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Oligonucleotide probes were designed with a poly-cytosine region
that facilitates stable anchoring to a magnetic ionic liquid support.
By tethering a recognition sequence to the poly-C tag, the
resulting diblock oligonucleotides distinguished single-nucleotide
variants and captured DNA targets from interfering genomic DNA
and cell lysate for qPCR amplification.

Molecular recognition chemistry plays a key role in
biotechnology.l' 2 Single-stranded DNA (ss-DNA) has the
unique ability to pair with their complementary sequence by
Watson-Crick hydrogen bonding.3 Based on this specific
molecular recognition mechanism, DNA has been widely
exploited to construct DNA-material conjugates for chemical,
biological, and medical applications.“'6 One core challenge for
such applications lies in designing simple and cost-effective
methods to stabilize and attach DNA to substrates without
destabilizing base-pairing Thiol or
modified DNA is commonly used to form stable conjugates on
gold or carboxyl-terminated surfaces, respectively.s’9 However,
chemical modification of DNA may be time intensive and
require the use of expensive reagents, leading to tedious
separation processes and high cost.’

As an alternative, physisorption may provide another
simple and cost-effective method for immobilization of DNA
on the surface of a support material. For example, the affinity
of consecutive adenine (poly-A) oligonucleotides for gold
nanoparticles (AuNPs) has been studied systematically and
utilized to design DNA-AuNP conjugates.7' 1013 Recently,
consecutive cytosine (poly-C) oligonucleotides were found to
serve as strong ligands to certain inorganic nanomaterials."**®
A major advantage of employing DNA homopolymers as
ligands for inorganic materials is the low cost of synthesizing
oligonucleotides with high purity, which largely avoids the

interactions.’ amino
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complex/expensive chemical modifications ofoligonucleotide.7

A variety of solid materials such as magnetite, silica, and
gold are commonly used as supports for DNA immobilization.
Among them, magnetite-based materials are extremely
popular in separation science due to their ease of
manipulation by an external magnetic field. Using this platform,
specific DNA sequences can be extracted by ss-DNA probes
immobilized on the surface of magnetic active beads to
facilitate rapid isolation from complex biological samples.16
However, these substrates may suffer from aggregation over
time resulting in lower capture efficiency and obstruction of
liquid handing devices.!” 8 Furthermore, the hybridization
dynamics of DNA on the solid—liquid interface may be slower
than in solution.”® As a result, long incubation/agitation times
are required to extract a sufficient quantity and quality of
nucleic acid. The use of a liquid support has the potential to
address the aforementioned limitations of solid support
substrates. Magnetic ionic liquids (MILs) have been applied as
alternatives to magnetic bead-based approaches for the
extraction of nucleic acids from biological samples.zo'21 Similar
to traditional ionic liquids, MILs possess unique
physicochemical properties that can be tuned by changing the
combination of cations and anions while also exhibiting
susceptibility to applied magnetic fields. These features render
MiLs useful solvents for magnet-based separations while
avoiding the time-consuming centrifugation processes in
traditional LLE or particle aggregation in magnetic
bead/particle systems.zz'24

Herein, we report the discovery of a MIL support that
exhibits strong affinity for poly-C sequences compared to
random DNA sequences. Diblock DNA oligonucleotides were
designed with a poly-C block for anchoring the DNA probe to
the MIL and a sequence recognition block to hybridize with
target DNA sequences. The diblock DNA-MIL conjugate has the
potential to distinguish between complementary DNA and
single nucleotide variants. Furthermore, the poly-C DNA-MIL
method was employed for the sequence-specific extraction of
target DNA from a solution of interfering genomic DNA and
cell lysate with real-time quantitative polymerase chain
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reaction (qPCR) amplification for detection, demonstrating
practical application of the poly-C DNA-MIL approach for
targeted DNA analysis.

Due to their high hydrophobicity and low viscosity, two
metal-based MIL supports, named as
trihexyl(tetradecyl)phosphonium cobalt(ll)
hexafluoroacetylacetonate ([Pses1a 1[Co(hfacac)s ) and
trihexyl(tetradecyl)phosphonium nickel(l1)
hexafluoroacetylacetonate ([Pggers 1[Ni(hfacac);]) (Fig. 1a),25
were selected to extract a series of random ss-DNA molecules
with different GC content (20%, 80%) and secondary structures
(linear or hairpin) (see Table S1 in ESI). The extraction
efficiency of ss-DNA sequences from aqueous solution into the
MIL was evaluated by HPLC-UV detection, in which the amount
of DNA remaining after extraction was compared to the initial
amount of DNA in solution. No unique selectivity of the Ni(ll)-
based MIL for DNA was observed as demonstrated by the high
extraction efficiencies for all DNA sequences, except Oligo 6
(ESI, Fig. S1). On the other hand, the Co(ll)-based MIL exhibited
extraction efficiencies lower than 50% and 30% for DNA
sequences with 20% GC content (Oligo 1, 2, 3) and hairpin
sequences with 80% GC content (Oligo 7, 8, 9), respectively
(ESI, Fig. S1). Interestingly, greater than 80% extraction
efficiency of linear DNA sequences with 80% GC content (Oligo
4, 5) was observed, compared to relatively poorer extraction
efficiency of Oligo 6 (about 45%). Comparing the structures of
the linear ss-DNA sequences with 80% GC content revealed
that Oligo 6 possessed just four consecutive cytosine
nucleotides while Oligo 4 and 5 contained nine consecutive
cytosines. These results suggested that the Co(ll)-based MIL
exhibited stronger affinity for sequences with extended poly-C
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Fig. 1a) Chemical structure of the hydrophobic Co(ll) and Ni(ll)-based MiLs
examined in this study; b) Extraction efficiencies of four 20-mer homopolymer
DNA sequences using the Co(ll)-based MIL. A solution containing 0.44 uM ss-DNA
in
50 ulL DI H,0 was extracted using 1 pL of the [Pges14'][Co(hfacac)s] MIL with a 30
s extraction time and a vortex rate of 2000 rpm.

To further investigate the high affinity of the Co(ll)-based
MIL for poly-C sequences, the extraction of 20-mer ss-DNA
homopolymers poly-C, poly-A, poly-T, and poly-GT (Table S1)
was performed. Here, poly-G was not examined due to the
easy formation of G-quadruplex, which may influence the
analytical results. As shown in Fig. 1b, the Co(ll)-based MIL
possessed higher affinity for 20-mer poly-C DNA with more
than 80% extraction efficiency compared to less than 40%
extraction efficiencies for the other three 20-mer sequences.
These results further confirmed that poly-C exhibits the
highest affinity for the Co(ll)-based MIL.
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DNA can associate with certain inorganic materials
through hydrogen bonding, n—m stacking and electrostatic
interactions. However, little is known about the interactions
between DNA and MiLs. A series of experiments were
performed to study the interaction between the Co(ll)-based
MIL and poly-C DNA. Firstly, 20 bp double-stranded DNA (ds-
DNA) with 80% GC content was extracted using the MIL
solvent. The result showed that less than 15% of the DNA
duplex was extracted by the Co(ll)-based MIL (ESI, Fig. S2),
which was much lower than their ss-DNA counterparts (Oligo 4,
5 in Table S1) that were extracted with more than 80%
efficiency. This observation was conceivably due to the
inaccessibility of the nucleobases in duplex DNA, decreasing -
nt stacking and hydrophobic interactions between DNA and
MIL, which has also been observed for graphene oxide (GO)
based materials.? Next, aqueous solutions containing urea
and/or NaCl were used to study the recovery of poly-C DNA
from the MIL phase. The results indicated that 8 M urea
combined with 1 M NaCl could elute more than 70% poly-C
DNA from the MIL (ESI, Fig. S3). While these data suggest that
hydrogen bonding and ionic interactions also play a role in the
extraction of poly-C DNA by the MIL, they do not explain the
unusual affinity of poly-C DNA for the Co(ll)-based MIL. In a
previous report, the affinity of poly-C to carbon-based
materials (i.e., GO, SWNT) was mediated by the formation of
the i-motif DNA structure, which increased m-mt stacking
between the nucleic acid and carbon material.’>?” %% In order
to determine whether this unique tertiary structure influenced
affinity for the MIL phase, we tested the extraction of free
human telomeric DNA (ESI, Table S1) that can form the i-motif
structure in the presence of carbon-based materials. Only
approximately 40% of human telomeric DNA could be
extracted (ESI, Fig. S4), indicating that the preferential
extraction of poly-C by MIL was likely not due to i-motif
formation. Overall, the affinity of poly-C sequences for the
Co(ll)-based MIL solvent may involve hydrogen bonding, n—n
stacking, and interactions facilitated by sequential
cytosine nucleobases.

The high selectivity of the Co(ll)-based MIL for poly-C DNA
suggested that a poly-C block could be incorporated within a
probe sequence to serve as an anchor to the hydrophobic MIL
and facilitate sequence-specific DNA extraction. Diblock DNA
probes composed of a poly-C sequence (Oligo 4, 5, and C,,, Cy,
Co) for surface anchoring onto the MIL and a 20-mer probe
sequence for hybridization with complementary target DNA
were designed (Table 1 and S1). As shown in ESI (Fig. S5), DNA
probes with poly-C blocks can be extracted by the MIL with
extraction efficiencies greater than 80%. The poly-C sequence
with 20 cytosine nucleotides provided the highest extraction
efficiency. To further study the length of poly-C sequence on
the affinity for the MIL, a fluorophore-labeled DNA sequence
(FAM-DNA) was extracted by the MIL. Non-complementary
poly-C DNA sequences with 0, 10 and 20 cytosine nucleobases
as well as a sequence complementary (cDNA) to the pre-
loaded FAM-DNA were then added to solution to study the
desorption of the extracted FAM-DNA. A scheme for this
process is shown in the ESI (Fig. S6). The fluorescence signal
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was detected after incubation with one of the aforementioned
sequences for 30 min. As shown in Fig. 2a, the fluorescence
intensity increased after incubation with complementary DNA,
probably due to the formation of duplex DNA that has lower
affinity for the MIL than ss-DNA. For the poly-C DNA sequences
with 0, 10 and 20 cytosines, the fluorescence intensity
increased as the DNA length increased. The fluorescence
intensity with C,q sequence was surprisingly higher than the
fluorescence obtained when using complementary DNA to
desorb the FAM-labeled DNA. These results showed that a
longer poly-C DNA was highly efficient in displacing DNA from
the MIL, demonstrating a strong affinity of poly-C sequences
for the MIL. Therefore, the poly-C probe with 20 cytosines was
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chosen as the probe for sequence-specific DNA capture.

Fig. 2a) Fluorescence intensity of FAM-labeled DNA after incubation with MIL and
subsequent desorption by the addition of complemetary (cDNA) and poly-C
sequences with different lengths (non-complementary). A 0.1 uM solution of
FAM-labeled DNA was incubated with 1 pL of MIL in 20 mM Tris-HCl, pH 8.0, with
25 mM NaCl. A molar equivalent of cDNA or non-cDNA was added to desorb
FAM-DNA for 30 min. b) Extraction efficiencies of 20-mer complementary target
DNA and its 1 or 2 nt mismatched DNA using poly-C DNA-MIL conjugate by the
load first procedure. Extraction conditions: DNA concentration: 0.44 uM; mole
ratio of poly-C probe to target: 1:1; total solution volume: 50 pL; time: 1 min; MIL
volume: 1 pL; rotation rate: 2000 rpm.

Two different approaches for sequence-specific DNA
extraction were employed in this study, as shown in Figure 3:
(1) the probe sequence was first loaded onto the MIL and then
used to capture a complementary target sequence (Target 1)
or (2) the probe and target were hybridized first, followed by
addition of the MIL to bind the probe—target duplex.21 The
load first procedure extracted more than 80% of target 1 DNA
compared to the hybridize first procedure which yielded an
approximate 50% extraction efficiency (ESI, Fig. S7). In order to
determine the amount of non-specific DNA extraction, ss-DNA
target and its corresponding duplex were subjected to MIL-
based extraction without the use of poly-C probes. Only about
25% target ss-DNA and less than 5% duplex DNA partitioned to
the MIL (ESI, Fig. S8),

Table 1 Poly-C probe sequences and target sequences used in
this study”’

Name Sequence

Poly-C,, probe
Poly-C,o probe
Poly-C, probe

(C),0 CAC GCT TAC ATT CAC GCCCT
(C)10CAC GCT TAC ATT CACGCCCT
CACGCT TACATT CACGCCCT

Target 1 AGG GCG TGA ATG TAA GCG TG
Target 2° AGG GCG TCA ATG TAA GCG TG
Target 3° AGG GCG TCA ATG TAA GCC TG

This journal is © The Royal Society of Chemistry 20xx

?All the sequences are listed from the 5’ to 3’-end.

The underlined nucleobases represent mismatches to probe sequence.
which further confirmed that the extraction of target DNA was
greatly enhanced by the use of the poly-C diblock DNA probes.
Since the hybridize first procedure forms partially duplexed
DNA before partitioning into the MIL support, lower extraction
efficiencies were observed due to the lower affinity of the MIL
support for duplex DNA.

In order to investigate the selectivity of poly-C DNA-MIL
conjugate for nucleotide mismatches, we tested the extraction
of four other non-complementary random DNA sequences
with GC contents ranging from 20% to 80% (Oligo 1, Oligo 6,
Oligo 9 and poly-C, probe). Less than 5% of these non-
complementary random DNA molecules could be extracted,
indicating that the diblock poly-C DNA-MIL conjugate has low
non-specific extraction of other random non-complementary
DNA sequences. To simulate a real sample that often contains
sequences highly similar to the DNA target, we investigated
the extraction of oligonucleotides with one or two nucleobase
variations of the target sequence (Target 2 and 3 in Table 1).
As shown in Fig. 2b, the DNA-MIL conjugate extracted over 80%
of a complementary sequence, while the one-base and two-
base mismatched DNA were extracted with 33% and 7%
efficiency, respectively (ESI, Fig. S9). These results show that
the diblock DNA-MIL conjugate possesses the necessary
selectivity to distinguish between oligonucleotides that differ
by one nucleobase.

Since the poly-C probe sequences were anchored within
the MIL phase via non-covalent interactions, the anchoring
DNAs may be susceptible to nonspecific displacement by other
molecules." To test the adsorption stability of the poly-C DNA-MIL
conjugate, several competing macromolecules such as proteins
(bovine serum albumin, albumin from chicken egg white) and
non-ionic surfactants (Tween 20, Pluronic F-108) were
incubated with poly-C DNA-MIL conjugates in aqueous solution
for 30 min and the fraction of poly-C DNA released from the
MIL was evaluated. As shown in Fig. S10, less than 1% poly-C
probe DNA was released from the MIL when treated with
solutions containing a 1% concentration (w/v) of those
interfering macromolecules. These results indicate good
stability of the present poly-C DNA-MIL conjugates for practical
application in biological samples.

In order to interface the poly-C DNA-MIL based extraction
method with qPCR amplification, a 261 bp target DNA with a
terminal segment fully complementary to the 20-mer
recognition block of the poly-C probe was selected as a model
sequence. The poly-C DNA probe was first hybridized with the
target DNA and then MIL was added to extract the target DNA
(Fig. 3). According to the quantification cycle (Cq) values, the
amplification of target DNA was significantly enhanced by the
poly-C DNA-MIL method (Cq=24.7+1.0, n=4) compared to a
MIL-based extraction method without a poly-C probe
(Cg=32.9++0.8, n=4). The Cq value of poly-C DNA-MIL
extraction was 8.2 cycles lower than the direct extraction
method, indicating that an approximate 300-fold greater
amount of target DNA was extracted with the poly-C DNA-MIL
method. To evaluate the effect of matrix components on DNA
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extraction using the poly-C DNA-MIL approach, the extraction
of 261 bp target DNA from E. coli cell lysate or DNA from
salmon testes was performed. According to the Cq values in
the presence of E. coli cell lysate (Cq=20.8+1.0, n=4) or DNA
from salmon testes (Cq=21.0+0.5, n=4, ESI, Fig. S11 and S12), a
matrix-enhancement effect was observed, meaning that more
target DNA was extracted in the presence of the sample matrix

Approach Capture Release gPCR Analysis
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components. The results show great practical application of
the poly-C DNA-MIL approach for targeted DNA analysis.

Fig. 3 Schematic illustration describing the load first and hybridize first
approaches examined in this study. To achieve sequence selective extraction of
DNA, the poly-C DNA probe was hybridized with target DNA and then captured by
the MIL. DNA was then desorbed from the MIL and compared to a direct
extraction with neat MIL (containing no poly-C probe) using qPCR amplification.
Target DNA: 1.69 fmol; poly-C, probe: 16.9 pmol; extraction time: 1 min;
desorption time: 10 min; desorption method: 25 mM NacCl at 60 °C for 10 min;
desorption solvent volume: 50 pL.

In conclusion, we discovered that poly-C DNA sequences
exhibit much stronger affinity for a Co(ll)-based MIL than other
random DNA sequences, providing the basis for a sequence-
specific DNA extraction method that does not rely on
complex/expensive oligonucleotide modifications. The diblock
poly-C  DNA-MIL conjugates demonstrated excellent
hybridization efficiency for target DNA and high selectivity to
distinguish DNA targets from sequences possessing single
nucleotide mismatches. Furthermore, the poly-C DNA-MIL
conjugate exhibited good stability when treated with several
interfering macromolecules such as proteins and non-ionic
surfactants. According to gPCR results, nearly a 300-fold
greater amount of target DNA could be selectively extracted
from aqueous solution using the poly-C DNA-MIL method
compared to a direct extraction method without the poly-C
probe. The poly-C DNA-MIL approach was also successfully
employed for the extraction of target DNA from cell lysate and
a solution of DNA from salmon testes. Our study establishes a
simple, cost-effective strategy for binding a DNA probe
sequence to a MIL support, thereby avoiding the complex
chemical DNA modification process and making this approach
particularly attractive for sequence-specific DNA analysis.
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Oligonucleotide probes containing a poly-cytosine region have remarkable affinity to a magnetic ionic liquid support and are
used to distinguish single-nucleotide variants and capture DNA targets for qPCR amplification.



