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In this work, phosphorylated lipid-conjugated oligonucleotide (DNA-lipid-P) has been synthesized to
develop an enzyme-responsive self-assembly of DNA amphiphiles based on dephosphorylation-induced

DOI: 10.1039/d1ra01668g increase of hydrophobicity. Since elevated ALP level is a critical index in some diseases, ALP-triggered
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Lipid-conjugated oligonucleotides are DNA amphiphiles that
can self-assemble into lipid-based DNA micelles. As such, lipid
tails act as a hydrophobic core and DNA act as a hydrophilic
corona."” Because of their advantages of facile preparation,
programmable design, small size (<100 nm) and biocompati-
bility, lipid-based DNA micelles show potential in the imaging
of intracellular targets (mRNA and small molecules) and drug
delivery.**

To further improve their potential for better drug delivery
and disease diagnosis, stimuli-responsive control of the change
of morphology or assembly/disassembly of DNA micelles has
attracted enormous attention in practical applications. It was
reported that photo-irradiation and nucleic acid hybridization
have been used to trigger assembly/disassembly or the change
of morphology of DNA micelles.”® For example, Jin et al
developed stability-tunable DNA micelles by using photo-
controllable dissociation of an intermolecular G-quadruplex.”
The intermolecular parallel G-quadruplexes were introduced
into lipid-based DNA micelles to lock the whole structure,
resulting in enhanced structural stability against disruption by
serum albumin. However, photo-controlled release of comple-
mentary DNA blocks the formation of G-quadruplexes and thus
leads to the dissociation of micelles by the existence of serum
albumin. In addition, Chien et al. reported stimuli-responsive
programmable shape-shifting DNA micelles by controlling
geometric structure and electrostatics.®* DNA hybridization and
dissociation change the geometric structure and electrostatics
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self-assembly of DNA amphiphiles shows promise in disease diagnosis and cancer treatment.

of hydrophilic moiety, leads to the conversion of DNA assem-
blies between spherical and cylindrical structures.

In spite of these advances, enzyme-responsive regulation of
self-assembly of DNA amphiphiles has scarcely reported. Since
the hydrophobicity of lipid tail plays a critical role in the
aggregation of DNA micelles, we speculated that the self-
assembly of lipid-conjugated oligonucleotides can be regu-
lated by controlling the hydrophobicity of lipid tails. Carry this
idea forward, we noted that ALP is a hydrolase that removes
phosphate groups from nucleic acids or proteins.**> Remark-
ably, ALP has been widely employed to convert hydrophilic
phosphorylated small molecules to hydrophobic dephosphory-
lated products for molecular imaging, disease diagnosis and
cancer therapy.*** Herein, therefore, enzymatic
dephosphorylation-triggered self-assembly of DNA amphiphile
is reported. As shown in Fig. 1, DNA-lipid-P is composed of four
segments: DNA, linker, lipid and phosphate groups. Four
negatively charged phosphate groups at lipid terminus decrease
their hydrophobicity. Therefore, DNA-lipid-P exhibits weak self-
assembly. However, ALP converts DNA-lipid-P to DNA-lipid by
removing phosphate groups. The newly generated DNA-lipid
shows greater hydrophobicity compared to DNA-lipid-P thus
enables self-aggregation in aqueous solution.
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Fig. 1 Schematic illustration of enzymatic dephosphorylation-trig-
gered self-assembly of DNA amphiphile.
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Lipid-conjugated oligonucleotides are amphiphiles which
compose of two segments: hydrophobic lipid tails and hydro-
philic oligonucleotides. Generally, lipid-conjugated oligonucle-
otides can self-assemble into aggregated DNA nanostructures,
for example, DNA micelles, in aqueous solution by intermo-
lecular hydrophobic interaction. To investigate whether the
hydrophobicity affects the self-assembly of lipid-conjugated
oligonucleotides, a series of lipid phosphoramidites with
different length of alkyl chains (six, nine, twelve and fifteen) at
the lipid tail were conjugated with oligonucleotide on a DNA
synthesizer. The obtained lipid-conjugated oligonucleotides
named as C6-DNA, C9-DNA, C12-DNA and C15-DNA, respec-
tively (Fig. 2a). High-performance liquid chromatography
(HPLC) is a universal tool to assess the hydrophobicity of DNA
by comparing their retention times. Greater retention time
indicates the stronger hydrophobicity. As shown in Table S2,t
the retention time of DNA, C6-DNA, C9-DNA, C12-DNA and C15-
DNA is 10.0, 19.1, 23.8, 27.3 and 30.8 minutes, respectively,
suggesting that DNA with longer alkyl chains has stronger
hydrophobicity. The result is consistent with the previous
report.”” Next, the self-assembly of these lipid-conjugated
oligonucleotides was investigated by agarose gel electropho-
resis and dynamic light scattering (DLS) assays. As shown in
Fig. 2b, only C15-DNA shows a tailed nucleic acids band which
is belongs to the self-assembled nanostructure. In addition,
results of DLS assays exhibit that the particle size of 10 uM C6-
DNA, C9-DNA, C12-DNA and C15-DNA in buffer solution is
2.7 nm, 4.2 nm, 6.5 nm and 28.2 nm, respectively (Fig. 2c).
Besides, the morphology of self-assembled C15-DNA micelles
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Fig. 2 Hydrophobicity-dependent self-assembly of lipid-conjugated
oligonucleotides. (a) Chemical structures of lipid-conjugated oligo-
nucleotides with different length of alkyl chains at the terminus of lipid
tail. (b) 1% agarose gel electrophoresis analysis of 1 uM TAMRA-labeled
C6-DNA, C9-DNA, C12-DNA and C15-DNA. C15-DNA shows a tailed
band in agarose gel which can be attributed to the formation of
aggregated micellar nanostructure. (c) DLS size analysis of C6-DNA,
C9-DNA, C12-DNA and C15-DNA in buffer solution. The average size
of C6-DNA, C9-DNA, C12-DNA and C15-DNA in buffer solution is
2.7 nm, 4.2 nm, 6.5 nm and 28.2 nm, respectively.
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Fig. 3 Solid-phase synthesis route of DNA-lipid-P.

was visualized with atomic force microscopy (AFM) and the
result shows the spherical nanostructure with diameter of 36.8
+ 6.1 nm (Fig. S71). Both evidences support the self-assembly of
C15-DNA in buffer solution. In another word, the self-assembly
of lipid-conjugated oligonucleotides into DNA micelles is
hydrophobicity-dependent. A greater hydrophobicity indicates
a stronger tendency of aggregation.

Next, we further synthesize DNA-lipid-P by solid-phase
synthesis and phosphoramidite chemistry. In a previous liter-
ature, we developed a novel lipid phosphoramidite in which two
DMT-protected hydroxyl groups was modified at the terminus of
lipid tails thus enables further chemical phosphorylation
during DNA synthesis.”” As shown in Fig. 3, linker and lipid
phosphoramidites were successively conjugated at the 5'-
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Fig. 4 Characterizations of self-assembly of DNA-lipid-P and DNA-
lipid. (@) The chemical structures of DNA-lipid and DNA-lipid-P.
Fluorescence spectroscopies of Nile red-encapsulated DNA (b), DNA-
lipid-P (c) and DNA-lipid (d) in buffer solution. The concentration of
Nile red is 1 uM. (e) Fluorescence intensity of Nile red-encapsulated
DNA, DNA-lipid-P and DNA-lipid at 630 nm. The CMC of DNA-lipid is
0.36 uM, and the CMC of DNA-lipid-P is larger than 10 uM.
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terminus of DNA, followed by coupling with chemical phos-
phorylation reagent. After deprotection and purification, DNA-
lipid-P was obtained and characterized by mass spectrum. As
shown in Fig. S8,} the calculated molecular weight of DNA-lipid-
P is 7789.8 Da, and the observed molecular weight is 7792.4 Da.
The mass error is 2.6 Da (0.03%) which is within the mass error
tolerance (0.03%), suggesting the successful synthesis of DNA-
lipid-P. As such, DNA-lipid was also successfully synthesized
with high purity (>98%) (Fig. S97).

Having confirmed the successful synthesis of DNA-lipid-P,
we further investigate the self-assembly of DNA-lipid and
DNA-lipid-P in buffer solution. Nile red, a fluorescent dye that
exhibits significant fluorescence in hydrophobic media, but
negligible emission in aqueous solution, was used to determine
the encapsulation of guest molecules to further assess the
formation of the micellar structure.”*® Nile red (1 uM) were
incubated with various concentrations of DNA, DNA-lipid or
DNA-lipid-P and the corresponding fluorescence spectroscopies
were recorded. As shown in Fig. 4, both DNA (Fig. 4b) and DNA-
lipid-P (Fig. 4c) show weaker fluorescence emission at 630 nm,
even the concentration was upper to 10 uM. However, DNA-lipid
(Fig. 4d) exhibits a bright fluorescence emission at 630 nm,
suggesting the formation of hydrophobic core. After calcula-
tion, the critical micelle concentration (CMC) of DNA-lipid is
0.36 uM (Fig. 4e). The remarkable difference of CMC between
DNA-lipid and DNA-lipid-P indicates that enzymatic conversion
of DNA-lipid-P to DNA-lipid could trigger the spontaneous
intermolecular aggregation.

Next, ALP was used to convert DNA-lipid-P to DNA-lipid
(Fig. 5a). As shown in Fig. 5b (black and red lines), the reten-
tion time of DNA-lipid and DNA-lipid-P is 26.5 and 20.9
minutes, respectively, indicates that the phosphorylation of
lipid tail indeed decreases the hydrophobicity of lipid-
conjugated oligonucleotides. Then, ALP was incubated with
DNA-lipid-P (10 uM) at 37 °C for ten minutes and then 75 °C for
five minutes to deactivate ALP, followed by subjected to fluo-
rescence measurements. As shown in Fig. 5b (pink line), after
the treatment of ALP (2 U), the DNA peak of DNA-lipid-P at 20.9
minutes disappeared; instead, a new DNA peak at 26.5 minutes
was observed. Mass spectrum analysis indicates that the
molecular weight of newly generated DNA peak is 7474.2 Da,
which is consistent with the calculated molecular weight of
DNA-lipid (7470.9 Da) (Fig. S10%1). In a word, ALP enables
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Fig. 5 Enzymatic dephosphorylation of DNA-lipid-P. (a) Schematic of
ALP-induced conversion of DNA-lipid-P to DNA-lipid. (b) HPLC
chromatograms of DNA-lipid-P (black line), DNA-lipid (red line), and
DNA-lipid-P treated with ALP (0.1 U (blue line), 1 U (green line) and 2 U
(pink line)) in buffer solution.
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Fig. 6 Enzymatic dephosphorylation-triggered self-assembly of
DNA-lipid-P. (a) 1% agarose gel electrophoresis analysis of DNA-lipid-
P (lane 1), DNA-lipid (lane 2) and DNA-lipid-P treated with ALP (1 U)
(lane 3). (b) Fluorescence spectroscopies of Nile red-encapsulated
DNA-lipid, DNA-lipid (ALP), DNA-lipid-P or DNA-lipid-P (ALP).

enzymatic dephosphorylation of DNA-lipid-P; and the generated
DNA-lipid has greater hydrophobicity than DNA-lipid-P thus
facilitates the controllable self-assembly into DNA micelles.

Encouraged by the ALP-induced dephosphorylation of DNA-
lipid-P to DNA-lipid, we further assess whether ALP enables
activatable self-assembly of DNA-lipid-P. As shown in Fig. 6a,
DNA-lipid-P (1 uM) shows weak self-assembly in buffer solution.
However, DNA-lipid (1 pM) exhibits obvious aggregation band
in gel electrophoresis assay. After incubation with ALP (1 U),
DNA-lipid-P + ALP group also shows tailed band which suggests
the formation of aggregated nanostructures. In addition, results
of Nile red-encapsulated fluorescence experiments also support
the conclusion of ALP-activate self-assembly of DNA-lipid-P
(Fig. 6b). Therefore, ALP-induced enzymatic dephosphoryla-
tion triggers the self-assembly of DNA-lipid-P.

In summary, enzymatic dephosphorylation-triggered self-
assembly of DNA amphiphile is developed by integrating enzy-
matic dephosphorylation-induced increase of hydrophobicity
and intermolecular aggregation of lipid-conjugated oligonu-
cleotides. The strategy may also suitable for many other
amphiphiles. Since elevated ALP level is a critical index in some
diseases and even cancers, we believe that ALP-triggered self-
assembly of DNA-lipid-P shows potential in disease diagnosis
and cancer therapy.
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