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Abstract

The sensitive detection of proteins is a key objective in many areas of biomolecular science, ranging from
biophysics to diagnostics. However, sensing in complex biological fluids is hindered by non-specific interactions
with off-target species. Here, we describe and demonstrate an assay that utilises both the chemical and physical
properties of the target species to achieve high selectivity, in a manner not possible by chemical
complementarity alone, in complex media. We achieve this objective through a combinatorial strategy, by
simultaneously exploiting free-flow electrophoresis for target selection, on the basis of electrophoretic mobility,
and conventional affinity-based selection. In addition, we demonstrate amplification of the resultant signal by a
catalytic DNA nano-circuit. This approach brings together the inherent solution-phase advantages of microfluidic
sample handling with isothermal, enzyme-free signal amplification. With this method, no surface immobilisation
or washing steps are required and our assay is well suited to mono-epitopic targets, presenting advantages over

conventional ELISA techniques.

Introduction

The quantitation of target biomolecules in complex environments is essential in fundamental and applied
protein science, including the development of novel diagnostics. In particular, proteins are an important
class of biomarkers as they can be used to diagnose and monitor the activity of diseases and the efficacy
of treatments."® Furthermore, compared to alternative biomarker species as investigated by transcriptional
profiling* and metabolomics,’® the protein domain is likely to be ubiquitously affected in disease, response
and recovery.®” Therefore, developments in protein sensing are a promising route towards more accurate
disease diagnostics and monitoring, with great potential in the emerging fields of point-of-care and
personalised medicine.?

In contrast to nucleic acids, proteins cannot be amplified directly by PCR or other chemical biology
techniques, and are subsequently challenging to detect when present at low concentrations against a
complex background. Foremost amongst traditional analytic techniques is the enzyme-linked
immunosorbent assay (ELISA), which typically relies on the surface-capture of a target by dual antibodies
in a ‘sandwich’ complex, followed by enzyme-driven signal amplification. Whilst it remains the industry
standard, ELISA is prone to false-positive signals due to non-specific surface-binding in complex assay
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reagents limits the application of ELISA for point-of-care applications in the field. Thus, sensing methods
that avoid surface-capture of targets, can be completed in a minimal number of steps and that employ
relatively more robust materials are of increasing interest.'*"*

Here we propose an approach which combines electrophoretic, microfluidic separation and signal
amplification by DNA circuitry to enable the detection of proteins at biologically relevant, nM concentrations.
Physical specificity on the basis of electrophoretic mobility enables the quantitation of a target protein
against complex backgrounds including cell lysate medium. Our method avoids surface-capture of targets
and operates in an enzyme-free and isothermal manner. Though electrophoretic approaches have been
explored extensively in capillary-based end-labelled free-solution electrophoresis (ELFSE) for application in

15-18

DNA sequencing, protein-sensing methodologies and continuous sample fractionation based on similar
principles remain unexplored so far.

Microfluidic experiments permit efficient, fast and high-throughput analysis and enable the ready
manipulation and analysis of biomolecules based on their intrinsic physical properties. The application of an
electric field on chip permits electrophoretic analysis, with the response of analytes determined by both
hydrodynamic radii and net charge.”® Furthermore, as is common in bulk preparative and analytical
biochemistry assays, microfluidic electrophoresis also enables separation of biomolecular mixtures into
their constituent parts. For example, in microchip or capillary electrophoresis, molecules are separated via
differential migration along a microchannel under an electric field. However, typical capillary
electrophoresis-based methods are non-continuous, with analyses subsequently limited in throughput.?®??
The application of electric fields perpendicular to the direction of flow enables free-flow electrophoresis
(FFE), with experiments conducted in a continuous manner.?*# |soelectric focusing, a special case of FFE,
utilises this approach and can achieve excellent separation of biomolecules.?*?®%° Nonetheless, this
approach is complicated by the requirement of a suitable pH gradient, solution-phase stability of analyte
species at their isoelectric point (pl) and sufficient differences in pl between analytes for separation to be
successful. Therefore, FFE-based fractionation methods that utilise differences in analytes’ electrophoretic
mobilities alone present several advantages, including the potential to operate in native, unperturbed
environments.

Following signal generation by isolation of the target species, signal amplification enables sensing of
targets present in low abundance. The rapidly growing field of DNA nanotechnology provides a means to
complement and improve upon protein-based signalling methods by providing DNA-based alternatives.
One area of interest is that of enzyme-free amplification via DNA-catalysed amplification circuitry, including
methodologies such as entropy-driven catalysis, hybridisation chain reaction and catalysed hairpin
assembly (CHA).*>* These methods employ complementary 'toehold’ base pairing of a target or signalling
nucleotide strand, in order to trigger binding between otherwise kinetically metastable DNA hairpins or
duplexes in a manner which enables linear, quadratic or exponential signal amplification. DNA circuitry is
inherently modular and scalable, has no requirement for degradable enzyme reagents and functions
isothermally, representing significant advantages over techniques such as polymerase chain reaction
(PCR), for example. Whilst DNA nanotechnology is increasingly being applied to biomolecular sensing,*
attempts to link amplification schemes such as the CHA reaction with protein inputs have proved
challenging.®*

Our two-step approach allows for the selection of a single protein species against a complex
background, with simultaneous generation of a molecular signal that can be amplified through CHA. In the
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development of this system, we have investigated the free-flow electrophoretic behaviour of a range of
protein-appended ssDNA oligonucleotides, which show close agreement with previously published studies.
This works represents an original approach to protein sensing, that can improve upon traditional methods
where non-specific binding prevents accurate quantitation, for example when generic epitopes are shared
between protein species.>® Sensing experiments can be conducted on a shorter timescale (< 3.5 h) than is
required by typical ELISA protocols, with no blocking or washing steps required. The target protein and
capture species, streptavidin and biotin respectively, used for this model system were chosen so as to
remove variability arising from protein binding kinetics. We demonstrate the working principle of the assay
design with monovalent streptavidin as target, whilst work to develop this system for the sensing of protein
targets of clinical interest is ongoing.

Methods

Microfluidic device fabrication

Devices were designed using AutoCAD software (Autodesk) and photolithographic masks printed on
acetate transparencies (Micro Lithography Services). Polydimethylsiloxane (PDMS) devices were produced

on SU-8 moulds fabricated via photolithographic processes as described elsewhere,***’

with UV exposure
performed with custom-built LED-based apparatus.®® Following development of the moulds, feature heights
were verified by profilometer (Dektak, Bruker) and PDMS (Dow Corning, primer and base mixed in 1:10
ratio) was applied and degassed before baking at 65 °C overnight. Devices were cut from the moulds and
holes for tubing connection (0.75 mm) and electrode insertion (1.5 mm) created with biopsy punches, the
devices were cleaned by application of Scotch tape and sonication in IPA (5 min). After oven drying,
devices were bonded to glass slides using an oxygen plasma. Before use, devices were rendered

hydrophilic via prolonged exposure to oxygen plasma.*

Free-flow electrophoretic fractionation procedure

Flanking buffer solution (3750 uL/h, 0.1 X TE: 1 mM tris-HCI pH 7.5, 0.1 mM EDTA, 0.05% Tween-20),
sample (40 pL/h, mixed in 0.1 X TE or cell lysate, supplemented with 0.05% Tween-20, 1% bovine serum
albumin and 0.5% OliGreen® dye) and electrolyte (500 yL/h, 3M KCI, 1 uM fluorescein sodium salt) flow
was controlled by syringe pumps (Cetoni neMESYS). Fluids were injected into the device via polythene
tubing (Smiths Medical, 0.38 mm ID) from glass 1 mL or 0.5 mL syringes (0.5, 1 and 10 mL for sample,
electrolyte and buffer, respectively; Hamilton). Potentials were applied by a benchtop power supply
(Elektro-Automatik EA-PS 9500-06) via bent syringe tips inserted into the electrolyte outlets. Fractionated
sample, flanking buffer and electrolyte was collected from tubing inserted into device outlets. Microfluidic
experiments were observed and recorded on an inverted fluorescence microscope (Zeiss AxioObserver
D1), fitted with appropriate filter cube and camera (Evolve 512 CCD, Photometrics). For each sample
mixture, fractionated analyte was collected through continuous device operation over fifteen minutes.

Free-flow electrophoresis measurements

ACS Paragon Plus Environment



oNOYTULT D WN =

Analytical Chemistry

Data was gathered using devices containing integrated, solid electrodes in direct contact with the buffer

stream in an analogous manner and using identical devices to that described previously.?”*°

Calibration of voltage efficiency

Voltage efficiencies for the electrophoretic devices were determined as described previously.*' Voltages
were applied between 0-200 V with simultaneous measurement of the current between electrodes, for the
device operating under experimental conditions and with the electrophoresis chamber filled with electrolyte.
From the gradient of voltage plotted against current (three repeat measurements, see Supporting

Information) electrical resistances of 800 kQ and 450 kQ were determined for the overall device and

electrodes, respectively. The voltage resistance was determined by the relationship (1 — w) to afford

device

a voltage efficiency of ~44%.

Reagents and chemicals

ssDNA probes were imaged during microfluidic experiments via the addition of ssDNA-specific OliGreen®
dye (200X stock dilution, Invitrogen) to samples. HPLC-purified DNA reagents were used as ordered from
Integrated DNA Technologies, oligonucleotide base sequences are detailed in the Supporting Information.
Monovalent streptavidin was procured from the laboratory of Mark Howarth, Oxford University,** wild-type
streptavidin was purchased from New England Biolabs. Streptavidin samples were incubated in TE buffer
with biotinylated probe DNA in 1:4 molar ratio at room temperature for 20 minutes prior to experiment.
Recombinant IgE (Bio-Rad) was buffer exchanged by spin column (Thermo-Scientific) into TGK buffer (192
mM glycine, 25 mM tris, 5 mM KH2PO4, pH 8.4) prior to aptamer probe binding by incubation at room
temperature for fifteen minutes prior to experiment. Cell lysate was prepared from mouse 3T3 fibroblast
cells (=1x10” / mL). Cells were centrifuged at 2000 rpm for five minutes and the supernatant removed. The
cell pellet was then re-suspended in 1 mL 0.1 X TE buffer and washed a total of three times, before the
cells were homogenised by passage through a 27G needle. The resulting lysate was passed through a 200
nm syringe filter and stored at 4 °C before further use.

Lyophilisation and CHA procedure

Samples collected from the electrophoresis step were supplemented with 1 uM polyT,, to prevent surface
adsorption, flash-frozen and lyophilised. The resultant solids were re-dissolved in TNaK buffer (20 mM Tris
(pH 7.5), 140 mM NaCl, 5 mM KCI) and transferred to a microwell plate (96-well half area, Corning) before
CHA reaction. Immediately prior to CHA reaction, hairpins H1 and H2 were refolded by thermal annealing
via heating at 90 °C for 1 minute, before cooling at a rate of 0.1 °C/s to room temperature. RepFQ reporter
was prepared by thermal annealing of fluorescence reporter RepF and antisense quencher RepQ in 2:1
molar ratio. CHA reactions (70 uL total volume) were conducted using a platereader (CLARIOstar, BMG
Labtech) equipped with reagent auto-injector in TNaK buffer supplemented with 1 uM pT,; at 37 °C, with
reagent concentrations of 400 nM H1, RepFQ and 1 uM H2. Reaction mixtures equilibrated for 5 minutes
prior to reaction initiation by auto-injection of H1 over a time period of <30 s.

Device operation for IgE sensing
ACS Paragon Plus Environment
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In order to achieve effective separation of the IgE-aptamer probe complex from unbound aptamer probe, it

1
2 was necessary to alter the ratio of fluidic resistance between the device outlets. A 50 cm length of tubing
2 (0.305 mm ID) was inserted into the appropriate outlet (marked with *, Figure 1(b)) and raised to a height of
5 35 cm with a clamp stand. Alteration of the tubing height varies the pressure drop across the chip due to
6 hydrostatic pressure, thus allowing easy adjustment of sample flow. The devices were operated at co-flow
; buffer, electrolyte and sample flow rates of 1100, 150 and 40 uL/h, respectively, with 100 V applied
9 voltage.
10
‘I 'I - -
2 Results and Discussion
13
14 .
s Assay overview
16
:; Typically, conventional methods of protein sensing are founded upon affinity-based interaction of a surface-
19 immobilised capture probe and target. Given the non-specificity associated with such methods, we sought
20 to introduce an additional, orthogonal dimension for protein selection. Furthermore, we stipulated that
;; throughout the assay protocol, our method should require no surface-immobilisation, washing steps or
23 enzymatic reagents. To achieve these aims, we have developed a platform that combines the inherent
;‘; solution-phase advantages of microfluidic sample handling, with specificity afforded by combined affinity
26 and electrophoretic mobility-based selection. Moreover, signal is amplified isothermally and in an enzyme-
27 free manner by DNA circuitry (Figure 1).
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58 Figure 1. (a) Overview of the two-step assay. The target protein is shown in red. (i) Incubation of ssDNA
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probe. (iii) Collection and re-concentration of isolated probe. (iv) Catalysed hairpin assembly assay with
probe strand as catalyst for signal amplification and target quantitation. (b) Schematic of microfluidic device
design and operation.

First, CHA-catalyst biotin-appended ssDNA probe oligos, with appropriate base sequence to enable their
function as a CHA catalyst, are mixed in excess with the monovalent-streptavidin sample mixture (Figure
1(a.i)). Unbound probes are then separated from streptavidin-bound strands by continuous microfluidic
free-flow electrophoresis (Figure 1(a.ii)). Off-chip, isolated strands are re-concentrated and CHA reaction is
initiated (Figure 1(a.iii)), with the probe strands providing the catalyst for signal amplification and protein
quantitation via fluorescence read-out (Figure 1(a.iv)).

Through our method, a molecular signal for CHA signal amplification from a single protein species is
concurrently generated and isolated against a complex background. No surface-immobilisation or washing
procedures are required, and the protein-orthogonal nature of signal amplification means that probe-protein
recognition is only necessary in the electrophoretic fractionation step. Separation of the target species from
the probe-sample mixture prevents false positives, and allows the use of high probe concentrations for
effective target capture.

Electrophoretic fractionation of unbound probe from probe-
protein complex

Biotinylated 25-nucleotide probe strands (see Supporting Information) were separated from the probe-
monovalent streptavidin complex on chip using free flow electrophoresis. To enable the application of an
electric field sufficient to effectively fractionate the probe required for subsequent CHA catalysis, a device
design that makes use of liquid electrolyte electrodes was employed (Figure 1(b)). Voltages are applied via
electrolyte (3M KCI + 1 yM fluorescein) flowing through channels separate from the electrophoresis
chamber, with field propagated into the device by the electrolyte.*’ Fluorescein is added to the electrolyte
solution to allow visualisation of the electrodes to aid device operation, whilst ssDNA was imaged by
staining with a ssDNA-selective dye. The electrolyte flow flushes electrolysis products out of the chip,
preventing flow instability, as well as reducing Joule heating of the device. With this system, separation of
25-base probe from its monovalent streptavidin complex was achieved (Figure 2).

ACS Paragon Plus Environment
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Figure 2. Physical selection of protein-probe target in free-flow electrophoresis device. Co-flow buffer,
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250 ym

electrolyte (3M KCI + 1 uM fluorescein) and sample flow rates 3750, 500 and 40 uL/h, respectively.
Species containing ssDNA were imaged by a ssDNA-selective stain (see Methods). (a) Schematic of
overall device, denoting regions of interest shown in images. (b) Flow of analyte mixture with zero applied
field, with electrode electrolyte observable at edges of channel. (c) Separation of 25-base probe from
probe-monovalent streptavidin complex, with electrode electrolyte observable at edges of channel. (d)
Magnified image of analyte fractionation, with intensity profile along purple line shown in (e). (f, g) Y-
junction in device showing sample collection solely in the presence of the applied electric field and
exclusion of electrolyte from collected fraction.

Buffer, electrolyte and sample were injected into the device by syringe pumps at flow rates of 3750, 500
and 40 pL/h with a 175 V potential applied. Separation of the sample components was evidenced by the
baseline fluorescence intensity observed between the sample streams (Figure 2(d)). Calibration of the
device resistivity (see Methods) demonstrated a typical voltage efficiency of ~40%, corresponding to an
electric field of =230 Vem™ at 175 V operating potential.

Selective isolation of the desired fraction was accomplished by the inclusion of a Y-junction in the
sample exit channel (Figure 2(f, g)). With no voltage applied, the unfractionated probe/protein mixture,
representing a false-positive signal, is not collected as the fluid flow directs the mixture into the waste
channel. When the required voltage is applied, the fractionated analyte is electrophoretically diverted into
the collection channel. Additionally, this feature ensures that the electrolyte mixture is excluded from the
collected sample.

This feature imparts additional selectivity to the system, in addition to that afforded by probe-protein
recognition. In the case where non-specific probe/target binding occurs, the resultant complex is unlikely to
also possess the precise electrophoretic mobility required for collection and inclusion in the CHA assay.
Therefore, our system, that relies on both the chemical and physical characteristics of the target species,
may provide advantages in improving selectivity over non-specific or off-target probe-protein binding.

ACS Paragon Plus Environment
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While the very strong biotin-streptavidin interaction represents a favourable case for the
demonstration of this methodology in terms of probe/target binding kinetics, the successful separation of
protein-aptamer complexes from the free aptamer using free-flow and capillary electrophoresis®**®
demonstrates that the application of this methodology to systems possessing weaker probe/target
interactions should be possible with minor optimisation. Conversely, streptavidin represents a challenging
target due to its negative charge. This hinders electrophoretic separation as the absolute value of the net
charge of the probe-protein complex is higher than that for the free probe. Thus, separation on the basis of
the probe-protein complex possessing a larger hydrodynamic radius relative to the free probe is offset to an
extent by the probe-protein complex having a greater net charge. That separation is observed for
streptavidin implies the suitability of this system for a generic protein target, with most proteins possessing

a negative net charge at neutral pH.
Probe-catalysed hairpin assembly and signal amplification

Separation and selective collection of the probe-target complex enables accurate quantitation of the original
protein sample, via amplification of the resultant probe signal by CHA reaction (Figure 3(a)).* During
electrophoretic selection, the recovered target undergoes =16-fold dilution on-chip. For the concentrations
assayed here, subsequent quantitation by CHA reaction is possible directly from the recovered fraction.
However, re-concentration of the fractionated sample by lyophilisation or speed-vacuum allows for simple
normalisation of buffer conditions for the amplification step, and negates the decrease in assay sensitivity
caused by on-chip dilution. Furthermore, this step provides the opportunity to increase assay sensitivity by
recovering fractionated sample into the same CHA assay volume over a prolonged collection time. This
process is made viable by the protein-orthogonal nature of the DNA circuitry, as the structure and function
of the DNA probe is conserved in lyophilisation, in contrast to many protein analytes and reagents.

a [monovalent

H1 320 streptavidin] / nM
E — 300
240 350
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Figure 3. Target signal amplification and quantitation by catalysed hairpin assembly (CHA), following
on-chip electrophoretic fractionation from probe/protein mixture. (a) Schematic showing the mechanism of
the CHA reaction, catalysed by a probe-protein complex. (b) Signal amplification resulting from probe
catalysis, with monovalent streptavidin present in original sample at concentrations ranging from 0-300 nM.
(c) Plot of CHA assay fluorescence intensity 10 min after circuit initiation as a function of initial target
concentration, with a linear fit for monovalent streptavidin concentration between 0-300 nM. Error bars
show standard deviation of three repeat measurements.
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Following resuspension, hairpin H2 and quenched reporter RepFQ were added prior to reaction
initiation by the addition of H1. Whilst they are ordinarily metastable, hybridization of H1 and H2 is
catalysed by the probe via toehold-mediated strand displacement (Figure 3(a)). (i) First, the probe catalyst
binds to the exposed ‘“toehold’ domain of H1, enabling subsequent strand displacement of the
intramolecularly-hybridized bases, resulting in opening of the hairpin. (ii) The newly exposed region of H1
acts as a toehold that is complementary to the single-stranded region of H2, this enables H1 and H2 to
hybridize via strand displacement of the probe catalyst, which is then free to catalyse another cycle. (iii)
Hybridisation of H1 and H2 exposes a single stranded region in H1 that is complementary to the toehold of
the RepFQ reporter. The H1:H2 duplex hybridizes with RepF and displaces the quenching strand RepQ,
resulting in signal turn-on.

CHA assays were performed on lyophilized analytes following electrophoretic fractionation of sample
mixtures containing 0, 50, 75, 100, 250 and 300 nM monovalent streptavidin target (Figure 3(b)). A linear
relationship between initial target concentration and fluorescence intensity was recorded 10 min after circuit
initiation (Figure 3(c)), thus demonstrating the feasibility of protein sensing by the assay methodology
presented here. Whilst we observe a small amount of signal for the 0 nM monovalent streptavidin control,
this is consistent with inherent leakage of the CHA circuit due to some degree of synthetic impurity in the
oligonucleotide reagents.*® This result is supported by the observation of a similar amount of leakage with
the circuit operated in isolation without catalyst oligomer (Supporting Information).

Whilst the sensing of biomolecules, and of nucleic acids in particular, via isothermal signal
amplification has been of intense recent interest,**° few examples exist for the sensing of proteins via
purely DNA-based enzyme-free methodologies. Many sensing schemes require polymerase, nicking
enzymes or the incorporation of nanoparticle or bead-based approaches. For the purely nucleic acid-based
methodologies that do exist, achieving acceptable signal:background in the generation of signal from a
protein input is challenging.**®" Therefore, this assay represents an original, isothermal, enzyme free
method of protein sensing that uses solely DNA reagents in the amplification step. Furthermore, the
modularity inherent in CHA sensing would enable ready adaptation of the detection method to alternative
colorimetric or electrochemical outputs, for example.

Free-flow electrophoresis of protein-appended ssDNA
oligonucleotides

For the system to demonstrate sensing accuracy without false-positive signal from unfractionated free
probe, separation fidelity in the electrophoretic stage of the assay was required. To gain insight into the
physical characteristics of the system, the electrophoretic mobilities of a variety of probe lengths and their
protein complexes were investigated.

Free-flow electrophoretic analysis of biotinylated ssDNA oligos 15, 25 and 38 bases long and their
monovalent and wild-type streptavidin complexes was conducted in a manner analogous to that reported
previously (Figure 4).2”*° DNA was labelled by a ssDNA-specific stain added to the sample mixture, a
description of the analysis protocol and representative data can be found in the Supporting Information.

ACS Paragon Plus Environment
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Figure 4. (a-c) Electrophoretic migration velocities perpendicular to fluid flow for biotinylated ssDNA
probe strands and their complexes with monovalent and tetravalent streptavidin for probe strands 15, 25
and 38 bases long, respectively. (d) Absolute values for the electrophoretic mobilities of biotinylated 15, 25
and 38-base ssDNA strands and their complexes with monovalent and tetravalent streptavidin.(e)
Difference in electrophoretic mobility («) between free probe and protein-bound probe complexes for 15, 25
and 38-base ssDNA. Error bars show standard deviation of three repeat measurements.

Notably, we observe that under these conditions unbound ssDNA strands do not behave as ‘free-
draining’ polymers, in that their free-flow mobility is shown to increase with the length of the probe strand, in
contrast to the behaviour predicted and reported by several previous studies.'®***®* We ascribe this
behaviour to the low salt (1 mM tris-HCI, 0.1 mM EDTA, pH 7.4) buffer used in these experiments. In this
regime, intra-polymer hydrodynamic interactions are only poorly screened, resulting in size-dependent

4 and

mobility.*****° Furthermore, this behaviour was in close agreement to that predicted via theory®
determined experimentally under similar conditions via free-flow CE,*® thus validating the continuous-flow
microfluidic approach described here.

As demonstrated in the successful fractionation of monovalent streptavidin-probe complex from the
unbound probe, monovalent and tetravalent streptavidin-probe complexes were found to have reduced
mobility relative to the unbound strand. In the case of the 1:1 monovalent steptavidin:probe complexes, the
effect of the DNA-appended protein is to behave as a ‘drag tag’, thus reducing mobility relative to the free
probe as described previously.'®® This observation can be rationalised by considering the electrophoretic

mobility 4 = 6m‘]’R , Where ¢ is the analyte charge, 5 the viscosity of the medium and R, the hydrodynamic
H

radius. Given the observed data, despite streptavidin being negatively charged at experimental pH, we infer
that the increase in overall charge (¢) that occurs with addition of the protein to the negatively charged DNA
is insufficient to offset the concurrent increase in R, thus resulting in reduced mobility. Similarly, despite
probes binding with 4:1 stoichiometry to tetravalent streptavidin, the increase in complex charge is only
enough to result in complex mobility intermediate to that of the unbound and monovalent streptavidin:probe
complexes. As found computationally,’® for monovalent streptavidin Au T =ptuom: — fsows WAS shown to
decrease with increasing strand length (4(e), Supporting Information (Table 1)).

In light of the mobility differences observed between the probe-protein complexes, we attempted to
determine whether specific protein-probe complexes could be selectively isolated on an electrophoretic
basis alone.

Enhanced specificity via electrophoretic selection
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We have shown that electrophoretic fractionation provides a means to generate a protein signal, due to

1
2 specific probe-protein binding resulting from chemical complementarity. Further to this, we demonstrate
i that the intrinsic differences in mobility between probe-protein complexes allows variable, physical selection
5 of specific target species that would ordinarily remain indistinguishable by conventional host-guest selection
6 alone (Figure 5).
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gi Figure 5. Variably selective isolation of specific probe-bound protein by electrophoretic mobility. (a(i))
35 Cartoon of selection of monovalent streptavidin-probe complex from tetravalent streptavidin-probe complex
g? and free probe on the basis of differential electrophoretic mobility. (a(ii)) Electrophoretic separation of
38 monovalent streptavidin-probe target against tetravalent streptavidin background and unbound probe.
39 Tetravalent streptavidin-probe complex is directed into the waste outlet. (a(iii)) Deflection of monovalent
40 - L . . .
M streptavidin-probe fraction into analyte collection channel. (b(i)) Cartoon of selection of tetravalent
42 streptavidin-probe complex from monovalent streptavidin-probe complex and free probe on the basis of
:S: differential electrophoretic mobility. (b(ii)) Electrophoretic separation of monovalent streptavidin-probe
45 target against tetravalent streptavidin background and unbound probe. (b(iii)) Deflection of tetravalent
46 streptavidin-probe fraction into analyte collection channel. Monovalent streptavidin-probe complex is
47
48 directed into the waste outlet. (c(i)) Cartoon of selection of monovalent streptavidin-probe complex from
49 tetravalent streptavidin-probe complex and free probe in cell lysate. (c(ii)) Separation of monovalent
g? streptavidin-probe complex from free probe in cell lysate. (c(iii)) Electrophoretic separation and selection of
52 monovalent streptavidin-probe complex against tetravalent streptavidin-probe complex background in cell
53 lysate.
54 y
55
56 Using the same continuous free-flow electrophoresis methodology, probe-protein mixtures containing
;73 both monovalent and tetravalent streptavidin were fractionated into their constituent parts, with relative
59 mobilities concurrent with their determined values (Figure 5). Through manipulation of flow rate and
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voltage, either the tetravalent or monovalent streptavidin-probe complex could be selectively isolated and
collected (Figure 5(a) and (b), respectively). From probe-protein mixtures nominally containing 100, 200
and 300 nM monovalent and 30 nM tetravalent streptavidin, CHA amplification of the isolated monovalent-
probe complex yielded measured concentrations of 97 £ 13, 212 + 35 and 319 £ 24 nM, respectively, by
comparison to the linear fit determined previously (Figure 3(c)). An analogous experiment in the absence of
monovalent streptavidin afforded only negligible CHA signal, confirming the effectiveness of signal isolation
purely on the basis of electrophoretic mobility (Supporting Information).

Furthermore, the electrophoretic fractionation step was shown to be effective in a complex buffer
environment. Monovalent streptavidin and probe were mixed in a solution of whole cell lysate (=1 x 10’
cells / mL), before electrophoretic fractionation of the subsequent mixture on-chip (Figure 5(c.ii)). Despite
the complex medium, the probe and probe-protein complex remained well fractionated, with fraction
fluorescence intensities proportional to their respective concentrations added into the cell lysate mixture.
From cell lysate mixtures containing probe and monovalent streptavidin at nominal concentrations of 300,
175, 100 and 50 nM, CHA amplification resulted in measured concentrations of 292 + 13, 167+ 17, 103 +
11 and 42 + 10 nM. Negligible CHA signal was observed in the absence of monovalent streptavidin, despite
apparent fluorescence intensity in the analyte collection channel, which we attribute to non-specific
interaction of the DNA-staining dye the cell lysate (Supporting Information). Furthermore, monovalent
streptavidin could also be fractionated against tetravalent streptavidin background in the cell lysate (Figure
5(c.iii)), thus demonstrating the potential for the assay in real, complex samples.

Through the methodology presented here, chemical host-guest selectivity can be combined with and
supplemented by physical, electrophoretic selectivity to enable the accurate sensing of species that would
otherwise be limited by non-specific host-guest binding. Whilst both streptavidin proteins would be
effectively recognised in the complex medium by generic biotin-binding alone, electrophoretic specificity is
required to quantify the relative proportions of the two isomers. Together with the solution-phase, surface-
free nature of the assay, this provides potential for improvement over traditional ELISA techniques, which
can be limited by non-specific binding of analytes to capture antibodies or surfaces. Such approaches
require laborious washing steps, and perturb the conformation of analyte and capture probes due to
surface immobilisation.>"" Furthermore, strategies to minimise non-specific interactions such as sandwich-
ELISA preclude their use for monoepitopic proteins, whereas the methodology presented here is valid for
such targets. In our approach, non-specific sensing is avoided by the requirement for probe-bound species
to possess a precise electrophoretic mobility required for analyte collection and signal generation, with the
target protein reported in an entirely enzyme-free manner, and with an amplification system orthogonal to
protein-binding chemistry.

Sensing of an antibody biomarker via aptamer probe

To demonstrate the applicability of the assay to a clinically relevant target, we adapted the system for the
sensing of immunoglobulin E (IgE). IgE is a key component of the human immune system, with particular
relevance in allergic response.® In addition, elevated IgE concentration is a defining characteristic of hyper
IgE syndrome®® and IgE myeloma,> making accurate quantitation of this biomarker an important diagnostic

procedure.
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Using an established anti-IgE DNA aptamer,?® previous studies have shown free-flow electrophoretic

separation of IgE-aptamer complex from unbound aptamer.®’

Here, we expand on this approach by
combining the aptamer sequence with that of the CHA catalyst to create a probe capable of both binding
IgE and catalysing CHA reaction. A fluorophore was included at the terminus of the catalyst sequence to
enable on-chip monitoring of the aptamer-probe behaviour. Due to the versatile nature of the microfluidic
platform, only minor modification was necessary in order to optimise the assay for effective sensing of IgE

(see Methods, Figure 6).
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Figure 6. (a) Schematic of differential mobility between unbound aptamer probe and IgE-aptamer
probe complex. The catalytic and aptameric sequences of the aptamer probe are represented by blue and
orange sections, respectively. (b) Electrophoretic fractionation of IgE-aptamer probe complex from unbound
probe. Flow rates 1100, 150, 40 uL/h for co-flow buffer, electrolyte and sample, respectively. Applied
voltage 100 V. (c) CHA signal amplification of isolated aptamer probe for initial IgE concentrations between
0-200 nM. Error bars represent standard deviation of three repeat experiments.

IgE-aptamer probe complex was electrophoretically isolated from unbound aptamer probe ((Figure
6(b)), and the isolated probe was collected off-chip. The probe was then employed in CHA signal
amplification by an analogous protocol to that described above ((Figure 6(c)). Using this technique, a linear
degree of amplification with respect to IgE concentration was observed (Supporting Information), with the
aptamer probe added to the analyte solution at 4 uM concentration (at least 20-fold excess) to ensure

complete binding of the IgE target.
The effective sensing of IgE by our assay demonstrates the modular nature of the proposed platform,

which allows for the sensing of a wide range of protein targets simply by the introduction of a suitable
aptamer. Indeed, our method provides advantages over conventional antibody-based oligonucleotide
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detection methods such as immuno-PCR, as the bifunctional probe can be easily manufactured as a single
oligo sequence, with oligo-antibody conjugation not required.

Conclusion

This paper describes a protein-sensing methodology combining chemical and physical selectivity. To this
effect, the microfluidic FFE fractionation-based approach was shown to bypass selectivity limitations of
conventional immunochemistry-based protein quantitation methods through the combination of chemical
and physical selection criteria. In addition, the signal is amplified in an enzyme-free, isothermal manner via
a nucleic-acid circuit in a catalysed hairpin assembly reaction, affording high sensitivity. We show that our
assay performs effectively in complex biological environments, with target selectivity demonstrated in cell
lysate. In future designs the CHA sensing step could be integrated into the same microfluidic platform as
the electrophoretic step, enabling in-line, single-step and continuous sensing. With this assay, we have
introduced an improved methodology for the detection of clinically relevant targets, as demonstrated by the
sensing of IgE. Surface-free signal generation and the protein-orthogonal nature of the CHA amplification
step is likely to be particularly advantageous in terms of assay specificity and simplicity in complex,
physiological environments. Furthermore, apart from eliminating non-specific binding interactions, the
integration of physical separation also allows multiple targets to be studied simultaneously even if they
employ the same affinity probe. Additionally, multiple probes with orthogonal base sequences
functionalised for different protein targets could enable multiplexed protein sensing via corresponding,

orthogonal CHA circuits.

Supporting Information:

The following files are available free of charge. Figures S1-S5, numerical values for electrophoretic mobility

data, DNA base sequences and modifications.
Supporting Information:

e Figures S1-S5
¢ Numerical values for electrophoretic mobility data

¢ DNA base sequences and modifications
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