Star-Polymer-DNA Gels
Showing Highly Predictable and Tunable Mechanical Responses
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Abstract

Dynamically crosslinked gels are appealing materials for applications that require time-
dependent mechanical responses. DNA duplexes are ideal crosslinkers for building such gels
because of their excellent sequence addressability and flexible tunability in bond energy.
However, the mechanical responses of most DNA gels are complicated and unpredictable
despite the high potential of DNA. Here, we demonstrate a DNA gel with a highly
homogeneous gel network and well-predictable mechanical behaviors by using a pair of star-
polymer-DNA precursors with presimulated DNA sequences showing the two-state transition.
The melting curve analysis of the DNA gels reveals the good correspondence between the
thermodynamic potentials of the DNA crosslinkers and the presimulated values by DNA
calculators. Stress-relaxation tests and dissociation kinetics measurements show that the
macroscopic relaxation time of the DNA gels is approximately equal to the lifetime of the DNA
crosslinkers over four orders of magnitude from 0.1-2,000 sec. Furthermore, a series of
durability tests find the DNA gels are hysteresis-less and self-healable after the applications of
repeated temperature and mechanical stimuli. These results demonstrate the great potential of
star-polymer-DNA precursors for building gels with predictable and tunable viscoelastic
properties, suitable for applications such as stress-response extracellular matrices, injectable
solids, and soft robotics.

(198 words)



Introduction

Dynamically crosslinked gels provide time-dependent mechanical responses, with a stiff
structure for a short time but a flowing nature over a long timel!l. The unique physical
properties of these gels are attributed to the repeated breaking and reforming of the crosslinkers
that bridge the polymer chains in the gels!?. Because of the transient behavior of dynamically
crosslinked gels, a variety of applications have been explored, including injectable solids!>*],
stress-response extracellular matrices®~7!, impact-resistant materials!®”), and self-healable and

recyclable materials!!%-12],

Small DNA duplexes, formed by hybridizing a pair of oligo DNA with complementary
sequences (Figure 1a), are promising crosslinkers for building dynamically crosslinked gels
because oligo DNA has unique advantages of high biocompatibility, water solubility, sequence
addressability, and temperature sensitivity!!3>-'%). In addition, studies have revealed that the
bond energy of the DNA duplexes can be continuously tuned over a vast range from ~50 to
~120 kJ mol™! by changing the sequences and the length of the DNA!S8] The continuous
tunability is challenging for other dynamic crosslinkers, especially at the physiological
conditions (pH 7.4, 37°C) where the temperature and pH are fixed 12!, Ideally, by properly
designing the DNA sequences, we could deliberately fabricate dynamically crosslinked gels

with any desired viscoelastic properties.

To utilize the advantages of DNA duplexes, numerous DNA hydrogels have been developed
[22.23] However, in most DNA gels, the viscoelastic properties were not ideal because the
formed gel networks were highly heterogeneous and uncontrollable*-2¢1, The random and
complicated gel network induces untraceable mesoscopic pathways between duplex
dissociation/association and the gel’s mechanical responses. Despite the accumulated
knowledge and databases on the thermodynamics?’-?8] and kinetics>*3% of DNA duplexes, it

is challenging to fabricate DNA gels with on-demand viscoelastic properties.

Recent studies on covalently crosslinked gels have shown that network homogeneity can be

substantially improved by using monodisperse star polymers as gel-forming precursors>!-34],

Several researchers have modified the end groups of star polymers with dynamic crosslinkers,

19,35,36]

such as metal-coordinate bonds! , dynamic covalent bondsP’#Y, and host-guest

bonds!?!#?], to prepare homogeneous dynamically crosslinked gels. These gels exhibited an



excellent one-to-one correspondence between the crosslinker lifetime and the gel stress

[37,40,41

relaxation time 1. Although a similar strategy was employed for DNA gels, the

di204], Moreover, the gel network

viscoelastic properties of the DNA gels were still complicate
homogeneity and relation between the DNA sequences and the gel’s viscoelastic properties

have not yet been investigated.

In this study, to exploit the potential of DNA duplexes as dynamic crosslinkers, we fabricated
well-defined star-polymer-DNA gels by hybridizing a pair of four-armed poly(ethylene glycol)
(PEG) terminated with oligo DNA strands with presimulated DNA sequences. The DNA
sequences were designed to undergo a simple two-state transition from duplex to single strands
without forming stable intermediates. We observed repetitive sol-gel transitions by changing
the temperatures and applying force to the gels. The high homogeneity of the star-polymer-
DNA gel was confirmed using contrast-matched small-angle neutron scattering. We also tested
the mechanical responses of the DNA gels and the dissociation kinetics of the DNA duplexes.
The macroscopic stress relaxation time was perfectly consistent with the microscopic DNA
duplex lifetime over a range of approximately four orders of magnitude. These results confirm
for the first time the high potential of DNA duplexes as predictable and tunable crosslinkers

for the preparation of dynamically crosslinked gels.



Results and Discussion
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Figure 1. Schematic illustration of star-polymer-DNA gels. a, A pair of oligo DNA strands

with complementary sequences designed in this study. b, The first derivatives of the simulated
and experimentally measured melting curves (dAbs/dT) for the designed sequences. Here, Abs
is the absorbance of UV light (260 nm) in the DNA solution, and 7 is the temperature. c,
Synthesis scheme of the two types of four-armed gel-forming precursors terminated with oligo

DNA strands with complementary sequences. d, An illustration of a star-polymer-DNA gel



that exists in gel form at low temperatures and becomes a solution at high temperatures,

corresponding to the association and dissociation of the DNA duplexes.

Using an online oligo DNA simulator, DINAMelt**l and NUPACK*], we designed a pair of
small complementary DNA sequences (16 mer) (Figure l1a, Figures S1 and S2). The
simulated quasistatic dissociation curves of the oligo DNA showed a simple two-state
transition from duplexes to single strands as the temperature was raised; the formation of
nonideal associations, e.g., stem-loops, was negligible in the simulated results (Figures S1 and
S2). We evaluated the real dissociation curve of the DNA duplex by measuring the UV
absorbance of the DNA solution at different temperatures, i.e., melting curve analysis (Figure
1b). To remove the irrelevant linear changes in the absorption coefficients of the DNA strands,
we took the first derivative of the experimental melting curve and compared it with the
simulated curve. The real dissociation curve agreed well with the simulated curve, confirming
the high accuracy of the established DNA thermodynamics database in predicting real behavior.
The temperature at which 50% of the DNA duplexes dissociated, i.e., the melting temperature,
was set to approximately 63°C for this study to ensure the stability of the DNA duplexes under
physiological conditions (~37°C, pH 7.4). The melting temperature could be flexibly tuned
over a range from ~5°C to ~90°C by changing the sequences and length of the oligo DNA6:47],

After confirming the performance of the oligo DNA, we conjugated these oligo strands to four-
armed poly(ethylene glycol) (4arm-PEG, M, = 40 kg mol™!) to prepare two types of star-
polymer-DNA precursors with complementary sequences (Figure 1¢). The four-arm PEG was
terminated with an active ester group (NHS ester) at each arm end, and the oligo DNA was
terminated with a primary amine at the 5’ terminal. Conjugation of DNA and four-armed PEG
was performed by using the NHS-ester/amine reaction. The conjugation ratio of the oligo DNA
strand per PEG arm was as high as 95%, as determined with reversed-phase chromatography
(Figures S3 and S4, Table S1). The mixed solution with two star-polymer-DNA precursors is
expected to remain in the liquid phase at high temperatures and form a gel at low temperatures,
corresponding to the dissociation of DNA duplexes and the association of DNA strands,

respectively (Figure 1d).
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Figure 2. Sol-gel transition of DNA hydrogels. a, Photographs of the DNA hydrogel showing
repetitive sol-gel transitions in a glass tube at different temperatures. b, Corresponding
fluorescence images of the DNA hydrogel. A duplex-sensitive fluorescence dye, which emits
green fluorescent light in the presence of DNA duplexes, was added to the gel. ¢, Melting
curves of the DNA hydrogel during heating and cooling processes. A solution with only DNA
duplexes with the same DNA concentration as in the gel was used as a control; the melting
curve of the DNA-only solution was vertically scaled by a factor of 1.078 to correct the slight
difference in the DNA concentration. The crosslinking degree (p), i.e., the hybridization degree
of the DNA, was calculated from the gel’s melting curve by assuming a two-state transition
model. d, Temperature dependence of the equilibrium constant (Keq) for DNA duplex

dissociation. The solid line shows the fit result with the van't Hoff equation. e, Mechanical



properties of the DNA gel during heating and cooling measured at an oscillation frequency of

1 Hz. f, Self-healing of the DNA hydrogel confirmed by a repetitive strain recovery test.

We dissolved the two types of precursors in sodium phosphate buffer solutions (pH 7.4, 25
mM), respectively, at a precursor concentration of 1 mM. The two precursor solutions were
mixed in a test tube immersed in a hot water bath and then cooled to ambient temperature; a
transparent hydrogel was formed immediately (Figure 2a). The gel showed repetitive sol-gel
transitions upon heating and cooling the gel above and below the melting temperature of the
DNA duplex (~63°C). The formation and dissociation of the DNA duplex in the gel were
confirmed by adding a small amount of a duplex-sensitive fluorescent dye, SYBR Green I, into
the gels (Figure 2b). Green fluorescence was observed in the gel and disappeared in the sol,

indicating that duplex formation induced gelation.

Quantitative analysis of the crosslinking extent was performed by measuring the gels’ melting
curves. After heating the gels, the UV absorbance started to increase at 55°C and reached a
plateau at 75°C, indicating the dissociation of DNA duplexes at high temperatures (Figure 2¢).
The same UV absorbance curve was observed in the backward process from high to low
temperatures; no hysteresis was observed for the DNA duplex formation and dissociation
processes in the gels. In addition, the gel melting curves were consistent with that of a DNA-
only solution at the same concentration (Figure 2c¢, filled black circles), suggesting that the

thermodynamic behavior of the oligo DNA was not disturbed by gel network formation.

The crosslinking ratio (p) between the precursors, i.e., the fraction of the DNA duplexes in the
gel, was estimated from the gel melting curves (Figure 2¢, Figure S5, Table S2). According
to Flory-Stockmayer theory!*®, the gelation point for covalently crosslinked gels is at p = 1/3,
which is approximately equal to 65°C for our DNA gel. However, we need to note that there
is no clear gelation point for dynamically crosslinked gels because the gelation points of these
gels depend on the observation time scale, similar to glasses. Therefore, we converted p to a
more indicatory parameter, namely, the equilibrium constant of DNA hybridization (Keq). Keq
can be written as a function of p as Keq = 2pc®/((1-p)*Cr) by assuming the two-state transition
model (SI Section 4.1). Here, c° is a standard molar concentration whose value is typically 1
mol L', and Cr is the total molar concentration of DNA strands. A linear van’t Hoff

temperature dependence was confirmed between the equilibrium constant and the temperature



(Figure 2d). We estimated the thermodynamic potentials by fitting the equilibrium constants
using the van’t Hoff equation, InKeq = —(A:H°)/RT + (A:S°)/R, where A:H° and A.S° are the
standard enthalpy and standard entropy for the duplex formation and R is the gas constant. A./H°
and A:S° were estimated to be =577 kJ mol™! and —1.58 kJ mol ! K™, respectively. The AH°
value for network formation in the star-polymer-DNA gel was approximately ten times higher
than that of the other dynamically crosslinked gels (e.g., —68 kJ mol! for
diarylbibenzofuranone®!; —60 kJ mol™! for the reversible Diels-Alder reactionl*). The
unconventionally large A:H° for the star-polymer-DNA gels was attributed to the unique base
stacking effect of the DNAPF. The large A.H° of the DNA also suggests that the
thermodynamic stability of star-polymer-DNA gels can be vastly tuned by a small temperature
change. Gels with such high-temperature sensitivity may serve as promising materials for
sensing and injectable applications. In addition, the measured standard thermodynamic
potentials are in good agreement with the presimulated values of the DNA oligo calculator
(Table S2), suggesting that we can design gels with predefined thermodynamic stability based

on the calculation.

Next, we evaluated the macroscopic hysteresis and primary mechanical properties of the star-
polymer-DNA gels with dynamic viscoelastic tests. The storage modulus (G’) and loss
modulus (G”), which are indicators of the solid and liquid responses, respectively, were
measured at different temperatures at a constant oscillation frequency of 1 Hz (Figure 2e). G’
was approximately 1300 Pa, which is much higher than G”, at ambient temperature. Upon
increasing the temperature, G’ decreased and fell below G” at 55°C. G’ changed by more than
100-fold with a difference of only 5°C near this crossover point, which was attributed to the
large ArS° of the DNA duplex, as observed from the melting curve analysis. The same G’ and
G” curves were observed during the cooling process. We repeated the heating and cooling
procedures at least six times but did not observe any hysteresis in the mechanical properties

(Figure S6).

We also observed instant self-healing of the gel via break and recovery experiments (Figure
2f). When a large oscillatory strain (~ 500%) was applied to the gel, G’ decreased from 1300
Pa to 20 Pa, and the gel completely broke. In contrast, after removing the large strain, G’
immediately recovered to the original value. The same break and recovery tests were repeated
for at least ten cycles, and the recovery ratio of G’ was almost 100%. The perfect recovery of

G’ indicates that the breakage of the gel occurred selectively at the crosslinkers, i.e., the DNA



duplexes, but not within the main PEG network. Thermodynamically stable but moderately

weak properties suggest the high potential of DNA duplexes as dynamic crosslinkers.
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Figure 3. Network structures of star-polymer-DNA gels at different temperatures
measured via small-angle neutron scattering (SANS). a, Scattering profiles (/(q)) of the
star-polymer-DNA gel during heating and cooling. Here, ¢ is the magnitude of the scattering

vector. Since the solvent contrast was matched to that of the DNA, the correlation between
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four-armed PEG, which is located at the center of the precursors, was exclusively observed.
The solid curves denote the fit results using a model scattering function for four-armed star
block copolymers (SI Section 4.2). b, Scattering profile of a monosequence solution; this
solution does not form a gel at any temperature. The solvent contrast was matched to that of
the DNA as well as the gel sample. The solid curves denote the fit results using the same
model function used in the gel’s scattering profiles. ¢, Energy interaction parameters between
PEG and water (ypeG-water) at different temperatures. The yprG-water values were obtained from
the model function fits (SI Section 4.2). The literature values for a PEG/pure water system

are displayed for comparison®!],

The nanostructure of the star-polymer-DNA hydrogels was evaluated with small-angle neutron
scattering (SANS). We matched the scattering contrast of the solvent to that of the DNA strands
by tuning the H>O/D;O ratio in the buffer solution (Figure S7). Under this contrast-matched
condition, the scattering from the DNA strands was masked, and we exclusively observed
correlations from the PEG polymers, i.e., the central region of the precursors. Figure 3a shows
the scattering intensity /(g) as a function of the magnitude of the scattering vector, g. A broad
peak was observed at ¢ ~ 0.03 A™!, denoting the correlation of the PEG polymers. The peak
height increased as the temperature was raised, but the peak position remained unchanged. The
constant peak position indicates that the PEG polymers in the precursors were separated from
each other at a constant distance independent of the crosslinking ratio, suggesting that the gel

network of the star-polymer-DNA gel is highly homogeneous.

To understand the change in the peak height, we analyzed a precursor solution with only one
type of sequence, which does not form a gel at any temperature. The scattering profiles of the
monosequence precursor solution were identical to those of the gel at all temperatures (Figure
3b). The good consistency between the profiles of the star-polymer-DNA gel and the
monosequence precursor solution confirms that no heterogeneous structures were formed
during the gelation. In addition, the same temperature dependence between the gel and the
monosequence profiles suggest that the change in the peak height was irrelevant to the sol-gel
transition. By fitting the scattering profiles with a model function for star block copolymers
under contrast-matched conditions®? (Figure 3a, b and SI Section 4.2), we found that the
difference in the peak height was attributed to the changes in the energy interaction between

the PEG polymers and the water molecules at different temperatures. The estimated energy

11



interaction parameters (y) were displayed as a function of temperature (Figure 3c, Figure S8).
The interaction parameters between PEG and water ypeG-water are close to the reference values

(311, When the energy interaction parameter between a polymer

of PEG measured in pure water
and a solvent is above 0.5, the polymer tends to form aggregates. However, such aggregation
was not observed in our star-polymer-DNA gel. The negatively charged DNA strands
terminated at the ends of four-armed PEG may have enhanced the solubility of PEG at high
temperatures, which could be confirmed by the turbidity tests (Figure S9). The excellent
stability of the star-polymer-DNA precursors may be a reason for the extremely low hysteresis

and instant self-healing behavior observed in Figure 2.
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Figure 4. Relationship between gel stress relaxation and DNA duplex dissociation. a, An
illustration of the deformed star-polymer-DNA network. b, The viscoelastic properties of the
gels were characterized with a rheometer using two different methods: an oscillatory test for

fast relaxation at high temperatures and a step-strain test for slow relaxation at low
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temperatures. ¢, The duplex dissociation kinetics were evaluated for DNA-only solutions using
fluorescence resonance energy transfer (FRET). d, Master curves of G’ and G” obtained from
the oscillatory test for star-polymer-DNA gels over the range of 45-60°C at intervals of 2.5°C.
The master curves were prepared by the time-temperature superposition treatment, using the
curves at 45°C as reference e, Stress relaxation curves of star-polymer-DNA gel obtained from
the step-strain tests over the range of 37-47°C at 1°C intervals. f, Temperature dependence of
the stress relaxation time of the gels (zr). g, Time variation of the normalized molar
concentration of DNA duplexes (o) obtained from FRET measurements over the temperature
range of 36-45°C at 1°C intervals. h, Temperature dependence of the lifetime of the DNA
duplexes (zq). i, Correlation plot of zr with respect to za. The 74 values in the experimentally
inaccessible time range were estimated using the Eyring equation and displayed as open circles
to distinguish them from the experimentally measured zq values (filled circles). All zr values
were obtained experimentally. The solid line denotes a guide for the one-to-one
correspondence limit (zr = 74), where the macroscopic stress relaxation is directly linked with

the microscopic dissociation of the DNA duplexes.

Finally, we evaluated the detailed linear mechanical responses of the star-polymer-DNA gels
(Figure 4a). We used two different methods to cover a wide test time range: oscillatory tests
and step-strain tests (Figure 4b). The linear viscoelastic region was assessed using the strain
sweep tests (Figure S10). The corresponding microscopic dissociation kinetics of the DNA
duplexes were monitored separately using a fluorescence resonance energy transfer (FRET)

technique (Figure 4c).

For quick responses relaxing within 10 seconds, the mechanical parameters G’ and G were
measured via oscillatory tests as a function of the oscillation frequency (). The master curves
were constructed by horizontally scaling G’ and G” at different temperatures on the basis of
time-temperature superposition treatment using 45°C as a reference temperature (Figure 4d).
The scaled curves overlapped well with each other and could be represented by a single
Maxwell element!>], where G° ~ w? and G” ~ ' at low frequencies and G* ~ @° and G” ~ ™!
at high frequencies (SI Section 4.3). Such simple viscoelastic behavior was not observed in

(26] and the DNA gels with sequences not showing the two-

the randomly crosslinked DNA gels
state transition!?#], The high homogeneity of the star-polymer-DNA gel and its well-designed

DNA sequences showing the two-state transition likely simplified the relaxation behavior of

13



the DNA gels. A characteristic stress relaxation time, which corresponds to the cross point of
the G’ and G” curves, was more precisely estimated by fitting each curve with the Maxwell

model (Figure S11) and is shown later.

On the other hand, for mechanical responses relaxing in more than 10 seconds, we used step-
strain tests. After applying the step strain on the gels, the stress (G(7)) on the gels gradually
decayed as the gel network relaxed (Figure 4e). The stress relaxation time of the star-polymer-
DNA gels changed by more than two orders of magnitude with a temperature difference of
10°C. Such a strong temperature dependence of the viscoelastic properties has never been
reported in other dynamically crosslinked gels. We precisely estimated the characteristic
relaxation time by fitting the slowest relaxation mode in each curve (SI Section 4.4). The
relaxation times obtained from the above two mechanical measurements were plotted as a
function of 1/7 (Figure 4f). The obtained values fell on a single straight line and partially
overlapped at intermediate temperatures. We analyzed the temperature dependence of zr using
the Eyring equation, 1/t = (ksT/h)exp(—AH*/RT+AS*/R), where kg is the Boltzmann constant,
h is the Planck constant, AH* and AS* are the activation enthalpy and entropy of duplex
dissociation. The AH* and AS* are estimated to be 508 kJ mol™! and 1.32 kJ mol™' K™!. The
AH* value for the DNA duplex dissociation is much higher than the AH* of the other
dynamically crosslinked polymer materials: 30-90 kJ mol ™! for host-guest bonds®¥, 47-85 kJ
mol ™! for the phenanthroline-metal complex%), 64 kJ mol™! for oxime—ester bonds!*¢!, and 111
kJ mol™! for urethane bondsP’).The result accounts for the temperature-sensitive stress
relaxation behavior of the star-polymer-DNA gels. The abnormally large AH* for the DNA
duplex dissociation is due to the stable double-helix structures of DNA, enhanced by the base

stacking effect and multiple hydrogen bonds between the bases!*°l.

After determining the macroscopic relaxation time of the gels, we measured the lifetime of the
DNA duplexes (za), which is equal to the reciprocal of the duplex dissociation rate constant (zq
= 1/kq). Because the association and dissociation processes are in equilibrium in the gels, it is
difficult to measure each rate constant separately. Therefore, we deliberately created
nonequilibrium conditions by dropping a small volume of concentrated DNA duplex solution
into a large buffer solution. For a short time, the dissociation of the DNA duplexes is the
primary process, and we can exclusively evaluate the dissociation kinetics. We used the FRET
technique to monitor the time variation in the number of single-stranded DNA molecules. We

modified the 3’-ends of the oligo DNA and the complementary DNA with fluorescein (FAM)

14



and black hole quencher 1 (BHQ1), respectively (Figure 4c¢). When the DNA strands form a
duplex, the quencher is in proximity to the fluorophore and suppresses its fluorescence. On the
other hand, when the duplexes dissociate, the quenchers diffuse away from the fluorophore;
therefore, we observed an increase of fluorescence as a signal of duplex dissociation. We

confirmed that modification of the 3’-ends did not influence the thermodynamic parameters of

DNA duplex formation (Figure S12, SI Section 4.5).

We converted the measured fluorescence intensities to the normalized molar concentrations of
the duplex DNA (a), rescaled by the initial duplex concentration (Figure 4g, SI Section 4.6).
The dissociation rate constant (kg) was estimated from the initial slope in Figure 4g by
assuming that the dissociation of the DNA duplexes was a first-order reaction over a short time
(SI Section 4.6). The obtained kq was converted to the lifetime (zq = 1/kq) of the DNA duplex
and analyzed using the Eyring equation (Figure 4h). The estimated AH* and AS* for the duplex
dissociation are the almost same as activation potentials for the macroscopic gel stress
relaxation, suggesting that the dissociation of the DNA duplexes was the primary process
inducing the relaxation of the gel networks. The direct transmission from the microscopic bond
breaking to the macroscopic network relaxation was attributed to the homogeneous gel
networks formed by the star-polymer-DNA precursors and the simple two-state transition of

the well-designed DNA sequences.

To visualize the excellent correspondence between the macroscopic stress relaxation and the
microscopic duplex dissociation in the star-polymer-DNA gels, we constructed a correlation
plot for zr and 74 (Figure 4i),. Due to the experimental limitations associated with the FRET
measurements, the accessible duplex dissociation time was limited to times longer than 30
seconds. Therefore, we estimated the inaccessible 74 values at the temperatures where the
mechanical tests were performed, using the Eyring equation and the aforementioned AH* and
AS* values. The correlation plots with the theoretically estimated z4 values are displayed as
open circles to distinguish them from those with the experimentally measured zq values (filled
circles) (Figure 4i). The 7r and 74 values of the star-polymer gels are strongly correlated, close
to the guideline for the one-to-one correspondence limit (tr = z4) over a range of nearly four
orders of magnitude in time from 0.1 second to 2,000 seconds (Figure 4i). Such a wide
correspondence between the micro- and macrorelaxation times has not been reported for any
other gels. In addition, the relaxation time of the star-polymer-DNA gels under physiological

conditions (37°C, pH 7.4) was approximately 2,000 seconds, which is close to the relaxation
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time of tissues in the body (~ 1,000 seconds)’7!. This result is in stark contrast to the
dynamically crosslinked star polymer gels with the other crosslinkers, which typically undergo
relaxation within a minute under physiological conditions (Figure S15, Supporting

Spreadsheet).

Conclusion

This work demonstrated a homogeneous DNA gel with highly predictable mechanical
behaviors. We used a recently-proved star polymer strategy to improve the homogeneity of the
gel network and designed a pair of DNA sequences showing a two-state transition as the
dynamic crosslinkers. The formed gels responded to multiple stimuli, such as temperature and
forces, and were still self-healable and hysteresis-less. The contrast-matched SANS
measurements confirmed the high spatial homogeneity of the gel network. UV spectroscopy
determined that the two-state transition of the DNA duplexes occurred in the gels, the same as
the simulated results from the DNA calculator. In addition, stress-relaxation tests and
dissociation kinetics measurements revealed that the macroscopic relaxation time of our DNA
gels agreed with the lifetime of the DNA crosslinkers over an extended time range from 0.1-
2,000 sec, which was not achieved by any other DNA gels. In combination with the
demonstrated star-polymer-DNA gel scheme with the well-established database for DNA
thermodynamics and kinetics, we will be able to fabricate DNA gels with on-demand
viscoelastic properties. We envision that highly predictable and tunable star-polymer-DNA

gels can boost the fundamental understanding and applications of dynamically crosslinked gels.
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DNA gels with predictable mechanical responses are developed using a star polymer strategy
and a pair of presimulated DNA sequences. The macroscopic stress relaxation time of the DNA
gel is connected directly to the microscopic lifetime of the DNA crosslinkers over an extended
time range from 0.1-2000 sec. In addition, the DNA gels are spatially homogeneous, hysteresis-
less, and self-healable.
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