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Abstract

Resistive pulse sensors, RPS, are allowing the transport mechanism of molecules,
proteins and even nanoparticles to be characterised as they traverse pores. Previous
work using RPS has shown that the size, concentration and zeta potential of the
analyte can be measured. Here we use tunable resistive pulse sensing (TRPS)
which utilises a tunable pore to monitor the translocation times of nanoparticles with
DNA modified surfaces. We start by demonstrating that the translocation times of
particles can be used to infer the zeta potential of known standards and then apply
the method to measure the change in zeta potential of DNA modified particles. By
measuring the translocation times of DNA modified nanoparticles as a function of
packing density, length, structure, and hybridisation time, we observe a clear
difference in zeta potential using both mean values, and population distributions as a
function of the DNA structure. We demonstrate the ability to resolve the signals for
ssDNA, dsDNA, small changes in base length for nucleotides between 15-40 bases
long and even the discrimination between partial and fully complementary target
sequences. Such a method has potential and applications in sensors for the

monitoring of nanoparticles in both medical and environmental samples.
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1. Introduction

The immobilization of oligonucleotides onto surfaces is a key design to many
technologies within DNA sequencing’?, DNA-protein interactions®>, biosensing®™
and targeted drug delivery'®'?. The functionalization of DNA onto nanoparticle
surfaces is now a common practice, and within the field of biosensors alone the
number of strategies for immobilization, type of nanomaterial, and detection platform
are varied enough to fill several reviews'*'®. One family of nanomaterials favoured
with purification strategies is Superparamagnetic Particles, SPPs. These particles
allow for the removal of specific analytes from complex sample matrices using

t'420-23 and the use of SPPs has

nothing more complicated than a hand held magne
become increasingly common. When they are incorporated into fluidic devices they
can be used to continuously sort cells and DNA from liquids?*, and are integrated
into a variety of detection platforms'#242°,

When using nanomaterials in bioassays, the material must remain suspended
in the solution for it to capture the analyte. A particle’s surface chemistry design is
important to avoid sedimentation of irreversible aggregation; there are two
mechanisms available to prevent this. First is the use of steric stabilisation by placing
a neutral polymer onto the particle surface, and the second depends upon charge
stabilisation whereby the repulsive coulombic forces overcome the attractive Van der
Waals forces®®%’.

For charge stabilised particles, a typical measurement used to represent the
surface charge, and infer stability, is zeta potential. The zeta potential represents the
value of the electrostatic potential at the plane of shear and typically for nanoparticle
systems, zeta potential values of +30 mV are representative of stabilised particles?®.
When a polyelectrolyte, such as DNA, is immobilised onto the surface of the
nanomaterials the DNA can take on two roles. The first is the more natural of the two
as a capture probe, designed to hybridise to target DNA. The second is a passive
role where the inherent charge on the phosphate back bone can act as a stabiliser
by creating a high charge density on the particle surfaces, helping suspend them in
solution?®. In doing this it is important to consider the structure of the DNA

immobilised onto a nanomaterial’s surface. Single-stranded and double-stranded



DNA varies in persistence length, which affects the stability and flexibility of the
polymer when immobilised to a surface. For example, dsDNA has a 50-fold higher

A30,31

persistence length than ssDN , making it a far more rigid. As well as the

persistence length, the contour length also varies between ssDNA and dsDNA, and
both these parameters will affect the plane of shear and thus zeta potential®?.

When using nanoparticle systems a mean population zeta potential will not
allow the true measure of the ligand distribution across all of the particles to be
interpreted, and in a typical reaction the ligand density would follow a poisson
distribution®*=°. The spread of the population can have an effect on the reaction
kinetics, stability and sensitivity of nanoparticle based assays**=%. To build up a true
measure of the spread of zeta potential values for a given particle population, the
zeta potential of each individual particle has to be measured, and this aspect is
challenging, although electrophoretic and electrochemical techniques allow insight to
these measurements®*®°. Electrophoresis studies have demonstrated the ability to
separate ssDNA and dsDNA modified particles, and probe the structure of the
ssDNA surfaces*®™2. Alternative technologies for monitoring particle-by-particle zeta
potentials rely upon particle tracking technologies that monitor the speed of the
particles in an applied electric field*’.

A relatively recent technology to be developed for the characterisation of
nanoparticles is based upon tunable resistive pulse sensing (TRPS)*>'. TRPS is
based on polyurethane elastomeric membranes in which the pore geometry can be
altered in real time. The brief set up and theory for TRPS technologies is as follows:
a stable ionic current is established by two electrodes, separated by a pore; as
particles/analytes translocate the pore they temporarily occlude ions, leading to a
transient decrease in current known as a “blockade event’, examples of which can
be seen in figure 1a. In the TRPS arrangement used here, the pore is mounted
laterally so that particles typically move from the upper fluid cell into the lower fluid
cell, aided by an inherent pressure head due to 40 pul of liquid in the upper fluid cell
of approximately 50 Pa®, and a positive or negative bias is applied via an electrode
under the pore. By monitoring changes in blockade width or full width half maximum
(FWHM), blockade magnitude (Ai,) and blockade frequency (events/min) it is
possible to elucidate the zeta potential®®*®*, size*®, and concentration®® of colloidal

dispersions in situ*.



a) TRPS Output

4

Current (nA)

Tim (s)

b) , Blockade start time, T, (dR,.)
8
c
8
2
w
@
14
]
Q2
=
]
o
i
c) 4
3 --e
£ N
< )
e g s PR .
E e e T 1 po——— -

» Voltgge v) =
Figure 1 — a) Blockade events produced as particles traverse the pore and the
resulting blockade shape depicting Ai, and FWHM. b) Blockade shape is relative to
particle translocation and a measurement is made at 8 blockade reference points
representing a particle’s position in the nanopore at any given time (green spots).
T1.0for example is the time the blockade is at 100% magnitude, dRmax. To.30and Toeo
are the times at which the blockade is 30% (lp.30) and 60% (lpes) Of ARmax
respectively. ¢) 1/T vs voltage used within the calibration method to calculate the

particle translocation time and therefore zeta potential of a given sample.

The methodology for measuring zeta potential using RPS technologies has

seen an evolution of techniques*****°

, and here we use a similar concept as was
published by Arjmandi et. al. using pyramidal pores®®. In brief, a calibration based
zeta potential method is applied, based on the measurement of signal durations of
translocation events as a function of voltage. The electrophoretic mobility is
calculated from the derivative of medium patrticle velocity and applied electric field.
The zeta potential of each particle can then be obtained from the measured

electrophoretic mobility using the Smoluchowski approximation***’. The calculated
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zeta potential only depends on the measured pulse duration and is independent of
the magnitude of the pulse, meaning that simultaneous size and charge
measurements can easily and reliably be carried out. TRPS’s particle-by-particle
nature means that sub-populations with different zeta potential are able to be
resolved, whilst ensemble methods such as phase analysis light scattering or PALS
will only report an average zeta potential.

We adapt and apply the theory by first demonstrating its use with calibration
particles and then move to measure changes in zeta potential for DNA modified
nanoparticles. We go on to measure the change in zeta potential as a function of
DNA concentration on the particles surface. We observe that the measured zeta
potential is correlated to the concentration of DNA and as the technique also
provides a particle-by-particle analysis, the distribution of the zeta potential across
the sample population is also produced. As we increase the concentration of DNA, a
more symmetrical Gaussian distribution of charge is produced, indicating a more
uniform ligand distribution around the nanopatrticles. By measuring the zeta potential
and shape of the distribution, we go on to measure the effects of oligonucleotide
length and apply our method to the detection of dsDNA. By controlling the packing
density of the capture probe (CP) on the particle surface and the mechanism by
which the CP hybridises to the target, the sensitivity of the instrument can allow for
the detection of target DNA in assay times under 30 mins. Finally we demonstrate
that by designing the length and position of the complementary section to the target
we can improve the signal and detection.

The method will have an impact on designing particle based assays and the
technology shows potential to study zeta potentials on biological analytes, with clear
applications in fields of bioassays; as well as the monitoring of nanomaterials in
nanotoxicology and nanomedicine where a clear understanding of the particle
surface charge and size can have an influence on the efficiency and toxicology of
particle based drugs.

2. Materials and methods

2.1 Chemicals and Reagents



The buffer used was phosphate buffered saline with Tween-20 as a surfactant
(1 x PBST (0.01 M phosphate buffer, 0.0027 M Potassium Chloride, 0.137 M Sodium
Chloride, pH 7.4 with 0.05 (v/v)% Tween-20 in 200 mL deionised water (18.2 Q cm))).
PBS tablets (P4417) and Tween-20 (P1379) were purchased from Sigma Aldrich,
UK. Streptavidin coated superparamagnetic particles (120 nm, 4352 pmol/mg
binding capacity, product 03121) were purchased from Ademtech, France.

2.2 Carboxyl polystyrene particle standards

Carboxylated polystyrene particles with a mean nominal diameter of 220 nm
were purchased from Bangs Laboratories, US and are denoted as CPC200. The
specific surface charge as determined by the manufacturer was 86 peq/g, equivalent
to a surface density of 3.2 x 10" C/nm® The CPC200s were measured at a
concentration of 1 x 10'° particles/mL.

2.3 Custom DNA oligonucleotides

All the oligonucleotides used in this study were purchased as lyophilised
powders (100 pmol/uL) from Sigma Aldrich, UK with customised DNA sequences fit
for purpose detailed below, please not the abbreviation [Btn] is relative to a biotin
modification; 5’NNNNNNNNNN[Btn]3’ (vL10, 10 bases),
5TGGGAGTAGGTTGGTGTGGTTGGGGCTCCCCTTTTT[Btn]3’ (VL36, 36 bases),
5’ATACCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGGTGTGCTGGCCAGIBtn
13’ (VL50, 50 bases), 5’ ATGGTTAAACCTCACTACGCGTGGC[Btn]3’ (VL25/CP, 25
bases), 5GCCACGCGTAGTGAGGTTTAACCAT3 (cDNA, 25 bases),
5GTAGTGAGGT3’ (MidT, 10 bases), 5GTTTAACCAT3 (EndT, 10 bases),
5GTGAGGTTTAACCATTTTTTTTTTTTTTTT3 (OverT, 30 bases).

2.4 Phase analysis light scattering (PALS)

CPC200 zeta potentials were measured on a Malvern Zetasizer Nano ZS.
PALS analysis was used to determine the average zeta potential of the carboxylated
polystyrene standards dispersed in PBS electrolyte.



2.5 Hybridising DNA to streptavidin coated particles

120 nm diameter streptavidin coated particles (03121, Ademtech, France)
were diluted to a concentration of approximately 1 x 10° particles/mL. The diluted
particle solutions were then vortexed for 30 s, and sonicated for 2 mins, to ensure
monodispersity.

The biotinylated DNA capture probe was added to the streptavidin coated
particles (4352 pmol/mg binding capacity — determined by the supplier) at the
required concentration. The samples were then placed on a rotary wheel for 30
minutes. Any unbound DNA remaining in solution was then removed via magnetic
separation by placing the samples onto a Magrack (GE Healthcare, UK) for 30
minutes. The supernatant was then removed and replaced with new buffer (PBST).

2.6 Addition of complementary target DNA

Target DNA was added in excess (500 nM) to ensure the maximum possible
target binding was reached. The samples were then placed on a rotary wheel at
room temperature to investigate the effect of DNA hybridisation time.

2.7 TRPS setup

All measurements were conducted using the gNano (Izon Sciences Ltd, NZ)
combining tunable nanopores with proprietary data capture and analysis software,
Izon Control Suite v.2.2.2.117. The lower fluid cell always contained the electrolyte
buffer (80 uL). The upper fluid cell always contained 40 pL of sample (that was
suspended in the buffer) when a measurement was being completed with an
inherent pressure on the system (47 Pa). Prior to TRPS analysis, all samples were
vortexed for 30 s and sonicated for 1 minute. During each sample run, the system
was washed by placing PBST (40 pL) into the upper fluid cell several times with
various pressures applied to ensure there were no residual particles remaining and
therefore no cross contamination between samples. A detailed description of such a
/_50

tunable resistive pulse sensing device can be found in Willmott et a

al®.

and Vogel et



2.8 Streaming potential measurement

Streaming potential and current measurements of the thermoplastic
polyurethane (TPU) pore membrane were made using a Surpass instrument (Anton
Paar GMBH, USA). TPU membranes were cut to form a cylindrical cell with an
adjustable gap and the streaming potential was measured for a range of applied
pressures within a cyclic pressure sweep. The zeta potential was evaluated with the
Surpass Visiolab software, applying the Helmholtz-Smoluchowski equation®®.

2.9 Calibration zeta potential measurements

Based on the size of the sample particles being used (~120 nm) and
calibration CPC200s (220 nm), the most idealistic pore to use was an NP150 (size
range 85 — 300 nm). The calibration particles are measured at 3 applied voltages
that are dependent on the applied stretch and consequent baseline current observed.
Each sample measurement was performed using a baseline current of 100 £ 10 nA,
to allow us to compare data sets across several runs and pores. To account for
variation in the pore size from the manufacturing process, the stretch and voltage
were adjusted to achieve a similar baseline current for each experiment (see above).
As well as matching the baseline current each sample blockade signal was greater
than 0.05 nA, compared to a background noise of circa 10 pA. Finally when
performing an experiment a calibration was performed on particles of known size
and zeta potential. For the purpose of measuring and comparing zeta potential, it
was imperative that the stretch of the nanopore and the applied potential were not
changed during a sample or calibration measurement of a particular dataset. The
sample measurements were all completed at the highest or second highest voltage
that the calibration measurements were carried out at. Calibration measurements
were completed on each new day analysis was completed and when a new
nanopore was introduced. The zeta potential distributions were measured as
D90/10 value, D90 is defined as the particle zeta potential at 90% of the cumulative
particle zeta potential, distribution and D10 is defined as the particle zeta potential at
10% of the cumulative particle zeta potential.



3. Results and discussion
3.1 Zeta calculation

In this study we are using a method related to Arjmandi et al., *°, who described a
calibration based method of measuring particle zeta potentials using resistive pulse
sensing. This method is based on measuring the duration of the translocation of
particles through a nanopore as a function of applied voltage, with particle velocity
and electric field being averaged over the entire sensing zone of a regular conical
pore. The electric field, E, can be determined using the calculation of pore resistance,

so that E is entirely parallel to the z-axis, E,(z) = —I, * ‘;—f, with E; I, and R being the

electric field component along the pore axis, electric current, and resistance
respectively®®. For a voltage V,of 0.5 V, a small pore opening diameter of 0.8 pm, a
large pore opening diameter of 40 um, and a membrane thickness of 250 um, the
maximum electric field is approximately 10° V/m. Please note that the above pore
dimensions are estimates, which are in accordance with SEM images of pores with
similar dimensions to the ones used for this study. The electrophoretic mobility is the
derivative of 1/T (with T being the signal duration) and voltage multiplied by the
square of the sensing zone length, I. | is a fitting parameter that is included in a
calibration constant, which is calculated using a calibration particle with known zeta
potential. Convection and electroosmosis have been neglected for being much
smaller than the electrophoretic contribution to particle motion. Finally, Henry’s
equation is used to relate the particle zeta potentials with the measured
electrophoretic mobility of single particles®.

We are using a related approach, in which we are considering the effects of
elecroosmosis and convection (through an applied pressure) in addition to
electrophoresis when calculating the zeta potential of single particles. Samples of
particles with a wide spectrum of zeta potentials, potentially reaching from positive to
negative values and/or very dilute suspensions, may require the application of an
external pressure in order to capture the whole spectrum of particle zeta potentials.
Also, without any net pressure, most neutral particles might not translocate the pore

and hence are not measured, skewing the results.

10



Average velocities and electric fields at multiple points through the sensing
zone (as opposed to only at the end of the sensing zone, see figure 1b) will help to
reduce errors that result from rogue events such as instantaneous background noise.
In other words, multi point analysis serves as a sort of quality control of the acquired
zeta potentials. The calibration of the pore is based on measuring the linear
dependence of 1/Ty vs voltage, V, using standard carboxylated polystyrene particles
with a known average zeta potential (figure 1c). The calibration process is
summarised in supplementary info (equations A.1-A.6). From this the electrokinetic
particle velocities of sample, (v§)elSample, and calibration, (vy).; ca, are related with
their zeta potentials, E,inetSample and é,.:car (equation 1), assuming a linear
relationship between velocity (mobility) and zeta potential as given in the

Smoluchowski approximation®®*”.

i i
W)el Sample __ $x et Sample (1 )
(Wx)el cal $net cal

The net zeta potentials for both sample and calibration particles are the
differences in the respective particle zeta potentials and the membrane zeta
potential, &,,,(equation 2).
$p sample = Snet sample T $m (2)

The zeta potential of each sample particle i, zgample, is given by averaging
respective zeta potential values, calculated at various locations within the pore
(equation 3), with I being the position within the pore reached after time, t=T,. Please
note that I is set to equal 0 right at the narrow pore entrance of the conical pore,
where the signal magnitude reaches its maximum, as shown in figure 1b. Zeta

potentials are evaluated by taking the average at several discrete points, Iy.

Ei B Yy Z; Sample __ ZX(V; Sample—VE ca]><P)/(V¥Ca1><V) x E + E (3)
Sample - ZX - EX net Cal m

is the sum of the time averaged electrokinetic (electroosmotic and

V>I(Sample
electrophoretic) and convection velocity components of sample particulates at
position I, within the pore (equation 4).

i
Vi _ o Tvi(Ddt 4)
XSample ~— TL TL
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Vx Cal’

vP cal » P» and Vare electrokinetic velocity per unit voltage, convective velocity

per unit pressure, applied pressure and voltage for the sample runs respectively. The
electrokinetic velocity per unit voltage is equivalent to the electrokinetic mobility,

which is the sum of electroosmotic and electrophoretic mobility. v}{Cal and v}(’Cal are

calculated by averaging typically over more than 500 calibration particles. ¢t ca1 @and
¢m are the zeta potentials of polystyrene standard particles and the membrane
respectively. The zeta potentials of polystyrene standards and the thermoplastic
polyurethane membrane were measured using PALS and streaming potential

techniques, to be -20 mV and -11 mV respectively (see supplementary info).
3.2 Zeta potential of DNA Modified Particles

To test our method on DNA modified particles we first performed a series of
measurements increasing the concentration of ssDNA (25 bases in length) on the
streptavidin coated particle surfaces. The concentration of DNA, termed here CP,
was increased from 10 — 210 nM, whilst the particle concentration remained constant.
At DNA concentrations over 188 nM the theoretical binding capacity of the
streptavidin particles (as given by the supplier) has been reached (see
supplementary figures A.2 and A.3 for the size and charge distributions of the
Streptavidin coated particles without DNA). At the highest concentration of DNA
added to the particles there is ~ 12648 pieces of DNA/ particle, if all of these are
attached to the surface of the particles it would equate to 1 DNA molecules every 2
nm across the particle surface. At lower concentrations of the DNA this ratio changes
to 602/ bead at 10 nM, and 4517/ bead for 75 nM. Figure 2 is an example of size and
zeta potential data that can be captured simultaneously in a single TRPS
measurement. The blue and red bars/data points show the data at the lowest and
middle concentration of CP (10 nM and 47 nM respectively) and the green bars/data
points show results from the highest concentration of CP measured (210 nM).
Please note that each data point in figure 2 represents a single particle.

12
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Figure 2 — Size and zeta potential data captured simultaneously from a single TRPS
measurement. The blue bars/data points are results of a sample containing 10 nM
CP (570 particles measured), the red bars/data points are of a sample containing 47
nM (524 particles measured) and the green bars/data points are of a sample
containing 210 nM CP DNA (576 particles measureq).

From this, it can be found that although there are no significant size changes
observed between the samples, there are significant changes observed in the zeta
potential. The inferred zeta potentials from the measured velocities of the samples at
varying CP concentration are shown in figure 3a and 3b respectively. The particle
velocities are determined from 1/Tops0 (see supplementary material), which is an
estimate of the average particle speeds. The measured zeta potential in figure 3a
shows that as the DNA concentration is increased, the larger the absolute zeta
potential, and follows the expected trend based on the measured particle velocities;
similar data for repeat experiments are given in figure A.2a. This is attributed to each
phosphate group contributing to a negative point charge, thereby increasing the
charge density of the particle surface, as described by Graham’s equation. Surface

charge densities were calculated using Graham’s equation®®®’

. With mean zeta
potentials not exceeding an absolute value of 40 mV the respective absolute surface
charge densities lie below 0.035 C/m? and acknowledge that whilst counter ion

condensation may play a role under these situations it is beyond the scope of the
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study to describe in detail. Figure 3c shows a series of histograms of frequency
versus measured zeta potential for each concentration of DNA. The distribution at
low concentrations of DNA can be characterised as narrow with a long skewed tail,
which may impart be due to the particles themselves not having a uniform coating of
streptavidin. As the concentration of DNA is increased the distribution changes, with
the median skew value going from -0.66, -0.36 and -0.51 -0.36 for 10, 95 and 210
nM respectively. It should be noted here that the skewed histogram data in the figure
may be an inherent property of the particles themselves not having a uniform coating
of the streptavidin protein coating, as shown in figure A2. The charge histograms for
all of CP concentrations studied are shown in figure A.4 and 5. Particle-by-particle
measurements provide more detailed analysis of a sample solution. Charge
distribution histograms are used to represent the spread of data amongst a given
sample population. The zeta potential of the sample can then be analysed in more
depth.
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Figure 3 — a) Mean zeta potential vs capture probe concentration. b) 1/T,50, See
figure 1b, estimating average particle speed vs capture probe concentration. c)
Charge distributions amongst the sample population shown in ‘a)’ increasing in DNA
concentration from left to right. 537, 605, 585, and 588 particles were measured for
the samples containing 10, 47, 95, and 210 nM DNA respectively.

A similar relationship between the length of the ssDNA and measured zeta
potential should also exist, that is as the length of the DNA increases, the zeta
potential is also predicted to increase. Steinbock et al. have previously investigated
the effect of long double stranded DNA strands (4 and 6 kilo base pairs) hybridised
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to colloids using microparticles and a microcapillary base Coulter counter system.

They

found that DNA coated microparticles displayed a much smaller change in

conductance values due to the additional charge in the system*. To investigate the

sensitivity of TRPS in its ability to measure changes in zeta potential, we are

focusing on much smaller strands of single-stranded DNA. The ssDNA

oligonucleotides in this study were 10, 25, 36 and 50 bases in length equivalent to
7.0, 17.5, 25.2 and 35 nm in length respectively if the ssDNA is fully extended®%%3,
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Figure 4 — a) Mean zeta potential vs capture probe base length. Blue bars are
representative of a 75 nM DNA concentration and red bars represent a 210 nM DNA
concentration. b) 1/Ty.s0, see figure 1b, estimating average patrticle speed vs capture
probe base length. ¢c) The charge distribution of varied DNA base length using 210
nM DNA. 676, 1001, 996, and 693 particles were measured for the 10, 25, 36, and
50mer respectively. Error bars represent st.dev where n = 2.

Figure 4a shows how the zeta potential increases when the length of the DNA

is increased alongside the relative particle velocity displayed in figure 4b. In this
example (red bars), the concentration of DNA added to the particles is in excess of

the binding capacity. Figure 4a, blue bars, illustrate the same effect, i.e. as the length

of the DNA increases so does the measured zeta potential. However in this

experiment, the DNA is at 75 nM, which is lower than the theoretical binding capacity

of the particles. At this lower concentration the DNA is much more flexible and can

exist in its condensed mushroom form®*. Figure 4c shows the charge distribution
histograms for the densely packed DNA particles (distributions for the 75nM DNA are

given in figure A.6, and distributions from multiple runs are presented in figure A.7.).
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The width of the distribution increases as the length of the DNA increases
(D90/10 goes from 2.87 to 5.3 for 10 and 50 base lengths respectively), we attribute
this observation to the steric hindrance of the longer strands, preventing a higher
packing density of the DNA around the particles due to their radius of gyration,
effectively blocking the binding of the DNA onto the surface. Its also interesting to
note that the median skewness values from -042 to -0.41, -0.12 and 0.45 for 10, 25,
35 and 50 bases respectively. The particle charge distributions for the lower DNA
concentration (75 nM) and comparative datasets for the higher concentration (210
nM) illustrating the reproducibility of the data are given in supplementary figures A.6
and A.7.

3.3 Detecting Target DNA Hybridisation

It was then investigated if the technique could discriminate between ssDNA
and dsDNA. Initially the capture probe length was kept constant at 25 bases in
length, and was always added in excess of the binding capacity. Any unbound
capture probe in solution was removed before the target probe was incubated with
the particles. As can be seen in figure 5ai and ii, the formation of dsDNA can be
measured by an increase in zeta potential for assay hybridisation times of 16 hours
(green triangle) and for hybridisation times as short as 30 minutes (red squares).

The change in structure from ssDNA to dsDNA is a 50-fold increase in

persistence length®>*!

, and this will result in the hydrodynamic radius of the particle
upon forming dsDNA to increase. Two competing factors then affect the surface
chare density. The first is the elongation of the DNA upon forming the dsDNA
structure which has the effect of spacing out the charged phosphate groups away
from the particles surface, resulting in a decrease in charge density. However this is
countered by the addition of a second strand of DNA doubling the number of point
charges resulting in a net increase in electrophoretic mobility in solution, and thus
resulting in increased velocities and larger zeta potential values.

This is similar to the work done by Booth et al. demonstrating the detection of
target-probe DNA hybridisation and successfully discriminating between ‘probe’ and
‘target-probe’ hybridised particles using TRPS®®. However, in these previous
examples the experiments utilised a 23mer capture probe and 50mer target, as such

the captured DNA extended out into solution and was predominantly ssDNA. Here
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we were curious as to the ability of the technique to discriminate between ssDNA
and dsDNA, as well as overhanging DNA. We investigated a range of DNA targets
binding to various positions of the capture probe, to determine the sensitivity and
reliability of a zeta potential measurement for the detection of varied DNA
hybridisation. We termed these target probes as cDNA (fully complementary), MidT
(binds to the middle of the CP), EndT (binds to the end of the CP) and OverT (binds
to the end 10 bases of the CP and overhangs into solution by 15 bases). The results
for these measured zeta potential values are plotted in figure 5aiii—v. As we add
target DNA in each of the hybridisation experiments to form dsDNA, be it at the
middle or end of the CP, there is a larger zeta potential recorded. The magnitude of
change in zeta potential is always greatest with the longer hybridisation times. Of
interest is that fact the overhanging DNA sequences (OverT) gives the largest
negative zeta potential of all the samples despite being the longest length.
Increasing the length of the DNA could have slowed the speed at which the particles
traverse the pore due to additional drag effects and lowered the recorded zeta
potential. However, the result indicates that the increase in charge due to the
additional 30 based has a more dominant effect on particle translocation times. One
suggestion for this observation could be down to the ssDNA having a lower
persistence length. The overhanging ssDNA may coil/ fold back towards the patrticle.
This folding in effect increased the surface charge density around the particle
increasing the electrophoretic velocity through the creation of a ‘hairy layer
mechanism’®®. The ssDNA within the overhanging DNA is also further from the
particles surface than the DNA in any other experiment. Given the curvature of the
particle the distance between each DNA molecule will increase, and this room to fold
back may explain the enhanced effect over MidT and EndT experiments.
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Figure 5 — a) Relative change in mean zeta potential (mV) from DNA capture probe
(CP, 250 nM) to when a variety of targets are hybridised for 30 minutes (red squares)
and hybridised for 16 hours (green triangles). The relative change in zeta potential
was also investigated for a lower concentration (75 nM) and 30 minute hybridisation
time (blue diamonds). b) Charge distributions for each target at 250 nM CP
concentrations and a hybridisation time of 16 hours. 500, 990, 592, 707, and 964
particles were measured for samples i)-v) respectively with median skewness values
of -073, -0.59, -0.41, -0.49, -0.31. Error bars represent st.dev where n = 3.

A surprising aspect of the data was the ability to distinguish between dsDNA
formed at the end or middle of the capture probe. The target DNA that bound to the
end of the CP (EndT), recorded a smaller zeta potential than a same sized target
that was hybridised to the middle of the CP (MidT). We attribute this to the effects of
persistence lengths and the location of the dsDNA in the capture probe. The MidT
dsDNA leaves a section of ssDNA exposed to the solution. This is more flexible and
we hypothesise that when the dsDNA is in the middle of the DNA, the single
stranded end section coils/ folds back to increase the charge density around the
particle®, thus creating a larger zeta potential. In the case where the dsDNA is at the
end of the sequence, the ability of the DNA to fold back on its self is restricted and
forms a more rigid elongated oligomer across the entire length of the DNA, moving
the charge away from the surface and lowering the surface charge density.
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The observation that MidT produces a larger shift in zeta potential could
influence the design of future assays on TRPS systems. The change in distribution
shape indicates a difference in the DNA hybridisation or DNA target itself. Figure 5b
shows the change in charge histogram shape, dependent on the target DNA
hybridised to the CP. The ability to monitor any of these discrete differences is an
insightful prospect for future colloid and nucleotide research.

As well as designing the location to capture target DNA, there is also an
interesting observation on the effect of DNA density on hybridisation kinetics.
Previous studies have illustrated that the kinetics of target DNA capture is influenced
by DNA probe density at a surface®~°. At high DNA probe densities, the ssDNA
forms a dense packed polymer brush®®, the DNA forms a rigid polymer coating who'’s
thickness is equal to the length of the extended DNA sequence, H%. The effects on
packing density then determine the electrostatic potential, the position of the shear
plane and the kinetics of target DNA hybridisation. The significance of the zeta
potential at polyelectrolyte layers becomes more complicated, and when the debye

length,

_is sufficiently lower than the polyelectrolyte layer thickness, H, i.e. «
'/H<<1, the measured zeta potential may no longer reflect the stern potential, as the
plane of shear is shifted to distances further away from the particles surface”.
Therefore at polyelectrolyte surfaces, the term zeta potential in effect loses its
original meaning. As the density of the DNA packing decreases the plane of shear
may enter the DNA layer”.

Figure 6 shows the effect of hybridising an excess of target cDNA to different
packing densities of CP. At a low capture probe concentration and a target
hybridisation time of 30 minutes (shown by figure 6a), the charge distributions were
much narrower in shape with less of a tailing effect observed. In agreement with
previous studies’®, when the DNA capture probe concentration is lower, there is a
faster rate of reaction, resulting in a much narrower charge distribution histogram. At
high capture probe concentrations, it is difficult to observe an increase in zeta
potential for small hybridisation reaction times, thus for quick assay times, low
packing densities of CP produce better results.
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Figure 6 - The charge distributions for a sample population at; a) low concentration
of capture probe (75 nM) + 30 minute hybridisation of varied targets in excess, (987,
998, and 996 particles were measured for CP, cDNA, and OverT respectively) b)
high concentration of capture probe (250 nM) + 30 minute hybridisation of varied
targets in excess, (502, 997, and 661 particles were measured for CP, cDNA and
OverT respectively) and c) high concentration of capture probe (250 nM) + 16 hour
hybridisation of varied targets in excess (512, 916, and 944 particles were measured

for CP, cDNA and OverT respectively) .

Figure 6b and 6¢ both display results observed at a high CP concentrations
and show the charge distribution widening as the target hybridisation time increases
from 30 minutes to 16 hours. This is due to the increase in amount of time the target
DNA has to reach the required orientation to achieve successful complementary
DNA binding. The more time there is for this to happen, the higher the proportion of
target DNA that can successfully bind to the capture probe resulting in a larger
amount of dsDNA present on the particles. This increases the particle velocity
through the nanopore, thus resulting in a larger absolute zeta potential.

A more Gaussian charge distribution was seen for particles analysed in figure 6a
and 6¢ than in 6b, skewness values of 0.1, -0.41 and -0.37 respectively. We attribute
this to an increase in ability to form dsDNA, and then detect its presence on a
particle. For example with a hybridisation time of 30 minutes and a lower capture
probe concentration (6a), the presence of dsDNA is easily detected. This may be
due to two factors, firstly there being less steric hindrance for the target DNA to

approach the particle allowing the rate of dsDNA formation to be increased, and

20



secondly the resolution of the technique to measure the incremental additional of
dsDNA against a particle of lower charge, compared to a high density ssDNA
covered particle in 6b. Increasing the target hybridisation time to 16 hours (figure 6c)
using the high concentrations of capture probe allows the target to have more time

hybridise and thus more dsDNA is present on the surface.

4. Conclusions

We have demonstrated that TRPS can successfully detect and characterise
both unmodified and DNA-modified particles in a single, real-time measurement.
Charge distributions, rather than a single mean zeta potential value allow for more
information to be extracted from a sample dataset using a particle-by-particle
perspective. DNA-based surface modifications to a nanopatrticle affect the behaviour
of the nanoparticles in an electrolyte solution and their mobility through a nanopore;
and by optimising the hybridisation time and DNA packing density on a surface, we
measure the successful capture of target DNA after just 30 minutes incubation time.
Successful analyte capture after such short incubation times is advantageous and
shows great potential for medical applications, such as point of care assays, for

example.
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