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Abstract

Nanopore sensing of single nucleotides has emerged as a promising single-molecule technology for
DNA sequencing and proteomics. Despite the conceptual simplicity of nanopores, adoption of this
technology for practical applications has been limited by a lack of pore size adjustability and inability to
perform long-term recordings in complex solutions. Here we introduce a method for fast and precise on-
demand formation of a nanopore with controllable size between 2-20 nm through force-controlled
adjustment of the nanospace formed between the opening of a microfluidic device (made of silicon nitride)
and a soft polymeric substrate. The introduced nanopore system enables stable measurements at arbitrary
locations. By accurately positioning the nanopore in the proximity of single neurons and continuously
recording single molecule translations over several hours we have demonstrated this is a powerful

approach for single cell proteomics and secretomics.

Keywords: Dynamic nanopores, biomolecular sensors, AFM-integrated nanopores, nanoconfinement of

biomolecules, single-cell proteomics.



Nanopores are fundamental to life since they enable cell regulation and many cell-to-cell interactions.*
The translocation of an object such as an ion or a molecule is enabled by the constriction of the pore,
allowing passage only to objects with specific physical or chemical properties.* Solid-state and biological
nanopore systems have been developed over the last two decades for various applications ranging from
water desalination? or energy generation® to biomolecular sensing and diagnostics.* Biological nanopores,
such as o—haemolysin, have enabled DNA sequencing,® and paved the way towards commercially
available low-cost DNA sequencing devices.®’ Other applications include the determination of single-
molecule kinetics® or the directional control of a molecular hopper.® On the other hand, solid-state
nanopores (such as silicon-nitride,'° graphene,*'? M0S,*3 or WS, * and glass pipette’>!® pores) have
shown promise for protein sensing'’ since they can operate under a wider range of environmental
conditions, including high electrical bias potentials,'® high temperatures'® and function in the presence of

denaturants like sodium dodecyl sulfate (SDS).?°

Despite the conceptual simplicity of nanopores, pore-clogging by proteins or other molecules and
nanopore degradation often remain a serious bottleneck for long-term measurements.?->® Moreover, to
measure multiple proteins of different dimensions or charge, nanopores with adjustable openings are
needed. Both biological and solid-state nanopores have fixed aperture sizes which cannot be changed on
demand. Another major challenge is to increase the temporal resolution for detection of the translocating
molecules.?* One possibility to improve temporal resolution is to increase the sampling rate of the
electrical signal, which comes at a cost of higher electrical noise.?® Hence, recent attempts focus on
slowing-down the translocation velocity of the biomolecule, for example by introducing a physical barrier
for molecular diffusion,?>2° controlling electrostatic forces,*® pressure,®! or chemical modification of the

pore’s surface.®



In this work, we propose a method to form a force-controlled nanopore (FCNP) by modifying the
aperture of a rigid micropore mounted on an Atomic Force Microscope (AFM) when bringing it in contact
with a soft substrate. The proposed system creates variable sized nanopore able to take measurements over
the course of several hours. We show the technique enables localized detection and characterization of
nanoparticles, DNA, proteins and peptides. Further, we demonstrate long-term monitoring of single-cell

neural activity by measuring the size-specific time resolved secretome.



Results and Discussion

Formation of a force-controlled nanopore at the interface of a rigid, micro-structured
and soft, polymer surface

A force-controlled nanopore (FCNP) was formed at the interface between a soft polydimethylsiloxane
(PDMS) substrate and the aperture of a SisN4 micro-channeled AFM cantilever®® creating a nanoconfined
area (Figure 1a). The cantilever, with a nominal spring constant of 2 N/m, has a 10 x 10 x 7 um? pyramid
at the extremity with an aperture of 300 nm diameter at its apex. The aperture edge is not on a planar
surface, but it is characterized by four sharp corners that form arches with a maximum height of 20-50 nm
along the perimeter (see Figure 1b). The ionic current through the aperture was measured using two
Ag/AgCI electrodes — a reference electrode in solution and a working electrode inside the cantilever
reservoir. The cantilever was mounted on an AFM head (with an angle a of ~11°), allowing control of
the force between the cantilever tip and the substrate. During the approach, movement of the cantilever
was monitored through an optical prism (to reflect light 90° into the optical microscope). The highest force
applied was 2 uN, leading to a maximum deflection angle of 1.15° along the 40 um cantilever with a
spring constant of 2 N/m. Therefore, a constant angle of ~11° (the mounting angle) is assumed between
the apex of the cantilever and the surface of the PDMS substrate at all forces (see Figure 1c-e). The force
between the cantilever and the substrate results in an indentation of the probe apex into the substrate. The
indentation depth is defined as the difference between piezo position from the contact point and the
deflection (bending) of the cantilever. The displacement-force curves of a typical indentation of the
cantilever into a PDMS layer with Young’s modulus of 2 MPa are shown in Figure 1f. The indentation
showed a linear behavior with increasing force and dependency on the substrate stiffness (Figure S8 and

Table S1).



For the electrochemical characterization of the nanopore at different applied forces, I-V curves were
recorded in 2 M KCl and 150 mM phosphate buffered saline (PBS) at pH 7.4 (Figure 2a and b). The pore
exhibited a linear resistive characteristic when the apex was far from the substrate, whereas the curve
deviated significantly from the linear behavior when the apex was in contact with the substrate. The
resistance across the pore increased with the applied force, suggesting the nanopore size decreased.
Rectification of the ionic current occurred at applied forces exceeding 0.1 uN, indicating the surface
charge both of the pyramidal silicon nitride probe and the spin-coated PDMS substrate strongly influence
the measured conductivity due to the influence of electrical double layer in confined spaces.3*3" At lower
salt concentrations (Figure 2b) the double layer effect is stronger due to the increased thickness of the

double layer.

The nanopore formed instantaneously as the AFM tip came into contact with the substrate, as it is
indicated by the instant change in the ionic current upon contact with the surface (Figure 2c). In these
experiments the cantilever approached the surface with a constant speed until a set point force was reached.
For comparison with the behavior on soft substrates, distance-current curves were obtained when the AFM
cantilever approached a glass substrate (stiffness in the GPa range). The resistance drop was less than 0.1
MQ, not sufficient to form a FCNP (Figure S9a). Therefore, we concluded that contact between a rigid
and a soft material is essential for the formation of a FCNP. The current stabilizes after the contact;
however, with a drift proportional to the force. The drift decayed after a few minutes (Figures S11b and

S12b) and subsequently disappeared from the measured data.

A finite element method simulation was used to estimate the nanopore size as a function of the maximum
gap height between the cantilever and the substrate (Figure S5 and S6). The simulation was carried out
for two scenarios (Figure 2d): a) a flat indentation of the cantilever and b) an indentation at the mounting

angle of 11°. The obtained resistance values from scenario b) corroborated the experimental results,



supporting our hypothesis that the contact angle between the apex and the substrate remains constant as
shown before. The simulations further indicated that control of the nanopore with single nanometer
precision is possible. However, the simulation did not include surface charge effects which play a crucial
role in the conductive properties of the FCNP. Therefore, to validate our estimation of the size of the
FCNP, translocation of different nanoparticles and DNA molecules through the adjustable nanopore was

investigated — always with a positive bias applied between the two electrodes.

Nanopore calibration with nanoparticle and DNA translocations

Translocation of polystyrene nanoparticles with a mean diameter of 20 nm through the nanopore was
recorded. The particles were functionalized with carboxyl (-COO") groups resulting in a negative net
charge. While the translocation events were observed for force set point values of 5 nN and 10 nN, the
pore was too small for nanoparticles translocation at a set point higher than 50 nN (Figure S14) — thus,
the biggest separation between PDMS and apex (i.e. nanopore dimension) is estimated to be less than 20

nm at set points > 50 nN.

To estimate the nanopore size at forces up to 2 uN, the translocation of carboxylated gold nanoparticles
with a mean diameter of 6 nm was investigated (Figure 3a). Figure 3b-d show examples of baseline
subtracted current transients induced by gold nanoparticle translocations at different set points. For a set
point value of 0.01 uN, translocation events could not be detected due to the low signal to noise ratio
(SNR). However, at higher forces (e.g. 0.08 uN) the higher confinement of a nanopore enabled higher
SNR for nanoparticle translocations. At 2 uN the NPs were “squeezed” between the PDMS and the apex
edges resulting in translocation times of several seconds (Figure 3e) which corroborates the simulations,

further demonstrating nanometer tuning of the dimensions of the FCNP.



The translocation of negatively charged nanoparticles yielded an increase in the ionic current in our
system while translocation of biomolecules through a free-standing nanopore generally results in a
resistive pulse. Here, dominance of charge screening over the spatial blockade leads to current
enhancement. For example, at low solution conentrations, where the thickness of the double layer
increases, the charge screening via counter-ions becomes significant and therefore a current enhancement
occurs upon DNA translocation.® Similarly, when two charged surfaces are brought in close proximity,

their double layers interfere, creating a charge sensitive region.*

In addition to the applied force, the electric potential can be adjusted to characterize the translocating
analytes. For this purpose, double-stranded DNA (dsDNA) was selected as a benchmark analyte since it
is often used in many single biomolecule nanopore experiments “*~*? due to the small dimension (~ 2 nm
thick), high negative charge at neutral pH, mechanical stability and the lack of secondary or tertiary
structures. The voltage-dependent translocation of DNA molecules was investigated at a constant force of
1 uN. dsDNA molecules with 2000 base pairs were added to the bath solution (2 M KCI, pH ~8) and their
translocation events recorded (Figure 3f). The mean peak current of the DNA translocations strictly
increased with a broadened distribution (Figure 3g), while the translocation time decreased (Figure 3h),
upon ramping the applied potential from 0.1 to 0.5 V. The translocation frequency was increased and the
translocation time was broadened further, by increasing the voltage to 2 V, but the variance of peak shape
in the current transients was increased at voltages between 1-2 V (Figure 3i-Kk). This can be attributed to
the translocation of DNA with certain conformations that could translocate through the nanopore only at

a higher driving voltage.

Classification of the peaks by their shape is a method to distinguish various conformations. Here, we
used the Principle Component Analysis (PCA) with 10 principle components and subsequent clustering

(Figure S16) to classify the translocation events, as shown in Figure 3I-n. Translocation events at lower



voltages are characterized with a single sharp profile. At 1V, the PCA does not distinguish clearly between
two or three different shapes, which indicates that DNA may enter the FCNP with many different
conformations at this voltage. This observation is supported by the distribution profile in the density plots
(Figure 30-q), which highlights two distinct current peaks of 16 and 22 nA at 0.1 V. The distribution
profiles are even narrower for translocations at a potential of 0.25 V. However, at 1 V the distribution
profile is broader, where one can see that the translocation time correlates with the magnitude of the
current change (e.g. short translocation times, 2 ms, correlate to small peak currents and longer
translocation times, 4 ms, yield larger peak currents).

Force-dependent translocation measurements of peptide Dynorphin A and BSA
protein

Next we evaluated the pore size adjustability to enable measurements of small biomolecules, such as
single peptides lacking secondary or tertiary structure. Porcine dynophin A (Dyn), an opioid neuropeptide
that is widely distributed in the central nervous system and regulates the neural activity,*® has 17 residues,
a net charge of +4e at pH 7.0, and 2.15 kDa molecular weight. Dyn translocation through the nanopore
was measured in pure PBS, where the cantilever reservoir was filled with Dyn and set to a negative
potential. Figure 4a-c show current traces with an applied electrical potential of 1 V at 0.1, 0.5, and 1.0
uN set points. The translocation time of the peptide varied from 5 to around 20 milliseconds (Figure 4d-
e). The measured translocation times were by more than three orders of magnitude longer than those
predicted by molecular dynamic (MD) simulations. For example, MD simulations predicts that a 48
residues-long peptide translocates through a 2.2 nm MoS, nanopore within 0.3 ps.** The observed
difference is most probably due to the confinement effects by the FCNP, which is not observable in

conventional nanopore systems.



To further understand the conformational states of the peptide during the translocation, principle and
independent component analyses (PCA and ICA) were performed. The normalized events with three
principle components (Figure S17) show that the current transients due to fast translocation of Dyn had a
pulse shape that appeared as a plateau at 1 V applied potential. At a lower potential of 0.75 V and at a
higher force of 1.3 uN an additional translocation confirmation appeared, distinguishable by its current
transient shape. These conformations likely arose because of the increased interaction between the peptide
and the nanopore at the lower potentials, which resulted in longer translocation times of more than 25 ms
(Figure S18f). These translocations were not observed at higher voltages (i.e. increased electrostatic
forces on the peptide), suggesting that the peptide-pore interaction was reduced at higher potentials

(Figures S18g-i).

Laminin (810 kDa), which promotes the differentiation and growth of neurons,* was too big to pass
through the FCNP (Figure S19). Hence, to compare the translocation times in this study with those of
other reports, translocation of the smaller and well-studied bovine serum albumin (BSA) was investigated.
BSA has a molecular weight of 66.5 kDa and an isoelectric point of 5.4, having an estimated charge of -
e at pH 7.4.%¢ The primary structure consists of 583 residues that give BSA the cell dimensions of 21.6 X
4.5 x 14.2 nm® 4’ (Figure 4 3D-structure). The translocations were measured at a positive potential (1 V)
and at 0.9-1.25 uN set point force (Figure 4f-i). BSA translocations were identified by a drop in the current
(contrary to the previous measurements with DNA, peptide and nanoparticles — e.g. see Figure 3),
suggesting that the pore blockade by BSA contributes more than charge screening in the recorded currents.
Through conventional solid-state nanopores translocation times below 2 ms*®% are reported.
Translocation times with the FCNP were in the order of 250 to 500 ms (Figure 4j-k), i.e. two orders of
magnitude longer. Similar to our previous measurements, increasing the set point first led to an increased

variance in the peak shape classes (e.g. appearance of multiple minima), and subsequently by increasing
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the set point to still higher values (e.g. 1.25 uN, Figure 4h), the pore size became so small that no more
translocations were detected. In the case of BSA, the stronger interaction with the pore at higher forces
could additionally result in a conformational change of the tertiary and possibly secondary structure of the

protein which is concluded from additional minima in the translocation signal.

Monitoring neural secretome at the single-cell level

The pore size adjustability in FCNP enabled size-specific, localized recordings next to the single neural
cells (Figure 5a). The cells were cultured on a glass slide coated with PDMS, as reported previously.>
The AFM tip can be positioned close to the cells with a high accuracy.>! Bright-field and fluorescent
(GFP) images of the cantilever with the living neural cells after six days in vitro culture (DIV 6) are shown

in Figure 5b-c.

Secretion of biomolecules from single neurons was monitored by positioning the AFM tip next to the
individual cells. Each cell dynamically secrets a wide range of biomolecules that possess a range of
charges and molecular weights.>? Indeed, a wide range of translocations were detected at 0.2 uN set point
and 1 V applied potential (Figure 5g). Due to the small size of the pore (< 20 nm) at this set point, it is
reasonable to assume that neural exosomes, with a size ranging from 50-100 nm,> do not translocate

through the pore (as it was shown that 20 nm nanoparticles cannot enter the FCNP at > 50 nN set point).

To enable size-controlled detection of the secreted molecules, the current recordings were performed at
different force set points. The pore size reduced with the set point, resulting in a higher SNR and longer
translocation times in the observed events (Figure 5d-f). To detect only the larger biomolecules, such as
those similar to BSA (i.e. 21.6 x 4.5 x 14.2 nm3), the pore was adjusted to 1 uN set point and 1 V
potential was applied. The translocation events are shown in Figure 5h, where a single cluster of events

is observed with a mean translocation time of 500 ms and a mean current change of 1.9 nA. As shown by
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the measurements of dynorphin, FCNP exhibited bias towards the short biomolecules with no or little
tertiary structure at higher set points, e.g. at 2.0 uN. Similarly, when the set point was increased to 2.0 uN
during the neural recording, events with a translocation time below 100 ms appeared with higher frequency
(Figure 5i). Additionally, the maximum translocation time increased with increasing set point suggesting
a strong interaction between the biomolecules and the pore walls in this range (Figure 5k). Interestingly,
at this set point we observed that the released “peptide-like” signals by a neuron appear in “trains”, where
successive translocations are followed by intervals with lower translocation frequencies (Figure 5f). In
Figure S20 current traces at even higher forces are shown which resolved the events with more details.
These spike trains were not observed during the measurement of macromolecules at lower forces,
indicating that these events are specific to the small size (‘peptide-like”) molecules. These results suggest

that FCNP is a powerful tool in monitoring the size-specific neural secretome at the single-cell level.

To evaluate the suitability of the FCNP for long-term cellular recordings, different measurements were
conducted over 5 to ~7 h, continuously (Figure S21). The corresponding force-dependent measurements
are shown in Figures S22 and S23. While clogging is an issue in most of the nanopore systems, no
permanent clogging was observed in our long-term cell recordings. The activity of single neurons at DIV
6 was monitored over the course of 340 min, at the constant potential of 2 V and the set point force of 1.0
uN (secretome maps Figure 51-m). Dimensionality reduction of all recorded events was performed with
UMAP,> an algorithm that recently was introduced and has already been used to visualize high-
dimensional data of single-cells.®® The evolutionary secretion of proteins from a single neuron was
resolved by UMAP, showing clockwise clustering (Figure 5m and Figure S24). This demonstrates the
unique capability of the FCNP as a tool for time-resolved recording of the secretome of single-cells. This
method could be combined with mass spectrometry to determine the specific type of secreted

proteins/peptides. Such measurements can potentially show differences of various cells and indicate the
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evolutionary life of single-cells, providing a tool for biological disciplines that enables studying
developmental biology, secretome-based communication such as in neural/immunological synapses, as

well as monitoring antibody secretion from immune system cells for drug screening/discovery.
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Conclusion

In this work, we presented the concept of a force-controlled nanopore (FCNP) and demonstrated the on-
demand control of a single nanopore with nanometer precision. The introduced platform relies on the
contact between a rigid microstructure and a soft material, where the spacing is controlled by a piezo
actuator. Nanopore calibration using nanoparticles and DNA fragments confirmed the simulations that the
pore can be precisely controlled in a single nanometer range. It was furthermore shown that the strong
interaction of the translocating molecules with the nanopore walls lead to an increase in translocation time
of several orders of magnitude as compared to the conventional solid-state nanopores, allowing detection
of very small biomolecules, such as peptides (2.15 kDa). Importantly, the FCNP is a clog-free system,
which enables long-term measurements in complex environments, such as in proximity of a living cell.
Measurements next to single neurons showed that the proposed FCNP system can be used to distinguish
secreted products with different sizes. The system was also shown to be very robust and stable that allowed
secretome monitoring in neuron cultures over several hours. In order to achieve functionality for single-
cell proteomics, future applications may involve protein-specific surface functionalization of both the
microstructure and the substrate, serial nanopores, protein-tailored nanostructures, and improved data

processing.
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Figure 1. Formation of a force-controlled nanopore (FCNP) during indentation into PDMS. a, Schematic of the setup, built on an atomic
force microscope (AFM) together with a micro-channeled cantilever. The adjustable nanoconfinement is formed at the interface between the
cantilever edge (black) and the deformed PDMS substrate (blue). Schematic is not to scale b, SEM image of the apex of the used hollow
AFM SisNa4 cantilevers with an opening of 300nm. Nanopores are formed at the pore edges between the corners. ¢, Microscope images
(through a 90° optical prism) of the cantilever in solution at different set point forces, where c is the cantilever far from the surface, d the
cantilever exerting a force of 0.5 uN on the PDMS substrate, and e exerting a force of 1.8 uN on the PDMS substrate. f, Indentation
(displacement-force) curves on the PDMS substrate at forces between 0.2 uN up to 1.8 uN show linear indentation of the FCNP with

increasing force.
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Figure 2. Characterization of the FCNP size at different forces. a, I-V curves in 2 M KClI solution from -2 to +2 V (inset between -0.5 to
+0.5 V). Saturation limit of amplifier reached at +420 nA. The conductance as a derivative of the ionic current with respect to the applied
electric potential is shown at the bottom. b, 1-V curves in 150 mM PBS solution between -2 to +2 V (inset between -0.5 to +0.5 V) and the
corresponding conductance shown at the bottom; ¢, shows the ionic currents (left y-axis) and the corresponding resistance (right y-axis)
during a constant-speed approach of the cantilever (100 mV applied potential); d, shows 3D COMSOL simulations of the ionic current
through the nanopore at two different angles at an applied potential of 100 mV; Solid line represents 0° angle configuration, where all four
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Figure 3. Nanopore calibration using nanoparticles and DNA. a shows an schematic illustration of the electrophoretic translocation of a
negatively charged, COO" functionalized Au nanoparticle (with a diameter of 6 nm) through the FCNP. The translocating particle exerts
forces on the cantilever (black) and the PDMS substrate (blue) due to the mechanical confinement. b-d show current traces during
nanoparticle translocations at an applied potential of 1V and at three different force set points 0f 0.01, 0.08, and 2.0 uN in 2 M KCI. e, Density
plots of translocations at 0.08 and 2.0 uN. f shows the change of ionic current measurements through the FCNP before and after injection of
2kbp ds-DNA fragments. The distribution of the peak currents and translocation times as a function of the applied electric potential are shown
in g and h, respectively. Violin and box-whisker plots show the data between 7t and 93 percentile. The circle represents the mean value,
the colored horizontal line indicates the median. The box shows the lower and upper quartiles. Subplots i-k show a section of the measured
signals in 2 M KCl at 0.1, 0.25, and 1.0 V and share the same current and time scale. Inserts show two translocations with y-axis in nA and
x-axis not to scale. The results of a principle component analysis with three principle components from | to n show passage to distinct DNA
conformation at low voltages but no well-defined principle components at an applied potential of 1 V. Density plots of translocation time and
peak current are presented in 0-q.
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Figure 4. Translocation of Dynorphin A (Dyn) and Bovine serum albumin (BSA) at different forces. a-c, Current traces of Dyn (IEP:
11.3) filled into the cantilever reservoir in PBS solution at an applied potential of 1 V and at different forces of 0.1, 0.5, and 1.0 uN. All plots
have the same scale. Three examples of translocation events are shown at different scales, next to each time trace. d and e show the
corresponding density plots at 0.1 and 1.0 pN, respectively. In blue, the chemical structure of dynorphin is given. f-i show current traces of
BSA (IEP: 5.4) in PBS solution outside the cantilever. All plots have the same scale. i shows that at a force of 1.25 pN, no BSA translocation
through the pore was observed. Three examples of translocation events are shown at different scales, next to each time trace. j and k show
the corresponding density plots at 0.9 and 1.1 uN. 3D structure of BSA (cell dimensions of 21.6 x 4.5 x 14.2 nm3) was taken from rcsb.org.
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Figure 5. Size-specific and long-term detection of secretion from single-neurons. Neuron culture and AFM cantilever are imaged with
bright field illumination a and b fluorescence illumination (Ca?* GFP). d-f, Translocation of the secreted products at forces of 0.5, 1.0, and
2.0 uN measured next to a single-neuron at DIV 6 with the corresponding density plots shown in g-i. d-f share the same time and current
scale. i has a different x-axis scale. Violin and box plots with outliers (violin), mean (circle), median (bar), and whiskers of peak current
shown in j and translocation time shown on a log scale in k. I-m long-term measurement of a neurons’ secretome at DIV 6 at a force setpoint
of 1.0 uN and a potential of 2 V. The events are clustered in bundles of 68 minutes. | shows the density plot between the 0.55-0.95 translocation
time percentile. Arrows in | show the change of the median of the single clusters over time. UMAP dimension reduction of 5512 single events
in m shows clockwise clustering according to experiment time. n, increase of cell signaling over time as a result of event frequency change.
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Experimental

Experimental Setup: The experimental setup of the force controlled nanopore is based on the fluid
force microscopy technology®® (FIuidFM) which combines an atomic force microscope (AFM) and a
micro-channeled cantilever with an apex at the tip. The force-controlled nanopore (FCNP) is formed at
the interface between a soft PDMS substrate and a SisNs micro-channeled AFM cantilever which is
mounted on an Scanning lon-Conductance Microscopy (SICM) setup as it was presented earlier®® and
already has been used for the simultaneous measurement of topographical surface properties and surface
charges on the nanoscale®” as well as for localized detection of ions and biomolecules with a force-
controlled scanning nanopore microscope.®® On the AFM head (Nanosurf, Flex-Bio) a patch clamp
amplifier (Tecella, Pico) is mounted which allows to connect the reservoir electrode to the amplifier and
measure the ionic current between the reservoir and the reference electrodes (Figure S1a). In order to
protect the setup for electromagnetic radiation, a Faraday ring is mounted on the AFM stage which
furthermore fixes the sample dish (Figure S1b). The SisN4 cantilever (Cytosurge, nanopipette) is mounted
on a holder that has a reservoir on the back side (Figure S1c). The nanopipette has an apex with a diameter
of 300 nm at its tip (Figure S1d-e) and nominated spring constant of 2 N/m. To avoid cross contamination,
each analyte was measured with a different probe and the experiments presented for each analyte were

measured with the same probe.

For the calibration of the exact spring constant, the frequency spectrum and resonance peak of each
single cantilever is used (Sader method®®). At the edges of the apex, the cantilever has four sharp corners
that form arches with a maximum height of 20-50 nm along the edges. The ionic current through the apex
is measured by two silver chloride (Ag/AgCl) electrodes — a reference electrode in solution, outside of the
cantilever and a working electrode in a reservoir connected to the micro-channel of the cantilever. The

cantilever is mounted on an AFM head with a mounting angle of « = 11° allowing to control (Nanosurf,
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C3000) the force between the cantilever tip and the PDMS substrate. The approach of a cantilever in
solution and at different force setpoints was observed though an optical prism (0.3mm right angle prism
N-BK7, aluminum protected, Edmund optics) deflecting the light from the side view by 90°, into an optical

microscope (Zeiss, Axiovert).

Fabrication of the PDMS substrate: The soft substrate was fabricated by spin-coating PDMS (Sylgard
184) at different curing agent ratios on a round microscope cover glass (diameter 24 mm, thickness 0.13-
0.16 mm, ThermoScientific). Before curing, the PDMS was left at room temperature for five minutes to
achieve a more homogeneous surface. Then the PDMS was cured in the oven at 80 °C or on a hotplate at

210 °C for 120 min. The cured PDMS layer on glass was then glued into a dish chamber (Willco Wells).

Probe preparation and electrophysiological measurements: As a first step the micro-channeled
cantilevers were plasma treated for 2 min (air plasma, at 18 W, using a PDC-32G; Harrick Plasma).
Afterwards they were directly filled with 10 uL of different buffer solutions 150 mM phosphate-buffered
saline (PBS, pH 7.4, Thermo Fisher, Gibco, 10010015), 2 M KCI at pH 8), or ~ 100 mM Hibernate E
medium (Hib, pH 7.3 £ 0.05, Thermo Fisher, Gibco) and 0.5 uL fluorescent dye (Lucifer yellow, Sigma
Aldrich). For solution preparation ultrapure water (18.2 MQ.cm, Milli-Q gradient A 10 from Merck-

MilliPore) was used. The solutions were then filtered with a 0.1 um filter (Merck, Millipore).

Next, the reservoir connector with the electrode and the connection to the pressure control (Figure S1c)
was mounted on the backside reservoir of the probe and subsequently sealed with 90 °C warm paraffin
wax. A potential bias was then set between the two electrodes and a pressure was applied to put the solution
in the reservoir to the apex of the tip until a constant current resistance was reached. Leakage could be
seen by strongly deviating resistances (Figure S2) or fluorescent liquid coming out of the probe other than

the apex of the tip.
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Nanoparticle, DNA, peptide, and protein sensing: 8 uL of 1% solid concentrated carboxyl (-COOH)
functionalized polystyrene nanobeads (PS20, Nanocs), with concentration of 8.86 x 101* particles per
mL, and a mean diameter of 20 nm, were mixed with 4 mL filtered KCI buffer (10 mM Tris-HCI, 1 mM
EDTA, 0.15-2 M KCI, pH 8.0). For smaller nanoparticles, 8 pL of 8.86 x 10'* particles per mL
concentrated carboxyl (-COOH) functional gold particles (Aurion) with a mean diameter of 5.9 £ 0.6 nm

were mixed with 4 mL filtered KCI buffer.

Each 10 pug NoLimits dsDNA fragments (Life Technologies Inc.) with 2000 and 20’000 base pairs were
mixed in 4 mL filtered KCI buffer yielding a 1.92 nM and 0.19 nM solutions, respectively. The solutions
were then filled into the PDMS coated dish (cis). A positive potential was applied inside the reservoir such

that the DNA was dragged into the cantilever.

For peptide translocation measurements, porcine dynorphin A (> 95 % (HPLC), > 65 wt%, 2.15 kDa,
Sigma-Aldrich) which has 17 residues (Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-
Asp-Asn-GlIn) was used. 0.1 mg (28.76 nmol) were dissolved in 100 uL DI water (solubility checked on
pepcalc.org) which yields a 0.29 mM solution and stored in 10 uL aliquots at -20 °C. Due to the positive
charge of +4e~ (pepcalc.org), the peptides were backfilled into the reservoir and electrophoretically
driven out of the cantilever. First, the reservoir was filled with 10 uL PBS and afterwards 1 uL Dynorphin
solution was mixed (26 uM). Bovine Serum Albumin (BSA) and Laminin were purchased from Sigma
Switzerland and solutions with 1 nM concentration were prepared of which 4 mL were put into the Willco

dish.

All, nanoparticles, DNA fragments, peptides and proteins were electrophoretically driven through the
FCNP at applied electrical potentials between 0.01 to 2 V. Data acquisition with the patch clamp amplifier

was monitored with a customized LabView program (40 kHz sampling rate and a 10 kHz digital filtering).
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A junction potential and a system capacitance was chosen to get a step function current response to a 200
ms long voltage step input (Figure S2). For data analysis a self-written code in Python 3 (available from

the authors on request) was used.

Antifouling modification of the PDMS substrate and cantilever for biomolecule and neuron
studies: Other than nanoparticle, DNA, and neuron studies, for peptide and protein studies the PDMS
substrate was coated with an anti-fouling protein resistant polymer PAcrAm-g-(PMOXA, NHa, Si) in
order to avoid sticking of biomolecules on the PDMS surface. In neuron studies this was not needed since
culturing of the neurons on PDMS in the incubator for several days was sufficient to cover the PDMS
completely with biomolecules. A detailed preparation of the polymers purchased from SuSoS AG
Switzerland has been explained in following publications.>®° The substrates were first plasma cleaned
(100 W Oxygen plasma for 2 min) and afterwards immersed in 0.1 mg/mL concentrated PMOXA solution
with 1 mM HEPES for 90 min at room temperature. Afterwards the substrate was rinsed three times with

ultrapure water.

Same procedure was repeated for the SisN4 probes that were used for peptide, protein, and neuron
measurements. When coating the cantilever, a slight under pressure was applied such that PMOXA coated

also the inside of the pore opening during immersion.

Neuron culture: Cells were isolated from cerebral cortices of E18 embryos of time-mated pregnant
Sprague Dawley rats (Janvier Labs). Approval for the animal experiments was obtained from the Cantonal
Veterinary Office Zurich. The cortices were dissociated by incubating for 15 min in 5 mL of a filter
sterilized solution of 0.5 mg/mL papain and 0.01 mg/mL deoxyribonuclease in PBS supplemented with 1
mg/mL BSA and 10 mM D-(+)-glucose in a 37°C/5% COz incubator. The supernatant was then removed

and resuspended three times with 5 mL of Neurobasal medium (Thermo Fischer Scientific) supplemented
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with 2% GlutaMAX and 1% penicillin streptomycin. The remaining solution was gently triturated to break
up the remaining tissue clumps. Cell solutions were spun down, re-suspended in fresh media and seeded
on poly-d-lysine (Sigma-Aldrich) coated Wilco dishes (Wilco Wells) at a nominal seeding density of
100,000 neurons/cm? and incubated in a 37°C/5% CO> incubator. Prior uncured, with PDMS coated glass
dishes (see section 0) were glued on the glass slides of the Wilco dishes using a drop of uncured PDMS
and subsequently cured for a minimum of two hours at 80 °C. Media was changed after 24 h to remove

debris and dead cells and then weekly for the length of the experiment.

Measurements next to neurons: To monitor electrogenic activity of the neurons, the cells were
incubated in Neurobasal medium with a 3 uM concentration of the fluorescent Ca?* indicator Fluo-4 AM
(Thermo Fischer Scientific) for 1 h, after which the medium was replaced with Neurobasal Hibernate E
(Thermo Fischer Scientific) at 37 °C. Hibernate E is a CO> independent cell culture medium able to
maintain embryonic neural cultures for up to 3 days. Background measurements in pure Hibernate E are

shown in Figure S13.

The dishes were then transferred to the FCNP setup which was surrounded by a self-built incubator box
connected to a temperature controller (The Cube, Life Imaging Services, Switzerland). The cantilever was
then placed with micro screws next to the neurons and a positive voltage inside the cantilever was applied

at different voltages.

Data analysis: The structure of the code is shown in Figure S3. The slow drift of the baseline was
corrected from the signal by using an Asymmetric Least Square (ALS) smoother®l. It uses three
parameters, a 2nd derivative constraint lambda normally set between 10° and 10°, weighting of positive
residuals normally between 107 and 10° and the amount of iterations which was always set to a value of

10. Since slow drift is removed from the signal every n' point is used to calculate the drift where n is
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typically set between 10% to 10*. The drift is subtracted from the signal and the mean of the drift is chosen
as the baseline and added afterwards to the signal. In a second step the signal is filtered again with ASL
smoother, this time building on the Whittaker smoother® to smooth high frequencies. An intermediate
threshold was defined using Otsu thresholding.®® It is assumed that there is more baseline signal than
deviations from the baseline. Afterwards the standard deviations and means of the distributions above and

below the Otsu threshold are used to redefine the baseline and event threshold.

signal — baseline

normalized signal = 1

|threshold — baseline|
The signal is then normalized by the threshold and the baseline (equation 1). Subsequently, a data

window (block) is shifted through the normalized signal and the block sum is computed which is used to
define events in the signal. The block sum has the advantage that translocations are not automatically
categorized as finished once the signal falls under the threshold but only if the data is under the threshold

for a determined amount of time.

Estimation of the nanopore size

Equivalent cylindrical pore diameter: The analytical total resistance across a cylindrical nanopore is
obtained by putting the resistances of the pore access, of the channel, and again of the pore access in series.
It can be calculated using equation 2 where o is the bulk conductivity of the pore, L is the pore thickness,
and d is the diameter of a perfectly round pore.%* L is set to 80 nm since this is the wall thickness of the

cantilever.

I—
v

= Tz T a

41, 1]‘1

1
EZG:Ubulk[

The result of equation 2 is shown in Figure S4. In this first approach, a 2 M solution with a conductivity

of 20.8 S/m and an equivalent pore diameter of 300 nm yields a pore resistance of 0.3 MQ. In the approach
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experiments (Figure S9) the measured resistance under same conditions through the apex far away from

the substrate is about 2 MQ. From equation 3 results that the combined resistance at the electrodes and
through the bulk solution is about 1.7 MQ in a 2 M solution.

Rpuik = Riotat — Rpore 3

The latter moreover implies that the pore resistance becomes the limiting factor once the probe is

approached to the substrate. The nanopore resistance furthermore depends on the geometry,% which

however is neglected in this first approach but is taken into account in a 3D simulation of the ionic current

through the apex of the cantilever.

3D simulation of ionic current through tip: A large micropore (300 nm in size) is pressed against a
soft substrate (PDMS) at a mounting angle of 11°. An SEM illustrating the exact shape of the micropore
is shown in Figure 1b. Subsequently, a nanoconfinement is created between the wall of the cantilever /
micropore and the soft substrate. The nanoconfinement presumably has an oval shape (Figures S5 and
S7). The nanopore is not round which is why the smallest dimension is defined as the pore opening. This

dimension furthermore determines whether a biomolecule can pass through the pore or not.

Also the I-V curves in Figure 2a-b show ionic current rectification which is addressed to conically
shaped nanopores.®*%-3" The size of the pore can be estimated by analyzing the ionic current through the

pore at different solution concentrations and at different forces (Figure 2).

A finite element method simulation was implemented in COMSOL in order to estimate the nanopore
size with respect to the ionic current. The nanopore size was defined as the largest distance between the
edges of the apex (red lines in Figure S5) and the PDMS substrate, also called gap height h, (¢). The tip
was modeled by subtracting a bigger outer pyramid from an in inner smaller pyramid as depicted in Figure

S5a. Afterwards a sphere with the center in the tip of the pyramid was subtracted from the remaining
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hollow pyramid structure to form an opening as this gets very close to ‘corner lithography’, the fabrication
method used to fabricate the 300 nm opening at the tip of the cantilever.%® The simulation uses an electric
currents solver to calculate the ionic current in the tip in series with an electrical circuit solver to account
for the bulk resistance of 1.7 MQ (for 2 M KCI solution) and the voltage source. Indentation into the
substrate was modeled by slicing of the tip and taking the surface of the slice as bottom substrate. Substrate
and SisNg cantilever tip were modeled as electric insulator boundaries. The sides of the simulation volume,
which is a cubic around the tip, were set to a constant ground potential of 0 V. The bottom surface of the

inner pyramid was connected to the electrical circuit using a terminal boundary.

Since the gap height hy (t) is a linear function of time ¢ with a constant approach speed at time zero
v|¢,, related by the following equation hy(t) = ho — h(t) = hy — (t — to) - v|,, the x-axes Figure S6
and Figure 2c and d of the manuscript correspond to each other until the cantilever reaches the force set
point and the gap height (i.e. nanopore size) stays constant. Simulation has been done for 2 M and 0.1 M
solutions with conductivities of 20.683 S/m and 1.672 S/m, respectively. Simulation with an angle of 11°
yielded circuit resistances as were measured during the experiments. Figure S7 shows the local electrical

field in the pore at an applied potential of 1V for both flat (0°) and 11° indentation angle.
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