filling. It was argued that such
a proton release or uptake would occur in any transient situation,
such as a change of the solvent properties or ionic strength. Since
the effect scales with the surface area, its relevance increases with
downscaling. Here we demonstrate a method of externally
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controlling this proton release or uptake. The surface charge on
glass channel walls is normally exclusively determined by the
chemical environment of the solution, but can also be modified
electrically through the application of an electrical potential
difference between an electrode outside the channel wall and the
filling solution. This so-called voltage gating process has, for
example, been used to modify the electroosmotic flow in a channel
in flowFETs or its ion permselectivity in ionic transistors.**

Fig. 1 shows a schematic layout of the chip, which consists of
an 860 nm deep fluidic channel enclosed on one side by a 360 nm
thick silicon nitride layer and on the other side by a glass wafer,
with 2 silicon gate electrodes deposited on the silicon nitride
layer. Fig. 1 also schematically shows the capacitive proton
actuation method used. We will theoretically show that capaci-
tive proton actuation will occur whenever the insulating wall has
a proton buffer capacitance, and quantify this amount.® We also
experimentally demonstrate that by using a high quality dielec-
tric as an insulating layer, leakage currents can be minimized so
that the pH actuation mechanism is purely capacitive.

The proton release considered here and the resulting pH
changes should be distinguished well from another phenomenon
that occurs exclusively in nanochannels at low salt concentration.
In nanochannels with double-layer overlap and a negatively
charged wall, the average pH is significantly lower than the pH in
connecting reservoirs due to counterion enrichment of the
protons, as described by the Boltzmann equilibrium distribu-
tion.” The pH change we investigate here on the other hand is
a transient and non-equilibrium effect related to a change of
electrochemical equilibrium at the glass walls and occurs at all
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Fig. 1 The principle of capacitive pH actuation. (A) Solution acidification occurs under the right (positive) electrode and basification under the left
electrode. (B) When the voltage is reversed, acidification occurs under the left (positive) electrode and basification under the right electrode. Basification
and acidification can be observed by an increase and decrease of the pH-dependent fluorescence intensity of fluorescein. Cj,,: insulator capacitance; Cpy :
double-layer capacitance; Cyypy: buffer capacitance of the silicon nitride surface and R.: electrolyte resistance.

salt concentrations. It is based on the proton buffer capacity of
the glass walls. The effects of proton buffering surface groups on
an insulating surface have been recognized mainly in the field of
radial voltage control in capillary electrophoresis®® and field-
effect flow control (FEFC).>' However, in these situations these
effects were considered to be a limitation in terms of pH oper-
ating window, rather than an opportunity for pH actuation.
Measurements with FEFC-type devices using capacitive gates
recently showed indications for both Faradaic and capacitive
proton generation, however, the behavior was not analyzed.'”

Capacitive pH actuation in micro- and nanosystems forms an
addition to Faradaic (electrolysis-based) pH actuation in
microsystems, which especially in a sensor—actuator pair with an
ISFET has been used to determine the buffer capacity of solu-
tions.>™ In Faradaic proton actuation much larger proton
amounts can be actuated, but inevitably accompanied by other
electrochemical reactions and possibly gas bubble formation due
to the electrolysis.

External pH control in a confined fluidic system at physio-
logical salt strengths would be highly convenient for instance for
detection or for the application of external stimuli to cells or
biological systems. At present this is possible only by convection
which is cumbersome, axial diffusion which is slow, or electro-
lysis which leads to unwanted side products like hydrogen and
oxygen gas evolution.” The capacitive coupling between surface
proton charge and gate potential we use is the same as that used
for pH sensing in ion-sensitive field-effect transistors
(ISFETs).'>!¢ However, where the ISFET measures the gate
insulator/electrolyte interfacial potential as a function of the pH
of the bulk electrolyte, in capacitive pH actuation the electrolyte
pH is controlled by modifying the gate insulator/electrolyte
potential.

Theory
The insulator/electrolyte interface

At a solid/liquid interface most materials develop a surface
charge due to ionizing surface groups. This charge is screened by
an equal amount of oppositely charged ions from the solution,
forming the electrical double layer (EDL) with a characteristic
length given by the Debye length.'”:*® In most models the EDL is
further differentiated into a Stern layer that is composed of
immobilized charges near the surface and a diffuse layer in which
ions can freely diffuse.

The device as shown in Fig. 1 enables capacitive modification
of the surface potential. This control over the surface potential
by means of an external bias potential can be modeled in the
electrical domain with a 3 capacitor circuit where 2 capacitors
represent the Stern and diffuse layer capacitance and one
capacitor the insulating nitride layer capacitance.>' The Stern
layer and diffuse layer capacitance can furthermore be combined
in the double-layer capacitance, simplifying the model to two
capacitors in series (see Fig. 2A and B). However, it is often not
recognized that the application of this model is limited to situa-
tions where the insulator surface is chemically inert. Whenever
the surface is capable of dissociating or binding protons, induced
changes in the surface proton concentration will be buffered by
these surface groups. In this case charge is not stored on the EDL
capacitance by non-surface binding cations (generating a surface
potential change) but on the surface proton buffer capacitance as
protons, generating a change of surface charge (see Fig. 2C). The
fraction of capacitively induced charges that binds to the surface
as protons will be shown to depend on the ratio between the
capacitance of the EDL and the surface proton buffer capaci-
tance.> To describe this process, the equivalent circuit has to be
extended with an extra capacitance representing the chemical
proton buffer capacitance of the surface groups, in parallel to the
EDL capacitance. Fig. 2 sketches these 3 situations for a solid/
liquid interface with an external insulated electrode, Fig. 2A the
equilibrium situation without an applied bias potential for a pH
> pH,., Fig. 2B for a negative applied bias potential while no
proton-binding groups are present at the surface, and Fig. 2C the
situation when proton buffering surface groups are present.

Electrical model

Fig. 3 provides the electrical equivalent circuits of this chip
design in more detail. The left-hand side of Fig. 3 gives a dynamic
equivalent model including both resistive and capacitive
elements.?® Since the chip layout consists of 2 similar electrolyte/
insulator/silicon interfaces, the system is symmetric around the
electrolyte resistance R.. The insulator capacitance Cj,,, double-
layer capacitance Cpp and surface proton buffer capacitance
Cpurr Were already introduced in the previous section. The
impedance Z; represents the silicon gate capacitance. At large
bias potentials depletion or accumulation effects can arise in the
p-type silicon resulting in space charge regions at the silicon
insulator interface. The proton buffer capacitance of the surface

This journal is © The Royal Society of Chemistry 2009

Lab Chip, 2009, 9, 3472-3480 | 3473



To other Zero bias To ather Negative bias To other Negative bias
electrode electrode Non-buffering electrode Buffering
insulator insulator
Electrolyte ( Electrolyte C\D Insulagei} e Electrolyte
[+
e e e
© © i
L+]
[+
©
: ) e
@ @ o [+ 2 [+
@ K*attracted in double layer ok H*uptake by insulator
CoL
i L i
© 0 © 0 ——-o0
It I I It ”
(A) (B) (C) Cout

Fig.2 Mechanism and simplified equivalent electrical circuits of capacitive actuator devices. (A) At zero bias, a negative surface charge is assumed due
to the presence of O~ groups, and an equal but opposite charge (for simplicity represented by only K* ions) resides in the solution. (B) At negative bias
and a non-proton buffering insulator surface, extra counterion charge is attracted in the electrical double-layer. (C) At negative bias and a proton
buffering insulator surface, additionally attracted protons are buffered by association with the O~ surface groups to form OH groups, decreasing the
surface charge density. When the buffer capacity is high with respect to the double-layer capacitance, the surface potential will not change.
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Fig.3 Equivalent electrical circuit of the pH actuation chip. The left side
represents a dynamic equivalent circuit and the right side illustrates
a simplified model for the steady state situation.

groups Cpygr is connected in series with the Warburg impedance
Z,, that models the solution diffusion resistance for protons. In
this circuit the double-layer capacitance is charged with non-
surface binding ions such as potassium and chloride. The buffer
capacitance is charged exclusively by protons. The model
neglects proton diffusion transport in the axial direction of the
channel. This is justified at the experimental time scale of 1 s,
since the time constant of axial diffusion is more than 100 s.
The model could furthermore be extended by adding a para-
sitic capacitance to account for capacitive coupling to the
environment.

In the steady state situation the capacitors in the system are
charged and the current equals zero. The potential differences
across the electrolyte resistance, silicon layer and the Warburg
impedance as a consequence are zero. Under these conditions the
circuit can be simplified to the equivalent circuit in the right-hand
side of Fig. 3. This purely capacitive circuit can be used to
determine the relation between the applied actuation voltage and
the final number of protons dissociated from the wall surface.

To calculate the number of protons released as a function of
the applied potential, C,s, Cpr and Cy, g have to be determined.
The capacitance of the insulator (F m™2) is
80 Sr

d

where ¢y (F m™') and ¢, represent the permittivity of vacuum and
the insulating material, respectively, and d (m) the thickness of
the insulating layer. The double-layer capacitance is calculated
from the series addition of the Stern capacitance Cgern (F m—2)
and the diffuse layer capacitance. We find for the differential
double-layer capacitance Cpp (F m™—2)

1 1 1

Cins = (1)

CDL Cs‘em " €€0q2n0 172 h q¢2
() (i)
where ¢, (V) is the electrical potential at the Stern plane, ¢ the
unit charge (1.6 x 107" C), n° (m~) the ion number density in the
electroneutral bulk solution, k the Boltzmann’s constant (1.38 x
1072 J K') and T (K) the absolute temperature.'®
The electrical equivalent of the nitride buffer capacitance is
derived as follows. When the channel is filled with solution,
a surface charge arises at the solid/liquid interface originating
from the amphoteric site dissociation of silanol groups and the

single site dissociation of basic amino sites that are both present
at the silicon nitride surface.?

(@)

[SIOH,] < [SiOH] + [H*]s 3)
[SIOH] & [SiO] + [H']s )
[SiNH;] < [SiNH,] + [H'Ts 5)

Here [H*]; is the proton concentration at the wall surface,
related to the proton concentration in the electroneutral bulk via
the Boltzmann equation. The equilibrium constants for reactions
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(3)—(5) are typically taken as pKy, = —2 (3), pK, = 6 (4) and pK,,
=4.75 (5). The surface charge will depend on the pH of the bulk
solution and the ratio of amino to silanol surface groups. For the
low-pressure chemical vapor deposition (LPCVD) silicon nitride
used here, the PZC is expected to be around pH 4 and the ratio of
amino to silanol surface groups to be about 0.02.>*2* Due to the
three reactions given above, the surface will possess an intrinsic
(chemical) buffer capacitance 8 (groups per m?) for protons. This
can be converted to an electrical analogue Cpuy (F m™2) as
described in ref. 9,

2

qp

Con = 3507 ©)

Due to the low ratio of amino to silanol groups, the intrinsic
buffer capacitance of the silicon nitride at pH = 6.9 in a 0.01 M
electrolyte solution can be assumed to be approximately equal to
that of a silicon oxide surface which is approximately 4 x 10"
groups per m%? resulting in Cpup = 1.1 F m—2.

The amount of protons theoretically released from the silicon
nitride wall, Ny theory (C m™2), can now be obtained by applying
electrical network theory to the right-hand side circuit of Fig. 3.1
Assuming that Cj,s < Cpp,

Churr
(Cpurr + Cpr)

2

NHJheory = VCins (7)
where Ci, equals 1.96 x 10~* F m—2, using the parameter values
listed in Table 1. It can be seen that the released amount of
protons is expected to be directly proportional to the applied
voltage. The equation shows that the proton actuation process is
most efficient when Cypuer > Cpy. In that case all charge is stored
as surface-bound charge and actuated or taken up as protons.
The value for Cygr derived above was 1.1 F m~2. For Cp; a value
of 0.35 F m* can be obtained for a 0.01 M KCI solution and
assuming a Stern layer capacitance of 0.8 F m~2.° For the last
factor of eqn (7) we thus obtain 0.76.

Released protons will protonate fluorescein molecules,
increasing the concentration of the non-fluorescent monoanion
and decreasing the concentration of the fluorescent dianion, the
reaction of which has a pK, of 6.7.2° Close to the pK,, fluores-
cence intensity changes will provide the most sensitive indication
of pH changes.

Experimentally, the amount of released protons can be derived
from fluorescence intensity measurements. In the pH region
where the fluorescein buffer capacity is much larger than the
buffer capacity of protons or hydroxyl ions (which at a fluores-
cein concentration of 0.1 mM is between 5.5 < pH < 7.5), every
proton released or taken up will decrease or increase the fluo-
rescence intensity with an amount equal to the intensity differ-
ence between mono- and dianion. The experimentally
determined value for the amount of released protons Ny expt
(C m™?) therefore is

—qAl

A(Fdianion - Fanion) (8)

NHA,expl =

T The charge on the insulator capacitance which equals V' x Cj,s must be
equal to the charge on the double-layer and buffer capacitance combined.
Of this charge, the fraction on the buffer capacitance equals Cyye/(Cpugr +
CpL).

Table 1 Parameter values for calculating RC time constant

Parameter Value

IR 4.6 x 10 m

Ly 3.6 x 10 m

& 8.85 x 10" Fm™!
& 827

Oe 0.1585 S m™!

d 360 nm

h 860 nm

where ¢ is the unit charge (1.6 x 107" C), AI (a.u.) the observed
change in fluorescence intensity, A4 the observed area, and Fyjapion
and F,non (a.u. per molecule) the fluorescence intensity of
a fluorescein dianion and monoanion molecule in our system,
respectively. The change in fluorescence intensity will therefore
be directly proportional to the released amount of protons. It
should be noted that in this analysis the proton uptake of the
glass wall opposite to the silicon nitride wall has not been taken
into account.

The actuation speed that can be obtained is limited by several
time constants in the system. Assuming that the chemical reac-
tion rates are infinitely fast, the two main contributions are the
electrical RC time for the charging of the electrical double-layer
and the time constant for proton diffusion across the channel
height. The time constant for proton diffusion across the
channel, calculated from the proton diffusion constant D and the
channel height /4 as h*2D, is 40 ps. The electrical RC time is
determined by the series circuit consisting of twice the insulating
layer capacitance and the resistance of the connecting fluidic
channel (Fig. 3)* and can be approximated by

1 leogelyw  Llyee,

tre = ReCins = — =
Re g, wh 2d 20.hd

)

where o, is the electrolyte conductivity, /. the center distance
between two planar gate electrodes, /, the length of the gate
electrode, and w the summated width of all channels. The factor 2
in the denominator derives from the presence of two capacitors in
series. The parameters determining the time constant are listed in
Table 1. Based on these values a time constant of 12 ms is
calculated.

After actuation, a pH gradient will exist in the longitudinal
direction of the channel, leading to axial diffusion of protons and
equilibration. The time constant for this process depends on the
length of the gate electrode /, and the proton diffusion coefficient
D as 1,%/2D and is about 1000 s in the present chip.

Experimental
Devices

The pH actuation chip was fabricated by a sequence of thin
film deposition, etching and annealing steps, using a procedure
published before.® An overview of the fabrication process is
given in Fig. 4. The chip consists of a Pyrex substrate with
patterned silicon gate electrodes and fluid reservoirs. LPCVD
silicon nitride is used as an insulating layer due to its favorable
insulating properties and high dielectric constant.?® The chan-
nels have a height of 860 nm and a total length of 12 mm. An

This journal is © The Royal Society of Chemistry 2009

Lab Chip, 2009, 9, 3472-3480 | 3475



[ Glass wafer [l Silicon nitride
[] Channel [ Aluminium
I silicon

Fig.4 Fabrication process: (a) a native oxide is grown on a p-type single
sided polished wafer (orientation (1,0,0)), (b) channels are created using
reactive ion etching (RIE), (c) a 360 nm layer of low stress SizNy is
deposited using LPCVD, (d) the silicon substrate is anodically bonded
to a Pyrex wafer, (e) fluid reservoirs and gate electrodes are created
by selective wet etching of the silicon wafer, (f) aluminium electrode pads
(1 pm thickness) are sputtered and annealed to lower the contact
resistance.

array of five channels connects the reservoirs, with widths of
5, 10, 15, 20 and 100 pm. The silicon wafer was annealed at
1000 °C after silicon nitride deposition to oxidize the surface
and increase the number of SiOH groups at the surface.
A picture of a complete device and a SEM image of a channel
are shown in Fig. 5.

Experimental setup

Electrical actuation potentials were applied with a Keithley 2410
sourcemeterinterfaced toacomputer by GPIB-USBandinterfaced
to the gate electrodes by probe needles. The glass substrate was
electricallyfloating. Currentsduringactuationweremeasured using
a Keithley 6485 Picoammeter. Fluorescent microscopy was per-
formedinadark roomusinga Leica DM IRM inverted microscope
witha 63 x NA =0.7 objectiveand an I3 filter cube illuminated with
a mercury lamp. The area illuminated by the mercury lamp was
reduced with a diaphragm to fit the region of interest, in this way
reducing the influence of photobleaching and minimizing the
generationofleakagecurrentsduetolight-induced photocurrents.
For observation a region was chosen under a gate electrode directly
bordering the gap between the gate electrodes. The fluorescent
emission was monitored with a photomultiplier tube (Hamamatsu
PMT 7422-02) with a sample frequency of 50 Hz. The photo-
multiplier tube was interfaced to a computer using a National

reservoir

Telectrode channels :

Fig. 5 (Top) SEM image of a cross-section of one channel, showing the
360 nm silicon nitride capping layer and a channel with a height of 860
nm and a width of 15 pm. (Bottom) Image of a pH actuation chip with on
the left and right 2 patterned silicon reservoirs connected by fluidic
channels, and in between 2 silicon gate electrodes covered with 1 um
aluminium.

Instruments NI USB-6008 12 bit analog-to-digital converter and
accompanying software tool. Alternatively, an Andor iXon
EMCCD camera was employed for visualization.

Measurement protocol

The fabrication process yields completely closed insulated
channels. Prior to the measurements the silicon nitride capping
layers were scratched open inside the fluid reservoirs and
subsequently filled with measuring solution by capillary force.
Measurements were performed in solutions containing 10 mM
KCl in deionized water and 100 uM fluorescein (pH 6.9) as a pH
indicator with excitation wavelength 494 nm and emission
wavelength 521 nm. Titration experiments were performed in
a solution containing 10 mM KCl in deionized water, 100 uM
fluorescein Na and 100 pM TRIS (pK, 8.2 at 20 °C). All chem-
icals were obtained from Sigma Aldrich.

One electrode was kept grounded while to the second electrode
an alternating potential bias was applied, symmetrical around
ground. The solution was left electrically floating. Assuming
equal partitioning of the applied potential bias over both insu-
lator capacitances, an applied square wave amplitude of 4 V
results in twice an A4/2 V potential drop over the insulator
capacitances. Frequency and voltage amplitude were varied for
the different experiments. The potential bias mentioned in the
text is always the amplitude of the applied signal waveform (4
V), twice the single electrode bias. The actuation starts with
a positive applied bias on the electrode above the observed area.
Following data acquisition, image processing and data analysis
were performed in Matlab.
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Breakdown field of the silicon nitride insulating layer

The maximum potential that can be applied during actuations is
determined by the breakdown field of the insulating layer. The
breakdown field of the silicon nitride layer was determined under
positive and negative bias potential through a film of the same
thickness as the channel wall, sandwiched between the silicon
wafer and a 1 um thick aluminium electrode. The breakdown
field was studied by stepping the bias potentials with increments
of 1.0 Vs~'. For a negative and positive bias the breakdown field
was determined to be —0.6 V. nm~" and 0.8 V nm™!, respectively.

Results and discussion
Leakage currents

To assure a capacitive pH modulation, leakage currents through
the silicon nitride film, leading to electrolysis of water, have to be
negligible compared to capacitively induced currents. Fig. 6
shows typical transient currents measured during application of
a potential difference between both gates starting at = 5 s, for
applied bias potentials of —30, —20, —10, 10, 20, and 30 V (the
plus sign was arbitrarily assigned to one polarity). All current
transients show similar behavior, with an initial exponential
decrease (time constant approximately 0.35 s) indicating capac-
itive charging, followed by a steady state indicating a leakage
current through the silicon nitride thin film.

1.50E-0¢

—10VDC
20VDC

30VDC
—-10vDC
-20vDC
I —-30vDC

1.00E-09

5.00E-10

0.00E+00 {4

Current (A)

-5.00E-10

-1.00E-09

-1.50E-0
0 10 20 30 40 50 60 70 20 90 100

Time (s)

Fig. 6 Transient currents measured during application of DC gate
potentials for positive and negative biases.

The leakage currents through the insulating layer show an
asymmetry towards the applied potential. For negative biases
a slightly larger leakage current is observed, possibly due to an
asymmetry in incorporated trapping sites inside the SiN films
under the two gate electrodes during deposition, which can lead
to a bias-dependent leakage current.?® Within the voltage range
applied a linear dependence of the leakage current on the
actuation voltage was found, with the current at negative
bias increasing with 5 pA V' and the current at positive bias
increasing with 2.4 pA V~'. At the highest applied negative bias
of —25 V this corresponds to a current of —125 pA, corre-
sponding to —18 nA ¢cm~2 When it is assumed that the leakage
currents entirely lead to electrochemical decomposition of water,
the amount of actuated protons during 1 sis 1.8 x 107* C m2.
From eqn (7) the amount of capacitively actuated protons is
calculated as 4.5 x 10* C m~2, using the values of Cyur and Cpyp
mentioned for complete capacitor charging. Faradaic actuation
is therefore expected to account for less than 4% of the observed
protonation effects during a 1 s actuation period at 25 V applied
voltage. To assure that the proton actuation due to Faradaic
current was negligible in the titration experiments, maximum
bias voltages of —25 and 25 V were therefore applied and a pulse
duration of maximally 1 s. In experiments to investigate the
leakage current influence, longer pulse durations were, however,
applied.

Proton actuation and fluorescein titration

Fig. 7 shows two 3-dimensional plots of the fluorescence intensity
in the channel, obtained from photomicrographs during actua-
tion with an alternating bias on both gate electrodes of 10/—10 V
in a solution containing 0.1 mM fluorescein. In the two plots the
bias is reversed, and it can clearly be seen that each time the
fluorescence decreases in the area above the positively biased
electrode. Only small changes in the fluorescence intensity in the
inter-electrode gap were found, indicating the potential of this
method to locally influence the pH.

To demonstrate that the pH actuation was capacitive, an
alternating bias of 20/—20 V was applied with a pulse duration of
4 s across the gate electrodes. Simultaneously the fluorescence
intensity was monitored with the photomultiplier tube (PMT)
under the gate electrode that was kept grounded. The observed

(B)

Fig.7 3-Dimensional fluorescent intensity plots of the channel area during actuation. The green lines indicate the width of the channel and the red lines
the inter-electrode space. The electrodes are located parallel to the y-axis. (A) A positive actuation voltage has been applied to the right-hand side
electrode where the fluorescence has decreased. (B) A positive actuation voltage has been applied under the left-hand side electrode. Now fluorescence

has decreased under this electrode.
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Fig. 8 Fluorescent intensity changes measured by the photomultiplier
tube (PMT) under a single electrode for an applied bias of +20/—20 V and
a pulse duration of 4 s (frequency 0.125 Hz).

area was chosen close to the electrode gap. The output of the
PMT is shown in Fig. 8. A distinct decrease and increase in
intensity can be observed corresponding to positive and negative
applied gate potentials, respectively. After each change of the
gate potential the intensity reaches a constant value within 0.5 s,
after which the continuing application of potential does not
significantly contribute to a further intensity change. Since the
capacitive pH actuation is transient while Faradaic processes are
continuous, this indicates a capacitive actuation mechanism. The
overall intensity furthermore shows a gradual exponential
decrease, which we attributed to fluorescein photobleaching. The
fluorescence intensity curve during actuation could be fitted
successfully with an exponential function with a time constant of
approximately 0.2 s. This time constant is comparable to the
electrical time constant of 0.35 s observed in Fig. 6, but about
a factor of 20 longer than the calculated RC time from the
equivalent electrical circuit (0.012 s). At present we have only
tentative explanations for this phenomenon. The most probable
explanation is that buried charges in the silicon nitride delay the
voltage application inside the solution. Another explanation is
that slow kinetics for the exchange of potassium ions for protons
in the first hydration layer, as observed in mica dissolution, could
play a role.* The latter phenomenon, however, has not been
observed at Al,O; and Ta,Os ISFET surfaces, where rapid
protonation kinetics with response times of about 0.005 s were
observed when the solution pH was changed.?!*?

Relation between gate potential and titrated amount of
fluorescein

To establish the relation between the applied gate potential and
the fluorescence intensity change, four sequences of bias poten-
tials were applied where the potential was increased with incre-
ments of 5V from 10 to 25 V for both positive and negative bias
in pulse durations of 1 s. Fig. 9 shows the observed fluorescence
intensity as a function of time. The PMT output was filtered
using a median filter with n = 5 to reduce the signal noise.

To compensate for any changes in fluorescence intensity due to
photobleaching of the fluorescent dye and for the background
light, the fluorescence intensity change observed in Fig. 9 was
converted to a relative intensity change by dividing through the
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Fig. 9 Fluorescence intensity as a function of time for a sequence of
different applied bias potentials. Starting at # = 0, four times an actuation
sequence of +/—10, +/—10, +/—15, +/—15, +/-20,+ /20, +/-25, +/-25
V was applied. Red and green dots indicate, respectively, the fluorescence
intensity maxima and minima during a potential period. The PMT output
was filtered using a median filter with n = 5 to reduce the signal noise.

(time-dependent) maximal intensity, Al = (Imax — Imin)/(Imax —
Ibackgr)-

The relative change in fluorescence intensity as a function of
applied potential bias is plotted in Fig. 10. The data obtained for
the fluorescein solution can be fitted by a straight line in the
voltage regime studied, in accordance with the theoretical
prediction of eqn (7) that the number of actuated protons is
proportional to the applied voltage. At the maximum applied
voltage of 25 V, the relative fluorescence intensity varies with
70%. An intensity variation of 70% around pH 6.9 (where the
fluorescent dianion concentration is 0.061 mM) relative to the
maximum fluorescence implies an oscillation between dianion
concentrations of 0.094 mM and 0.028 mM. This means that
0.066 mM fluorescein is protonated when the applied potential
changes with 25 V, which corresponds to a released proton
amount of 5.5 x 107> C m~2. When the released amount of
protons is calculated from the oxide model presented above using
eqn (7), we find a value of 4.5 x 10 C m~, which is in
reasonable accordance. The relative change in intensity obtained
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Fig. 10 Relative change in fluorescence intensity amplitude as a function
of the applied bias potential for a solution with 0.1 mM fluorescein and
for a solution with 0.1 mM fluorescein and 0.1 mM TRIS. The linear fit
through the fluorescein data points corresponds to the theoretically
expected behavior. The line through the fluorescein + TRIS data points is
meant only as a guide for the eye.
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at 25V corresponds to a pH oscillation of the electrolyte solution
between pH 7.9 and 6.3 (approximately 1.6 pH units).

Detecting the titration of other substances

A possible application of the proton actuation is the determi-
nation of the buffer capacity in small volumes, by using fluo-
rescein as a pH indicator. In a preliminary measurement we
determined the relative change in fluorescence intensity when 0.1
mM TRIS was added to the solution with 0.1 mM fluorescein.
Fig. 10 shows that the addition of TRIS decreased the fluores-
cence amplitude from 70% to about 45%. In the observed volume
of approximately 7 pL (radius 50 pm and height 860 nm) this
fluorescence decrease will be due to the titration of about 100
amol of TRIS (0.015 mM) at the applied voltage amplitude of 25
V. Due to the uncertainty in the initial pH of the TRIS—fluo-
rescein solution, a theoretical fit to the data points was not
undertaken. This measurement indicates the potential of this
method to determine the presence of very small quantities of acid
or base.

Further discussion and outlook

It is important to consider how the amount of protons released
by this capacitive mechanism, which is about 4 x 107> C m~2 at
25V actuation voltage, can be increased. Combining eqn (1) and
(7) and substituting the breakdown field for V/d, we obtain as
theoretical maximum for the amount of actuated protons

C
NHAmX = Ebreakdownegerﬁ (10)

buff + CDL)

The conclusion is that wall materials are preferred with a high
breakdown field Epeardown, @ high relative permittivity and
a high proton buffer capacitance. Theoretically the last term of
eqn (10) equaled 0.75 for the silicon nitride we used at the
experimental pH and ionic strength, so that this term leaves little
room for improvement. The field strength, however, can possibly
be increased, since we operated the device at a field of maximally
0.07 V nm™!, which is a factor of 9 lower than the breakdown
field determined. Before insulator breakdown occurs, however,
leakage currents were seen to occur, decreasing the capacitive
character of the actuation. A thicker dielectric layer or a combi-
nation of different layers of dielectric could possibly decrease
leakage currents and allow higher applied fields. Silicon nitride
seems the best choice of material for a single layer since the
dielectric strength we determined (600 MV m™') leaves practically
no room for improvement. In conclusion we can state that with
this capacitive method under the best circumstances it will be
possible to actuate 4 x 107> C m~2 of protons. In a 1 um high
space this corresponds to a proton concentration change of 0.4
mM and in a 100 nm high space to a proton concentration
change of 4 mM.

A general statement based on the findings of this research is
that it is of major importance to be conscious of proton release
and uptake from insulating walls in nanochannels when solution
properties change or when gate voltages are applied in so-called
ionic transistors. Generalizing this statement even further, we
state the importance of taking account of the surface chemistry in
nanofluidics.

The actuation method described here enables significant
control of the pH in electrolyte solutions in very small volumes
that does not rely on convection or diffusion. Due to its capac-
itive mechanism, it is a “soft” actuation method useful e.g. not
only for bioassays or cell-based research, but also for detection in
separation methods. The effect is largely independent of ionic
strength enabling operation in physiological systems. Future
developments could aim for improvements of the quality of the
dielectric to enable higher applied fields and amounts of protons.
The use of electrodes with a smaller surface area would
furthermore enable a higher spatial resolution.
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