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Abstract
Glass nanopipette has gained widespread use as a versatile single-entity detector in chemical and

biological sensing, analysis, and imaging. Its advantages include low cost, easy accessibility,
simplicity of use, and high versatility. However, conventional nanopipettes based on the volume
exclusion mechanism have limitations in detecting small biomolecules due to their small volume
and high mobility in aqueous solution. To overcome this challenge, we have employed a novel
approach by capitalizing on the strong nanoconfinement effect of nanopipette. This is achieved by
utilizing both the hard confinement provided by the long taper nanopipette tip at the cis side and
the soft confinement offered by the hydrogel at the trans side. Through this approach we have
effectively slowed down the exit motion of small molecules, allowing us to enrich and jam them
at the nanopipette tip. Consequently, we have achieved high throughput detection of small
biomolecules with sizes as small as 1 nm, including nucleoside triphosphates, short peptides, and
small proteins with excellent signal-to-noise ratios. Furthermore, molecular complex formation
through specific intermolecular interactions, such as hydrogen bonding between closely spaced
nucleotides in the jam-packed nanopipette tip, have been detected based on the unique ionic current

changes.
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Introduction
Nanopore sensing, originating from Coulter counter and single ion channel recording, has been

widely used to detect, count, and analyze various biomolecules at the single-molecule level at the

physiological conditions.'”’

The nanopore method has achieved remarkable success in DNA
sequencing.® * Furthermore, it has been proven effective in detecting other biomolecules such as
RNA! and proteins.!' In recent years, glass or quartz nanopipettes, as a subtype of solid-state
nanopores,'? have gained popularity for the detection of larger biomolecules and nanoparticles.'?
Different from the conventional solid-state nanopores fabricated on ultrathin SiN or SiO»
membranes using focused electron or ion beams,'* nanopipettes can be prepared inexpensively,
conveniently, and rapidly in any chemistry laboratory using a commercial pipette puller. However,
it is still challenging to reliably pull nanopipette tips with nanopore sizes less than 10 nm. The
radius of the nanopipette used for Nanoparticle detection in resistive-pulse sensing experiments
should be approximately 1.5 to 3 times the radius of the translocating nano entity.'> Otherwise, the
molecules translocate too fast to be reliably detected by the transient changes in ionic current using

the current amplifier with the bandwidth of sub-millisecond. Therefore, there is still a significant

obstacle in applying nanopipettes for the detection of small biomolecules.

To address this obstacle, one strategy inspired by nature is to introduce a crowding effect!® in the
solution to slow down the motion of biomolecules during the translocation. We have employed
the nanopipette based Di-electrophoresis (DEP) method!” to efficiently concentrate synthetic
nanoparticles near the nanopipette tip, which introduces self-crowding near the nanopore entrance
and leads to the obvious enhancement in the signal-to-noise ratio (SNR) and the event rate of
current pulses.'®!* We hypothesize we may achieve high sensitivity for small biomolecules if we
can induce self-crowding of small biomolecules near the nanopipette tip. However, the
effectiveness of DEP force in trapping small molecules in the electrolyte is minimal due to its size
dependence and short range.?’ Previous studies have shown that the addition of macromolecular
crowding agents such as hydrogel or polymers in the solution can effectively slow down the
translocation speed of biomolecules, leading to improved detection rate and SNR using solid-state
nanopores on SiN or SiO, membranes.?!"* By introducing crowding agents polyethylene glycol
(PEG)?® or hydrogel at the trans side,?’ the sensitivity and event rate of nanopipette for biomolecule

detection are also enhanced. However, the previous work of using crowding agents did not



generate self-crowding of analytes near the nanopore and still could not detect label-free small

biomolecules, including small proteins (100 amino acids (AAs)) and small molecules (< 1 kDa).

In this report, we present a facile approach (Figure 1a) to generate controllable crowding of small
biomolecules near the nanopipette tip by combining the strong nanoconfinement effect of long-
taper nanopipette tip and viscous hydrogel at the ¢trans side. The molecule moves from the interior
of the nanopipette barrel (cis side) to the bath filled with viscous hydrogel (trans side). The
mobility of molecule is significantly reduced when entering the hydrogel, leading to a molecular
jamming phenomenon near the nanopore. Interestingly, the induced self-crowding of biomolecules
near the tip indeed greatly improves both the event rate and SNR for single-molecule detection.
We demonstrate the ultrasensitive and highly effective detection of small biomolecules, including
nucleoside triphosphates (<1 kDa), short peptides (a few kDa), and hormone insulin (5.8 kDa),
with a high detection rate (over 100 s') while using more than 15 times bigger size of the nanopore.
The crowded environment also promotes specific intermolecular interactions, leading to the
observation of nucleoside triphosphate complexes such as pairs and quadruplexes. The side effect
of self-crowding of molecules at the tip is the more complex ionic signals. However, we
demonstrate that these complex signals carry valuable information for molecular sensing and
recognition. Consequently, this novel method opens exciting new opportunities for single-

molecule studies of small biomolecules.

Results and Discussion
Maximization of Nanoconfinement Effect to Induce Controllable Molecule Crowding

This approach employs the dual slowing mechanism provided by a long-taper nanopipette (see
Figures la and 1b) at the cis side and viscous hydrogel at the frans side. The backend-loaded
biomolecules are forced to pass a funnel-shaped long nanochannel before they exit from the
nanopore orifice, which enhances the confinement effect of the nanochannel and slows down the
biomolecules as they reach the orifice. To ensure a proper mass transport efficiency of molecules
inside the nanopore barrel, we typically use a nanopipette with a nanopore diameter 5-15 times

larger than the size of the molecules. For a molecule with a 2 nm hydrodynamic radius, its root

mean square displacement of diffusion (y/(r)? = V6Dt, D is the diffusion constant, t is the time)

is over one micron in one millisecond in a three dimensional free space in 1xPBS at room
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Figure 1. Experimental setup for small molecule detection through a nanopipette. a. An illustration of
the experimental setup showing the accumulation of molecules at the nanopipette tip. b. An optical
microscope image depicting the side view of a typical nanopipette tip. The dark side represents the CNE
barrel filled with pyrolytic carbon. c. A tapping mode AFM topography image displaying the dried fibrin
hydrogel on a mica surface. d. Fluorescence images of a nanopipette tip (nanopore size ~29 nm) in 1x
PBS solution (left column) and fibrin hydrogel (right column) after loading 5 uM FITC dye at -50 mV
bias for 15 min, 45 min, and 1 hr. The yellow dashed lines indicate the outlines of the nanopipette tip. e.
Top panel (bath solution is 1xPBS without fibrin hydrogel): typical i-¢ (black) and v-z (red) traces of
insulin using a nanopipette with a nanopore diameter of ~19 nm. Bottom panel (bath solution is filled
with fibrin hydrogel): typical i-¢ (purple) and v-¢ (red) traces after the accumulation of insulin at the tip
of a nanopipette with a nanopore diameter of ~22 nm. The initial concentration of insulin is 500 pM and
Vpore 18 zero. The v-¢ trace is filtered with a digital high pass filter (20 Hz) to remove the baseline

fluctuations.

temperature. Therefore, the relatively bigger size of nanopore can still effectively confine the small
molecules, suppressing their Brownian motion with a reduced entropy. Due to the confinement,
we observed an increased sensitivity when the biomolecules were loaded inside the nanopore

barrel compared to introducing them in the open bath solution. This is also consistent with the



previous report.?® Small biomolecules with sizes in the range of a few nanometers typically reach
the tip in a few minutes through diffusion. The applied nanopore bias (Vyore) can further modulate
the mass transport of small biomolecules through the nanopipette tip. However, the
nanoconfinement from the long taper geometry of nanopipette tip is still not enough to contain
many small molecules to form molecular jamming. We thus introduce viscous fibrin hydrogel
outside the tip to provide a soft confinement and impede the exit of biomolecules from the
nanopore. The viscosity of fibrin hydrogel is approximately 530 times higher than 1xPBS and
nearly 5 times higher than the common macromolecule crowding agent PEG-8k solution with a

1:1 volume ratio®® (Figure S2).

The accumulation of small molecules can be illustrated in the fluorescence experiments using
FITC dye molecules (~ 1 nm in size) (see Figure 1d). In the bath solution without fibrin hydrogel,
the fluorescence intensity near the tip remains low throughout the 1-hour measurement, suggesting
the backloaded FITC dyes quickly diffuse out of the orifice and away from the tip. In contrast,
with the hydrogel in the bath solution at the trans side, the fluorescence intensity near the tip
increases obviously in 5 min, and then a high intensity spot was observed surrounding the tip (both
at the cis and frans sides) after 15 min. The intensity near the tip increases continuously in the 1-
hour measurement. Therefore, the hindered diffusion of FITC dyes leads to the accumulation of
FITC dyes near the tip. It should be noted that the high viscosity of fibrin hydrogel is critical. For
comparison, the bath solution mixed with PEG-8k is not viscous enough to induce the

accumulation of small molecules (see Figure S5).

Insulin is a small protein (51 AAs) with a hydrodynamic radius (Rn) 1.4 nm (see table S1). Figure
le illustrates representative current-time (i-¢) traces for the detection of insulin with (purple trace)
and without (black trace) the presence of fibrin hydrogel in the bath solution using nanopipettes
with nanopore sizes approximately 7-8 times larger than that of insulin. Current spikes were only
observed when fibrin hydrogel presented in the bath solution. The current spikes are from the
translocation events of individual insulin molecules. The current spikes are highly concentrated
(~34 s7!) inside the cluster, which is due to the accumulation of insulin. Similar cluster formation
was observed when nanoparticles are concentrated by the DEP force.!® ' These current spikes
broke up into three clusters, revealing the accumulation-dissipation cycles at the tip. Typically, the

numbers of spikes in these clusters become bigger and the gaps between clusters become smaller



with the increase of crowding level. It should be noted that the formation of insulin self-crowding
at the tip is a result of the collective confinement effects exerted by both the nanopipette and fibrin
hydrogel. The crowding of insulin is difficult to achieve when the nanopipette nanopore size is
roughly doubled and about 15 times bigger than insulin (Figure S12). Corresponding transient
changes have also been observed in the potential-time (v-f) traces (red) in Figure le. The
translocation of negatively charged insulin induces open-circuit potential changes in the floating
carbon nanoelectrode (CNE) near the nanopore (see Figures 1a and 1b). The potential changes
acquired by CNE can provide useful complementary information. However, CNE is not necessary
for this new approach. For example, similar phenomenon of insulin accumulation was observed
using a single barrel nanopipette without CNE (Figure S6). To limit the scope of this paper, we

only focus on the current changes and exclude the potential results below.

Self-crowding and Enhanced Detection of Short Peptides

Using this approach, we have tested 10 biomolecules with different Ry, D and mobility (see the
full list in Tables S1-S3). While this approach also benefits the measurements of larger entities
such as Ferritin and BSA (see Figure S7), it works exceptionally well for small biomolecules,
which are generally challenging to detect. Due to their higher mobility, small biomolecules can
accumulate in large numbers near the vicinity of the nanopore orifice within a brief period, even
with small or zero Vyore. Figure 2 presents typical results for the negatively charged peptide micro
peroxidase (MP-11) with 11 AAs and a Ry of 0.65 nm (Table S2). Similar results for a cationic
antimicrobial peptide nisin (3.4 kDa) are also acquired (see Figure S8). The nanopipette tip with a
nanopore size of ~16 nm, loaded with 100 pM MP-11, was initially placed in the bath solution (1x
PBS) above the hydrogel. The i-¢ (black) trace is stable and featureless at zero bias (Figure 2a(1)).
After lowering the nanopipette tip into the hydrogel, the i-¢ trace (see Figure 2a(ii)) remains stable
and featureless. However, a significant reduction (~45%) in the noise level of the ionic current
baseline has been observed in the hydrogel. The reduction in noise level with the nanopipette tip
in fibrin hydrogel is attributed to reduced ion mobility, which decreases the 1/f noise.?’ Typically,
after 5-10 min, we observed high-density upward current spikes in the i-¢ trace (see Figure 2a(ii1)),
which were indicative of individual MP-11 translocation events. Concurrently, the current baseline
noise is further reduced by about 20% of the value in (ii). Comparing the noise levels in traces (i)
and (ii1), it became evident that MP-11 signals could not be detected in 1xPBS. The noise power

spectral densities of traces (i)-(iii) also confirm the significant noise reduction (Figure S9). These
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densely packed spikes suggest the enrichment of the MP-11 molecules at the tip. The increased
local concentration of MP-11 in the confined nanopipette tip creates a strong volume exclusion
effect, leading to reduced salt concentrations, suppressed Brownian motion, and slower
translocation speed of MP-11. These factors further contributed to the noise reduction in the ionic
current baseline.? Like the insulin results in Figure 1e, the densely packed spikes appear in isolated
clusters. The i-f traces in Figure 2b illustrate the formation of clusters at different Vyore values.

Individual spikes in the cluster can be resolved in the zoom-in traces on the right side. The zoom-
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Figure 2. The detection of 100 pM MP-11. a. Representative i-¢ traces were obtained in 1xPBS (i),
before (ii), and after (iii) molecule enrichment in fibrin hydrogel at -10 mV bias. The nanopipette with
nanopore size of ~16 nm was used. The zoomed-in trace is from trace (iii) indicated by “*”. b. Typical
i-t traces showing the cluster formation of MP-11 at different Vpore in the presence of fibrin hydrogel.
The black dash line represents the position of zero current, not drawn to scale. The brown dash line is
the current baseline. Zoomed-in traces inside each cluster of traces in b. c. Plot showing the relationship
between event rate and Vore. For statistical analysis, event rate and event interval were calculated for at
least 3 clusters. The solid lines serve as an eye guide. The data of -30 mV is shown in Figure S10. d.

Scatter plots of Al vs. tq at different Vore values.



in traces are selected from the center of the clusters. Interestingly, the spikes are evenly spaced
especially at -10 and -20 mV. In contrast, the time intervals (tint) between two neighboring spikes
are less uniform at the beginning and end of a cluster. The changes of ti, reveal that the internal
structure of an MP-11 cluster is more organized, whereas the boundary exhibits less order. The
ordered internal structure is further disrupted at the higher Vpore (i.e., -30 mV, Figure S10). Within
each cluster, the total number and event rate of current spikes notably increases when the Vore 1s
more negative, accompanied by reduced tin with bigger variations. As shown in Figure 2c, the
mean event rate increased more than 9 times from nearly 7 s™! to 63 s™! with the Vpore from 0 mV
to -30 mV. Meanwhile, the tiy: dropped almost 7 times from nearly 59 ms to 8 ms. Therefore, the
accumulation of MP-11 can be effectively controlled by the applied Vyore with a magnitude as
small as tens of mV. The more negative Vyore induces more MP-11 to accumulate at the tip with a
higher degree of crowding. Interestingly, we also observed the occurrence of current spikes and
cluster formation even at a small positive Vpore (+10 mV) although the number of spikes in a cluster
is much smaller. So, in the case of MP-11, the electrophoretic flow (EPF) generated by the small
positive Vpore cannot fully cancel the diffusion flow of MP-11 and possible electroosmotic flow

(EOF).

These spikes have asymmetric shapes, with a faster rising time and slower decay time. Asymmetric
shape spikes have typically been observed when using asymmetric nanopores, such as track-etched
conical nanopores in a polymer membrane®® and glass/quartz nanopipettes,’! due to their
asymmetric nanopore geometry and nonuniform local electric field distribution. However, we have
found the asymmetric shapes of these spikes were also sensitive to the crowding level and often
changed. These changes should reflect the dynamic crowding environment and will be further
investigated. Furthermore, we have observed significant changes in the orientation of individual
current spikes, transitioning from predominantly upward spikes of resistive events (REs) at zero
bias to increasingly biphasic spikes of biphasic events (BEs) at -10 mV and -20 mV. Ultimately,
the current spikes become downward of conductive events (CEs) at -30 mV bias. Previous works
have shown that the transition from REs to BEs and CEs is associated with a decrease in local ion
concentration, resulting in increased double-layer thickness, enhanced EOF, and ion concentration
polarization.>3% 3 Therefore, these notable shape changes of the current spikes reveal the dramatic
variations in local ion concentration induced by the self-crowding of MP-11 at the nanopipette tip.

More notable shape changes of current spikes have often been observed for larger proteins, i.e.,
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ferritin, due to their bigger volume to displace ions. As shown in Figure S11, the dynamic shape
changes of current spikes are observed in one cluster at a constant Vpore. We observed the CEs in
the middle but REs at the beginning and end of a dense cluster, reflecting a higher degree of

crowding in the middle of a cluster.

We further studied the changes of duration (tq) and peak height (Al) of individual current spikes
with the change of local crowding level. We included both the upward and downward sections of
the biphasic spikes when defining the tq and Al, as illustrated in Figure 2b. There are some
ambiguities in determining tq and Al for the spikes of BEs because they are closely spaced and
partially overlapped. Figure 2d presents the scatter plots of Al vs. tq at different Vyore values. The
distributions of tq along with Gaussian fits as a function of Vpore are also shown in Figure 2d. As
Vpore became more negative and the crowding level was higher, the distribution of tq became
narrower and its mean value decreased significantly, suggesting the faster translocation of MP-11
through the sensing zone. Meanwhile, the mean of Al increased with the more negative Vpore and
thus the increased crowding level of MP-11 (see the inset of Figure 2d). The Al may also vary
within a cluster, reflecting the non-uniformity of the crowding in a cluster. Typically, Al is slightly
higher at the beginning of a cluster, revealing the higher local concentration of MP-11 at the front

of a cluster. Interestingly, this is different from the case of larger proteins like ferritin.

Enhancing the Detection of Small proteins with Large Proteins

To further validate the idea of improving nanopipette sensitivity by the creation of molecule
jamming, we introduce large non-interacting biomolecules as crowding agents within the
nanopipette. This approach indeed works, and the pore-molecule size ratio can be further enlarged.
One example is shown in Figure 3. Ferritin protein, with its mobility being over 20 times smaller
than insulin (see table S3), was used as the crowding agent for insulin detection. In the experiment,
a solution containing 500 pM ferritin was added to the nanopipette with a nanopore diameter of
approximately 40 nm (almost 15 times bigger than the insulin size), and the mixture was left for
approximately 2 hours. Since both ferritin and insulin are negative at neutral pH, a negative Vpore
was applied to drive them electrophoretically toward the sensing zone of the nanopore. Upward
current spikes corresponding to REs of individual translocating ferritin were observed with an

event rate ~14 s’ in the i-¢ trace at -30 mV (see Figure 3a(i)).
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Figure 3. Detection of insulin using ferritin as the crowding agent. The Vo is always -30 mV. The cis
side inside the nanopore barrel is 1xPBS and the frans side is fibrin hydrogel. The size of the nanopore
is ~40 nm. a. Representative i-¢ traces within an accumulated cluster at different time points: (i) the
nanopore barrel is filled with 500 pM ferritin; (ii-iv) the nanopore barrel is filled with 250 pM ferritin
and 250 pM insulin and after applying -30 mV for 5 min (ii), 28 min (iii) and 75 min. b. Corresponding
scatter plots of Al (y-axis) vs. tq (x-axis) for the current spike events appeared in the i-¢ traces. The
shaded regions within each scatter plot represent the histogram of Al. The zoom-in i-¢ trace in each plot
shows the representative current spikes with the definitions of Al and t4. c. Schematic diagrams to
illustrate the proposed crowding changes at the nanopipette tip.
The Al of these current spikes mostly fell within the 30-60 pA range, as depicted in Figure 3b(i).
The scatter plot displays only one set of distributions. The ferritin solution within the nanopore
barrel was subsequently replaced with the solution containing the mixture of ferritin and insulin
both with 250 pM concentrations. The loaded nanopipette was left for about an hour before
measurements. Figure 3a(ii) displays the i-f trace after applying -30 mV for 5 min. The event rate
of current spikes is more than doubled (~34 s!) and the current baseline decreases slightly,
suggesting a higher degree of crowding. In addition to the current spikes like the ones observed in

Figure 3a(i), small upward spikes also appeared, as better illustrated in the inset in Figure 3b(ii).
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The scatter plot in Figure 3b(i1) displays two distinct sets of distributions, indicating the presence
of two different populations of proteins. The distribution of the large spikes closely resembles the
ferritin distribution in Figure 3b(i). The smaller spikes, ranging in magnitude from 5-20 pA, were
thus attributed to insulin. The ferritin spikes still dominated the recorded signals with a percentage
of nearly 86%, which is attributed to the residual ferritin from the first load. The insulin from the

second load have just reached the sensing zone at the tip (see Figure 3c(ii)).

Figure 3a(iii) depicts the i-¢ trace after applying -30 mV for 28 min with the second load. The event
rate of current spikes remains high at 40 s”. The current spikes are nonuniform and two types of
spikes are clearly visible. There are fewer large spikes with peak heights ~30-60 pA but more small
spikes with peak heights ~10-20 pA. Furthermore, the spikes become slightly biphasic with a small
dip following the large upward spike. The change in the spike shape reflects a decrease in local
ion concentration and an increase in ion polarization resulting from the heightened local
concentration of proteins.’? The scatter plot in Figure 3b(iii) demonstrates that the percentage of
small spikes (~75%) is significantly higher than the percentage of large spikes (25%). The tq
distributions for both ferritin and insulin become broader, attributed to the increased crowding at
the tip and more collisions during molecule translocation. As shown in Figure 3c(iii), the smaller
insulin, with higher mobility, gradually fills up the voids between large ferritin and replaces ferritin

in the tip.

Figure 3a(iv) displays the i-¢ trace taken at nearly 75 min after the initial recording. Now the trace
is densely occupied by small spikes with an event rate of 28 s”!. The spikes are mostly downward
(CEs). Additionally, we noted a decrease of about 10-14% in the magnitude of the current baseline.
In Figure 3b(iv), only one set of distributions from insulin appears in the scatter plot. The
distribution of tq becomes very broad, and the mean of tq obviously increases, suggesting the
molecules move slow, which also lowers the event rate. All these changes suggest that the insulin
has completely replaced the ferritin and that an increased accumulation of insulin near the tip has
occurred (see Figure 3c(iv)). The results also show that insulin and ferritin can be fully separated
based on their mobility difference in the nanopipette, revealing the non-interacting nature of the

mixed molecules.

As we mentioned earlier, insulin can only be enriched and reliably detected when the nanopore

size of the nanopipette is less than 20 nm and the pore-molecule size ratio is less than 10 (see
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Figure le). If the size ratio exceeds 10, insulin is unable to be enriched and reliably detected (see
Figure S12). Therefore, ferritin plays a critical role in enhancing the volume exclusion effect and
facilitates the crowding of insulin. It is worth noting that besides ferritin, other larger proteins such
as BSA can serve as the crowding agent to enhance the detection of insulin as well (see Figure

S13).

Probing Intermolecular Interactions Between Nucleotide Triphosphates in a Crowded

Environment

The jam-packed nanopipette tip should promote interactions between closely spaced molecules
thus provide valuable opportunities to probe various interactions between small molecules in a
crowded environment, like the cytoplasm of a living cell. Considering the well-understood
hydrogen bonding interactions between nucleobases, we studied nucleoside triphosphates. Figures
4a-c display the results involving the mixture of adenosine triphosphate (ATP, 507 Da) with
deoxycytidine triphosphate (dCTP, 467 Da). The initial i-f trace in Figure 4a(i) reveals frequent
downward current spikes (CEs) with an event rate of 13 s’ following the accumulation of pure
ATP. Subsequently, a solution of 100 pM dCTP was added to the nanopipette. As shown in trace
(ii) of Figure 4a, more spikes with a higher event rate of 64 s’ are observed in trace (ii) than in
trace (1) after 10 min of recording. The current spikes in trace (ii) show two distinct Al levels. At
35 min, trace (iii) is dominated by smaller spikes with a high event rate of 92 s™!. Histogram (i)
represents ATP alone and can be fitted by a single Gaussian distribution with a mean Al value of
11.3+4.7 pA. Histogram (i1) at 10 min can be fitted by two Gaussian peaks: one at 6.8+5.1 pA
and the other at 12.8+6.3 pA. Histogram (ii1) at 35 min again can only be fitted by a single
Gaussian peak at 6.6 2.5 pA. We assign small amplitude Al; to dCTP and big amplitude Al to
ATP (see the yellow shaded regions). The results remind us of the results in Figure 3 and manifest
the weak interactions between ATP and dCTP. As illustrated in Figure 4c, the molecules
accumulated at the tip changed from ATP to ATP/dCTP mixture and then to dCTP. Considering
the well-known base pair complex between A and T nucleobases (see Figure 4¢), we proceeded to
investigate the mixture of ATP and deoxythymidine triphosphate (dTTP, 482 Da). Initially, we
accumulated ATP at the tip and observed uniform downward peaks (CEs) in the i-f trace (i) of
Figure 4d with an event rate of 97 s™!. Correspondingly, we observed a single population with a

mean value of 41.84+9.8 pA in the histogram (i) in Figure 4d. Here, the higher event rate than that
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in Figure 4a(i) is due to the smaller pore size and a higher degree of crowding. Subsequently, we
added dTTP and allowed them to accumulate at the tip for 15 min. As a result, the current spikes
in trace (ii) (event rate of 104 s™') became non-uniform, exhibiting spikes that can be divided into
three Al levels. In the corresponding Al histogram (ii), the first peak was at 26.1+10.7 pA and the
second peak was at 44.2+19.6 pA. The long tail of the Al histogram can be fitted with a broad
peak with a mean of 62.9+£50.1 pA, corresponding to the largest spikes.
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Figure 4. Probing intermolecular interactions between nucleoside triphosphates ATP and dCTP (a-c) and
between ATP and dTTP (d-f). The initial concentrations of nucleoside triphosphates are always 100 pM
and the applied Vo remains at -20 mV. The cis side inside the nanopore barrel is 1xPBS and the trans side
is fibrin hydrogel. The nanopore size is ~23 nm for results in a-c, and ~14 nm for results in e-f. a. Typical
i-t traces for ATP alone (i), 10 min (ii), and 38 min (iii) after adding dCTP. Corresponding Al histograms
of current spikes are shown next to the i-z traces. The solid lines represent the Gaussian fits to the
histograms. The zoomed-in typical spikes are shown on the right side. b. Molecular structures of ATP and
dCTP drawn by Chem3D after energy minimization. c¢. Schematic diagrams to illustrate the level of
crowding of ATP and mixture of ATP with dCTP. d. Typical i-¢ traces for ATP alone (i), 15 min (ii), and
40 min (iii) after adding dTTP. Histograms of Al of current spikes are presented next to the corresponding
i-t traces. The zoomed-in views of typical spikes are presented on the right side. e. Molecular structures of
dTTP and hydrogen bonded ATP-dTTP complex. f. Schematic diagrams to show the formation of ATP-
dTTP complexes.

These spikes are attributed to the formation of hydrogen-bonded ATP-dTTP complexes. Some of
the current spikes in the i-¢ trace display two spikes in proximity, further indicating the presence
of interacting pairs. After 40 min of recording, the event rate decreased (44 s™'), but the percentage
of the largest spikes obviously increased (see trace (iii) and histogram (iii)), suggesting that more
ATP-dTTP complexes were formed. We have waited for more than 1 hr but we still did not observe
a single distribution in Al. The notably different results between the ATP/dTTP mixture and
ATP/dCTP mixture demonstrate that crowding can promote specific interactions between closely

spaced molecules.

Considering the same charge and small size difference between ATP and dCTP or dTTP (see
Figures 4b and e), it is surprising to observe the significant difference in Al In our repeated
measurements, we have noticed that the dCTP and dTTP are difficult to be detected alone and their
spikes are always CEs when mixing with ATP (see Figure 4 and Figure S14). Meanwhile, the
spikes of ATP always appear as CEs or BEs but not REs (see Figure S14). Therefore, these
molecules are mainly detected in a more crowded environment. The more crowded environment
thus enables a bigger difference in Al, which may have originated from the different interactions
between moving ATP and surroundings in a jammed environment. The detailed mechanism still
needs further investigation. Anyway, this phenomenon points in a new direction to enhance

selectivity for label-free detection. Compared with ATP, guanosine triphosphate (GTP, 523 Da)
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have stronger self-interactions and can interact with each other through Hoogsteen hydrogen bonds

and form stable assemblies such as quadruplex structures.>> We used the Vpore to modulate the
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Figure 5. Probing self-interactions between jam-packed GTP. The size of the nanopore is ~18 nm. The
initial GTP concentration is 500 pM. a. Representative i-¢ traces at different Vpor. biases. Zoomed in
traces showing individual current spikes are on the right side next to the corresponding i-¢ traces. b. Event
rate at different Vyore. The error bars were calculated based on the standard deviation of at least 3 different
clusters. The dash line serves as a visual guide. c. Box normal plot of tq at different Voo biases. d.
Molecular structure of a G-quartet. The structure is drawn by chem3D software after energy
minimization. e. i~ traces before and after adding potassium ion at the cis side. Zoomed-in traces are

presented below the corresponding i-7 traces.

degree of crowding at the nanopipette tip and, consequently, the interactions between GTP.
Different from ATP, we observed more dynamic and less uniform shape changes for the current

spikes, which is attributed to the stronger self-interactions of GTP and a higher heterogeneity in
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local molecular density. As shown in Figures 5a and 5b, when the Vore is more negative, the event
rate increases, suggesting the crowding level increases. Correspondingly, the spike shapes
transition from monophasic upward REs at zero bias to biphasic at -20 mV and monophasic
downward CEs at -40 mV. Interestingly, at -20 mV, current spikes appear in small groups (see
Figure 5a(i1)). About 80-90% of the groups contain four spikes. We attribute the origin of these
spikes in a group of four to the formation of G-quartet complexes (see Figure 5d).>® The formation
of spikes in a small group always has been repeatedly observed in the GTP only experiments but
never in the ATP only experiments. Although the number of spikes in a group appears much more
often as 4, the number can vary from 3 to 7, likely depending on the local crowding level and
packing structure of GTP. At -40 mV, the spikes are very dense in the trace but can be generally
divided into two groups: slow and fast events. The fast spikes are like the spikes observed at zero
and -20 mV and are attributed to the translocation of individual GTP. The slow spikes show a
much bigger duration time, which is attributed to the translocation events of GTP complexes. This
is supported by the fact that we have observed the dynamic transition from a small group of spikes
with small tq4 to a merged peak with bigger tq in one trace (see Figure S15). We have also conducted
experiments with a higher bias. Even denser spikes were observed at -100 mV with many grouped
spikes (see Figure S15). Figure 5c shows the change of tq as a function of Vpore. Two peaks are
observed for the tq distribution at -40 mV, which is attributed to the existence of slow and fast
spikes. Considering the slow spikes are likely from the GTP complex, we also include tqc of small
clusters (as defined in Figure 5a(ii)) for the data at -20 mV. In this way, we can see the continuous
decrease of translocation time of individual GTP or GTP complex with the increase of Vyore

magnitude.

The hydrogen-bonded GTP assemblies are often stabilized by centrally coordinated potassium ions
(see Figure 5d).*” We thus examined the possibility of GTP assemblies with and without potassium
ions. As shown in Figure 5e, the small group formation of spikes cannot be observed initially
without potassium ions in the solution but appears after adding potassium ions to the solution

inside the nanopipette nanopore barrel.

Conclusion
In summary, we have successfully demonstrated a novel approach to enable the nanopipette to

achieve an unprecedented sensitivity for the detection of small molecules at the single-molecule

level by maximizing the nano-confinement effect of the nanopipette tip. By hindering the exit of
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small molecules using viscous hydrogel at the trans side, the nanopipette tip can be jammed with
molecules. The jammed nanopipette tip creates a smaller nanopore. However, the effect of
molecular jamming is not just reducing the volume of nanopore, but also displacing ions and
further reducing the mobilities of ions and molecules. The slowed movement of molecules and
ions leads to a high SNR for current spikes and the enriched molecules lead to a high event rate.
The ion concentration variation also induces rich and dynamic variations in the ionic current
signals, providing valuable information on the local crowding level. This approach proves
particularly advantageous for detecting small biomolecules as their higher mobility allows them
for effective and fast enrichment at the tip even without applying any bias. Implementing
nanopipettes with pore sizes larger than 10-15 nm, we have achieved high throughput detection of
small biomolecules in the size range of approximately one to a few nanometers under physiological
conditions. By introducing noninteracting larger molecules to enhance the volume exclusion effect
at the cis side inside the nanopipette, small molecules more than ten times smaller than the pore
size can still be effectively enriched and detected. Furthermore, this novel approach enables the
nanopipette to function as a nano-reactor for investigating intermolecular interactions among small
biomolecules in a crowded environment. As a model system, the interactions of nucleosides
triphosphate have been successfully probed. We also observed the enhanced molecular recognition
capability to differentiate different nucleoside triphosphates. Although the detailed mechanism
still needs further investigation, we believe the concept of jamming molecules in the nanopipette
tip to improve molecule sensitivity is a significant advancement for the nanopipette-based
nanopore sensor. The approach is simple, inexpensive, and requires no further modification. With
its versatility and promising capabilities, we anticipate that this new method will find diverse
applications and open new avenues for scientific exploration, such as small molecule counting and
detection, biomolecule stereochemistry, oligomerization, and interaction dynamics.
Experimental Setup and Measurement.

Reagent and Material. Equine spleen ferritin (ferritin), BSA, insulin, and lysozyme from chicken
egg white, nisin, PEG 8000 (89510), MP-11, ATP, GTP, dTTP, dCTP, and FITC dye used in the
experiments were purchased from the Millipore Sigma. All the molecule solutions were prepared
in 1xPBS with the typical concentration in the range from 100 to 500 pM. The 1xPBS solution (pH
7.4) was prepared by dissolving PBS powder (8.0 g of NaCl, 2.89 g of NaHPO4.2H>0, 0.2 g of
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KCL, 0.2 g of KH2PO4) in 1 L of deionized (DI) water. All solutions were prepared using DI water
(~18 MQ) (LabChem, ACS Reagent Grade, ASTM Type I).

The Fabrication and Characterization of Multifunctional Nanopipette. Following the
previous report, the multifunctional nanopipettes were fabricated from quartz theta capillary tubes
(FG-QT120-90-7.5, Sutter instrument).>® In brief, the quartz theta pipettes were first cleaned by
piranha solution (Sulfuric acid and hydrogen peroxide in the volume ratio 3:1) and then pulled by
a laser puller (P-2000, shutter Instrument) with the following parameters: Heat= 825, FIL=3,
VEL= 220, PUL=190. Then one of the barrels was filled with pyrolytic carbon to form the CNE.*
The nanopore size was estimated based on the measured ionic conductance from the current-
voltage (i-v) plots (see Figure S1). Depending on the size of tested biomolecules, the diameters of
the prepared nanopipette nanopores are in the range of 15-70 nm. The effective surface area of
CNE was estimated from the cyclic voltammogram (CV), which is in the range of 0.15-0.9 pum?
with an average effective surface area of ~0.3 pm?. It is important to note that the CNE is not
required for this approach. We primarily utilized CNE as a complementary detection method to

probe changes in the local electrostatic environment.

Experimental Setup. The molecules are loaded from the backend of a nanopore barrel of a long
taper quartz single-barrel or dual-barrel nanopipette (see Figure 1a). The typical volume for a load
is 7-11uL. After loading, we typically wait for 1-2 hr for small molecules and 3-5 hr for larger
proteins before measurements. The ionic current-time (i-f) and potential-time (v-f) were recorded
using an experimental setup as illustrated in Figurela. The electrochemical measurement was
performed using an Axopatch 200B amplifier (Molecular Devices Inc., CA). Freshly prepared
Ag/AgCl wires were used as the electrodes and a battery-powered high-impedance differential
amplifier was used to measure the open-circuit potential of the CNE. The bandwidth of the low
pass filter is 5 kHz for current and 40 kHz for potential signals. The data were recorded by
Yokogawa oscilloscope (DL850) with a sampling rate of 50 kHz. All experiments and

measurements were performed at room temperature.

Fibrin Hydrogel Fabrication and Characterization. Sterile fibrinogen from human plasma
(Millipore Sigma, F3879) was dissolved in 1xPBS at 35 mg/ml and kept at 37°C for about two
hours. Thrombin from human plasma (Millipore Sigma, 9002044) was dissolved in 1x PBS at 100

U/ml. Thrombin solution was then added to the fibrinogen solution with a 1:3 ratio by volume at
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37°C. The mixture of about 100 pL was left in a small PDMS chamber for about 20 min to form
the hydrogel. We then added about 20 pL of 1xPBS solution to the surface of the hydrogel. The
topography images of fibrin hydrogel were collected by AFM (XE-Bio system, Park system Inc
Santa, CA) in tapping mode with cantilevers whose stiffness was 0.4 N/m. To prepare the sample
for AFM imaging, a few drops of freshly prepared fibrin hydrogel (~30 pl) are dried on the freshly

cleaved mica surface for 10-20 min.

Data Reproducibility and Analysis. To guarantee the reproducibility of the results, the
measurements for each biomolecule have been repeated by at least three nanopipettes. The ionic
current and potential data were analyzed by using custom programs written in LabVIEW and
OriginPro 2018b. The moving average smoothing method with a 2 ms time window is typically
applied to the data before statistical analysis. Image] was used to analyze the AFM and

fluorescence images.
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