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Introduction

Borate-driven ionic rectifiers based on
sugar-bearing single nanochannels¥
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Maria Eugenia Toimil-Molares,© Christina Trautmann,®
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Recently, much scientific effort has been centered on the control of the ionic transport properties of solid
state nanochannels and the rational design and integration of chemical systems to induce changes in the
ionic transport by means of interactions with selected target molecules. Here, we report the fabrication of
a novel nanofluidic device based on solid-state nanochannels, which combines silane chemistry with
both track-etched and atomic layer deposition (ALD) technologies. Nanodevice construction involves the
coating of bullet-shaped single-pore nanochannels with silica (SiO,) by ALD and subsequent surface
modification by reaction between silanol groups exposed on pore walls and N-(3-triethoxysilylpropyl)-
gluconamide, in order to create a gluconamide-decorated nanochannel surface. The formation of a bor-
oester derivative resulting from the selective reaction of borate with the appended saccharides leads to
important changes in the surface charge density and, concomitantly, in the iontronic properties of the
nanochannel. Furthermore, we propose a binding model to rationalize the specific interaction sacchar-
ide—borate in the surface. Besides, this unique nanodevice exhibits a highly selective and reversible
response towards borate/fructose exposure. On the basis of the surface charge variation resulting from
borate binding, the nanochannel can reversibly switch between "ON" and "OFF” states in the presence of
borate and fructose, respectively. In addition, this work describes the first report of the functionalization
of PET/SiO, nanochannels by the ALD technique. We believe that this work provides a promising frame-
work for the development of new nanochannel-based platforms suitable for multiple applications, such
as water quality monitoring or directed molecular transport and separation.

mational and electrostatic changes that allow them to respond
to different stimuli and to regulate ionic transport through bio-

Over the last few years, solid-state nanochannels (SSNs) have
been extensively studied and have revolutionized both basic
and applied research." Most of the attention on these
systems is owing to their similarity to biological ion
channels.*” In general, ion channels in nature are membrane
proteins that employ a delicate concatenation of both confor-
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logical membranes.® Biological channels perform crucial func-
tions for cells including the regulation of physiological para-
meters such as ionic flow, electric potential, and molecular
transport across the cell membranes. Inspired by these unique
functional features of biological ion channels, scientists have
begun to develop and study fully abiotic biomimetic nano-
channels with similar functional capabilities as constituent
elements of biosensors, nanofluidic devices, and artificial
molecular filtration systems.” ' To achieve this goal, the devel-
opment of synthetic nanochannels combining nanofluidic fab-
rication techniques with different surface modification pro-
cedures was propelled at the same time. Moreover, surface
modification techniques promote the integration of different
functional groups within nano-architectures®*>® that confer
them specific responses under a wide variety of stimuli such
as pH changes, temperature, light, electrochemical
potential>’*® and the presence of a particular analyte.*™*° In
this context, the development of SSNs in polymer membranes
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by the ion-track-etching technique is most widely used, mainly
for its ability to build nanochannels with tailored geometry (e.g
conical, cylindrical or biconical) and size, which gives the chan-
nels unique iontronic characteristics such as rectifying diodes
and field-effect transistors.”’ > Additionally, shape asymmetry in
SSNs leads to an asymmetry in the electric potential distribution
inside the nanochannels; hence, an ionic-current rectification
(ICR) effect across the channels is generated. In contrast to clas-
sical electrochemistry, solid-state nanochannel technologies are
based on ions; the reason why the response is commonly
referred to as iontronic output.*®*” While the iontronic readout
process requires instrumentation of lower complexity than other
common sensing technologies, designing a system capable of
specifically responding to target molecules is a real challenge.

Silica (SiO,)-based materials are versatile supporting
materials as they are robust and stable, and at the same time,
they are susceptible to surface post-grafting by chemical syn-
thesis. Furthermore, there exists a vast library of molecules in
the form of commercially available silanes, that allow the
tuning of surface properties.’®*® Regarding SSNs, new strategies
to tailor the functionalities of the surface are always in need,
and using SiO, to coat the surface of SSNs may enable the cre-
ation of unique inorganic/organic polymer composites. Among
the different options to integrate SiO, within SSNs, atomic layer
deposition (ALD) emerges as a powerful candidate technique.
The ALD method is based on successive, separated, and self-ter-
minating gas-solid surface reactions of two gaseous reactants
yielding precise process control over film thickness and compo-
sition, and it has been extensively used to generate thin films
on the surface of a variety of materials.’® Recently, it has been
demonstrated that it is possible to deposit different metal
oxides on nanoporous structures by ALD, where TiO,, SiO,, and
ALOj; films were success cases.”’™® In this context, the ALD
coating of track-etched nanochannels appears as an interesting
approach as it allows the tuning of the diameter of track-etched
nanochannels in a controlled manner without affecting their
geometry.”® > Since the surface charge properties of the SSNs
have a strong influence on the ionic transport properties of
nanochannels, SiO, deposition and post-grafting procedures are
expected to modify the rectification characteristics of bare track-
etched polymer SSNs by introducing silanol groups (Si-OH) and
derivatized silanes.

Silanization reactions are common synthetic procedures to
functionalize different types of silica surfaces.>® They involve
hydrolysis and condensation stages of the target silane with
the reactive silanol groups of the silica surface.’® In this line,
silanization procedures can be a good option to immobilize
specific molecules on the silica hydroxyl-terminated surface of
the SiO,-coated nanochannel. Although some examples of
glass and alumina nanopore systems have been reported, post-
functionalization studies of SiO,-coated single track-etched
nanochannels remain scarce.”” **

Borate is a toxic chemical additive still being used in food
production and processing, and its accumulation might cause
serious effects to human health.®*"®” Besides, boric acid func-
tionalized materials have appeared as intelligent platforms for
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specific recognition and selective separation of cis-diol com-
pounds, where the molecular recognition principle is based on
the reversible covalent binding between boric acid ligands and
cis-diol substances.®®*”' Many cis-diol compounds, such as
dopamine, sugar and glycopeptides, have important biological
and clinical significance and are the target of current metabo-
lomics and proteomics research.””® In this context, the devel-
opment of ionic devices and nanofluidic elements responsive
to borate ions could be of much interest in diverse fields.

Our attention in this work was focused on the specific reac-
tion between saccharides and borate that results in the for-
mation of boronate esters.**®* Previous works have taken
advantage of this specific binding of saccharides to boronic
acid receptors in order to build carbohydrate-stimuli respon-
sive nanoarchitectures.’®®*%° In that work, fructose was con-
sidered as a case of study since it shows a stronger binding
affinity for borate ion compared with other saccharides.®® On
the other hand, from the wide range of possible glycosylated
derivatives, N-(3-triethoxysilylpropyl)gluconamide (TESPG) was
selected for the purpose of covalently grafting the pore walls
and studying the effects of the borate-fructose interactions on
the iontronic response. This glycosylated silane is a commer-
cially available simple molecule and has been used success-
fully for different silica surface modifications.®”"%

Here, we present a borate-responsive nanofluidic system by
a combination of track-etched nanotechnology, atomic layer
deposition, and wet silane chemistry. For this purpose, SiO,-
coated bullet-shaped polyethylene terephthalate single nano-
channels (PET/SiO, SSN) were modified by surface post-graft-
ing functionalization with the glycosylated derivative TESPG,
yielding a glycosylated abiotic nanochannel (PET/SiO,-Glu
SSN). We proved that the specific reaction between glucona-
mide and borate, i.e. the boroester complex formation, occurs
in the nanochannel leading to important changes in the
surface charge density and, therefore, in its iontronic pro-
perties. Furthermore, fructose acts as a competitive effector
and enables the removal of borate from the nanochannel
surface, as revealed by abrupt changes in the SSN ion transport
behavior. As a result, the fabricated nanodevice showed a
reversible “ON/OFF” behaviour under successive exposure to
borate ions and fructose, respectively. This, in turn, led to the
development of a novel abiotic glycosylated nanochannel with
a strong and sensitive iontronic response toward borate anions
that act as receptors in the presence of gluconamide ligands
on the nanochannel walls.

Results and discussion

Asymmetric single bullet-shaped nanochannels with a base
diameter of 900 nm were obtained by surfactant-assisted ion-
track etching (Fig. S11).% Then, the membranes were coated
with SiO, by ALD resulting in small opening diameters (d;,) of
~30 nm as estimated from conductance measurements (see
the ESIf for details). To characterize the PET/SiO, SSN
response and optimize the ionic transport measurement con-
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ditions, I-V curves were measured at different ionic strength
and pH values (Fig. S2(a) and (b)t). Finally, pH 7 and 100 mM
KCI solutions were determined as the optimal experimental
conditions to maximize the ionic current and rectification
efficiency.

In terms of ionic transport properties, naked bullet-shaped
PET SSNs show a cation-driven rectification owing to the inter-
play between the negative surface charge generated by the dis-
sociation of carboxyl groups at neutral pH and the asymmetri-
cal shape of the nanochannel (Fig. $31)."* In addition, the
bullet geometry is expected to trigger the maximization of
both the rectification efficiency and the channel
conductance.'>?>°" As shown in Fig. 1b, the SiO, coating on
the tip side of bullet-shaped PET SSNs retains the cation-
driven rectification regime of the unmodified nanochannel. As
zeta-potential measurements reveal, the isoelectric point of
surface grafted-SiO, nanoparticles varies according to the iden-
tity of the surface groups exposed to the solvent. In particular,
SiO, without any extra surface functionalization appears nega-
tively charged in aqueous solutions at pH > 3 due to the dis-
sociation of different silanol groups.”>** Then, SiO,-coated
nanochannels (PET/SiO, SSNs) were post-functionalized with

(a) Surface post-grafting
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N-(3-triethoxysilylpropyl) gluconamide (TESPG) to produce
PET/SiO,-Glu SSNs (see the Experimental section for details)
as shown schematically in Fig. 1(a). Under these experimental
conditions, TESPG is hydrolyzed and further condensed on the
silica surface, as it occurs in typical silanization protocols.
Once the grafting of saccharide moieties (Glu) has been per-
formed, an evident change in the ionic transport from cation-
driven rectification to ohmic behavior is evidenced (Fig. 1(c)).
Covalent attachment of the gluconamide derivative provided
by TESPG to the silica surface promotes a significant decrease
in the surface charge of the nanochannel walls as ionizable
silanol groups are partially replaced by neutral gluconamide
groups.®*

A standardized way to quantitatively analyze the changes in
the iontronic response is by means of the rectification factor
(frec) since it is related to the surface charge density of the
nanochannel (for more details, see the Experimental
section).”® In this regard, the functionalization with TESPG
causes a change in fi.. from ~—15 (high rectification) to ~1
(ohmic behavior) which is ascribed to the passivation of
silanol groups by the covalent attachment of TESPG to give the
glycol-derivatized SSN.
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(a) Scheme depicting the functionalization of a PET/SiO, coated nanochannel with TESPG to give the glycol-derivatized PET/SiO,—-Glu SSN.

|-V curves (0.1 M KCl in 1072 M HEPES solution and pH = 7): (b) before (blue) and (c) after (red) derivatization.
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In full agreement with the electrochemical data, the compo-
sition analysis of the PET/SiO,-Glu sample by XPS confirmed
the successful functionalization of the surface. The spectrum
presented in the ESIf is characterized by major peaks at 532.2,
399.7, 284.5, and 103.3 eV originating from O 1s, N 1s, C 1s,
and Si 2p photoemission, respectively (Fig. S47).

As mentioned above, saccharides act as ligands for the com-
plexation of boric acid or borate, depending on the pH.** We
kept away from acidic and basic pH values to prevent the poss-
ible degradation of boroesters and the silica matrix, respect-
ively (Fig. S5t). Considering this background, the functiona-
lized membranes were immersed in 100 mM boric acid solu-
tion at pH 7. Fig. 2(a) illustrates the putative reaction between
borate and the saccharide-functionalized surface. The success-
ful reaction of the PET/SiO,—Glu SSN with borate was con-
firmed by the recovery of the iontronic rectification (Fig. 2(b))
characterized by the increase and decrease of the conductance
at +1 V and —1 V, respectively. This change in the response
implies an enhancement in f.. from ~—1 for the Glu-modified
SSN (ohmic behavior) to ~—7 for the borate treated SSN, which
is attributed to the generation of negatively charged sites in
the nanochannel owing to the reaction with borate to form a
grafted boroester surface. Appropriate control experiments
were carried out to rule out an ionic strength effect due to the
borate addition. With this goal in mind, the I~V curves of the
PET/SiO, samples before and after exposure to 100 mM boric
acid solution were measured under the same conditions com-
pared to those used for PET/SiO,-Glu SSN (Fig. S61). The
results revealed that the analyte concentration does not cause
an important change in the ionic current for the saccharide-
free sample, which reinforces the idea that the changes exhibi-
ted in the ionic transport are attributable to the interaction
between the surface-confined saccharides and borate anions.

Paper

Also, it is important to emphasize that the system showed
good stability in the current measurements (Fig. S77).

Relative changes in fiee (Afreclf%.) triggered by the treat-
ment with 100 mM boric acid solution for the PET/SiO, SSN
and the PET/SiO,-Glu SSN are shown in Fig. 2(c). After the
exposure of the gluconamide-modified membrane to boric acid,
the ratio Afrec/f",. increases more than 200 times compared with
that of the PET/SiO, foil. Thus, the evident change in f.. for the
PET/SiO,-Glu SSN must be caused by the specific and effective
interaction between the glycosylated residues of the SSN and
borate ions to form boroesters on the nanochannel surface.

Changes caused by the different modification steps were
also characterized by contact angle measurements. As shown
in Fig. 2(d), the contact angle value decreases with the Glu-
modification, from 55° + 3° for SiO,-coated SSN to 46° + 2° for
PET/Si0,-Glu SSN, which agrees well with the replacement of
silanol groups by hydroxyl moieties of the saccharide, thus
increasing the surface hydrophilicity. Moreover, after the treat-
ment with 100 mM boric acid solution, the contact angle
measured under the same conditions became even lower (39°
+ 2°), which shows again an increasing surface hydrophilicity
behaviour due to the resulting negatively charged boroester
groups. Also, a measurement of the contact angle was per-
formed in a non-coated PET SSN as the control before the ALD
process. A higher contact angle reveals a higher hydrophobicity
of the surface in this case (72° + 1°), which decreases when the
tip side is coated with silica.

In order to shed light on the saccharide-borate interaction
taking place in the confined environment of the nanofluidic
device, the transmembrane I-V curves of PET/SiO,-Glu SSN
were measured in the presence of different boric acid concen-
trations. As can be seen in Fig. 3(a), there is an increase in the
current at positive transmembrane voltages as boric acid con-
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(a) Representation of the boroester formation reaction between the gluconamide derivative and borate; (b) /-V curves measured for PET/

SiO, SSN (green), PET/SiO,—Glu SSN (pink), and PET/SiO,—Glu—boric acid treated (blue); (c) variations in the fo. value of PET/SiO, and PET/SiO,—
Glu before and after the exposure to boric acid. (d) Contact angle measurements at the different modification stages.
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and 0.5 nM boric acid solution; (d) percentage of signal generated in the
the signal).

centration increases. The analysis in terms of fi.. evidences,
initially, a notable increment in the rectification efficiency
with the boric acid concentration (Fig. 3(b)). Then, f,.. reaches
an asymptotic value for [boric acid] > 1077 M, i.e. the fi. values
do not appreciably change in the concentration range
between 1077 M and 10> M of boric acid, which might indi-
cate the saturation of the binding sites on the modified
surface. Additionally, in Fig. 3(c), the relative change in the rec-
tification factor (frec/f%.) in the limits of concentrations can
be observed. The PET/SiO,-Glu SSN exposure to boric acid
solutions with concentrations of 0.1 nM and 0.5 nM increases
frec to almost 50% and 100% compared to the initial response,
respectively. Furthermore, the relative change to 0.1 nM boric
acid concentration represents 14.8% of the total rectification
efficiency of the device (Fig. 3(d)). This implied that by
using gluconamide moieties as chemical receptors, solid-state
nanopores have been engineered to respond to the
presence of borate ions under low concentration conditions
(sub-nanomolar range) as compared to borate concentrations
in thermal spring water (0.47 mM).>* Or, in other words, the
threshold concentration for the borate-driven actuation of the
ionic gate is well below the concentration range of practical
interest.

1236 | Nanoscale, 2021,13, 11232-11241

¢ .) before adding 0, 0.1 nM

limit of detection (0.1 nM) with respect to the total signal (1 mM = 100% of

In this context, the specific interaction of the glycol moi-
eties and borates was interpreted in terms of a binding model
adapted to the case of the iontronic response of SSN.”® The
general binding scheme is presented in Scheme S1.}

Using a binding model similar to the one described by
Laucirica et al.,” the iontronic response was studied in terms
of the dissociation equilibrium of boric acid and the sub-
sequent boroester formation with the gluconamide moieties
on the surface. Basically, the formation of the boroester
between borate ions in solution and gluconamide groups on
the channels’ surface at working pH depends on the borate
concentration in the solution. This binding process has an
associated affinity constant, K. Considering this, a simple
binding model for the iontronic response of PET/SiO,-Glu SSN
leads to the following dependence of the rectification factor on
the boric acid analytical concentration (see the ESIf for a
detailed derivation of eqn (1)):

Kp Cg
1+ Kp Cp

00
rec

ﬁ'ec _f;gc = f;‘zc) (1)

where f?,. is the rectification value before borate was added,
[rec is the value adopted at high concentrations, Cy is the boric

acid analytical concentration, and Kg (defined as Kg = aKg)

This journal is © The Royal Society of Chemistry 2021
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means an effective binding constant under the operative con-
ditions. Thus, Kp' can be determined by fitting the free /..
experimental values as a function of boric acid analytical con-
centration. As shown in Fig. 3(b), the frecf%, experimental
values are in good agreement with the non-linear dependence
predicted by eqn (1). Using the above-described model, Ky was
determined to be 0.15 + 0.1 nM .

On the other hand, it has been reported that the kinetics of
the boronate ester formation is fast, especially when the boron
atom is found in a tetrahedral environment.’® Also, as pre-
viously mentioned, borate anions form a very stable complex
with saccharides, especially with fructose.®® Taking advantage
of this interaction, the modified nanopore was exposed to suc-
cessive cycles of 100 mM boric acid/100 mM fructose solutions
in order to demonstrate the reversibility of the borate-sacchar-
ide complex formation. For this aim, I-V curves were measured
and the iontronic behavior was studied in terms of the rectifi-
cation efficiency (Fig. 4(a)). It was observed that exposure to
100 mM fructose solutions resulted in a significant decrease of
the rectification factors, i.e.: “OFF” state, which was ascribed
to the decrease in the surface charge density as a consequence
of the rupture of the saccharide-borate bond in the boroester
(Fig. 4(b)). Otherwise, when the nanochannel is exposed to
100 mM boric acid, the system recovers the initial rectification
“ON” state. In other words, the boroester complex is formed

Paper

again on the pore walls and the negative surface charge
density increases. In addition, the analysis of the transient
current at +1 V (I vs. time) evidenced a rapid reversible

0.8p
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Fig. 5 Selectivity experiments in terms of the ratio of the current
change (R = (I — Io)/lo; | and Iy currents were registered at V; = +1 V). [-V
curves were measured in situ after the addition of 25 mM phosphate,
sulfate, nitrate, and borate.
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(a) Reversibility experiment with 100 mM borate (B) and fructose (F) in terms of the rectification factor. (b) Scheme depicting the nanochan-

nel borate—fructose reversibility mechanism. (c) Reversibility experiment with 100 mM borate and fructose (F) in terms of the transient current. All

measurements were carried out in situ at pH 7.
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response of the nanodevice upon the exposure to borate and
fructose (Fig. 4(c)). These results demonstrate that the Glu-
borate reaction may be an interesting approach to build highly
reversible stimuli-responsive devices by exploiting the borate-
sugar specific chemistry.

Finally, to explore the selectivity of the PET/SiO,-Glu SSN,
the effect produced on the ionic transport by interfering ana-
lytes was also evaluated. The interfering analytes studied were
sulfate, nitrate, and phosphate anions. Each I-V measurement
was performed at the saturation concentration for borate
(25 mM). To facilitate the interpretation, selectivity results are
shown in terms of the relative current increase, R, the respect-
ive analyte exposure, being R = I — Io/I,, where I is the current
before adding the analyte. As can be seen in Fig. 5, sulfate,
nitrate, and phosphate anions did not cause significant
changes in the iontronic output. In contrast, the presence of
borate anions promotes a marked increase in the current
change ratio which demonstrates the selective character of the
borate-sugar confined interaction in the PET/SiO,-Glu SSN.

Conclusions

In summary, we have designed and developed a borate-respon-
sive nanodevice based on the glyco-silanization of a SiO,-
coated PET nanochannel obtained by combining both track-
etched and atomic layer deposition (ALD) technologies. The
successful modification of the channel at each functionali-
zation step was evidenced by the changes in the iontronic
output.

To the best of our knowledge, this is the first report that
employs silane chemistry on SiO, ALD coated PET SSNs to
develop ion-responsive switchable ionic gates. The presence of
gluconamide moiety groups on the nanochannel surface
allowed the modulation of the iontronic signal by exploiting
the well-known sugar-borate complexation. Thus, the changes
in the surface charge density caused by the saccharide-borate
equilibrium formation are transduced to changes in the ion-
tronic output. Then, the nanofluidic device switches from a
non-selective iontronic regime (“OFF” state) to a cation-selec-
tive iontronic regime (“ON” state) by exposing the modified
membrane (PET/SiO,-Glu) to borate solutions. In order to
explain the borate-responsiveness, we proposed a binding
model for describing the interaction between the saccharide
groups on the nanochannel walls and borate anions, which
satisfactorily fits the dependence of the rectification factors on
the borate concentration. Moreover, the iontronic responsive-
ness was demonstrated to be reversible under successive
exposure to borate and fructose solutions. This strategy
resulted in the development of a borate-driven nanofluidic
actuator capable of controlling the ionic flux through the
nanochannel depending on the presence and concentration of
borate ions. This approach could be used to engineer feed-
back-controlled delivery systems for ions or even charged par-
ticles. In this context, we believe that these results provide
interesting insights into the construction robust ionic gates for
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developing nanofluidic integrated circuits and activatable
nanofluidic devices and would be applicable for sensing,
directed molecular transport and separation, and targeted
drug delivery at the nanoscale level.

Experimental section
Materials

Synthetic nanochannels were fabricated in PET foils
(Hostaphan RN 12, Hoechst) of thickness 12 pm. N-(3-
Triethoxysilylpropyl) gluconamide (TESPG) 50% in EtOH solu-
tion was purchased from ABCR. Boric acid (purity 100%) and
HEPES (<99.5%) were purchased from Anedra and Sigma-
Aldrich respectively. Potassium chloride (Anedra) was of
analytical grade. All reagents were used as received without
further purification.

Fabrication of ALD-coated single pore nanochannel foils

Bullet-shaped single pore nanochannels were prepared on PET
membranes by ion-track etching.®® Firstly, PET foils were irra-
diated by accelerated Au ions (11.1 MeV per nucleon) at the
UNILAC (Universal Linear Accelerator) of GSI, Darmstadt. After
that, surfactant-assisted asymmetric etching was carried out
yielding bullet-shaped nanochannels.”” In this method, the
base side was soaked in 6 M NaOH, while the tip side was
soaked in the same solution with the addition of 0.05%
Dowfax 2a1 for 6-7 min at 60 °C. Finally, the membrane was
exhaustively washed with pure water. Subsequently, PET foils
were coated with SiO, (thickness ~10 nm) by applying a
defined number of ALD cycles using a self-built ALD system.
Details of the ALD setup are described elsewhere.>® The
reactor walls were heated to 60 °C. The precursors were fed
into the reactor by setting the valve opening time to 0.1 s for
both SiCl, (Sigma-Aldrich, 99.9%) and deionised H,O. For
SiO, deposition onto PET membranes, the cyclic ABAB-type
ALD process consisted of 1 min exposure to each precursor
separated by 1 min intervals of N, purging (99.999%, 200 mL
min~"). Pyridine was used as a catalyst.

Surface nanochannel modification

The PET/SiO, membrane was modified with TESPG by a
typical silanization reaction protocol. Briefly, 250 pL of the
commercial sample (~1.3 mmol) was dissolved in 10 mL of
ethanol and was left in contact with the PET/SiO, membrane
overnight at room temperature. Then, the glycol-modified foils
(PET/SiO,-Glu SSN) were washed with Milli-Q water and dried
with N,.

Composition analysis by X-ray photoelectron spectroscopy (XPS)

The PET/SiO,-Glu modified foil was characterized by XPS
using a VG Microtech ESCA spectrometer with a non-monochro-
matic Al-K(a) radiation source (300 W, 15 kV, h(v) = 1486.6 V),
combined with a VG-100-AX hemispherical analyzer operating
at a 25 eV pass energy. All the XPS spectra were calibrated with
reference to the adventitious C 1s peak at 284.8 eV, to rule out
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any possible spectral shift due to a charging effect. The
chamber pressure was kept at <10~° Torr during the measure-
ments. Awide range spectrum and the assignment of its charac-
teristic peaks are available in the ESI (Fig. S4(a) and (b)}).

Preparation of boric acid/borate solutions

Boric acid aqueous solutions of different concentrations
(1 pM, 1 to 100 mM) were prepared for the conductivity
measurements using KCI 0.1 M as the supporting electrolyte
and 10 mM HEPES buffer to maintain the pH of the solutions
at 7. As shown in Fig. S5(a), at this pH, there is a small pro-
portion of boric acid as borate anion (boric acid has a pKa of
9.2).%* Despite this, another simultaneous equilibrium takes
place and the borate anion reacts with vicinal diols to form
boroesters, and boric acid/borate ion equilibrium is displaced
to borate formation (Fig. S5(b)T).

Conductance measurements

Current-voltage (I-V) curves were obtained using a potentiostat
(Gamry 600) with a four-electrode set-up (working, working
sense, reference, and counter electrode) as reported else-
where.’® Measurements were performed in a homemade con-
ductivity cell fabricated to avoid current leakage. Both the
reference and working-sense were commercial Ag/AgCl/3 M
NaCl electrodes, while the working and counter electrodes
were Pt wires. For all the experiments, the working electrode
was placed at the tip side of the membrane, while the counter
electrode was placed at the base side to ensure a facile
interpretation of the results. For the I-V measurements, the
voltage was swept between —1 V and +1 V at a scan rate of 100
V s'. Additionally, conductivity measurements for the ana-
lytes (boric acid/borate, fructose, sulfate, nitrate, and phos-
phate) were performed by filling the cell with the corres-
ponding solution in the same buffer and after a stabilization
time (10 minutes), new I-V curves were measured in the pres-
ence of the analyte. Then, the membrane was washed with de-
ionized water and employed for the next analyte.

Rectification factor (fiec)

To correlate the changes in the I-V curves with the surface
charge density of the nanochannel, the rectification efficiency
was quantified employing a rectification factor (fie.). For the
cation-driven regime (negatively charged surface), the rectifica-
tion factor can be computed as:

free = =[I(1V)/I(=1 V)] (2)

where the current in the numerator is the largest current value
corresponding to the higher conductance state (positive trans-
membrane voltage limit), while the one in the denominator is
the lowest current value corresponding to the lower conduc-
tance state (negative transmembrane voltage limit).>*

Contact angle measurements

In all cases (PET/SiO,, PET/SiO,-Glu, PET/SiO,-Glu borate
treated SSNs), contact angles (CA) were measured using a
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Ramé-Hart goniometer (Model 290) by dispensing 1 pL dro-
plets of 0.1 M KCI in 10 mM HEPES (pH 7). The reported
values correspond to the average of five independent measure-
ments. After measuring the CA of PET/SiO,-Glu SSN, the foil
was treated with 100 mM boric acid in 0.1 M KCI and 10 mM
HEPES solution (pH 7) for 10 minutes to obtain PET/SiO,-Glu
SSN treated with borate. The foil was then washed with de-
ionized water and its CA was measured with the protocol speci-
fied above.
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