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ABSTRACT: A new pH-responsive hydrogel biomaterial, that is
composed of solely two popular bio-compatible materials, oligodeox-
ynucleotides (ODN) and polyethylene glycol (PEG) have been pre-
pared. Merely five deoxycytidine residues were elongated to the ends
of linear or 4-arm PEG in x1000 larger scale than conventional sys-
tems by using liquid-phase DNA synthesis technique, and applied
them as a macromonomer for the preparation of hydrogels. The syn-
theses of the conjugates are simply elongating ODN onto the ends of
PEG as a semi-solid phase substrate using standard phosphoramidite
chemistry. The resulting dC5-PEG conjugates gave quite stable and
stiff hydrogels triggered by the formation of a unique DNA quadru-
plex, i-motif. Introduction of only one chemical linkage between two
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linear conjugates resulted in unexpectedly high thermal stabilities for the melting temperatures of i-motifs themselves. Non-linearly
improved rheological properties compared to the original linear conjugates were also observed, probably because of topological

entanglement between macromonomers of fused circles.

Hydrogels are attracting broad interest not only from chem-
istry or material science but also from various research fields
related to medical science because of their potential as future
drug carriers, cell culture scaffold, etc.' DNA is one of popular
components to construct intelligent hydrogels,2 by utilizing the
fruits of eager studies in DNA computing and structural DNA
nanotechnology.3

Not only regular duplexes,’ four-stranded structures called G-
quadruplex are often used to construct DNA hydrogels because
of its attractive features such as metal ion binding capability and
quite high thermal stabilities.”® We as well have recently re- b

ported a new class of hydrogels utilizing G-quadruplexes as )
crosslinking points.” Oligodeoxynucleotides (ODN) -PEG con-
jugates bearing merely four deoxyguanosine residues (dG4) at
the ends of linear or branched PEG were prepared by applying
high-efficiency liquid phase (HELP) synthesis of oligonucleo-
tides developed by Bonora et al. with a few major modifica-
tions.® This technique enables us to prepare typically ten to
twenty grams of ODN-PEG conjugates in laboratories and to
overcome size-barrier of popular solid-phase DNA synthesis,’
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which only produces oligonucleotides in less than milligrams.
By using dG4-PEG conjugates prepared as such, intelligent, bi-
odegradable, and self-healing hydrogels (G-quadruplex gels),
which turn into gel quite rapidly upon addition of various body-
related fluids such as serum, artificial sweat or tear, or even sim-
ple phosphate buffered saline (PBS), were constructed.

Figure 1. (a) Schematic illustration of present pH responsive hy-
drogels utilizing i-motif formation. Wavy blue lines represent the
PEG segment. Upon the addition of H" to ODN-PEG solution,
ODN segments in the conjugates form i-motifs to crosslink PEG
segments into a 3D network. (b) Structure of ODN-PEG conjugates
used in this study. Five deoxycytidine residues were elongated to
each of the ends of PEGy ¢, (L4.6k) or 4-arm PEGy ¢, (X10k) using
modified HELP.



In this study, we focused on another four-stranded DNA
structure. Consecutive deoxycytidine residues are known to
form a quite unique quadruplex structure called i-motif,"’ just
like deoxyguanosine residues, but in a completely different
mechanism. It is composed of an antiparallel pair of parallel
two-stranded complexes (Figure la). The unit two-stranded
complexes consist of consecutive C—protonated-C non-Watson-
Crick basepairs, which alternately intercalate to each other to
form an i-motif. Protonation of imino-nitrogen of cytosine is
essential for the formation of C—protonated-C pairs. Thus, i-mo-
tif is only formed under weakly acidic conditions, typically be-
tween pH 4.0 and 6.0. As a consequence of complicated modes
of complexation, kinetics of i-motif formation is also signifi-
cantly different from those of G-quadruplexes.'"'> Typically,
association rates for i-motifs are a few orders of magnitude
slower than those for G-quadruplexes. Despite above differ-
ences in the nature of the quadruplexes, various sophisticated
pH-responsive hydrogel systems have been constructed utiliz-
ing i-motif to date.>" If ODN-PEG conjugates forming i-mo-
tifs prepared by modified HELP turn into hydrogels as dG4-
PEG conjugates do, application of pH-responsive hydrogels to
bulk material is feasible.

The chemical structures of the conjugates used in this study
are presented in Figure 1b. To each of the ends of linear
(PEGyg) or branched (4-arm PEG,q) PEG, five consecutive
residues of deoxycytidine were coupled in liquid phase using
modified HELP, which produces ~10 g of the conjugates in one
synthesis with ca. 70% overall yield (see Supporting Infor-
mation). No special treatment was necessary to synthesize
L4.6k-dC5 or X10k-dC5 compared to the syntheses of dG4 con-
jugates. The X10k-dC5 prepared from 4-arm PEGo corre-
sponds to simple fusion of two L4.6k-dC5 molecules prepared
using PEG, 4 at one carbon atom. The same conjugate concen-
tration in wt% corresponds to the same DNA segment concen-
tration in mM, although the conjugate concentration in mM is
in 2:1 ratio for L4.6k-dC5: X10k-dCS5.

Figure 2a shows photographs of reversible and pH-respon-
sive sol-gel transitions of 15wt% L4.6k-dC5 solution at room
temperature. The initial solution at pH 5.5 immediately turned
into hydrogel (i-motif gel) once appropriate amount of 2M HCI
solution was added to the solution down to pH 4.5. Addition of
another appropriate amount of 2M HCI solution made the sys-
tem turn into complete fluid at pH 3.5. Addition of aqueous
NaOH to this solution again resulted in sol-gel transition. Fi-
nally, further addition of aqueous NaOH recovered pH 5.5 so-
Iution. The i-motif gel at pH 4.5 stored under room temperature
stays in its gel state for more than 6 months to date (data not
shown), thus any decomposition of the macromonomers such
as deglycosylation of dC5 portion under the acidic gelation con-
ditions is improbable.

Thermal stabilities of the hydrogels were further studied in
detail. Temperature-dependent phase diagrams for L4.6k-dC5
and X10k-dC5 over pH, obtained from the inverted test tube
method,"” are shown in Figures 2b and 2c¢, respectively. The so-
Iutions of L4.6k-dCS5 showed almost proportionally concentra-
tion-dependent phase diagrams with gel-sol transition tempera-
ture (7,,) maxima at common pH 4.5. At 10wt%, the solution
turns into gel between pH 4.0 and 5.0, and the highest 7}, at pH
4.5 is 19°C. For 12wt%, the pH range of gelation is the same
with 10wt% solution, although T, at pH 4.5 rises up to 27°C.
The solutions above 15wt% show wider gelation pH range. The
15wt% solution gelates between pH 3.5 and 5.5, whereas

20wt% solution's gelation range is pH 3.0-6.0. T, for these so-
lutions at pH 4.5 are 35 and 42°C, respectively.

In contrast to the linear conjugate, solutions of X10k-dC5
produce significantly more stable hydrogels (Figure 2c). The
solutions of as low as 3wt% form hydrogels between pH 3.5 and
5.5 with T,,; at pH 4.5 around 30°C. More concentrated solu-
tions, on the other hand, have far higher T,,, maxima. T, for
Swt% at pH 4.5 is 56°C, and that for 20wt% is even higher than
70°C. The lowest limit of gelation pH is pH 3.0 for 5-20wt%,
and the highest limit is pH 6.0 for Swt% and 6.5 for more con-
centrated solutions.

These contrastive behaviors between L4.6k-dC5 and X10k-
dC5 hydrogels were further confirmed by temperature-depend-
ent rtheology measurements of them (Figures 3a and 3b), which
gave quite similar 7,,; values estimated from crossover points to
the inverted test tube method (Table S2).
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Figure 2. (a) Photographs of reversible pH-responsive gelation of
15wt% L4.6k-dC5 in 0.2 M MES (30 mM NaCl). To adjust pH of
the system, appropriate amount of 2 M HCI or 2 M NaOH was
added. Boundary between air and sol is horizontal whereas air/hy-
drogel boundary stays parallel to the bottom of the tubes. (b) Tem-
perature-dependent phase diagrams of 10 (blue circles), 12 (orange
squares), 15 (green triangles), and 20wt% (red rhombi) L4.6k-dC5
as a function of solution pH between 2.5 and 6.5. Open symbols
represent that no gelation was observed even at 5°C. (c) Tempera-
ture-dependent phase diagram of 3 (blue circles), 5 (orange
squares), 10 (green triangles), 15 (red rhombi), and 20wt% (purple
crosses) X10k-dCS as a function of solution pH between 2.5 and
7.5. (d) pH-dependent phase diagram of L4.6k-dCS5 (blue circles)
and X10k-dC5 (orange squares) at 25°C as a function of macro-
monomer concentration between 0 and 25wt%. Apparent critical
gelation concentration is 12wt% for L4.6k-dC5 and 3wt% for
X10k-dC5. (e) Temperature-dependent phase diagrams of 15wt%
L4.6k-dC4 (blue circles), L4.6k-dC5 (orange squares), and L4.6k-
dC6 (green triangles) as a function of solution pH between 2.5 and
6.5.



The phase diagrams in Figure 2d correspond to cross sections
of Figure 2b and 2c at 25°C (3D contour charts of them are
shown in Figure S2). X10k-dC5 constantly forms hydrogels be-
tween pH 3.0 and 6.0 in wide range of concentrations higher
than 5wt%. The gelation window of L4.6k-dC5, on the other
hand, is quite narrower compared to X10k-dC5. Considering
that the thermal stabilities of G-quadruplex gels, in which most
of the DNA portions are estimated to form G-quadruplexes,
were not very different between L and X series, one possible
explanation for the above large differences of T, for current i-
motif gels is relatively low yield of i-motifs in the hydrogels of
L4.6k-dC5. Circular dichroism (CD) measurements of the solu-
tions of X10k-dC5 and L4.6k-dC5 (Figure 4a and Table S1),
however, showed almost identical formation of i-motifs with
typical cotton effects at pH 4.5, and estimated 7m values for
them are quite similar to each other (45.5°C for X10k-dC5 at
0.1wt% and 49.0°C for L4.6k-dCS5). Taking into account that
T, of L4.6k-dCS5 is almost saturated when it is compared with
those of L4.6k-dC4 with shorter DNA portions or L4.6k-dC6
(Figure 2e), dCS portions in both systems completely form i-
motifs, and unexpectedly high T, of X10k-dC5 may be as-
cribed to the present high concentration of the conjugates ([dC5
portion] > 20 mM), which is one of the advantage of adopting
HELP synthesis.
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Figure 3. Rheological properties of i-motif gels. (a) Temperature-
dependent rheological properties of 10 (blue circles), 15 (orange
squares), and 20wt% (green triangles) L4.6k-dC5 hydrogels at pH
4.5 and 0.15 Hz. T}, for 10, 15, 20wt% are 17, 34, and 38°C, re-
spectively. (b) Temperature-dependent rheological properties of 10
(blue circles), 15 (orange squares), and 20wt% (green triangles)
X10k-dC5 hydrogels at pH 4.5 and 0.15 Hz. T}, for 10, 15, 20wt%
are 58, 60, and 65°C, respectively. (c) Frequency-dependent rheo-
logical properties of 15 (orange squares) and 20wt% (green trian-
gles) L4.6k-dC5 hydrogels at pH 4.5 and 25°C. G' is 0.12 kPa for
15wt% and 0.20 kPa for 20wt% at 0.1 Hz. (d) Frequency-dependent
rheological properties of 10 (blue circles), 15 (orange squares), and
20wt% (green triangles) X10k-dC5 hydrogels at pH4.5 and 25°C.
G'at 0.1 Hz for 10, 15, 20wt% are 5.2, 10, and 13 kPa, respectively.

Rheological measurements at room temperature similarly re-
vealed that X10k-dC5 hydrogels (10-20wt%) are quite stiff

along wide range of frequency with the storage moduli (G")
around 10 kPa (Figure 3d), which is almost comparable to, or
even higher than, that of 10wt% X10k-dG4/K " hydrogel based
on G-quadruplexes, whereas those of 15 and 20wt% L4.6k-dC5
hydrogels are only 0.12 and 0.20 kPa, respectively (Figure 3c).
The difference between X10k-dC5 and L4.6k-dC5 systems at
the same concentration is only the existence of one chemical
linkage in the middle of the PEG portion, and it is known that
G' of hydrogels is theoretically proportional to the crosslinking
density of the 3D polymer network.'® The G' values for G-quad-
ruplex gels are indeed 11 kPa for 10wt% X10k-dG4/K" and 6
kPa for 10wt% L4.6k-dG4/K". The above large difference of
the crosslinking density in i-motif gels, thus, can only be ex-
plained by relatively low contribution of i-motifs as crosslink-
ing points compared to G-quadruplexes. Presumably, kinet-
ically fast G-quadruplex formation (association rate for 10wt%
L4.6k-dG4/K" ([dG4 portion] ~ 40 mM) is calculated to be in
ca. 1-10° M/s regime, i.e. G-quadruplex formation is completed
at least within 10-100 msec time frame)11 produces more inter-
molecular complexations than relatively slow i-motif formation
(for 10 mM ODN, formation of fully intercalated tetramer takes
ca. 1 sec)12 that allows participations of intramolecular loop
structures. The difference of conformation between parallel G-
quadruplexes and antiparallel i-motifs in the hydrogels may also
contribute to such difference in intermolecular/intramolecular
complexation ratio. The fact that the properties of X10k-dC5
hydrogels, in contrast to L4.6k-dC5, match those of X10k-
dG4/K" strongly suggests significant contribution of mechani-
cal connections formed between fused loops in branched PEG.
The current X10k-dCS5 hydrogels can be another kind of topol-
ogy-based hydrogel.l7
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Figure 4. (a) CD spectra of 0.1wt% L4.6k-dC5 (solid lines) and
X10k-dCS5 (dotted lines) solutions in 0.2 M MES containing 30 mM
NaCl at pH 2.5 (red), 4.5 (orange), or 7.0 (green). (b) Temperature-
dependent phase diagrams of 10 (blue circles) or 15wt% (red
rhombi) L4.6k-dC5 without PEGy gy, or 10wt% L4.6k-dC5 in the
presence of 5 (orange squares), or 10wt% PEGy ¢ (green triangles)
as a function of solution pH between 2.5 and 6.5. Open symbols
represent that no gelation was observed even at 5°C.

Another unique feature that distinguishes i-motif gels from
G-quadruplex gels is the lack of obvious molecular crowding
effect of PEG on hydrogel stabilities.'® The conjugates used for
DNA quadruplex gels contain PEG portion without exception,
and they are used in somewhat high concentration around 5—
20wt% for gelation. Inherent molecular crowding effect of the
PEG portion thus has been expected in the systems. For G-quad-
ruplex gels, addition of extra unmodified PEG indeed signifi-
cantly stabilized hydrogels. In the current system, on the other
hand, addition of extra PEG simply shifted the bell-shape pH
profile slightly into neutral region and no significant stabiliza-
tion was observed (Figure 4b). This change is attributable to



upper shift of apparent pK, of cytosine, and very similar behav-
ior has been reported for regular i-motifs,""” providing another
clear evidence of the contribution of i-motif formation in the
gelation.
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Figure 5. (a) Photographs of 5wt% X10k-dC5 hydrogel (1 g) con-
taining 0.5 um fluorescent polystyrene beads. The scale on the ruler
is 1 mm. (b) pH-responsive guest release from 15wt% X10k-dC5
hydrogel beads (10 pL) containing 0.5 pm fluorescent polystyrene
beads. The gel beads prepared by slowly injecting the polymer so-
Iution into pH 4.5 MES were immersed in artificial gastric juice
(pH 2.0), 0.2 M MES (pH 4.5), or PBS (-) (pH 7.4). After 2 h at
room temperature, only the gel bead in pH 4.5 MES remained.

The present i-motif gels can be formed into various shapes
containing guests. Figure 5a shows Swt% X10k-dC5 hydrogel
(1 g) containing fluorescent polystyrene beads (d = 0.5 pm)
formed in a silicone cooking mold. The scale on the ruler is 1
mm. pH-responsive guest release from 15wt% X10k-dC5 hy-
drogel beads (10 pL), prepared by slowly injecting the polymer
solution containing the polystyrene beads into pH 4.5 MES, was
also examined (Figure 5b). This pH corresponds to typical con-
dition of some fruit juice, yogurt, beers, skin surface, or lumen
of lysosomes.20 The hydrogel beads transferred to artificial gas-
tric juice (pH 2.0) or PBS (-) (pH 7.4) rapidly disappeared, and
the fluorescent guests were released to the solution (Figure S3).
The bead in pH 4.5 MES, quite contrary, still remained even
after 2 h at room temperature.

In summary, we have successfully prepared pH responsive
DNA quadruplex hydrogel by applying i-motif formation and
liquid-phase large scale DNA synthesis. The hydrogels using
branched PEG showed unexpectedly high thermal stabilities
compared to the 7m of the i-motif, as well as high stiffness and
high sensitivity to pH change. Introduction of only one chemi-
cal linkage between two macromonomers dramatically im-
proved the properties of the hydrogel probably because of top-
ological entanglement. Ease of bulk synthesis and free for-
mation should facilitate the application of current i-motif gels
as an additional member of biomaterial used for various medi-
cal and healthcare purposes. For example, endosome escape of
polysaccharide nanogels from lysosome as DDS carrier has
been recently reported.”’ We have preliminarily confirmed that
diluted solutions of current dC5-PEG conjugates provide i-mo-
tif nanogels in acidic solutions, which will be published else-
where. Preparation of shape-memory hydrogels,14 light-driven
soft actuators,” or controlled drug release matrices used for ex-
ample on skin, are a few of other feasible applications of the
present hydrogels, and the liquid-phase large-scale synthesis
should be beneficial for the production of such materials as
well.
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