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Abstract: Simultaneously studying different biomarker types (DNA,
RNA, proteins, etc.) has the potential to significantly improve
understanding and diagnosis of many complex diseases. However,
biomarker detection involves several complex or expensive

methodologies, often requiring specialized laboratories and personnel.

A multiplexed assay would greatly facilitate the process of accessing
biomarker data. Here, we present a multiplexed biomarker detection
technique using variable-length DNA payload chains, which are
systematically disassembled in the presence of specific biomarkers,
releasing distinctly-sized fragments that yield characteristic gel
electrophoresis band patterns. This strategy has enabled us to detect
with high sensitivity and specificity DNA sequences including BRCA1,
RNA (miR-141) and the steroids aldosterone and cortisol. We show
that our assay is multiplexable, enabling simultaneous biomarker
detection. Furthermore, we show that our method suffers limited
sensitivity loss in fetal bovine serum and can be applied using
capillary electrophoresis, which may be more amenable to automation
and integration in healthcare settings.

Introduction

Significant advances in bioinformatics have led to major
breakthroughs in our understanding and treatment of many
complex diseases !'-4. A large variety of molecular biomarkers
from across the -ome spectrum (genomics, proteomics,
metabolomics, etc.), extracted from blood, urine, efc., can now be
used to help inform disease diagnosis, monitoring and medication
I5-71 As a direct result of this, healthcare systems have begun the
transition to ‘precision medicine’, where patients are provided with
personalized treatments selected for maximum efficacy against
their unique multi-omic biomarker profile B-'1. However,
precision medicine can only be achieved if the methods for
detecting and quantifying biomarkers are inexpensive and

efficient enough to be applied at scale in clinical settings rather
than in limited-throughput laboratories 2131,

At present, building up a biomarker profile involves a large
number of different techniques, each with their own set of
limitations and complications "4, Profiling the proteome often
relies on expensive enzyme-linked immunosorbent assay
(ELISA) tests (or other immunoassays) [, the metabolome
depends almost exclusively on the technically complex method of
mass spectrometry ['61 and the genomef/transcriptome require
techniques such as next-generation sequencing and PCR 7],
Building a biomarker profile using a combination of these
techniques is a technical and logistical challenge, and is currently
extremely difficult to achieve in clinical settings [819],

DNA nanotechnology is being investigated as the basis for
alternative diagnostic methods. DNA nanostructures have been
shown to be capable of detecting a variety of different biomarkers,
by incorporating or conjugating with affinity reagents such as
aptamers and antibodies [2%-23 Furthermore, DNA
nanotechnology-based assays are compatible with a large range
of readouts 24, including electrochemistry [%1 pH [28]
conformational changes detected via gel electrophoresis [27-2°1,
fluorescence imaging 3%-32 and naked-eye colorimetric changes
331 This flexibility in both target analyte and readout could allow
a single DNA nanotechnology-based assay to detect multiple
classes of biomarkers simultaneously 4. Such assays would
remove the requirement for several separate protocols and
machines to detect different classes of biomarkers, significantly
lowering the barrier for deployment in healthcare settings. While
a number of such multiplexed detection methods have been
outlined in the literature [2527:35381  |imitations such as scalability,
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regulations and cost P71 have prevented their widespread use
outside research laboratories.

In this work, we present a new technique for multiplexed
biomarker detection, with a number of notable advantages. In
brief, our detection principle revolves around the manipulation of
the length of DNA nanostructure chains. These chains are
assembled from DNA payload subunits, each of which consists of
a double-stranded DNA (dsDNA) core flanked by two single-
stranded DNA (ssDNA) sticky ends. The number of payloads
within a chain dictates its length, which can be probed easily using
techniques such as electrophoresis. To detect biomarkers, we
use strand displacement or aptamer-binding events to
disassemble long payload chains whenever a target biomarker is
present. This action releases shorter payload chains that are
designed to possess a unique length for each individual biomarker
detected. This results in a characteristic pattern of bands on a gel
electrophoresis scan, which can be interpreted to confirm the
presence and quantity of each biomarker, in a single run. Just
four strands of unlabeled DNA are required per payload unit,
which makes them significantly less expensive than DNA origami-
based detection systems 38, which typically require 500+ unique
strands per structure.

We show that our DNA payload assay can detect different classes
of biomarkers with high sensitivity (limit of detection (LOD) of
2.9nM for DNA, and 200-250nM for a steroid target, which is
clinically relevant for cortisol [, high specificity (resistant to even
single point mutations in target nucleic acids) and in a clinically-
relevant medium (fetal bovine serum). We demonstrate the
technique’s multiplexing capabilities by detecting multiple
biomarkers simultaneously. Furthermore, we show that our assay
can be performed with capillary electrophoresis, which is
amenable to automation and integration in  high-throughput
clinical testing.

Results and Discussion
Formation of Payloads and Principle of Detection

Gel electrophoresis separates biomolecules such as DNA based
on shape, size and charge 9. Thus, for any detection technique
using gel electrophoresis as the primary readout mechanism,
some form of structural or conformational change needs to be
induced in a nanostructure to cause an easily distinguishable shift
in the corresponding band on a gel scan. Typically,
electrophoresis-based biomarker detection assays use structural
changes in relatively massive DNA origami scaffolds @1 or
nanostructures -with complex shapes % to produce easily-
distinguishable gel bands. In contrast, we focused on keeping the
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nanostructures as small and as simple as possible, to keep costs
low and reduce the number of steps in the assembly process. Our
detection method is based on a 4-strand DNA payload unit (Figure
1A left dotted box). The payload unit is made up of two
components: a 30-base pair (bp) dsDNA core and two uniquely
addressable 15-nucleotide (nt) sticky ends. Due to their simplicity,
payloads can be assembled efficiently and in high concentrations
using a short ~1.5 hour annealing protocol (Methods). In isolation,
these payloads produce a single well-defined band on a gel
electrophoresis scan with an intercalating fluorescent dye due to
their dsDNA core. When two payloads are bound together via a
combination of adapter and linker strands, a dimer structure
(‘Target-Specific Detection Unit’, Figure 1A right dotted box) is
formed and this moves more slowly through the gel than the
original single unit payloads.

To detect a nucleic acid (DNA/RNA), the target capture domain in
the ‘Target-Specific Detection Unit’ is set to contain the sequence
complementary to the target nucleic acid sequence. On the
matching linker, the complementary domain is truncated such that
the final few bases of the target capture domain are unpaired,
providing a single-stranded toehold. With no target present, the
complementary linker strands hybridize, binding the two payloads
together into a dimer. However, when the target is added, it binds
to the toehold, invades the duplex and unravels the payload
linkage via toehold-mediated strand displacement 1. This breaks
apart the target-specific detection unit, releasing the two payloads
and shifting the corresponding gel band to the single-payload
location, enabling detection of the target (Figure 1B, left).

For detection of targets other than nucleic acids, the target
capture domains of the linker are designed to incorporate a
partially hybridized aptamer sequence. In the absence of the
target, the linkers keep the payloads attached in the dimer
configuration, leaving a portion of the aptamer unhybridized
(Figure 1B, right). However, the presence of the target biomarker
causes the aptamer to unravel its hybridized structure and
preferentially fold into its specific binding conformation. The
number of unhybridized aptamer bases required to allow for
preferential binding to the target will depend on the dissociation
constant and structure of the aptamer selected. Additionally, an
extra domain can be added to the linker pair to stabilize the linker
hybridization if the aptamer duplex is too short to support
hybridization under normal conditions. Once the aptamer starts
to fold to bind to its target, this will cause the payload linkers to
de-hybridize, which releases the individual payloads and causes
a corresponding gel band shift (Figure 1B, right). Together, the
aptamer and strand displacement mechanisms can detect a large
variety of biomarkers, as aptamers have been developed for a
wide range of targets 27,
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Figure 1. Assembly of payload structures and detection principle. (A) Payload structure consists of a 30-bp dsDNA core with two unique 15-nt sticky ends.

Adapter strands can be used to standardize attachment points. Payloads can then be attached together using partially hybridized linker strands. (B) In the presence

of the target biomarker, the connection between the two payloads in the dimer is broken, leaving individual single payloads. This causes a clear gel band shift,

allowing for target detection. When targeting DNA/RNA, the capture strands are unraveled through toehold-mediated strand displacement. For targeting other

types of biomarkers, the capture strands consist of a partially-hybridized aptamer. In the presence of the aptamer's target, the aptamer should de-hybridize and

fold into its target-binding shape, breaking the payload connection.

Biomarker Detection: Sensitivity and Specificity

To test and characterize our methodology, we designed target-
specific detection units to target different classes of biomarkers.
We selected a panel consisting of DNA (a 25-nt fragment of the

3

BRCA1 gene, identical to that tested by Chandrasekaran et al.
7)) microRNA (miR-141, also identical to that tested by
Chandrasekaran et al. ?1), and aldosterone, a steroid with a well-
defined aptamer 2. Each of the targets selected can act as a
clinically relevant biomarker for different diseases: BRCA1



mutations are highly associated with breast cancer 31, miR-141
is expressed abnormally in many cancer tumors [ while
aldosterone is used for the evaluation of high blood pressure and
diagnosing/monitoring adrenal gland tumors and other disorders
451 |n particular, we deliberately selected a steroid biomarker for
our analysis as steroids are often very challenging to detect due
to their low circulating concentration in blood (pM-nM) 46481,
Successfully detecting a steroid at a clinically relevant
concentration indicates that detection of most other plasma
analytes, which circulate at much higher concentrations 1849
should be easily achievable with our assay. We set the target
capture domain according to the type of biomarker — the
complementary sequence for nucleic acids or the appropriate
aptamer sequence for other biomolecules. We prepared dimer
payloads as described in the Methods. We combined each dimer
with its target biomarker and observed the formation or increase
in intensity of a single fast gel band for each dimer/target pair
tested (Figure 2).

We analyzed the sensitivity of our assay by measuring the
intensity of the output band formed after incubation with a range
of target concentrations. Figure 2A and S1 show sensitivity
profiles for quantification of the BRCA1 fragment after 48- and 24-
hour incubation respectively, while Figure 2B shows the
sensitivity profile for miR-141 RNA quantification after 24-hour
incubation. We found that the assay produced a visible output gel
signal in the presence of the target nucleic acid at concentrations
as low as ~1nM (9ul sample containing 77.5pg of DNA) for
BRCAA1 after 48-hour incubation, with the LOD calculated to be
2.9nM (based on linear trendline in Figure 2A, details on
calculation in the Methods). The concentration at which the
output band is visible drops to ~3-5nM after a 24-hour incubation
(Figure S1). For miR-141, 24-hour incubation (Figure 2B) resulted
in a visible output band at a target concentration of ~10nM (9l
sample containing 698.0pg of RNA) with a LOD of 18.7nM
(calculated as before). The reduction in LOD for the miR-141
RNA can be attributed to the fact that each target nucleic acid will
display different rates of strand displacement according to its
sequence 5% and whether RNA or DNA is invading the linker
DNA duplex 1511, We also analyzed the specificity of our detection
method by challenging our assay with various off-target variants
of the BRCA1 fragment, including single mutations on both the
toehold and bulk areas of the strand. The results show that our
system displayed a high degree of sequence specificity (Figure
2C and S2). When exposed to targets at a concentration of 111nM
for 24 hours, the signal was dramatically lower for mutated
sequences than for the perfectly matched target. The intensity of
the output band was 85% lower for a single mismatch on the
toehold, and decreased by nearly 100% in the cases of a double
mutation in the toehold, a single mutation in the displacement
domain or many mutations in the displacement domain. Our
technique could therefore be used to accurately distinguish
between strands with a range of single nucleotide polymorphisms.

We further challenged our nucleic acid detection assay by testing
its detection capabilities with shorter incubation times and in 20%
fetal bovine serum (FBS), a biologically relevant medium. Figures
S6 and S7 shows the detection of BRCA1 after 2 hours of
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incubation and the detection of miR-141 after 4 hours of
incubation, respectively (both with and without FBS). For BRCA1,
the concentration at which the output band is visible after 2 hours
of incubation drops to ~10-11nM, but the output band is still visible
at the same concentration for FBS detection. For miR-141, after
a 4 hour incubation, the increase in output band intensity is
already clearly visible for ~30nM of RNA in the non-FBS test, and
for ~80nM for the FBS test. These results indicate that detection
can still occur at much lower incubation times, with a relatively low
reduction in detectable concentration for a 4-hour incubation time.
Detection in FBS is also possible, but a reduction in LOD is
apparent for incubation times longer than 2 hours.

Figure 2D shows the sensitivity profile for aldosterone detection
after 24-hour incubation with dimer payloads equipped with an
aldosterone aptamer 1“2, In contrast to the DNA/RNA payloads,
the aldosterone dimer payloads appeared to be in equilibrium with
the detached single payload structures (as evidenced by the
presence of single-payload gel bands), even with no target
present. This caused issues with accurate quantification of the
target biomarker at higher concentrations, since the extra single
payloads add an additional bias to the output band signal and
cause it to saturate earlier. Despite this, aldosterone could still be
detected at lower concentrations, with an LOD of 222nM. We
expect that the signal profile for each individual target biomarker
will depend on the stability and dissociation constant of the
complementary aptamer. Furthermore, we demonstrated that this
LOD is also maintained in a biologically relevant medium by
testing aldosterone detection in 20% FBS. As shown in the inset
of Figure 2D and Figure S8, detection in FBS results in weaker
output bands, but the output signal ratio to the no-target output
band remains constant, allowing for quantification with no
degradation in LOD. To confirm the detection results are not
unique to this specific steroid, we also prepared dimer detection
payloads for cortisol, using its aptamer 2 as the target capture
domain. We repeated our detection assay for cortisol detection,
both in our standard buffer and in 20% FBS, with a shorter
incubation time of 4 hours. The results in Figure S9 clearly show
that similar detection results are obtained, with an LOD of 250nM
and 196nM for non-FBS and FBS detection, respectively. The
presence of FBS appears to have no negative effect on the LOD ,
as for aldosterone.

We also attempted to detect a protein biomarker, the enzyme
thrombin, using a dimer payload equipped with a thrombin
aptamer 2] as the linker sequence. While we were able to detect
a band shift in the presence of thrombin, this resulted in a very
slow band rather than the faster single-payload band we were
expecting (Figure S10A). This indicates that the aptamer caused
some unknown aggregation to occur after breaking its hybridized
state. This experiment shows that not every single aptamer will
work with our method immediately, and might require further
optimization to conditions and/or sequence to achieve the desired
effect. Despite this unexpected result, the thrombin dimer
payloads could still be used to detect a target DNA strand
containing the sequence complementary to that of the thrombin
aptamer (Figure S10B). We continued to use this payload and
target sequence pair in subsequent experiments.
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Figure 2. Detection of various biomarkers using purified dimer payloads. Each panel has a different y-axis range due to variations in band size and image
brightness. All gels are TBE-based, except for panel C, which is TAE-based (TBE version of this result available in Figure S2). Full gel images for panels A, B and
D are available in Figures S3-S5. None of the gel images are computer-adjusted and only vary in exposure time (between 10-25s). a.u. = arbitrary units. Long
incubation times are used to accurately judge the lowest LOD possible for each target. (A) Detection of single-stranded BRCA1 DNA fragment, graph points
correspond to the gel bands embedded within the figure. LOD calculated to be 2.9nM, using the linear trendline y=49.81x + 8.80 shown on the graph. (B) Detection
of miR-141 RNA fragment. Results similar to those for BRCA1, but LOD is higher (18.7nM, with linear trendline y=8.33x + 86.67 shown on graph). Output
quantification encompasses both visible single-payload bands. (C) Specificity analysis on BRCA1 DNA fragment. A clear reduction in output signal is observed
)
Detection of aldosterone using aptamer payloads. Due to the aptamer partially dissociating without any target present, the output band quickly saturates, preventing
accurate quantification of aldosterone at higher concentrations, but still allowing for detection (LOD 222nM, with linear trendline y=0.50x + 1033.93 shown on graph).
Output quantification encompasses both visible single-payload bands due to their proximity. The inset shows detection of aldosterone in 20% FBS for shorter

against all incorrect targets, including those with just one mismatch. All targets were introduced at a concentration of 111nM and incubated for 24 hours.

incubation times produces results which are very close to those in standard buffer. ‘Zero-Reference Band Intensity’ refers to the pixel intensity above that of the
baseline output band (no target present). The actual bands corresponding to these results are provided in Figure S8. All samples for FBS comparison were

incubated with their targets for 2 hours at 21°C with constant agitation prior to gel loading. Only the top output band was considered for quantification.



Multiplexed Detection

Using just payload dimers allows our technique to act as a single-
target detection system. However, the nature of our payload
attachment system also enables us to perform one-pot
multiplexed detection without the need for any additional
components or labels. The more payloads we conjugate in a
chain, the slower the bands produced in the resulting gel (Figure
3). Chain elongation can be controlled by capping one of the
sticky ends of the seed payload, after which elongation can only
proceed in one direction (Figure 3A). With this elongation
technique, the number of payloads on either side of a detection
linker can be predetermined (Figure 4A) and thus allow for precise
control of the position of the output band following detection.
Combining payload detectors with different output bands results
in a characteristic band pattern that allows for simultaneous
detection of multiple biomarkers, as each target biomarker will
produce a unique gel band independent of any other structure in
the mixture. We subsequently refer to individual payload chains
according to the number of payloads within the chain i.e. ‘dual’
refers to a chain with two payloads, ‘quad’ refers a chain with four
payloads, ‘octa’ refers to a chain with eight payloads, etc.

A)

Free
ssDNA edge

Capped edge,
preventing extension
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To demonstrate this principle, we created three different detection
payload chains for two DNA targets (the previously tested BRCA1
fragment and the DNA complement to the thrombin aptamer) and
aldosterone. We designed each detection chain to contain a
different number of payloads: 4 on each side (octa) for the
thrombin aptamer complement, 2 on each side (quad) for the
BRCA1 fragment and 1 on each side (dual) for the aldosterone
target. After assembly and purification, we combined each of the
detection chains in one mixture, and exposed them to different
combinations of the targets (Figure 4B). The results clearly show
that each of the detection structures disassociated only in the
presence of their target, producing a unique, faster gel band
corresponding to the payload chain generated after splitting apart
the longer detection chain. The simultaneous detection of
multiple biomarkers produced a gel band pattern which could be
interpreted to enable detection of all targeted biomarkers. An
additional gel image showing detection of RNA with a payload
chain containing 6 payloads (hexa-chain) is available in the
supplementary information (Figure S11).

B)

Elongation of
payload chain

RN

Figure 3. Multi-payload formation. (A) Payloads can be attached together to form longer chains. ssDNA caps can be used to control the direction of elongation

by blocking off one of the sticky ends. (B) Longer payload chains produce slower bands for each additional payload added to the chain. The payload chains shown
here were produced by sequentially adding equimolar quantities of payloads with the correct sticky ends to elongate the current chain, allowing incubation at 30°C
for 30 minutes between each step. The final resulting payloads shown here were not purified and thus show some off-pathway products.
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Figure 4. Multiplexed biomarker detection. (A) Payload detection structures of variable size can be produced by controlling the length of the payload chain.

Different sticky end sequences can be used in each payload to improve yield or modify payload chain assembly process. All detection structures were assembled

via stepwise addition of the correct payload to elongate the chain with a 30°C incubation for 30 minutes between each step (exact details in methods section). Final

products are purified before use in a detection assay. (B) Multiplexed detection assay for thrombin aptamer complement, BRCA1 and aldosterone. Detection can

be carried out for each target individually, or all three in one pot or some combination of targets. All targets were added in excess and were left to incubate for 30

minutes (this short incubation time is selected as the disassembly process is very quick when the target is in excess) at 30°C before gel electrophoresis.
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Figure 5. Capillary electrophoresis results. All target and payload detector mixtures were allowed to incubate at room temperature for ~75 minutes prior to
capillary electrophoresis. All detection payloads were used without purification and thus some impurities are visible around the main payload bands. a.u. =
arbitrary units. (A) Principle of capillary electrophoresis detection. (B) Detection of BRCA1 DNA. (C) Detection of miR-141 RNA. (D) Detection of aldosterone.

As before, dimer payloads are in equilibrium with single payloads, even when no target is present (output single payload band with no target present is marked

with a black dotted outline).
Capillary Electrophoresis

The results of Figure 2 and Figure 4 have shown that our
technique is capable of targeted individual and multiplexed
detection of various biomarkers. However, conventional gel
electrophoresis requires many steps, even when using precast
gel systems 1331, -In contrast, capillary electrophoresis systems, as
used ‘in Sanger sequencing 54, present an opportunity for
automating the entire process of detection and quantification.
Capillary electrophoresis machines separate nanostructures by
forcing them through capillary tubes filled with a gel/stain mixture,

while automatically detecting fluorescence via a built-in detector
at the end of the capillary tubes (Figure 5A). To test whether our
structures were compatible with such a system, we evaluated the
detection of our biomarker panel (BRCA1 DNA, miR-141 RNA
and aldosterone) with an Agilent capillary electrophoresis system.
We used unpurified dual detection payloads for each of the
targets, due to the machine’s relatively high DNA LOD (0.5ng/pl)
and the challenges inherent in producing large amounts of purified
payloads. The plots in Figure 5B-D show the results obtained
after mixing each payload detector with different concentrations
of each target. Each plot shows that the principle of detection



works properly with capillary electrophoresis, for both nucleic acid
and aptamer targets. Dual detection payloads are left intact when
no target is present and dissociate into single payloads when their
target is added, producing in each case an output band with an
intensity that depends on the target concentration.

The capillary results also displayed several unique advantages
over those of standard gel electrophoresis. As can be seen in all
three panels of Figure 5, the bands produced for each structure
were very thin and specific, with much less variation than in
standard gel electrophoresis. This means that different dual
payloads will produce slightly different bands due to variations in

Conclusion

We have presented a technique for multiplexed biomarker
detection, with a number of key features that give it great potential
as a diagnostic method. We have shown that our approach can
detect specific nucleic acids (genome/transcriptome) with a LOD
of up to 2.9nM (22.5ng/ml) with a standard gel electrophoresis
setup, with 100% mutation specificity. Enzyme-free DNA/RNA
amplification techniques %! could be coupled with our assay to
improve the LOD further. Detection of non-nucleic acid
biomarkers can be taken care of via aptamers, and we have
demonstrated this by successfully detecting the steroids
aldosterone and cortisol (part of the metabolome) with a LOD of
222nM (80.0ng/ml) and 250nM (~90.6ng/ml), respectively. This
is 2 to 3 orders of magnitude above the physiological range for
plasma aldosterone €1, but in the physiological normal range for
the more abundant and more widely measured steroid hormone
cortisol B9, We thus establish that the method we describe, even
without further refinement to enhance the LOD further, is already
capable of detecting steroid hormones at levels that are
physiologically relevant for some. Detecting other small molecule
targets can be achieved by replacing the linkers with the correct
aptamer for the required target. A large number of aptamers
targeting many different types of molecules 2% already exist
(including other steroid targets [M2%€1)  which significantly
increases the range of targets our detection method could be
applied on. However, detection efficiency for each individual
aptamer would need to be evaluated on a case-by-case basis.
The efficacy of the reaction will depend on the balance between
the aptamer’s target binding affinity and the thermodynamics of
hybridization. Weaker binding affinity or stronger base-pairing
would be likely to reduce the limit of detection. .

We have also shown that detection in a more complex medium
such as FBS has limited impact on our method’'s ability to
quantitate a target nucleic acid, and almost no effect on the
quantification of a target steroid. While our assay results are
reproducible under the conditions we have tested, further testing
in biological conditions/media with a large number of repeated
measurements would be required to properly quantify the
precision and reliability of our technique in a clinical setting.

The main advantage of our method is its inexpensive and flexible
one-pot detection approach, which can be used to detect nucleic
acids and proteins in a one-pot reaction. Our DNA payload
chaining mechanism allows our method to perform multiplexed
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the sequences of the target capture domains. This makes it
simpler to produce a multiplexed readout, as multiple dual
payloads could be mixed together, with each occupying different
spaces on the gel scan (an example is shown in Figure S12).
Additionally, working with unpurified structures ensures that the
concentration of the detection chains is significantly higher than
the purified chains tested in Figure 2. This higher concentration
indirectly had the effect of allowing the detection reaction to occur
significantly faster. In fact, we achieved detection of 50nM of miR-
141 RNA (Figure 5C) after incubation for just 75 minutes, as
opposed to the 4 hours it took for standard gel electrophoresis.
The combination of a more automation-friendly procedure, rapid
detection and straightforward interpretability makes capillary
electrophoresis more suited for clinical applications.

detection without any changes to the detection assay format. We
have demonstrated this principle with the simultaneous detection
of a panel of two nucleic acids and aldosterone in one pot. The
entire technique requires just 6-10 unique DNA strands for the
bulk payload chains, and 2 extra strands per target to allow for
specific detection. To properly assemble our higher order payload
chains and prove our detection principle, we used low-throughput
gel purification (details in methods). However, nanostructure
purification could be performed using higher-throughput methods
such as size-exclusion chromatography which would significantly
improve nanostructure yield and production scalability 571,

Importantly, capillary electrophoresis can help to automate some
of the more laborious parts of electrophoresis, facilitating
application for diagnostic use. Furthermore, capillary
electrophoresis machines can be produced for $500 %81 and the
running costs are lower than using standard gel electrophoresis
159601 Coupling our technique’s low production requirements,
multiplexing capability and easy automation, the barriers to
introduction of targeted biomarker testing to the clinic are
significantly lower than the current alternative of combining
multiple conventional techniques to achieve the same outcome.
Further development of our approach could also enable detection
of a much larger number of targets in parallel, building on the
multiplexing proof-of-concept offered here.
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We present a detection assay for multiple biomarkers (DNA, RNA, steroids) using size-adjustable DNA payload chains. The detection
principle works by releasing a distinctly sized payload fragment in the presence of a specific target biomarker, which can be detected

by any size-exclusion method. We show that our assay has high sensitivity/specificity, is multiplexable and amenable to automation
using capillary electrophoresis.
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