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Abstract: Membrane fusion is a process of fundamental importance ~ combined with biological building blocks,
in biological systems, involving highly selective recognition  peptides, proteins, lipids)
mechanisms for trafficking of molecular and ionic cargos. Mimicking ~ materials, and the develop generation of sensors."
natural membrane fusion mechanisms for the purpose of biosensor Membrane fusion has been \ely studied using model
development holds great potential for amplified detection, since  systems such as pro eh native fusogenic
relatively few highly discriminating targets lead to fusion and an  proteins are expos ficial lipid vesicles
accompanied engagement of a large payload of signal-generating  (liposomes).®™ A volves the design of
molecules. In this work, we use sequence specific DNA-mediated  biologically-inspire r liposome docking and
liposome fusion for highly selective detection of microRNA. We  membrane fusion ic analogues are an
demonstrate detection of miR-29a, a known flu biomarker, down to excellent tool
18 nM within 30 minutes with high specificity using a standard  process at the i ch segment of the synthetic
laboratory microplate reader. Further, we demonstrate one order of  construct can b ied to study its role in the occurrence of
magnitude improvement in the limit of detection by using a novel  fusion.? alogues enabling specific molecular
imaging technique combined with an intensity fluctuation analysis, membrane fusion include coiled-coil
coined 2-color fluorescence correlation microscopy. DNA."®"®  Cholesterol-terminated

double-stranded DN NA) has been shown to facilitate

. . » . efficient self-insertion into liposomes,?® and also that their
Detection of target molecules in a specific and sensitive

. e o bridization #@designed to occur in a zipper-like fashion, can
manner is of critical importance for the development of efficient

. , ‘ . _ uce lipodne-liposome fusion (Figure S1)."®'® DNA, thanks
disease diagnostic devices. Nature is a great source of

AR ) high selectivity in sequence-guided self-assembly, has
|nsp|rat|or1 for .the deS|gn' _Of such platfo'r.ms, as pver the' course potential for biosensing applications. Attractive properties
of evolution highly sensitive gnd sp'ecmc sensing or signaling somes, such as ease of functionalization and
processes have emerg'ed., using ref1|ned components mad Lility, endow them with promising applications in
F)nly a fevY molec'ullar b'undlng blocks. Or'1e of these mechg biotechnology fields.?" Further, with relatively
is the fusion of lipid bilayers, an essential process allowing the

for of chemicals th h herwise i ) ading to fusion and engagement of a large payload
trar'1.s e'ro C em|cas't rough an ot erW|s§ |n?per4wous er, of signaling molecules (for example FRET-active dyes), it is
facilitating inter- and intracellular communication.” In t

. e s . reasonable to assume that target-mediated liposome fusion
heuronal fu3|on', where Ca -trlgggred neurotransm lead to highly amplified detection. Inspired by this
|r1to the syénaptlc cleft from a ve3|cle.occurs at b ing, we have engineered a sensing platform for detecting
timescale,” complex molecular machinery facilit inically relevant biomarker for influenza virus infection,?
regulated process, and proteins belonging to t

(soluble N-ethylmaleimide-sensitive factor attachm roRNA-29a (miR-292), in a highly specific and sensitive

h q he k tacilital anner by DNA-mediated liposome membrane fusion. This
receptors) have e?r'nerge as t e ey. compoﬁrjgznts acilitati work, conjointly with a recent report demonstrating the possibility
molecular recognition and fusion of bilayers.

. ; , . to trigger peptide nucleic acid-mediated liposome fusion with
The increased understanding of biological processes afgl of oligonucleotides,® constitute the first examples of biomarker-
triggered liposome fusion.

In this work, we encapsulated Forster Resonance Energy
Transfer (FRET) donor-acceptor pairs, Dil and DiD (Figure S2),
in the membrane of DNA-functionalized liposomes. In this assay,
liposomes containing either Dil or DiD FRET pairs in the
membrane are functionalized with self-inserting, cholesterol-
terminated dsDNA (Figure 1). A hairpin DNA (H, green strand in
Figure 1) is designed to block the sticky end of dsDNA A/B (ds-
A/B), preventing their hybridization with dsDNA C/D (ds-C/D)
and inhibiting liposome docking and fusion. The hairpin DNA is
also specially designed to include a region containing a
complementary sequence with miR-29a. Hence, in the presence
of target miRNA, hybridization with hairpin DNA reveals the
sticky end of ds-A/B, which can then hybridize with ds-C/D,
initializing liposome docking and membrane fusion. This is then
iomolecular Engineering, The University detected by an increase in FRET signal. The reported liposome
6, Australia. fusion mechanism for oligonucleotides detection presents

iochemistry, Freie Universitét several key advantages in its experimental design. It is a
Berlin, Berlin, D-14195, Germany.
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homogeneous assay, operated at room temperature, and
Supporting information and the ORCID identification number(s) for involving relatively few experimental steps. Notably, other
the author(s) of this article can be found under: DOI: liposome-based assays for oligonucleotide detection require
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Figure 1. Schematic for miRNA detection based on promotion of DNA-mediated liposome fusion. Target miRNA (red strand) is complementary to the hairpin
(green strand) and hybridizes to it; this displacement reveals the sticky end of ds-A/B. In the presie of target miRNA, liposome fusion is promoted by ds-A/B

DNA stays hybridized on ds-A/B, and no FRET increase is observed.

the destruction of liposomes by the addition of membra ation with ds-A/B and displacement by T, therefore H;
disrupting agents.?®? Here, similarly to assays develope as the hairpin structure for the liposome fusion
Jakobsen et al, the readout is obtained without the ne

additional separation, amplification, and washing steps, which selection of H;, we translated the hairpin strand

has great potential for further developing this assay, displacement mechanism in the presence of target miR-29a into
point-of-care applications.?*% a liposome fusion assay. A majority of the methods for detecting
In this assay, schematically illustrated in Figure i rane fusion are based on fluorescence generation or

DNA strand (H) is designed to hybridize on the
duplex and to be displaced in the presence o . imination between lipid mixing (inner or outer lipid leaflet)
This novel mechanism of a dual-function hairpi d content mixing.*' To maximize signal generation during the
ssay, we selected a lipid-mixing assay to report fusion events,

hybridization, which is independent from the zippering regio as studies have shown that a high level of lipid mixing can occur
therefore its design is universal and can be tailored to adaptto a¥ with a limited degree of content mixing."” Dil and DiD FRET
broad spectrum of target biomarkers. It,is crucial to optimiz pairs are based respectively on Cy3 and Cy5 cyanine dyes
design of H, to meet the following t i (Figure S2), and contain long alkyl chains rendering them highly

unbound H must maintain its struct lipophilic; therefore they will be included in the membrane of
random coil structure), and have at leas liposomes. Two populations of liposomes containing either Dil or
that is part of the recognition sequences, (ii) DiD were mixed; upon membrane fusion, these fluorescent dyes
hybridized to ds-A/B in abs, i mixed, resulting in FRET signal generation.
hybridization of A with C an ippi DiD and Dil liposomes were functionalized with ds-A/B/H;
and (iii) H must be di ecific target miRNA  and ds-C/D respectively, and we studied the ability of miR-29a
(T), revealing the W@h will initiate to displace H; and trigger liposome fusion (Figure 2). DiD
liposome docking by hybritg i . liposomes were incubated with various quantities of miR-29a.
We designed three h in structures, Hs, H; and Hi; Then, equal volumes of Dil and DiD liposomes were mixed and
(sequences in Table S1). The W@timization of the hairpin design  the evolution of the FRET ratio was measured over time (Figure
riefly, first we visualized the  2a, Figure S5). In the absence of miR-29a, the FRET ratio
predicted second by the hybridization of H,  slightly increased during the first 20 minutes of measurement

A, and B (Figure S3¥gsi rovided in the NUPACK  then plateaued, showing that H; was successfully hybridized on
software i ds-A/B and was able to prevent liposome fusion. As the quantity
constr! of miR-29a increased, the FRET ratio and its gradient in the first
(Tabl ybridization and displacement of = 20 minutes increased, demonstrating that miR-29a was able to

H in solution were d using native PAGE analysis  displace H; and trigger liposome fusion. In order to study the
(Figure S4). We demonstrated that only H; showed both efficient  sensitivity of the assay, we plotted the dose-response curve

This article is protected by copyright. All rights reserved.
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Figure 2. Evaluation of the sensitivity of the DNA-mediated liposome fusion
assay for miR-29a detection: a) evolution of the FRET signals over time
showing the kinetics of DNA-mediated liposome fusion in the presence of
different concentrations of target miR-29a (where 1 T corresponds to 2.1 x107
M) and b) corresponding dose-response curve obtained after 30 minutes of
mixing Dil- and DiD-labeled DNA-functionalized liposomes (n=3). Error bars
represent standard deviation.

obtained after 30 minutes of incubating Dil and DiD liposomes
(Figure 2b). The limit of detection (LOD)
determining the z-value (z = blank + 3ag), wher
standard deviation of the blank. The LOD was dete
18 nM by reporting the z-value in the equation of
to the dose-response measurements.

Next, the specificity of the assay was studie

and miR-29c differ from miR-
additional nucleotides (Tab
rtificial sequences,
iR-29a-1MM,

bsequently, equal volumes of
, and the evolution of the
e (Figure 3a, Figure S6).

hile all the other sequences did not
in the FRET ratio compared to the
target. Figure 3b summarizes the
relative values 0 ios at 30 minutes of incubation
obtained with each miRNA compared to the control, and showed
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say for miR- etection: a) evolution of FRET signals over time showing
kinetics A-mediated liposome fusion in the presence of various
A sequenCes at a concentration of 2.1x107 M. b) Corresponding bar
representing the FRET ratio values relative to the control for each
sequence 30 minutes after mixing Dil- and DiD-labeled DNA-
lized liposomes. n=3, *p < 0.05 (ANOVA followed by Tukey post-hoc
rs represent standard deviation.

that our assay has a high specificity, as we are able to
discriminate between sequences with one nucleotide mismatch.

his high specificity is attributed to the fact that displacing
irpin requires high stringency.*® Although the LOD value
ed here is much higher than that obtained with other
NA detection methods based on enzymatic target
mplification,**3® this assay remarkably distinguished strong
sequence homologies, which is typically difficult to achieve for
homogeneous assays that do not incorporate washing,
amplification or separation steps.*® Additionally, the DNA-
mediated liposome fusion assay reduces the complexity and the
risk of errors that would otherwise be associated with enzymatic
target amplification.*”

To further the understanding of the assay for miRNA
detection and potentially gain in detection limit and/or minimize
material consumption, a suspension-based 2-color fluorescence
correlation microscopy method was developed, allowing
extraction of FRET signals from imaging low numbers of
liposomes (< 50).* The experimental setup is presented in
Section S7 (Sl). In brief, it comprises a regular fluorescence
microscope equipped with a beam splitter (Figure S7a), which
enables the simultaneous separation of the emitted light
originating from Dil liposomes (centered around 570 nm;
denoted as “green channel” in the following) and fused Dil and
DiD liposome complexes (centered around 670 nm; “red
channel”) upon direct excitation of Dil liposomes by a laser
source (488 nm).

We exploited the increased sensitivity in terms of liposome
concentration of the 2-color fluorescence microscopy setup and

This article is protected by copyright. All rights reserved.
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mixed liposomes solutions at 10 pM concentration for incubating
with the target, and then diluted the solutions to 1 pM before
performing the measurements (compared to 1.7 nM liposomes
concentration used for the microplate reader setup).

Due to its large conceptual similarity to fluorescence
correlation spectroscopy (FCS),**™' we tried to assess FRET
characteristics from the intensity fluctuations of (/) and I(7)
(intensity traces integrated over the entire the green and red
channel, respectively). In FCS, the average number N of
fluorescent particles within the readout volume (usually a
diffraction-limited spot due to usage of a confocal excitation
scheme) can be obtained by calculating the autocorrelation
function g of the recorded fluorescence intensity trace 1(7),

<I@t)-I(t+7)>
8(7)=W—1
and employing N=1/g(0).** As shown in Section S7 (SI), the
same methodology can be applied to the intensity traces
obtained from our microscope setup, if the autocorrelation
function of the intensity ratio IL(¢)/L(s) is calculated. This
normalization was necessary since fluctuations in I(r) are
caused by two processes, fused FRETing liposomes and bleed-
through of Dil liposomes, making g(0) more sensitive to the
number of Dil liposomes than fused FRETing DiD liposomes
(Section S7). Since Dil liposomes cause correlated fluctuations
in I(f) and I(?), using L(1)/I(¢) eliminates the sensitivity of Dil
liposomes but boosts FRET-based fluctuations (Figure 4

>

DiD liposomes (Section S7, Figure S8). Represe

examples for the autocorrelation function of I(¢)/I(¢) are shown
in Figure 4b, clearly indicating a decrease in g(0) with i
miR-29a concentration, which is, due to N~1/g(0), in

Hence, 2-color fluorescence correl

current implementation an improved the
microplate reader assay (in terms of LOD), an s three
orders of magnitude less mater operate

at liposome concentrations a
nM used in the microplgke reader
In summary, in thi k we set ou
mediated liposome fusion Id be controlle interaction with
specific nucleic acid targets \@Rd whether this mechanism could
form the basis of a det@on assay. We successfully
demonstrated i Mic detection of miR-29a at
nanomolar conce RET-based fluorescence
lyzing the fluorescence
|laboratory microplate reader, a limit of
tained. Using 2-color fluorescence
ined with an intensity fluctuation
etection improved by one order
employing liposome and analyte

analysis, we obs
of magnitude,

while
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concentrations that are 3 orders of magnitude lower than those
used in the microplate reader assay, and demonstrate the utility
of such a setup in both the s of liposome fusion and
application in a biosensing system: r, our system has
potential in the development of ne stic platforms
targeting miRNA and other nucleic imizing the
highly promising concept
fusion and activation of a Ia
molecules, the LOD cou
iterations. Factors su
and choice of rep
sensitivity in our
research. Also,

the subject of further
of the DNA hairpin,
s with high specificity,
orkflow, is possible.
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Figure 4. a) Ratio I(f)/I,(f) of the total intensity of the red channel over the
green channel, b) representative autocorrelation functions of 1(t)/I,(¢) — y (with y
= 0.065 the average bleed-through factor) (see Section S7 (Sl)), for miR-29a
concentrations as indicated (where 1 T corresponds to 7.2x10™° M), and c)
dose-response curve obtained using the 2-color fluorescence correlation
microscopy setup (averaged over 3 independent sample sets covering at least
5 measurements each). Error bars represent SEM. (See Section S7 (SI) for
details on the entire process.
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COMMUNICATION

A new biomimetic sensor for
microRNA is developed based on a
liposome fusion mechanism. The
presence of miR-29a, a flu
biomarker, triggers fusion between
DNA-functionalized liposomes, which
can be monitored by an increase in
FRET signal. The liposome fusion
events offer high selectivity and can
detect nanomolar concentrations of
miR-29a.
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