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ABSTRACT: We report artificial nanopores in the form of quartz nanopipettes with ca. 10 nm orifices functionalized with molecular 
recognition elements termed aptamers that reversibly recognize serotonin with high specificity and selectivity. Nanoscale 
confinement of ion fluxes, analyte-specific aptamer conformational changes, and related surface charge variations enable serotonin 
sensing. We demonstrate detection of physiologically relevant serotonin amounts in complex environments such as neurobasal media 
in which neurons are cultured in vitro. In addition to sensing in physiologically relevant matrices with high sensitivity (picomolar 
detection limits), we interrogate the detection mechanism via complementary techniques such as quartz crystal microbalance with 
dissipation monitoring and electrochemical impedance spectroscopy. Moreover, we provide a novel theoretical model for structure-
switching aptamer-modified nanopipette systems that supports experimental findings. Validation of specific and selective small-
molecule detection in parallel with mechanistic investigations, demonstrates the potential of conformationally changing aptamer-
modified nanopipettes as rapid, label-free, and translatable nanotools for diverse biological systems.

INTRODUCTION
Measuring specific chemical interactions at the spatiotemporal 
resolution that approaches biologically meaningful dimensions 
and timescales is critical to understand neuronal 
communication. Various studies have shown that 
neurotransmitter receptors play critical roles in the process of 
learning and adaptation, i.e. plasticity implemented at 
synapses.1–3 In particular, dysfunction in synaptic signaling 
mediated by serotonin, a modulator of essential brain functions 
such as cognitive control, sensory processing, and emotional 
regulation, has been linked to neuronal network defects that 
lead to neurodevelopmental and subsequent psychiatric 
disorders.4,5 However, existing methods of serotonin sensing 
capable of resolving local biomolecular responses in close 
proximity to synapses (ca. 20 nm space) are scarce and 
experimentally challenging.

While the gold standard for serotonin quantification is 
microdialysis sampling coupled to high performance liquid 
chromatography or mass spectrometry, the spatiotemporal 
resolution is insufficient to reveal the dynamics in complex 
neuronal circuits.6–8 Alternatively, electrochemical sensing 
methods such as fast-scan cyclic voltammetry, which have the 
required temporal resolution to measure rapid neurotransmitter 
dynamics,9-11 face selectivity issues as many neurochemicals 
have the same electroactive moiety with overlapping redox 
potentials.12,13 Further, despite advances in surface modification 
strategies,14 microelectrodes are vulnerable to fouling due to the 
strong adsorption of the serotonin oxidation product.15 In lieu of 
implantable electrodes, optical platforms have been developed 
for detecting serotonin, albeit with issues such as low binding 

Figure 1. Aptamer-modified nanopipette sensing principle. (a) 
Optical microscope image of a nanopipette (left) with a 
magnified transmission electron microscopy, TEM, image 
(right) that demonstrates the approximate pore opening of ca. 
10 nm. The dotted line is drawn to aid visualization of the inner 
wall at the tip of the nanopipette. (b) The schematic of a 
nanopipette voltammetry setup comprising a quartz pipette 
with an Ag/AgCl quasi-reference counter electrode inserted 
inside while another Ag/AgCl quasi-reference is placed in the 
bulk solution to apply electrical bias to the system. The 
nanopipettes are filled with phosphate buffered saline (PBS), 
the same buffer as the bulk solution. (c) Schematic describing 
the ion current rectification effect. The geometry and surface 
charges at the nanopipette tip induce an accumulation or 
depletion of cations (anions are not depicted) when a negative 
or positive bias is applied respectively, which influences the 
conductivity through the pore in a nonlinear manner.
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affinities, cross-reactivity, and with highly specialized 
instrumentation.16,17 

Besides the need for detecting neurotransmitters in vivo 
there is also an emerging community that attempts to learn 
about neural networks in vitro. This bottom-up neuroscience 
approach uses well-defined cultured neuronal networks to 
investigate basic neural circuits with the hope to gain insight 
into information processing, storage, and neurocomputation in 
the brain.18,19

Novel nanotools with dimensions comparable to synapses 
with high chemical selectivity and sensitivity would be highly 
useful for both neuroscience approaches.20 Nanopore-based 
sensing systems hold great promise for such measurements, 
where intermolecular interactions are confined to nanoscale 
volumes, therefore enabling molecular identification at the 
single-molecule level.21-25 However, the low spatial resolution 
due to static sensing areas, prevents their applicability for 
sensing from living cells. Recently, this challenge was tackled 
by a force-controlled scanning nanopore microscope system 
based on positioning of mobile nanopores fabricated on 
cantilevers in close proximity of living cells.26 While powerful, 
this approach currently exhibits low selectivity, which needs to 
be addressed to enable differentiation of small-molecule 
neurotransmitters.12 

Herein, we tackle the aforementioned issues by using 
chemically functionalized mobile quartz nanopipettes with pore 
openings of ca. 10 nm (Figure 1a). These solid-state nanopores 
are promising candidates for small-molecule sensing due to the 
capacity to tune their opening size down to a few nanometers, 
straightforward fabrication and surface modification, and ease 
of coupling to scanning probe methodologies27–29 to interface 
with biological systems. The ion current induced by an applied 
voltage is measured between two electrodes in solutions 
separated by a nanopore of the pipette (Figure 1b). In conically-
shaped nanopipettes with pore diameters of comparable size to 
the electrical double layer, the ion-current rectification (ICR) 
effect is observed.30–32 This phenomenon introduces 
asymmetric flux of ions through the nanopore whereby 
nanopipettes respond to a symmetric applied voltage sweep 
with a nonlinear asymmetric current output, deviating from 
ohmic behavior (Figure 1c).33 For quartz nanopipettes, the 
combination of the applied voltage, nanopore geometry, and 
surface charges result in a difference in ion transport rates inside 
and outside the nanopore that lead to accumulation or depletion 
of charge carriers.34–36 

EXPERIMENTAL METHODS
Materials. All chemicals were purchased from Sigma-Aldrich 
Chemie GmbH (Buchs, Switzerland) unless otherwise noted 
below. Phosphate buffer saline at 1x concentration (137 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and 
pH 7.4 (ThermoFisher Scientific AG, Reinach, Switzerland) 
was used as received for all measurements. All solutions were 
prepared using deionized water with resistivity 18.2 MΩ cm-1 
produced by a Milli-Q system (Millipore, Billerica, MA). 
Neurobasal mediumTM (NBM) was supplemented with 2% B27, 
1% GlutaMAX, and 1% penicillin streptomycin (all from 
ThermoFisher Scientific AG, Reinach, Switzerland). 

Thiolated single-stranded serotonin aptamer: 
(5’/Thiol/-CGA CTG GTA GGC AGA TAG GGG AAG CTG 
ATT CGA TGC GTG GGT CG-3’) with molecular weight 
13,969.8 g/mol, melting point 74 °C, and thiolated scrambled 

sequence: (5’/Thiol/-CCC GGG AAT TCC GGA ATT GGG 
GCA AATT GAT GAG GGG GTC ATG GG-3’) with 
molecular weight 13,969.8 g/mol, melting point 71.4 °C, were 
purchased from Microsynth AG (Balgach, Switzerland). All 
DNA solutions (100 M) were HPLC purified, aliquoted, and 
stored at -20 °C until use. The scrambled sequence was 
designed by modeling via MFold37 to ensure that there is a 
significant difference in the secondary structure versus the 
target-specific sequence.

Nanopipette fabrication and characterization. Nanopipettes 
were pulled from quartz capillaries (o.d., 1 mm; i.d., 0.5 mm; 
Friedrich & Dimmock) using a laser puller (P2000, Sutter 
Instruments). The pulling parameters for the nanopipettes with 
apertures ~10 nm were: (line 1) Heat 750, Filament 4, Velocity 
40, Delay 150, and Pull 80; (line 2) Heat 700, Filament 3, 
Velocity 60, Delay 135, Pull 180. The pulling parameters for 
the ~20 nm opening pipettes were: (line 1) Heat 750, Filament 
4, Velocity 40, Delay 150, and Pull 80; (line 2) Heat 700, 
Filament 3, Velocity 50, Delay 135, Pull 150. The laser puller 
was heated at least 1 h before use. Dimensions of the individual 
nanopipettes used in experiments in this work were measured 
via transmission electron microscopy (TEM) using Jeol JEM-
1400 at 200 kV accelerating voltage.

Aptamer functionalization. DNA aptamers were immobilized 
on the inside of the nanopipette tip via a three-step 
functionalization procedure.38 First, 
(3-aminopropyl)trimethoxysilane (APTMS) was deposited on 
the nanopipette surfaces using vapor-phase deposition at 40 C 
for 1 h. Second, MicroFil syringe tips (World Precision 
Instruments, Sarasota, FL) were used to fill nanopipettes with 
1 mM solutions of 3-maleimidobenzoic acid 
N-hydroxysuccinimide ester (MBS) dissolved in a 1:9 (v/v) 
mixture of dimethyl sulfoxide and PBS for 1 h. The MBS 
crosslinks the amine-terminated silanes to thiolated DNA 
aptamers. As the third step, aptamers were prepared for 
functionalization by reducing the disulfide bonds using 50-fold 
excess tris(2-carboxyethyl) phosphine (TCEP) relative to DNA 
aptamer concentration (100 M) at room temperature for 1h. 

The aptamers were then diluted to 5 M in 1x PBS and 
cleaned with ZebaTM spin desalting columns (7K MWCO, 0.5 
mL, ThermoFisher Scientific AG, Reinach, Switzerland). 
Aptamer solutions were desalted to remove unreacted TCEP, 
which has been shown to be reactive towards maleimides 
resulting in byproducts, likely leading to lower coupling 
yields.39 Aptamers were then denatured at 95 C for 5 min then 
renatured by cooling to room temperature before surface 
attachment. Nanopipettes were rinsed twice with deionized 
water using MicroFil tips and then incubated in the aptamer 
solution for 2 h. Any remaining aptamer solution was rinsed out 
by PBS three times prior to experimental use.

Sensing measurements via aptamer-modified nanopipettes. 
The current was measured between two Ag/AgCl quasi-
reference counter electrodes, one inside the nanopipette and 
another in the bulk solution, with a custom-built high gain 
current amplifier. Data recording was performed using a custom 
written LabVIEW interface (2017, National Instruments), based 
on WEC-SPM package provided by Warwick Electrochemistry 
and Interfaces Group, led by Prof. Unwin. Data was collected 
using an FPGA card PCIe-7852R (National Instruments). The 
current magnitudes and potentials reported in the manuscript 
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are denoted with respect to the electrode in the solution bulk. 
Cyclic voltammograms were acquired by sweeping voltage at 
0.05 V s-1 voltage sweep rate.

Quartz Crystal Microbalance with Dissipation Monitoring 
(QCM-D). Measurements were performed using the Q-Sense 
E4 (Biolin Scientific) equipped with four flow modules. The 
resonance frequency, f, and the energy dissipation of the quartz 
crystal, D, were measured at the fundamental resonance 
frequency (5 MHz) as well as the 3rd, 5th, 7th, and 9th overtones. 
Normalized frequency and dissipation shifts post baseline 
subtraction in PBS are presented. Aptamer-target binding 
experiments were conducted in a continuous flow of PBS buffer 
at a flow rate of 50 L/min by using an IPC series 4-channel 
microprocessor controlled dispensing pump from Cole-Parmer 
GmbH (Wertheim, Germany). The temperature of the QCM-D 
platform was stabilized at 25 °C and buffers were degassed 
prior to use to avoid bubble formation. 

The QCM-D sensors with Au metallization and SiO2 
coating (5 MHz, 14 mm diameter) were purchased from 
MicroVacuum Ltd. (Budapest, Hungary). Prior to use, the chips 
were exposed to UV-ozone treatment for 10 min and then 
immersed sequentially in acetone, isopropanol, then deionized 
water, and sonicated in each for 3 min. The surfaces were dried 
under nitrogen before chemical vapor deposition of amine- and 
methyl-terminated silanes in a 1:9 solution ratio. The chips were 
then mounted in the QCM-D flow chamber with PBS as the 
running buffer. The chips were first incubated in MBS for 30 
min and then after excessive rinsing with PBS in the flow 
chamber, exposed to aptamer solution (5 M in PBS) that was 
reduced by TCEP and heat-treated prior (following the same 
protocol as the nanopipette aptamer functionalization, vide 
supra) and incubated until a stable signal was reached after 
rigorous rinsing in PBS to remove any non-specific surface 
adsorption. Upon confirming assembly of the aptamer on the 
surface of the quartz crystal, the analyte (100 M serotonin) 
was exposed to the surface. After equilibrium binding was 
reached, the flow chamber was flushed with PBS to 
demonstrate reversible binding. To demonstrate sequence 
specificity, a control DNA sequence was also assembled and 
tested in a parallel chamber in the QCM-D.

Electrochemical impedance spectroscopy. Gold QCM chips 
with Au coatings and Cr adhesive layers (14 mm diameter) 
purchased from MicroVacuum Ltd. (Budapest, Hungary) were 
cleaned with the same protocol as QCM-D measurements. 
Subsequently, the Au surface was  incubated in aptamer 
solution (5 M in PBS) that was reduced by TCEP and heat-
treated prior overnight. The following day, the surface was 
triple washed in deionized water then incubated in 2 mM of 6-
mercapto-1-hexanol (MCH) for 30 min to passivate the surface. 
Nonspecific interactions between gold electrodes and DNA as 
well as other analytes have been minimized by filling exposed 
areas with short hydrophilic thiols such as MCH.40–43 Post MCH 
assembly, the aptamer-functionalized surfaces were rigorously 
washed in deionized water. 

Electrochemical impedance spectroscopy measurements 
were performed using the Autolab potentiostat/galvanostat 
(PGSTAT302N) with a FRA32 module for impedance analysis 
with the NOVA 2.1 software from Metrohm (Herisau, 
Switzerland). A three-electrode system was set up with the Au 
surface serving as the working electrode. A 

polydimethylsiloxane cup was sealed on the surface of the gold 
surface to confine the liquid and the Ag/AgCl reference 
electrode and Pt wire as the counter electrode were placed in 
the solution. Potassium hexacyanoferrate (III) was added to the 
solution at 2 mM concentration for each measurement. The 
impedance was measured from 0.01-105 Hz with 7 logarithmic 
spaced frequencies per decade. A sinusoidal alternating voltage 
with an amplitude of 10 mV was applied.

Statistics. All statistics were carried out using GraphPad 
Prism (GraphPad Software Inc., San Diego). Data are reported 
as means ± standard errors of the means with probabilities 
P<0.05 considered statistically significant. Comparative data 
was evaluated by one-way analysis of variance followed by 
Tukey’s multiple group comparisons. Concentration-dependent 
responses were fit to the Langmuir isotherm where the Hill 
slope was assumed to be 1.0 for mass action binding of one 
serotonin molecule to one recognition site (aptamer).

RESULTS AND DISCUSSION
To transform nanopipettes into serotonin-specific sensors, we 
functionalized the nanopore surfaces with artificial recognition 

Figure 2. Serotonin aptamer functionalization to quartz 
nanopipettes and serotonin sensing in PBS. (a) Schematic of 
the functionalization procedure. A layer of aminosilanes is 
assembled via vapor phase deposition on quartz nanopipette 
walls. Amine groups (NH3

+) are subsequently covalently 
coupled to thiolated serotonin aptamers. Upon exposure to 
serotonin target, aptamers undergo conformational 
rearrangement, altering the ionic flux through the nanopipette. 
This schematic is an idealized representation of the sequential 
surface chemistry inside the nanopipette. (b) Representative 
voltammograms tracking the surface functionalization process 
show a surface charge dependent rectification of the ion 
current. (c) Rectification coefficients calculated from the 
current-voltage curves correlate to the surface charge of each 
functionalization step. While the bare quartz shows a negative 
rectification, aminosilane-functionalized nanopipettes show a 
positive rectification. A large negative rectification ratio is 
observed upon aptamer binding due to coupling of the highly 
negatively charged oligonucleotides to the quartz surface. Error 
bars represent standard errors of the mean with N = 3 
nanopipettes. Group means were significantly different [F(2,6) 
= 166; ***P <0.001]; ***P < 0.001 vs. bare and aminosilane-
functionalized nanopipettes; †††P < 0.001 vs. bare or aptamer-
modified nanopipettes.

Page 3 of 9

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

elements termed aptamers, which are short single-stranded 
oligonucleotides that have been designed and selected in vitro 
to bind to targets of interest (Figure 2a).44–48 Amine-terminated 
silanes were first assembled via chemical vapor deposition 
forming robust silane layers,49,50 and coupled to thiolated 
aptamers via thiol-maleimide click chemistry.38 The serotonin-
specific aptamer has been previously demonstrated to undergo 
significant conformational rearrangements in three-
dimensional space upon serotonin recognition in complex 
environments.38 Thus, we hypothesized that serotonin aptamers 
chemically functionalized to nanopipette walls would gate ionic 
flux by altering local charge densities, and together with the 
ICR effect, modulate the current response upon serotonin 
recognition. 

The functionalization process was tracked as a function of 
the change in ICR characteristics in phosphate buffered saline 
(PBS) to validate aptamer assembly on the surface of 
nanopipettes (Figure 2b). The ICR magnitude can be 
represented quantitatively as the rectification ratio (r), 
expressed as the logarithmic ratio of the current response at a 
specific potential relative to the current at a potential of equal 
magnitude but opposite polarity (Figure 2c). Aminosilane 
(amino groups, pKa = 9.6)51 functionalization of the bare quartz 
nanopipette surface (silanol groups, pKa ~5.6)52 alters the 
rectification ratio from approximately -0.2 to +0.3, and then to 
-0.8 upon modification with serotonin aptamers (phosphates in 
nucleic acids, pKa ~1).53 Serotonin aptamer functionalization 
was tuned by altering both the nanopipette pore size and the 
surface density of aptamers in the nanopipettes (Figures S1 and 
S2 Supporting Information).

Upon validation of aptamer functionalization inside the 
nanopipette, the sensors were tested first in physiological buffer 
(PBS) for serotonin detection. The initial current-voltage range 
of the aptamer-modified sensors in PBS was a way to verify 
effective aptamer functionalization. The baseline current 
variation in the current-voltage characteristics observed 
between individual aptamer-modified nanopipettes in PBS is 
shown in Figure S3a in the Supporting Information. Addition of 
serotonin at a saturated concentration (100 M) based on the 
previously reported binding affinity of the serotonin aptamer 
(Kd = 30 nM),38 resulted in a measurable change in current 
response from the baseline current in PBS, with an increase of 
~30% at +0.5 V (Figure 3a). 

We next interrogated the serotonin aptamer-modified 
nanopipette selectivity, stability, and sensing capability in 
neurobasal medium (NBM), the complex environment in which 
in vitro neurons are typically cultured.54 This medium contains 
17 amino acids in high M concentrations including 
L-tryptophan, a serotonin precursor, in addition to other small 
molecules and proteins that sustain neural growth. Variability 
of baseline current between different nanopipettes tested in 
NBM is shown in Figure S3b in the Supporting Information.

To interrogate the selectivity of serotonin aptamer-modified 
nanopipettes towards similarly structured neurochemicals in 
addition to L-tryptophan in NBM, we exposed the nanopipettes 
to high concentrations (100 M) of the serotonin precursor, 
L-5-hydroxytryptophan (L-5-HTP) and the serotonin 
metabolite, 5-hydroxyindoleacetic acid (5-HIAA) in real time 
(Figure 3b). Despite comparable molecular structures, 
negligible perturbations were observed for the nonspecific 
molecules while a significant increase in current was observed 

upon addition of orders of magnitude lower concentration (1 
pM) of the correct target. 

Serotonin concentration dependence was interrogated in 
NBM (Figure 3c) and a dose response curve was obtained using 
the change in current from baseline to demonstrate the 
capability of sensing serotonin concentrations in complex 
environments (Figure 3d). To avoid the variation between 
different sensors, the signals were normalized to the response in 
the medium without target molecules. As shown, the current 
response of nanopipettes was lower in NBM compared to PBS 
due to the lower ionic content resulting in fewer charge carriers 
(137 mM NaCl in PBS vs. 52 mM NaCl in NBM). To 
interrogate sequence specificity, a scrambled sequence where 
the same number of each nucleobase was conserved, but their 

Figure 3. Specificity and selectivity of serotonin-modified 
nanopipettes. (a) Representative voltammograms (N = 6) of 
serotonin aptamer-functionalized nanopipettes before and after 
exposure to the target serotonin (100 μM) in phosphate-
buffered saline (PBS). (b) Real-time current measurement in 
neurobasal medium (NBM) demonstrating the selectivity of 
serotonin aptamer-modified nanopipettes versus similarly 
structured molecules L-5-hydroxytryptophan (L-5-HTP) and 
5-hydroxyindoleacetic acid (5-HIAA) measured at +0.5 V. 
While 100 μM concentrations of nonspecific molecules caused 
negligible changes in current, low concentrations of serotonin 
(ST; 1 pM) caused a measurable current increase. (c) 
Representative voltammograms of the concentration-specific 
response of aptamer-modified nanopipettes to serotonin in 
NBM via sequential addition of serotonin from 10 fM to 100 
M. (d) From these voltammograms, calibration curves were 
obtained by normalizing the changes from baseline where no 
serotonin is present at +0.5 V. Scrambled sequence controls 
were conducted in parallel and demonstrated minimal response. 
Error bars represent standard errors of the mean with N = 6 
nanopipettes per concentration for the serotonin aptamer and 
N = 2 for the scrambled sequence control. (e) Schematic for 
hypothesized mechanism whereby aptamer conformational 
change upon serotonin binding alters the nanopore 
conductivity. 
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order scrambled to alter the recognition behavior, was designed. 
Measurements with a scrambled sequence conducted in the 
same experimental procedure yielded negligible responses to 
serotonin at all concentrations tested. 

While the binding affinity of the serotonin aptamer was 
previously found to be 30 nM in solution via fluorescence 
quenching measurements,38 aptamer-modified nanopipettes 
achieved higher sensitivity allowing measurements in the pM 
range (Figure 3d). Unlike conventional equilibrium sensors 
where the detection range is limited by the recognition element 
Kd, the nanopipettes act more like affinity columns or lateral 
flow assays that operate out of equilibrium. The 
nanoconfinement in the nanopipette increases the local 
concentration of both target molecules and aptamers, increasing 
the frequency of rebinding events,55 therefore allowing 
detection of lower concentrations than what is possible with 
equilibrium assays.56,57

Nevertheless, these results demonstrate the specificity and 
selectivity of serotonin aptamer-modified nanopipettes in 
complex environments. Further, aptamer-modified 
nanopipettes remained stable in the NBM for at least 4 h 
compared to unmodified quartz nanopipettes that typically clog 
immediately (Figure S4 in the Supporting Information). This 
stability likely arises from the aptamer 
modification that occludes the nanopore, 
preventing the entry of proteins and other 
macromolecules.

In addition to demonstrating the sensing capability of these 
aptamer-modified nanopipettes in real matrices, we also 
hypothesize a novel mechanistic model for aptamer-modified 
nanopipette sensing: aptamers undergo complex secondary 
structure rearrangements that result in changes in permeability 
and the charge distribution within the aptamer layer that both 
affect ionic flow (Figure 3e). The degree of blocking of ion flux 
by aptamers at the tip as well as the density of fixed charges on 
the backbone of the aptamer molecule are dependent on its 
conformation. Thus, target-induced conformational change 
seems to be the reason for the observed significant change in 
the ionic transport across the nanopore. 

Previous reports on signal transduction resulting from target 
recognition by aptamer-functionalized synthetic nanopores 
have proposed mechanistic hypotheses such as orifice blockage 
upon target capture58,59 or alterations in the surface charge due 
to aptamer-target binding.60,61 On the contrary to these reports, 
binding of the small-molecule serotonin, with a single positive 
charge (at pH 7.4), is unlikely to cause a significant change in 
surface charge relative to the highly negatively charged 
aptamers. Therefore, the ICR response is likely to be dictated 
by the spatial charge redistribution of the aptamer layer itself. 

To correlate this hypothesis to the specific conformational 
changes of the serotonin aptamer upon target recognition, we 
employed several surface characterization techniques such as 
quartz crystal microbalance with dissipation monitoring (QCM-
D) and electrochemical impedance spectroscopy (EIS). In 
QCM-D, changes in the resonance frequency (Δf) of a quartz 
sensor are related to the change in coupled mass at the sensor 
surface, and the variations in dissipation energy (ΔD) are 
correlated to the viscoelastic properties of the oscillating mass. 
This method has been previously used to characterize aptamer-
small-molecule target interactions.62–64 For example, Osypova 
et al. exploited aptamer conformational change as a way to 
amplify the binding signal of the small molecule L-

tyrosinamide, where the aptamer backbone rearrangement 
induces the displacement of water that is acoustically coupled 
to the sensing layer.64 

Upon validating the assembly of an aptamer monolayer of 
~5 nm in thickness (Figure S5a Supporting Information), the 
sensor surface was exposed to the target serotonin and a 
decrease in the frequency by ~ 5 Hz was observed and an 
increase in dissipation of ~1.5 x 10-6 (Figure 4a). After a rinsing 
step with PBS, the signal returned to its initial value, indicating 
the reversibility of the recognition process. Observation of 
reversible binding was possible in the QCM-D due to fluidics 
integrated on its planar sensors that enabled rigorous rinsing at 
the surface to remove targets released by aptamers. However, 
removal of released targets in the confined nanoscale orifice 
inside nanopipettes is not as straightforward and is still under 
investigation for optimal and reproducible sensor regeneration.

In contrast to the serotonin-specific aptamer results, a 
control scrambled sequence measured in parallel, showed a 
negligible response upon exposure to serotonin. Quantitative 
analysis of the QCM-D data through viscoelastic modeling 
correlated the frequency and dissipation shifts to an increase in 
aptamer monolayer thickness by approximately 1.2 nm (Figure 
S5b, Table S1 Supporting Information).

Alternatively, to interrogate the surface accessibility to ions 
driven by the serotonin aptamer undergoing conformational 
rearrangement upon target capture, we conducted 
electrochemical impedance spectroscopy (EIS) measurements. 
A redox reporter ferricyanide (Fe(CN)6)3- was added to observe 
changes in the electron transfer at the solution-surface interface 
upon serotonin addition. The Faradaic impedance spectra 
presented as Nyquist plots in Figure 4b show that upon 
serotonin incubation, the electron transfer resistance (Rct; 

Figure 4. Characterization of serotonin aptamer-modified 
surfaces. (a) The decreasing frequency and increasing 
dissipation values upon serotonin target addition indicate an 
increase of aptamer layer thickness in quartz crystal 
microbalance with dissipation monitoring measurements. 
Switching to phosphate buffered saline (PBS) demonstrates 
reversible binding. Grey arrows indicate when the solution was 
switched while subsequent colored arrows indicate when the 
solution reached the sensor surface. A control scrambled 
sequence measured in parallel, resulted in minimal signal 
change upon equimolar serotonin addition. (b) Electrochemical 
impedance spectroscopy showed changes in the charge transfer 
resistance (Rct) of a redox reporter, ferricyanide (Fe(CN)6

3-) 
upon aptamer-target complex formation. The Nyquist plots 
were fitted to a Randles circuit. The Rct decreased upon target 
addition, suggesting improved penetration of the Fe(CN)6

3- to 
reach the surface.
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semicircle diameter) decreases, suggesting that the aptamer 
backbone rearrangement facilitates the access of (Fe(CN)6)3- 

molecules to the electrode. At the same time, only minimal 
changes in solution resistance (Rs), double layer capacitance 
(Cdl) and the Warburg impedance (Aw), which represents the 
diffusion of all ions to the electrode surface, were observed 
(Table S2 Supporting Information).

Both QCM-D and EIS measurements support the 
hypothesis that conformational change of aptamers occurring 
predominantly at the nanopipette tip, is responsible for signal 
transduction. The nanopipette tip is the most sensitive region 
for sensing where 50% of the electrical resistance of the sensor 
is confined within the ca. 30 nm-long tip section (Figures S6 
and S7 Supporting Information). However, the unusual change 
of the current-voltage curve upon target addition, led us to 
believe that the sensing mechanism is not as simple as aptamer-
target binding resulting in an open versus closed nanopore. 

Specifically, two phenomena are observed: (i) change in the 
permeability of the aptamer layer (e.g. a decrease of the 
resistance from 188 to 158 MΩ (ca. 16%) as observed for data 
in Figure 3a at low bias magnitudes where ICR is minimal) and 
(ii) variation of the charge density due to “dilution” charge in a 
24% thicker layer of the aptamer upon interaction with 
serotonin (6.2 nm vs. 5 nm). Both smaller charge density and 
higher permeability lead to a current increase at positive bias, 
while at negative bias these factors can cancel each other out 
leading to a different variation of the measured ion flux. In some 
cases, the current at negative biases varied slightly, like shown 
in Figure 3a, however, with no evident trend in directionality of 
change or concentration dependence. Hence, current at negative 
voltage polarity could not be used for quantification of 
serotonin. On the contrary, ion current magnitudes at positive 
biases were directly related to serotonin content (Figure 3c). 
Despite the difficulty in precise quantification of these ion 
transport phenomena (also because the model neglects the 
contribution from electroosmotic flow, EOF), our qualitative 
finite element method model supports these observations 
(Figure S8 Supporting Information). 

Alternatively, the unusual change of the voltametric 
nanopipette response to serotonin presence can be related to 
asymmetric mass-transport of the analyte. At negative pipette 
bias, serotonin is driven inwards by the electric field that can 
reach 67 MV/m at the orifice already at -0.1 V. This field may 
be strong enough to pull serotonin species rapidly through the 
nanopore so that the retention time is shorter than characteristic 
time for aptamer-target recognition (typically on the order of 
seconds, Figure 4a). In addition to electrophoretic flux, 
serotonin can be driven by EOF, which has the same direction, 
assisting in the accumulation of analyte inside the nanopipette. 
On the contrary, at positive biases, serotonin species encounter 
a large electrophoretic force (electric field spike at the border 
between the aptamer layer and bulk solution), which prevents 
the analyte from a quick escape from the pipette tip (Figure S9 
Supporting Information). This phenomenon may potentially 
lead to a longer retention of serotonin at the orifice, resulting in 
changes in both ICR and permeability.

Our hypothesis is supported by transient pulse 
measurements, where a decay in the current magnitude is 
observed at positive bias in the presence of the serotonin 
aptamers versus bare unmodified quartz nanopipettes with 
much smaller ion flux variation at negative bias (Figure S10a 
Supporting Information). Further, addition of serotonin changes 

the shape of the decay curve at positive bias while minimal 
changes are observed at negative voltages (Figure S10b 
Supporting Information). Since the flux of serotonin itself does 
not contribute to the total magnitude of the overall ion current, 
the observed current variations highlight the changes in aptamer 
layer upon target binding. 

While the exact reason for an asymmetric effect on the 
current-voltage characteristic of the nanopipette sensor remains 
unclear, our collective observations from ICR, QCM-D, and 
EIS support our mechanistic model of small-molecule sensing 
via aptamer-modified nanopipettes, which is a complex 
nanoscale phenomenon where aptamer conformational change 
within the confined orifice of nanopipettes is the principal factor 
for serotonin detection.

CONCLUSIONS
In this work, we developed a sensitive and selective analytical 
platform for quantification of serotonin using chemically 
modified glass nanopores with ca. 10 nm openings. The 
sensitivity and selectivity of the response to serotonin analytes 
is based on specific chemical interactions between serotonin 
aptamers covalently bound to the glass walls and target species 
that cause changes in physicochemical properties at the 
nanopipette tip. The nanoscale confinement of the pore plays an 
important role for signal transduction: we demonstrate that the 
target-induced conformation change of aptamer molecules 
leads to local changes in pore permeability and charge 
arrangement, resulting in changes of ion flow through the pore 
due to the phenomenon of ion current rectification. We further 
validated these observations using numerical modeling that 
qualitatively corroborate theoretical and experimental 
rectification responses. Complementary data from surface-
sensitive techniques, such as electrochemical impedance 
spectroscopy and quartz crystal microbalance measurements 
with dissipation monitoring support our mechanistic studies.

Our aptamer-modified nanopipette sensors demonstrated 
specific and selective responses to serotonin for real-world 
sensing applications. The performance of the analytical 
platform was validated in the presence of high concentrations 
of interferents with similar chemical structure in complex 
media, such as neurobasal medium. Sensors remained robust for 
extended periods of time (>4 h) compared to unmodified 
nanopipettes that clog within minutes. 

To this end, aptamer nanopipette sensors are promising for 
future investigations for interrogating neurochemical flux in 
close proximity to synapses of neural networks in situ. It is 
particularly attractive to combine its functional sensing capacity 
with precise positioning and imaging using advanced 
electrochemical techniques, such as scanning ion conductance29 
or scanning nanopore microscopes26 for monitoring 
neurochemical processes occurring at cellular interfaces with 
nanoscale resolution. When coupled to advanced high-speed 
scanning technologies capable of recording multiple image 
frames in a matter of seconds,27,28,65 this platform can provide a 
plethora of new information and potentially overcome the 
difficulties related to sensitivity (low analyte concentration) and 
selectivity typical for other (electrode-based) amperometric 
electrochemical techniques.
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The Supporting Information is available free of charge on the ACS 
Publications website.

Sensor characterization (Figures S1 and S2); Baseline 
current variability for aptamer-modified nanopipettes 
(Figure S3); Aptamer-functionalized nanopipette 
stability in complex media (Figure S4); Surface 
characterization of aptamer-modified surfaces (Figure 
S5); Numerical simulations (Figures S6-S9); Transient 
pulse measurements (Figure S10); Table S1: Values of 
the fitted parameters for QCM-D measurements; Table 
S2: Values of the equivalent circuit parameters of fitting 
Nyquist curves; Table S3: Boundary conditions of the 
numerical model and specific parameters in model 
domains (PDF).
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