Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 14

Nanoscale

Leveraging electrokinetics for the active control of
dendritic fullerene-1 release across a nanochannel
membrane

Giacomo Bruno"?*, Thomas Geninatti"**, R. Lyle Hood", Daniel Fine', Giovanni Scorrano’,
Jeffrey Schmulen’, Sharath Hosali*, Mauro Ferrari’, and Alessandro Grattoni’

INanomedicine Department, Houston Methodist Research Institute (HMRI), Houston, TX, USA
2Politecnico di Torino, Turin, Italy
3College of Materials Science and Engineering, University of Chinese Academy of Sciences (UCAS), Beijing, China

4“Nanomedical System, Inc., Austin, TX, USA

Corresponding author: agrattoni@houstonmethodist.org, phone number: +1 713 441 7324

*equal contribution

Abstract

General adoption of advanced treatment protocols such as chronotherapy will hinge on progress in drug delivery
technologies that provide precise temporal control of therapeutic release. Such innovation is also crucial to future
medicine approaches such as telemedicine. Here we present a nanofluidic membrane technology capable of achieving
active and tunable control of molecular transport through nanofluidic channels. Control was achieved through
application of an electric field between two platinum electrodes positioned on either surface of a 5.7 nm nanochannel
membrane designed for zero-order drug delivery. Two electrode configurations were tested: laser-cut foils and electron
beam deposited thin-films, configurations capable of operating at low voltage (1.5 V), and power (100 nW). Temporal,
reproducible tuning and interruption of dendritic fullerene 1 (DF-1) transport was demonstrated over multi-day release
experiments. Conductance tests showed limiting currents in the low applied potential range, implying ionic
concentration polarization (ICP) at the interface between the membrane’s micro- and nanochannels, even in
concentrated solutions (£ 1 M NaCl). The ability of this nanotechnology platform to facilitate controlled delivery of
molecules and particles has broad applicability to next-generation therapeutics for numerous pathologies, including
autoimmune diseases, circadian dysfunction, pain, and stress, among others.

Keywords: Nanochannel membrane, Controlled drug delivery, Chronotherapy, Active release, lonic concentration
polarization, Electrokinetic transport.

Introduction

A large number of chronic pathologies benefit from the tunable administration of therapeutics,! including
colorectal cancer,? 3 rheumatoid arthritis,# and hypertension,> among others. For these diseases, a tightly-
controlled, temporally-modulated dosing regimen has been shown to be more effective than conventional
administration protocols. This finding has spurred the development of chronotherapy, an approach to
pharmaceutical agent delivery wherein release is synchronized to natural circadian cycles.6 Unfortunately, wide-
spread development and adoption of chronotherapy has been hampered by a lack of tunable drug delivery
modalities capable of synchronization between the circadian clock and administration of therapeutics.
Implantable and transdermal technologies leveraging electrokinetic and electromagnetic modulation offer a
potential solution to this problem. Tunable drug release has been achieved through approaches such as
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electroosmotic pumps,” galvanic cells,8 magnetic resonance,® and iontophoresis,1® among others. Despite their
potential, their use in long term applications is limited by their need for high applied voltage and significant
power consumption (electroosmotic pumps and galvanic cells),!! or the requirement for external control devices
such as magnetic field oscillators (in the case of magnetic resonance and iontophoretic technologies).12

In addition to the aforementioned platforms, nanofluidic systems have also been shown as suitable for
therapeutic applications.13.14 Micro- and nanofabrication has enabled the production of fluidic channels with
dimensions sufficient to exploit a range of transport phenomena, including zero-order passive diffusion,!5-18 field
effect flow control,19-21 surface dominated conduction,19 22 and entropic trapping,?3 which are unique to fluids
confined at the nanoscale. These phenomena are dependent on the accumulation and arrangement of ions in the
electrical double layer (EDL) at the interface between the solution and the nanochannel wall.24 By taking
advantage of these phenomena, we have previously developed and demonstrated controlled drug release from
silicon-based nanochannel membranes housing hundreds of thousands of monodispersed and geometrically
defined slit-nanochannels as small as 2.5 nm.25-28 Using these nanochannel membranes, we have leveraged
nanoconfinement to achieve zero-order release of pharmaceutical agents at clinically relevant rates over
extended durations in vivo.29-32

Here we report on the next generation of our zero-order delivery nanochannel membranes to enable low-power
electrostatic and electrokinetic modulation of drug release. These membranes enclosed either 5.7 nm or 1 um
channels employed as experimental or control platforms, respectively. Overlapping EDLs in the 5.7 nm channel
membranes could potentially allow electrophoretic or ionic concentration polarization (ICP) to dictate
electrokinetic transport behavior. ICP is defined as the accumulation and depletion of charged analytes at the
inlets and outlets of nanochannels upon the application of an electric field.33. 3¢ When ICP is established, the
transport of charges across nanochannels is reduced or interrupted, regardless of the polarity of the applied
potential.. The 1 pm membranes represented an electrophoretic-dominated control as the channel heights (h)
were far greater than the Debye lengths (Ap). To help differentiate the predominant transport regime in the 5.7
nm membranes, conductance tests were performed at a variety of different ionic concentrations between 0.01 to
3000 mM NaCl. Platinum electrodes were incorporated onto the surface of membranes in two different
configurations: (1) laser-cut foils and (2) electron beam (e-beam) deposited films. Degradation experiments
were conducted with both configurations in simulated physiological solution at room temperature and
accelerated conditions (90°C). The differential degradation of the different adhesion layers (Ti vs. Ta),
deposition angles (15° vs. 90°), and target material (SiN vs. SiC) employed for e-beam deposited electrodes was
also evaluated. Finally, the electrical modulation of dendritic fullerene 1 (DF-1) release was investigated from
both the 5.7 nm and 1 pm channels at tensions from 0 to 1.5 and 0 to 2 V, respectively. DF-1 was selected as an
ideal charged analyte for this study due to its high valence charge, -10.4e at a pH of 7.4, as this would maximize
the analyte response to applied potentials in high ionic strength solutions more relevant to the in vivo
environment. In principle, our approach could be applicable to any drug molecule or vector possessing
appropriate electrophoretic mobility.

Materials and Methods

Current-Voltage membrane characteristics

A custom device was designed and developed to perform the electrical characterization of 5.7 nm membranes.
The device is comprised of two primary PVC bodies (McMaster-Carr, Elmhurst, IL USA), both containing a 2 ml
reservoir separated by a nanochannel membrane. Pt foils were sandwiched against both surfaces of the
membrane by two silicon rubber O-rings (Apple Rubber, Lancaster, NY, USA). A secondary set of rubber O-rings
were placed between the Pt foil and PVC sections, and the entire assembly was secured together by 6 SS316L M3
screws (see Electronic Supplementary Information (ESI) Fig. S-1). To determine the current response, a potential
was applied between the electrodes using a 33522A function/arbitrary wave generator (Agilent Technologies,
Santa Clara, CA, USA) stepped at 50 mV for 5 s to overcome the transient. The last 500 ms were averaged to
reduce background noise. The generated current was sampled using a 344DCA multimeter (Agilent
Technologies) with a frequency of 50 Hz. Measurements were collected at different ionic concentrations of NaCl
prepared by serial dilution, ranging from 0.01 to 3000 mM.. Between experimental sequences, membranes were
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rinsed in Millipore water for ~5 min and wetted in the experimental solution for ~20 min immediately prior to
each characterization.

Electrode stack degradation test

Electrode stacks were fabricated with an ion assisted electron beam evaporator (CHA Industries, Inc., CA, USA)
on 700 pm thick bulk Si wafers coated with either SiN or SiC (NanoMedical Systems, Inc., Austin, TX) (see Table
1). Wafers were cleaved into chips (~80 mm? surface) and cleaned in hot 70% H2S04+ 30% H202. The chips
were mounted on a carrier wafer and coated with a layer of SiOz in the presence of argon plasma to ensure the
deposition of a defect free dielectric layer. Ti or Ta adhesion layers, required for the adhesion of noble metals to
dielectrics, were deposited, followed by the final Pt film. The thickness of the deposited layers is reported in
Table 1. To simulate electrode deposition performed on actual nanochannel membranes, a deposition angle of
15° with respect to the membrane surface was used and compared to deposition at 90°. On the final membranes,
this angle was required to avoid clogging the nanochannels during the electrode coating process. Eight different
electrode stacks, all of which possessed a SiO:z layer base, were generated (see Table 1). As a control, the same
configurations were created in the absence of SiO2. The chips were cleaved into equal halves and soaked in IPA
for 2 h in glass bottles and rinsed with Millipore water. Rinsed chips were placed into 50 mM NaCl solution
(Sigma-Aldrich, MO, USA) and their degradation tested at both room temperature (23°C) and accelerated
conditions (90°C). The rate of degradation was qualitatively recorded once a day for 10 days. The measurement
was recorded as either no, partial, or full degradation, based on the extent of surface area from which electrode
stacks were observed peeling off the chip.

Electrode stack — Layer thickness Angle of deposition
SiC-Si0, 100 nm, Ti 10 nm, Pt 60 nm (SiC-SiO,/Ti/Pt) 15°, 90°
SiN-SiO, 100 nm, Ti 10 nm, Pt 60 nm (SiN-SiO,/Ti/Pt) 15°,90°
SiC-SiO, 100 nm, Ta 10 nm, Pt 60 nm (SiC-SiO,/Ta/Pt) 15°, 90°
SiN-SiO, 100 nm, Ta 10 nm, Pt 60 nm (SiN-SiO,/Ta/Pt) 15°,90°

Table 1 The eight different electrode stack configurations deposited.

Fabrication of Nanochannel Membrane Electrode Stacks

The nDS membranes used in this study were manufactured using high precision silicon microfabrication
techniques as described previously.25 Briefly, a defined pattern of slit-nanochannels, 5.7 nm in height (h), were
manufactured parallel to the silicon wafer surface in between a chemically deposited silicon nitride (SiN) thin-
film (1.7 pm thick) and a silicon wafer (700 um thick) by means of a sacrificial layer technique.25> The inlets and
outlets of these nanochannels, also known in literature as nanoslots,35 were comprised of microchannels etched
perpendicularly through the silicon wafer and the deposited SiN layer, with cross sections of 1 x 3 um.
Microchannel membranes, also used in this study, were obtained by removing the SiN layer from atop the silicon
wafer with HF. Two different methods were employed to integrate platinum electrodes onto both surfaces of the
nDS membranes (see Fig.1): i) electron beam deposition of thin Pt films (as previously described); ii) laser-cut Pt
foils superimposed on silicone gaskets epoxied onto the membrane surface.
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Fig. 1 Images and schematics of the nDS membrane and electrodes, e, used in this study. (A) Optical image of a laser cut Pt-foil electrode. (B) nDS
membrane with e-beam deposited Pt electrodes. (C, E, G) Schematics at increasing magnification of an nDS membrane with Pt-foil electrodes
epoxied to a silicone gasket, g. (D, F, H) Schematics at increasing magnification of an nDS membrane with deposited Pt electrodes. Nanochannels,
nCH, and microchannels, uCH, are indicated. (I) Transmission electron micrograph of a 5.7 nm slit-nanochannel cross-section.

The coating procedure was performed as follows: membranes were cleaned in hot 70% H2S04+ 30% H202 and
mounted using double-sided tab holders (3M Company) on a silicon carrier wafer. Kapton® tape (DuPont, DE,
USA) was used to mask the membrane edges to avoid electrical short-circuits resulting from possible deposition
of metal on the sides of the chip. SiOz, Ti, and Pt layers were sequentially deposited (see description above).
Electrode stacks were created from already manufactured nanochannel membranes. As such, to avoid clogging
the nanochannels, deposition angles of 15° and 45° were employed on the SiN and Si sides, respectively. The
chips possessing microchannels only (silicon nitride removed) were deposited at 90°. The second method used
to produce Pt electrodes consisted of laser cutting (A-Laser, Inc., CA, USA) a Pt foil (thickness 200 um, Sigma
Aldrich), and generating the same channel pattern as the membrane. Gaskets (thickness 200 um) were epoxied
(375T, Epoxy Technology) to seal the electrodes to the membrane. Electrical wires (36 AWG) were secured to the
electrodes with a conductive H20E epoxy (Epoxy Technology) and cured at 150°C for 10 min.
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DF-1 Controlled Release

DF-1 (MW=2827 Da) was employed as the solute for controlled release testing. DF-1 possesses a hydrodynamic
diameter of 2.5 nm and a high negative valence charge of -10.4e at pH 7.4 (Fig. 2A). It is highly water-soluble,
stable in solution and presents an absorbance peak at A = 320 nm. DF-1 solutions (3 mg ml-! in 50 mM NaCl)
were prepared and pH adjusted at 7.4 by using NazCOs.
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Fig. 2 (A) The structure and properties of DF-1. (B) A schematic of the electrical system adopted for testing, including the nDS membrane with
electrodes (a resistor in parallel with a capacitor) and the high-speed reed relay used for applying or discharging the potential using a power
supply (left branch) or a discharge resistor (right branch). (C) The waveform of the applied voltage (a =10 s). (D) Schematics of the custom
release testing apparatus. (E) nDS membrane with electron beam deposited electrodes placed onto the polyether ether ketone (PEEK) body of
the diffusion testing apparatus. PEEK was used as it is nonconductive. (F) nDS membrane assembly with Pt-foil electrodes, e, and silicon gaskets,
s.

UV-Vis spectrophotometry was used to study the release of DF-1 through nDS membranes under the influence of
an applied AC electric field. The AC electric field was generated by switching a DC voltage (E3643A power supply,
Agilent Technologies) applied to the nDS membrane between “off” (passive) and “on” (active) states (Fig. 2B and
C) by 1052C2R0 and I051C2RO high-speed reed relays (American Relays, Inc., CA, USA) controlled by a 33250A
arbitrary waveform generator (Agilent Technologies). The circuit was constructed using an Elenco 9440
breadboard (Digikey, MN, USA), 100 Q shunt resistors, and 3952x Molex plugs (Molex, IL, USA). For absorbance
measurements, a Varian Cary 50 Bio UV-Vis spectrophotometer (Agilent Technologies) integrated with a custom
48-cuvette robotic carousel (developed by Quantum Northwest, WA, USA in collaboration with our group)36 was
employed. The carousel supplied power to the custom devices. The release study was performed using nDS with
SiN-SiO2/Ti/Pt electrodes and a custom testing apparatus composed of two polyether ether ketone (PEEK)
bodies housing source and sink reservoirs separated by the nDS membrane with the incorporated Pt electrodes
(Fig. 2D). The sink reservoir was obtained by gluing the bottom PEEK body to a UV-macrocuvette (Sigma-
Aldrich) with 0G116-31 UV-curing epoxy (Epoxy Technology). The two bodies were drilled for wires to connect
the electrodes to the control circuit (Fig. 2E). Two silicone rubber O-rings (Apple Rubber, NY, USA) sealed the
membrane with the electrodes between the PEEK bodies. When the Pt-foil electrodes were used, a gasket was
glued in place on either side of the nDS membrane (Fig. 2F). The membranes were first immersed in isopropyl
alcohol (IPA) for 2 h to promote the wetting of all channels and then rinsed with Millipore water. Finally, the
chips were immersed in 50 mM NaCl solution overnight prior to the release test. The nDS were then assembled
into the custom diffusion devices, 200 pl of DF-1 solution loaded into the source reservoir (3 mg ml-! in 50 mM
NaCl), and 4.25 ml of 50 mM NaCl solution loaded into the sink reservoir. Continuous homogenization of the sink
solution was achieved for all testing devices by magnetic stirring at 300 rpm. The test was carried out at room
temperature (23 * 0.2°C). Varying the release modulation was achieved by setting Vpp to different values (0.75,
1.0, 1.25, 1.5, 2 V). UV-absorbance of the sink solution was automatically measured every 60 s for up to 87 h.
Passive release profiles were calculated as detailed elsewhere.37 For each modulation period, stabilized release
rate values and release rate transients were obtained by linear regression and 2nd-order polynomial
interpolation of the cumulative release data, respectively, and normalized with respect to the calculated passive
release rates.
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Results and Discussion

Membrane Current Response Characterization

Conductance testing of NaCl solutions was performed with 5.7 nm nanochannel membranes to provide insight
on the current response to applied voltage. This allowed identification of the dominant electrokinetic
phenomena in the transport of charged species across the nanoscale channels. Figure 3 shows the IV curves
obtained in the 0 - 5 V range with solutions at the NaCl concentration ranging from 0.01 to 3 M.
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Fig. 3 Experimental current-voltage (I-V) results collected with 5.7 nm nanochannel membrane with NaCl at different concentrations. The blue
area represents the limiting current region at varying ionic concentration. The graph on the right shows the magnified results for the three
lowest concentration. Linear fitting curves are also shown for the estimated ohmic regions. See Supplementary Information (ESI) for direct visual
comparison of curves obtained at different ionic concentrations.

The results show a non-linear correlation between the current and applied potential, presenting a transition
zone between 1 and 4 V (exception being the 3 M). Similar results were previously obtained by Kim et al38. In this
range, the current appears to be impeded as rising voltage resulted in reduced current increase. Such a peculiar
trend could be, in principle, ascribed to counterbalancing electrophoretic and electroosmotic transport. To test
this hypothesis, we estimated the contributions of electroosmosis and electrophoresis by calculating the relative
velocities as:

. OshEy  _4qE,

Ugo = = Ugp (1)

2n ' émna
Where ur and ugzr are the electroosmotic and electrophoretic velocities, respectively, osis the surface charge
density, h is the nanochannel height, Ej is the tangential field, 7 is the dynamic viscosity, and g and a are the net
charge and the size of ions. uz was evaluated under the highest velocity scenario of overlapping EDL. Based on
our experimental conditions, electroosmotic contribution was negligible relative to the electrophoretic transport
(ugo/ugp = 0.01). Therefore, this invalidated the hypothesis of their counterbalancing one another to account
for diminished current. This conclusion was further supported by the low value obtained for the Péclet number
(Pe) (~0.1). The Péclet number correlates the electrophoretic mobility with the Stokes-Einstein diffusivity. Low
Pe numbers indicated that the electrokinetic transport is minor with respect to ionic diffusion.

An alternative explanation of the limiting current behavior observed in our IV curves was the establishment of
an ionic redistribution leading to a depletion at the anionic end and an accumulation at the cationic side,
consistent with ICP. The electric field across the micro- and nanochannels created a spatial redistribution of ions
shifting the predominant system resistance from the nanochannel itself to the micro- to nanochannel interface.
This led to limiting/over-limiting current phenomena and resulted in non-linear IV curves, as described by
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Cheng and Guo3. In Figure 3, three distinct regions are visible: 1) ohmic; 2) limiting; 3) over-limiting. The ohmic
region roughly spans from 0 to 1 V. In this voltage range, the resistivity was mostly due to the intra-channel
ohmic resistance. Approaching higher potentials (~ 1 V), the ions in the nanochannel began to accumulate at the
cationic end, leading to minor current variation as the voltage increased. This transition between the ohmic
region and the limiting current region was achieved only when the applied electric field was higher than 1.25
kV/m. Similar results were previously observed by Mai et al.40 In the final over-limiting region, the generation of
vortex instability affects the ion flux through the nanochannel regardless of ionic polarization, leading to a
recovery in current increase. The over-limiting current was observed when a voltage higher than ~4 V was
applied, and a more rapid growth in current was recorded (Fig. 3).3¢ Similar results were shown by Yossifon et
al.35 41,42 and were explained in terms of ICP establishment. It is noteworthy that the range of the limiting
current region diminished as the ionic concentration increased. At the lowest concentrations, for overlapping
EDLs, it was observed in a wide range from 1 to 4 V. In line with previous studies,*1 42 the extent of EDL influence
was estimated to be five times the Debye length. The NaCl concentration threshold for overlapping EDL in our
system was calculated to be approximately 300 mM. At the concentration of 1 M, a limiting current region (from
1.5 to 2.5 V) was still quite visible despite no EDL overlap (3 nm for 5.7 nm channels). As reported in literature43,
weak ion selectivity, required for the limiting-current phenomenon, may still occur for nearly overlapping EDLs.
At 3 M, (EDL = 1.5 nm) no limiting region was identifiable. The curve obtained at this concentration may be
considered almost purely ohmic. Significant variation in the behavior between the 1 and 3 M experiments could
be considered an additional proof that supports the hypothesis of ICP.

To further support the ICP hypothesis we analyzed the ionic selectivity of our nanochannel membrane in the
NaCl concentration range 0.01 mM - 3 M. lon selectivity is essential to obtain the ionic depletion at the micro-
and nanochannel interface. Following Chang et al.#4, and by assuming the electro-neutrality within the channel,
we calculated the membrane conductance as a function of the ionic concentration as:

2 Wh

A CRCE @

Where F is the Faraday’s constant, u is the ionic mobility, 2 is the concentration of ions in the nanochannel
volume, Cois the molarity of the solution, and w, h, and [ are the width, height, and length of the channel,
respectively. Fig. 4 presents the conductance of the membrane, a function of the electrolyte molarity, calculated
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Fig. 4 Conductance of NaCl aqueous solution-filled nanochannel membrane as function of the ionic concentration Co. The dash lines were
calculated using equation 2 for the microchannel and the nanochannel. The grey line is a result of the serial addition of both micro- and nano-
conductance.
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It was important to consider that our membranes present inlet and outlet microchannels connecting to the
nanochannels. The conductance, calculated with respect to the nanochannels alone, plateaus at sufficiently low
concentration (Fig. 4, orange curve), representing a clear sign of ionic selectivity. Yossifon et al.,4! showed a
similar sudden shift in conductance at sufficiently high ionic concentration, which was described as the
transition where ion selectivity diminished. This prediction was in good agreement with our experimental data
exclusively above 1 mM. The conductance calculated for the microchannels alone show good agreement with the
experimental data at concentration < 1 mM (Fig. 4 black line). Therefore, a more accurate prediction for the
entire range of concentrations required considering the summing contribution of both micro- and nanochannels
(Fig. 4 gray line). This behavior has not been previously observed, as this micro- to nano- to microchannel
configuration was unique to our system. These results further support the theory that ICP could develop even at
high ionic concentrations (< 1 M), with weak ion selectivity even in absence of overlapping EDL. In future work,
it would be interesting to perform a scaling study focusing on the current response in our membranes at similar
ionic concentrations among a larger set of micro- and nanochannel sizes.

Passive Electrode Degradation

Studying the electrode’s stability in ionic solution was imperative for assessing its deployment in physiological
conditions. This challenged some material options typically employed by this group in passive release systems,
such as incorporating SiC over SiN due to its higher bioinertness. Electrode stacks (n = 8) were tested in both
PBS and 50 mM NacCl solutions at room temperature (23°C) and under accelerated conditions (90°C). In the
absence of the SiOzlayer, electrode peeling occurred very rapidly when passively soaked in either NaCl or PBS,
regardless of the deposition angle. The longest adhered electrodes were completely peeled after only 4 days at
23°C. When the SiO2 layer was present, electrode adhesion was substantially improved. None of the SiO2-
containing stacks deposited at 90° were affected. However, during the 10 days of observation at either 23°C or
90°C, peeling was still observed for the stacks deposited at 15°, with the Ti/Pt and Ta/Pt films surviving longer
when deposited on SiN as compared to SiC at both room temperature (23°C, partial peeling at 8 days) and
accelerated degradation conditions (90°C, partial peeling at 2 days). No significant difference was observed
between samples with Ta or Ti adhesion layers. In addition, degradation behavior demonstrated no-dependent
on the composition of the high ionic strength solution used in testing (50 mM NaCl or PBS). The SEM surface
image (see ESI Section 2) exhibits a substantially higher porosity for the electrodes deposited at 15°. This higher
porosity allowed for greater water penetration into the electrode stack and Ti or Ta adhesion layers, which
unlike Pt, were not as chemically immune to high salinity solutions. These results were comparable to those
described by Geninatti, et al.4> In future investigations, we intend to examine the degradation of the electrodes
with an insulating layer, which previous studies*6 47 have suggested may enhance both bioinertness and ICP.
Results from these experiments demonstrated that Pt electrodes deposited on SiN with a SiOz layer had superior
resistance to degradation, and were therefore employed in this configuration for the DF-1 release modulation
study.

Modulation of DF-1 release.

In order to investigate the possibility of modulating the ionic concentration-driven release of DF-1, we modified
membranes possessing 5.7 nm slit-nanochannels with the addition of deposited or foil electrodes at the inlet and
outlet surfaces. An electrical potential with a square waveform was applied in the range of 0.75 to 2 V. The use of
50 mM NacCl with ca. 1 mM DF-1 resulted in a Debye length more comparable to 100 mM NaCl due to the high
charge of DF-1. Observing the IV curve response of 100 mM NacCl (Fig. 3), an ion depletion phenomenon would be
expected for tensions higher than 1 V. Membranes possessing 1 pm channels were used as an electrophoretic
control (Fig. 5B), as ICP was not expected to occur when Ap was substantially smaller than the channel (Fig. 5A),
as predicted by the Péclet number (>>1) and Equation 1. Cumulative release and normalized release rate with
respect to a passive release profile are shown in Fig. 6. In the membranes with 5.7 nm nanochannels (Fig. 6A, B
and C), a consistent decrease in the DF-1 release rate was observed after the application of electrical potentials
higher than 1 V, regardless of adopted bias. These results were consistent and provided additional support to the
theory of ICP at the micro- and nanochannel interfaces. In the case of Pt-foil electrodes (Fig. 6A), no significant
difference in release rate was observed at or below 1 V relative to passive release. Applied voltages at 1.25 and
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1.5 V resulted in significant and reproducible drops in average release rate of 57% and 64%, respectively. For
deposited electrodes (Fig. 6B and C), the modulating potential on DF-1 release was greatly enhanced. Specifically,
average rate drops of 60% where measured at 1 V (Fig. 6B), while almost complete release interruption
(reductions of 80 to 98%) were produced at 1.5 V (Fig. 6B and 6C). This was an important result as it
demonstrated the tested system was capable of near-complete gating of release through leveraging ion depletion
in the nanochannels. This may be attributable to the shorter distance between the electrodes plates: 500 pm and
1.1 mm for deposited and foil electrodes, respectively. As discussed by Eckstein,*8 the distance may affect both
the intensity and homogeneity of the electric field. The symmetrical square wave was chosen to minimize the
degradation of the electrodes while maintaining charge-balance,*® and may have enhanced the possibility of
inducing ICP.

lonic
Concentration
Polarization

source
[=] reservoir

cathode

nano- region
channel

1
1
1
i depletion
1
1

microchannel

enrichment
region

micro-nano-
channel
interface

microchannel

anode
sink

reservoir

source ”
E' FRSBrUGIE Electrophoresis
cathode
Hoa +!

%gﬁi:
by

micro-

M, channel

o _/
R YRR

microchannel

S
FTEF AT

&

++ 4+ ++++

Electrophoretically-
drifted DF1

<

-— - - 1- -— - = - -
microchannel

anode
sink
reservoir

Fig. 5 Schematic of nanochannel Delivery System (nDS) membrane under: (A) ionic concentration polarization (ICP) effect in a slit-nanochannels
and (B) electrophoretic effect in a microchannel.

As shown in a previous study with 100 nm nanochannels,?! the results observed with 1 um channel membranes
showed a very different response to the applied potential than the smaller nanochannels. A decrease in DF-1
release rate with respect to the passive trend was observed at negative bias (-1.5 V), while an increase of
approximately 20% was produced with a positive bias of 2 V (polarity reversed). These data highlight the
electrophoretic nature of DF-1 transport across larger channels, where electrostatic gating due to charge
depletion was not likely to play a dominant role. As such, DF-1 is driven to the sink by a positive bias or retarded
at the source by a negative bias. Of note is that the passive release profile was re-gained at the cessation of the
applied electrical potential in all investigated scenarios. Results show release rate transients after each
application or interruption of electrical potential. After these transitory phases of approximately 15 to 30 min, a
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new steady release rate was established. Such transients may be related to the delay with which the
experimental apparatus (custom cuvette device) detected the changes in absorbance within the sink reservoir
(ESI Section 3).

A major limitation of flow modulation through application of an electric field across a nanofluidic system is that
the relevant analytes in solution must be sufficiently charged. Drug molecules with zero net charge under
physiological conditions may require charged delivery vectors such as micelles, liposomes, or fullerene-based
complexess0 for controlled transportation across the nanochannels. In addition, it would be interesting in future
work to investigate the behavior within the nanochannels when different waveforms are applied. Conditions for
selecting the signal generated across the nanoscale junctions in this study must: i) permit ionic redistribution for
ICP under applied bias, ii) completely discharge the electrodes, and iii) not allow for significant ICP relaxation
when no bias is applied. In light of this, the square waveform potential used was characterized by Vppmax = 1.5V,
Vpp/2 offset, 20 s period, 50% duty cycle (Fig. 6C). This enabled us to establish and maintain the downward
modulation of drug release while minimizing power consumption. It is plausible that a similar effect could be
achieved with a shorter period and duty cycle while requiring less power consumption. In our study, power
consumption of approximately 50 nW was measured (Fig. 3) in 100 mM NaCl conditions, which can be
extrapolated to an implant operational period of almost a year when powered by a commercially available, 200
mAh implantable battery. Results indicated that DF-1 delivery was substantially reduced for a given voltage
when using the deposited electrodes relative to the Pt-foil, as a nearly complete release shut-off was achieved at
1.5 V. This suggests that developing electrodes in closer proximity to the nanochannels may ultimately be the key
for achieving effective release modulation at potentials lower than 1.25 V.
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Fig. 6 Cumulative released amount of DF-1 and normalized release rate obtained with the modulation of an applied electrical potential to the
electrodes of 5.7 nm (A - C) and 1 pm (D) membranes. Normalized release rates with respect to passive release are shown. Stabilized release
rates and rate transients were obtained by linear regression and second-order polynomial interpolation of cumulative release data, respectively.
p indicates no potential was applied. The red box in B provides additional support of ICP dominated transport as the application of a symmetric
square wave would nullify electrophoretic phenomenon. Both foil (A) and deposited (B - D) Pt electrodes were tested. For clarity, the inset in D
displays the experimental curve related to replicate 2. By convention, in our experiments, positive potential and positive bias correspond to the
presence of the cathode at the source reservoir side. Calculated passive release curves are also shown for purposes of comparison.

Conclusion

In this manuscript, we have demonstrated a proof-of-concept, tunable nanochannel delivery system for the
electrokinetic modulation of molecular transport. The delivery platform consists of a robust and validated
nanochannel membrane architecture incorporating Pt electrodes. Degradation tests demonstrated that Pt
electrodes deposited on SiN with a SiOz layer had superior resistance to degradation relative to those deposited
on SiC or without a SiOz layer. Characterization of the current response across nanochannels with an applied
voltage demonstrated a non-linear trend, as limiting current behavior was evident between 1 and 3
V. Overlimiting currents were observed above 3 V as rapid current growth was observed with increasing
voltage. This transitional IV characteristic highlight the establishment of ICP at the micro- to nanochannel
interfaces for low voltages (< 5 V) and high concentrations (<1 M NaCl). Experimental results demonstrating
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temporal modulation of DF-1 release also confirmed ICP as both positive and negative biases slowed release in
the 5.7 nm nanochannel membranes while positive and negative biases quickened and reduced release in the 1
um electrophoretic control membranes, respectively. Release modulation was achieved at low applied potential
(1.5 V) and low power consumption (100 nW). These proof of concept results demonstrate that this nanofluidic
platform has the potential for development into an actively-controlled drug delivery system with suitability for
remote external control. Such a system may ultimately enable telemedicine approaches for chronotherapy and
other advanced protocols of drug administration.5?
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