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Abstract: Understanding the self-assembly and hybridization properties of DNA oligonucleotides
in confined spaces can help to improve their applications in biotechnology and nanotechnology.
This study investigates the effects of spatial confinement in the pores of hydrogels on the thermal
stability of DNA oligonucleotide structures. The preparation of oligonucleotides embedded in
agarose gels was simple, whereas the preparation of oligonucleotides embedded in polyacrylamide
gels was required to remove unpolymerized monomers. In the latter case, a method for rehydrating
a washed dry gel with a buffer solution containing oligonucleotides was developed. Fluorescence
measurements of oligonucleotides bearing fluorescent probes revealed no significant influence of the
internal environment of the gel pores on the stability of DNA duplex, hairpin, and G-quadruplex
structures. Moreover, the effects of poly(ethylene glycol) on the stability of DNA structures in the gels
were similar to those in solutions. It is likely that the oligonucleotides are not strongly constrained
in the gels and may be preferentially located in a water-rich environment in the gel matrix. The
gel preparation was also applied to the assessment of the stability of DNA structures under the
conditions of a reduced number of water molecules. The studies using hydrogels provide insights
into the ability of self-assembly and hybridization of oligonucleotides in confined environments and
under low-water-content conditions.
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1. Introduction

Synthetic nucleic acids are promising molecules in the fields of biotechnology and
nanotechnology. The self-assembly and hybridization of oligonucleotides can be predicted
and controlled using the thermodynamic data of Watson–Crick base pairing obtained using
simple aqueous solutions [1]. However, oligonucleotides for technological applications
are frequently required to function in sterically crowded and spatially confined conditions,
such as in living cells and at the interface of solid materials [2,3]. These conditions may
change the thermodynamic and kinetic behaviors of nucleic acid interactions. Many studies
have demonstrated that the molecular environments inside a living cell and on a mate-
rial interface have a significant influence on the efficiency of DNA hybridization, RNA
structural stability, and gene expression [4–7]. In vitro experiments using mixed solutions
of water and water-soluble neutral polymers, such as poly(ethylene glycol) (PEG) and
polysaccharides, enable a quantitative and reproducible analysis of the effects of molecular
environments. The studies have elucidated the contribution of molecular crowding that
produces excluded volume effects and changes solvent properties to the structures, interac-
tions, and functions of polynucleotides and oligonucleotides [8]. In addition to molecular
crowding, spatial confinement in small spaces that produces boundary effects is significant
in cells: the crosslinked actin filament network is assembled in the cytoplasm, and the
intracellular gelation of nucleic acids, proteins, and peptides results in hydrogel formation
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and phase separation [9]. The confined environment in cell nuclei facilitates the assembly
and compaction of DNA as part of bacterial genome organization and chromosome localiza-
tion [10–13]. Furthermore, studies using crosslinking polymers have demonstrated that the
formation of intracellular crosslinked networks increases T-cell expansion and decreases
DNA replication and protein synthesis [14,15]. Considering the effects of confinement
is also important for developing biosensing devices and drug delivery systems, where
molecules are entrapped in small spaces such as pores, cavities, chambers, nanochannels,
or droplets [16].

Hydrogels with a porous network structure have emerged as potential candidates for
biomedical applications such as drug delivery carriers and biomimetic scaffolds [17,18].
The gel matrix, whose pore size is tunable by preparation conditions, can permeabilize
small molecules and control the release of embedded molecules, making it useful as a
scaffold for tissue engineering. The embedded molecules are confined and have reduced
conformational space and translational motion. Changes also occur in the solvent properties
of water, such as viscosity, molecular activity, and dielectric constant [19–21]. Accordingly,
the internal environment of gel pores has a significant impact on the static and dynamic
properties of embedded molecules. Studies have demonstrated the stabilization of several
protein structures in agarose and polyacrylamide gels, which is consistent with the model of
elimination of expanded unfolded conformations in confined spaces [2,22,23]. The stability
of protein structures is also influenced by attractive and repulsive interactions with the
walls of gel pores and by changes in the solvent properties of water in the immediate
environment of gel filaments [24,25]. In contrast to proteins, the effects of the confined
environment on nucleic acids have not been thoroughly studied despite several computer
simulation studies showing an increase in the efficiency of RNA folding [26,27], changes in
the denaturation profile of a DNA duplex [28–30], and an increase in the rigidity of a DNA
G-quadruplex [31]. There are also several experimental studies that have shown that the
confinement of DNA and RNA molecules to small reaction volumes of vesicles, two-phase
aqueous systems, nanocages, and gels affects DNA structural stability, assembly, and ri-
bozyme catalytic activity [32–38]. It is important to note that the magnitude of confinement
effects varies depending on the nucleotide length and the pore size of the gel. Agarose and
polyacrylamide gels are the most commonly used media for nucleic acid electrophoresis,
such as for separating different fragment lengths and analyzing their structures and in-
teractions by gel shift and temperature gradient gel electrophoresis assays. In this study,
we investigate the preparation of the gels for assessing the effects of confinement on the
stability of the DNA duplex (DS), hairpin (HP), and G-quadruplex (GQ) structures used in
biotechnology and nanotechnology applications. In our previous study, UV spectroscopy
was used to analyze the effects of confinement in agarose and polyacrylamide gel pores
on polynucleotides and oligonucleotides [39]. However, due to the high UV absorption
of the gels, the UV spectroscopic study had limitations, yielding ambiguous results about
the effects of confined spaces on the base-pair stability of DNA oligonucleotides. Here, we
develop new platforms for investigating the stability of oligonucleotide structures noncova-
lently embedded in gels. We also prepared low-water-content gels for assessing the stability
of DNA structures under the conditions of a reduced number of water molecules. The
findings provide a basis for predicting and controlling the self-assembly and hybridization
of oligonucleotides in confined environments and under low-water-content conditions.

2. Materials and Methods
2.1. Preparation of Buffer Solutions and Oligonucleotides

All reagents used to prepare buffer solutions were purchased from Wako Chemicals
(Osaka, Japan), except the disodium salt of ethylenediamine-N,N,N′,N′-tetraacetic acid
(EDTA), which was purchased from Dojindo (Mashiki, Kumamoto, Japan). The buffer
solutions consisted of 1 M NaCl, 10 mM Na2HPO4, and 1 mM Na2EDTA, adjusted to
pH 7.0. PEG-containing solutions were adjusted to pH 7.0 after dissolving PEG in the
buffer solution.
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DNA oligonucleotides labeled with 6-carboxyfluorescein (FAM) at the 5′-end and/or
4-((4-(dimethylamino)phenyl)azo)benzoic acid (Dabcyl) or 6-carboxytetramethylrhodamine
(TAMRA) at the 3′-end were either synthesized using an ABI 3400 DNA synthesizer
(Applied Biosystems: Waltham, MA, USA), followed by purification by polyacrylamide
gel electrophoresis or purchased as high-performance liquid chromatography-grade from
Hokkaido System Science (Sapporo, Hokkaido, Japan) and Fasmac (Atsugi, Kanagawa,
Japan). Oligonucleotide concentrations were determined from the absorbance at 260 nm
measured with a UV-1800 spectrophotometer (Shimadzu: Kyoto, Japan), using molar
extinction coefficients of nucleotides and conjugated dyes at 260 nm.

2.2. Preparation of Agarose Gels and Measurement of Their Phase Transition Temperatures

The agarose gel used in this study had a relatively high gelling temperature (Agarose
LE; Wako Chemicals). The agarose powder was added to the buffer solution and then
heated until the powder was completely dissolved. The agarose solution was transferred
into a cuvette and incubated at room temperature for more than 30 min, causing the phase
transition to the gel state.

The absorption spectra of the gel were measured using a V-630 spectrophotometer
(JASCO: Tokyo, Japan) at 20 ◦C. The phase transition of the gel was measured by monitoring
the absorption at 750 nm using a UV-1800 spectrophotometer at heating and cooling rates
of 0.5 ◦C min−1.

2.3. Measurement of the Stability of Oligonucleotide Structures in Agarose Gels

The fluorescence of DNA oligonucleotides in an agarose gel was measured in a 3-mm
cuvette using an FP-8200 spectrofluorometer (JASCO). The agarose powder added to the
buffer solution containing fluorescent dye-labeled oligonucleotides at a strand concen-
tration of 0.5 µM (for intramolecular structures) or 1 µM (for intermolecular structures)
was heated until dissolved, followed by incubation at room temperature for more than
30 min. Before the measurement of DNA melting, the oligonucleotides in the gel were
heated at 60 ◦C for 10 min, which was lower than the gel-to-sol transition temperature,
and then cooled to 0 ◦C at a rate of −0.5 ◦C min−1. After incubation at 0 ◦C for 10 min,
melting and annealing curves of DNA structures were obtained by monitoring with an
excitation wavelength of 491 nm and an emission wavelength of 518 nm. The melting curve
was measured at a heating rate of 0.5 ◦C min−1, whereas the measurement at a heating
rate of 0.2 ◦C min−1 produced the same curve. The annealing curve was measured at
a cooling rate of −0.5 ◦C min−1. The melting temperature, Tm, at which half of a DNA
structure was denatured, and the annealing temperature, Ta, at which half of the structure
was formed, were determined by nonlinear fitting of the melting and annealing curves,
respectively [40], which were reproducible with errors of no more than 0.5 ◦C. The tem-
peratures of the gel during the stability measurement of DNA structures were monitored
using an SK-1250MCIIIα thermocouple (Sato: Tokyo, Japan), which exhibited a difference
of no more than 0.4 ◦C when tested with aqueous solutions.

2.4. Preparation of Polyacrylamide Gels and Measurement of the Stability of Oligonucleotide
Structures in the Gels

Polyacrylamide gels were prepared by polymerizing acrylamide and
N,N′-methylenebisacrylamide at a ratio of 19 to 1 in a 1 mL buffer solution at 50 ◦C, initiated
by adding 0.05% ammonium persulfate and 0.05% N,N,N′,N′-tetramethylethylenediamine
(Wako Chemicals). Oligonucleotides were added either before or after the polymeriza-
tion. In the former case, the gel was prepared by polymerization in the presence of
oligonucleotides at 0.5 µM in a 10-mm cuvette. In the latter case, the gel was prepared by
polymerization in the absence of oligonucleotides in a 10-mm cuvette. Then, the gel was
washed by soaking it in 40 mL of distilled water and gently shaking it for 2 days at room
temperature. The washed gel was dried in a vacuum using a vacuum pump DIVAC 0.6 L
(Oerlikon: Zürich, Switzerland), and the dried gel was soaked in a 1 mL buffer solution
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containing 0.5 µM oligonucleotide at 4 ◦C to obtain a rehydrated gel. The weight of the
gel during drying (the number of data samples n = 8) and swelling (n = 3) was measured
using an AB204-s/FACT analytical balance (Mettler Toledo: Zürich, Switzerland), which
was reproducible with errors of no more than 0.03 g (within the symbol sizes in the Figures
given below). To prepare gels containing PEG, the dried gel was rehydrated with a 1 mL
oligonucleotide solution containing 20% PEG with an average molecular weight of 200.
Fluorescence images of fluorescent dye-labeled oligonucleotides in the gel, exhibiting weak
emission of FAM even though a quencher is attached, were obtained using an FLA-7000
fluorescence scanner (Fujifilm: Tokyo, Japan).

Low-water-content polyacrylamide gels were prepared by treating the gel with a
high-osmotic pressure solution of 20% PEG with an average molecular weight of 2 × 104.
Rehydrated polyacrylamide gels were prepared under the condition, producing experi-
mentally acceptable gels that contain oligonucleotides at 0.5 µM (vacuum drying for 12 h
followed by rehydration for 48 h, described in Section 3). The osmolyte solution containing
oligonucleotides at 0.5 µM was used for the transfer of water from the gel to the osmolyte
solution due to the osmotic pressure difference across the surface. The 1 mL osmolyte
solution was placed on the surface of the rehydrated gel in a 10-mm cuvette at room temper-
ature, leading to a time-dependent reduction in the gel weight. The weight of the gel during
the osmotic dehydration was calculated using the weight of the remaining solution after
the gel was removed. The gel was incubated at room temperature for 24 h and then heated
at 90 ◦C for 10 min and then cooled to 10 ◦C at a rate of −0.5 ◦C min−1. After incubation
at 10 ◦C for 10 min, melting and annealing curves of DNA structures were measured as
described above. The temperatures of the gel during the stability measurement of DNA
structures were monitored using a thermocouple, which exhibited a difference of no more
than 0.2 ◦C when tested with aqueous solutions.

3. Results
3.1. Stability Analysis of DNA Structures in Agarose Gels

The porous matrix of agarose gels formed by hydrogen bonds is disrupted at high
temperatures. The agarose used in this study exhibited a reversible thermal phase transi-
tion: the heating and cooling curves exhibited hysteresis loops with the gel–to–sol transi-
tion (Tgel-to-sol) temperature ranges of 60–85 ◦C and the sol-to-gel transition temperature
(Tsol-to-gel) ranges of 20–40 ◦C, depending on the gel concentration (Figure 1A). Based on the
phase transition temperatures, several oligonucleotides that formed a defined secondary
structure were designed. Because the gel exhibits strong absorption in the UV region, the
measurement of changes in the UV absorbance of oligonucleotides, which is a convenient
method for measuring the thermal stability of DNA structures, was inapplicable. As a
result, we measured changes in the fluorescence intensity during thermal melting and
annealing of DNA structures bearing FAM as a fluorophore and Dabcyl as a quencher:
the formation of base-pair structures decreases the fluorescence intensity of FAM due
to quenching by Dabcyl at a short distance (Figure 1B). We verified that the agarose gel
exhibited low absorption at the excitation and emission wavelengths of FAM.

Figure 1C shows the fluorescence melting and annealing curves of a DNA duplex
5′-CTGGAT-3′/5′-ATCCAG-3′ (6-mer DS) in the 5% agarose gel. DNA melting by heating
occurred below the Tgel-to-sol and annealing by cooling occurred below the Tsol-to-gel, where
no hysteresis was observed during the heating and cooling cycles. The melting temperature
(Tm) and annealing temperature (Ta) of the DNA duplex in 0.5–5% agarose gels were ap-
proximately the same as those in the solution (Figure 1D). Other DNA sequences of different
lengths and secondary structures were also analyzed: a 9-mer duplex 5′-CTTGCGTTG-
3′/5′-CAACGCAAG-3′ (9-mer DS); a 40-mer duplex 5′-ACTCACTATA21AGAAGAGATG-
3′/5′-CATCTCTTCTA21ATAGTGAGT-3′ (40-mer DS, forming an A21/A21 internal loop); a
10-mer intramolecular hairpin 5′-ATCATGCGAT-3′ (10-mer HP, forming an ATGC hairpin
loop. The Tm values of these DNA structures in the 5% gel were lower than the Tgel-to-sol,
whereas their Ta values were higher than the Tsol-to-gel, resulting in DNA melting in the
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agarose in the gel state but annealing in the agarose in the sol state. Nonetheless, the Tm
and Ta values of these structures were the same as those obtained in the solution (Figure 1E).
These results show that the DNA secondary structures and equilibria for the structure
formations are unaffected by the agarose both in the gel and sol states.
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Figure 1. (A) Heating and cooling curves (solid and dotted lines, respectively) of agarose gels at
5% (black), 3% (red), 1% (blue), or 0.5% (green). (B) Equilibrium for the duplex formation of 6-mer
DS by complementary single strands bearing a fluorophore, F, or a quencher, Q. (C) Melting and
annealing curves (solid and dotted lines, respectively) of 6-mer DS in the 5% agarose gel (red) and
the solution (black). (D) The Tm (black circles) and Ta (gray triangles) values of 6-mer DS in agarose
gels at various concentrations. The values at 0% represent the temperatures obtained in the solution.
(E) The Tm (black bars) and Ta (gray bars) values of DNA structures in the solution (represented as
0%) and the agarose gel at 5%.

PEG is a conventional reagent for investigating the effects of the molecular environ-
ment on nucleic acids [8]. The stability of oligonucleotide duplexes decreases in solutions
containing low-molecular-weight PEG [41,42]. Here, we investigated the effect of PEG with
an average molecular weight of 200 on 6-mer DS in the agarose gel. The gel containing
PEG at 20% was transparent, and the degree of the PEG-induced Tm decrease in the gel
was similar to the decrease in the solution (8.2 ◦C and 7.8 ◦C, respectively). It is likely that
the internal environment of the agarose gel pore does not alter the effect of PEG on DNA
base pairing.

3.2. Stability Analysis of DNA Structures in Polyacrylamide Gels

Acrylamide and bisacrylamide are crosslinked to create polyacrylamide gels, which
are stable at high temperatures. When a 10% gel was prepared by polymerization in the
presence of 10-mer HP (Figure 2A), the DNA melting curve exhibited steeply sloping low-
and high-temperature baselines (a gray line in Figure 2B). Moreover, the DNA melting
seemed to occur at a lower temperature than the melting in the solution (a black line in
Figure 2B). An experiment using a solution containing unpolymerized acrylamide and
bisacrylamide but lacking polymerization initiators also produced a melting curve exhibit-
ing a Tm lower than that in the solution (a blue line in Figure 2B). Accordingly, the Tm
decrease in the gel is probably caused by interactions of unpaired DNA bases with car-
bamoyl groups of unpolymerized acrylamide, such as formamide and urea acting as nucleic
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acid denaturants [43,44]. The unpolymerized monomers and polymerization initiators can
be removed by immersing a polymerized gel in water as a washing solution. This method
was successful for polynucleotides and relatively long oligonucleotides; however, it caused
the leakage of short oligonucleotides embedded in the gel to the washing solution.
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Figure 2. (A) Equilibrium for the hairpin formation of 10-mer HP by a single strand bearing a
fluorophore, F, and a quencher, Q. (B) Melting curves of 10-mer HP in the solution (black), the
solution containing unpolymerized acrylamide and bisacrylamide at 10% (blue), and unwashed
and washed polyacrylamide gels at 10% (gray and red, respectively). The dotted line represents the
annealing curve in the washed gel.

The embedding of oligonucleotides after washing a preformed gel was tested. In this
preparation method, acrylamide and bisacrylamide were polymerized in the absence of
oligonucleotides, and the polymerized gel was immersed in and washed with an excess
amount of distilled water for 2 days. The washed gel was dried in a vacuum, yielding
a shrunken gel. Quick vacuum drying (taking within a few hours) did not produce a
transparent gel after rehydration of the dried gel with the buffer solution. In contrast,
experimentally acceptable gels were obtained by applying a slow vacuum condition (taking
approximately 10 h for drying): the weight of a 10% gel prepared with a 1 mL solution
gradually decreased with the drying time (Figure 3A), and the weight after 10 h drying
(approximately 0.1 g) corresponded to the weight of the matrix of the gel at 10%. The dried
gel was subsequently transferred to a 1 mL buffer solution containing oligonucleotides.
The weight of the gel increased as the swelling time increased and grew to over 0.9 g after
30 h (Figure 3B). The rehydrated gel had low absorption at the excitation and emission
wavelengths of FAM, and the absorption did not change over the DNA melting temperature
range. When an unwashed gel was dried in a vacuum, the gel became white because of
undissolved salt deposits, and the salts were not dissolved by immersing the gel in water.
Based on these test results, the polyacrylamide gels used for DNA melting were prepared
by washing a gel with water, followed by slow vacuum drying for 12 h and rehydration
with the buffer solution containing oligonucleotides for 48 h. Fluorescence imaging of
fluorescent dye-labeled 10-mer HP in the gel and its crushed pieces showed an apparently
uniform distribution in the gel prepared as above (Figure 3C).

Because it was difficult to evaluate the oligonucleotide concentration embedded in
polyacrylamide gels, intramolecularly folded structures with the Tm independent of the
oligonucleotide concentration were analyzed. The melting and annealing curves of 10-mer
HP in the 10% gel (red lines in Figure 2B) were approximately the same as those in the solu-
tion. We also examined the human telomere DNA sequence 5′-(G3T2A)3G3-3′ bearing FAM
and TAMRA (21-mer GQ), which forms an intramolecular structure consisting of tetrads
of hydrogen-bonded guanine bases known as a G-quadruplex (GQ) (Figure 4A) [45]. The
formation of the G-quadruplex structure was confirmed by measuring circular dichroism
spectra. The G-quadruplex exhibited no hysteresis between the melting and annealing
curves in the gel (Figure 4B), and the stability was unchanged at different gel concentrations,
as observed for 10-mer HP (Figure 4C).
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Figure 3. (A) The drying time-dependent change in the weight of the 10% polyacrylamide gel
prepared with a 1 mL solution. (B) The swelling time-dependent change in the weight of the
dried polyacrylamide gel. (C) Fluorescence images of fluorescent dye-labeled 10-mer HP in the
10% polyacrylamide gel prepared in a 10-mm cuvette (left) and crushed pieces of the upper and
lower parts of the gel in the cuvette (right).
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Figure 4. (A) Equilibrium for the G-quadruplex formation of 21-mer GQ by a single strand bearing
a fluorophore, F, and a quencher, Q. (B) Melting and annealing curves (solid and dotted lines,
respectively) of 21-mer GQ in the 10% polyacrylamide gel (red) and the solution (black). (C) The
Tm values of 10-mer HP (triangles) and 21-mer GQ (squares) in the solution (represented as 0%)
and the polyacrylamide gels at various concentrations. (D) Changes in the Tm values of 10-mer HP
and 21-mer GQ by the addition of PEG with an average molecular weight of 200 to the solution
(represented as 0%) and the polyacrylamide gel at 10%.

We also investigated the effect of PEG with an average molecular weight of 200 on the
stability of the DNA structures in the polyacrylamide gel. To prepare polyacrylamide gels
containing PEG, the dried gel was rehydrated with a PEG-containing solution, forming a
transparent gel. The presence of PEG at 20% in the gel decreased the Tm of 10-mer HP from
56.0 ◦C to 41.5 ◦C but increased the Tm of 21-mer GQ from 48.0 ◦C to 51.8 ◦C. The degrees
of their Tm changes by the addition of PEG were similar to those obtained in the solution
(Figure 4D). It is likely that the internal environment of the polyacrylamide gel pore does
not alter the effect of PEG on the DNA interactions.



DNA 2022, 2 309

3.3. Stability Analysis of DNA Structures in Low-Water-Content Gels

The experimental system using a polyacrylamide gel was also used to assess the
stability of DNA structures under the conditions of a reduced number of water molecules.
The gel can be dehydrated by treating it with a high-osmotic pressure solution. We used
high-molecular-weight PEG with an average molecular weight of 2 × 104 as an osmolyte.
This polymer is sufficiently large compared with the pore size of the polyacrylamide gel
and thus cannot penetrate the gel matrix. In addition, the polymer does not affect the
stability of oligonucleotide structures in the buffer solution [46]. The osmotic pressure
difference across the surface, causing the transfer of water from the gel to the osmolyte
solution, led to a time-dependent reduction in the gel weight (Figure 5A). The gel weight
was gradually reduced over several hours, producing a slightly shrunken but transparent
gel. Analysis of intramolecular DNA melting using the gels obtained at different time
points, and consequently at different degrees of dehydration, showed that the Tm of 10-mer
HP decreased with the time of osmotic dehydration in a similar manner to the changes in
the gel weight (Figure 5B). Conversely, the Tm of 21-mer GQ increased with the time of
osmotic dehydration; however, the Tm changed in a similar manner to the changes in the
gel weight.
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Figure 5. (A) Changes in the weight of a 10% polyacrylamide gel by dehydration using a high-
osmotic pressure solution. (B) Changes in the Tm values of 10-mer HP (triangles) and 21-mer GQ
(squares) in the gels prepared by osmotic dehydration at different time points, compared with the
Tm in the solution.

4. Discussion

We developed methods for preparing agarose and polyacrylamide gels used to evalu-
ate the stability of oligonucleotide structures embedded in these gels. The hydrogels used
in this study have different filament structures and pore sizes. The agarose gel forms a
three-dimensional matrix of hydrogen-bonded bundles of linear polysaccharide chains.
The pore size is heterogeneous; however, it ranges roughly from a few tens of nanometers
to a few micrometers: the size of a 0.5% gel is approximately 200 nm and that of a 5% gel is
approximately 55 nm even though the size is also influenced by the preparation conditions
such as temperature and the ionic strength [47–49]. Our study demonstrated that DNA
melting in agarose gels at high concentrations could be measured using oligonucleotides
bearing fluorescent probes. On the other hand, the pore size of polyacrylamide gels formed
by the polymerization of acrylamide and bisacrylamide at high concentrations is a few
tens of nanometers or smaller than 10 nm [50,51], which is comparable to the distance
between cytoskeleton fibers in cells. Our study demonstrated that polyacrylamide gels
are required to be washed before being used to measure DNA melting. We successfully
prepared polyacrylamide gels embedding oligonucleotides by rehydrating a washed dry
gel with the solution containing oligonucleotides.

The oligonucleotides in the gel pores are spatially confined and have reduced confor-
mational space and translational motion. The thermal melting profile of DNA structures is
changed if the confinement affects the stability of DNA base pairing in terms of changes in
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the entropy and enthalpy of DNA interactions. However, the oligonucleotide structures
exhibited reversible thermal transitions in both gels, and the Tm and Ta values and shape of
the melting curves were the same as those obtained in the solution. The findings show that
the oligonucleotides used in this study, with a diameter of gyration roughly ranging from
2 to 6 nm [52,53], which are comparable to or smaller than the pore size of the gels, are not
strongly constrained in the gels. In contrast, the previous study using DNA polynucleotides
showed an increase in the stability of a long duplex embedded in polyacrylamide gels [39],
consistent with reported computer simulation and experimental studies [26–31,33,35,37,38].
It is possible that the short oligonucleotides, promising for applications in the fields of
biotechnology and nanotechnology, are too short to experience the spatial confinement in
the gels. It is also conceivable that the oligonucleotides are preferentially located in less
confined spaces in the gel matrix.

The environment in the gel matrix has distinctive solvent properties and may produce
binding interactions of DNA with gel filaments. Our results reveal that the influence
of changes in the solvent properties of water, such as viscosity, molecular activity, and
dielectric constant, was insignificant. Besides, oligonucleotide interactions are not strongly
perturbed by the gel matrix. The findings are inconsistent with the reports on proteins and
oligopeptides that showed confinement-induced stabilization and significant effects on
the surface of gel filaments [22–25,54,55], possibly because of differences in the chemical
structure and flexibility between amino acid and nucleotide chains. The gels used in
this study have many polar groups that can act as hydrogen bond donors and acceptors:
hydroxyl groups in the agarose gel, and carbamoyl and secondary amide groups in the
polyacrylamide gel. A simple calculation indicates that the average densities of the polar
groups in space of the 5% agarose gel and 10% polyacrylamide gel were similar to each
other (approximately 1 functional group per square nanometer), and also to the densities
of hydroxyl groups of PEG in its 20% solution used in Figure 4D and carbamoyl and
secondary amide groups of acrylamide and bisacrylamide in their mixed 10% solution
used in Figure 2B. Nonetheless, unlike the PEG- and acrylamide-dissolved solutions, the
gel filaments did not affect the Tm of the oligonucleotide structures. These observations
suggest that the polar groups attached to gel filaments, such as hydroxyl, carbamoyl,
and secondary amide groups, are unsuitable for interacting with oligonucleotides. It is
likely that the oligonucleotides are excluded from the surface of gel filaments and may
be preferentially located in a water-rich environment in the gel matrix. This possibility
was supported by the results that the Tm changes of 10-mer HP and 21-mer GQ by the
addition of PEG were similar in the gel and the solution, indicating a superior influence of
the solvent components in the gels over the gel matrix. The finding that the self-assembly
and hybridization of short oligonucleotides are unaffected by the gel matrix provides a
basis for quantitative analyses of oligonucleotide structures and interactions using in-gel
assays such as gel shift and temperature gradient gel electrophoresis assays.

DNA is highly hydrated, and the degree of hydration differs between different DNA
structures. Because the addition of low-molecular-weight PEG reduces the water activity
of a solution, its opposing effects on 10-mer HP and 21-mer GQ can be accounted for
by the differences in water contributions to structure formations: the hairpin formation
is the net hydration reaction, and the G-quadruplex formation is the net dehydration
reaction [42,56]. The contribution of PEG binding to nucleotide bases can also be considered:
hydrophobic interactions with single-stranded DNA bases disrupt or weaken base pairing
of the hairpin structure, whereas interactions with the plane of four guanine bases stabilize
the G-quadruplex structure [41,57,58]. The study using low-water-content gels enabled
a direct test of the effects of reduced water content on DNA structure formations. We
observed decreases in the Tm of 10-mer HP and increases in the Tm of 21-mer GQ by
reducing the number of water molecules in the gel, indicating that the availability of
water molecules affects the stability of these DNA structures. However, the degrees of Tm
changes in low-water-content gels were smaller than those in PEG-containing solutions,
particularly in the case of 10-mer HP. It is possible that the contribution of PEG binding
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to single-stranded DNA bases is significant. It can also be speculated that the internal
environment of the gel pores has a buffering effect on the reduction in the number of water
molecules. Further studies would be helpful for understanding the effects of water content
on the stability of DNA structures.

5. Conclusions

We demonstrated the preparation of hydrogels for evaluating the stability of DNA
duplex, hairpin, and G-quadruplex structures, which is promising for application in the
fields of biotechnology and nanotechnology in confined spaces. The preparation of oligonu-
cleotides embedded in hydrogen-bonded filament networks of the agarose gel was simple,
whereas the preparation of oligonucleotides embedded in crosslinked filament networks of
the polyacrylamide gel was required to rehydrate a washed dry gel with a buffer solution
containing oligonucleotides. The thermodynamic studies revealed that the oligonucleotides
formed self-assembled structures and hybridization complexes in the gels with similar
stabilities to those in solutions. The results indicate that the oligonucleotide structures are
unperturbed by confinement in the gel pores and chemical groups of the gel filaments.
The superior influence of the solvent components in the gels over the gel matrix implies
a preferential location of oligonucleotides in a water-rich environment in the gel matrix.
We also demonstrated the application of the gel to the assessment of the stability of DNA
structures under the conditions of a reduced number of water molecules. These findings
will benefit the design of DNA sequences used for in-gel assays and the investigation of the
stability of DNA structures under low-water-content conditions. The preparation methods
developed in this study could be applicable to other types of hydrogels with different
filament networks.
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