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Abstract

A sensitive nanopipette sensor is established through a unique design of host—guest recognition, which could be further
enhanced by the introduction of gold nanoparticles (Au NPs). Generally, the nanopipette is conjugated with caboxylato-
pillar[5]arenes (CP[5]) or carboxylated leaning pillar[6]arene (CLP[6]) to generate recognition sites. After the addition
of pesticide molecules, they would be captured by CP[5] (or CLP[6]), resulting in a significant electronegativity change
on the nanopipette’s inner surface, which could be determined by the ionic current change. The CP[5]-modified nanopi-
pette exhibited reliable selectivity for paraquat, while the CLP[6]-modified nanopipette showed an ability of detection for
both paraquat and diquat. The addition of Au NPs improved the selectivity and sensitivity of the CP[5]-Au NP-modified
nanopipette for paraquat sensing. After optimization by lowering the size of the Au NPs, CP[5]-Au NPs (3 nm)-modified
nanopipettes achieved lower detection limits of 0.034 nM for paraquat. Furthermore, in real sample analysis, this sensor
demonstrates exceptional sensitivity and selectivity. This study provides a new strategy to develop nanopipette sensors for

practical small molecule detection.
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Introduction

Pesticides widely used in agriculture, such as paraquat
(PQ) and diquat (DQ), are designed to increase yields;
at the same time, it also causes environmental pollution
and food toxicity due to the presence of pesticide residue,
which seriously threatens the ecosystem and human health
[1]. Thus, the identification and quantification of pesticide
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residues are essential to control environmental pollution
and ensure public safety [2]. In recent years, instrumental
methods for detecting pesticide residues are generally based
on chromatographic and spectral methods [3], such as gas
chromatography or high-performance liquid chromatogra-
phy coupled with mass spectroscopy [4], fluorescence [5],
surface-enhanced Raman scattering [6], and potentiometric
[7]. These methods could achieve sensitive and specific rec-
ognition, but they generally involve tedious sample prepa-
ration, skillful operators, and expensive and sophisticated
instruments, which is not convenient for in-field detection.
Hence, it is necessary to develop a simple, reliable, and fast
method for pesticide detection.

In an attempt to accomplish the goal mentioned above,
the functionalized nanodevices and nanomaterials are highly
desirable [8]. As one of the most widely used nanodevices,
quartz nanopipettes have been utilized as a novel detec-
tion platform for various detection applications, owing to
the advantage that it can be cheaply and reproducibly fab-
ricated from quartz capillaries with a resolution of tens of
nanometers. Compared to the usual capillary electrophore-
sis method [9], the nanopipette provides a more sensitive
platform owing to its conical structure. However, to achieve
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Scheme 1 Schematic illustra- a
tion of silica nanopipette sensor
based on host—guest interaction
(not to scale). The schematic
representation of a the measure-
ment setup and b the recogni-
tion of pesticides based on host—
guest interaction on the different
functionalized inner surface of
the nanopipette
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satisfactory results with a higher ionic current response and
lower limit of detection (LOD), most nanopipette-based
devices need complex sample pretreatment and precise
equipment such as patch-clamp amplifiers. Thus, a novel,
portable nanopipette sensor capable of real-time, fast detec-
tion of target molecules is extremely desired for sensing
applications.

Generally, the rational design of functionalized nanopipette
determines the ceiling in sensitivity and selectivity of the sensor.
Among the various constructing strategies of the functionalized
nanopore, host—guest chemistry attracts tremendous attention for
its recognition and analysis abilities due to its reversibility and
selectivity for the specific substrate [10]. Several macrocyclic
hosts with a hydrophobic cavity, such as cyclodextrin, cucurbi-
turil, and pillararenes, have been used as functional molecules
to improve the performance of nanopore-based sensors [11-14].
Caboxylatopillar[n]arenes (CP[n]) and their derivatives such as
caboxylatopillar[5]arenes (CP[5]) [15] and carboxylated lean-
ing pillar[6]arene (CLP[6]) [16], as the newest host molecules,
process easy modification, and high tenability, and as such, are
an ideal platform to design receptors. However, most of the
reported research about nanopores based on host—guest interac-
tion focused on the construction of functional gated switches
rather than the potential of constructing high-performance sen-
sors, due to the poor conductivity of macrocyclic molecules.

The long goal of our research group is to develop macrocy-
clic host-based metallic nanoparticles which could be used in
catalysis, detection, and separation [17-22]. In this project, we
demonstrated an Au NP-enhanced nanopipette sensor based on
host—guest interaction for the sensitive and selective recogni-
tion of pesticide residuals (Scheme 1). The detection system
was constructed by the condensation of an amino group of
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3-aminopropyltriethoxysilane (APTES) immobilized on the
nanopipette inner surface and the carboxyl group of CP[5] (or
CLP[6]) adsorbed on Au NPs. When the pesticide molecules
enter into the nanopipette, the macrocycles would recognize
the guests [23], resulting in a significant variation of surface
electronegativity, which could be determined by the ion current
[24]. Based on the application of host—guest recognition and
the gold nanoparticle enhance effects, this sensor platform not
only demonstrated the specific recognition for PQ and DQ but
also explore the size effects of gold nanoparticles and nanopores
for the PQ detection sensitivity. The results revealed that the
smaller CP[5]-Au NPs, the more sensitive; however, the size
of the nanopore makes no difference for detection. The nanopi-
pette sensor improved the detection limit to 3.4x 10~ mol/L
and displayed a remarkable specificity toward PQ. This work
paves the way to further develop diverse nanopipette host—guest
recognition-based molecular sensors for the detection of small
pesticides molecular in the fields of environment and food
safety. Meanwhile, it also indicated a new strategy for detect-
ing bioactive compounds in the field of chemistry and biology.

Experimental

Fabrication and functionalization
of the nanopipette sensors

Nanopipettes were fabricated through a laser pipette
puller according to previous reports [25], and the CP[5],
CP[5]-modified Au NPs (CP[5]-Au NPs), CLP[6] and
CLP[6]-modified Au NPs (CLP[6]-Au NPs) were pre-
pared according to our reported procedures [15, 16, 23].
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And, all of the materials and instruments involved in this
work were shown in Section 1 of supplementary informa-
tion (SI). The functionalized nanopipettes were modified
in 2 steps: (1) the nanopipettes were backfilled with 20%
(v/v) APTES ethanol solution, followed by incubation
in a partially sealed beaker placed in a vacuum desicca-
tor for 6 h at room temperature. Then, APTES-modified
nanopipettes (APTES-nanopipette) were obtained after
thoroughly washing with ethanol and drying in a vac-
uum desiccator at room temperature for 2 h. The amino
(-NH,) groups of APTES-modified nanopipette inner
surface were used as an anchor to further functionali-
zation. (2) Five milliliters of CP[5] (CLP[6], CP[5]-Au
NPs, or CLP[6]-Au NPs respectively solution (0.25 mM)
containing 23 mg of EDC-HCI and 14 mg of NHS was
added into the APTES-nanopipette. After that, the modi-
fied nanopipette sensors were constructed by a classi-
cal EDC/NHS cross-linking reaction [14] between -NH,
and carboxyl (-COOH) groups of CP[5] (or CLP[6]) for
24 h. Finally, the as-prepared nanopipette sensors were
obtained after washing and vacuum desiccation at room
temperature for 2 h.

Electrochemical characterization

The electrochemical experiments were carried out using
the classical two-electrode system [26] with an electro-
chemical workstation (CHI 660E). In detail, current—volt-
age (I-V) measurements were performed for characteri-
zation and detection processes by sweeping the voltage
from—1to+1 V at a scan rate of 50 mV/s. KCI aqueous
solution (10 mM) was served as the electrolyte inside
and outside of nanopipette sensors. Two Ag/AgCl wires
were placed in the nanopipettes and the electrolyte as
working and counter/reference electrodes, respectively.
The infilled supporting solution of the nanopipettes and
the electrolyte in the electrolytic cell were kept the same
throughout the experiments. Each test was repeated 6
times to obtain the average current value at different volt-
ages. The rectification ratio r (r=II_/I, |, where I and
I_ refer to the ionic current at the bias voltage of +1 V
and — 1 V, respectively) was used to represent the recti-
fication status of the nanopipettes [26]. To avoid current
differences between different nanopipettes, a normalized
current change (Al/l), where AI=1-1,, I and I, repre-
sent the ionic current after and before the incubation at
the bias voltage of — 1 V, respectively) was employed to
translate the ionic current response to detection capability
of different functionalized systems.

Detection of paraquat in real sample

To evaluate the feasibility of CP[5]-Au NP-modified nanopi-
pette sensor for detection of PQ, for the real water samples,
tap water from the lab in Wuhan University of Science and
technology, river water from the Yangtze River (Wuhan),
and lake water from East Lake (Wuhan) were selected and
then filtered with 0.22-pm microfiltration membranes before
the sensing detection. The fruit and tea samples obtained
from Zhongbai supermarket in Wuhan were processed by
standard extraction methods before analysis [27, 28]. The
performance of 3 nm CP[5]-Au NP-modified nanopipette
for PQ detection in real samples was confirmed by a spiking
experiment. The detail of real sample detection is shown in
Section 7 of supplementary information.

Results and discussion

Fabrication of host—-guest based nanopipette
sensors

The quartz nanopipette was fabricated by a laser puller
instrument with a tip diameter of 72 nm (Fig. S1). To
achieve the sensitive detection of pesticides, CP[5] which
can recognize positively charged molecules was introduced
into the nanopipette. As shown in Fig. 1a, firstly, the sensor
was constructed by covalently immobilizing the APTES on
the inner wall of the nanopipette. Then, the APTES acts as
a linker to bond with the CP[5] through condensation of the
amino and carboxyl groups. Thus, the pesticide molecules
could be recognized by CP[5]-functionalized nanopipette via
host—guest interaction, resulting in a significant variation of
charge on the surface, which could be measured by the ratio
of ionic current change. Therefore, a functional nanopipette
sensor based on host—guest recognition was constructed for
pesticide molecule detection.

It is well known that the charge on the inner surface of
the nanopipette could strongly affect the ion current recti-
fication (ICR) ratio » when the polarity is reversed [29, 30].
That is, when r < 1, the nanopipette is anion-selective and the
inner surface charge is positive. When r> 1, the nanopipette
is cation-selective and the inner surface charge is negative
[31]. To monitor the modification process of the nanopipette,
the change of r was measured in KClI solution (10 mM). As
shown in Fig. 1b, the original nanopipette showed a nonlinear
I-V curve (black plots) with an r of 2.83. Because of the coni-
cal shape and presence of inherent anionic hydroxyl groups,
nanopipettes can preferentially transport cations (K™) from the
entrance to the inside when the potential was applied. After
modification with APTES, there was an obvious inversion
of the rectifying characteristics (r=0.30), indicating the suc-
cessful modification by APTES resulted in a change in the
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Fig. 1 a Schematic of fabrication of CP[5]-modified nanopipette sen-
sor based on the host—guest interaction for pesticide molecules detec-
tion; b I-V curves of the glass nanopipette (in 10 mM KCl with a
scan rate of 50 mV/s and range of —1 and+1 V) at various stages of
functionalization process: Bare (black plots), modified with APTES
(red plots), and modified with CP[5] (blue plots); ¢ I-V curves of the

polarity of the inner surface of the nanopipette from negative
to positive (red plots in Fig. 1b). Subsequently, CP[5]-mod-
ified nanopipette (CP[5]-nanopipette) was prepared by con-
necting carboxylates of CP[5] and amino groups of APTES
modified on nanopipette through amide bonds. The rectifying
characteristic returned to the initial state of cation (K*) selec-
tivity (r=1.12) due to the negative charges coming from the
carboxyl groups of CP[5]. Furthermore, the ionic current of
CP[5]-nanopipette decreased dramatically at—1 V compared
with that of bare nanopipette, which was owing to successful
modification of CP[5] resulting in decreased negative charge
and enhanced hydrophobicity on nanopipette inner surface
[32]. Due to the difficulty of measuring a quartz nanopipette
directly, the characterization of the functionalized inner sur-
face was approximated by measuring the contact angles (CA)
of quartz sheets using the same modified procedure (shown
in Fig. S2).

To evaluate the feasibility of nanopipette sensors for pes-
ticide detection, paraquat (PQ), diquat (DQ), acetamiprid
(AP), and imidacloprid (IP) were added to the electrolyte,
respectively. As a control, the I-V curves of bare nanopi-
pette and APTES-nanopipette exposed to KCl1 electrolytes
containing 400 nM PQ, DQ, AP, and IP respectively were

@ Springer

CP[5]-nanopipette in the presence of 400 nM PQ, DQ, AP, and IP in
10 mM KClI electrolyte; d histogram of ionic current change ratios
(Al/l,) of bare, APTES, CP[5], and CLP[6]-modified nanopipettes
at—1 V in 10 mM KCl electrolyte containing 400 nM different pesti-
cide molecules. The number of experiments is six (n=6)

obtained in Fig. S3a and b. The similar /-V curves in each
result suggested that both nanopipettes have no responsibil-
ity for added molecules. While Fig. 1c¢ showed the selectivity
of the CP[5]-nanopipettes for PQ. The /-V curve with an
r of 0.43 in the presence of PQ evidently differs from that
of others (the ris 1.59, 1.68, 1.65, and 1.64 for blank, and
in the presence of DQ, AP, and IP respectively). In addi-
tion, at— 1 V, the ion current decreases in the presence of
PQ, whereas it is kept at a constant in the presence of other
pesticide molecules. The above results strongly illustrated
that the positively charged PQ molecules were captured by
CP[5] through host—guest recognition [15] when it crossed
the nanopore and resulting in a positively charged inner sur-
face. Meanwhile, the CP[5]-nanopipette showed no response
for DQ, AP, and IP molecules owing to the CP[5]’s small
size, which makes it difficult to distinguish larger molecules,
even though some are positively charged (shown in Fig. S4).
Therefore, the CP[5]-functionalized nanopipette sensor
exhibits a high-selectivity response for PQ.

To gain more about nanopipette sensors based on
host—guest interactions, CLP[6] was also introduced into
nanopipette (CLP[6]-nanopipette) as a host to detect pesti-
cide molecules due to its larger cavity size and more sensitive
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for recognition [16]. Fig. S5a depicts the I-V curves of bare
nanopipettes and APTES or CLP[6]-functionalized nanopi-
pettes, revealing that CLP[6] was successfully modified on
the inner surface of nanopipettes. The presence of PQ and
DQ resulted in an obvious decrease in the ion flux across the
CLP[6]-nanopipette, whereas the current is nearly constant in
the presence of other molecules. This can be ascribed to the
CLP[6] having a stronger affinity for PQ and DQ than other
tested molecules [16]. Thus, other pesticide molecules cannot
change the inner surface properties of the nanopipette. The
current change ratio (Al/I,) at—1 V was determined to quan-
tify the changes when the ions across different functionalized
nanopipettes are in the presence of pesticide molecules. In
comparison to the current ratios obtained from the bare nano-
pipette and APTES-nanopipette (Fig. 1d), CP[5]-nanopipette
acted as a good selectivity binding site for PQ, while the
CLP[6]-nanopipette demonstrated reasonable recognition for
both PQ and DQ due to specific macrocycle recognition [23].
Overall, these results strengthened the idea that both CP[5]-
nanopipette and CLP[6]-nanopipette have a great potential
for pesticide detection.
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Fig.2 a Schematic of the fabrication of CP[5]-Au NP-modified
nanopipette sensor based on the host—guest interaction for the pes-
ticide molecules detection. b I-V curves of bare nanopipette (black
plots), APTES-modified nanopipette (red plots), and CP[5]-Au NPs
modified nanopipette (green plots), using 10 mM KCI as electrolyte.
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The enhanced sensitivity of host-guest-based
nanopipette sensors by gold nanoparticles

Supramolecular recognition of CP[5] and CLP[6] for pes-
ticide molecules is a feasible approach in electrochemical
sensors, but the low electrical conductivity limits their
sensitivity [32]. As shown in Fig. 1b, after modification of
CP[5], the current at— 1 V drastically decreased to—0.16
nA, which is not favorable in achieving the higher-sensitive
detection. Thus, the CP[5]-modified gold nanoparticles
(CP[5]-Au NPs) were employed to enhance the sensitivity
of nanopipette sensors (shown in Fig. 2a), due to the signal
magnification effects of Au NPs in sensing [33]. According
to our previous works [15], CP[5]-Au NPs were generated by
reducing the HAuCl, with NaBH, in the presence of CP[5],
which had a high dispersibility (Fig. S6a) and small size
with narrow size distributions of 11+ 1.5 nm (Fig. S6b).
Furthermore, the HRTEM image (inset in Fig. S6a) indi-
cates that CP[5]-Au NPs had well-defined crystalline with
interplanar d spacings of 2.36 and 2.05 A, corresponding to
the (111) and (200) planes of face-centered cubic Au [15].
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0 100 200 300 400
PQ concentration (nm )

NPs, CLP[6], and CLP[6]-Au NP-modified nanopipettes at—1 V in
10 mM KClI electrolyte containing 400 nM different pesticide mol-
ecules. d The relationship between the ionic current change at—1 V
and the PQ concentration (detected by CP[5]-Au NPs-nanopipette).
(n=6, for c and d)
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Similar to the CP[5]-nanopipette, CP[5]-Au NP-mod-
ified nanopipette (CP[5]-Au NPs-nanopipette) was also
constructed by amide bonds. The decreased CAs following
CP[5]/CLP[6]-Au NPs modification compared to previous
data, as shown in Fig S7, confirmed the method’s viabil-
ity. Furthermore, the SEM images of the nanopipette tip
before (Fig. S8a) and after (Fig. S8b) cutting off indicated
the successful modification. Fourier transform IR spectros-
copy (FTIR) of different functionalized nanopipettes and
corresponding molecules were shown in Fig. S9 to confirm
that CP[5]-Au NPs were indeed modified on the nanopi-
pette. The presence of typical Si—O-Si stretching mode at
1150 cm™~! [34] as well as the C =0 bond of carboxyl groups
at 1800 cm™! [35], and the absence of the -NH, mode at
1620 cm™' [36] demonstrated the successful functionaliza-
tion of CP[5]-Au NPs on APTES-modified nanopipette. XPS
spectrum of Au 4f and N 1 s (Fig. S10) further confirmed the
presence of CP[5]-Au NPs on the nanopipette inner surface.

As shown in Fig. 2¢, compared with the r of APTES-nan-
opipette (0.27), the CP[5]-Au NPs-nanopipette had an r of
2.16, which suggests that the inner nanopipette surface was
negative. Meanwhile, the ICR direction was also reversed
due to the successful incorporation of the negatively charged
carboxyl group from CP[5]-Au NPs. It should be noted that
the rectification properties of CP[5]-Au NPs-nanopipette
was stronger than that of CP[5]-nanopipette (r=1.59, shown
in Fig. Ic.), owing to the asymmetric structure of the inner
surface of the nanopipette after the induction of Au NPs
[37]. Additionally, in contrast to the weak onset current of
CP[5]-nanopipette (—0.16 nA at—0.1 V shown in Fig. 1c¢),
CP[5]-Au NPs-nanopipette could achieve — 0.42 nA, as a
consequence of superior conductivity of Au NPs. Taken
together, these results indicate that the introduction of Au
NPs indeed enhances the rectification properties and sensi-
tivity of functionalized nanopipette, which can contribute to
the higher selectivity and lower detection limits for pesticide
molecules.

The normalized current changes (Al/l)) were obtained to
interpret the ionic current response to pesticide molecules
while using different nanopipette sensors. As shown in
Fig. 2c, the CP[5]-Au NPs-nanopipette showed the high-
est selectivity to PQ (Al/I,=0.76) and a very low response
to DQ (Al/I,=0.1), AP(Al/l,=0.09), and IP(Al/I,=0.03).
Remarkably, the response of CP[5]-Au NPs-nanopipette to
PQ is 81% higher than that of CP[5]-nanopipette. This sug-
gested that the introduction of Au NPs indeed enhances the
selectivity and sensitivity of CP[5]-functionalized nanopi-
pette for PQ detection. Modification of CP[5]-Au NPs on
nanopipette not only improved the conductivity of nanopi-
pette but also enlarged the area of the inner surface that
can provide more CP[5] sites to capture guest molecules.
To illustrate the Au NPs enhancement effect, the CLP[6]-
Au NP-modified nanopipette (CLP[6]-Au NPs-nanopipette)
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was also prepared (Fig. S11). In comparison with CLP[6]-
nanopipette, the current response of nanopipette integrated
CLP[6]-Au NPs resulted in a 29% improvement for PQ, but
a negligible influence for DQ (Fig. 2¢). Thus, the introduc-
tion of Au NPs into CLP[6]-nanopipette also plays a role in
improving sensitivity for PQ. Although CLP[6]-Au NPs-
nanopipette has an obvious response for both PQ and DQ,
the current change ratio for PQ is around two times higher
than that for DQ, which can be used to distinguish them.
Nonetheless, the CP[5]-Au NPs-nanopipette exhibited a
more outstanding Au NPs enhancement effect and higher
selectivity for PQ than that of CLP[6]-Au NPs-nanopipette.
Therefore, the further investigation of CP[5]-Au NPs-nan-
opipette for PQ detection was deeply explored in a later
discussion.

Water-soluble CP[5] is an organic anion due to the depro-
tonation of the carboxyl group and exhibited a high associa-
tion constant for PQ (K= (8.2 +1.7) x 10* M), which is 70
times higher than that of a complex formed between para-
quat and perhydroxylated pillar[S]arene. When paraquats
are across the rim of the nanopipette, they were captured
by CP[5] through host—guest interaction with high binding
affinity, and the negatively charged inner surface becomes
positive. Hence, according to the different charge density
of the inner wall depending on the quantity of paraquat
captured by CP[5], the different current change ratios were
obtained to represent different paraquat concentrations. Fig-
ure 2d showed the relationship between Al/I, detected by
CP[5]-Au NPs-nanopipette and the series concentration of
PQ. The Al/I, monotonously increased with PQ concentra-
tion from 0 to 400 nM, with unsaturation and a limit of
quantitation (LOQ) of 4 nM, which also can be seen in I-V
curves (Fig. S7). The linear regression equation was Al/
1,=0.0010c +0.1609 with a regression correlation coef-
ficient of 0.9501. Then, the limit of detection (LOD) of
CP[5]-Au NPs-nanopipette sensor for PQ was calculated to
0.73 nM, based on the formula (LOD =3c/slope), where o is
the standard deviation of blank solution and with a value of
0.000245 in this experiment [32, 38]. The LOD of CLP[6]-
Au NPs-nanopipette for PQ and DQ were also respectively
obtained with values of 1.7 and 4.5 nM according to the lin-
ear regression equation simulated from Fig. S13. It is worth
mentioning that the LOD of CP[5]-Au NPs-nanopipette
for PQ is much lower than that of other reported methods
(Table S2). It would be expected that the increased sensitiv-
ity benefited from the high susceptibility of Au NPs sup-
ported macrocyclic molecules toward the guest molecules.

Optimization and anti-interference of CP[5]-Au
NPs-nanopipette sensor for PQ

Although the CP[5]-Au NPs-nanopipette sensor exhib-
ited an excellent LOD for PQ, there is still much room for



Microchim Acta (2022) 189: 251

Page70f 10 251

improvement. The size and functional molecules loading rate
of the nanopipette has a critical role in detection [33]. Thus,
the size effects of nanopipette and CP[5]-Au NPs were further
discussed. Because the low LOQ of CP[5]-Au NPs-nanopi-
pette with a value of 4 nM has been achieved, a higher LOQ
standard of 0.04 nM was artificially set to make a preliminary
judgment on whether or not the optimization was achieved.

Firstly, the size effect of the nanopipette was investigated.
As shown in Fig. S14, a series of quartz nanopipettes with
different sizes were produced by setting the corresponding
parameters on a laser puller instrument (Table S1). Interest-
ingly, the current at — 1 V decreased as decreased nanopi-
pette tip diameters because the smaller nanopore induces
the larger resistance [39]. Therefore, the larger nanopipette
may have a higher sensitivity for ion current. However, as
shown in Fig. S14g, h, and i, although they were good for
the detection of PQ with a higher concentration (400 nM),
all of three CP[5]-Au NPs-nanopipettes were not effective
for the detection of PQ with low concentration (0.04 nM).
Hence, the results of this experiment illustrated that the LOQ
appeared to be barely affected by the size of the nanopipette.
In addition, the ionic current change ratios (Al/I,) of 70-nm
nanopipettes are the highest in presence of 400 nM PQ (see
in Fig S15) and suggest the best response for PQ detection
in four nanopipettes, Thus, 70-nm nanopipette was chosen
for later exploration.

To gain the insights into size effects of CP[5]-Au NPs
on the detection sensitivity of the nanopipette (70 nm used
here) sensor for PQ, the CP[5]-Au NPs with other three dif-
ferent sizes were prepared by simply varying the precursor
solution concentration. Figure 3a displayed a series of TEM
images of CP[5]-Au NPs with different diameters. From the
size distribution shown in Fig. S16, the size of CP[5]-Au
NPs were 3.0+0.7 nm, 7.1 +0.9 nm, 11.0+ 1.5 nm (used in
The enhanced sensitivity of host—guest-based nanopipette
sensors by gold nanoparticles), and 19.0 + 1.6 nm, which
corresponding to the nanoparticles in Fig. 3a (i), (i1), (iii),
and (iv). Correspondingly, the UV—vis absorption peak
increased gradually from 505 to 511, 519, and 528 nm with
the growing CP[5]-Au NPs size. The I-V curves of bare,
APTES modified, or CP[5]-Au NPs of various size-modified
nanopipettes were also analyzed in Fig. S17. The rectify-
ing ratio of the nanopipette was larger than 1 after 3 nm
or 7 nm CP[5]-Au NP modification compared with that of
the APTES-nanopipette (r < 1). Nevertheless, the » of 19 nm
CP[5]-Au NPs-nanopipette was barely distinguished from
that of APTES-nanopipettes. The results above indicate that
only the smaller size CP[5]-Au NPs could be modified on
the inner surface of the nanopipette, and the 19-nm CP[5]-
Au NPs were too large to be modified on. Hence, the CP[5]-
Au NPs with smaller sizes may make difference in boosting
the sensitivity of nanopipette sensors.

b s C
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Fig.3 a TEM images of CP[5]-Au NPs with different sizes: (i)
3.0 nm, (ii) 7.1 nm (iii), 11.0 nm, (iv) 19.0 nm. b UV—-vis spectrum of
different CP[5]-Au NPs. ¢ /- V curve of the different CP[5]-Au NP-
modified nanopipettes before and after the addition of 0.04 nM PQ. d
Histogram of ionic current change ratios (A/I,) of different CP[5]Au

PQ concentration (nM)

NP-modified nanopipettes at— 1 V in the presence of 0.04 nM PQ. e
I-V curves of the 3-nm CP[5]-Au NP-modified nanopipette under the
addition of various PQ concentrations. f The relationship between Al/
1, and PQ concentration. All the electrochemical tests were in 10 mM
KCl electrolyte. n=6 for d, e, and f
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I-V curve changes (Fig. 3c) and corresponding Al/I,
(Fig. 3d) of nanopipette sensors modified with CP[5]-Au
NPs of different sizes were obtained before and after the
addition of 0.04 nM PQ. What stands out is that only modi-
fied with 3 nm CP[5]-Au NPs, the nanopipette exhibited
an obvious response for PQ (green plots). And, the Al/I,
of 3-nm CP[5]-Au NPs-nanopipette was achieved at 0.37
(Fig. 3d). The observed outstanding performance of 3-nm
CP[5]-Au NP-modified nanopipette could be attributed to
the highly abundant CP[5] sites that benefit to recognize
the PQ even at extremely low concentrations. Typically,
the smaller size of nanoparticles subjects them to a higher
loading rate of macrocyclic hosts and less steric hindrance
on the surface modification [40]. In this case, the CP[5]-
Au NPs with smaller sizes are easier to be modified on
the nanopipette inner surface and allow for more binding
sites of macrocyclic hosts on the same surface area. The as-
prepared 3-nm CP[5]-Au NPs-nanopipettes were then used
for PQ sensing with different PQ concentrations (from 0O to
400 nM, shown in Fig. 3e). With the growth of PQ concen-
tration, the Al/I, increased gradually and displayed a good
linear relationship to PQ concentration with a fitted equation
of Al/I;=0.0011c+0.3588. The LOD of 3-nm CP[5]-Au
NPs-nanopipette sensor for PQ was also calculated to be
0.034 nM, which is more than one order of magnitude higher
than that of 11 nm CP[5]-Au NPs-nanopipette. Therefore,
the goal of optimizing the CP[5]-Au NP-modified nanopi-
pette sensor mentioned at beginning of this section could be
achieved by decreasing the size of CP[5]-Au NPs. Compared
with other methods (as shown in Table S2), 3-nm CP[5]-
Au NPs-nanopipette exhibited the best LOD and a wider
dynamic linear range for PQ detection.

As shown in Fig. S18, either without or with PQ in the
electrolyte, all the curves at scan rates of 10, 30, 50, 70, and
90 mV/s displayed a high degree of overlap, suggesting the
scan rate scarcely affected the experimental result. Usually,
the moderate scan rate of 50 mV/s is used [14, 41]. The
influence of solution pH on the detection was investigated
by deionized (DI) water-KOH/HCI solution ranging from 3
to 11. In absence of PQ, the ion current at— 1 V decreased
with increasing acidity (Fig. S19a), owing to the protonation
of the carboxylic group on CP[5]. In particular, the deflec-
tion of r at acid environment compared with that at KC1
solution (pH =7) further confirms the positively charged
inner surface of the nanopipette. Fig. S19b to f shows the
results of PQ detection at a different pH. Remarkably, nan-
opipette makes no response for PQ added at pH=3 or 5
(Fig. S16b, c), whereas, with a strong signal at pH=7, 9,
and 11 (Fig. S19d, e, and f), because of the presence of more
protonated carboxyl at an acid solution, and more deproto-
nated carboxyl (which could enhance the capture capacity
for positively charged) in alkaline solution. In addition, the
initial current at— 1V, either in the absence (corresponding
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to 1,) or presence (corresponding to /) of PQ, decreased with
the increasing pH when pH > 7. The influence of  is caused
by negatively charged density inner surface of nanopipette,
while that of I results from enhanced recognition of more
deprotonated carboxyl group on CP[5]. Although both rea-
sons originated from pH, the former is more dramatically
affected by pH variations; thus, Al/I, also decreased with
increasing pH. Therefore, pH="7 (KCI solution without
buffer) was chosen in the following measurements.

The anti-interference of 3-nm CP[5]-Au NPs-nanopipette
was investigated by changing the scan rate and adjusting
interfering substance including metal ions and other pesti-
cides. Fig. S20 shows I-V curves of 3-nm CP[5]-Au NPs-
nanopipette exposed to electrolytes containing 400 nM car-
baryl, metamitron, isocarbophos, and atrazine (Fig. S20a) or
50 nM Ni**, Zn**, Ca**, and Cu?* (Fig. S20b). The presence
of PQ resulted in a drastic decrease in the ion flux across
the nanopipette, whereas the current is nearly constant in
presence of the other tested pesticides and ions. This can
be ascribed to the CP[5] of nanopipette having a stronger
affinity for PQ and an outstanding anti-interfering for metal
ions and other pesticides.

Detection of paraquat in real sample

In this part, to assess the viability of the tested system for
the detection of PQ in the real world, real sample analyses
were processed using 3-nm CP[5]-Au NPs-nanopipette.
Spiking was carried out at the beginning of the whole ana-
lytical process. And, the PQ standard (no more than 10 pg/L
(about 40 nM)) of drinking water from the World Health
Organization (WHO) was used as a reference [42]. Firstly,
the tap water and natural water collected from the Yangtze
River (Wuhan, China) and the East Lake (Wuhan, China)
were detected with the 3-nm CP[5]-Au NPs-nanopipette
sensor, respectively. Upon adding selected water samples,
the sensing system did not produce an obvious reversal sig-
nal of rectification (black lines in Fig. S21) comparing DI
water adding (black line in Fig. 3e), which suggests the PQ
level in the obtained samples is lower than the detection
limit of the sensor due to the diluted effect involved in the
ecosystem. To further validate the feasibility of the sensor,
the spike-and-recovery experiments using tap, river, and
lake water as an example of real samples were performed,
and the results were summarized in Table S4. Despite
the concentration of PQ in collected water is much lower
(0.2 nM) than that from WHO (about 40 nM), the obvi-
ous response for PQ can still be consistently identified by
this sensor. Additionally, the recoveries for PQ were in the
range of 92.0-106% with the relative standard deviations
less than 7.4%. These results indicated the proposed method
was reliable and practical for the detection of PQ in real
environmental water samples.
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The PQ detection of apple and tea sample was also
explored. The apple and tea were purchased from a local
supermarket (Wuhan, China). The matrix effects of the apple
and tea samples are always complicated. In order to obtain
the accurate content of PQ in the real sample, the method
of extraction-dryness-redissolution (see detail in Section 7
of SI) [27, 28] was employed to obtain the original liquid
for later experiment, including the blank sample without
PQ and experimental sample with PQ added (about 400 nM
and 4000 nM in apple and tea original liquid, respectively).
Firstly, I-V curves maintained constant when a differ-
ent volume of the blank sample of apple and tea samples
added to the electrolyte (Fig. S22) suggested that the PQ
concentration in apple and tea is too low to be detected.
Hence, the spike-and-recovery experiments using blank
samples were also employed here. As shown in Fig. S23,
linear relationship between Al/l, and PQ concentration
of Al/l,=0.0015¢+0.2955 for apple detection, and Al/
1,=0.0008¢+0.2771 for tea detection were obtained with
high-correlation coefficient, when the sensor exposed in
electrolyte with different PQ concentrations. A series of vol-
ume of experimental samples of apple and tea were added to
5 mL electrolyte to detect the PQ concentration (Fig. S24).
Recovery results accordingly relationship above were sum-
marized in Table S5. The measured recoveries were around
90% (n=06) with the RSD less than 5.0%, which suggests the
sensor is accurate and reliable and can be used for quantifi-
cation of PQ in the practical sample. Lastly, HPLC was used
as a reference to determine accurately the concentration of
PQ present in real samples (see Section 7.3 in SI), because
HPLC is considered to be reliable and highly accurate. As
shown in Fig S25 and Table S6, the PQ in the real sample
without spiking were not detected by neither nanopipette
sensor nor HPLC, while the recovery and RSD of tea and
apple samples with spiking obtained from nanopipette sen-
sor and HPLC were similar, which confirmed the accuracy
of our nanopipette sensor is sufficient.

Conclusions

A functionalized nanopipette sensor for extremely sensitive
and selective PQ detection was developed by employing
CP[5] to capture free PQ via host—guest interaction and Au
NPs to improve sensing performance. The nanopipette sen-
sor demonstrated a low detection limit, a broad detection
range, and a high selectivity for PQ over other interfering
substances. When compared to previously described tech-
niques, this strategy for PQ detection is highly sensitive,
simple to use, and quite efficient. Furthermore, the feasibility
of the proposed 3-nm CP[5]-Au NPs-nanopipette has been
proven by the determination of paraquat in real environ-
mental water samples with satisfactory results. Hence, the

gold nanoparticles enhanced nanopipette sensors based on
host—guest interaction appear to hold great practical poten-
tial for the detection of small molecules in the field of food
safety and medicine.
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