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to differentiate between bound from unbound targets. Here we design highly sensitive and selective
molecular probes made from NPs designed specifically for nanopores that self-assemble and dimerise
upon binding to a biological target. We show that both single and paired NPs can be successfully
Wle improving the time and sensitivity of the biomarker detection. Nanopore sensing with
NP®onjugates can be used for applications such as antigen/antibody detection for sepsis screening and
miRINA SCquence analysis relevant to prostate cancer. We believe that such technology opens the doors

L

1. Introduw

Early-stage scregning and rapid diagnosis are essential steps in improving the effectiveness of
therapeutimntion. To this end, there has been a considerable drive to developing ultra-

sensitive biomark§detection strategies with single-molecule sensitivity. With such tools, it becomes

possible to or targets with very low abundance within complex media such as serum, urine,
and cereb | fluid. One approach that has been gaining attention is nanopore sensing.
Although I encing and DNA detection have been the major driving force™™, more recently,
there h ress in using nanopores for the detection and sensing of protein'?, nanoparticles
(NPs)®! neur itters””! and other biomolecules.™* The popularity is in large part due to the

simplicity of the approach. When nanopores reach critical diameter in the range of single
nanometri molecules are translocated one at a time through a nanometre-sized pore using an
applied ele d across an insulating membrane.™ ' ® ) |ndividual analytes are detected by
observing ¢ in the transients of the ionic current. The magnitude, dwell time, and frequency
of these SEansients reveal information such as size!®™ 8], chargelg], shape[s’ 10], dipole[ll],
concentwd in the case of nucleic acids, even the sequencem]. However, the detection of
proteins adds signilicant complexity both in terms of sensitivity and selectivity. Proteins, unlike DNA,
have a hetero us charge and typically translocate faster than can be detected, and when they
do, the{;hi;}it a lower signal-to-noise. Besides, detection of biomolecules with nanopores is
generally sensitive to the volume, and the surface charge of the analytes and improvements in the

method are needed to accurately distinguish between molecules with very similar size and charge
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composition. To date, much effort was invested to remedy these issues, which include

]

functionalisation of the nanopore lumen with binding moieties™, incorporation of field-effect-

o e d

transistors d use of high bandwidth instruments!®. One of the most promising strategies is
based on t lecular carriers such as NPs "7 and DNA™> ¥,
H

These carrigrs can be designed to bind to a target biomarker selectively (usually using a grafted

1

aptamers @ies) and subsequently translocate through the nanopore for detection. When a

biomarker bound.to the molecular carrier passes through the nanopore, a multilevel current signal is
often obse a

h the first level originating from the carrier and the secondary level caused by the
biomarker. A nu§er of groups, including our own, have already utilised DNA based molecular

carriers toﬂpecific biomolecules with high sensitivity."?> ¥ 19 However, it is difficult to

distinguish the secondary signal arising due to a partially folded DNA carrier and that of the
target analmdition, when the size of the target is small, the secondary level can be masked by
backgr i 0 address these limitations, we have designed a series of molecular probes based
around the u old NPs, which have shown that it is possible to design dimeric NPs linked by

either dsDNA orantigen/antibodies[21]_

Our stratehn differentiating between monomeric and dimeric NP probes that are sensitive

to the pres Bproteins or miRNA, Figure 1. The target biomarker triggers the self-assembly and
dimerisatio monomeric NPs. Distinguishing monomers and dimers is inherently simple as
only a gi in the translocation signal would be observed for a monomeric NP. In contrast, a

t

dimeric NP®produces a doublet and hence confirms the presence of the target biomarker. A unique

advantage of this Strategy is that it becomes possible to sense relatively small molecules, not easily

3

detected -state nanopores, as the signal originates from the NP rather than the target

analyte. We ed this strategy with two classes of molecular probes: 1) antigen bound NPs for

A

detection of procalcitonin (PCT) essential for the diagnosis of sepsis™? (Figure 1b); 2) nucleic acid
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bound NPs for the detection of short miRNA sequences which are upregulated in patients with active

[23] (

prostate cancer” (Figure 1c). By measuring the ratio between the detected monomers and dimers,

we show ttt it is possible to determine the concentration of the biomarker with high sensitivity and

selectivity -molecule level.

H
Importants both strategies are fully adaptable to studying alternative targets by

functiona‘@ NP with almost any desired antibody or nucleic acid sequence.

a b
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Figure 1. Selicmatic of the platform along with cartoon representation of monomeric and
dimeric NE > transported though the nanopore. The translocation signal can be used to
differentiatS¥@%een AuNP monomers and dimers and as a result selectively determine the
concentratj arget analytes. (b) Monomeric NPs (17-20 nm) modified with antibodies
can be usdd to initiate self-assembly and dimerisation in the presence of an antigen. This can
be qua easuring the number of doublets versus singlets in the translocation signal.

Nanopo“r: (26 =4 nm) (c) A similar strategy can be used for the selective detection

of miRN opulations of NPs can be modified to contain half of the complementary
miRNA sequenc@® In the presence of miRNA the monomeric NPs will self-assemble and

dimerise. tifying the fraction dimerised it becomes possible to determine the analyte

concentration

2. Result and discussion
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2.1. Qualification of AUNP monomers, dimers, and trimers

To valida creening ability of the AuNP conjugates, we first confirmed that the

experime ad sufficient resolution to differentiate between monomeric and dimeric
N

NPs. Init! ‘ly, the spacing between NPs was controlled by using double-stranded DNA

spacers, F® AuNP symmetrical dimers (Figure 2b) were fabricated by self-assembly
of two 17 £ AuNP monomers, each consisting of 1.5 single thiolated DNA strand (10
base linkeﬂ

bases complementary sequence) on average. Upon hybridisation, the NPs

were separated by) 35 base dsDNA spacer. To further assess the spatial resolution, asymmetric

Ci

dimers co of 10 nm and 20 nm AuNP monomers were also used, Figure 2¢. Finally,

1

trimers wi synthesised and assembled by controlling the NP monomer ratio, Figure

2d. Detail@d esis protocols and schematics of the molecular carrier designs used can be

d

found entary Note 1 and Figure S1, respectively. The geometry and size of the

nanostruc cre confirmed by transmission electron microscopy (TEM), Figure 2a-d. All

M

NP conjugates were dispersed after synthesis in a 50 mM KCl, 10 mM Tris-EDTA buffer. The
stability Mﬁrmed by monitoring the UV-Vis spectra after 24 hours and prior to

nanopore @ ents. The ionic strength of the solutions was optimised to be close to

physioologﬁiitions while minimising NP aggregation and maximising the signal-to-
noise cation signal.

Nanopomnents were performed with nanopipettes fabricated by laser-assisted pulling
using single-ba;ed quartz capillaries. **! The nanopores around 25 nm were pulled to be on
average sl arger than the diameter of the NPs, as measured by scanning electron
microscopy ), Figure S2. These dimensions closely matched the diameters (26 = 4 nm)

estimated from nanopore conductance measurements'>, 15.3+2.4nS in 100 mM KClI (n =

This article is protected by copyright. All rights reserved.
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18), Figure S3. From SEM imaging, the taper angle of the nanopipette tip was measured to
be 16. 9 + 1.1° over the first 100 nm (n=18), Figure S4, which allowed us to estimate the
effective s length to be between 25-50 nm, calculated based on a 75-80% resistance
drop at th (Supplementary Note 2, Figure S5-S6). The analyte was filled inside

[
the nano ette, where an AgCl patch electrode was placed. A ground/reference AgCl

electrode Qed in the bath, outside the pipette. By applying a negative potential, it was
p

possible t ort the AuNPs from inside (cis) to outside (trans) of the nanopipette.
Chronoanwm: traces (I-t) were recorded at clamped voltage using a high bandwidth

amplifier Ea Instruments, VC100) with a 1 MHz sampling rate and a 100 kHz low-

pass digital
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a
-
- - b
| N
L
T o
2 200
‘é -
S 100 o
X
@
o e
0730
30
0™ o5 10
fractional peak position
e
— 9007 r .
E t=0ms | t=0.81ms t=1.62ms t=243ms t=324ms
> S
S l z 800
& a | | ‘
{ @{@(\o amplifier §
] £ 7007 [ “ [
\ = | |
) % A/ h\f W" | W ﬁl ‘J HH“ i A
+ & 6001 JN T @ | )\ M.. U Iy w’i H rw LA W TN
9 SERS
750 1500 750 1500 750 1500 750 1500 750 1500

Raman shift (cm™)

Figure 2. TEM images (Scale bar, 100 nm), and current-time trace for (a) AuNP monomers
(b) AuNPs symmetrical dimers (¢) AuNPs asymmetrical dimers and (d) AuNPs trimers. The
scale bar for the current-time trace is 50 pA (vertical) and 5s (horizontal) respectively.
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Typical individual translocation events are also shown and have a scale bar of 50 pA and
20 ps. All the translocation experiments were performed in 50 mM KCI, 10 mM Tris-EDTA
and at a potential of -600 mV. Surface density plots of peak current versus fractional peak
positioM shown and clearly shows that the translocation signal can differentiate
between moaamers, dimers, and even trimers. (e) Single molecule SERS was also used to
isation along with translocation through the nanopipette. The NPs were

ai@thiophenol and the nanopipette was coated in gold to maximise SERS
enhancgment_The spectra were recorded using a dwell time of 810 us and translocation
experimengs were performed at -800 mV. An example of a sequence of SERS spectra for a
single 4 nLcation event is shown.

At low samntration, small, charged conical nanopores exhibit ion-perm selectivity and
significant ncentration polarisation.”®! This phenomenon leads to transient current

increase when gpecies with high surface charge density such as DNA or AuNP are

translocat gh the nanopore. In our case, current transients (net negative current
increase a

ve voltage) corresponding to the translocation of single NPs were recorded
based on @H time and current amplitude increase. A comparison of the translocation
charac the different conjugates, including representative traces, individual
translocati ents, and scatter plots and histograms of dwell time and peak current, is
shown in Figure 2. The nanopore translocation of the simplest constructs, AuNP monomers,
resulted ihly quick events with a mean dwell time of 8 + 1 us at an applied potential
of -600 m @ a current distribution with a single peak (singlet), Figure 2a and Figure S7.
The drf the dwell times was normalised, with 0 being defined as the translocation

onset g defined as the end of the translocation and plotted as a fractional

position.“h This is needed to take into account the difference in dwell times from
translocati nslocation so that the fractional position of the current peak maxima or the

transloc me between two monomers in a doublet could be compared. Symmetric and
asymmetric s with a 35 base DNA spacer showed fractional position plots with clear

doublet distribution, Figures 2b-¢, and comprised of dwell times just over twice in duration

This article is protected by copyright. All rights reserved.
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when compared to the monomer (Figure S7). The distribution doublets observed in the
current amplitude were consistent with the translocation of the dimers in a linear
conformati ic., the first peak appears as a net current amplitude increase due to the
translocataxuNP. A decrease in current follows as a result of the transport of the
linker tzﬂsm nanopore. Finally, a second peak appears as the second AuNP in the dimer
translocateggthraggh the nanopore. Notably, one could distinguish between the doublet peaks
with highmgl resolution even though the spacing was only 28 - 51 nm in length. Further
studies o valtage dependence and comparison between AuNP symmetrical dimers with
different IEDgths (35 bases and 115 bases) are shown in Figure S8 and Figure S9,
respectivel

For asym\Cmers, Figure 2c, the size of the individual NPs was reflected in the shape
and the cufret 'ﬁ aplitude for each peak in the doublet. As an example, peak currents of 155.5
+ 21.6 .8 £ 13.5 pA corresponded to the translocation of the 20 nm and 10 nm
AuNP in the rs. Interestingly, 92 + 4 % of all translocation events of asymmetric dimers
showed a preferential orientation with the larger NP being transported first, which was
attributed @ the larger NPs carrying higher surface charge. Although not the focus of the

present "@t, we also investigated the possibility of translocating and detecting NP

trimers, Fig d. Trimers could be detected and resolved, as observed with a typical triplet

h

signature M the ionic current and three distinct populations in the fractional peak position.

[

TrimersY ge, took 33 £ 5 ps to translocate through the nanopore, which is 3.94-fold

and 1.57-fold lomiger than the respective dwell times for monomers and dimers. This is in

5

good agree e to a change in spatial length for which the trimer is 4.23-fold and 1.61-

fold long the monomer and dimer, respectively. Measurements containing a mixture of

A
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monomer, dimer, and trimers were also performed, and clear single, double and triple events

could be observed (Figure S10).

To further cterise the translocations of these metallic NPs, single-particle surface-

enhanced ttering (SERS)?"! was also performed on a modified nanopore coated
. N .

with lOnr! thick gold, Figure S11-12, Supplementary Note 3. Due to the coupling and

proximity jet the dimers and the surface of the nanopore, a significant enhancement in

the Raman could be obtained.™ To achieve single-particle SERS, somewhat larger 35

nm, AuNwtrical dimers were used due to the higher scattering cross-section. The

AuNPs were Eustionalised with 4-Aminothiophenol (ATP) dye, Figure 2e. The dimer was

further stabilised with polyethylene glycol (PEG) to ensure the particles do not aggregate at
the 100

concentrations required to perform the translocations. A typical SERS

spectrum m& in bulk solution is shown and consists of expected peaks at 1138, 1387,

-1

and 15 igure S13. This is comparable to the data obtained for single-particle SERS,

seen from th sients, Figure 2e. In this example, the dwell times recorded optically were
ms, which is longer than the corresponding electrical events (0.79 + 0.29 ms),
Figure S®. This is due to the nanopore sensing region being much smaller than the

diffractim@ laser spot size (ca. 1 um). As a negative control, Raman spectra, which

show no Ra signal, were also acquired when a reverse potential was applied, Figure S15.
We envisag that this method can also be used to perform molecular assays and complement
electricwn shown in this manuscript and simultaneous electro-optical sensing, as

previously publi;ed by our group.'” * In the future, combined nanopore sensing with

SERS single cule detection can likely provide an additional modality that is particularly
useful in text of using large nanopore arrays.

2.2. Molecular probes for single-molecule detection of miRNA

This article is protected by copyright. All rights reserved.
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Figure 3. Na re sensing of mRNA-141. (a) AuNP monomer miRNA-141 molecular
probes sentative individual translocation events are shown (Scale bar: vertical 50 pA,
horizo along with associated statistics. (b) Conjugated dimers with
miRNAT41linked between 2 NP monomers. All the translocation experiments were
performedgin 50 mM KCl, 10 mM Tris-EDTA and at a potential of -600 mV. (c¢) The
normalise position of the monomer probe and conjugated dimer with different

concentrati@g@fpmRNA-141 (From top to bottom, 0 nM, 10 pM, 100 pM, 1 nM, 10 nM and
100 nM). (d inding curve of 2 nM AuNP monomer miRNA-141 probes incubating with
the target MIRINK ranging from 0 to 100 nM. (e) The comparison of the detection of miRNA-

standard d@viation of three independent experimental repeats.

-

miRNA a;s of short non-coding RNAs that function in RNA silencing and post-

141 anr%a using AuNP monomer miRNA-141 probes. Error bars represent the

transcripti e regulation. Besides their participation in regulating normal physiological
activiti ific miRNA types could act as oncogenes, tumour suppressors, or metastasis

regulators, which are critical biomarkers for cancer. Conventional methods include Northern

blotting, in situ hybridisation, RT-qPCR, or microarrays. However, these methods require
This article is protected by copyright. All rights reserved.
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sample preparation or processing. Also, each technique has specific limitations such as low
throughput and low sensitivity (for northern blotting), semi-quantitative (for in situ
hybridisatloHne-consuming, specific reaction conditions (for RT-qPCR), high cost and
relative 1 (for microarrays). Recent advances in nanopore technology offer the
promise- WreSsing some of these drawbacks for detecting miRNA with high sensitivity
and selectiyity. 8 However, the signal of these short fragments (typically 18-23 bases) is hard
to detect with solid-state nanopores due to the high-speed translocation and low
signal—to—lwio, Figure S16. Here, we use AuNP dimer self-assembly to amplify this
translocatlonﬁl, leading to very efficient miRNA detection at the single-molecule level.

In this stu:iﬁse AuNP molecular probes for the detection of miRNA-141. miRNA-141 is

commonl ulated in malignant tumours such as those associated with prostate cancer

and playal roles in tumor development and progression, becoming a powerful

potenti r of prostate cancer.”’!! Prostate cancer is the second most common cancer

in men worl ; however, disease outcome is difficult to predict in large part due to the

lack of etticient

useful bio!arker.

The mole@obes consisted of two populations of ssDNA functionalised to AuNP

iagnostic strategies. As such, miRNA-141 has the potential to become a

monomers. of them was modified by an 11 base recognition chain, which can hybridise
with half g the 22-base-long miRNA-141, Figure S17. With the addition of the target, the
monomwelf-assemble to form dimers and produce doublet signatures, Figure 3a-c.
A binding@as performed within the miRNA concentration range of 1 pM to 100 nM.
As previou own for PCT, the number of dimers, hence doublets, increases with

concentra ioure 3d-e. Dimer formation is validated and compared with TEM, Figure

S18, providing visual evidence of dimer formation due to the presence of miRNA-141.

This article is protected by copyright. All rights reserved.
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Typically, the concentration of miRNA-141 is between fM and pM in unprocessed prostate
cancer patient samples and between pM to nM in extracted miRNA samples.
The speciilﬁ' f the molecular probes was verified by detecting miRNA-200a, which is also

in the mi ly and share seed sequences differing in only two nucleotides when

N
comparedgith miRNA-141, Figure S19. The full recognition of miRNA-141 gives a
signiﬁcan@g result, whereas the control experiment, which is detecting the miRNA-
200a, leads ow value of the binding ratio, Figure 3e. The result is further confirmed by

TEM, Fi 3¢) Figure S20. Such high selective capability probably benefits from the

S

dimerisation mejanism. For example, for miRNA-141, the monomer probes can be linked to
the dimer b the ssDNA is fully matching the target. In contrast, for the miRNA-200a,
the two wﬁ points happened on the same ssDNA of one monomer probe, leading to a

very low @ﬂinity, which causes unsuccessful dimerisation. This result shows that the

AuNP obe can detect the target with high specificity.

2.3. Molecul s for single-molecule detection of PCT
As mentioned earlier, the detection of relatively small molecules (some small proteins,

peptides, Mcﬁvely using nanopores can be challenging. Molecular carriers can be used

in part to is issue. However, the smaller the target, the progressively harder it gets to

detect the djifference in signal originating from the molecular carrier and peak associated with
ge $22. Building on our previous work!?'), a universal strategy for sensing
small aMecules has been developed. Here we used a mixture of AuNPs with half the
population bein;nodiﬁed with an antibody (mAbl) and the other half being modified with

another a (mAb2). In the presence of the antigen, the AuNPs self-assemble and

dimerise up ding to the two antibodies. The presence and concentration or no presence

This article is protected by copyright. All rights reserved.
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of the antigen can be confirmed by comparing the number of dimers (doublet peaks) versus

monomers (singlet peaks), Figure 4a-b.

In this #we synthesise AuNP modified with antigen probes for the detection of
PCT(M.V\& pl of 6.5), which is a peptide precursor of the hormone calcitonin.
Measur?ngﬁCT level in patients has become an important indicator of identifying
bacterial infiectiggs and guiding antibiotic therapy.**! It is, therefore, essential to detect PCT
at trace le elow 10 ng/ml. A comparison between the translocation of 2 nM AuNP
monomerWe functionalised by PCT mAbl, and 50% are functionalised by mAb2) and
the assem@er complex after adding 0.29 pg/ml (= 20 nM) PCT is shown in Figure 4a-
b. Without sence of PCT, only singlets were observed during the translocation of 2 nM
AuNP mo&with 50 mM KCI, pH 8. Upon addition of 0.29 pg/ml PCT, approximately
15% of t%et peaks become doublets. The double peak signature results from the

translo o AuNPs linked by the mAb-PCT-sAb sandwich linker (PI of mAbl,

mADb2 is 6.6- As a negative control, no doublets were observed when PCT was replaced

by other antigens such as insulin, Figure S24.

Author
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Figure 4. Nanop@re sensing of PCT. (a) AuNP monomeric molecular probes consisting of a

single an Individual translocation events are shown (Scale bar: vertical 50 pA,
horizontal along with associated statistics. (b) conjugated dimers linked by an
antibod§zantigen-antibody sandwich. All the translocation experiments were performed in 50

M. Tris-EDTA and at a potential of -600 mV. (c¢) Normalised peak position of
the monomer probe and conjugated dimer at varying PCT concentration (i) 0.1 ng/ml, (ii) 0.2
ng/ml, (ii1) 0.5 ng/ml, (iv) 1.0 ng/ml, (v) 2.0 ng/ml, (vi) 5.0 ng/ml, (vii) 10.0 ng/ml. (d) TEM
images are used to confirm successful binding (Scale bar: 200 nm, enlarged, 50 nm), from top
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to bottom, 0 ng/ml, 1.0 ng/ml, 2.9 ng/ml PCT, respectively. (e) the binding curve of 2 nM
AuNP monomer PCT probes incubating with PCT ranging from 0 to 2.9 pg/ml. (f) Same
binding curve as in e, highlighting the clinically relevant range. A linear increase in the
bindin igmisgObserved at low concentrations, as shown in the inset. Error bars represent

the standarﬁ:’ ation of three independent experimental repeats.

To vaWdME™ WM this sandwich immunoassay can be used at clinically relevant
concentrations'_ -, a binding assay was performed at varying PCT concentrations. In this
case, the :Q

ation of the molecular probes was kept at 2 nM, while the concentration of

PCT was Wagied from 0 to 10.0 ng/ml. As expected, the percentage of singlets decreased,

S

whereas t:;rtion of doublets increased with the addition of PCT, Figure 4c. The results
were furt irmed by TEM (Figure 4d, Figure S25-26), providing visual evidence of

binding afid NP assembly. The full binding curve with PCT ranging from 0 to 2.9 pg/ml is

[

shown in e.

d

Notably, at high analyte concentrations, higher-order NP aggregates were not observed,

which was a ted to the effective 1:1 ratio between antibody and NP. It is important to

A

note th g curves saturated at approximately 33% and was consistent with different

measurement techniques. This is due to an equal probability of the solution containing two

f

forms of t omeric NPs bound with PCT, and dimeric NPs linked with PCT. Figure

O

S26. All b atios were therefore normalised to the maximum value of 33%.

In bacteridl infections, the concentration of PCT in plasma increases from 0.15 to more than

g

10 ng/ ithdnéreasing severity of the disease. At the same time, PCT has also been used to

;

guide antibiotic therapy; for example, if PCT levels are less than 0.1 ng/ml, antibiotic therapy

U

is strongly discomraged; if PCT levels are greater than 1 ng/ml, antibiotic therapy is strongly

encour: . To validate that our probes have sufficient sensitivity, the limit of detection

A

(LOD) was calculated from the linear range in Figure 4f and was determined to be 0.12

ng/ml. To further validate the method can be used in a complex solution, we also performed

This article is protected by copyright. All rights reserved.
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the experiments in 1% BSA solution. The result indicates that dimers can still be

discriminated at high interferent protein concentration, Figure S27. It should be noted that

the target ﬁould have two different epitopes so that the nanoparticle dimers can be

formed.
H
3. Conclu

We demoRistratefhat it is possible to design NP probes for the selective sensing of individual

targets usiigMaRiopores. The assay is based on the dimerisation of individual monomeric

SCF

NPs in thﬁe of a biomarker. We show that this strategy can be used for both protein
and miR ction at the single-molecule level. We validated our strategy for two

applicatioRs: 1) detection of procalcitonin, a biomarker of sepsis at ultra-low concentrations,

and 2) hi@cific detection of miRNA-141, which is a potential indicator of prostate

cancer. by correlating monomer to dimer ratio, single-molecule binding and the
concentratio he analytes can be accessed.

Importantly this approach is independent of biomarker size and, in principle, can be equally

efficient fhtection of both small and larger biomarkers alike. The excellent selectivity

and affiniibody—antigen reaction and ssDNA-RNA base-pairing allow the application

of these sifat€BIEs to diagnostics for detecting biomarkers in trace amounts. Compared to
other me nods, the integration of NP assemblies with nanopore technologies leads to a
much-ne bination of high-performance detection and exceptionally small sample

volumes al. microlitres and below). Importantly the method is fully adaptable to

studyi@ve targets by functionalising the NP with almost any desired antibody or

nucleic acid sequence.
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4. Methods

4.1. The fabri' ation 3nanopipettes

Single bar rtz capillaries (o.d., 1.0 mm, i.d., 0.7 mm, Intracell) were plasma cleaned

(Harrick Q! pulled using a laser-based pipette puller (P-2000, Sutter Instruments). A
N

two-line }Sgram was used (heat 800, filament 4, velocity 30, delay 170, and pull 80; heat

locity 20, delay 145, and pull 130) to produce nanopipettes with a diameter

of approximately 25 nm. It should be noted that the above pulling parameters are instrument-

specific, a gations will exist from puller to puller.

4.2. Assembly of Au; based nanostructures

We used g\al methods of bioconjugation to prepare NP-based conjugates.**! The

detailed fabrication process of AuNP monomer, AuNP symmetrical dimer (35 bases or 115

bases linka asymmetrical dimer, AuNP trimer, and 4-ATP modified dimer are shown

in Sup ote 2.
4.3. Pre nomer PCT probes

The antibody for PCT (mAb) was prepared in our lab. Initially, we obtained the antibody by a
eukaryotic%ion system and then immunized the mice. This was followed by screening
and meas selectivity and affinity between the antigen and antibody. AuNPs were
then functj with mAb and bound via electrostatic interactions. 2 mL AuNPs (2 nM,
20 + 3 nny) werecentrifuged for 10 min at 8000 rpm and then resuspended in 200 pL of 10
mM phos TJer (PB) solutions, which was adjusted to pH 9 with 0.1 M K2CO3. Next,
100 uL o NPs were conjugated with anti-PCT mAbl (10 puL, 100 pg/mL), and the
other IQPS were modified with anti-PCT mAb2 (10 uL, 100 pg/mL), respectively.
The AuNPs were blocked using a solution of BSA (10 pL, 500 pg/mL). Finally, the
functionalised AuNPs were centrifuged for 10 min at 7500 rpm at 4 °C. After centrifugation,

This article is protected by copyright. All rights reserved.
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the supernatant was discarded and the AuNPs were resuspended in 0.02 M Tris-HCL, 0.1%

Tween-20, 0.1% PEG, 1% PVP, 5% sucrose, 4% trehalose, 2% sorbitol, 1% mannitol. 0.04%

NaN3, an! % BSA, 1 mL.

4.4. Translomnents

The buffe™#S€@™h the translocation experiments consisted of 50 mM KCI and 10 mM Tris-

EDTA (pH= fnless reported otherwise. For the binding assays, 1 nM molecular probes

were used iglfubated with the target analytes at a different concentration for at least 2 hrs.

Approxim@dtely 10 pL of the electrolyte was filled inside the nanopipettes via a Microfil

S

needle (h‘:world Precision Instruments, UK). Freshly made Ag/AgCl electrodes were

then inse the nanopipette and the bath. All ion current recording was performed using

a high barldwidth amplifier VC100 (Chimera Instruments). The recorded data were resampled

4

to 1 MHz red at 100 kHz. Analysis of all translocations events was performed using
custom-written Matlab code, The Nanopore App. The detailed data analysis workflow is

shown in Su ing Information Section S7, Figure S28.
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. monomer antigen probes

,
/ antibody-antigen-antibody

script

A single m nopore-based sensing strategy has been developed to screen for biomarkers. In

the presence of fhe target biomolecules, AuNPs dimerise and are detected electrically. This

3,

approach is ensitive and selective and can potentially be used for diagnosis and screening of

diseases without the need for sample processing or amplification.
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