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Since humans have two copies of each gene, multiple mutations in different loci may or may not be
found on the same strand of DNA (i.e., inherited from one parent). When a person is heterozygous at
more than one position, the placement of these mutations, also called the haplotype phase, (i.e., cis for
the same strand and trans for different strands) can result in the expression of different amount and type
of proteins. In this work, we described an enzyme-free method to phase two single nucleotide poly-
morphisms (SNPs) using two fluorophore/quencher-labelled probes, where one of which was bio-
tinylated. The fluorescence signal was obtained twice: first, after the addition of the labelled probes and
second, after the addition of the magnetic beads. The first signal was shown to be proportional to the
total number of SNP A and SNP B present in the target analyte, while the second signal showed a marked
decrease of the fluorescence signal from the non-biotinylated probe when the SNPs were in trans,
showing that the probe immobilized on the magnetic bead selectively captures targets with SNPs in a cis
configuration. We then mimic the nature of the human genome which consists of two haplotype copies
of each gene, and showed that 250 nM of the 10 possible pairs of haplotypes could be differentiated using
a combination of fluorescence microscopy and fluorescence detection.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the human genome, there are single nucleotide poly-
morphisms or SNPs in approximately every three hundred bases
[1]. Since humans are diploid organisms, multiple SNPs can be
inherited together and thus appear in one strand of DNA, or
inherited from both parents separately so they appear in different
copies of the same gene. Whether the SNPs occur cis- or trans-with
each other, also known as the haplotype phase information, is
important since some mutations can mask deleterious effects of
another when they occur cis to each other [2]. For example,
thrombophilia is associated to two mutation sites in the methyl-
enetetrahydrofolate reductase (MTHFR), C677T and A1298C. How-
ever, it is only when these two mutations occur trans to each other
will the diseased phenotype be observed [3]. On other cases, the
effects are compounded when the mutations are cis with each
other such as that for two independent SNPs related to lung cancer
and Parkinson’s disease [4e6].
B.V. This is an open access article u
Despite the importance of haplotype information, routine DNA
sequencing cannot differentiate between cis and trans SNPs, since
the initial DNA target is being fragmented prior to the determina-
tion of sequence [7]. Conventionally, when the phase information is
required, the DNA from both parents and the patients will be
sequenced (called ‘trio sequencing’) [8e10] and the data will be
further analyzed using powerful bioinformatics software [11e13],
or when the DNA material from parents are not available, a second
sequencing step (i.e, Sanger sequencing) is employed [14].

Recent studies to improve the technology for haplotyping rely
on single molecule sequencing, where the sample is repeatedly
diluted until only one DNA molecule is isolated in a droplet. In this
way, when mutations are detected, they can be unambiguously
mapped to a single copy of the DNA, and the haplotype phase can
be resolved [15,16]. However, this requires labor-intensive pro-
tocols, and needs a high-power computing device for data analyses.
Thus, a possible alternative is to use nucleic acid probes to directly
obtain phase information.

Direct oligonucleotide hybridization assays are good alterna-
tives and are a simple method to detect mutations, but these are
typically limited to identifying the presence of SNPs since, even in
multiplexed detection platforms, the observable signal only gives a
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quantitative information of the mutations present. This is insuffi-
cient for phasing studies, because regardless whether the muta-
tions are in cis or in trans, the signal level generated would be
similar since only the placement or the distribution of the SNPs are
different, but the total number of SNPs are the same. Further design
is therefore required to provide spatial information of the mutation
in the genome. In most previous studies that employ DNA hy-
bridization methods to phase haplotypes, the extra step added is
usually in the form of iterative testing. For example, Pont-Kingdon
et al. determined whether two mutations (R117H and IVS-8) in the
Cystic Fibrosis Transmembrane Regulator gene is found in the same
DNA strand or not through multiple iterative rounds of allele-
specific PCR followed by sequencing of the products generated.
This was important because the patient will develop a more severe
phenotype if the mutations occur cis to each other [17].

Recently, we have shown a DNA self-assembly-based assay,
named as conditional displacement hybridization assay, which can
be used for the phasing of two SNPs [18]. This was done via a two-
step reaction, in which the first step consists of interrogating the
presence of SNPs using fluorescently-labelled probes, and the sec-
ond step is the addition of a DNA polymerase. The enzyme condi-
tionally displaces one of the probes if the SNPs are arranged in cis-
configuration, and can then be translated to an observable reduc-
tion of fluorescence signal. However, the use of an enzyme limits
the range of conditions allowable wherein the test can be used. The
pH, temperature, ionic strength, and the presence of inhibitors
must all be within the optimum values of the enzyme to ensure its
activity.

Here, we show an enzyme-free probe hybridization method to
provide phase information of two SNPs using the fluorescence
signal information before and after magnetic separation. This
eliminates the use of multiple iterative testing where separate re-
action vessels are required for the same sample to test different
haplotypes, and increase the robustness of the detection platform
by incorporating a conditional magnetic separation step in lieu of
the addition of an enzyme. This enzyme-free approach can be used
to obtain the haplotype information of all 10 different pairs of
haplotype, also called diplotypes, without the need to consider the
operation conditions required for enzyme-based methods.
2. Materials and methods

2.1. DNA oligonucleotides preparation

The target strands were obtained from Integrated DNA Tech-
nologies (IDT), while the rest of the shorter oligonucleotides used
were purchased from Sangon Biotech (Shanghai, China). All oligo-
nucleotides were re-suspended in 1X TE buffer (10 mM Tris, 1 mM
EDTA, pH¼ 8.0, Invitrogen) and stored at 4 �C until further use. The
sequences of all the DNA strands used are found in Table S1 (in
Supplementary information).
2.2. Probe preparation and quantification

Probes used in fluorescence detection were prepared by adding
the fluorophore-labelled strand and 1.5 times the amount of
quencher strands in 1X TE buffer with 12.5 mMMgCl2. The mixture
was first heated to 95 �C and slowly cooled down to 20 �C in a span
of 3 h using a thermal cycler (Applied Biosystems, Veriti). The
annealed probes were then stored at 4 �C. Quantification of the
amount of DNAwas done via Nanovue Plus Spectrophotometer (GE
Healthcare).
2.3. Fluorescence measurement

Real-time fluorescence measurements were performed using
Varioskan Lux Multimode Microplate reader (Thermo Scientific). A
stock solution composed of 250 nM each of the annealed probes in
1X PBS buffer (diluted from 10X PBS Buffer, Invitrogen) was pre-
pared, and then, 52.5 ml of the stock solution was added onto the
black 96-well plates (Corning) without the target DNA strands. The
instrument was programmed to measure fluorescence using two
channels (Ex/Em ¼ 500/520 nm and 580/605 nm, which corre-
sponds to the excitation and emission lmax of FAM and ROX,
respectively) for 5 min to obtain the baseline measurements. Lastly,
7.5 ml of the appropriate targets are added, yielding a final volume
of 60 ml for each reaction containing 250 nM of the target. The
fluorescence signals at the same wavelengths were monitored for
another 30 min.
2.4. Magnetic bead separation

Magnetic beads (Dynabeads MyOne Streptavidin C1, Invitrogen)
were first prepared following manufacturer’s instruction. Briefly,
200 ml of the stock beads solution (10 mg/ml) were first washed twice
with 1 mL of 2X Bind and Wash (B&W) Buffer (10 mM Tris, 1 mM
EDTA, 2 M NaCl, pH ¼ 8), and the supernatant was removed after
magnetic separation using DynaMag (Invitrogen) magnetic stand.
The final residuewas re-dissolved in 200 ml of the 2X BW buffer and
stored at 4 �C until further use. Fresh preparation of the magnetic
beads is preferred; thus, small batches were prepared as needed.

After the fluorescence measurement, the reaction solution in
each well was transferred to a microfuge tube and 15 ml (unless
otherwise indicated) of the magnetic bead solution was added, and
incubated at 37 �C with mild shaking using the Thermomixer
(Multi-Therm, Benchmark) for 30min (unless otherwise indicated).
After which, the magnetic beads were magnetically separated from
the mixture, and re-dissolved in 60 ml 1X PBS, and the fluorescence
measurements at 500/520 and 580/605 were obtained.
2.5. Fluorescence microscope imaging

An aliquot of the re-suspended magnetic beads after incubation
with the probe and target was transferred onto a glass plate and
secured with a cover slip. The microscope image (40� magnifica-
tion) was obtained using a fluorescent microscope (Eclipse NieU,
Nikon). In order to compare the intensity of the green and red
fluorescence images, they were all obtained with exactly the same
conditions. For images with green filter (Ex:460e490 nm/
Em:515 nm), with 300 ms exposure time and analog gain of 1.0x
using 90% fluorescent lamp intensity; while images with red filter
(Ex: 510e550 nm/Em:590 nm) were obtained using 300 ms
exposure time and analog gain of 6.2x using 90% fluorescent lamp
intensity.
2.6. Statistical treatment of data

Results are presented as the mean of triplicate measurements
with standard deviations as error bars. The fluorescence signals of
the diplotypes were grouped as two-, one-, or no SNP present, and
was compared to each other by one-way ANOVA with Tukey HSD
post hoc. Comparison of SNPA signals from cis and trans diplotypes
were done by two-tailed Student’s T-test. P values are indicated in
each comparison.
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3. Results and discussion

3.1. Design and scheme of the probe hybridization with magnetic
separation assay

An overall illustration of the approach is divided into two parts
as shown in Fig.1e first, to detect the presence of SNPs A and B, and
then, to determine the phase of the SNPs present. In the first part,
two initially quenched toehold exchange probes are added, labelled
PA and PB, to selectively interrogate the presence of two SNPs, A
and B, respectively. For example, when SNP A is present, the
fluorophore-modified strand of probe A will hybridize with the
target, and produce a red fluorescence signal, while a green signal is
produced in a similar process when SNP B is present. The probes
used are rationally designed through an online nucleic acid analysis
tool, Nupack® [19], such that each probe hybridization reaction has
a DG near 0. This allows for the optimum discrimination between
each SNP and their corresponding wild type counterpart, since a
single base mismatch bubble can incur a penalty DG of
around þ4 kcal/mol [20], and thus sufficiently make the reaction
thermodynamically unfavorable.

After the first step, we find that the signal intensity of each
fluorescence channel is proportional to the amount of the corre-
sponding SNP; i.e., if the target contains one “A” SNP (e.g. target TA),
a red signal is observed; and if the target contains one “B” SNP (e.g.
target TB), a green signal is observed. If the target contains both
SNPs (e.g. target TD), both channels will show a high signal; and
lastly, if none of the SNPs are present (e.g. target WT), both chan-
nels will show a low or negligible signal (Fig. 1A). When two types
of targets aremixed together, tomimic a heterozygous DNA sample,
the fluorescence signal from amixture of TD andWTwill be similar
to that of TA and TB (Fig. 1B) since both pairs will have a total of one
SNPA (from TD in the first pair, and TA in the second), and one SNP
B (also from TD in the first, and TB in the second). As such, a second
Fig. 1. Schematics of the magnetic bead-mediated SNP phasing assay. (A) Two probes labelled
targets: TA e target containing SNP A, TB e target containing SNP B, TD e target containing
the specific hybridization of the toehold probes yielding a red or green fluorescence signal du
mixture of any two out of the four targets mentioned above, the intensity of the signal is p
cannot be differentiated because of similar fluorescence profile. (C) Differentiation strategy o
Since only the probe PB is biotinylated, when the magnetic bead (MB) is added, only samples
A and B, the retentate will also yield a red fluorescence. By measuring the intensity of the red
TA þ TB diplotype.
step is required to differentiate the two.
One of the probes (PB) is biotinylated on one strand, so that

upon the addition of a streptavidin-coated magnetic bead in the
second step, PB will be immobilized onto the bead, and conse-
quently, when the targets with SNP B (i.e, TD and TB) hybridizewith
the probe PB, they will also be linked to the bead. Similarly, since
the fluorescently-labelled strand of probe A is hybridized to the TD
strand, the red fluorophore will also be dragged to the solid phase
retentate upon magnetic separation, if and only if the sample
contains a TD molecule. This enables the differentiation of the cis
(TD and WT) the trans (TA and TB) diplotypes (Fig. 1C).

Probe B was chosen to be biotinylated in the 30 position despite
the final product structure having the magnetic bead attaching to
the middle of the target rather than at the 5’ end (Fig. 1C) since
there was negligible difference in the capture efficiency of probe
regardless of the position of the biotin group and the design shown
exhibited the highest selectivity based from in silico thermody-
namic calculations (data not shown).
3.2. Detection of SNPs on single-strand targets

The first part of the scheme was tested on 250 nM probe con-
centrations with equimolar target strands, and the average of
triplicate real-time fluorescence measurements is shown in Fig. 2A
and B for SNPs A and B respectively.

Fig. 2A is smoothened using box average of 3 consecutive signals
in order to remove the noise from the instrument, which caused
significant fluctuations particularly at the wavelength corre-
sponding to the ROX fluorophore (see Fig. S1A for the fluorescence
signals prior to any processing of the data). The graphs show that
the values reach a plateau in less than 10 min, indicating that both
probe hybridization reactions occur very fast, and are stable for at
least 30 min (see Figs. S1A and S1B).

We also confirmed the selectivity of the probe hybridization
PA and PB are designed to interrogate two SNPs, SNP A and SNP B, from any of the four
both SNPs A and B, or WT e target containing none of the SNPs. The first step involves
e to the presence of SNP A or B, respectively. In cases where diplotypes are added, i.e., a
roportional to the number of SNPs present e 0, 1, or 2. (B) At this step, two diplotypes
f the two diplotypes TD þWTand TA þ TB, both of which contains 1 SNP A and 1 SNP B.
with TD and TB can be magnetically separated. Moreover, since TD contains both SNPs
signal after magnetic separation, the TD þWT diplotype can be differentiated from the
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reactions to differentiate single-base mutants for both SNPs A and
B, albeit with different degrees of selectivity. For example,
comparing Fig. 2A and B, probe B exhibited lower selectivity as
shown from the ratio of the signals generated from themismatched
target over the perfectly matched target. This is due to the varying
DG difference caused by a mismatched base pair. Despite this, the
fluorescence signals from the 10 diplotypes can be unambiguously
Fig. 2. Fluorescence readout for all 10 diplotypes prior to magnetic separation. Real-
time measurements of fluorescence values for (A) SNP A and (B) SNP B were simul-
taneously obtained using a microplate reader of the 10 diplotypes Graphs show rapid
kinetics, with equilibrium values reached in less than 10 min. Normalized equilibrium
values for each trial were averaged and summarized in (C), and the fluorescence
readings above 1.6 correspond to 2 alleles, between 1.0 and 1.2 correspond to 1 allele,
and values below 0.6 correspond to no SNP allele present. (P < 0.01 for both SNPs A and
B, one-way ANOVA with Tukey HSD post hoc analysis). Error bars represent the
standard deviation from triplicate measurements. TD: two SNPs are present, TA: only
SNP A is present, TB: only SNP B is present, and WT: none of the SNPs are present. Each
reaction contains two of the four targets, named by combining the two symbols
together (TDTD ¼ two TD’s present, TDTA ¼ one TD and one TA, etc.).
grouped into three: above 1.62 which corresponds to having 2 SNP
alleles present, 1.02e1.25 for those with 1 SNP present, and below
0.63 for the rest without any SNP present (Fig. 2C). Each group was
also shown to be statistically different from each other, thereby
confirming that the different types of diplotypes can be identified
from the intensity of the signals.
3.3. Efficiency of magnetic bead (MB) capture

Since TD/WT and TA/TB both contain one SNP A and one SNP B
each, a conditional separation step is employed to resolve the two
diplotypes. Despite the wide use of streptavidin-coated magnetic
beads in separation and capture of biotinylated DNA probes
[21e23], the capture efficiency would have to be optimized for this
specific assay to take into account the properties known to affect
the immobilization thermodynamics and kinetics such as the
length and secondary structure of the target [24], salt concentration
and ionic strength [25], length of spacer nucleotides (between
biotin and the toehold region) [26], etc. We find that the most
significant factor in this work was the probe density as calculated
Fig. 3. Efficiency of capture of (A) dsDNA probes onto magnetic beads showing that
MB is saturated with PB at 100 mg MB per 20 pmol DNA (>90% immobilized); (B) but
more target DNA strand can be hybridized onto the MB-dsDNA conjugate, when lower
probe density (i.e., more MB is added) is used. Error bars represent the standard de-
viation from triplicate measurements.



Fig. 4. Fluorescence images of the MB after stepwise addition of PB, then the corre-
sponding target (except for the no target control), and then with PA. Each incubation
step was done for 1 h at 37 �C with moderate shaking. All images were obtained with
similar magnification, light intensity, and exposure time. Green filter showed brighter
intensity for TD and TB since both contains SNP B, while the red filter showed brighter
intensity for TD only since PA will only be immobilized to the MB when TD is present.
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from the ratio of magnetic bead and the biotinylated probe,
assuming even distribution of the probes onto the magnetic bead.

Fig. 3A shows the change in capture efficiency (defined as the
amount of double-stranded probe captured/total amount of probe
added), and the results show that more than 90% of the dsDNA are
captured when a ratio of 5 mgMB is added for every pmol of dsDNA.
In contrast, <10% of a non-biotinylated DNA probe was captured,
signifying negligible non-specific binding to the MB (see Table S2).

While the streptavidin-biotin interaction is rapid and stable,
when the probe density is too high, it will limit the capture of a 150-
mer target DNA due to steric hindrance and ionic repulsion. Thus,
the amount of target (TD) that can be immobilized was also opti-
mized. This was done by first adding different mixtures of MB-
probe B (MB-PB) conjugate, and magnetically separate to remove
all of the unbound PB strands. Then, the MB-PB retentate was re-
suspended in a 1X PBS solution with 20 pmol TD followed by 1 h
incubation with moderate shaking.

Fig. 3B shows the amount of TD captured by measuring the
OD260 value of the supernatant and corrected to subtract the
amount of the quencher strand released as a byproduct of the re-
action. The best conditions were obtained when 10 mg of MB:
1 pmol DNA strand ratio was used, which translates to 104 DNA
molecules per MB or a surface coverage of 3 � 1012 DNA particles
per cm2 of MB, and resulted to 33% of the TD strand being hy-
bridized. The optimal surface density and probe capture efficiency
is in agreement with the ones reported previously [24,25].

3.4. Fluorescence microscopy images of magnetic beads

Since the target immobilization onto the MB-PB conjugate is a
strand displacement reaction, wherein a quencher strand is
released upon the hybridization of the target, this process will yield
a fluorescently-labelled beads which can be viewed under a mi-
croscope, with the appropriate filters. Fig. 4 shows the microscope
images when different targets are added to the MB-PB conjugate
and the subsequent addition of PA after washing the unbound
target strands (incubated for 1 h at 37 �C). The fluorescence in-
tensity is then comparedwith the fluorescence signal of the probe B
without target. (see Fig. S2 for the difference in the background
signal as different ratios of the fluorophore and quencher strand
were used to prepare the probe PB).

Brighter images were obtained when perfectly complementary
probe and target pair was added, although the contrast between
positive green signals (TD and TB) and negative ones (TA andWT) is
limited by the same reaction DG difference discussed earlier. For
the red signal, only TD is expected to have bright red signal because
a washing step was added prior to the addition of probe PA.

3.5. Fluorescence measurement after conditional separation

Because it would be difficult to differentiate the fluorescence
intensity produced from one allele with that of two alleles through
microscope images alone, and the direct quantification of the
fluorescence values of the green signal during hybridization pro-
duced 25% less as compared to its homogeneous counterpart
(Fig. S3), the overall scheme was designed to first allow the two
probes (PA and PB) to hybridizewith the target prior to the addition
of magnetic bead, and re-quantify the red fluorescence signal of the
retentate after 30 min incubation. Less time is needed since the
hybridization reaction between the probes and the targets are
completed.

Fig. 5 shows the normalized values of the equilibrium fluores-
cence signals corresponding to the ROX fluorophore (Ex/Em 580/
605 nm) where the highest is set at 2, corresponding to two alleles
of SNP A retained, as in the case of a homozygous TD/TD diplotype.
This was followed by the three heterozygous diplotypes containing
TD (TDTA, TDTB, and TDWT), although the signal from TDTB was
consistently slightly lower from the other two, presumably because
less TD can be captured due to the electrostatic repulsion with TB
also immobilized onto the MB. Similarly, TATB and TBWT have
lower signal from TAWT since the TB being captured to the mag-
netic bead prevented probes with TA from being retained as well.
This generates a much more significant difference between TDWT
and TATB, which are the two diplotypes previously not differen-
tiable using the homogeneous probe hybridization step as seen in
Fig. 1C.



Fig. 5. Red signal of the 10 diplotypes after magnetic separation. The enclosed signals
show that the cis (TDWT) and trans (TATB) SNPs can be unambiguously differentiated.
(P < 0.01, independent student’s t-test, two-tailed) Error bars represent the standard
deviation from triplicate measurements.
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4. Conclusion

In summary, we designed herein a molecular method to phase
two SNPs that eliminates the use of iterative probe hybridization
steps by combining rationally-designed nucleic acid reactions with
a magnetic separation step. A key improvement in this work is the
absence of an enzyme leading to a more robust design, without the
need for optimal temperature, buffer, and other conditions required
for enzyme activity. The sensitivity in this work is also not opti-
mized, and we used 15 pmol of unamplified sample. Although the
signal can be amplified to reduce the limit of detection by 4e5
orders of magnitude [27,28], care must be taken that the range of
the fluorescence signals that correspond to the number of each
allele present (2, 1, or 0 for each SNP) must not overlap in order to
achieve a conclusive haplotype phasing. This can be improved by
incorporating an amplification step such as PCR similar to previ-
ously reported methods [29e32] (see Table S3 in supplementary
information).

Although next-generation sequencing and computational ap-
proaches to phasing will be more powerful in determining haplo-
types since theoretically, it is not limited by the number of SNPs and
it can be used for de novo SNP discovery and phasing, this method
offers a direct method for phasing of two SNPs already associated to
some altered disease risk or severity. Furthermore, this method has
a potential for multiple SNP diagnostics and phasing by incorpo-
rating more probes with different fluorophores.
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