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Abstract

We report an electro-nanofluidic membrane for tunable, ultra-low power drug delivery employing
an ionic field effect transistor. Therapeutic release from a drug reservoir was successfully
modulated, with high energy efficiency, by actively adjusting the surface charge of slit-
nanochannels 50, 110, and 160 nm in size, by the polarization of a buried gate electrode and the
consequent variation of the electrical double layer in the nanochannel. We demonstrated control
over the transport of ionic species, including two relevant hypertension drugs, atenolol and
perindopril, that could benefit from such modulation. By leveraging concentration-driven
diffusion, we achieve a 2 to 3 order of magnitude reduction in power consumption as compared to
other electrokinetic phenomena. The application of a small gate potential (5 V) in close
proximity (150 nm) of 50 nm nanochannels generated a sufficiently strong electric field, which
doubled or blocked ionic flux depending on the polarity of the voltage applied. These compelling
findings can lead to next generation, more reliable, smaller, and longer lasting drug delivery
implants with ultra-low power consumption.

Introduction

Active control of molecular transport is fundamental for mimicking the physiological
regulation of chemicals across cell membranes, tissues, and in complex biological systems.
Living organisms rely on cyclic phenomena which are essential for numerous biological
processes.! These biological clocks have a substantial impact on the pathophysiology of
diseases, as well as the efficacy of therapeutic regimens. In cardiovascular disease,
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preventative treatments, such as administration of B-blockers can reduce risk; however, too
large a dose can result in complications like difficulty breathing and irregular heartbeats.
Early intervention with therapeutics, such as atenolol, in acute myocardial infarction can
reduce infarct size and decrease mortality; nonetheless, when usage is discontinued, its
dosage must be reduced gradually since abrupt stoppage may worsen angina or precipitate a
heart attack.2 Perindopril, another therapeutic administered for hypertension, requires
cautious dosage adjustments in accordance with creatinine clearance as renal failure is a
potential complication.3 In light of this, there is a growing interest in the development of
novel biomimetic devices capable of the tunable and timed-manipulation of analytes, as is
the case for controlled drug delivery systems. Examples of these efforts are the works of
Langer,* Cima,® de Rooij,6 among others on implantable technologies for the tunable
administration of therapeutics. Despite significant advances in the field,” the current state of
the art consists of high energy consumption devices® requiring bulky batteries® that set strict
limitations on their lifespan and potential applications. Large power consumption and, in
turn, large batteries, result in drawbacks such as health risks due to stored charge and size
limitations, which place surgical restrictions on implantation where there is physiologically
limited space (i.e. treatment of pathologies related to eye, ear, and nose). Moreover, large
batteries may require larger surgical incisions, resulting in aesthetic problems or infections,
increased pressure or friction on adjacent tissues, and can decrease efficiency as the mass
implanted may be large, but delivers a small drug payload. The reduction in power
consumption required to advance implantable devices can be analogous to the downscaling
of integrated circuits in the semiconductor industry; a necessary advancement that could
accelerate the clinical development of implantable delivery systems. Modern medicine
would significantly benefit from technologies that expand approaches to drug administration
and dosage modulation over time.

Electrofluidics, leveraging electrokinetics in nanofluidic systems, may offer a valid solution
for reducing energy consumption of drug delivery devices while increasing their energy
efficiency. Charged particles or molecules can be efficiently sorted, displaced, and
manipulated, through nanochannels by leveraging a variety of physical phenomena including
electroosmosis, electrophoresis, and ionic concentration polarization.1911 Unlike
mechanical pumping devices, electrofluidic systems demonstrate high efficiency in
electrical-to-mechanical energy conversion,12-14 and remain robust due to a lack of complex
moving mechanisms potentially subject to failure.1>-17 As such, electrofluidics have been
adopted in various applications such as sensors,18-20 displays,2! and biological sample
analysis and manipulation.22-24 Within the field of electrofluidics, proof of concept
electrophoretic and electroosmotic delivery devices have been shown.2® Both electrophoresis
and electroosmosis, however, suffer from intrinsic energy losses related to fluid conductivity,
channel geometry, and viscous effects on molecular transport within fluids or fluids within
channels.

Electrostatic modulation of concentration-driven diffusive transport introduces a potential
strategy for controlling molecular transport with minuscule energy consumption. Several
works have shown how charged silica nanochannels can be used to passively achieve
controlled drug delivery, both 7n vitro®®-2° and in vive®®-32, by physical and electrostatic
nanoconfinement on molecules diffusing out from an implantable reservoir. The silica walls
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(resulting from oxidation of the silicon surface to form silicon dioxide, yielding a negative
interface charge) attract positive molecules,33 termed counter-ions, and repel negative ions,
named co-ions, which leads to an ionic redistribution of charges across channels and
generates passive release regimes such as near-surface or gated diffusion.26

By changing the surface charge, it is possible to leverage new electrofluidic phenomena and
obtain electronic-like components, such as diodes and transistors.34-36 Other researchers
have demonstrated the ability to tune nanochannel properties (such as surface charge, size,
and hydrophobicity) utilizing different approaches that include chemically functionalizing
nanochannels with polymers37 and proteins-38:39 or by changing the pH of the solution.40:41
Alternatively, similar results can be achieved by applying ad hoc a reversible strong electric
field (approximately 108 \VV/m) to polarize the channels with the preferred charge,3542
resulting in a simpler and more versatile strategy to achieve modulation. Control over the
potential of the nanochannel through the use of a nearby gate electrode is advantageous as it
is both an effective and reversible technique. In fact, properly insulated gate electrodes are
associated with negligible leakage currents and low power consumption. Yet, the majority of
researchers exploiting this effect are focusing on modeling and utilizing electrokinetic flow
(applying a potential between source and drain)*3-4° to better understand basic transport
mechanisms. Here, we demonstrate that it is possible to leverage passive ionic diffusion
modulated solely by an isolated gate electrode (theoretically without any associated energy
consumption), and apply its use for drug delivery systems.

Materials and Methods

In this work, we investigated the use of a gate potential for the ultra-low power modulation
of drug release from a silicon nanochannel delivery system (Figure 1). Silicon membranes
presenting a parallel set of 100 slit-nanochannels were microfabricated using a sacrificial-
oxide technique to obtain channels with 50, 110, and 160 nm nominal size. AFM
characterization yielded a measured averaged size of 56+1, 119+2.5, and 159+2.5 nm,
respectively (see Supporting Information). Gate electrodes were created within pyrex 7740
capping wafers using a trench method. Briefly, electrodes were patterned on the pyrex using
photolithography on an EVG 620 aligner. 500 nm trenches were obtained by CF4-based
reactive ion etching. A Ti-Au-Ti sandwich layer (20/100/30 nm) followed by a 350 nm
Pyrex layer was deposited in the trench using a CHA E-Beam Evaporator. After removing
the photoresist, chemical mechanical polishing was used to refine the surface, prior to
bonding the pyrex layer onto the silicon substrate. While, details of the device fabrication
including the silicon substrate are provided in the Supporting Information, additional details
concerning the general fabrication approach can be found in Grattoni er a/16 We chose to
examine the transport of two different commonly prescribed hypertensive drugs: atenolol
(+1q charged at neutral pH) and perindopril (-1q charged at neutral pH) across our
nanofluidic device as an initial proof of concept. Their release was actively modulated
utilizing both ultra-low power consumption (diffusion driven transport, modulated by the
gate voltage) with or without a Drain-Source voltage. By exploiting these two different
conditions, we could measure and compare energy consumption and maintain better control
over the charge distribution along the nanochannels.
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Results and Discussion

Characterization and Choice of Membrane

Prior to initiating drug release experiments, we sought to measure transmembrane current by
applying a potential, also referred to as the Drain-Source voltage (Vps), between the inlet
and outlet of the nanochannels to aid in our evaluation of electrokinetic energy consumption.
Vps Was used as the primary source driving ion transport (e.g. K* and CI7). The resulting
ionic flux was modulated by a secondary electric field, generated by the gate potential (Vg),
and applied by a buried gate electrode placed in proximity to the nanochannel surface as
represented in Figure 1b. When a potential was applied to this electrode, a rearrangement of
local ions was forced by the new electric field. The described system is very similar to a
field effect transistor (FET), with the only difference being that the gate voltage, instead of
modulating the drain-source efectric current, regulates the drain-source /onic flux. In this
fluidic system, co-ions and counter-ions replace the role of electrons and holes in an
equivalent electrical system, resulting in an ionic field effect transistor (IFET). To the best of
our knowledge, these results represent the first use of an IFET as a drug delivery regulator
with the ability to be implanted /7 vivo due to its bioinert construction as well as low energy
consumption, therefore, requiring a minimal battery compartment.

In order to determine which device configuration would be the most suitable for modulating
the transport of charged molecules, we performed preliminary experiments on 50, 110, and
160 nm nanochannel membranes with 1 mM KCI electrolyte solution present at both the
inlet (inside the drug reservoir) and outlet (sink solution) to prevent salt diffusion in the
absence of an applied voltage and measured the drain-source current for different applied
gate voltages. The results (shown in Figure 2) exhibit a directly polarized diode-like trend
for the larger membranes (Fig. 2b and c), since large currents are measured when a certain
voltage threshold is surpassed. As reported by Vermesh et a/14 in positively charged
nanochannels, this current flux is due to a change in transport from no slip to slip flow. In
the no slip condition, there is no flux of ions in proximity to the nanochannel walls due to
the adhesion of counter-ions with the charged silica surface, increasing the drag and
resistivity. In this approximation, the flux depends on channel size (diffuse-layer thickness),
zeta potential of the channel walls, and ionic strength.46 Slip transport, on the other hand, is
when sufficient potential is applied, and the ions belonging to the Stern layer can be moved
tangentially to the channels’ surfaces, electroosmotically pulling water with them and
thereby drastically increasing the measured current. With the 50 nm nanochannel device,
this phenomenon does not occur due to the larger ratio between the Debye length and the
nanochannel height. Despite this, a similar trend can be seen for all three nanochannel sizes:
higher current when a negative gate voltage is present, and minimal current when a positive
gate voltage is applied.

We chose to perform the following experiments with 50 nm nanochannel substrates, where
the no slip condition (low drain-source current values) presides because we noted
remarkably high currents for the larger size nanochannels. These high currents seem to be
consistent with the slip condition of electroosmotic flow, which correlate with a non-linear
increase in energy consumption. Therefore, to minimize device power consumption, we
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avoided the slip condition, characterized by high drain-source current, by using the 50 nm
membranes. Due to this non-linearity, to properly tune the drug release rate one should
modify nanochannel number as opposed to increasing hanochannel size.

Conductance and Transport Analysis

Figure 3a shows the variation in conductance for the 50 nm nanochannel device using KCI
as the electrolyte solution at different gate voltages, ranging from —10 V to +10 V, and
different ionic concentrations. The solution ionic concentration, ranging from 10 uM to 100
mM, was replaced for both the drug and sink reservoirs, impeding the creation of any
unwanted ionic concentration diffusion. The data displayed a conductance trend that could
be effectively qualified by the Geometry-Governed-Conductance (GGC) equation:*’

1 S\ 2 wh
—=2F =) +C3 - —
v <2> T

where Fis Faraday’s constant (C mol™1), xis the ionic mobility (m? s™1 V1), T is the molar
concentration of ions in the nanochannel volume (mol L™1), Cpis the molarity of the
solution (mol L™1), and w; A, and /are respectively the width, height, and length of the
channel (m). The equation describes the conductance (//V) of the system as a function of 2,
and therefore, by measuring the solution resistance at a particular concentration, one can
estimate the number of ions within the nanochannel. Use of the GGC equation and model
also allows for predictive results when direct measurements of the nanochannel properties
may not be feasible, such as surface charges, ion concentration or distribution. The dashed
line represented in Figure 3a was obtained by considering Z=o w/ wlh where the surface
charge (o) was equal to —0.06 C/m?, as reported in previously conducted studies2648 in
electroneutral conditions and is good agreement with the collected data without any gate
potential applied.

The case of negative gate potential

Interesting results arise when a negative gate potential is applied, as a great increase in
conductivity (one order of magnitude greater than our other measurements) was observed.
These measurements, in agreement with the current curves represented in Figure 2, denote
that a greater number of positive ions must reside in proximity to the gate electrode region to
assure overall nanochannel electroneutrality. At low ionic strength (Figure 3b), this current
is mostly composed of positive ions in the nanochannels, as negative molecules are strongly
repelled by a large Debye length. The positive counter-ions are thereby transported across
the uniformly charged surface in the Stern layer, and their concentration is strongly
dependent on the applied gate voltage. At high ionic strength (Figure 3c), the Debye length
is remarkably shortened and the charge transport though the nanochannels is severely
affected by two different contributing regions: bulk and surface. The bulk of channel allows
for charge transport of both positive and negative ions migrating in opposite directions
regardless of the gate voltage. Near the channel surfaces the negative electric field generated
by the gate electrode results in a proportional increase in counter-ions, which consequently
increase conductivity.
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The case of positive gate potential

When a positive gate potential was applied a reduction in conductivity was measured for a
solution with low ionic concentration (less than 1 mM KCI). The presence of a positive
electric field prevents the passage of the positively charged ions, which are the major carrier
of the electric current in conditions of low ionic strength (Figure 3d). In fact, the local ion
rearrangement induces a depletion of positive ions in the gate region, resulting in an
increased energetic penalty for cations to travel across the nanochannel system. This drastic
variation in ionic concentration near the gate region may be visualized as an ionic
discontinuity. The discontinuity only presides at low ionic strength, where relatively large
Debye lengths predominate, rendering the nanochannels highly ion selective. At higher ionic
strength (Figure 3e) and relatively small Debye length, it is possible for negative ions to
enter the nanochannels and participate in current transport. In this case, the application of a
positive gate potential is irrelevant because both charges can pass through without energetic
penalty and no discontinuity arises. Adjacent to the negative ions, which attract due to the
positive gate, a layer of positive ions accumulates to form an electric double layer. This
explains well why in condition of high ionic strength (greater than 1 mM KCI) the
conductivity measured does not vary irrespective of the presence of a positive gate voltage.

Nanochannels conductivity and rectification factor

Figure 4a represents the conductance variation across 50 nm nanochannels for different KCI
concentrations at both sides of the nanochannels and gate voltages. Normalization of the
results at the same molarity leads to a clear visualization of three different regions. A strong
increase in current independent of solution molarity, depicted by a continuous bright area
(region I in Figure 4), is homogeneously present when a negative voltage is applied. A direct
correlation is observed between the amplitude of the negative gate voltage and an increase in
conductance. Next to this region presides a dark area, where an applied positive potential
solely leads to a decrease in conductivity. At low ionic strength (with concentrations below 1
mM KCI), the Debye length is remarkably amplified, and the nanochannels are mostly
permeable to positively charged ions. In this condition, due to the lack of negative ions in
proximity to the gate electrode, the counter-ions are strongly repelled from center of the
nanochannel. This repulsion leads to a depletion of ions in the gate electrode area, resulting
in an ionic discontinuity that increases the electric resistance. The third rectification factor,
calculated as the ratio between forwards and reversed bias currents measured at +5 and -5
Vps, Was proposed by Guan et a/*? as an effective method for the representation of the
variation in conductivity of an IFET. When the reversed bias current is much greater than the
forward current, the absolute value of the rectification factor approaches zero, shown as the
dark blue region of figure 4b. The graph presents a remarkable peak and valley when the
membrane is immersed in a 1 mM KCI solution. This phenomenon can be explained by
calculating the ionic flux of ions and their distribution within the channel. If the ions are
mostly present in the bulk, in condition of high ionic strength (greater than 10 mM KCI), the
transport of current is less affected by the gate electric field. Alternatively, when the ionic
strength of the solution is very low (less than 1 mM KCI), the rectification factor is
compromised by the lack of negative ions within the channel. In this case, the near surface
current supported by positive ions can flow both ways as a function of applied voltage. At
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intermediate concentrations (around 1 mM), the transport of a transitional phase is governed
by a profound rectification effect.

The described behavior is due to a variation of the nanochannels conductance while a
positive or a negative drain-source voltage is applied. When an accumulation region is
established in the nanochannel, an increase in conductance is observed, while a depletion
condition implies a reduction in conductivity. This variation in conductance is caused by a
local and marked disparity in ionic concentration (an increase in concentration of ions with
an opposite polarity with respect to the gate potential) in the gate region. To uphold the
Kirchhoff current law, an accumulation or depletion effect is established (for V<0 and
Vps<0 and for V>0 and Vps>0 depletion occurs, while for V<0 and Vps>0 and for
V>0 and Vps<0 accumulation occurs). This rectification factor, which only occurs at
intermediate concentration (Figure 4b), is responsible for the increase in conductance area
reported in Figure 4a for a positive gate potential, thereby characterizing this region as the
one most promising for active control of therapeutic release.

Modulation of Drug Transport

As proof of concept, two charged therapeutics with similar chemical structures and size were
chosen to test release modulation due to variation in the ionic field effect controlled by the
gate electrode. Atenolol is a positively charged molecule (+1q at neutral pH) with a small
mass (266 Daltons) and a calculated volume of 261 A3.50 Its role as a beta-blocker is widely
used to reduce chest pain and high blood pressure,51:°2 and it can reduce the risk of death
after a heart attack. When examining its passive release (0 Vps applied), the presence of a
negative gate potential can lead to a 150% increase in transport, while a positive gate voltage
reduces the flux by a 40% (Figure 5a). By synergizing the effect with the addition of a drain-
source electric field, a greater number of permutations can be tested. For example, when a
positive Vg is present, the drug molecules tend to cross the membrane faster, which can be
further helped by a negative gate potential. Alternatively, this phenomenon can be
antagonized by the repulsive positive gate field, resulting in a decrease of drug released as
illustrated in Figure S4. Symmetrically opposite results were obtained with perindopril, a
negatively charged drug (—1q at neutral pH). Perindopril (368 Daltons) is 360 A3 in
volume®0 and plays a very similar role in lowering blood pressure and reducing the risk of
death for patients with heart problems.3°1 Its release (Figure 5b) can be modulated
effectively with ultra-low power consumption, doubling the flux when a positive gate is
present and reducing it to one-fifth the release when the opposite voltage is applied. In
addition, the application of a negative drain-source voltage balanced the effect of the
negative gate voltage, yielding comparable results to the release rate of the passive reference
system.

Energetic Considerations

By monitoring the current during the drug release, it is possible to calculate the power
consumption while different voltages are present. A pure electrokinetic flow generated
solely by a drain-source voltage consumes between 10 and 100 pWh, while a passive
diffusion modulated by the gate electrode is limited between 1 and 5 uWh; thereby, allowing
the same battery to last much longer. The combination of both transport phenomena
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increases the drain of current, especially when the applied gate voltage is negative. In this
worst-case scenario, it is possible to measure an energy request of 1 mWh due to the
increase of conductivity of the nanochannels. On the other hand, when a positive voltage is
applied the energy request is less (0.4 mWh). This energetic difference is due to the presence
of negative charges on the nanochannels surfaces that oppose the generation of a positively
charged field, therefore increasing the channel resistance. Both of these are overestimated
values, as they are calculated based on several components: gate electrode leakage current,
drain-source current induced by the application of an electrical potential Vpg, and an ionic
current supported by diffusive effect. The most effective modulation was obtained both for
atenolol and perindopril with the configuration Vps=0 and Vg=-5 with an efficiency of
about 1 mg/h/(Wh) per nanochannel. Presently, a high nanochannel density of 100,000
nanochannels/mm? can be easily fabricated,16:3 resulting in an increase of drug release and
minimal increase of gate leakage current proportional to the channel number. The
consequences of this ultra-low power consumption are significant, especially for the active
implantable device industry where battery volume comprises a majority portion of the
system. The use of ultra-low power systems that leverage passive diffusion could
theoretically operate without the need for a battery, for example receiving energy only from
a supercapacitor remotely rechargeable by inductive coupling.

Conclusions

In conclusion, we have characterized 50, 110, and 160 nm nanochannels embedded in
silicon membranes as an ionic field effect transistor. The presence of an insulated gate
electrode placed in close proximity to the nanochannels leads to noticeable variation in the
conductance of the system with minimal power consumption (on the order of pWh). As a
proof of concept, the release of two charged therapeutics was modulated by the application
of two electric fields, confirming the feasibility of a system for the precise control of ionic
flux. In addition, drug flow was manipulated in ultra-low power mode by applying only a
gate voltage, resulting in currents three orders of magnitude smaller than the one measured
when a drain-source voltage is present. These compelling results could lead to new reliable
implantable devices with ultra-low power consumption for controlled drug release.
Pharmacologic modulation, as demonstrated in this study for perindopril and atenolol, may
offer individualized therapy to enhance bioavailability, preserve efficacy, and reduce toxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a

Buried gate
electrode

Fig. 1.
Schematic (a), cross-section (b), and SEM (c) image of the silicon membrane nanochannel

substrate.
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Drain-Source current as a function of voltage for IFET devices with (a) 50, (b) 110, and (c)
160 nm nanochannel membranes and 1 mM KCI electrolyte solution at different gate

voltages (Vg).
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(a) Nanochannel conductance as function of KCI concentration for various gate voltages
(symbols) and the Geometry-Governed-Conductance (GGC) model (dashed line). (b—e)
Illustration of ions rearrangement for both negative (b,c) and positive (d,e) gate potential at
low (b,d) and high (c,e) ionic strength (LIS and HIS respectively). N represents the neutral

region.
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Fig. 4.
Heat maps to graphically represent (a) normalized conductance and (b) rectification at

various gate voltages and KCI concentrations for a silicon membrane employing 50 nm
nanochannels.
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Fig. 5.
Percentage variation for two charged small molecules (a) atenolol and (b) perindopril at
varying drain-source and gate voltages.
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