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Reliable control of solid-state nanopore gating remains challeng-
ing. Voltage-controlled metal phosphate reactions enable reversi-
ble pore blocking via cyclic precipitation and dissolution driven by
cation transport. Negative bias blocks ion flow, while polarity
reversal restores conductance, forming a nanofluidic diode. Here
we show how plasmonic nanopores allow in-pore SERS measure-
ments, directly confirming the localized chemistry and enabling
high-resolution monitoring of nanoscale processes.

Over the past two decades, solid-state nanopore technology has
been the focus of extensive research, particularly aimed at
creating artificial systems that mimic biological nanopores,
i.e. transmembrane proteins capable of regulating the passage
of individual molecules and ions.'™ While the primary effort
has traditionally centered on sequencing applications,>™ the
scope of interest in nanopore systems has now expanded
considerably. Among various research directions, the use of
solid-state nanopores for constructing nanofluidic circuits,
such as ionic transistors and diodes, has recently attracted
significant attention.'°*® To develop a nanofluidic ionic
system that mimics the behavior of a diode, precise control
over the nanopore’s geometry and surface charges is
essential.">'* In this context, a novel strategy for fabricating
solid-state nanopores exhibiting diode-like properties, charac-
terized by exceptionally high ion current rectification (ICR), has
been recently demonstrated by Tsutsui et al'® This method
relies on the so-called ““in-pore chemistry,” where two solutions
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interact at the interface between the cis and trans reservoirs of
the nanopore chamber, an interface effectively defining the
nanopore volume itself. In particular, this can be possible by
using a thin Siz;N, membrane including a nanopore connecting
two distinct ionic reactant solutions for precise confinement of
the ion electromigration. These ions are capable of inducing
electrically tunable metal phosphate precipitation/dissolution
in the pore. This can be applied to the preparation of advanced
nanofluidic devices including diodes and memristors repre-
senting a significant plus with respect to the conventional
nano-scale systems.'®"® A similar method has been more
recently reported by Siwy et al., where the cycling precipitation
and dissolution inside the nanopore are used to investigate
ionic memory effects.'® To improve our understanding on the
reported “in-pore chemistry”,"> here we investigated the
chemical reaction inside the nanopore using optical spectro-
scopy. Considering that the reaction takes place in a very small
volume (with a nanopore’s diameter of 200 nm and thickness of
50 nm, the volume is of the order of 107 fL), the chemical
reaction can be monitored only using a highly localized label
free spectroscopy. In particular, Surface Enhanced Raman
Spectroscopy (SERS) represents a valuable technique where
the electromagnetic field can be squeezed in the nanopore
volume thanks to a proper design of a plasmonic nanopore.*?>°
Therefore, in this work we replaced the Si;N, nanopore pre-
viously used">*" with a plasmonic nanopore designed as a thin
gold layer on a Siz;N, membrane where the nanopore is sur-
rounded by a bulls-eye grating with a period matching the
excitation of the surface plasmon polaritons at the laser wave-
length used for the excitation. As extensively proved in
literature,>>**"*® this structure enables a strong near-field
enhancement inside the nanopore, therefore facilitating mea-
surements of the vibrational spectra during the precipitation/
dissolution reactions. The bulls-eye integrated plasmonic nano-
pores were fabricated by means of focused ion beam (FIB)
milling in a 50 nm thick Si;N, membrane supported on a Si
wafer (See SI for details). An initial pore’s diameter of about
200 nm was prepared."” The sample was then modified with an
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Fig. 1 Concept and fabrication. (a) Schematic illustration of the precipita-
tion/dissolution at the nanopore aperture that can be monitores with
SERS; (b) top view of a single plasmonic nanopore with a bulls-eye grating
around it; (c) tilted view of an array of bulls-eye/nanopores.

additional thin bilayer of Ti/Au (5/25 nm) and a successive FIB
sculpturing was used to prepare a bull-eye grating with a
grating period matching the surface plasmon polariton wave-
length (Aspp) for an incident light at 532 nm (see SI for details
on the electromagnetic field confinement produced by this
structure).>*° Fig. 1 shows an illustration of the process and
reports SEM images of the fabricated sample.

As a first step we characterize the electrical properties of the
nanopore to verify if our design comprising the Ti/Au layers
results in the desired diode-like response. Here the metallic
layers can, in principle, act as a floating electrode under the
external applied field.*" Therefore, we first measured the cur-
rent from the nanopore applying a transmembrane voltage (V4,)
with a scan rate (rsean) of 60 mV s~ ' in phosphate-buffered
saline containing 1.37 M NaCl at pH 7.4 (hereafter, NaCl
solution refers to the PBS unless otherwise denoted). In all
our experiments we observed a perfect ohmic behavior with a
conductance of 0.5 pS (Fig. 2a), consistent with Maxwell-Hall’s
model (see SI for details) for dp,. of about 200 nm and solution
resistivity (pnaci) of 0.08 Qm. The same set of measurements
have been performed replacing PBS respectively with CaCl, and
MnCl, (concentration 2 mol L") on both sides of the micro-
fluidic chamber. These two solutions demonstrated to be very
effective in the nanoprecipitation process that will be discussed
later. As can be seen from Fig. 2a, also in these cases,
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Fig.2 (a) The ion transport properties under no salt difference
(NaCl(blue), MnCl,(red), and CaCl, (black)). The salinity was also the same
at cis and trans(1.37 M for NaCl and 2 M for the other salts). (b) ICR values
obtained for CaCl, system at different scan rates.
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symmetric configurations on the cis and trans sides produce
linear ohmic I-V response, as also demonstrated in a recent
publication by Tsutsui et al.*> The nanopore’s conductances
were, 0.33 puS and 0.15 pS, respectively for CaCl, and MnCl,. A
completely different response is expected when switching from
a symmetric to asymmetric configurations of cis and trans sides
of the chamber. In particular, using PBS at the ¢rans side and
filling the cis compartment with CaCl, or MnCl, salts (same
concentrations used before) resulted in significant asymmetry
in the Ij,n—V} characteristics. CaCl, and MnCl, exhibited strong
suppression of the ionic current at V;, < 0. In the case of CaCl,,
the rectification ratio ICR = |Iyax/Imin| reached over 20000
(Fig. 2b), where I,.x and Iy, are L, at V, = 0.6 V and
—0.6 V, respectively. On the contrary, in the case of MnCl,,
the ICR reached a value up to 10° for a scan rate of 200 mV s~ *
considering in this second case Ij,x and Iin as fion at Vp =1V
and —1 V, respectively (see Fig. S1). We note that, in both the
cases, relatively small V}, values reach very high ICR values, and
consequently, with higher V;, values, the saturation of the
current range that can be measured in the nanopore reader
was reached (max measurable I =200 nA). These ICR values are
more than an order of magnitude higher than the state-of-the-
art systems based on nanofluidic diodes.**~** The rectification
behavior depends on the voltage scan speed (SI - Fig. S1
and S2). For CaCl,, the maximum rectification is observed at
a scan rate of 240 mV s~ ', where the ionic current at negative
Vp values remains very low and stable, indicating an
almost complete suppression of the translocation of high-
concentration cations and anions under negative bias. For both
CaCl, and MnCl,, increasing the scan rate markedly diminishes
the diode-like response, resulting in lower ICR values (see Fig.
S2). Nevertheless, the diode-like behavior can always be recov-
ered by decreasing the scan rate, as shown in Fig. S1. This ionic
rectification cannot be justified considering concentration
polarization or ion selectivity or electroosmotic flow.*>3>3435
On the contrary, the diode-like behaviour of the nanopore
system is due to the formation of a solid precipitate via V-
derived reactions that occluded the space for the electromigra-
tion of ions through the pores. Hence, we are observing (a scan
rate dependent) precipitation reactions between divalent
cations with the phosphoric acid in the electrolyte buffer to
form metal phosphates. This can be understood considering
the components in our chamber. The main ionic components
of PBS in water are: Na', Cl-, HPO,>~ and H,PO, (the
phosphate buffer pair). A divalent chloride compound in aqu-
eous solution dissolves as: XCl, (s) — X>" (aq) + 2Cl~ (aq),
where X represents here Ca and Mn. Calcium and Manganese
ions (X**) are known to react with phosphate ions to form
insoluble phosphate salts, with a pH dependent reaction:

3X*T 4+ 2P0, — X3(POy), )
In PBS, most phosphate is present as HPO,>~ or H,PO,,
but under physiological pH, there is still sufficient PO,*>~ to
trigger partial precipitation of salts phosphate (especially
hydroxyapatite or amorphous X-P compounds). Therefore, the
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following reaction most likely happens at the interface between
cis and trans sides:

3XCl, +2NazPO; — X;3(PO,), +6NaCl (2)
This reaction is strongly pH dependent.'® For this reason the
experiments reported here used PBS at physiological pH.

Hence, the electrical response observed in our nanopores is
ascribed to a solid-phase precipitate that clogs the aperture of
the pore where the two solutions are mixed. The possibility to
drive this reaction by external electrical potential is fundamen-
tal to provide the diode-like response and the significant ICR
values reported. Fig. 3 reports the characterizations performed
on the CaCl, system using the electron microscopy combined
with energy dispersion spectroscopy (EDS).

The morphological and compositional characterizations of
the nanopore were done at the two stages corresponding to I«
and Iyin, i.e. when the external potential was V;, = 0.6 V and
—0.6 V, respectively. Fig. 3a and b clearly illustrate what
happens inside the nanopore using the plasmonic configu-
ration studied here. Additional tests using bare Si;N, nano-
pores (reported in SI - note #2), confirmed the precipitation
and dissolution reactions. To note, these micrographs can be
obtained stopping the reaction at the specific V;, and resulted to
be reproducible after multiple cycles. EDS maps revealed the
presence of oxygen and phosphor inside the nanopore’s cavity,
as expected, even if the sensitivity of the technique is probably
not enough to obtain convincing results.

We then performed optical spectroscopic analyses by means
of Raman spectroscopy. The goal was to obtain the spectrum
from the nanopore’s cavity in order to monitor the localized
chemical reaction. Before to do it, the Raman spectra of the
individual compounds were collected preparing them as dry
droplet, in the case of PBS (i.e. we let the PBS droplet to dry on a
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Fig. 3 SEM and EDS of the changes within the nanopore. (a) SEM micro-
graph of the bare plasmonic pore; (b) CaCl, precipitate inside the pore;
(c) EDS spectrum:; (d) EDS maps related to Ca, O, P and Si (additional data in
the SI).
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solid-state substrate), and as dry powders, in the cases of CaCl,
and MnCl,. Fig. 4a reports the obtained vibration signatures
where it is possible to observe how for PBS three peaks
dominates, corresponding to 877 cm !, 979 cm ' and
1077 cm™ ', respectively. They are associated with the phos-
phate (PO,*") buffer system, specifically the vibrations of the
hydrogen phosphate (HPO,’”) and dihydrogen phosphate
(H,PO, ") ions.*® In the cases of CaCl, and MnCl,, on the
contrary, only a main peak at around 1600 cm ' appeared.
This can be associated with the H-O-H bending vibration of
the water of crystallization.?” In the nanopore system we are not
dealing with salts powders, but we are interested to monitor the
precipitation and dissolution processes driven by the external
applied electrical potential. Therefore we also collected the
Raman signatures of the precipitated salts as reported in
eqn (1). To do that, we mixed the compounds using the same
concentrations and pH conditions used in the nanopore experi-
ments and, after letting them dry, we collected the spectra. In
both the cases (Caz(PO,), and Mn,(PO,),), we can observe the
presence of a main peak at around 960 cm™ ", clearly corres-
ponding to the vibration of the phosphate group.*®**° A minor
broad peak at around 1600 cm™ ' can be also detected, as
expected, to be associated with the H-O-H bending.*”*° Having
a clear view on the vibrational signatures of the chemicals
involved in our reactions, it is possible to proceed with the
Raman experiments on the nanopore systems. Considering that
this reactions have been firstly demonstrated in a Si;N, pore,
we performed the precipitation/dissolution processes focusing
the laser over the nanopore directly prepared in a bare Si;N,
(the fabrication included both single nanopore and an array of
nanopores in order to increase the reaction volume (see SI)).
Cycling them applying external electrical potential as discussed
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Fig. 4 (a) Raman spectra of powdered samples (PBS(red), MnCl,(blue),
and CaCly(black)). (b) Raman spectra of the precipitate (Caz(POy), (red),
Mn3(PO,); (blue)). (c) Raman spectra of nanopore opening/closing in a Ca-
based system (closed (blue), open (purple)). (d) Raman spectra of nanopore
opening/closing in a Mn-based system (closed (blue), open (purple)).
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above and in ref. 15 we can obtain the precipitation and
dissolution processes. Considering the required integration
time for the Raman acquisitions (tens of seconds), it was not
possible to detect the dynamics of the precipitation reaction.
On the contrary, stopping the reaction at V;, = 0.6 Vand —0.6 V,
we know that the nanopore(s) will be completely open and
completely clogged, respectively (as illustrated in SI - Fig. S3).
Important to note, the Raman measurements were done using
a transparent microfluidic chip compatible with the simulta-
neous electrical and optical measurements, as demonstrated in
ref. 20. This enables the monitoring of the reaction inside the
nanopore. In order to avoid the background signal from the
PBS solution in the ¢rans volume, we excited the pore from the
cis side where only the chloride salts are present. Testing both a
single nanopore and an array of 16 pores it was not possible to
detect convincing spectra to be ascribed to the precipitated
salts. This is because the volume of detection is spatially
limited by the nanopore’s diameter. While with the dry pre-
cipitates we can collect the signals from large area and large
volume samples, here it has not been possible to obtain enough
photons from the fL volume of the excited materials. This is the
main motivation for the choice of the plasmonic nanopore. In
fact, replicating the experiment replacing the bare Siz;N, pore
with the single plasmonic nanopore (illustrated in Fig. 1b) it
was easily possible to collect the SERS signatures from the
individual nanopore in the two main configurations (open and
clogged) using CaCl,. As can be seen in Fig. 4c, there are clear
differences in the Raman spectra associated with open and
close pore. In particular, switching from the open to the close
configuration, the peak at around 970 cm ™" appears, confirm-
ing the formation of the phosphate precipitate. While the other
spectral regions are not changed, we also observed and
increased intensity for the peak at around 1600 cm ™", asso-
ciated with the H-O-H bending. Performing the same experi-
ment by using MnCl,, it resulted to be more challenging to
collect the signatures from a single plasmonic nanopore. There-
fore, in order to increase the detection volume, we increased
the laser spot size and we explored a configuration comprising
16 nanopores in array (Fig. 1c). In this case, it has been again
possible to clearly detect the peak associated to the phosphate
salts precipitation, presents only in the spectrum related to the
clogged pore, while it always disappeared switching to the open
pore configuration.

In conclusion, this study demonstrates the advantages of a
plasmonic nanopore platform for probing chemical pro-
cesses at the nanoscale. By confining intense electromagnetic
fields within an attoliter-scale pore, the system enables high
spatiotemporal resolution for tracking localized reactions via
ionic current measurements. Simultaneously, surface-
enhanced Raman spectroscopy (SERS) generated at the plas-
monic hotspot provides molecular vibrational information,
yielding chemical fingerprints of reactants and products. The
combination of label-free electrical and optical readouts
allows real-time, in situ monitoring of dynamic nanoscale
processes that are difficult to access using conventional
techniques.
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