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Prion diseases are a group of fatal transmissible neurological conditions caused by the change in confor-
mation of intrinsic cellular prion protein (PrP<). We present a rapid assay using aptamers and resistive
pulse sensing, RPS, to extract and quantify PrP¢ from complex sample matrices. We functionalise the
surface of superparamagnetic beads, SPBs, with a DNA aptamer. First SPB's termed P-beads, are used to
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pre-concentrate the analyte from a large sample volume. The Prpc protein is then eluted from the
P-beads before aptamer modified sensing beads, S-beads, are added. The velocity of the S-beads
through the nanopore reveals the concentration of the PrP¢ protein. The process is done in under an
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Introduction

Prion diseases are a group of fatal transmissible neurological
conditions whose disease etiology is characterised by the
change in conformation of the normal intrinsic cellular prion
protein (PrP°) in to the highly ordered insoluble amyloid state
conformer (PrP°). The significant event fundamental to the
progression of these diseases is the self-catalytic, and perpetu-
ating, nature of the conversion of PrP® in the presence of
PrP°¢ aggregates." The emergence of variant Creutzfeldt-
Jakob disease (vC]JD), the most predominant prion disease in
humans in the United Kingdom (UK) during the 1990s, is
thought to be an effect of dietary exposure to the bovine spon-
giform encephalopathy (BSE) agent through contaminated
meat products. The link between BSE and vCJD was uncovered
after lengthy surveillance, epidemiologic studies and experi-
mental investigation.® Unlike the sporadic form for of the
disease (sCJD), the infectious prion protein associated with
vCJD is found outside the central nervous system, accumulat-
ing in peripheral lymphatic tissue, which increases the public
health concern. To date, the widely accepted estimate for the
prevalence of vCJD in the UK puts the number of potential car-
riers at 1 in 2000.* Although most of the occurrences of vCJD
have occurred in the UK there has been a number of individ-
uals that have developed the disease overseas.
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1 Electronic supplementary information (ESI) available: Blockade magnitudes for
the particles, during the assays stages. See DOI: 10.1039/d0an00063a

This journal is © The Royal Society of Chemistry 2020

hour and allows the detection of picomol's of protein.

Since the disease is known to be infectious and transmissi-
ble, the iatrogenic ability of this disease is a significant risk to
public health through blood transfusion products and surgical
procedures. There have been efforts to develop an assay that
can detect the low levels of the infectious protein in the peri-
pheral blood of pre-symptomatic patients that has the selecti-
vity and sensitivity the assay will need.”>® There are a number
of reasons why developing an assay has been challenging.
What has puzzled researchers is the fact that PrP¢ fragments
isolated from organisms are identical but cause different
strains of diseases with differing clinical manifestations.” vCJD
is not encoded by RNA and DNA, in contrast to other patho-
genic agents but still have the ability to transmit information.®
This lack of genetic material has negated the use of polymer-
ase chain reaction (PCR) for nucleic acid detection methods.
As the amino acid sequence is identical in both PrP°¢ and
PrP¢ developing an antibody capable of differentiating
between the isoforms has proven difficult. Lastly, the notion
that a person could be asymptomatic and act as a carrier for
vCJD may mean the levels of PrPS¢ are too low for traditional
assays.

Two widely adopted sensing strategies utilise an amplifica-
tion step to increase the level of the infectious protein to aid
detection using the in vitro conversion of PrP® into PrPSC.
The two strategies, termed protein misfolding cyclic amplifi-
cation and quaking-induced conversion assay, work in
similar way."® Briefly, they use cycles of either shaking or
sonication interspersed with incubation periods. If PrP5¢ is
present in the sample the addition of a large excess of PrP®
results in its conversation to PrP¢ amplifying the signal into
the detectable range. In 2011 a major breakthrough in the
diagnosis of vCJD in symptomatic patients and preclinical
asymptomatic individuals was made.'® Edgeworth et al. at the
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Medical Research Council’s (MRC) prion unit in London
reported their findings on a prototype blood test. Notably
this protocol exploited previous research that found PrP5¢
had an extremely high affinity to stainless steel.'* In this
assay, PrP° in the blood sample is isolated on 45 pm stain-
less steel balls, and then detected by ELISA using ISCM18
antibodies, before visualising using commercial chemilumi-
nescence. Although the assay currently falls short of the
European Commission’s Health and Consumer Directive, it
does not rely on a lengthy amplification step (only requiring
overnight incubation).

Here we develop a simple workflow using superpara-
magnetic beads, SPB’s to extract, concentrate and quantify
PrP¢ direct from solution. The SPB’s are functionalised with
a DNA aptamer that has been previously identified to bind to
the PrP® protein.'> DNA aptamers are sequence specific
single strand nucleic acids, that bind to target analytes via
the formation of a specific tertiary structure.’*™°
Researchers have demonstrated how aptamers and modified
SPB’s can be incorporated into resistive pulse sensors (RPS).
Resistive pulse sensing strategies have the capacity to quan-
tify DNA protein interactions facilitating epigenetic, proteo-
mic and metal ion detection.'®>° In the assay DNA aptamer
was conjugated to superparamagnetic beads, SPBs, creating
a negatively charged surface. Protein binding to this DNA
aptamer/strand changes the charge density around the par-
ticle as the phosphate groups on the DNA backbone adopt
the new shape."®'®*' This is measured as a change in par-
ticle velocity, and the magnitude of the velocity is used to
quantify the analyte.'®'®3? Fig. 1. The use of SPBs to concen-
trate the target analyte improves the limit of detection by an
order of magnitude and the entire work flow from extraction
to quantification is less than an hour. The aim is to produce
a rapid, reliable assay for the detection of prions. We find
the assay is highly sensitive in discriminating between the
target protein of other high abundant proteins found in
serum.
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Experimental

Chemicals and reagents

Phosphate buffered saline (PBS. 0.01 M phosphate buffer,
0.0027 M potassium chloride, 0.137 M sodium chloride) was
used for analysis. PBS tablets (P4417) were purchased from
Sigma-Aldrich, UK. The control study proteins used were
y-globulin from human blood (G4386), albumin from human
serum (A9511) and fibrinogen from human plasma (F3879), all
sourced from Sigma Aldrich, UK. Streptavidin surface modified
SPBs were purchased from Ademtech, France (03121), with a
known mean diameter of 125 nm and a measured concen-
tration of 1 x 10" mL™" and used in all experiments.
Invitrogen dynabeads were used, mean size of 1.05 pm.

DNA oligonucleotides

A custom oligonucleotide used in the study was purchased
from Sigma Aldrich, UK in lyophilized form (0.2 pM). The
oligonucleotide was purified using reverse-phase cartridge
purification (RP1) by the manufacturer. The details and its
modifications: 5 CTTACGGTGGGGCAATT[BtnTg] 3'. Here
[BtnTg] is biotin TEG modification with five additional T
bases. This was made up into a stock solution of 100 uM with
deionized water. This aptamer was previously reported by
another study."?

Human cellular PrP

Recombinant N-terminal His-tagged full-length prion protein
(residues 23-231, PR-902) was purchased from Jena
Bioscience, Germany in lyophilized form. The protein was
reconstituted in 1x PBS containing 0.5% Triton X-100 (Sigma-
Aldrich, UK). Aliquots were prepared and stored at —80 °C
until required.

Aptamer immobilisation

Streptavidin modified SPBs were diluted to a concentration of
1 x 10" mL™, vortexed for 30 seconds and sonicated for
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Fig. 1 Work flow of the extraction, and quantification of the PrPC. (a) To the sample P-beads are added, (b) the P-beads and bound PrP< are
extracted and suspended into buffer (c). (d) The target protein is eluted and the P-beads removed from the sample. S-beads are mixed to the solu-
tion and the binding of the PrPC to the S-beads is measured using the resistive pulse sensor (‘P-beads’ — preconcentration beads, ‘S-beads’ —
aptamer functionalised sensor beads). (€) Schematic of the RPS process and generated data. Each particles creates a pulse magnitude Ai,, and full

width half maximum, FWHM.
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2 minutes to ensure monodispersity. The aptamer was added
at concentrations equal to 33% and 100% binding coverage;
having determined this from the binding capacity given by the
manufacturer (4122 pg mg~'). The samples were placed on a
rotary wheel for 1 hour at room temperature. Any unbound oli-
gonucleotides in solution were removed by placing the
samples on a MagRack (GE, UK) for 15 minutes until a cluster
was visible adjacent to the magnet before removing and repla-
cing the buffer. The resulting capture probe was stored at 4 °C
or used for further study the same day. For the full work flow,
the same aptamer and particles were used, but depending
upon the stage, they are termed preconcentration beads,
P-beads, or sensing beads, S-beads.

PrP¢ binding

DNA modified SPBs were vortexed for 30 seconds before being
placed on a rotary wheel prior to use. At varying concentration
between 0-100 nm, PrP® was added to the particles, which
were at 2 x 10° mL™", vortexed for 30 seconds before incu-

bation at room temperature on a rotary wheel for 10 minutes
before analysis.

Varying temperature DNA aptamer binding

Prior to DNA aptamer immobilisation the concentration equi-
valent to 100% binding capacity (determined from the manu-
facturer’s information) of the streptavidin modified SPBs, in
PBS, were vortexed for 15 seconds before heating to either
21 °C or 90 °C in a mini dry bath (Benchmark Scientific, USA)
for 5 minutes. The mixture was allowed to cool to room temp-
erature for 30 minutes on a rotary wheel before the addition of
particles. The mixture was placed on a MagRack (GE, UK) for
10 minutes until a cluster of particles was visible. The solution
was carefully removed and replaced with an equal volume of
PBS. The concentration of particles was kept constant through-
out all experiments at 2 x 10° mL™".

Control protein binding

After modifying streptavidin SPBs with DNA aptamer,
albumin, fibrinogen or y-globulin was added at a concen-
tration of 200 nM and incubated for 20 minutes on a rotary
wheel. 200 nM was selected as this concentration is 2x higher
than the highest concentration used in the calibration curve.

PrP€ work flow

DNA aptamer modified SPBs were first prepared as described
above. The full work flow is shown in Fig. 1. Preconcentration:
to P-beads, PrP° was added to give a final concentration of 50
nM, the total volume here was 1 mL. The sample was then vor-
texed for 30 seconds and incubated for 10 minutes on a rotary
wheel. The SPBs were then magnetically separated by placing
the samples on a magnetic rack (GE, UK) for 5 minutes until a
cluster was visible adjacent to the magnet before removing
and replacing the buffer with 100 pL 10x PBS solution. The
sample was sonicated for 30 seconds and vortexed for 30
seconds before being placed on a rotary wheel for 20 minutes.
After, the SPBs were magnetically separated for 5 minutes and
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the supernatant removed, the P-beads were discarded.
Sensing: to the supernatant 900 pL DI water was added to
dilute give a 1x PBS solution, and an aliquot of S-beads were
added to give a concentration of 2 x 10° mL™"; these were then
incubated for 10 minutes on a rotary wheel and then the
S-beads were analysed.

Resistive pulse sensing (RPS)

A gNano (Izon Science Ltd, NZ) was used to complete all
measurements in this study. Briefly, in all experiments the
lower fluid cell contained 80 pL of PBS buffer, ensuring no
bubbles were present. When a sample measurement was being
taken, the upper fluid cell contained 40 pL of the sample (sus-
pended in PBS buffer). After each measurement was taken the
nanopore was rinsed several times by removing and replacing
40 pL of buffer, each time applying varied pressures until no
particles were observed. This was performed several times to
remove any residual particles in the system and thus ensure no
cross contamination between samples. The nanopores used
throughout all experiments were capable of detecting particles
within the size range of 110-630 nm (as stated by the manufac-
turer, Izon Science Ltd), and denoted as an NP200. To account
for the variation in the manufacturing of the nanopores, an
appropriate stretch (44-49 mm), voltage and pressure were
applied in all experiments; the conditions were matched to the
blockade magnitudes of CPC200s in PBS.

Zeta potential measurements using RPS

When carrying out zeta potential measurements, the nanopore
stretch was kept the constant for calibration and sample
measurements, detailed explanations can be found
elsewhere.’*! When running samples, the blockade magni-
tudes were ensured to be at least 100x larger than the respect-
ive background noise of ca. 10 pA. Calibration measurements
were completed when a new nanopore (NP200) was introduced
or the start of a day. Where zeta potentials are not reported,
the method used the resistive pulse to calculate the relative vel-
ocity and identifies the point of greatest resistance in the
signal trace (the resistive blockade peak). For each blockade,
the time at which the peak occurs is defined as T, (time at
100% of peak magnitude) and the maximum magnitude of the
pulse (relative to the local baseline resistance) is recorded as
ARp,ax. Here the value at T, 5 (width of the pulse at 50% of the
peak magnitude is used).>*>* To keep the method simple and
applicable in further applications the actual zeta potential of
the particle is not calculated and for further simplicity in the
subsequent figures we use only one measurement to represent
the particle speed which is 1/T} 5.

Results and discussion

Within RPS experiments each translocation of the SPB through
the nanopore produces a pulse, Fig. 1e. The magnitude of the
pulse, known as the pulse magnitude (Aifp) is related to the
volume of the carrier, and the width or full width half
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maximum (FWHM) of the pulse relates to its velocity.>* In the
absence of convection, the velocity of the carrier can be pro-
portional to the surface charge or zeta potential of the carrier,
assuming electro osmosis remains constant.”> As the density
of the DNA aptamer and/or its length increases the velocity of
the SPB through the pore also increases.”™?*> Here the aptamer
length remains constant, and as the concentration of the
aptamer of the SPB’s surface increases so does the velocity.
This is recorded as a decrease in zeta potential. Example
pulses recorded are shown in Fig. 2.

Fig. 3a shows the decrease in zeta potential from the blank
value of —1.16 + 1.31 mV to —4.43 + 0.78 mV and -7.75 +
0.94 mV for 33 and 100 percentage coverage of the beads
surface with DNA. In the current setup the RPS is not sensitive
enough to measure a change in SPB size as the DNA aptamer
is placed on in surface, and the blockade magnitude does not
change as the more aptamer is added to the SPB, Fig. s2.f

Before carrying out the extraction and detection of the PrP®
target, we first incubated aptamer modified beads (S-beads)
with varying concentrations of the target. Their velocity was
then measured through the RPS, Fig. 3b. The velocity of the
SPB’s through the pore can be converted to a zeta potential as
illustrated in Fig. 3a. However from this point we simply report
the velocity of the SPB’s measured at the 1/T, 5 values,*® which
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we have previously shown capable of monitoring the length
and packing density of DNA around SPB’s. The simplification
make the analysis quicker as the velocities do not need to be
converted to the final zeta potential value. In addition, it is the
authors’ view that the reporting of zeta potential values for
DNA and DNA-protein covered nanomaterials can be mislead-
ing, as there is no consistent location of the plan of shear and
no assumption is made about the structure. The binding of
the PrP° protein to the aptamer results in a change in its ter-
tiary structure resulting in a decrease in translocation velocity,
Fig. 3b."®*' The magnitude of the velocity change has been
shown to be dependent upon the shape of the DNA as well as
the relative location of the binding event with respect to the
carriers surface.*” As shown in Fig. 3b the velocity was shown
to decrease over two orders of magnitude, and no change in
their size was observed, Fig. s3,f indicating the particles did
not aggregate.

Having taken the sequence of the aptamer from the litera-
ture, there is prior knowledge that it is highly selective and
sensitive to PrP.>® However to illustrate the signal observed in
Fig. 3 was specific to the target, other proteins were also added
to S-beads. These proteins were chosen based on their relative
abundances found in human blood.?” Albumin and y-globulin
are present in both plasma and serum samples at approxi-
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Fig. 2 Example data sets for DNA blank S-beads (green), S-beads incubated with 50 nM PrP€ (olive) and 100 nM PrP€ (red). Magnified section of
this are also shown in Fig. s1.T N.B. the blank beads have been run prior to dilution.
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capacity curve (ii); and SPBs with 100% binding capacity (iii). (b) Relative particle velocity as a function of PrP concentration. The concentration of
SPBs was kept constant at 2 x 10° mL™* and DNA aptamer concentration as 100% relative to the SPB's binding capacity. Events for each data point

>500. Error bar represent 1x SD, where n = 3.
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mately 4 and 2%, whereas fibrinogen (as well as other clotting
factors) is only found in plasma at approximately 0.4%. This
translates to concentrations of 40 g L™" for albumin, in com-
parison to the fibrinogen and y-globulin samples only having
protein concentrations of 4 and 20 g L™" respectively.

Fig. 4 shows that following incubation of the S-beads with
the different proteins no change in velocity was observed. Here
the data is plotted normalised to calibration particles as vari-
ation from pore to pore or batches of beads can sometimes
results in different absolute velocity values.>* After incubation
with each control there was a relatively small decrease in rela-
tive velocity. There appears to be very little binding of the three
proteins to the aptamer, or fouling of the particle’s surface.
This can be seen in no increase in particle’s size given by an
increase in blockade magnitude, Fig. s4,f nor any particle
aggregation. It should also be noted the rate at which the par-
ticles translocated through the pore also remained unchanged,
Fig. 4b, indicating that neither the pore or the S-beads are
affected by nonspecific interactions.

To be adopted within a clinical environmental, assays for
PrP5“/° must have a limit of detection lower then demon-
strated in Fig. 3. To avoid the use of protein misfolding cyclic
amplification or other methods to amplify the target which
may increase the analysis times the direct extraction and pre-
concentration of the protein is proposed using SPB’s. Prior to
running a bioassay, it is not uncommon for samples to require
pre-concentration, purification or extraction stage. SPB’s offer
a simple, cheap and rapid method for extracting target ana-
lytes from complex media. From a user’s perspective it is
nothing more than a simple procedure of mixing the sample
with a SPB’s followed by the exposure of the tube to a magnet
that precipitates the target-particle complex to the tube wall,
thus removing the analyte from solution. However, there is a
need to balance and consider the size of the SPB, their concen-
tration and the time the magnetic field is applied. The size of
the SPB, or the loading of iron oxide nanomaterial within the
polymer affects the speed in which they move across the mag-
netic gradient. The force acting on each SPB is proportional to
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their size, put simply larger particles are extracted quicker.
However larger particles have a smaller surface area to volume
ratio, and as the total amount of analytes that can be extracted
is proportional to the surface area, sufficient numbers of SPBs
must be added increasing the cost of the reagents. In addition
the concentration of the SPBs also affects the recovery and
speed of extraction from the solution as SPBs tend to form
chains as they move via magnetophoresis through the solu-
tion. Again showing the benefit of higher particle concen-
trations i.e. the increased surface area and the faster recovery.
Fig. 5 shows the speed of recovery for two particle sizes at two
different concentrations.

To fully extract any analyte from solution sufficient time
and number of SPB’s are needed. However, the requirements
for an efficient extraction and pre-concentration step contra-
dict the requirements for RPS analysis. The dynamic range,
and sensitivity of assay strategies that use SPB’s and aptamers
in RPS has been shown to be dependent upon the number of
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Fig. 5 Separation efficiencies for 300 nm and 1000 nm particles are
different concentrations, error bars shows the st. dev of triplicate experi-
ments. Plotted are bars for the 1 pm particles but the variation in
measurements was low and is not visible on the graph.
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Fig. 4 (A) Plot of normalised 1/T 5 values for DNA aptamer modified SPBs incubated with three abundant blood proteins: 1gG, albumin and fibrino-
gen at 200 nM. Data normalised to DNA aptamer SPBs with no protein present. n = 3; error bars represent 1x SD. (B) Rate plot of DNA aptamer
modified SPBs incubated with IgG — green, albumin — red, and fibrinogen — blue at 200 nM, black is the rate of DNA aptamer modified SPBs with no

protein present events for each dataset >400.
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SPBs present as well as the loading of aptamers on their
surface.'®>* Briefly RPS is improved by smaller particles, with
lower numbers of aptamers on their surface. To get around
this and to use the full work flow to show the concept as
shown in Fig. 1 we used a higher concentration of SPBs to pre-
concentrate the protein, P-beads, before eluting the targets
from their surface and adding fewer S-beads into a smaller
volume of buffer. Fig. 6 shows the velocity of the SPBs at
different stages of the workflow. To aid the reader we have
taken a section of Fig. 1 and overlaid the points at which the
SPB’s were characterised.

Due to the nature of the RPS device, particles with dia-
meters equal to and larger than 1 pm do not have a velocity
proportional to their surface charge. To demonstrate the feasi-
bility of our approach the P-beads here are the same size as
the S-beads to allow the binding and elution of the prion from
the P-beads. Fig. 6i shows the velocity of the P-beads prior to
incubation with the sample, Fig. 6ii shows a decrease in vel-
ocity due to the binding of the PrP° to the P-bead. Fig. 6iii is
the velocity of the P-beads after the PrP® has been eluted. The
velocity almost returns back to its original value indicating
that the recovery rate of the PrP is high. Fig. 6iv shows the vel-
ocity of the S-beads after incubation with the solution contain-
ing the extracted PrP®. The velocity decreases showing the
elution process confirming that the use of high ionic strengths
has not effects the protein and it retains its binding to the
aptamer. Using this concept, we were able to detect 50 pmol of

Relative Velocity (1/T, ms)

S-beads with
With PrP°¢ Prp¢

P-beads P-beads P-beads

Fig. 6 (i) Relative velocities of P-beads; (ii) P-beads incubated with 50
nM PrPS; (i) P-beads after elution (iv) S-beads incubated with the
extracted target. n = 3; events for each dataset >400. Error bars rep-
resents 1x SD.
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PrP° from 1 mL of sample comparable to other detection
techniques."?

Conclusion

Here we present a rapid assay using aptamers and resistive
pulse sensing, RPS, to extract, pre-concentrate and quantify
proteins from complex sample matrices. The binding of PrP®
to aptamer modified SPB’s results in a change in translocation
velocity through the RPS device. The signal is specific to the
target protein. Aptamer modified SPBs, were then used to
extract and pre-concentrate PrP® from a larger sample volume.
The elution of PrP® from the P-beads before the addition of
S-beads results in an improved limit of detection. The process
is done in under an hour and allows the detection of pico-
moles of target protein. The technique could be easily adopted
to the mutated version of the protein (PrP°®) and integrated
into clinical workflows for the screening of blood donations
and transfusions.
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