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ABSTRACT 

Physically cross-linked hydrogels formed through supramolecular interactions typically relax more rapidly upon heating because 
reversible bond formation is often exothermic. In contrast, entropy-dominated associations can generate materials that maintain 
or strengthen mechanical properties with temperature. However, strategies to systematically tune entropy-driven behavior 
in polymer networks remain limited. Here, we investigate how environmental variables regulate reversible cross-linking in 
acridine-based DNA-intercalating supramolecular hydrogels (Acr-PEG DISHs). Hydrogels composed of 50 mg mL− 1 DNA and 
4 mM bis-intercalating cross-linker were evaluated across buffer compositions with ionic strengths of I ≈ 0.004–0.17 M, salt 
concentrations from 0–0.75 M, different ion identities, and varied pH. Increasing ionic strength produced more elastic networks 
with slower relaxation dynamics, increasing relaxation times from ∼ 30–100 s in low-ionic-strength buffers to ∼ 55–625 s in PBS. At 
elevated salt concentrations ( ∼ 0.5 M), electrostatic screening dominated network behavior and increased transition state entropy 
by Eyring analysis. Although monovalent salts produced similar elastic responses, ion identity modulated dissociation kinetics 
(Na+ < Li+ < K+ ), whereas multivalent ions destabilized the network. In contrast, pH-dependent studies showed only minor effects 
because citrate-phosphate ionic strength masked acridine protonation. These findings identify the ionic environment as a powerful 
handle for tuning entropy-driven supramolecular hydrogel dynamics. 
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 Introduction 

hysically cross-linked hydrogels formed via supramolecular
nteractions (e.g., hydrogen bonding, π–π stacking, electrostatic
nteractions) exhibit structure–property relationships governed
y the kinetics and thermodynamics of reversible bond exchange
 1–8 ]. Consequently, judicious selection of chemistry enables
road tuning of supramolecular hydrogel properties to suit
iverse end-use applications including drug delivery, biomateri-
ls, and 3D printing [ 9–15 ]. Robust network formation requires
hat the underlying interactions be thermodynamically favorable
 ΔG < 0, Keq > 1) to achieve percolation. In many systems, this is
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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accomplished through exothermic non-covalent bond formation
( ΔH < 0), which compensates for the configurational entropy
loss associated with network organization [ 1, 16 ]. Accordingly,
thermosensitivity arises from the temperature dependence of the
equilibrium association constant ( Keq ), which determines the
active cross-link density and storage modulus ( G ′ ), as well as the
association ( ka ) and dissociation ( kd ) kinetics that govern gelation
time (t gel ) and relaxation time ( τ), respectively [ 17 ]. 

In most supramolecular hydrogels, cross-link formation remains
sufficiently favorable and moderate changes in temperature do
not substantially alter the active cross-link density. Instead,
se, which permits use, distribution and reproduction in any medium, provided the 
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emperature-dependent changes in relaxation are often domi-
ated by cross-link exchange kinetics, which are governed by
ctivation parameters such as ΔH‡ and ΔS‡ [ 6, 18–21 ]. As a result,
ven when network connectivity is maintained, thermal changes
n exothermic bond exchange can shift the material toward
ore fluid-like behavior. This relationship between increasing
emperature and increasing relaxation dynamics can limit the
se of supramolecular hydrogels in applications that require
table mechanics or predictable energy dissipation across broad
emperature ranges. 

 distinct subset of supramolecular materials, however, are
ormed through entropy-dominated associations ( ΔS◦ > 0, ΔS‡
 0). Entropy-dominated binding or exchange can arise from
echanisms such as hydrophobic association, solvent reorga-
ization, or counterion release, and can lead to networks that
aintain or even enhance mechanical properties with increased
emperature [ 15, 22–26 ]. While some entropically driven hydrogel
ystems have been reported in recent literature (e.g., poly(acrylic
cid) (PAA) hydrogels with Ca2 + , calcium acrylate-acrylamide
etworks), these materials generally lack the ability to systemat-
cally tune the thermodynamic driving forces governing network
ormation [ 26 ]. 

ecently, we reported DNA-intercalating supramolecular hydro-
els (DISHs), composed of salmon milt DNA cross-linked with
ifunctional intercalators, in which reversible insertion of pla-
ar aromatic molecules between base pairs governed network
ynamics [ 16 ]. Of particular interest was the acridine-based sys-
em, which displayed enhanced elasticity and longer relaxation
imes with increasing temperature, consistent with entropy-
ominated binding. Further Eyring analysis of these materials
howed ΔH‡

< 0 and ΔS‡< 0. Previous thermodynamic studies
f DNA-intercalator binding have demonstrated that increas-
ng ionic strength can screen electrostatic interactions, reduc-
ng favorable enthalpic contributions while enhancing entropy
hrough counterion release and solvent reorganization [ 27, 28 ].
onsequently, changes in salt concentration are expected to shift
he balance between enthalpic and entropic contributions to
cridine-DNA exchange. These observations led us to hypothe-
ize that ionic strength and protonation state could serve as a
ey parameter for modulating the entropy-dominated relaxation
ehavior of acridine within DISH networks. 

ere, we investigate how environmental variables control the
ntropy-dominated cross-linking exchange behavior of acridine-
ased DNA-intercalating supramolecular hydrogels (Acr-PEG
ISHs) (Figure 1 ). Because electrostatic interactions play a central
ole in DNA-intercalator binding, we systematically vary pH,
uffer composition, and ionic strength to determine how protona-
ion and ion screening influence the thermodynamic and kinetic
ehavior of the network [ 29–31 ]. By probing the viscoelastic
esponse and relaxation dynamics of Acr-PEG DISHs under these
onditions, we assess how environmental ions modulate the bal-
nce between enthalpic and entropic contributions to acridine-
NA exchange. This demonstrates that ionic strength and ion
dentity provide powerful handles for tuning the dissociation
inetics and mechanical stability of entropy-driven DISH net-
orks. Together, these results establish acridine-based hydrogels
s environmentally responsive supramolecular materials. 
of 10
2 Results and Discussion 

2.1 Influence of Buffer Composition on Acr-PEG 

DISH Networks 

Acr-PEG DISHs were prepared under similar conditions to our
previous report using a final concentration of 50 mg mL− 1 

salmon milt DNA and 4 mM bis-intercalating Acr-PEG cross-
linker (Figure 2a ). The synthesis of the Acr-PEG cross-linker
is additionally described in our previous work [ 16 ]. In these
systems, DNA acts as a highly charged polyelectrolyte whose
phosphate backbone is surrounded by a condensed counterion
atmosphere [ 32, 33 ]. While intrinsic counterions contribute to
the local ionic environment, ions introduced through buffer com-
position are present at significantly higher concentrations and
therefore dominate electrostatic screening and counterion release
processes that govern intercalator binding [ 34 ]. Consequently,
we first investigated how buffer ionic strength and composition
influences the viscoelastic behavior of Acr-PEG DISH networks. 

Hydrogels were prepared in three buffers with varying ion
identity and strength: TAE (pH 8.3), acetate (pH 5.1), and PBS
(pH 7.4). These buffers differ substantially in ion content, pH,
buffer components, and coordination effects, providing a means
to probe electrostatic screening effects as well as buffer identity
impact. TAE contains minimal salt beyond the buffering species
( I ≈ 0.004 M), acetate buffer contains Na+ ions ([Na+ ] ≈ 0.06 M;
I ≈ 0.06 M), while PBS contains both Na+ and K+ ions ([Na+ ]
≈ 0.16 M, [K+ ] ≈ 0.0045 M; I ≈ 0.17 M). Because ionic strength
strongly influences DNA-ligand interactions and counterion
release, these buffers span nearly an order of magnitude in
electrostatic screening and contribute to testing the hypothe-
sis that ionic environment modulates the entropy-dominated
acridine-DNA interaction. 

The thermomechanical behavior of the resulting DISHs was char-
acterized using shear rheology. Frequency sweeps were collected
across seven temperatures from 5◦C to 35◦C in 5◦C increments
(Figure 2b ). To facilitate direct comparison between conditions,
we evaluated the temperature dependence of tan( δ) at a constant
frequency of 1 rad s− 1 , where tan( δ) > 1 describes predomi-
nantly viscous behavior and tan( δ) approaching 0 describes an
increasingly elastic network (Figure 2c ). Under these conditions,
Acr-PEG DISHs formed in acetate and PBS buffers exhibited
consistently lower tan( δ) values compared to TAE across the
entire temperature range, indicating a more elastic network
(Figure 2d ). Examination of the full frequency sweeps revealed
a systematic upward shift in elasticity in buffers with increasing
ionic strength, with PBS producing the most elastic networks
(Figures S1 and S2 ). These observations are consistent with
enhanced electrostatic screening and counterion release at higher
ionic strengths, which can increase the entropic driving force for
acridine intercalation and reduce cross-link exchange [ 35 ]. 

To further probe network dynamics, we performed stress-
relaxation experiments to determine the τ of each hydrogel
(Figure 2e and Figure S3 ). Because the relaxation behavior of
these DNA-based networks is non-Maxwellian, the relaxation
curves were fit using the Kohlrausch-Williams-Watts stretched
exponential model, which accounts for the broad distribution of
Macromolecular Rapid Communications, 2026
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FIGURE 1 Cartoon schematic illustrating the design and thermodynamic properties of DNA-intercalating supramolecular hydrogels (DISHs). (a) 
Schematic representation of the reversible intercalation of acridine (orange) in DNA, forming a viscoelastic, reversible network. (b) Comparative 
activation parameters of dissociation kinetics profiles show that, unlike typical hydrogels, Acridine-based DISHs exhibit a negative change in entropy 
and enthalpy of activation. Relaxation time can be linked to activation parameters through an Eyring relation. (c) Rheological analysis relating the 
relaxation time ( τ) to temperature and ionic strength. With increasing ionic strength, the DISH systems become more entropically favored, leading to 
longer relaxation times. 
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elaxation modes present in supramolecular polymer networks
Equation 1 ) [ 36 ]. The extracted τ values increased with tempera-
ure for all buffers, but to markedly different extents (Figure 2f ).
ISHs formed in TAE exhibited relatively short relaxation times
30–100 s), whereas acetate and PBS networks showed substan-
ially longer relaxation times (40–290 s and 55–625 s, respectively)
Table S1 ). Notably, the temperature-dependent increase in τ
ecame more pronounced in buffering systems with increased
onic strength, indicating that strategic selection of buffers with
igher ionic concentrations may stabilize the cross-links and slow
etwork dissociation. 

G ( t) 

Gp 

= exp 
(
− t 

𝜏

)𝛽
(1)

o confirm the temperature-responsive network dynamics and
nhanced elasticity are reversible and reproducible, we subjected
he Acr-PEG DISHs in TAE buffer to three consecutive heating
nd cooling cycles across a temperature range of 5◦C–35◦C in 10◦C
ncrements. Frequency measurements performed at each cycle
tage demonstrated that tan( δ) recovered between heating and
ooling, with no apparent structural degradation (Figure S4 ). This
eversibility supports the dynamic, non-covalent nature of the
cridine-DNA cross-links, ensuring mechanical stability during
hermal cycling. 

ssuming that relaxation is governed by reversible cross-link
issociation, τ can be related to the dissociation rate constant
hrough the relationship 1/ τ ≈ kd [ 1, 37 ]. This allows kinetic and
acromolecular Rapid Communications, 2026
thermodynamic parameters to be estimated through Arrhenius
and Eyring analyses. The Arrhenius and Eyring plots exhibit
modest non-linearity, indicating that relaxation in Acr-PEG
DISHs does not arise from a single elementary molecular event
with temperature-independent activation parameters. Instead,
stress relaxation likely reflects coupled intercalator dissociation
or exchange, local DNA conformational rearrangement, polymer-
chain relaxation, and redistribution of the surrounding ionic
atmosphere. Therefore, the Ea , ΔH‡, and ΔS‡ values extracted
from linear fits should be interpreted as apparent activation
parameters over the measured temperature range rather than
absolute molecular constants. The curvature suggests that the
apparent activation barrier changes with temperature, consis-
tent with a relaxation process that depends on both bond
exchange kinetics and temperature-dependent DNA conforma-
tional dynamics. Using this framework, Eyring analysis revealed
a clear trend: the entropy of the transition state increased with
ionic strength (Figure 2g and Figure S5 ) [ 38, 39 ]. PBS, which
possesses the highest ionic strength, displayed the largest entropic
contribution to the transition state, followed by acetate and
TAE (Table S2 ). The results strongly support the hypothesis
that electrostatic screening and ion-mediated counterion release
enhance the entropy associated with acridine-DNA cross-link
dissociation, thereby stabilizing the hydrogel network at elevated
temperatures [ 40–42 ]. 

To probe if there was any impact on equilibrium binding entropy,
ITC measurements were performed using 0.80 mg mL− 1 DNA and
1 mM Acr-PEG. These experiments showed ΔH = − 25.8 kJ/mol
3 of 10
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FIGURE 2 Formation and thermomechanical characterization of Acr-PEG DISHs. (a) Acr-PEG DISH formation. DNA (100 mg mL− 1 ) was 
combined with Acr-PEG (8 mM) to yield final concentrations of 50 mg mL− 1 DNA and 4 mM Acr-PEG. (b) Frequency sweep (0.1–100 rad s− 1 ) of 
Acr-PEG DISHs in PBS across 5◦C–35◦C, showing storage ( G ′ ) and loss ( G ′′ ) moduli. (c) Frequency sweep data replotted as tan( δ) = G ′′ / G ′ ; the red box 
highlights comparison at 1 rad s− 1 . (d) tan( δ) at 1 rad s− 1 for DISHs formed in TAE (blue), acetate (red), and PBS (green) buffers across 5◦C–35◦C. Dashed 
line indicates tan( δ) = 1. (e) Stress relaxation (5% strain, 1000 s) of Acr-PEG DISHs in PBS, normalized to Gp , across 5◦C–35◦C. (f) Relaxation times ( τ) 
extracted from KWW fits for DISHs formed in TAE, acetate, and PBS buffers, highlighting τ increasing with ionic strength (TAE < acetate < PBS). (g) 
Eyring analysis of relaxation dynamics for DISHs formed in TAE, acetate, and PBS buffers. R2 values range from 0.89 to 0.93. 
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nd ΔS = 8.89 J mol ⋅K− 1 , indicating that equilibrium binding
ontains both favorable enthalpic and entropic contributions
Figure S6 ). However, as mentioned above, we note that ITC
easurements of DNA-ligand interactions can be challenging to
nterpret because the observed enthalpy reflects multiple coupled
rocesses including ligand binding, counterion release, buffer-
inked protonation, DNA conformational changes, hydration
hanges, dilution effects, and possible aggregation or intermolec-
lar association [ 43–47 ]. Therefore, while the ITC data support
he presence of a favorable equilibrium entropic contribution, it
oes not directly describe the relaxation dynamics of the network,
hich instead rely on transition-state entropy. 

ogether, these findings demonstrate that buffer composition
s a primary determinant of the thermomechanical behavior
f Acr-PEG DISHs, exerting a stronger influence on network
ynamics than the intrinsic counterion atmosphere associated
ith the DNA backbone. By modulating electrostatic screening
hrough buffer composition, the entropic driving forces governing
cridine-DNA interactions and therefore the relaxation kinetics
nd elasticity of the hydrogel can be systematically tuned. 

.2 Ion-Specific Effects on Acr-PEG DISH 

etworks 

o further investigate the role of ionic environment on Acr-
EG DISH behavior, we next examined the effect of cation
dentity while maintaining constant buffer conditions. As in
he previous section, buffer conditions resulted in varied pH,
onic strength, and ion identity; we next isolated ion-specific
ffects from pH. Hydrogels were formed in TAE buffer with
dded chloride salts (NaCl, LiCl, KCl) to observe ion-specific
ffects on DNA-intercalator interactions. We first evaluated the
nfluence of NaCl concentration by varying salt levels from 0
o 0.75 M in 0.25 M increments (Figures S7 and S8 ). Increasing
alt concentration produced progressively more elastic networks.
owever, at 0.75 M NaCl, crossover behavior emerged at high
requencies (25–100 rad s− 1 ) at 5◦C–15◦C, along with plateaued
elaxation times at 30◦C–35◦C ( τ ≈ 883 s) (Figure 3a,b ). The
hift toward liquid-like behavior at short timescales suggests elec-
rostatic overscreening and competitive binding; with the high
ensity of monovalent salts inserting into the DNA binding sites
nd preventing acridine intercalation [ 48 ]. The plateau observed
n relaxation time at higher temperatures can be further explained
y DNA chain dynamics, as DNA can condense and self-associate
n high salt concentrations, preventing network rearrangement
nd reassociation of acridine [ 49–52 ]. Thus, to maximize ion-
NA interactions while avoiding oversalting effects, 0.5 M salt
as selected for all subsequent cation comparisons. At this
oncentration (I ≈ 0.5 M), the system is well above the buffer-
nly conditions examined previously (TAE ≈ 0.004 M, acetate
 0.06 M, PBS ≈ 0.17 M). This places the system in a regime
here electrostatic screening of the DNA backbone is expected
o dominate intermolecular interactions. 

cr-PEG DISHs were then prepared in TAE containing 0.5 M
aCl, LiCl, or KCl. Frequency sweep analysis revealed that the
hree monovalent salts produced nearly identical shifts in tan( δ)
 σ = 0.006–0.04) relative to the no-salt control, indicating that
he presence of monovalent ions generally increases the elasticity
acromolecular Rapid Communications, 2026
of the network (Figure 3c and Figures S9 and S10 ). In contrast,
addition of CaCl2 produced irregular behavior at temperatures
above 25◦C (Figure S11 ). This behavior is consistent with known
effects of divalent cations on DNA structure, including DNA-
DNA attraction, stronger contributions to ionic strength, charge
inversion, and condensation, which can disrupt intercalator-
mediated cross-links within the hydrogel network [ 48, 49, 53 ]. 

While the monovalent salts produced similar changes in tan( δ),
differences emerged when examining the relaxation dynamics
of the networks. Stress relaxation experiments revealed that the
characteristic relaxation time followed the trend: no salt (30–
100 s) < NaCl (150–1100 s) < LiCl (170–1400 s) < KCl (230–1700 s),
with KCl producing the longest relaxation times and therefore
the slowest cross-link dissociation (Figure 3d and Figure S12
and Table S3 ). Several factors may contribute to this trend, as
monovalent cations interact with DNA differently depending
on their preferred binding sites and hydration energies. Na+ 
associates primarily with the phosphate backbone and minor
groove, whereas K+ more readily interacts with electronegative
sites within the major groove of DNA [ 54–57 ]. The major groove
interactions may stabilize the intercalated acridine cross-links by
reducing local electrostatic repulsion without directly competing
for phosphate binding sites. Differences in ion hydration and size
may also play a role. Li+ possesses a strongly bound hydration
shell and has been reported to distort DNA structure through
bridging interactions between base pairs [ 58 ]. Such distortions
may partially disrupt the planar geometry required for efficient
acridine intercalation, preventing the network from reaching the
elasticity observed with K+ . 

Arrhenius and Eyring analyses were applied to the relaxation
data to estimate activation parameters (Figure S13 and Table
S4 ). Although the plots exhibit some curvature consistent with
the heterogeneous and multivalent nature of the supramolecu-
lar network, all salt-containing systems displayed an increased
entropy of the transition state relative to the no-salt control.
Interestingly, the entropic contribution was similar across the
monovalent salts, suggesting that the presence of ions, rather than
their specific identity, primarily enhances the entropy associated
with acridine-DNA cross-link dissociation [ 59 ]. 

To confirm that these effects arise from acridine-mediated cross-
linking rather than changes in DNA alone, control experiments
were performed using DNA solutions without the Acr-PEG cross-
linker (Figure S14 ). Additions of NaCl, KCl, or LiCl increased
the viscosity of the DNA solutions; however, without cross-linker
present, the samples exhibited increasing tan( δ) and decreasing
relaxation times with temperature, indicating a predominantly
viscous response (Figure 3e,f ). In contrast, Acr-PEG DISHs
displayed decreasing tan( δ) and increasing relaxation times with
temperature, confirming that the enhanced elasticity and slowed
relaxation arise from acridine intercalation rather than ion-DNA
interactions alone. 

2.3 Influence of pH on Acridine-DNA 

Cross-Linking 

To evaluate the influence of acridine protonation on Acr-PEG
DISH behavior, hydrogels were prepared in citrate-phosphate
5 of 10
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FIGURE 3 Ion-specific effects on Acr-PEG DISH behavior. (a,b) Acr-PEG DISHs formed in TAE buffer with varying NaCl concentrations: 0 M 

(blue), 0.25 M (orange), 0.5 M (purple), and 0.75 M (pink) across temperatures 5◦C–35◦C. (a) tan( δ) at 1 rad s− 1 . (b) Relaxation times ( τ). Increasing 
NaCl concentration enhances elasticity and slows relaxation dynamics, with deviations observed at 0.75 M. (c,d) Acr-PEG DISHs formed in TAE buffer 
with 0.5 M chloride salts (No salt, NaCl, KCl, LiCl). (c) tan( δ) at 1 rad s− 1 . (d) Relaxation times ( τ), showing ion-dependent trends in relaxation behavior 
(KCl > LiCl > NaCl). (e,f) DNA-only controls (50 mg mL− 1 in TAE) with 0.5 M salts. (e) tan( δ) at 1 rad s− 1 . (f) Relaxation times ( τ). DNA alone exhibits 
increased dissociation rates with increasing temperature, confirming the slowed dynamics arise from acridine-mediated cross-linking. Dashed lines in 
(a,c,e) indicate tan( δ) = 1. 

6 of 10 Macromolecular Rapid Communications, 2026
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FIGURE 4 Influence of pH on acridine-DNA cross-linking. (a) Protonation of acridine (pKa ≈ 5.3). (b,c) Acr-PEG DISHs formed in citrate- 
phosphate buffer at varying pHs (5.0, 6.3, 7.6). (b) tan( δ) at 1 rad s− 1 . (c) Relaxation times ( τ). (d) Fraction protonated and ionic strength as a function of 
pH, highlighting increasing ionic strength at higher pHs. (e,f) Acr-PEG DISHs formed in TAE buffer at varying pHs (5.1, 8.3). (e) Relaxation times ( τ). 
(f) tan( δ) at 1 rad s− 1 . Dashed lines in (b,f) indicate tan( δ) = 1. 
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uffer at pHs 5.0, 6.3, and 7.6. Given the pKa of acridine ( ∼ 5.3),
hanging the pH modulates the protonation of the nitrogen
ith the central aromatic ring. Protonation increases the positive
harge of the intercalator and could strengthen electrostatic inter-
ctions with the negatively charged DNA backbone, potentially
nhancing counterion release during binding (Figure 4a ) [ 60 ]. 

requency sweep measurements revealed broadly similar vis-
oelastic behavior across the three pH conditions (Figure S15 ). All
ystems exhibited decreasing tan( δ) with increasing temperature,
acromolecular Rapid Communications, 2026
consistent with the entropy-dominated cross-linking behavior
described above (Figure S16 ). Among the three conditions, the
pH 7.6 hydrogel displayed slightly lower tan( δ) values, indi-
cating marginally greater elasticity, while the pH 6.3 and 5.0
samples showed nearly identical responses ( σ = 0.005–0.03)
(Figure 4b ). However, the magnitude of differences was small.
Stress-relaxation experiments produced similar trends. Relax-
ation times increased with temperature for all pH conditions,
although differences between samples were subtle (Figure 4c
and Figure S17 ). The pH 7.6 hydrogel exhibited somewhat longer
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elaxation times between 20◦C and 30◦C (1970–2160 s) compared
o the pH 5.0 and 6.3 systems (1170–1960 s and 1420–1670 s,
espectively) (Table S5 ). Overall, protonation of acridine did not
roduce a clear enhancement of relaxation dynamics within the
etwork. 

nterpretation of the pH dependence is further complicated by
he properties of the citrate-phosphate buffer system. Citrate
xists in multiple protonation states with charges ranging from
 1 to − 3 depending on pH, meaning that the ionic strength
f the buffer increases as pH increases [ 61 ]. Consequently,
hanging pH simultaneously alters the electrostatic environment
urrounding the DNA network through increased concentrations
f mobile counterions (Figure 4d ). Because counterion release
ontributes significantly to the entropy of DNA-ligand binding,
hanges in ionic strength may partially mask the direct effects
f acridine protonation [ 62, 63 ]. Under these conditions, the
lightly increased elasticity observed at pH 7.6 may therefore arise
rom enhanced electrostatic screening rather than protonation
ffects alone. Arrhenius and Eyring analyses were attempted to
xtract activation parameters from the relaxation data; however,
oth models deviated from linear fits (Figure S18 and Table S6 ).
his deviation from classical behavior likely reflects the com-
lex nature of the system, as citrate-phosphate buffers contain
ultivalent citrate species whose charge varies with pH [ 64 ]. 

o isolate the role of acridine protonation from buffer ionic
trength, the pH comparison was repeated in TAE buffer, which
ontains minimal added salt. Under these conditions, hydrogels
repared at pH 5.1 exhibited slightly lower tan( δ) values and
onger relaxation times at temperatures 5◦C–25◦C relative to
hose formed at pH 8.3 ( τ = 44–108 s and 31–102 s, respectively)
Figure 4e,f ). These results suggest that protonation of acridine
ontributes modestly to the entropic stabilization of the DNA-
ntercalator interaction. However, the magnitude of this effect
s small compared to the changes observed when varying ionic
trength, indicating that ion-mediated electrostatic screening
emains the dominant factor governing the thermodynamic
ehavior of Acr-PEG DISH networks. 

 Conclusion 

n this work, we demonstrate that the thermomechanical
ehavior of acridine-based DNA-intercalating supramolecular
ydrogels (Acr-PEG DISHs) is governed primarily by the ionic
nvironment. By systematically varying buffer composition,
alt concentration, ion identity, and pH, we show that ionic
trength is the dominant factor controlling entropy-driven bond-
xchange within a given intercalator system. Increasing ionic
trength enhances electrostatic screening and promotes coun-
erion release, leading to more elastic networks with slower
elaxation dynamics and improved thermal stability. At elevated
alt concentrations ( ∼ 0.5 M), the system enters a regime where
ntropy-driven stabilization dominates network behavior. Within
his regime, ion identity provides a secondary level of control,
odulating relaxation kinetics through ion-specific interactions
ith DNA (Na+ < Li+ < K+ ), while multivalent ions disrupt
etwork structure. In contrast, acridine protonation plays a
omparatively minor role, with its effects largely masked by
oncurrent changes in ionic strength in multicomponent buffer
of 10
systems. The non-Arrhenius behavior observed across conditions
highlights the complexity of these polyelectrolyte networks,
where relaxation arises from coupled processes including inter-
calator dissociation, chain rearrangement, and ion redistribution.
Together, these findings establish ionic strength as a tunable han-
dle for controlling entropy-dominated supramolecular assembly
in DNA-based materials. This work represents an initial foray into
understanding environmental control over intercalator-mediated
networks, and ongoing studies are expanding this framework to
a broader range of intercalators to more fully define structure-
thermodynamic relationships in these systems. 
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