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Abstract

We report the use of an array of electrically gated ~200 nm solid-state pores as nanofluidic
transistors to manipulate the capture and passage of DNA. The devices are capable of reversibly
altering the rate of DNA capture by over three orders of magnitude using sub-1V biasing of a gate
electrode. This efficient gating originates from the counter-balance of electrophoresis and
electroosmosis, as revealed by quantitative numerical simulations. Such a reversible
electronically-tuneable biomolecular switch may be used to manipulate nucleic acid delivery in a
fluidic circuit, and its development is an important first step towards active control of DNA
motion through solid-state nanopores for sensing applications.
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Over the past 15 years nanopores have garnered significant interest as single-molecule
analytical tools.!~* Much of this interest has been motivated by DNA sequencing, where
sub-10nm pores are used to confine the motion of nucleotides in a single-file, sequential
order.2-8 More recently, researchers have investigated the capability of nanopore devices to
manipulate ionic and biomolecular transport. In particular, establishment of a salt gradient
between the two sides of the membrane has been used to enhance DNA capture;? surface
modification of a nanopore wall has been shown to significantly impact biomolecular
translocation;!%-12 electrowetting has been used to reversibly open and close hydrophobic
nanopores;!3 and gated nanopores have modulated ionic current!4-1? and offered the
prospect of greater control over molecular translocation.20-27 Among these approaches, the
use of an active, embedded gate electrode is attractive due to its natural integration with
electronic control, enabling precise, rapid feedback,2® in addition to offering alternative
DNA sensing mechanisms.29-3!

Thus far, the majority of the work involving control of biomolecular capture and transport,
by an active embedded gate electrode, has been performed computationally,2- 32 while
many experimental'4- 15 and numerical!®-19 investigations of electrically gated nanofluidic
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devices have remained limited to ionic transport control. Two previous studies have
demonstrated control of molecular capture using a gate electrode, one in nanochannel
devices?! and another in polycarbonate track-etched pores.22 In both cases, the observed
modulations were modest (< 10-fold). Further, in the nanochannel case, extreme biasing
conditions2! (AVG~100 V) were used, which are impractical for most biosensing
applications and detrimental to the device integrity>3, and in the track-etched pores, the
underlying mechanism was not well explored.?

In this article, we report the use of electrically-gated ~200 nm pores as a reversible
electronically-tuneable biomolecular switch. We demonstrate highly effective electrostatic
control of the nucleic acid capture rate with > 1000-fold modulation using sub-1V gate
biases. These devices were fabricated to exploit the barrier-limited operation arising from
the balanced interplay between electroosmotic flow (EOF) and electrophoresis for pores of
this size and aspect ratio.>® The method relies on varying the gate voltage to modulate the
shape of the electric double layer (EDL) to finely tune the strength of the EOF opposing the
DNA's electrophoretic motion. We have determined that operating these so-called
nanofluidic transistors (NFT) within the sub- to near-threshold regime allows for
exponential (or super-linear) control of the DNA capture rate. We present detailed numerical
simulations to quantitatively elucidate the underlying mechanism of NFT operation and the
effects of electrical biases, solution pHs, NFTs surface properties and NFT device
dimensions.

Results and Discussion

Device Fabrication

We fabricated NFT devices, which consist of a 4x4 array of pores in a SiNy membrane,
covered on one side by a sputtered Au film, and coated with conformal Al,O3 by atomic
layer deposition (ALD). Two versions of the NFT were fabricated, a thick version with 140
nm thick membranes and ca. 200 nm pores and a thin version with 80 nm thick membranes
and ca. 160 nm pores. This aspect ratio allows for our devices to operate in a barrier-limited
regime, in addition to relaxing their fabrication constraints.2 3233 Figure 1 shows schematic
drawings of the NFTs, where DNA molecules flow from the source reservoir into the drain
reservoir, and a scanning electron microscopy (SEM) image of one of the pore arrays used.
We fabricated arrays of 4x4 pores rather than a single pore to increase the molecular flux,
mainly for the purpose of quantitative polymerase chain reaction (QPCR) used to quantify
the amount of DNA captured and translocated, see qPCR Based Capture Rate Metrology in
the Methods section.

The thick NFT devices were fabricated from 50 x 50 um, 30 nm thick free-standing SiNy
membranes (SPI part#4104SN-BA and Norcada part#NT005X) supported on a 200 m thick
silicon frame. We deposited, on the SiNy side, a 75 nm thick Au film on top of a 5 nm thick
Cr adhesion layer by sputtering to serve as the gate electrode. A 4x4 array of pores, with
diameter ca. 200 nm, is milled by focused ion beam (FIB, FEI Strata 235DB). We then
deposit 15 nm of Al,O3 by ALD to insulate the gate, and prevent direct leakage currents.3*
Total thickness was targeted to be 140 nm; however, chip-to-chip process variation resulted
in some of the NFT being slightly thinner (as thin as 130 nm). DNA capture rate modulation
experiments were first performed with these “140 nm” or thick NFT. We fabricated a second
version of the NFT to investigate the effect of the pore and membrane dimensions and gate
oxide thickness on the device's ability to modulate DNA capture rate. To that end, we
sputtered 45nm of Au (with additional 5 nm Cr adhesion layer) on 10 nm SiNy membranes
(Norcada part#NT005Z). Using a shadow mask, an additional 100 nm of Au was deposited
on one of the corners of these chips to serve as a bond pad. A 4x4 array of pores, with
diameter ca. 160 nm, was milled by FIB. We then deposited 10 nm of Al,O3 by ALD to
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insulate the gate, for a total device thickness of 80 nm. In subsequent sections of this article,
the “80 nm” NFT will be referred to as the thin NFT, while the “140 nm” NFT will be
referred to as the thick NFT.

The NFTs are mounted onto printed circuit boards (PCBs) to make electrical contact to the
gate electrode and are immersed into liquids in polytetrafluoroethylene (PTFE) cells that
form the source and drain reservoirs, see Protocols and Instrumentation in the Methods
section. A compact-battery-powered-custom-built instrument is used to apply voltages and
measure the current at each electrode (drain, gate, source), see Supplementary Figure S1.
The instrument has three independent current amplifiers on a PCB housed in a copper
Faraday cage. The instrument is controlled by a National Instruments data acquisition card
through a LabView virtual instrument in a personal computer.

DNA Capture Rate Modulation

During our experiments, we fixed the drain voltage, Vp, at +800 mV and varied the gate
voltage, Vg, between 0 V and +500 mV. Multiple gate voltage sweeps, from low Vg to high
Vg, are made for each device, in order to confirm the reproducibility of the gate control.
DNA flows from the source well into the drain well. Two Au or Ag/AgCl electrodes are
used to apply a bias between the drain and the source. The wells are filled with buffered 10
mM NaCl solutions. At the start of the experiments, DNA is injected into the source well
setting the concentration at 2.5 nM. Following application of electrical biases at the drain
and gate electrodes, three timed samples from the drain well are taken at 10 minute intervals.

DNA capture rates versus Vg for thick NFT devices at various pH values are shown in
Figure 2a and b. The data points are the averages of the measured capture rates for each
experimental condition and the error bars are the standard deviations. The solid lines are the
capture rates determined from the device level simulations; parameters used are listed in
Supplementary Tables S2 and S3. The source/drain electrodes are Au for the thick devices.
The gate voltage on the thick devices reversibly modulates the DNA capture rate by ca. 10x
with sub-1V gate bias. For pH 9.2, the increase from 390/s to 3800/s is seen for a AV of
250 mV. For pH 9.6, an increase from 520/s to 5300/s is seen for a AVg of 400 mV. For pH
10.5, an increase from 300/s to 2600/s is observed for a AV of 300 mV. This control is
super-linear vs. Vg, as expected from a barrier-limited operation that is fully discussed later.
Given a gate bias (V), the capture rate decreases with increasing pH. Thus, by adjusting the
pH one can tune the threshold voltage on Vg, beyond which the NFT switches on to allow
biomolecule translocation. Further, fixing Vp = 0 V while varying Vg, shows that the
diffusive translocation rate of DNA is small, ca. 50/s, ruling out diffusion as the primary
transport mechanism. The simulation also predicts an un-modulated diffusive translocation
rate of 40/s in this control case.

In an effort to further enhance biomolecular capture modulation, the gate control is
increased by employing the thin NFT, where the membrane thickness is reduced from 140
nm to 80 nm, the pore diameter from 220 nm to 160 nm and the gate oxide thickness from
15 nm to 10 nm (Figure 1b). Due to the over potential of Au source/drain electrodes used for
the thick NFTs, we found that the measured ionic current for the thick NFT was depressed
compared to measurements performed with Ag/AgCl electrodes; though this does not appear
to hinder the DNA capture rate modulation. Nevertheless, for the thin NFT, we used ideally
non-polarizable Ag/AgCl electrodes instead to more accurately monitor the ionic current
through the pores. At pH 9.6, the thick devices show capture rate modulation from 520/s
when Vg =+100 mV to 5300/s when Vg = +500 mV, whereas the thin NFT's range from
2.5/s to 12000/s under the same conditions, a 4000x modulation, as illustrated in Figure 2c
and d. Not only does the thin NFT provide improved modulation amplitude, but it also offers
superior shut off'state for biomolecular passage at low V.
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As the number of molecules present in the drain well is used to compute the translocation
rate, DNA molecules from one experiment must be removed prior to performing the next
experiment. We have found that unmounting NFT devices from the PTFE cells for cleaning
resulted in too many devices being damaged. We therefore simply perfuse fresh, buffered
electrolyte solutions in each well regularly, until acceptable background levels for gPCR
experiments are reached. This cleaning process can take several days. This slow reset of the
NFT devices implies that a Vg sweep may take up to two weeks. Since each device survived
at least two Vg sweeps, most devices endured at least a few weeks of experiments. We
confirmed the stability of the NFTs during this time, and under the experimental conditions,
by recording ionic current at the drain, and source electrodes, while also monitoring leakage
at the gate electrode to ascertain integrity of the Al,O5 gate oxide coating.3’

Device Conductance & Gate Leakage Currents

In order to analyze device operation and monitor the condition of the gate electrode, we
simultaneously measured currents at all three electrodes. After being immersed in buffered
10 mM NaCl, each 4x4 array of pores was characterized to check for linear current-voltage
(I-V) characteristics, conductance stability and noise. We recorded currents at 10 kHz
sampling frequency and the signals were software filtered at 1 kHz. For large pores, in low
salt concentrations, we estimated the conductance based on geometrical factors30
(approximating the actual pore shapes as cylinders and taking access resistance into account)
and the surface charge, see Conductance Calculations in the Supplementary Information.
Under these approximations the conductance, G, can be calculated with the following
expression:

o d (od+4u+p)

" dlo+n (od+Autp) M

where dis the diameter of the pore, /is the thickness of the membrane, L, is the mobility of
the counter ion, p is the surface charge density and o is the bulk conductivity. This formula
gives an estimated conductance of ca. 30 nS for a single pore, or 480 nS for the array of the
thin NFT. This is in reasonable agreement with the experimental value of ~550 nS,
considering the simplification of the model, not accounting for secondary geometric effects
or the presence of the gate electrode which causes local redistributions of ions inside the
pores. We verify conductance stability of all of our devices before and after DNA capture
experiments. Although we have witnessed some variations in conductance during the
operation of our NFTs, we only included data for devices showing ionic current deviation <
10% for a given set of Vp and V. Interestingly, we have observed reproducible modulation
in the ionic current in some of our NFTs, see Supplementary Figure S3. In particular, the
thin devices revealed significant modulation in the ionic current. The basis for this

effect!® 17 is the subject of on-going research and is outside the scope of this work.

Although a thin layer of Al,O3 surrounds the gate electrode, the gate leaks a small amount
of current to the source and the drain.33 Figure 3a shows the gate leakage current recorded
for the various NFTs used. The time-averaged drain and source ionic currents during the
DNA capture rate modulation experiments are shown in Supplementary Figure S3. The
choice of Vg range, to ensure low gate leakage current, also keeps the leakage current's
effect from dominating the behavior of the NFT.3* Figure 3b shows the contribution of the
gate leakage to the NFT ionic currents. The choice of Vg used is near the minima. The
current-time traces at the drain and the gate electrodes of the ¢hin device are show in the
Supplementary Figure S4.

We set Vp=+800 mV in all of our DNA capture rate experiments to maximize the
translocation rates, for the purpose of qPCR analysis, while at the same time keeping the

ACS Nano. Author manuscript; available in PMC 2013 August 28.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Page 5

integrity of the devices. It has been experimentally observed that the application of Vp=+1
V resulted in very high gate leakage current (> 100nA) which irreversibly damaged the gate
electrode, see Supplementary Figure S5.

Analysis of NFT Operation

Detailed numerical simulations have been developed to quantitatively model the device
operation, where the electrostatics and the transport of DNAs, cations/anions and fluids have
been fully accounted for. The DNA movement is modeled by the Smoluchowski equation:

Vo Fpu,=0;
Ff)-\'i: - D V C +C‘J’)-\'.\ )L!l V w+c‘f}|\':t i

DNA

@

where f?w . is the DNA flux, Cpp4 is the DNA concentration, Dis the DNA diffusion
coefficient, p is the DNA electrophoretic mobility, y is the electrostatic potential and 7 is

the fluid velocity. The flux is usually dominated by DNA electrophoresis, Cpy4nVy, and

advection, C,,, u, while diffusion, - DV Cpp, plays an insignificant role as demonstrated
in our experiments and simulations. Since the external pressures that drive our system are
negligible, the advection process is determined by the electroosmotic flow (EOF). In the
past, the Poisson-Nernst-Plank (PNP) and the Stokes equations were self consistently solved
using a modified version of the general purpose device simulator PROPHET.6- 17 In this
work we extend the previous work by using the solution to the PNP and Stokes equations to
solve the full Smoluchowski equation for DNA transport.

The solution of Smoluchowski equations, Eq. (2), requires the profiles of y and 7, as input.
For this purpose, the Poisson-Nernst-Planck (PNP) and Stokes equations are self-
consistently solved first for v, 7;, and and the concentrations of cations (C+) and anions
(C_). The PNP equations are

V(e Vi) +q(C, - C_)=0;
qv - (—D+V C, —pu-C.Vy+C, E) =0; (3)
-4V - (—D,V C_+u_C_VNy+C_ E) =0:

where e yy/is the dielectric constant of the solution, g the elementary charge, D+ and p+ the
diffusion coefficients and mobilities of cations and anions, respectively. The fluid transport
is modeled by the Stokes-divergence equations

—V p+yA 1 —g(Cy — C_) Vp=0 @
V. u =0

where pis the solvent pressure y and is the solvent viscosity.

By analyzing the simulation results we elucidate the mechanism of device operation. For salt
solutions with pH > 9.1, the Al,O3, gate oxide bears a negative surface charge3’, which
makes the direction of DNA electrophoresis and EOF oppose one another. The interaction
between these two fundamental processes has been previously studied?> and employed for
DNA aggregation in nanodevices.2*26 At low Vg, the gate enhances Na* concentration
near the pore walls, which results in a strong EOF opposing DNA entry into the pore. Figure
4a illustrates this phenomenon graphically. Despite the strong external electric field acting
on the DNA molecules, EOF is rejecting DNA from the pore, preventing molecular capture.
Figure 4d shows the simulated components of vertical DNA velocities, where at all points
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along the pore entrance EOF is greater than electrophoresis. At high Vg, the electrostatic
effect of the gate reduces Na* concentration near the pore walls. Figure 4b illustrates the
dynamics when Vg is high. The strength of EOF is now lowered below the constant
electrophoretic force acting on DNA molecules, enabling DNA captured by the pore. Figure
4e shows the plot of simulated components of vertical DNA velocities when V¢ is high.
Unlike the low Vg case, electrophoretic DNA movement is observed to exceed EOF at the
perimeter of the pore. The efficient control of DNA capture rate is made possible by
operating the NFT in a barrier-limited regime which has previously been studied in detail 3
Operating the device immediately above or below a certain threshold value of Vg, one can
obtain exponential (in sub-threshold), super-linear (near-threshold) or linear (above-
threshold) control over DNA capture rate. Having the EOF much stronger than
electrophoresis can reduce the DNA capture exponentially, and having the EOF much
weaker than electrophoresis can enhance the DNA capture linearly. Given our choice of
pore dimensions, the NFTs operate in sub-threshold to near threshold regime, where a small
change in the EOF results in significant modulation of DNA capture rate.

One notes that the EOF profiles in Figure 4d and e do not fully develop into the classical
profile. EOF was found to take ca. 10 ns to fully develop into its classical profile in a 200
nm wide channel.3° Since the expected transit time of fluid through the pore is ca. 1 ns, its
profile is not fully developed through the short channel. It is interesting to observe that the
electric field strength peaks mid way through the pore length while EOF peaks near the pore
entrance. This shift between the EOF and electrophoresis peaks, reveals a region where
strong EOF prevents DNA transport across the pore, see Figure 4f.

Further observations about local DNA concentration give insights into the translocation path
of DNA molecules. As shown in left hand side of Figure 5a, the strong EOF at low Vg,
pushes the DNA away from the pore entrance. For the Vg=+500 mV case shown in right
hand side of Figure 5a, the EOF barrier retreats due to high Vg, and the reduced barrier
opens the perimeter of the pore to allow DNA to be captured. The shape of the barrier is
visualized by looking at the region where DNA is being pushed away from the pore, as
shown by the driving force plot in left hand side of Figure 5b for the Vg =+100 mV case. A
plug shaped barrieris located at the pore entrance, and controls the DNA injection into the
pore. In this case, the device is off, and the plug-shape barrier fits tightly over the pore,
severely limiting the capture rate and the translocation velocity. When the device is on, in
the Vg=+500 mV case on the right hand side of Figure 5b, the barrier shrinks in dimension
and magnitude and an opening at the perimeter of the pore is created to allow DNA capture.
Because the NFT's pores diameter is ca. 200 nm, the translocation kinetics of 100bp
fragments cannot be directly measured by ionic current recording. However, we can
speculate based on the simulation results, that the complex dynamics created by the
interplay of EOF and electrophoresis, seen in Figure 5b, will cause a widening of the
distribution of translocation speeds. Some DNA molecules will translocate with moderate
speeds while others will be held near the border between the barrier and the opening seen in
Figure 5b. This also results in the local DNA concentration enhancements near the entrance
of the pore seen in Figure 5a.

Lastly, we note that the threshold behavior observed in our NFTs could potentially enable
the selective capture of biomolecules based on their free-solution electrophoretic mobility or
by the use of drag tags.*? According to Eq. (2) and the fact that the diffusion only plays a
negligible role, the capture of biomolecules by the NFTs is primarily mobility-dependent.
Such a characteristic could be used to purify biomolecules in lab-on-a-chip devices.
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Conclusion

Methods

By adjusting the NFTs dimensions, its surface property, the salt concentration and the pH,
the interplay between the EOF and DNA electrophoresis is varied. As revealed by detailed
numerical simulations, the counter-balance of these opposing flows is key to the operation
of the device. The resultant barrier-limited operation enables our NFTs to control the rate of
capture of DNA by over three orders of magnitude with a sub-1V bias applied to an
embedded metal gate. The solution pH is also shown to tune the threshold voltage. We
envision such NFT devices as an electrically-active component of fluidic circuitry to
reversibly manipulate biomolecule delivery to a downstream sensor or to purify
biomolecules based on their free solution mobility.

Buffered Solutions

The 10mM NacCl solutions used are buffered with 10 mM of buffering agents AMPSO or
CAPS. The buffer AMPSO has useful range of pH 8.9 ~ pH 9.7 and the buffer CAPS has
useful range of pH 9.7 ~ pH 11.1. The pH is adjusted with NaOH. Three solutions are
prepared at pH 9.2, pH 9.6 and pH 10.5. The solution at pH 9.2 contains 10 mM NaCl and
10 mM AMPSO. The solution at pH 9.6 contains 10 mM NaCl, 10 mM AMPSO and
sufficient amount of 1 M NaOH is added to alter the pH to 9.6. The solution at pH 10.5
contains 10 mM NaCl and 10 mM CAPS.

Protocols and Instrumentation

The NTF chips were submitted to the following cleaning procedure: 10 min in acetone,
followed by immersion in methanol, and isopropanol. The NFTs are then mounted onto
printed circuit boards (PCBs) to make electrical contact with the gate electrode.
Polydimethylsiloxane (PDMS) is used to seal the NFT chips onto a printed circuit board
(PCB). Electrical contact to the gate electrode is made through a wirebond, which is
insulated with PDMS. Immediately prior to immersing into liquids, the PCB mounted NFT
chips undergo a 60 s, 18 W plasma treatment (Harrick Plasma PDC-32G), to render the pore
surface hydrophilic and facilitate wetting. The PCB is then clamped between two
polytetrafluoroethylene (PTFE) half-cells with custom-made silicone gaskets to form a fluid
tight seal, between the source and drain reservoirs. The reservoirs (1 mL each) are filled
with filtered, degassed and buffered liquid electrolyte at room temperature. The cell is
placed in a Faraday enclosure to reduce electrical noise. Au or Ag/AgCl electrodes
immersed in each reservoir were used to apply voltages and measure ionic current when
connected to a current amplifier. A custom-designed transimpedance amplifier was used to
record ionic current at 10 kHz sampling frequency, and to perform I-V characterization and
DNA capture experiments. Data acquisition was performed using custom-designed
LabVIEW software controlling a National Instruments PCI-6120 or USB-6351 DAQ card.
Supplementary Figure S1 shows photographs of the instrument and a NFT mounted on the
PTFE cells.

Preparation of Test DNA

For our capture experiments, we used a 100bp fragment of A DNA. To generate sufficient
copies of the fragment, we performed PCR to duplicate the fragment from stock A DNA.
We used the following primers, ordered from Integrated DNA Technologies (IDT): forward
primer, 5'-GCAAGTATCGTTTCCACCGT-3' and reverse primer, 5'-
TTATAAGTCTAATGAAGACAAATCCC-3'". The following reagents were used for each
polymerase chain reaction (PCR) with a final volume of 50 pL: 10x PCR buffer (5 pL),
dNTP (1 pL), 10 pM forward primer (1 pL), 10 M reverse primer (1 pL), 25 mM MgCl (5
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pL), Tag DNA Polymerase (1 L), 25 ng/nL A DNA (0.5 pL), and deionized (DI) water
(35.5 pL). The Tag DNA Polymerase, 10x PCR buffer, INTP and A DNA were purchased
from New England Biolabs (Part numbers M0273L, N0447L, and N3011S). The mixed
reagents goes through the following thermal cycle: 1 cycle for 600 s at 95 °C, followed by
40 cycles of 30 s at 95 °C for denaturation, 30 s at 60 °C for annealing and 30 s at 72 °C for
extension. The PCR product is purified using the QIAquick PCR Purification Kit (250)
(Qiagen part number 28106) following the PCR purification spin protocol. Rather than using
the elusion buffer provided in the kit, the buffered 10 mM NaCl prepared for the experiment
is used to elude the DNA off the QIAquick column.

qPCR Based Capture Rate Metrology

The timed aliquots taken from the drain well are analyzed by quantitative polymerase chain
reaction (qPCR) to quantify the amount of translocated molecules, which is then used for the
capture rate calculation. Each qPCR were carried out with a final volume of 10 pL
consisting of 5 pLL of SYBR® Green PCR Master Mix (Applied Biosystems part number
4385616), 2 pL of 2.5 mM primer mix (the primers are described in the 100bp test DNA
preparation), 1 wL of DI water, and 2 pL of a timed sample from the drain well. The gPCR
goes through the thermal cycle: 1 cycle for 600 s at 95 °C, followed by 40 cycles of 30 s at
95 °C for denaturation and 30 s at 60 °C for annealing.

Given the relatively large size of our source and drain reservoirs (~mL), we required a
sufficiently high number of DNA molecules to translocate during the time of an
experiments. The 4x4 array (16 pores) was chosen in part to allow sufficient DNA capture
for this metrology. No Template Control qPCR runs had average Crof 31.5 or 5 molecules
in each qPCR volume. Further, due to the time needed to clear DNA molecules from the
drain reservoir in between experiments, each data point in Figure 2 represents DNA capture
rates of multiple experiments done on the NFTs up to two weeks apart. Thus, the control of
DNA capture rate by the NFT is reproducible to the error rate shown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematics and SEM image of the nanofluidic transistor. a) The NFT is in buffered 10 mM
NacCl solution. The source well is grounded through an Au or an Ag/AgCl electrode, and
contains 2.5 nM of 100bp DNA fragments. The drain well has +800 mV applied through an
Au or an Ag/AgCl electrode. b) Two versions of the NFT were made, thick and thin. The
thick NFT is designed to have a 140 nm thick membrane composed of 30nm thick SiNy and
80nm of gate material surrounded by 15 nm of Al,O3 deposited by ALD. The thin NFT has
an 80 nm thick membrane composed 10 nm thick SiNy and 50 nm of gate material
surrounded by 10 nm Al,Oj3. ¢) The pores are milled by FIB 500 nm apart in a 4x4 square
pattern. d) SEM image of an array. The scale bar is 500 nm long.
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Figure 2.

Experimental results of DNA capture rate vs. Vg compared to simulation. The markers
represent the experimental results. The error bars are standard deviations of experimental
results. Simulated results are shown in solid lines. a) The plot of DNA capture rate vs. Vg
for various solution pHs of the thick NFT devices. When Vp = +800 mV, Vg is able to
control DNA capture rate of the nanofluidic transistor (NFT) by altering the counter ion
concentration. Further, the solution pH also alters pore surface charge. Thus, changing pH
result in shifting the DNA capture threshold. In simulations, this pH dependence is modeled
by assigning different surface charge densities (Supplementary Information Table S3). We
also performed the experiment when Vp = 0 V, the net translocation rate is small, ca. 50/s.
b) The semi-log plot of the results shown in Figure 2a. c) The plot of DNA capture rate vs.
Vg of NFTs before and after the design revision to enhance modulation. Both devices are in
solution with pH 9.6. The thin device, with smaller diameter pores and a thinner gate
dielectric film, has enhanced gate control. The application of same Vp across a thinner
membrane results in larger trans-membrane electric field as well. This results in stronger
relative EOF that can turn the device off at low Vg and have larger capture rate at high Vg.
d) The semi-log plot of the results shown in Figure 2c.
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Figure 3.

Average currents during the DNA translocation experiments. Error bars are RMS noise of
the currents measured. a) The gate leakage currents (/) as functions of the applied gate bias
(V). b) The magnitude ratio of the gate leakage current (/) fo the drain ionic current (/p).
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Figure 4.

Schematic of the EOF barrier limited operation. a) The schematic of the barrier-limited
operation when Vg is low. The gate attracts Na+ ions to the pore wall. The resulting EOF is
stronger than electrophoresis (EP); hence NFT rejects DNA from entering the pore. b) When
Vg is high, the gate reduces Na+ ion concentration on the pore wall. This weakens EOF,
allowing the pore to accept DNA for capture. ¢) The locations where the one dimensional
plots in d, e and f of this Figure are made. d) The simulated components of vertical DNA
speed. In regions where EOF speed exceeds electrophoretic DNA speed, the pore will reject
DNA from entering it. When Vg is low, the rejecting region covers most of the pore
entrance. The pore is 200nm in diameter. €) When Vg is high, the reduction in EOF speed
results in a retreat of the rejecting region, and some portions of the pore open up for DNA
capture. f) The electrophoretic DNA speed peaks at the vertical center of the pore. The EOF
speed peaks further out the pore in the source side. The difference in the peak locations of
EOF and electrophoresis results in a region at the source that rejects DNA from being
injected into the pore.
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Figure5.

Simulation results: DNA concentration and driving force. a) The pore diameter is 200 nm
and the membrane thickness is 140 nm. The NaCl solution pH is 9.6. When Vg is low at
+100 mV (left), advection by electro-osmotic flow (EOF) rejects DNA from entering. When
Vg is high at +500 mV (right), the EOF decreases and DNA is captured by the pore for
translocation. b) The regions with positive values represent those areas where DNA is being
pushed away from entering the device. When Vg is +100 mV (left), the strong EOF results
in a large region where DNA is moving away from the pore, nearly all of the pore entrance
on the source side is covered with this blocking region. When Vg is +500 mV (right),
reduced EOF allows more DNA to be captured, the blocking region is physically smaller
than the Vg = +100 mV case. The capture process occurs at the perimeter of the pore. This
is due to the viscous fluid flow maintaining its profile further into the source well than the
more rapidly dispersing electric field.
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