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Single nucleotide variants (SNVs) play a crucial role in understanding genetic diseases, cancer develop-
ment, and personalized medicine. However, existing ligase-based amplification and detection techniques,
such as Rolling Circle Amplification and Ligase Detection Reaction, suffer from low efficiency and difficul-
ties in product detection. To address these limitations, we propose a novel approach that combines
Ligase Chain Reaction (LCR) with acoustic detection using highly dissipative liposomes. In our study, we
are using LCR combined with biotin- and cholesterol-tagged primers to produce amplicons also
modified at each end with a biotin and cholesterol molecule. We then apply the LCR mix without any
purification directly on a neutravidin modified QCM device Au-surface, where the produced amplicons
can bind specifically through the biotin end. To improve sensitivity, we finally introduce liposomes as
signal enhancers. For demonstration, we used the detection of the BRAF V600E point mutation versus the
wild-type allele, achieving an impressive detection limit of 220 aM of the mutant target in the presence of
the same amount of the wild type. Finally, we combined the assay with a microfluidic fluidized bed DNA
extraction technology, offering the potential for semi-automated detection of SNVs in patients’ crude
samples. Overall, our LCR/acoustic method outperforms other LCR-based approaches and surface lig-
ation biosensing techniques in terms of detection efficiency and time. It effectively overcomes challenges
related to DNA detection, making it applicable in diverse fields, including genetic disease and pathogen
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Introduction

The detection of single nucleotide variants (SNVs), commonly
known as point mutations, plays a pivotal role in advancing
our understanding of genetic diseases, cancer development,
evolutionary biology, and personalized medicine." Ligase-
based amplification and detection techniques have been exten-
sively utilized for SNVs discrimination in pathogen detection®
genetic diseases™® and cancer diagnosis.”” In these tech-
niques, a DNA ligase is employed to favor the amplification of
one DNA target versus the target which carries a mismatch at
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the ligation site." Ligation-based amplification techniques can
be roughly divided into two main categories: those that use a
ligase for the mismatch discrimination and a polymerase with
strong strand displacement activity for the amplification of the
“ligated” target like the Rolling Circle Amplification (RCA), the
Strand Displacement Amplification (SDA)* and the past few
years the ligase-based isothermally exponential amplification
(LIEXA)® and Loop-mediated isothermal amplification (LAMP)°
reactions. The other category includes methods mainly based
on the ligation for the detection such as the Oligonucleotide
Detection Assay (OLA) and the Ligase Detection Reaction
(LDR), the Ligase Chain Reaction (LCR) and LCR variants
(Gap-LCR, Nested-LCR). The OLA reaction is based on the
covalent joining of two adjacent oligonucleotides by a DNA
ligase when they are hybridized with full complementarity to
the DNA target usually combined with a PCR pre-amplification
step.'® On the other hand, the ligase detection reaction (LDR)
achieves linear target amplification by repeated ligation of one
pair of complementary to the target probes through a cycling
protocol of denaturation, annealing and ligation. Finally, LCR
leads to target amplification through a cycling protocol as well,
however, in this case two pair of probes are added to the reac-
tion leading to exponential amplification.’
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During LCR, a thermostable DNA-ligase is mixed with 2
pairs of oligonucleotide probes, each pair complementary to
the corresponding strand of the target DNA. Upon hybridiz-
ation of the probes with the target, the ligase connects the two
adjacent oligos only when perfect complementation occurs.
This procedure requires the cycling of two temperatures for
denaturation and annealing/ligation and leads to the for-
mation of double stranded DNA (dsDNA) products. The
formed ligated products serve as templates in subsequent
cycles as in PCR leading to exponential amplification.> Reports
on LCR efficiency indicate that this is high only if the number
of cycles employed during the amplification process is kept
relatively low."" Compared to techniques based on primer
extension, such as PCR,"? LCR has been reported to exhibit a
greater ability to discriminate mismatches'?. Moreover, in con-
trast with PCR, LCR does not introduce any uncontrolled
amplification bias, i.e., the preferential amplification of some
DNA templates over the others within the same reaction, and
errors.”*°

Although LCR can exponentially amplify the target, the
overall amplification efficiency remains low. Combination of
LCR with other amplification techniques such as PCR** or
RCA”'" has been extensively applied for more efficient SNV
and mutation detection. Although these approaches improve
the sensitivity and specificity of the assay, detecting the pro-
ducts is still difficult. Separating them from the reaction
mixture and eliminating interference from remaining probes,
primers, and reaction components is challenging. Detection
usually involves electrophoretic-based methods® or real-time
fluorescence coupled with prior treatment,'®'” which, along
with the extra amplification step, greatly increase the complex-
ity of the assay.” DNA biosensors are an alternative means that
can contribute to the development of a simpler detection tech-
nique. There are several publications reporting the detection
of SNVs through on-sensor ligation; in these assays, a DNA
target hybridizes to a surface-immobilized capture probe fol-
lowed by the loading of a 2™ probe which is hybridized to the
captured target. A DNA ligase connects the two adjacent oligos
only upon perfect complementation. Then a thermal*®*2° or
chemical treatment>>* step is included to dehybridize and
wash away the non-ligated probe followed by a signal amplifi-
cation step through the binding of nanoparticles,”* enzymatic
catalysis'®*®?> and molecular beacons.'® However, publi-
cations reporting biosensing detection of LCR are minimal,
and all of them concern electrochemical sensors.>****

In this work, instead of combining LCR with another enzy-
matic amplification technique and sophisticated detection
analysis, we enhanced the LCR signal during its detection uti-
lizing an acoustic biosensor. Regarding acoustic biosensor
operation, the presence of an analyte on the sensor surface
affects the propagation characteristics of the acoustic wave,
i.e., its velocity and energy, which are expressed as changes in
frequency (AF) and dissipation (AD). AF correlates with the
amount of the deposited mass on the sensor;*> AD and (AD/
AF) correlate, among other things, with the viscoelastic pro-
perties of the surface-attached layer and hydrodynamic
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properties or conformation of discretely-bound mole-
cules. We designed an acoustic detection assay during which
firstly the amplified dsDNA products were directly immobi-
lized on the device surface and then were detected through the
binding of highly dissipative liposomes of a diameter of
200 nm. Liposomes acted as acoustic signal enhancers,* sig-
nificantly improving the sensitivity of the LCR compared to
the standard gel electrophoresis analysis. The approach was
applied for the detection of the BRAF V600E point mutation
versus the wild type (wt) allele achieving a detection limit of
3300 copies or 5.5 zmol or 220 aM of mutant (mt) target.

Experimental section

Acoustic experiments

The 5 MHz QCM sensors (AWS, S.L. Paterna, Spain) were moni-
tored at the 7th overtone (35 MHz) using the quartz crystal
microbalance with dissipation monitoring (QCM-D) (Q-Sense
E4, Biolin Scientific, Sweden) platform (see also S1t). The dis-
sipation (D) and frequency (F) signals were recorded in real
time; F results are reported here as raw data, i.e., without divid-
ing with the overtone no.

Acoustic detection of b-BSA & NAv

200 pL of Neutravidin (NAv-Invitrogen) (0.2 mg mL™") or
250 pL biotinylated-BSA (b-BSA) (0.2 mg mL™") diluted in PBS
pH = 7.4 (Sigma-Aldrich) were applied on the device surface;
200 pL of 0.05 mg mL™" of NAv was further applied on the
b-BSA layer. b-BSA was prepared as described in S2.}

Liposome preparation

POPC liposomes (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line) from Avanti Polar Lipids (Alabaster, AL, USA.) were pre-
pared as described before.** Briefly, an initial solution of 2 mg
lipid per mL was prepared in PBS buffer and extruded through
a polycarbonate filter; the filtered solution was stored (up to
three days) and was used at a dilution of ten times for the
sensing experiments. The extrusion process results in rather
narrow size distributions with average diameters near those of
the employed filter pore (here 200 nm).>*’ Liposome polydis-
persity effects on the recorded QCM signal are of minor impor-
tance.*® Nevertheless, care was taken to use, as much as poss-
ible, the same particle batch (preparation).

Acoustic analysis of LCR

A sample of 20 uL BRAF LCR reaction, diluted in a total volume
of 125 pL, was applied on the QCM sensor (flow rate: 25 pL
min~"), which was pre-coated with b-BSA/NAv. In the case of
the 99 cycles LCR, a suspension of POPC liposomes was added
at a volume 500 pL. Regarding the analysis of the 30 cycles
LCR, after LCR injection, 200 pL x 500 nM 20 nt-DNA-chol
were loaded followed by 500 pL liposome addition.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3an02142d

Open Access Article. Published on 17 May 2024. Downloaded on 4/3/2026 11:48:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

Phosphorylation of the LCR probes

300 pmol of the BRAF-cp1, BRAF-p2(-chol), BRAF-cp1.2 or BRAF-
p2.2 were mixed with 1x T4 PNK reaction buffer (NEB), 1 mM
ATP (NEB), 0.1 pg pL ™! BSA (NEB) and 10 U T4 PNK Enzyme in
a total reaction volume of 50 pL. The mixture was incubated at
37 °C for 60 min followed by heat inactivation at 65 °C for
20 min. The reactions were stored at —20 °C.

LCR protocols

In total, two LCR protocols were developed; an initial protocol
consisting of 99 cycles and a second optimized protocol con-
sisting of 30 cycles. About the 99 cycles LCR, reactions were
performed in the thermal cycler peqSTAR 2x Gradient at the
final volume of 25 pL containing 5 pmol of each probe (BRAF-
p1(-b), BRAF-p2(-chol), BRAF-cp1, BRAF-cp2), 1x AmpLigase
Reaction buffer, 0.1 pg pL™" BSA, 2.5U of the thermostable
AmpLigase DNA Ligase enzyme (Lucigen) and the appropriate
amount of BRAF V600E 50% or BRAF wt PCR-derived target
(see S31). Each reaction was subjected to 99 cycles of denatura-
tion at 92 °C for 5 s and annealing/ligation at 75 °C for 10 s.
For the 30 cycles LCR, the reactions were run in the thermal
cycler FastGene® Ultra Cycler Gradient (NIPPON Genetics
Europe) at a final volume of 25 pL. Each reaction contained 2
pmol of each probe (BRAF-p1(-b), BRAF-p2.2, BRAF-cp1.2, BRAF-
cp2.2), 1x AmpLigase Reaction buffer, 0.1 pg pL™" BSA, 1U of
the thermostable AmpLigase DNA Ligase enzyme and the
desired amount of the 277 bp BRAF purified PCR target (see
S31) or 15 pL of the beads/released target. Reactions were
heated at 92 °C for 5 s and 65 °C for 5 s for 30 cycles. For both
protocols, a no template control (NTC) was included in every
run (see also Table S1f). More information about both LCR
protocols’ optimization you can find in S4.t

Agarose gel electrophoresis

The LCR products were analyzed with 2% (w/v) agarose gel
electrophoresis (AGE) stained with GelRed Nucleic Acid Gel
Stain (Biotium) in 1 x TBE buffer (4.5 mM Tris-HCl, pH 7.9,
4.5 mM boric acid, 0.2 mM ethylene diamine tetraacetic acid)
at 120 V for 35 min at room temperature. The results were visu-
alized under UV light (imaging system).

Capture of ctDNA from human plasma using the FB
automated platform

Plasma samples (300 pL) pretreated with Proteinase K (2.5 mg
L") (Invitrogen) for 2 h at 37 °C were mixed with the BRAF-mt-
277 bp or BRAF-wt-277 bp targets at various concentrations
ranging from 10 pM to 10 fM and with 0.4 pM of each biotiny-
lated capture-probe BRAF-fw-80 bp and BRAF-rv-80 bp. The
sample was heated at 95 °C to denature the dsDNA followed by
cooling down allowing the capture probes to anneal at each
strand of the DNA. Then, 150 pL of the treated plasma sample
was injected in a PDMS chip filled with 500 pg of streptavidin
(SAv)-coated magnetic beads Dynabeads MyOne Streptavidin
T1 (1 pm) (Invitrogen) & the Dynabeads M-270 Carboxylic Acid
(2.8 pm) (Invitrogen) mixed in 1:1 ratio (250 pg each) at the

This journal is © The Royal Society of Chemistry 2024
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flow rate of 5 pL min~". The capturing of the dsDNA on the
beads was evaluated by LCR and acoustic analysis (see also S5
& Table S17).

Results and discussion

Principle of acoustic-based detection of LCR products through
liposomes

The main goal of this work was to design a methodology for
the detection of low quantities of SNVs obviating the occasion-
ally biased PCR and instead employing a simple LCR assay
coupled with acoustic detection. Although, LCR theoretically
amplifies exponentially the target of interest, when we started
with ultralow amounts of target, even upon enzymatic amplifi-
cation, the resulted product remained low. For this reason, we
employed a second amplification step during the acoustic
detection based on the use of highly dissipative liposomes.

The principle of SNV detection using the LCR followed by
acoustic analysis is illustrated in Fig. 1. To develop the assay,
we use as a model target a 277 bp DNA corresponding to the
BRAF gene, with (mt) or without (wt) the V600E point mutation,
i.e., a T-A transition. As shown in Fig. 1, LCR is performed by
two pairs of probes -p2/p1 & cp2/cp1-50 nt each. The 1° pair
of probes -p2/p1- is complementary to the upper strand of the
BRAF gene and the 2™ pair -cp2/cp1- to the lower strand, while
the two pairs are complementary to each other, too. The 3’-end
of the p1 and the 5’-end of the cp1 probes are complementary
to the T-A SNV, corresponding to the BRAF V600E point
mutation. Regarding the 1°* pair of probes, the p1 is biotiny-
lated at the 5-end, while the p2 probe is modified by a chole-
sterol at the 3-end. During LCR of several repeats, DNA frag-
ments of 100 bp employing both a biotin and a cholesterol
molecule are exponentially produced only in the case of the mt
target where fully complementarity occurs. In contrast, in the
case of wt target no amplified products are generated due to
the presence of the mismatch on the ligation site. Ligation pro-
ducts are then loaded directly on a NAv-modified sensor,
without prior purification or sample heating. The presence of
NAv allows the capturing of the biotin/cholesterol-modified
amplicons in the case of the mt target and the unused biotiny-
lated probe with its complementary strand in the case of wt. In
order to achieve an ultralow detection limit of just a few copies
of mt target, a second amplification step is employed where
POPC liposomes of 200 nm diameter are injected and captured
by the immobilized mt products via the cholesterol-end. The
latter causes large change in the acoustic signal leading to the
detection of immobilized DNA.

Surface modification for capturing and detection of the LCR
products

A key advancement in the successful acoustic detection of the
LCR was the direct immobilization of the DNA products on a
NAv-coated gold sensor obviating any purification step fol-
lowed by the addition of liposomes. Overall, two protein sub-
strates were investigated; NAv adsorbed on the gold surface

Analyst, 2024,149, 3537-3546 | 3539
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Fig. 1 Schematic illustration of LCR coupled with acoustic analysis for the detection of the BRAF V600E point mutation. The two pairs of probes
(p2/p1 and cp2/cpl) are complementary to the two mt strands and to each other, while the p2/p1 probes are labeled with a biotin and a cholesterol
at each end, respectively. Due to full complementarity, only the mutant produces LCR-amplicons which, subsequently can bind to a NAv-modified
(not shown) QCM Au-surface. The addition of liposomes results in cholesterol-binding and significant enhancement of the acoustic dissipation
signal in the case of the mt target. The binding of the biotinylated probes (not shown here) can also take place leading to a distinctively smaller back-
ground response as shown in the acoustic real-time graph.

and NAv bound to pre-adsorbed b-BSA (Fig. S1A and BfY).
Frequency and dissipation changes as well as the acoustic ratio
measured during the adsorption of NAv on gold or binding to
the b-BSA are presented in Fig. 2A-C. The lower AF and AD
signals obtained from the NAv binding on the b-BSA surface
(215 + 22 Hz, 1.80 + 0.21 x 10~°) are characterized by a slightly

better reproducibility compared to NAv directly on gold (—424
+ 50 Hz, 2.88 = 0.62 x 107°). Overall, the b-BSA/NAv substrate
showed more consistent results compared to just NAv on gold.
This is likely because NAv molecules bind specifically to the
b-BSA. This specific binding reduces the aggregation of NAv
molecules on the surface. As for the acoustic ratio, NAv on
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Fig. 2

(A) Comparison of AF average values of NAv when added directly on gold or a b-BSA pre-coated QCM surface. (B) Same as A but for AD. (C)

Same as A but for the AD/AF. (D) Dissipation changes observed upon addition of 200 nm DOPC liposomes on various concentrations of a 50 nt
ssDNA pre-attached on NAv and b-BSA/NAv coated surfaces. (E) Investigation of the non-specific binding of the liposomes on the sensor surface.
Addition of the LCR reaction on a NAv-modified substrate results in some protein being washed away (red box) leading to the subsequent non-
specific binding of liposomes. (F) Same as (E), but for b-BSA/NAv. The b-BSA/NAv substrate remains stable after LCR addition, exhibiting only minor
non-specific binding. In both figures, the light and dark blue curves represent changes in dissipation and frequency, respectively.
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b-BSA showed a slightly higher value (0.008 + 0.001) compared
to NAv on gold (0.006 + 0.001). This increase might be due to
NAv being more suspended when attached to b-BSA. Moreover,
both surfaces were tested for their specificity during liposome
injection as well as for their stability upon the addition of a
crude LCR mix. For the liposome-based detection of DNA, we
used a synthetic ssDNA of 50 nt length modified by a biotin at
the 5’ end and cholesterol at the 3’ end. Note that, the addition
of the DNA on the NAv-coated sensor resulted in no dissipation
or frequency changes, since the DNA concentration was below
the threshold for acoustic detection which for the acoustic
sensor used here is 25 nM of dsDNA (data not shown). Fig. 2D
shows the changes in dissipation during liposome binding as
a function of the DNA concentration for the two NAv surfaces.
According to this figure, both the overall response and detec-
tion limit (50 pM) on the b-BSA/NAv were higher than for the
NAv surface (Fig. 2D and S2Aft). The difference in the dissipa-
tion response was attributed possibly to the presence of the
biotin linker in the BSA which may lead to the formation of
more suspended and, thus, less sterically hindered NAv mole-
cules above the BSA. Regarding the frequency response, this
was proven to be less sensitive than the dissipation (Fig. S2Bf).
Finally, the surfaces were tested with the addition of a no tem-
plate control (NTC) LCR mixture. As shown in Fig. 2E & F, the
b-BSA/NAv substrate was significantly more stable and reprodu-
cible. The addition of the reaction on the NAv-coated surface
resulted in partial removal of the NAv and a higher non-
specific interaction of the liposomes with the surface (Fig. 2E).

Sensitivity and specificity of the 99-cycles LCR combined with
acoustic detection

As described in section A and shown in Fig. 1, for the acoustic
detection we need to use probes modified with biotin and
cholesterol for the binding and detection of the LCR products
on the acoustic sensor. However, to optimize the assay firstly
we tested the sensitivity of the 99 cycles LCR using various
amounts of BRAF dsDNA as a template and unmodified oligo-
nucleotides. Using gel electrophoresis, a detection limit of
1.67 x 10> copies of mt DNA was clearly observed, while the
same amount of wt copies and NTC controls produced no
detectable products (Fig. S31). Similarly, we investigated the
sensitivity and specificity of the 99 cycles LCR of various
amounts of mt dsDNA i.e., from 1.00 x 10° to 1.67 x 10’ mt
molecules and of 1.67 x 10° wt copies as a control and used
the acoustic sensor for detection. In this case, probes modified
with biotin (p1) and cholesterol (p2) were used for the binding
of the LCR products on the b-BSA/NAv-coated resonator and of
liposomes on the immobilized DNAs respectively. Firstly, we
investigated whether the AF and AD or the resulted AD/AF
caused by the direct immobilization of the 100 bp LCR
product could differentiate between the mt and wt reactions.
Results showed no discrimination between the mt and wt LCR
reactions as well as from the NTC (Fig. S4f). The recorded
changes were related to the non-specific adsorption of the LCR
cocktail components (i.e., BSA, ligase, biotinylated probe and
its complementary strand, etc.) instead of the biotinylated LCR

This journal is © The Royal Society of Chemistry 2024
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amplicons. To achieve specific acoustic detection of the ampli-
cons, it was necessary to add 200 nm liposomes which caused
significantly higher changes in the acoustic signal in the case
of the mt target (Fig. 3A). Fig. 3B, presents the measured AD
values for a range of wt concentration. Based on this figure,
the LOD was estimated at 1.00 x 10°> mt copies which resulted
in AD = 1.24 + 0.36 x 10° compared to the control of 1.67 x
10° wt copies (AD = 0.5 + 0.3 x 10~°). Regarding the other two
acoustic responses, ie., the AF and the acoustic ratio, the first
although gave the same pattern as the AD, was found to be
less sensitive with a LOD of 1.67 x 10° copies (Fig. S57).
Finally, the acoustic ratios gave similar values for all the mt
and the mt-wt samples (Fig. S51) as expected since the acous-
tic ratio indicates the geometry of the bound entity rather than
the amount bound to the surface.*?

However, the overall efficiency of the assay remained low
compared to the number of the DNA molecules that can be
presented in real DNA samples provided for SNV detection.
For this reason, we tried to further decrease the LOD of the
LCR by increasing the cycles to 149 for the detection of 3.3 x
10" mt, 3.3 x 10" wt and NTC samples. Following gel electro-
phoresis, a background signal of the same molecular weight
and intensity as of the expected LCR product was observed not
only in the mt but also in the wt and NTC samples. This back-
ground signal probably was caused by target-independent
blunt-end ligation of the p1/cpl and p2/cp2 duplexes rather
than contamination. Fewer number of cycles, i.e., 125 were
also tested and compared to the 99 cycles; background signal

A LCR + liposomes
20 LC}R POI?C 6
0 mmommi i
20\ | 'y
$ 40 D e 2%
o -60 : : 0@
-80 5 | —
-100 ' ' -2
50 60 70 80 90 100 110 120
time (min)
——Fmt Fwt Dmt Dwt
B Liposomes

AD x10¢

o w o v

12

NTC wt  1.00E+05 1.67E+05 1.67E+06 1.67E+07
DNA molecules

-

Fig. 3 Detection of BRAF V600E point mutation by a 99-cycles expo-
nential LCR. (A) Real time acoustic detection of the 1.67 x 10° mt copies
together with a wt control sample (1.67 x 107 DNAs). Only the sample
containing the mt gave a signal change upon addition of liposomes. (B)
Acoustic detection of LCR of various amounts of mt DNA (1.00 x
10°71.67 x 107) through 200 nm POPC liposomes. Orange columns rep-
resent the wt (1.67 x 10%) and NTC reactions.
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was again obtained but only when 125 cycles were performed
(Fig. S61). We conclude that this non-specific signal becomes
significant when LCR exceeds the 99 cycles. Our findings
confirm previous studies evaluating LCR and the AmpLigase
used here, where non-specific ligation became predominant
when LCRs of more than a number of cycles were run.''94°

Optimized 30-cycles LCR combined with acoustic detection for
enhanced sensitivity and specificity

To eliminate blunt-end ligation and increase the efficiency of
the overall assay, we redesigned both the LCR and the acoustic
method. Regarding LCR, new probes were employed in the
reaction where the mismatch discrimination nucleotide of the
cpl-cp2 pair of probes was transferred from the 5’ end of cp1
to the 3' end of cp2 probe; this was based on manufacturer
instructions where ligation selectivity increases when the mis-
match discrimination nucleotide is at the 3’ end. Moreover,
assuming that the cholesterol in the p2-probe may affect the
efficiency of the LCR reaction since cholesterol tends to aggre-
gate, we removed the cholesterol from the corresponding
probe and instead a 18 nt non-complementary to the target or
the probes DNA tail was added at the 3’ end of the p2 probe.
Cholesterol is added during the acoustic assay following LCR’s
injection through a 20 nt cholesterol-modified DNA comp-
lementary to the 18nt tail (Fig. 4A).

Apart from the probes, LCR’s conditions (ligase and probes
concentration, ligation temperature and time and no of cycles)
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were optimized and the products were analyzed by gel electro-
phoresis. Finally, we ended-up with a 30-repeats protocol of
denaturation at 92 °C for 5 s and 5 s ligation at 65 °C. By this
protocol, 1.67 x 10> mt molecules were successfully detected
when compared with 3.34 x 10° wt copies; visualized products
were observed exclusively in the case of mt target, indicating
the high specificity of the assay (Fig. 4B). Interestingly, despite
the improvements in the ligation protocol, template-indepen-
dent ligation again appeared when >30 cycles were performed
(Fig. S71). It is worth mentioning, that as the number of cycles
increases up to 30, LCR by-products are also observed at
higher molecular weights (~300 bp).

LCR was then combined with the improved acoustic
method. As described above, for the capturing of the lipo-
somes a 20 nt cholesterol-modified probe (20 nt chol-probe)
was firstly added in high concentration (500 nM). To verify the
specificity of the new detection approach, we flowed the 20 nt
chol-probe through the b-BSA/NAv coated surface followed by
the addition of liposomes. This step caused no significant AD
or AF changes (0.25 x 10~° and 2.3 Hz, respectively), confirm-
ing the specificity of the acoustic approach (Fig. S81). LCRs
were performed for several concentrations of mt template, i.e.,
3.30 x 10°%, 1.67 x 10%, 1.67 x 10° & 8.35 x 10° number of mt
molecules (Cp,¢). As a control, samples containing only the wt
target in a concentration of Cy = 2 X Cy,, were used. Acoustic
analysis of the LCR products, without the addition of lipo-
somes, resulted in no considerable changes in the generated

A e mt weNTC L © LCR + liposomes
8 LFR 20 nt chol PQ;PC
g Target 3 6 ; i
) o
ssDNA tail pz g ol o w4
, ioti o
2 3 opl biotin P
0
3 < 40 60 80 100
time (min)
—o—mt —e—wt
D ) .
Liposomes Liposomes
12 § 160
9 E 120 101 9
N P
2 6 1 . g 80
a o
0 + . ‘ X 0 =
3300 16700 167000 835000 3300 16700 167000 835000
DNA molecules DNA molecules
B wt Emt

Fig. 4

(A) Illustration of the new probe design. In both pairs of probes (p1-p2 & cpl-cp2), the mismatch discrimination nucleotide is located at the

3" end. In addition, p2 probe was modified by a ssDNA tail complementary to the 20 nt chol DNA and non-complementary to the target. (B) LCR's
gel electrophoresis of 1.67 x 10° BRAF V60OE (mt) copies, 3.34 x 10° wt and no template control (NTC). The black arrow shows the ~100 bp LCR
product. A 100 bp DNA ladder (L) was used. (C) Real time acoustic detection of an LCR of 3300 mt copies together with a wt control (Cyyx = 2 X Cpyy).
(D) Comparison of AD changes observed between the mt/wt reactions following the capturing of POPC liposomes on various LCR reactions and
their corresponding wt controls. (E) % difference between mt and wt reactions of the same LCR preparation and acoustic experiment.
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acoustic values (AD, AF and AD/AF) between the mt samples
and their corresponding wt controls (Fig. S91). However, upon
addition of the cholesterol probe and the liposomes, a signifi-
cant AD and AF change were measured. Note that, although
the wt control gave a background signal, for the same LCR
preparation and the same acoustic experiment the method’s
detection limit was 3.30 x 10® copies of mutant target (N = 6)
since the mt could always be detected in the real time graph
(Fig. 4C). This low detection capability is not clearly reflected
when the average AD response is plotted (Fig. 4D). In addition,
as expected for a higher amount of starting mt template a
greater AD signal was measured. Regarding frequency
response, the AF was shown to be less sensitive and with large
error bars (Fig. S10AT). For better representation of the above

X1 — X2

X TN x 100
=)
(Fig. 4E) and AF (Fig. S10Bf) between the same set of mt/wt
samples was calculated and plotted. Overall, the new protocol
showed a significant improvement in the detection efficiency
achieving a detection limit that is two orders of magnitude
lower after only 30 cycles of LCR and acoustic detection
through liposomes. It’s important to note that this enhanced
detection capability is not due to the changes made to the LCR
protocol itself; when comparing the sensitivity of the new LCR
protocol to the old one using gel electrophoresis, both proto-
cols showed equal sensitivity, detecting as low as 1.67 x 10°
copies of the BRAF V600E mt gene. Instead, the lower detec-
tion limit stems from advancements in the acoustic detection
technique, specifically the introduction of the cholesterol
probe during the acoustic detection to bind the highly dissipa-
tive liposomes. It is worth mentioning that the background
signal produced from the wt samples remained constant
regardless of the initial amount of the wt DNA target used
(Fig. 4D). The constant background suggested that a signifi-
cant amount of the LCR products was produced through non-
specific and template-independent ligation; acoustic analysis
of NTC LCRs created a AD of 3.05 + 0.77 (N = 4). Specifically,
the average acoustic signal of all the wt reactions of 6.6 x 10>~
1.67 x 10° copies prior to LCR was calculated at AD = 3.57 *
0.51 x 107%, quite similar with those derived from negative
non-template control LCRs (NTC) which was AD = 3.05 + 0.77
x 107° The above result demonstrated that the LCR by-pro-
ducts are mainly formed through target-independent ligation,
which is one of the method’s shortcomings.

results, the % difference of the AD

LCR combined with a microfluidic fluidized bed DNA
extraction technology

The final goal of this work was to assess the capability of the
method to detect DNA carrying single nucleotide variants in
patients’ crude samples. For this reason, the performance of
our assay was tested in plasma samples. Moreover, in order to
automate this part of the procedure the method was combined
with a new DNA extraction technology based on the use of a
microfluidic fluidized bed (Fig. 5A).** Briefly, this method
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Fig. 5 (A) Schematic representation of the fluidized bed with a close-
up view of the bimodal matrix of beads and the equilibrium between the
drag forces (Fqrag) and the magnetic forces (Fn.g) applied on the beads.
(B) Comparison of AD changes recorded at the POPC liposome step
during the acoustic analysis of LCR derived from dsDNA BRAF mt/wt
targets spiked in human plasma samples following capturing on FB and
(C) Same as (B) but for LCR derived from 2.5 pL human plasma samples
spiked in with dsDNA 277 bp BRAF mt/wt targets at various concen-
trations ranging from 10 fM-10 pM (otherwise 1.5 x 10*-15 x 107
copies). C1 and C2 correspond to negative control plasma samples with
and without capture probes, while NTC to a LCR with plasma sample
without DNA.

could be especially advantageous for the capturing of DNA
since it is characterized by high surface to volume ratio and
constant mixing potentially enhancing capture efficiency.*?
Most importantly, it is possible the extraction of only the DNA
targets of interest with fewer steps and limited manual hand-
ling and sample transfer compared to the commercial extrac-
tion Kkits, thus decreasing both the overall process complexity
and the risk of cross contamination.*

The characteristics of the FB and the experimental process
are described in detail in Alexandre L. et al., 2023.*' Here,
plasma was spiked in with 10 fM (9 x 10> copies)-10 pM (9 x
10® copies) synthetic mt or wt BRAF dsDNA and processed
with the fluidized bed. Following the capturing on magnetic
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beads, the beads were collected, heated to release the target
and the sample was analyzed by LCR and acoustic detection.
In all cases the capture efficiency was expected to be more
than 70% (Fig. S117t). To verify the specificity of the technique,
except from the wt control, negative controls, including
plasma samples without any DNA template, passed from the
FB. AD and AF values were measured at the liposome step and
presented in Fig. 5B and Fig. S12,} respectively. According to
the plot, a detection limit of 1 pM (9 x 10” copies) mt target
was recorded when compared to the corresponding wt control.
As a control, we also analyzed LCRs derived from 2.5 pL initial
sample i.e., plasma spiked in with mt or wt dsDNA 277 bp at a
concentration of 10 fM-10 pM. While LCR’s detection limit
was the 3.3 x 10% copies when target was spiked in buffer, the
overall efficiency of the assay was negatively affected by the
sample source, since only the 1.5 x 10°-1.5 x 10” (otherwise
2.5 pL x 1 pM-2.5 pL x 10 pM) were detected (Fig. 5C). Apart
from the sample source, the high detection limit of the assay
could be attributed to various parameters such as the capture
and the release efficiency of the target. While, more research is
required for the application of the overall method, i.e., FB com-
bined with LCR to blood samples for ctDNA extraction, the
proposed technique has potential for the extraction and detec-
tion of other kinds of targets like miRNAs presented in plasma
or serum, DNA from pathogens or human genomic DNA for
the determination of single nucleotide polymorphisms linked
with genetic diseases. Regarding FB, notable advancements of
this technology are the ability to extract in a fast and simple
manner only the DNA targets of interest from a heterogonous
DNA population; work with crude samples like serum, plasma
etc.; and enrich and concentrate specific areas of the DNA
target. All the above could significantly favor the downstream
analysis.

Comparison of the combined LCR/acoustic method to current
state-of-the-art LCRs and ligased-based biosensors

Although LCR is often beneficial for allelic discrimination, its
inherent limitations, such as the target-independent ligation,
reduce its effectiveness in accurately detecting SNVs or cancer-
ous point mutations, particularly when these are present in
extremely low quantities. In a large variety of publications, to
achieve a better detection limit, LCR is either combined with
other amplification techniques like typical PCR,> qPCR* and
Rolling Cycle Amplification (RCA)”'" or is converted to ligase-
based detection techniques consisted of a preamplification
PCR step followed by Ligase Detection Reaction (LDR),%***
oligonucleotide ligation assay (OLA)'® or gap-LCR,’ thus
increasing the overall complexity of the assay. To our knowl-
edge, the best-reported detection limit of ligase chain reaction
is the 120 copies, where 160 LCR cycles are combined with
FRET real-time detection.’® Note that, in this approach non-
specific signal is also detected in the wt and blank controls,
however, in lower values compared to the mt target. Here we
report a detection limit of 3300 copies or 220 aM or 5.5 zmol
using only 30 cycles of LCR and liposome amplification and in
a total duration of ~2.7 hours. Our method carries a better
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detection efficiency among improved variations of LCR, such
as LCR coupled with RCA & fluorescence detection (220 aM vs.
1 fM),"" Gap-LCR coupled with quantum dots detection (5.5
zmol vs. 170 zmol),”” PCR followed by Ligase Detection
Reaction (LDR) and Capillary gel electrophoresis (CGE) — Laser
induced fluorescence (LIF) detection (220 aM vs. 0.1 nM)® and
PCR followed by Oligonucleotide Ligation Assay (OLA) and
electrochemilluminescence (ECL) (5.5 zmol vs. 10 fmol).*®
Finally, LCR and acoustic detection had a significantly
improved detection limit (220 aM) compared to surface lig-
ation biosensing approaches combined with an enhancing
step like gold nanoparticles,*" silver deposition®® or enzymatic
amplification (horse peroxidase)®* (0.9 pM, 80 fM and 1 pM,
respectively). Note that single nucleotide mutations of less
than 100 copies are detected only through LCR coupled with a
2™ amplification molecular reaction like Hyperbranch-RCA or
gPCR, which is one of the method’s limitations. Last but not
least, compared to other DNA array or biosensing platforms
usually employed in DNA detection, the proposed acoustic
technology allows the processing of non-purified samples and
avoids the issues arising during the detection of dsDNA
targets, i.e., the need for sample heating and the prevention of
DNA strands reassociation.

Conclusions

In this work, we report the combination of the LCR with
acoustic detection for the analysis of SNVs. We applied the
method for the detection of the V600E point mutation in
the BRAF gene reaching a LOD of 3300 copies or 220 aM or
5.5 zmol. We tried to overcome the general low efficiency of
the LCR by developing a well optimized detection surface to
capture the DNA amplicons as well as employing a 2™
amplification step during the acoustic analysis based on
liposomes. By this addition, the detection limit was
improved by two orders of magnitude compared to tra-
ditional gel electrophoresis analysis. Furthermore, we com-
bined LCR and acoustic detection with a cutting-edge DNA
extraction technique based on the microfluidic fluidized
bed, allowing us to detect the BRAF target in real plasma
samples. Overall, we faced limitations due to target-indepen-
dent ligation and overall LCR’s low efficiency, consistent
with previous reports in the bibliography.> While the appli-
cation of LCR in certain domains, such as the highly
demanding field of liquid biopsy, may pose challenges, it
demonstrates excellent potential for analyzing other point
mutations prevalent in genetic diseases and pathogens pro-
viding high level specificity and reliable results in the fields
of precision medicine and diagnostics.
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