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Abstract: Here we develop Lateral Flow Assays (LFAs) that employ
as functional elements DNA-based structures decorated with
reporter tags and recognition elements. We have rationally re-
engineered tile-based DNA tubular structures that can act as
scaffolds and can be decorated with recognition elements of
different nature (i.e. antigens, aptamers or proteins) and with
orthogonal fluorescent dyes. As a proof-of-principle we have
developed sandwich and competitive multiplex lateral flow platforms
for the detection of several targets, ranging from small molecules
(digoxigenin, Dig and dinitrophenol, DNP), to antibodies (Anti-Dig,
Anti-DNP and Anti-MUC1/EGFR bispecific antibodies) and proteins
(thrombin). Coupling the advantages of functional DNA-based
scaffolds together with the simplicity of LFAs, our approach offers
the opportunity to detect a wide range of targets with nanomolar
sensitivity and high specificity.

Introduction

The rapid detection of biomarkers plays a crucial role in
the prevention,™? prognosis,*¥ and monitoring of human
disorders.®™ Despite significant advances have been achieved
in standard laboratory based methods (i.e. ELISA, PCR),
reagent-intensive and multi-step processes are often required
making these approaches time consuming and costly.[
Because of this there is a rising demand of platforms that allow
sensitive, specific, rapid and easy-to-use measurement of
diagnostic biomarkers, in point-of-care (PoC) setting.™ Lateral
Flow Assays (LFAs) respond to the above needs providing a
quick, low-cost, and user-friendly approach that has found large
use for diagnostic,*? environmental ***®! and food safety
applications.®*! Numerous examples of LFAs have been
demonstrated since the development of the first kit for the
pregnancy self-test.'*?! The detection of several viruses,??4
bacterial infections™ 2% and also multiple antibodies (i.e. 1gG,
IgM and I1gA),*® can be achieved by engineering specific lateral
flow kits. Despite the approaches developed to date have
proven sensitive and specific with also quantitative and
multiplexing capabilities,?®?” new strategies that allow to build
lateral flow sensing assays with increased versatility and
applicability are needed.

Synthetic DNA has recently emerged as a versatile
material to build structures and devices at the nanoscale.’?**"
Numerous examples of 2D and 3D architectures with potential
applications in sensing,®*® drug delivery®® % and imaging“®>-*

have been described to date. DNA-based structures present
several features that could be advantageous if coupled with
LFAs. Synthetic DNA strands are in fact easily addressable and
DNA-based structures can be decorated with different functional
groups.*“*® These may include a wide range of recognition
elements and orthogonal reporter labels (i.e. fluorophores) that
can be employed for the multiplexed detection of different
targets.*”? Motivated by the above considerations, we propose
here a novel strategy to couple the advantageous features of
DNA-based structures with those of LFAs. More specifically, we
have re-engineered a fluorescently-labeled DNA-based scaffold
as functional reporter tag in LFA. The DNA scaffold can be
decorated with optical reporter labels (i.e. fluorophores) and
different recognition elements and allow the sensitive and
convenient detection of multiple targets with different LF sensing
formats.

Result and Discussion

In this work we have employed as DNA scaffold a model DNA
structure obtained through the self-assembly of double-cross-
over DNA tiles (DAE-E)."¥Y These tiles are formed through the
hybridization of five different DNA strands and contain 4 single-
stranded sticky ends (a, b, a’, b’, each of 5 nucleotides) that
induce their spontaneous self-assembly into micron-scale
polymeric structures.® To assemble our DNA scaffold, we have
employed two different tiles that contain the same sticky ends
and can thus co-assemble together. One tile (anchor tile)
contains a DNA single-stranded overhang that can act as an
anchor domain for the decoration with a recognition element
(Figure 1a, S1). In the second tile (reporter tile), instead, one of
the strands is covalently conjugated to a fluorophore tag (Figure
la, S1). The DNA scaffold formed through the self-assembly of
these two tiles will thus display two elements: the fluorophore
and the anchor domain.®>® Through the simple hybridization of
a modified DNA strand complementary to the anchor domain we
can easily control the decoration of the DNA scaffold with
different recognition elements (Figure 1b). This kind of functional
scaffold can be used, for example, in a LF sandwich format
(Figure 1c) in which both the scaffold and the test line of the LF
strip are functionalized with a specific recognition element. In the
presence of the target, the scaffold will be retained on the test
line and a fluorescent band will be observed (Figure 1c).
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Figure 1. DNA-based scaffolds for a lateral flow test. (a) DNA tiles assembled
through the hybridization of five different DNA strands displaying four sticky
ends (a, b, &', b’) each of five nucleotides. The tiles are re-engineered to
contain either a DNA single-stranded overhang that can act as an anchor
domain (anchor tile) or an optical reporter label (reporter tile). The DNA tiles
are shown here as LEGO-like bricks in which knobs and holes represent the
sticky ends of the tiles. DNA tiles can self-assemble into DNA scaffolds of
micron-scale length. (b) Adding a modified DNA strand complementary to the
anchor domain makes it possible to decorate the DNA scaffold with different
recognition elements. (c) Scheme of a sandwich format of a LFA that employs
functional DNA scaffolds as both reporter tags and recognition elements.

As a first step towards the use of DNA scaffolds in LFAs,
we have initially characterized the signal generated by a
fluorescently-labeled DNA scaffold when retained on the test line
of a strip (Figure 2a). First, we have used a fluorescent
microscope to confirm the successful assembly of DNA scaffolds
containing different relative content of the reporter tile and
anchor tile (Figures S2). In figure 2b a representative image of
DNA scaffolds prepared with 90% of reporter tile and 10 % of
anchor tile is reported.

We have then used a bench-top fluorescent imager to
measure the signal generated on a test line displaying a capture
strand complementary to the anchor strand of the DNA scaffold.
A DNA scaffold with 90% of the reporter tile and 10% of the
anchor tile showed an optimal signal/noise ratio with the highest
tested anchor tile content and was thus employed in subsequent
experiments (Figures S3). The addition of this DNA scaffold at
different concentrations (from 1 to 300 nM) on the strip leads to
the formation of a fluorescent band on the test line with a
concentration-dependent intensity (K> = 30 £ 1 nM) (Figure 2c).
Control experiments using fluorescently-labeled non-assembled
monomeric tiles decorated with the anchor domain (Figure S4)
do not show any fluorescent band thus supporting the
hypothesis that DNA-assembled scaffolds are crucial to achieve
a measurable signal (Figure 2c). Similarly, control experiments
using DNA scaffolds without the anchor strand do not generate,
as expected, any fluorescent band (Figure S3, ctrl).

DNA scaffolds enable multiplexed detection. To show this,
we have prepared three different scaffolds each decorated with
a different fluorophore and with a different anchor domain. We
have immobilized the corresponding complementary capture

strands of each scaffold on three different test lines of the same
strip. By adding different combinations of a mixture of the DNA
scaffolds we observe orthogonal signals on each test line
(Figure 2d). We have also demonstrated the possibility to detect
the signal generated by the fluorescently labeled DNA scaffold
with smartphone camera and a UV lamp. The results are
comparable in terms of sensitivity with those obtained using the
bench-top imager thus further supporting the versatility of our
approach and its suitability for point-of-care (Figure S5).5°
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Figure 2. Characterization of functional DNA-based scaffolds for LFAs. (a)
Scheme of the format assay employed to characterize the signal generated by
a fluorescently-labeled DNA scaffold. (b) Fluorescence microscopy image
(scale bar 5 pum) and average length and count of the assembled
fluorescently-labeled DNA scaffolds (100 nM) with 90% reporter tiles and 10%
anchor tile. (c) Images of the strips and fluorescent signal values of the
fluorescent bands obtained at increasing concentrations of the DNA scaffolds
and of monomeric tiles (DNA tile) used as control experiments. (d) Multiplexed
platform obtained by adding three DNA scaffolds decorated with different
fluorophores and with different anchor domains. The experiments shown in
this figure were performed in 1xTAE, 12.5 mM MgCl,, 0.1% Tween 20, pH 8.0.
A solution containing the DNA scaffold (15 ul, 50 nM) was added on the strip
and measured using a fluorescent imager after 30 min. Error bars represent
standard deviations based on triplicate measurements.

After the above preliminary characterization, we have
explored the possibility of using our DNA scaffolds to detect
different targets, ranging from antibodies to proteins, in a
sandwich-type assay. For this type of format, we have
functionalized both the DNA scaffold and the strip with a
recognition element specific to the target analyte. The presence
of the target would thus induce the accumulation of the DNA
scaffold on the test line generating a measurable fluorescent
band (Figure 3a). As a first example of this format, we have
developed a sandwich assay for detecting Anti-Digoxigenin
antibodies (Anti-Dig antibodies). We have first functionalized the
DNA scaffold with Dig by using a Dig-labeled DNA strand
complementary to the anchor domain of the anchor tile (see Fig.
1b). We have also immobilized, through biotin/streptavidin
interaction, a Dig-conjugated DNA duplex complex on the test
line of the strip. The addition of a solution containing the Anti-Dig
antibody leads to the formation of a sandwich complex on the
test line that generates a fluorescent band (Figure 3a). The
assay shows a concentration-dependent behavior with a K.
value of 1.7 £ 0.2 nM (Figure 3b,c). Comparable results (Kyz =



1.5 + 0.2 nM) were obtained using saliva samples spiked with
Anti-Dig antibodies thus supporting the possibility of using our
approach in complex samples (Figure 3d). We also observed
limit of detection (LOD) values, calculated as the concentration
of Anti-Dig giving a signal 3 times the standard deviation of the
blank, of 0.6 nM and 0.7 nM for buffer and saliva, respectively.
Control experiments using non-assembled monomeric tiles
decorated with the anchor domain and the DNA scaffolds
without the DNA strand complementary to the anchor domain do
not show any measurable fluorescent band (Figure S6).
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Figure 3. Sandwich LFA using DNA-based scaffolds. (a) Scheme of the
sandwich assay for the detection of Anti-Dig antibodies. (b) Images of the
strips and normalized fluorescent signal values obtained at increasing
concentrations of Anti-Dig antibodies (c) in buffer and (d) in saliva. (e) Scheme
of the sandwich assay to detect thrombin and normalized fluorescent signal
values at increasing concentrations of thrombin (f) in buffer and (g) in saliva.
(h) Sandwich assay for detecting Anti-MUC1/Anti-EGFR bispecific antibodies.
Normalized fluorescence values at increasing concentrations of antibodies (i)
in buffer and (j) in saliva. The experimental protocol for these experiments is
detailed in the SI. Briefly, a solution (15 pl) of buffer or saliva spiked with
different concentrations of the target antibody was added to the strip followed
by the addition of a buffer solution (15 pl) containing the DNA scaffold. The
fluorescent band on the test line was measured using a bench-top fluorescent
imager after 30 min. Error bars represent standard deviations based on
triplicate measurements.

Our approach is versatile and could be easily adapted to other
targets. For example by modifying our DNA scaffold with the
thrombin-binding aptamer and the strip with Anti-thrombin
antibodies, we can easily detect thrombin, a protein with
proteolytic activity involved in blood coagulation cascade (Figure
3e)®7. Also in this case, the signal of the fluorescent band
shows a concentration-dependent behavior (Kyz of 5 £ 1 nM;
LOD = 0.7 nM) with comparable sensitivity in saliva samples
spiked with thrombin (Ky>, = 0.2 £ 0.1 nM; LOD = 0.05 nM)
(Figure 3f,g).

The possibility of functionalizing the DNA scaffold and the
LF strip with two different recognition elements allows the
detection of bivalent targets with two different binding sites. For
this, we have selected as target a bispecific antibody designed
to bind the mucin-1 (MUC1) protein and the human epidermal
growth factor receptor (EGFR) (Figure 3h). We have thus
functionalized the DNA scaffold with an EGFR-conjugated DNA
strand, and the test line with a DNA/PNA-chimera duplex
complex, conjugated at one end with a biotin molecule and at
the other end with a 15-residue peptide epitope of the MUC1
protein. The presence of the target bispecific antibody gives a
concentration-dependent signal in the test line with comparable
sensitivity in buffer and saliva (K2, = 4.0 £ 0.1 nM, LOD =2 nM
in buffer; Ky = 0.7 £ 0.3 nM, LOD = 0.3 nM in saliva) (Figure
3i,j). The platform specificity is demonstrated by testing the two
monovalent antibodies (Anti-MUC1 and Anti-EGFR) that, as
expected, do not show any measurable signal (Figure S7). To
further explore the platform's capabilities with complex matrices,
we conducted the three assays described above also in 30%
serum-fortified samples and observed signals in the presence of
the target even under these conditions (Figure S8). We also
show that is possible to perform the sandwich assay for the
detection of Anti-Dig antibodies in a single step with comparable
results (Figure S9).

Figure 4. Competitive LFA for the detection of small molecules. (a) Scheme of
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the competitive assay for the detection of small molecules. Normalized
fluorescent signal values were obtained at increasing concentrations of (b) Dig
and (c) 2,4-dinitrophenol (DNP). The experimental protocol for these
experiments is detailed in the Sl. Briefly, a solution containing the target (at the
indicated concentrations) and the DNA scaffold (50 nM) were incubated for 5
minutes and then added (15 pl) to the strip. The fluorescent band on the test
line was measured using a bench-top fluorescent imager after 30 min. Error
bars represent standard deviations based on triplicate measurements.

DNA scaffolds also support competitive assay formats. To
demonstrate this, we have decorated the scaffold with the target
of interest and modified the test line with a specific recognition
element. In this type of assay a competition between the analyte
and the functional scaffold is established so that the presence of
the target prevents the formation of a fluorescent band on the
strip. In the first example, to develop a competitive assay for the
detection of the small molecule digoxigenin (Dig), we have
employed the same Dig-functionalized DNA scaffold described
above, and we have immobilized, through adsorption
mechanism, the Anti-Dig antibodies on the test line of the strip



(Figure 4a). The presence of increasing concentrations of
digoxigenin leads to a decrease in the fluorescent band on the
test line of the strip with a concentration-dependent behavior
(Figure 4b) (K12 =10 £ 2 nM, LOD = 0.8 nM). This approach can
be easily adapted to the measurement of other small molecules.
For example, we have decorated the scaffold with 2,4-
dinitrophenol (DNP) and the test line with Anti-DNP antibodies to
detect free DNP in the solution. Also, in this case we observed a

concentration-dependent signal decrease with nanomolar
sensitivity (Ky2 =8 = 1 nM, LOD = 2 nM) (Figure 4c).
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Figure 5. Competitive LFA for the detection of antibodies. (a) Scheme and (b)
normalized fluorescent signal values of the competitive assay for the detection
of Anti-DNP antibodies. (c) Scheme and (d) normalized fluorescent signal
values of the competitive assay for the detection of Anti-Dig antibodies. The
results shown in this figure were obtained the same approach described in
Figure 4. (e) Scheme of a multiplexed competitive assay for the simultaneous
detection of Anti-DNP and Anti-Dig antibodies employing orthogonal functional
DNA scaffolds. The images show the strips obtained in the presence of one or
both the antibodies (30 nM) in 10% serum. (f) Bar plot representing the
normalized fluorescence signal (%) in the presence of one or both the
antibodies (30 nM). The red dashed line represents the fluorescence value of
the control line. The experiments for the multiplexed platform were performed
in 10% serum. Error bars represent standard deviations based on triplicate
measurements.

We can also use the same antigen-decorated DNA
scaffolds to measure target antibodies using a similar
competitive format. In this case, we have immobilized on the test
line the relevant antibody. The free target antibody in the sample
solution would prevent the formation of the fluorescent band

leading to a decrease in the observed signal. With this approach,

we have detected Anti-DNP (Figure 5a,b) and Anti-Dig (Figure
5c¢,d) antibodies with Ky, values of 5.5 + 0.5 nM and of 0.9 £ 0.1

nM, respectively and LOD values of 0.7 and 0.3 nM, respectively.

Finally, thanks to the possibility of engineering multiple and
orthogonal DNA scaffolds, we have developed a multiplexed
competitive LFA for the simultaneous detection of Anti-DNP and
Anti-Dig antibodies. To do this, we have employed orthogonal
DNA scaffolds modified with three different fluorophores and
orthogonal anchor domains (Figure S10). We have then

4

modified three different test lines, the first with Anti-DNP
antibodies, the second with Anti-Dig antibodies, and the third
test line (control line) with a DNA capture strand (Figure 5e). As
expected, the presence of a single antibody prevents the
fluorescent band on the corresponding test line, and only in the
presence of both antibodies none of the two test lines shows a
fluorescent band (Figures 5e,f, S11).

Furthermore, to demonstrate the suitability of this platform
in point-of-care settings, we performed the same competitive
assay shown in figure 5c (for the detection of Anti-Dig
antibodies) using a camera smartphone and a portable UV lamp.
With this set-up we obtained comparable Ki;; (2.1 £ 0.2 nM vs
0.9 £ 0.1 nM) and LOD values (0.9 nM vs 0.3 nM) (Figure S12).

Conclusion

Here we have demonstrated a proof-of-principle method
for the use of DNA-based structures as both reporter tags and
recognition elements in LFAs. The DNA structures used in this
work are easily assembled and can be decorated with different
recognition elements and signaling labels providing a high
affinity recognition of the target of interest and an amplified
fluorescent signal on the LF strip. We have demonstrated that
DNA scaffolds can be used to detect antibodies, proteins, and
small molecules in both sandwich and competitive assay formats,
with sensitivities comparable to those obtained in conventional
LFAS.[SB-SQ]

Despite the maturity of LFA technology, some limitations
still affect its widespread use in some applications.™® we argue
that the use of DNA-based structures in LFAs can provide
interesting opportunities to overcome these limitations and to
provide an alternative to the use of gold nanoparticles for novel
and more versatile LFA platforms. For example, DNA-based
structures can provide an easier to control conjugation of the
recognition element compared to gold nanoparticles. Moreover,
we show here that it is straightforward to label the DNA scaffolds
with different fluorescent labels thus supporting the possibility of
expanding the range of colors (signals) used in LFAs. This,
together with the orthogonality of DNA-DNA interactions can
allow multiplexing capabilities that are currently difficult to
achieve with traditional LFAs.
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Here we have developed Lateral Flow Assays that employ as functional elements DNA-based structures decorated with reporter tags

and recognition elements. With these analytical platforms we have demonstrated the rapid, sensitive and quantitative detection of
several targets including small molecules, antibodies and proteins.
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