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Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

The manuscript reported a double network hydrogel composed of poly(AMPS) and zwitterionic AM-SBVI that strengthens
while swelling in brine. Upon salt exposure, the network undergoes ion-triggered topological reconfiguration, the intrachain
zwitterionic loops open and re-form as inter-network SBVI+-AMPS- bridges, which yields a higher effective bridge density
ve, at lower polymer fraction (®). The hydrogel demonstrates a 3.4-fold increase in tensile strength and a 2.1-fold
enhancement in equilibrium swelling ratio in 200 g/L NaCl compared to deionized water. SAXS and XPS confirm the ion-
mediated decoupling of crosslinking domains and redistribution of charge density. Moreover, simulation calculations
suggest more strong interactions between SBVI and AMPS under high salinity water. Coreflooding experiment
demonstrates robust injectability and flow-resistance characteristics under high salinity porous rock. | suggest the
publication of this manuscript with major revision upon addressing the following comments.

1. There are some descriptions related to tensile strength and equilibrium swelling ratio in the main manuscript that the
reviewer cannot find the related supporting data.

2. In the abstract section, Fig. S8, the hydrogel demonstrates a 3.4-fold increase in tensile strength and a 2.1-fold
enhancement in equilibrium swelling ratio in 200 g/L NaCl compared to deionized water. The authors need to specify the
data that supported the 3.4-fold increase in tensile strength and 2.1-fold enhancement in equilibrium swelling ratio.

3. There are many hydrogel samples being tested as shown in the figures. The authors need to specify the feed molar ratio
of monomers, feed molar ratio of first and second networks, concentration of crosslinking agents and other parameters for
preparing the hydrogel samples in the figure legends.

4. Line 212-215, the authors claimed that DAMPS/AM-SBVI hydrogels immersed in 200 g/L NaCl exhibit tensile stress of
0.33 MPa and strain of 123%, which are significantly higher than those of water-swollen hydrogels (Figure 2C-E). However,
based on Figure 2D, the strain of DAMPS/AM-SBVI hydrogels immersed in 200 g/L NaCl was only about 79%.

5. Based on Table S2, the molar ratio of AM in the second network is high. That said, the noncovalent interactions exerted
by AM should play some role on the morphology and physical properties of the network. The formation of hydrogen bonding,
cation-dipole, and other interactions between the AM and other monomers upon salt exposure would also trigger the
changes in the network morphology, swelling, and mechanical properties. This effect should be discussed and the related
experiments and simulations should be conducted to elucidate the mechanism.

6. The enhancement of both hydrogel mechanical strength and swelling performance is very complex. The authors mainly
attributed it to a stronger interaction between SBVI and AMPS under high salinity water simply based on the simulation
calculation. There might be several mechanisms that contributed to the enhancement. For example, it is possible that, upon
salt exposure, the hydrogen bonding, cation-dipole, and other interactions between the AM and other monomers were
screened and triggered the rearrangement of polymeric network and increase of ionic/nonionic bridging, partly contributing
to network stability and salt-enhanced elasticity.

Reviewer #2

(Remarks to the Author)
This manuscript reports a double-network hydrogel composed of poly(AMPS) and poly(SBVI-co-Am) networks, which



exhibits salt-enhanced mechanical properties. While the mechanical performance and structure of the gel are investigated,
several critical issues must be addressed before the work can be considered for publication.

1.The introduction section is rather confusing. Whether for zwitterionic polymers or other types of polymers, most undergo
changes in network structure and mechanical properties in saline environments. The authors have not adequately
categorized or elaborated on these aspects. Moreover, when reading these paragraphs, it is difficult to discern the authors'
intention: Is the goal to obtain gels with unchanged mechanical properties in brine, or to develop gels with enhanced
performance in brine? If the latter, there have already been numerous reports of ion-enhanced cases in various polymer
systems, including single-charged polymers, zwitterionic polymers, and non-ionic polymers. Therefore, the authors need to
highlight the innovation and uniqueness of this work.

2.There are many zwitterionic monomers, the reason for choosing SBVI should be clarified properly. It is very important to
illustrate the design method of materials.

3.In the text, the abbreviation appeared first time should have its full name. For example, the “EOR” at line 71, page 4.
4.The shape of the tensile stress-strain curve appears unusual, as a plateau is observed in the later stage of stretching. This
differs from the typical behavior of glass materials, elastomers, and gels. Could this be due to the gel sample gradually
slipping from the grips of the tensile machine? The authors need to provide an explanation for this phenomenon.

5.The Young’s modulus of the gels with varying conditions should be calculated and comparied, which was associated with
cross-linking density of the network. Besides, it is also suggest to compare Young’s modulus with shear modulus.

6.In Figure 1G, the comparison with single-network samples that equilibrated in water is of limited significance, as the
effectiveness of the double-network in enhancing the toughness of hydrogels has already been well-established through
repeated demonstrations after 2003. Instead, to clarify the key mechanism of this work, the mechanical performance,
structural changes, and swelling behavior of each single-network gel component in saline water should be examined and
thoroughly compared.

Reviewer #3

(Remarks to the Author)

In this manuscript, the authors developed an innovative ion-triggered reconfigurable hydrogel through a double network
system composed of AMPS/AM-ABVI, fabricating DAMPS/AM-ABV1 hydrogels. These hydrogels demonstrated paradoxical
salt-enhanced mechanical performance and swelling behavior. The researchers also provided an excellent mechanistic
analysis of the salt-induced adaptive structural reorganization, revealing that inner-chain ion-pair loops dynamically unlock
and reform as intra-network bridges (SBVI+-AMPS-) that serve as load-bearing elements under mechanical stress.
Furthermore, the authors developed a temporary plugging agent based on DAMPS/AM-SBVI hydrogels and systematically
investigated its coreflooding plugging efficiency and degradation performance, demonstrating its promising potential for
applications in heterogeneous reservoirs, particularly under high-salinity and high-temperature conditions.

I think the work is very interesting and potentially worthy of publication in Nature Communications. However, the author still
needs to revise the draft and answer some question prior to acceptance:

1. The text part needs to be double-checked. The phrase "A deep analysis concerts swelling/rheology into three descriptors,
ve, X (Flory-Rehner inversion), and floop (loop fraction from bridge capacity)" needs clarification.

2. What were the theoretical or experimental bases for optimizing various parameters during the preparation of this
DAMPS/AM-SBVI double-network hydrogel?

3. While SBVI is described as a laboratory-synthesized zwitterionic monomer, details regarding its synthesis procedure are
notably absent in the manuscript.

4. Why was the Flory-Rehner equation selected over alternative models (e.g., the Beltman-modified model) for x parameter
calculation? Does electrostatic shielding under high-salinity conditions potentially interfere with this model's applicability?

5. What is the justification for setting =1 in the equation ve=G'/CRT?
6. The equation needs to be double-checked, F_ion=RT Y, _i#&[ c_i*b (e (-z_i u) (-z_i u-1)] +1).
7.'SBVI++AMPS-' contains incorrect superscript/subscript formatting.

8. Regarding free energy decomposition, what is the rationale for neglecting the Fdiss term? Detailed data supporting Figure
3L should be supplemented.

Numerous studies have also reported various functional zwitterionic hydrogels. To better highlight this work's novelty, a
comparative analysis emphasizing the material's distinctive advantages over existing zwitterionic hydrogels should be
included.

10. Other minor: such as in Figure 2C, the pictures demonstrating the tensile stress-strain tests of swollen hydrogels are
presented without a scale bar.

Some figure caption needs to be double checked.

In the supporting information, the character of SBVI needs to be provide, such as NMR.



Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)
The authors have addressed the reviewers' comments. | suggest teh publication of this manuscript in Nature
Communcations.

Reviewer #2

(Remarks to the Author)
It can be accepted as this version.

Reviewer #3

(Remarks to the Author)
After careful review of the revised manuscript, all concerns raised in the previous review have been adequately addressed,
and the paper is recommended for acceptance.
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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The manuscript reported a double network hydrogel composed of poly(AMPS)
and zwitterionic AM-SBVI that strengthens while swelling in brine. Upon salt
exposure, the network undergoes ion-triggered topological reconfiguration, the
intrachain zwitterionic loops open and re-form as inter-network SBVI+-AMPS-
bridges, which yields a higher effective bridge density ve, at lower polymer fraction
(®). The hydrogel demonstrates a 3.4-fold increase in tensile strength and a 2.1-fold
enhancement in equilibrium swelling ratio in 200 g/l NaCl compared to deionized
water. SAXS and XPS confirm the ion-mediated decoupling of crosslinking domains
and redistribution of charge density. Moreover, simulation calculations suggest more
strong interactions between SBVI and AMPS under high salinity water. Coreflooding
experiment demonstrates robust injectability and flow-resistance characteristics under
high salinity porous rock. I suggest the publication of this manuscript with major
revision upon addressing the following comments.

1. There are some descriptions related to tensile strength and equilibrium swelling
ratio in the main manuscript that the reviewer cannot find the related supporting
data.

Thank you for your careful review. We have now provided detailed data support
and comprehensive explanations regarding the tensile strength and equilibrium
swelling ratio.

About the equilibrium swelling ratio, we investigate the swelling behavior of the
hydrogels in deionized water and various saline solutions. The swelling ratio (Sr) is

employed for quantitative characterization, calculated using the following equation:

S = DtZHt — D02H0
r DO2 H 0
Do is the radius of the original cylindrical hydrogel sample; Ho is the thickness of the
original cylindrical hydrogel sample; D is the radius of the hydrogel after immersion

for time t; H, is the thickness of the hydrogel after immersion for time t.



Sr reflects the volumetric changes of the hydrogels, and the experimental results
under different solvent environments are presented in Figure R1. The results
demonstrate that during the initial 131 min, the hydrogel exhibits a faster swelling rate
in water, with Sr values exceeding those in saline solutions. From 131 min to 303 min,
the Sr in water gradually stabilizes and reaches swelling equilibrium, with a maximum
value of approximately 17.63. During this period, the swelling rate of S: in saline
solutions gradually increases and eventually surpasses that in water. After 303 min of
swelling, the S: values in all saline solutions surpassed those in water. Following 367
min of swelling, the Sr in saline solutions gradually stabilizes and reaches swelling
equilibrium. These results indicate that in water, the highly charged AMPS network
promotes volumetric expansion through osmotic pressure-driven swelling, resulting in
higher S: values than in saline solutions during the initial 131 min. Specifically, as
illustrated in Figure R2, the S: of the single-network Samps is 2.45 times that of
Sam-svi in water, confirming the contribution of AMPS to swelling performance in

aqueous environments.
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Figure R1. The S; of hydrogels swelling in different solvent environments
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Figure R2. The swelling ratio comparison of Samps and Ssm-spvi

Generally, salt ions can shield the electrostatic interactions between polymer
chains, typically resulting in reduced swelling performance in saline solutions, with

higher salt concentrations leading to more pronounced swelling suppression.



Consequently, conventional hydrogels usually exhibit varying degrees of swelling
reduction in saline environments compared to pure water. Remarkably, however, the
Sr values of our hydrogels (Damps/am-svi) in water, 20 g/ NaCl, 100 g/L NaCl,
200g/L NaCl, and formation brine are 17.63, 19.28, 19.74, 21.41, and 19.38,
respectively. Damps/am-svi demonstrate superior swelling performance in saline
solutions compared to pure water, achieving an anomalous salt-enhanced swelling
property.

To further substantiate this anomalous salt-enhanced swelling behavior, the water
content (Wr) of the hydrogels is evaluated under different solvent environment,

calculated using the following equation:

Mo represents the initial gel mass prior to swelling; M, denotes the gel mass after

swelling for time t.

W: reflects the water retention capacity of the hydrogels, as shown in Figure R3.
The trend of W: is closely consistent with that of S:. Initially, Wr in water exceeded
that in saline solutions, while at later stages of swelling, W: in saline solutions

progressively surpassed that in pure water.
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Figure R3. The W, of hydrogels swelling in different solvent environments

Furthermore, our hydrogels Dawmps/am-sevi exhibit an abnormal swelling
enhancement with increasing salt concentration. The S: in 200 g/L. NaCl exhibits an
11.05% increase compared to that in 20 g/L NaCl. The maximum W: of 7.87 is
observed in 200 g/L NaCl, representing a 24.4% increase compared to pure water.

This anomalous salt-enhanced swelling suggests a conformational transition in the



AM-SBVI network, where the anti-polyelectrolyte effect dominates, promoting
hydrogel expansion and increased water uptake in saline environments (Figure R4).
This transition from a collapsed conformation in pure water to an extended
conformation in saline solutions enables the salt-tolerant hydrogel Damps/am-sBvi to
avoid the typical collapse phenomenon exhibited by conventional polyelectrolyte

hydrogels in saline environments' 2.
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Figure R4. Photographs of hydrogels after swelling in different environments

Traditional hydrogels typically experience mechanical deterioration due to
polymer chain dilution and network weakening upon swelling in brine® ¢, with
electrolyte presence exacerbating mechanical loss and even causing structural
disintegration of swollen hydrogels. To evaluate the mechanical performance of the
prepared hydrogels post-swelling, dumbbell-shaped specimens are prepared and
allowed to reach swelling equilibrium in different solvents. Tensile tests are conducted
using a universal testing machine at a constant crosshead speed of 20 mm/min, with
stress-strain values recorded throughout the measurement. The stress-strain curves of

hydrogels after swelling in various solvents are shown in Figure RS.
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Figure RS. Stress-strain curves of hydrogels after swelling in different environments

After swelling, the hydrogels exhibit stress/strain values of 0.19 MPa/87.76% in
water, 0.31 MPa/122.3% in 20 g/L NaCl, 0.31 MPa/100.2% in 100 g/L NaCl, 0.31
MPa/78.9% in 200 g/L NaCl, and 0.31 MPa/91.4% in formation brine. Notably, the



Dawmps/am-ssvi hydrogels show 63.16% higher stress values across all saline solutions
compared to pure water, with the strain values in saline solutions showed a maximum
increase of 39.36% compared to water.

The toughness is calculated by integrating the area under the stress-strain curve,
as shown in Figure R6. The toughness values after swelling in water, 20 g/L NaCl,
100 g/ NaCl, 200 g/L. NaCl, and formation brine are 5.98, 26.02, 20.34, 15.19, and
18.59 MJ/m?, respectively. Notably, the toughness of hydrogels swollen in 20g/L
NaCl exhibits a 335.12% increase compared to those in pure water, surpassing
previously reported systems with comparable swelling characteristics® ¢. These results
demonstrate the salt-induced mechanical enhancement of salt-tolerant hydrogels after

swelling in varying salt concentration environments.
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Figure R6. The toughness of hydrogels after swelling in different environments

When immersed in formation brine containing Ca®>" and Mg**, the swelling and
mechanical properties of Damps/am-sBvi decreased slightly compared to NaCl solutions
of equivalent concentrations. The presence of divalent ions, such as Ca?" and Mg?",
can interact well with the sulfonate group on AMPS or the SBVI group, making the
network more compact, limiting the extent of swelling, and thereby reducing the
mechanical reinforcement provided by the ionic bridges’. This highlights the critical
role of ion specificity in the salt-responsive behavior of the hydrogel, suggesting that
the ionic strength alone is not sufficient to explain the hydrogel’s performance in
brine. Rather, the ion-specific interactions between the hydrogel and the solution
components must be considered when designing hydrogels for use in complex ionic
environments.

The relevant revised section has been highlighted in yellow in the manuscript

and Supporting Information.



2. In the abstract section, Fig. S8, the hydrogel demonstrates a 3.4-fold increase in
tensile strength and a 2.1-fold enhancement in equilibrium swelling ratio in 200 g/L
NaCl compared to deionized water. The authors need to specify the data that
supported the 3.4-fold increase in tensile strength and 2.1-fold enhancement in
equilibrium swelling ratio.

Thank you for your careful review. We have thoroughly examined the original
data and figures and found no errors in the raw measurements. However, we identified
that the previous calculation method involved repetitive stacking, leading to incorrect
fold-change values. We have now reviewed and revised all relevant sections
throughout the manuscript. The corrected data and specific modifications are provided
below:

The equilibrium swelling ratio (Sr) values of our hydrogel Damps/am-sBvi in
deionized water, 20 g/L NaCl, 100 g/L NaCl, 200 g/L NaCl, and formation brine are
17.63, 19.28, 19.74, 21.41, and 19.38, respectively, as shown in Figure R7. The water
content (Wr) values of Damps/am-ssvi in water, 20 g/L. NaCl, 100 g/L NaCl, 200 g/L
NaCl, and formation brine are 6.34, 6.40, 7.31, 7.88, and 7.26, respectively, as shown
in Figure R8. Dawmps/am-sBvi demonstrates superior swelling performance in saline
solutions compared to pure water, achieving an anomalous salt-enhanced swelling
property. The Srin 200 g/L NaCl exhibits a 21.44% increase compared to that in water.
The W: in 200 g/L NaCl exhibits a 24.29% increase compared to that in water.
Therefore, the correct expression is: The hydrogel demonstrates a 1.21-fold

enhancement in equilibrium swelling ratio in 200 g/L NaCl compared to water.
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Figure R7. The swelling ratio (S,) of hydrogels after swelling in different environments
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Figure R8. The water content (W;) of hydrogels after swelling in different environments

Tensile tests of the hydrogels after reaching swelling equilibrium in different
solvents are shown in Figure R9. The stress values of Damps/am-ssvi after swelling in
deionized water and 200 g/L NaCl are 0.19 MPa and 0.31 MPa, respectively. The
stress in 200 g/L NaCl exhibits a 63.16% increase compared to that in water.
Therefore, the correct expression is: The hydrogel demonstrates a 1.63-fold
enhancement in tensile stress in 200 g/L NaCl compared to water.

The relevant revised section has been highlighted in yellow in the manuscript

and Supporting Information.
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Figure R9. The stress of hydrogels after swelling in different environments

3. There are many hydrogel samples being tested as shown in the figures. The
authors need to specify the feed molar ratio of monomers, feed molar ratio of first
and second networks, concentration of crosslinking agents and other parameters
for preparing the hydrogel samples in the figure legends.

Thank you for your careful review and suggestion. We have supplemented the
relevant data of hydrogel synthesis in the figure caption in detail, as follows:
Figure 1. Design and synthesis of Dawmps/am-sBvi. (A) Schematic diagram of the
design and fabrication of the reconfigurable salt-resistant hydrogels. (B) Fourier

Transform Infrared Spectroscopy (FTIR) spectra of the Samps, Sam-svi, and



Dawmps/am-ssvi. (C) The optimization of the optimal molar ratio of the first network and
the second network. For the first network, the AMPS, initiator and crosslinker are
0.01 M, 0.0006 M, and 0.0004 M, respectively. For the second network, the AM,
SBVI, the initiator and the crosslinker are 0.1 M, 0.014 M, 0.0006 M, and 0.00061 M,
respectively. The feed molar ratio of first and second network is from 1:94 to 1:27. (D)
The optimization of the cross-linker concentration for the second network. For the
first network, the AMPS, initiator and crosslinker are 0.01 M, 0.0006 M, and 0.0004
M, respectively. The feed molar ratio of first and second network is 1:40. For the
second network, the AM, SBVI, and initiator are 0.1 M, 0.014 M, 0.0006 M,
respectively. (E) The optimization of the monomer content of the second network. For
the first network, the AMPS, initiator and crosslinker are are 0.01 M, 0.0006 M, and
0.0004 M, respectively. The feed molar ratio of first and second network is 1:40. For
the second network, the initiator and crosslinker are 0.0006 M, and 0.00031 M
respectively. The monomer ratio of AM and SBVI is 50:7. (F) The swelling ratio of
SAMPS, SAM-SBVI and DAMPS/AM-SBVI after swelling brine (100 g/L NaCl). (G)
The rheological properties of SAMPS, SAM-SBVI and DAMPS/AM-SBVI after
swelling brine (100 g/L NaCl).
Figure S8. Systematic optimization of the monomer ratio for hydrogels. For the first
network, the AMPS, initiator and crosslinker are 0.01 M, 0.0006 M, and 0.0004 M,
respectively. The feed molar ratio of first and second network is 1:40. For the second
network, the initiator and crosslinker are 0.0006 M, and 0.00031 M respectively. The
monomer content is 0.07 M.(A) The stress-strain of the as-prepared hydrogels with
different ratios. (B) The stress-strain of the water-swollen hydrogels with different
ratios. (C) The stress-strain of the brine-swollen hydrogels with different ratios. (D)
The toughness of water-swollen hydrogels and bine-swollen hydrogels with different
ratios.

The relevant revised section has been highlighted in yellow in the manuscript
and Supporting Information.
4. Line 212-215, the authors claimed that DAMPS/AM-SBVI hydrogels immersed
in 200 g/L NaCl exhibit tensile stress of 0.33 MPa and strain of 123%, which are



significantly higher than those of water-swollen hydrogels (Figure 2C-E). However,
based on Figure 2D, the strain of DAMPS/AM-SBVI hydrogels immersed in 200
g/L NaCl was only about 79%.

Thank you for your careful review. As addressed in our response to Question 2,
we have verified that the raw data and figures contain no errors. However, the
previous calculation method involved repetitive stacking, resulting in incorrect
fold-change values. We have revised all relevant sections throughout the manuscript,
with the corrected data and specific modifications provided below:

Tensile tests of the hydrogels after reaching swelling equilibrium in different
solvents are shown in Figure R10. After swelling in deionized water, the stress and
strain values of the hydrogel are 0.19 MPa and 87.76%, respectively. After swelling in
20 g/L NaCl, the stress and strain values are 0.31 MPa and 122.3%, respectively. After
swelling in 100 g/L NaCl, the stress and strain values are 0.31 MPa and 100.2%,
respectively. After swelling in 200 g/L NaCl, the stress and strain value are 0.31 MPa
and 78.9%, respectively. After swelling in formation brine, the stress and strain value
are 0.31 MPa and 91.4%, respectively. These results indicate that the stress strength of
Dawmps/am-ssvi after swelling in saline solutions of various concentrations is generally
increased by 63.16% compared to that after swelling in water. The strain values of
salt-resistant hydrogels after swelling in saline solutions are increased by up to 39.36%
compared to those after swelling in deionized water.

The relevant revised section has been highlighted in yellow in the manuscript.
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Figure R10. The strain of hydrogels after swelling in different environments

5. Based on Table S2, the molar ratio of AM in the second network is high.
That said, the noncovalent interactions exerted by AM should play some role on the

morphology and physical properties of the network. The formation of hydrogen



bonding, cation-dipole, and other interactions between the AM and other monomers
upon salt exposure would also trigger the changes in the network morphology,
swelling, and mechanical properties. This effect should be discussed and the related
experiments and simulations should be conducted to elucidate the mechanism.

Thank you very much for this insightful comment.

We fully agree that the relatively high AM content in the second network should
influence the morphology and physical properties of the hydrogel, and that this point
needs to be discussed more carefully. Following your suggestion, we have examined
the possible role of AM-related noncovalent interactions and added additional
experimental and simulation analysis to clarify their contribution.

First, we would like to distinguish between (i) the contribution of AM to the
baseline mechanical properties of the network and (ii) the origin of the salt-induced
enhancement in swelling and mechanical performance. These two issues are related,
but not identical. Because AM is present at a high molar ratio in the second network,
it indeed contributes to the overall network mechanics by increasing chain
entanglement, improving chain flexibility, and providing a more deformable
secondary network for energy dissipation. This point is supported by our comparative
rheological measurements, as shown in Figure R11 and Figure R12 . The Damps/svi
hydrogel exhibits lower storage modulus (G’) and loss modulus (G”) than
Dawmps/am-sBvi after swelling in brine, confirming that AM improves the absolute

mechanical level of the system.
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Figure R11. The G' Of DAMPS/SBVI and DAMPS/AM—SBVI after swelling in brine. DAMPS/SBVI: The
first network is AMPS and the second network is SBVI. Damps/am-sevi: The first network is
AMPS and the second network is AM and SBVI.
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Figure R12. The G’ of DAMPS/SBVI and DAMPS/AM—SBVI after swelling in brine. DAMPS/SBVI: The
first network is AMPS and the second network is SBVI. Damps/am-ssvi: The first network is
AMPS and the second network is AM and SBVI.

However, the main focus of our work is not simply why the AM-containing
hydrogel is mechanically stronger in an absolute sense, but rather why the same
hydrogel becomes stronger after swelling in brine than in water. In other words, our
key question concerns the differential enhancement (A) induced by salt exposure.

To address whether AM-related noncovalent interactions dominate this
salt-induced enhancement, we specifically examine these mechanisms raised by the
reviewer: hydrogen bonding, cation-dipole interaction and other interactions.

For hydrogen bonding, we perform additional urea treatment experiments, since
urea is widely used as a hydrogen-bond disruptor. The hydrogel samples are subjected
to four conditions:

(1) Swelling in water,

(2) Swelling in brine,

(3) Swelling in urea followed by swelling in brine, and

(4) Simultaneous swelling in urea and brine.

The rheological results show that the hydrogel swollen in brine and the hydrogel
swollen simultaneously in urea and brine display very similar G’ and G". This is an
important result, because if hydrogen bonding were the dominant origin of the
salt-enhanced mechanical reinforcement, then disrupting hydrogen bonds in the
presence of brine should have substantially weakened the modulus. However, this is
not what we observe. Moreover, the sample pretreated with urea and then transferred
to brine exhibits the highest G’ and G” among the four conditions. This result further

indicates that hydrogen bonding is not the principal cause of the salt-enhanced



mechanics. Instead, the removal of hydrogen-bond constraints appears to facilitate
subsequent structural rearrangement in brine, thereby allowing the network to
reorganize more effectively into a mechanically favorable state. Therefore, hydrogen
bonding may exist in the system, but it does not account for the unusual increase in
mechanical strength after salt swelling.

We also investigate the possibility of AM-related cation-dipole interaction under
saline conditions. FTIR analysis shows that the C=0 stretching vibration shifts from
1652 to 1646 cm™ after swelling in brine, indicating that the carbonyl environment
changes in the presence of salt. To further examine this point, we carry out DFT
calculations for the interaction between Na* and the carbonyl oxygen of AM. The
optimized structure supports the existence of a cation-dipole interaction, but the
calculated binding energy is only -0.02345 eV. This value indicates that the interaction
is energetically favorable yet very weak. Therefore, our interpretation is that AM-Na*
cation-dipole interaction may exist and may assist local structural relaxation or reduce
AM-rich phase association, but it is not strong enough to be regarded as the dominant
load-bearing interaction or the primary driving force for the salt-enhanced mechanics.
In the revised manuscript, we have therefore intentionally softened this point and now
treat the cation-dipole interaction as a secondary or auxiliary effect, rather than the
central mechanism. Below is the detailed discussion of the possible contributors to the
hydrogel structural change under brine conditions.

1) Hydrogen binding

The noncovalent interactions encompass a wide variety, as illustrated in Figure
R13, including hydrogen bonding, electrostatic interactions, hydrophobic associations,
n-n stacking, coordination complex formation, and so on. Among these, hydrogen
bonding has relatively strong bond energy and has been widely employed by
researchers through various engineering strategies to enhance the mechanical
performance of hydrogels. In high AM content systems, hydrogen bonding is the most
probable noncovalent inter- and intramolecular interaction. The strengths of hydrogen
bonds vary widely, ranging from weak van der Waals interactions to hydrogen bonds

with moderate strength and partial covalent properties. Since the development of



cellulose dissolution method by Zhang et al. in 20048, urea is generally considered
and used as an efficient hydrogen bond breaker between polymer chains. To verify
whether hydrogen bonding triggers changes in the network mechanical properties, we
employ urea (8 wt%) to disrupt hydrogen bonding in hydrogels. The experimental
procedures involve subjecting hydrogels to the following treatments: (#1) swelling in
water, (#2) swelling in brine, (#3) swelling in urea followed by swelling in brine, and
(#4) simultaneous swelling in the swelling mixture of urea and brine. Rheological
properties are then measured for each treatment group. After swelling in water (#1),
the hydrogel exhibits the lowest storage modulus (G') and loss modulus (G'’), which
are lower than those in brine-swollen hydrogels (#2), as shown in Figure R14 and
Figure R15.

For hydrogels swollen in brine (#2) and simultaneous swelling in urea and brine
(#4), the G' and G" are similar. This indicates that hydrogen bonding is not the key
factor for mechanical enhancement, even though hydrogen bonds in the hydrogel are
disrupted by urea in #4. After treatment with urea, the (#3) hydrogel exhibits the
highest G’ and G" after swelling in brine, which suggests that the disruption of
hydrogen bonds by urea may create favorable conditions for the salt-enhanced
mechanical property. Moreover, the storage modulus of (#3) hydrogel is almost
constant when frequency increase, suggesting the hydrogel behaves like a permanent
crosslinking network after urea treatment. In contrast, the storage modulus of (#2)
hydrogel increases as a function of frequency, which is a typical behavior of dynamic
crosslinking network. When the frequency reaches 100 Hz, the storage modulus value
of (#2) hydrogel is comparable with (#3) hydrogel, suggesting the more compact and
stable interaction existing in the urea treatment hydrogel. Yet, the salt induced
increase in G not only persists but is amplified, supporting a topology reinforcement
rather than a hydrogen binding dominated mechanism.

We further calculate the effective crosslinking density, by G’/CRT. The vein brine
is roughly 0.5 mol/m?, and increases to 3.8 mol/m?, 12 times rise. This is a solid
support that the enhancement in mechanical properties in mainly depend on the

crosslinking point increase. We do not exclude secondary contributions from



H-bonding or dipolar interactions or other interactions; however, their role is
subordinate to topological conversion under the tested brine condition.
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Figure R13. The binding energy of noncovalent interactions’.
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Figure R14. The storage modulus (G’) of hydrogels with different treatments.
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Figure R15. The loss modulus (G'") of hydrogels with different treatments.

2) Ion-dipole interaction

As you correctly pointed out, in a saline environment, AM may form ion-dipole
interactions with ions. Ion-dipole interaction, specifically the electrostatic attraction
between cations and polar molecules, has been recognized as one of the most effective
approaches for enhancing ionic conductivity in ion exchange membranes!®. This

mechanism has been widely exploited to improve ion transport in hydrogels by



creating abundant pores or channels within the polymer network. In our system, SEM
images reveal distinct morphological differences between hydrogels swollen in water
and brine. The water-swollen hydrogel displayed a heterogeneous polymer matrix
with constricted pores and reduced porosity, typical of phase-separated structures, as
shown in Figure R16. In contrast, the brine-swollen hydrogel exhibited a more
homogeneous structure, characterized by expanded pores and a looser network
topology. We initially attribute this morphological change to the ability of salt ions to
disrupt phase separation and induce structural adaptation. Inspired by the ion-dipole
interaction mechanism reported in ion exchange membranes, we propose that Na*
coordinates with the carbonyl oxygen of AM through cation-dipole interactions,

promoting the formation of a more porous and homogeneous network.

In-Brine

Figure R16. The SEM images of hydrogels swelling in different solutions.

To gain deeper insight into this mechanism, we perform FTIR analyses of
hydrogels Dawmps/svi and Damps/am-sBvi. As shown in Figure R17, the FTIR results
show a shift in the C=O stretching vibration from 1652 to 1646 ¢cm’!, indicating a
changed carbonyl environment and a reduced C=0 bond force constant. This red shift
suggests strengthened intermolecular interactions involving the carbonyl groups,

which may include ionic coordination.
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Figure R17. The FTIR of DAMPS/SBVI and DAMPS/AM—SBVI swelling in 100 g/L NaCl. DAMPS/SBVI:
The first network is AMPS and the second network is SBVI. Damps/am-ssvi: The first network
is AMPS and the second network is AM and SBVI.

To further validate the cation-dipole interaction between AM and Na', density
functional theory (DFT) calculations are performed using the B3LYP functional. The
optimized geometry and electrostatic potential distribution revealed that Na* interacts
with the carbonyl oxygen of AM through electrostatic attraction (cation-dipole

interaction), as shown in Figure R18.
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Figure R18. The electrostatic potential distribution of AM and Na™*

The binding energy is calculated as Ebinding energy = E(AM-Na+) - E(am) - E(Na+). The
binding energy of O-Na" is calculated to be -0.02345 eV, indicating an energetically
favorable but weak interaction between Na' and carbonyl oxygen. Based on these
findings, the ion-dipole interactions disrupt the phase-separated structure, leading to
the observed morphological changes and contributing the swelling property.

3) For other interactions:

Beyond hydrogen bonding and cation-dipole interaction, we also agree that
other AM-related weak interactions may exist after salt exposure. In the present
hydrogel system, these are more reasonably understood as nonspecific amide-amide
dipole association, weak van der Waals contacts, salt-modulated local aggregation,
and entanglement-assisted local rearrangement within the AM-containing second
network. Such interactions may influence local morphology, chain entanglement, and
the baseline viscoelastic response of the hydrogel. However, based on the currently
available evidence, we do not consider these AM-related interactions to be the

dominant origin of the salt-enhanced changes in morphology, swelling, and



mechanical performance. Instead, they are more appropriately regarded as
supplemental contributors to accompany local structural adaptation, whereas the
primary mechanism remains the salt-triggered topological conversion of SBVI-based
intrachain loops into inter-network reversible bridges with AMPS.

Based on these additional results, our conclusion is as follows. The high AM
content does affect the network morphology and the baseline physical properties of
the hydrogel. AM improves the deformability and entanglement of the second
network, and weak AM-related noncovalent interactions may participate in local
rearrangement under saline conditions. However, these AM-centered interactions do
not primarily govern the salt-induced enhancement in swelling and mechanical
strength. The dominant mechanism remains the salt-triggered topological
reconfiguration of the network: salt screens the intrachain zwitterionic ion-pair loops
associated with SBVI, exposes additional ionic sites, and promotes their
reorganization into inter-network reversible bridges with AMPS. This loop-to-bridge
conversion decreases the fraction of non-load-bearing loops and increases the
effective load-bearing connectivity of the swollen network, thereby explaining why
the hydrogel becomes simultaneously more swollen and mechanically stronger in
brine.

To avoid misunderstanding, we have revised the manuscript and Supporting
Information to clarify the hierarchy of contributions more explicitly following:

(1) AM contributes to the baseline mechanical robustness of the second network;

(2) Hydrogen bonding is not the dominant source of the salt-enhanced
reinforcement;

(3) AM-related cation-dipole interaction may exist, but it is weak and auxiliary;

(4) The principal origin of the anomalous salt-enhanced behavior is the
salt-induced topological conversion of SBVI-based intrachain loops into
inter-network SBVI'-AMPS" bridges.

The relevant revised section has been highlighted in yellow in the manuscript
and Supporting Information.

6. The enhancement of both hydrogel mechanical strength and swelling



performance is very complex. The authors mainly attributed it to a stronger
interaction between SBVI and AMPS under high salinity water simply based on the
simulation calculation. There might be several mechanisms that contributed to the
enhancement. For example, it is possible that, upon salt exposure, the hydrogen
bonding, cation-dipole, and other interactions between the AM and other monomers
were screened and triggered the rearrangement of polymeric network and increase
of ionic/nonionic bridging, partly contributing to network stability and
salt-enhanced elasticity.

Thank you very much for this insightful and important comment. We fully agree
that the simultaneous enhancement of swelling and mechanical properties in brine is a
complex and multifactorial process, and should not be interpreted as the consequence
of a single interaction or a single simulation result. We have therefore carefully
revised our discussion to clarify the hierarchy of contributions and to avoid
over-attributing the observed behavior to one isolated factor.

First, we would like to clarify that our mechanistic conclusion is not based solely
on the simulation result of stronger SBVI-AMPS interaction under high salinity
conditions. Rather, our interpretation is derived from the combined evidence of
swelling  behavior, rheology, SAXS/XPS characterization, hydrogen-bond
perturbation experiments, FTIR/DFT analysis, and thermodynamic/free-energy
analysis. In the revised manuscript, we now emphasize that the unusual
co-enhancement arises from a network-level topological reconfiguration, while
AM-related local interactions may participate as secondary contributors. This
clarification is important because the key phenomenon in our system is not simply a
higher modulus, but the fact that the hydrogel becomes more swollen and
simultaneously mechanically stronger in brine than in water, which is opposite to the
classical swelling-strength trade-off expected from Flory-Rehner and rubber elasticity
arguments.

Based on the swelling and rheology data across five aqueous media, we extract
three descriptors of the swollen network, namely the effective bridge density (ve), the

effective solvent parameter (), and the absolute loop fraction (fioop), and then resolve



the free-energy density into four contributions, Fiot = Fmix + Fel + Fion + Fassoc. The
results show that ve increases strongly with salt concentration, while fioop decreases
monotonically from 0.55 in water to 0.14 in 100 g/l NaCl, indicating progressive
conversion of non-load-bearing intrachain loops into load-bearing bridges. In parallel,
the free-energy decomposition shows that the principal balance is between the
increasing elastic penalty (Fe1) and the increasingly favorable associative stabilization
(Fassoc), whereas Fion is much smaller and Fmix changes only modestly. These results
directly support a salt-induced loop-to-bridge topological conversion as the main
structural origin of the co-enhanced swelling and modulus. In other words, the
coexistence of larger swelling and higher modulus does not arise from a better solvent
environment alone, but from salt-driven topology control that increases effective
load-bearing connectivity in the swollen state.

At the same time, we agree with the reviewer that AM-related noncovalent
interactions may also participate in this process, and we have now addressed this point
more carefully.

1) Hydrogen bonding

With respect to hydrogen bonding, we carry out additional urea-treatment
experiments, since urea is a widely used hydrogen-bond disruptor. Four conditions are
compared: swelling in water, swelling in brine, swelling in urea followed by swelling
in brine, and simultaneous swelling in urea and brine. The rheological results show
that the hydrogel swollen in brine and the hydrogel swollen simultaneously in urea
and brine display similar G' and G", indicating that disruption of hydrogen bonding
does not eliminate the salt-enhanced mechanical response. Moreover, the hydrogel
pretreated with urea and subsequently swollen in brine exhibits the highest G' and G"
among all groups. These observations indicate that hydrogen bonding is not the
dominant source of the mechanical enhancement after salt swelling. Instead,
disrupting hydrogen-bond constraints appears to facilitate later structural
reorganization in brine. Therefore, hydrogen bonding may affect local chain
conformation, but it cannot account for the anomalous co-enhancement observed in

saline media.



2) Caion-dipole interaction

With respect to cation-dipole interaction, we agree that AM may interact with
salt ions under brine conditions. FTIR analysis shows that the C=0 stretching band
shifts from 1652 to 1646 cm™ after swelling in brine, indicating that the carbonyl
environment changes in saline solution. To further probe this possibility, we
performed DFT calculations for the interaction between Na*™ and the carbonyl oxygen
of AM. The calculation supports the existence of an AM-Na" cation-dipole interaction,
but the calculated binding energy is only -0.02345 eV, indicating that this interaction
is energetically favorable yet weak. We therefore interpret this interaction cautiously:
it may assist local chain relaxation and structural adaptation, but it is not sufficiently
strong to be considered the principal load-bearing interaction or the dominant driving
force for the salt-enhanced mechanics and swelling.
3) Other interactions

Beyond hydrogen bonding and cation-dipole interaction, we also agree with the
reviewer that other AM-related weak interactions may exist after salt exposure. In the
present system, these are more reasonably understood as nonspecific amide-amide
dipole-dipole association, weak van der Waals contacts, salt-modulated local
aggregation, and physical entanglement-assisted structural relaxation within the
AM-containing second network, rather than as strong, well-defined directional bonds.
Such effects may influence local morphology, chain packing, and baseline
viscoelasticity of the hydrogel. However, based on the currently available evidence,
we do not consider these AM-related interactions to be the dominant origin of the
anomalous salt-enhanced co-improvement in swelling and mechanical strength. This
conclusion is based on our new experiment results: 1) the strongest plausible
AM-related directional interaction, hydrogen bonding, can be disrupted without
eliminating the salt-enhanced mechanics; 2) the directly probed AM-Na* cation-dipole
interaction is weak in energy; 3) the strongest quantitative evidence from our system
points instead to increased ve, decreased fioop, and the Fel/Fassoc trade-off characteristic
of loop-to-bridge conversion. Accordingly, these weak AM-related interactions are

better regarded as secondary contributors that accompany local structural adaptation,



rather than as the dominant mechanism that drives the macroscopic salt-enhanced
elasticity.

Therefore, we revise our paper as we fully agree that there are many factors
affect the enhancement process, which we have state that in the revised manuscript
version. For AM-related interactions, hydrogen bonding, weak cation-dipole
interaction, and other nonspecific local associations may participate in morphological
adjustment and structural relaxation under saline conditions. However, the currently
available experiments and calculations do not support these AM-centered interactions
as the dominant origin of the unusual co-enhancement. The dominant mechanism is
the salt-induced topological reconfiguration of the double-network hydrogel: salt
screens SBVI-based intrachain ionic loops, exposes ionic sites, and promotes their
reorganization into inter-network reversible SBVI*-AMPS" bridges. This conversion
decreases the fraction of non-load-bearing loops and increases the effective
load-bearing connectivity of the swollen network, thereby enabling simultaneous
enhancement of swelling and mechanical strength in brine.

To avoid misunderstanding, we have revised the manuscript and Supporting
Information accordingly, and highlighted in yellow. In the revised version, we no
longer present AM-related cation-dipole interaction or other AM-centered weak
interactions as the responsible factor for the overall enhancement. Instead, they are
now described as possible auxiliary effects, whereas the primary mechanism is the
salt-triggered loop-to-bridge topological conversion within the double-network

hydrogel system, as shown in Figure R19.
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Figure R19. Schematic illustration of structural evolution of the hydrogel in brine

Reviewer #2 (Remarks to the Author):

This manuscript reports a double-network hydrogel composed of poly(AMPS)



and poly(SBVI-co-Am) networks, which exhibits salt-enhanced mechanical properties.
While the mechanical performance and structure of the gel are investigated, several
critical issues must be addressed before the work can be considered for publication.

1. The introduction section is rather confusing. Whether for zwitterionic
polymers or other types of polymers, most undergo changes in network structure
and mechanical properties in saline environments. The authors have not adequately
categorized or elaborated on these aspects. Moreover, when reading these
paragraphs, it is difficult to discern the authors' intention: Is the goal to obtain gels
with unchanged mechanical properties in brine, or to develop gels with enhanced
performance in brine? If the latter, there have already been numerous reports of
ion-enhanced cases in various polymer systems, including single-charged polymers,
zwitterionic polymers, and non-ionic polymers. Therefore, the authors need to
highlight the innovation and uniqueness of this work.

Thank the reviewer for this constructive and important comment.

We agree that the original Introduction does not sufficiently distinguish among
different classes of salt-responsive polymer systems, nor does it clearly state the
specific objective and novelty of this work. The earlier version does not adequately
separate the broader problem of maintaining hydrogel stability in saline environments
from the specific question addressed here, namely, how to design a hydrogel that
exhibits simultaneous enhancement of swelling and mechanical performance in brine.
Therefore, we have substantially revised the Introduction to clarify both the research
context and the innovation of the present study.

In the revised Introduction, we first define the general challenge of hydrogel
instability under high-ionic-strength conditions, emphasizing that cation-mediated
screening and reduced polymer-solvent affinity commonly lead to dehydration,
collapse, and weakened load-bearing connectivity. Then, we reorganize the literature
discussion by distinguishing among charged polymer systems, zwitterionic polymer
systems, and nonionic polymer systems, and clarify the typical saline responses and
limitations of each class. This revision is intended to provide a clearer framework for

readers and to position our work more precisely within the broader field.



We also explicitly clarify our objective. The purpose of this work is not to obtain
a hydrogel whose swelling and mechanical properties remain unchanged in brine
relative to water. Rather, our purpose is to understand and how the principle of a
system with more swollen and mechanically stronger under high-salinity conditions at
the same time. We agree with the reviewer that cation-enhanced behavior has been
reported in various works. Accordingly, in the revised Introduction, we no longer
present our work simply as another example of salt-enhanced performance. Instead,
we highlight that the key innovation of this study lies in the quantitative mechanistic
resolution of this co-enhancement. Specifically, we now emphasize that the central
contribution of this work is the identification of a salt-triggered topological
reconfiguration mechanism in the Dawmps/am-sevi double-network hydrogel. To
quantify this process, we introduce three experimentally descriptors, effective bridge
density (ve), effective Flory-Huggins parameter (), and absolute loop fraction (fioop),
and further resolve the free energy into mixing, elastic, associative, and ionic
contributions. This framework allows us to explain why our hydrogel does not merely
resist saline deterioration, but instead undergoes a structural adaptation in which
swelling is coupled to an increase in effective load-bearing connectivity. We believe
this distinguishes the present work from prior studies that primarily reported
phenomenological salt responsiveness or property enhancement without resolving the
underlying network-level mechanism.

For summarized, the Introduction has been substantially rewritten to: (1)
categorize the relevant saline-responsive hydrogel systems more clearly; (2)
distinguish our target of simultaneous swelling and mechanical enhancement in brine
from the broader goal of saline stability; (3) highlight the uniqueness of this study as a
quantitative mechanistic analysis of cation-triggered topological adaptation, rather
than simply another double-network or cation-enhanced hydrogel example. Below is
our revise version, and we also highlight in yellow in the manuscript.

Hydrogels are water-swollen polymer networks with tunable hydration, transport,
and mechanical properties, making them attractive for applications ranging from

water treatment ' '2and enhanced oil recovery (EOR)!* !* to implantable biomedical



devices'> ',

Yet under high-ionic-strength conditions, conventional hydrogels
commonly undergo dehydration, loss of swelling capacity, and mechanical
deterioration'”- '8 1%, This instability arises primarily from ion-mediated screening of
charged segments and the concomitant reduction in effective polymer-solvent

20,21

affinity”™ <, which disrupts hydration, alters chain conformation and mesh structure,

and diminishes load-bearing network connectivity®> %,
From a thermodynamic perspective, this behavior is classically described by
Flory-Rehner theory, in which equilibrium swelling is governed by the balance

24, 25

between mixing and elastic free energies . In brine, hydrated ions weaken

polymer-solvent interactions and suppress electrostatic contributions to swelling?® %7,
often driving excessive shrinkage, structural collapse, or uncontrolled deformation,
particularly in networks with high ionic content or limited cohesive stabilization?®.
Substantial effort has therefore been devoted to improving hydrogel performance in
saline environments. Increasing the density of ionic groups can enhance hydration
under moderate salinity?> 3% 3!; however at higher salt concentrations, this strategy
may intensify ion-water competition and accelerate charge screening. Zwitterionic
polymers provide an important alternative because their strong hydration and internal

charge neutrality can produce anti-polyelectrolyte behavior’® 33

. However, many
zwitterionic hydrogels still show either mechanical softening or collapse of dynamic
ionic associations in salt-rich media**, so that swelling and mechanical robustness
cannot be improved simultaneously. Nonionic networks are less directly affected by
electrostatic screening, but they often remain limited by reduced solvent quality,
phase separation, or insufficient adaptability under concentrated brine®> 3¢, More
broadly, although salt-responsive and ion-enhanced behaviors have been reported in
charged, zwitterionic, and nonionic polymer systems, current studies have focused on
preserving structural integrity or improving a single property in saline environments *”
38,39 By contrast, hydrogels that become both more swollen and mechanically
stronger in concentrated brine remain comparatively rare, and the molecular basis of

this co-enhancement has not been quantitatively resolved. This problem is

fundamentally challenging because swelling and stiffness are ordinarily coupled in



opposite directions. Rubber elasticity relates mechanical stiffness to the density of
load-bearing network connections, whereas swelling lowers the polymer volume
fraction and generally dilutes effective connectivity. Accordingly, conventional theory
predicts that stronger swelling should be accompanied by weaker mechanics unless
the network reorganizes to generate new mechanically effective junctions during
swelling. The central question of this work is therefore not how to maintain hydrogel
properties in brine relative to water, but how to design a saline-responsive network
that undergoes structural adaptation such that swelling is coupled to an increase in
load-bearing connectivity rather than to its loss.

Here, we report a double-network hydrogel, denoted Damps/am-sBvi, that exhibits
simultaneous enhancement of swelling and mechanical performance under
high-salinity conditions compared to that in water. The first network is
poly(2-acrylamido-2-methylpropane sulfonic acid) (poly(AMPS)), while the second
network is composed of acrylamide (AM) and a newly synthesized zwitterionic
monomer, sulfobetaine vinylimidazole (SBVI). We show that salt exposure induces a
topological reconfiguration of the swollen network, in which zwitterionic intrachain
ion-pair loops are disrupted and reorganized into reversible load-bearing bridges
between the two networks. To quantify this process, we introduce three
experimentally accessible descriptors: the effective bridge density (ve), the effective
Flory-Huggins parameter (), and the absolute loop fraction (ficop). We further resolve
the free energy into mixing (Fmix), elastic (Fel), associative (Fassoc), and ionic (Fion)
contributions to define the energetic basis of the saline response. SAXS, XPS, and
DFT analyses reveal the associated structural rearrangement and charge redistribution,
while core-flooding experiments demonstrate the utility of this hydrogel in
high-salinity porous media. Together, these results establish a quantitative framework
for understanding how ion-triggered topological adaptation converts swelling into
mechanically effective connectivity and provide a design principle for hydrogels
required to operate in harsh saline environments.

2. There are many zwitterionic monomers, the reason for choosing SBVI

should be clarified properly. It is very important to illustrate the design method of



materials.

Thank you for this valuable comment. We totally agree that the rationale for
selecting SBVI should be clarified. The following is our rationale for selecting SBVI:

Zwitterionic monomers are functional polymers containing equal amounts of
positively and negatively charged groups, which can associate through electrostatic
interactions. When salt ions are present, the electrostatic interactions are weakened or
even dissociated, causing the hydrogel to swell and become softer, thereby exhibiting
salt-responsive property. The salt responsiveness of zwitterionic polymers originates
from the destruction and reconstruction of intermolecular interactions. Therefore, the
zwitterionic unit structure directly affects its stimuli-responsive behavior.

The zwitterionic monomers commonly used in existing research can be mainly
divided into three categories: (1) carboxybetaines consisting of quaternary ammonium
cations and carboxylate anions, such as 3-((2-(methacryloyloxy)ethyl)
dimethylammonio) propionate (CBMA); (2) sulfobetaine monomers consisting of
quaternary ~ ammonium  cations and  sulfonate anions, such  as
3-(N,N-dimethyl-(2-(2-methylprop-2-enoyloxy)ethyl)ammonio) propane-1-sulfonate
(SBMA); (3) phosphorylcholine monomers consisting of quaternary ammonium
cations and phosphate anions, such as 2-(methacryloyloxy)ethyl phosphorylcholine
(MPC)*. Among these, carboxybetaine and sulfobetaine have been most widely
studied. Carboxybetaine has lower hydration free energy in water, which
preferentially binds to water molecules rather than forming electrostatic interactions
between carboxybetaine groups. This results in weak self-association and
conventional carboxybetaine hydrogels almost exhibit no salt responsiveness*!. In
contrast, sulfobetaine has a weaker water-binding ability compared to carboxybetaine,
leading to more significant self-association and a pronounced anti-polyelectrolyte
effect. Therefore, sulfobetaine is preferred for hydrogel design requiring salt
responsiveness.

Furthermore, the anti-polyelectrolyte effect of sulfobetaine can be further
enhanced through two approaches: (1) strengthening physical interactions between

zwitterionic polymer chains by introducing highly folded network structures, such as



incorporating benzene rings or imidazolium cation structures*; (2) strengthening the
interaction between zwitterionic units and salt ions to promote dissociation of
inter-chain electrostatic interactions. For instance, higher-valency cation salts (e.g.,
Ca®") can form stronger interactions with zwitterionic polymers compared to
monovalent cation salts (e.g., Na), resulting in more significant anti-polyelectrolyte
effects*.

In this study, we select SBVI (a copolymer of propanesultone and vinyl
imidazole, i.e., sulfobetaine vinyl imidazole) as the zwitterionic monomer, which is a
sulfobetaine monomer containing an imidazolium cation structure. This design
combines the advantages of sulfobetaine's inherent anti-polyelectrolyte effect with the
enhanced physical interactions provided by the imidazolium cation. This is validated
by experimental comparisons with Dawmps-ssvi and Dawmps-ssma hydrogels. In the
Dawmps-svi system, the first network AMPS is synthesized and fully swollen in a
predetermined amount of SBVI solution prior to polymerization. Similarly, in the
Dawmps-sBma system, the first network AMPS is synthesized and fully swollen in a
predetermined amount of SBMA solution prior to polymerization. As shown in Figure
R20, the Dawmps-sevi hydrogel appears opaque in water due to strong inter-chain
associations, whereas the Damps-sema hydrogel becomes transparent after swelling,
indicating weaker self-association. Additionally, Dawmps-sevi exhibits superior
mechanical properties, with both storage modulus (G’) and loss modulus (G" )higher
than those of Dawmps-sema (Figure R21). These advantages make SBVI an optimal
choice for constructing salt-responsive hydrogels with enhanced mechanical
performance.

The relevant revised section has been highlighted in yellow in the manuscript

and Supporting Information.
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Figure R20. Morphological images of Damps-sevi and Damrs/sema hydrogels after swelling in
water. Damps/sgvi: The first network is AMPS and the second network is SBVI. Damps/smac
The first network is AMPS and the second network is SBMA.
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Figure R21. Rheological properties of Damps-sgvi and Damps/isema hydrogels after swelling in
water. Damps/sgvi: The first network is AMPS and the second network is SBVI. Damps/sBmac
The first network is AMPS and the second network is SBMA.

3. In the text, the abbreviation appeared first time should have its full name.
For example, the “EOR” at line 71, page 4.

Thank you for your careful review and suggestion. We have revised the
manuscript to include the full name “Enhanced Oil Recovery (EOR)” at its first
occurrence. We have also double-checked all other abbreviations throughout the
manuscript to ensure they are properly defined.

The relevant revised section has been highlighted in yellow in the manuscript.

4. The shape of the tensile stress-strain curve appears unusual, as a plateau is
observed in the later stage of stretching. This differs from the typical behavior of
glass materials, elastomers, and gels. Could this be due to the gel sample gradually
slipping from the grips of the tensile machine? The authors need to provide an
explanation for this phenomenon.

Thank you for your careful review and insightful question regarding the unusual
plateau observed in the tensile stress-strain curve.

We have conducted systematic control experiments and analysis to address this



concern. First, to rule out the possibility of grip slipping during the tensile test, we
mark the specimen at the grip boundaries before each test and examined the relative
position after stretching, as shown in Figure R22. The results show that the marked
positions remained aligned with the grips before and after stretching. In addition,
Video 1 shows no obvious relative displacement between the specimen and the grips

during stretching. Therefore, the plateau cannot be attributed to grip slippage.
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Figure R22. Schematic diagram of grip’s position before and after gel stretching

We found that the appearance of the plateau is closely related to the content of
the second network. The plateau only appears when the second network monomer
content exceeds 1:67, as shown Figure R23, where no obvious plateau is observed in
samples with lower second network content. This indicates that the plateau is
structurally associated with the second network architecture rather than arising from a

testing artifact.
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Figure R23. The tensile stress-strain curve of hydrogels

Direct observation of the stretching process shows that the deformation can be

divided into three stages, as shown in Figure R24. In Stage I, the sample deforms



approximately elastically and the stress increases with strain, as shown in Figure R25
A. In Stage II, localized damage initiates, as indicated by the appearance of a small
crack and slight stress softening. This stage corresponds to the onset of fracture of the
brittle first network, which serves as a sacrificial network for energy dissipation, as
shown in Figure R25 B. In Stage III, the hydrogel undergoes pronounced necking, and
the necked region gradually propagates while the stress remains nearly constant, as
shown in Figure R25 C. During this stage, the loosely crosslinked and highly
entangled second network remains intact and continues to bear the load through chain
sliding, alignment, and progressive thinning, thereby producing the plateau in the

stress-strain curve.
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Figure R24. The tensile stress-strain curve of the hydrogel

Figure R25. Morphological changes of the gel during stretching process: (A) initial
stretching, (B) crack initiation, (C) gradual necking and elongation

Based on the double network (DN) hydrogel design principle, the observed
three-stage deformation can be explained. In our experimental system, the first

network is designed with high crosslinking density, making it stiff and brittle. The



second network follows a design principle of low crosslinker content and high
monomer content, thereby increasing the degree of chain entanglements and
improving the toughness of the hydrogel. Specifically, in Stage I, both networks
deform elastically together. In Stage II, the high-crosslinking-density first network
reaches its critical stress (0.45 MPa) and begins to fracture, forming small cracks and
causing slight stress softening. This is consistent with the principle that the stiff first
network ruptures preferentially. At this point, the first network serves as a sacrificial
bond that breaks to dissipate energy, while the second network with high chain
entanglements remains intact and continues to bear the load. In Stage III, the second
network, characterized by low crosslinker content and high chain entanglements,
maintains the constant stress. Under sustained loading, the entangled chains gradually
slide and align along the stretching direction, leading to significant necking and
thinning of the gel. The hydrogel continues to elongate under constant stress, forming
a distinct plateau in the stress-strain curve. This is consistent with the plateau
phenomena reported in entanglement-dominated hydrogel systems*> 4. We have
performed multiple repeated experiments on the groups exhibiting the plateau, and the
results demonstrate good reproducibility. These findings indicate that the plateau
originates from the sustained load-bearing mechanism of the highly entangled second
network after the first network fracture, representing an intrinsic behavior of the
material rather than an experimental artifact. Therefore, this behavior is not
interpreted as grip slippage or another experimental artifact, but as an intrinsic
yielding or necking response of the double-network hydrogel. Such a plateau-like
regime has been reported in necking-dominated or entanglement-dominated DN
hydrogel systems, where stress remains nearly constant during neck propagation.
Repeated measurements of the plateau-containing samples also show good
reproducibility, further supporting this interpretation.

The relevant revised section has been highlighted in yellow in the manuscript
and Supporting Information.

5. The Young’s modulus of the gels with varying conditions should be

calculated and comparied, which was associated with cross-linking density of the



network. Besides, it is also suggest to compare Young’s modulus with shear
modulus.

Thank you for this valuable suggestion. According to your suggestion, we
calculate the Young's modulus of the hydrogels swollen in different conditions from
the slope of the linear region (strain range: 10-20%) of the stress-strain curve. As
shown in Figure R26, the Young's modulus of hydrogels swollen in water, 20 g/L
NacCl, 100 g/L NaCl, 200 g/LL NaCl, and formation brine are 608.32 Pa, 3321.86 Pa,
5084.69 Pa, 6509.25 Pa, and 6121.68 Pa, respectively. These results show that the
tensile stiffness is substantially enhanced after swelling in saline media relative to
water, which is consistent with the salt-strengthening behavior observed in the tensile

tests.
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Figure R26. The Young's modulus of hydrogels swollen in different solutions

We also compare the Young’s modulus with the shear modulus obtained from
rheological measurements, as shown in Figure R27 to Figure R30. The shear modulus
is determined from dynamic strain sweep tests by identifying the linear viscoelastic
region (LVR), in which the storage modulus G’ remains essentially constant; the shear
modulus is then calculated by averaging the G’ values within the LVR. The
corresponding shear modulus values for hydrogels swollen in water, 20 g/L NaCl, 100
g/L NaCl, 200 g/L NaCl, and formation brine are 78.12 Pa, 251.47 Pa, 305.53 Pa,
127.48 Pa, and 253.69 Pa, respectively. We would like to emphasize that the Young's
modulus and shear modulus are obtained from different deformation modes and
measurement conditions. The Young's modulus is extracted from uniaxial tensile
deformation, whereas the shear modulus is obtained from small-amplitude oscillatory
shear deformation. So, these two quantities should not be expected to show direct

numerical equivalence. Instead, they provide complementary information on the



mechanical response of the hydrogel network under tensile and shear deformation,
respectively.

Although the detailed salt dependence is not identical for the two moduli, both
measurements show that the hydrogel becomes mechanically stiffer in saline
environments than in water. In particular, Young’s modulus increases markedly with
salinity, while the shear modulus also increases substantially from water to saline
conditions, with the maximum value observed at 100 g/L NaCl under oscillatory shear
mode. This difference likely reflects the viscoelastic and
deformation-mode-dependent response of the swollen double-network hydrogel,
rather than inconsistency in the measurements. Thus, the combined tensile and

rheological results consistently support salt-enhanced network reinforcement.
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Figure R27. Strain sweep measurement of hydrogel swollen in 20 g/L. NaCl.
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Figure R28. Strain sweep measurement of hydrogel swollen in 100g/L NaCl.
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Figure R29. Strain sweep measurement of hydrogel swollen in 200g/L NaCl.
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Figure R30. Strain sweep measurement of hydrogel swollen in formation brine.

To further quantify these mechanical results with network structure, we calculate
the effective cross-linking density (ve) based on the small-strain modulus G' using the
theory of rubber elasticity.

.
Vg:(]TT

€ is the phantom network model correction factor with a value of 1 unless noted.
As shown in the revised manuscript, ve increases from 2.54 to 5.71 mol/m? with
increasing NaCl concentration, indicating that the salt exposure increases the effective
load-bearing connectivity of the network. Therefore, rather than attributing the
mechanical enhancement simply to a high permanent crosslinking density, we
interpret it more precisely as a salt-induced increase in effective network connectivity
density.

The relevant revised section has been highlighted in yellow in the manuscript
and Supporting Information.

6. In Figure 1G, the comparison with single-network samples that equilibrated
in water is of limited significance, as the effectiveness of the double-network in
enhancing the toughness of hydrogels has already been well-established through
repeated demonstrations after 2003. Instead, to clarify the key mechanism of this
work, the mechanical performance, structural changes, and swelling behavior of
each single-network gel component in saline water should be examined and
thoroughly compared.

Thank you for this constructive suggestion.

We agree that the original comparison in Figure 1G did not directly address the

key mechanistic question raised by this work. As you correctly pointed out, the



superiority of double-network hydrogels over single-network hydrogels in terms of
toughness has already been well-established by Jianping Gong in 2003. In fact, we do
not intend to demonstrate this well-known advantage again and we aim to emphasize
the mechanical and salt-resistant benefits brought by the synergistic effect of the two
networks, which is the key innovation of our study. Following your suggestion, we
expand the comparison to include single-network AMPS hydrogel (Sawmps),
single-network AM and SBVI hydrogel (Sam-sevi) and double-network hydrogel
Dawmps/,am-sBvi, and systematically examine their morphology, swelling behavior, and
mechanical properties in brine(100 g/L NaCl).

The hydrogels are immersed in water and brine (100 g/L. NaCl), respectively, to
observe their morphological changes. Samps remains fully transparent in both water
and saline, as shown in Figure R31. Sam-sBvi shows slight opacity in water but
becomes transparent in saline. Sam-svi exhibits partial anti-polyelectrolyte behavior.
Damps/am-sBvi is opaque in water but transparent in saline. Notably, this transparency
transition is reversible. When transferred back to water, Damps/am-sBvi turns opaque
again, as shown in Figure R32. The transparency changes arise from variations in
refractive index caused by electrostatic interaction-induced phase separation. These
results indicate that the salt-triggered structural reorganization is much more
pronounced in the double network architecture than in either single network control.

SAMPS SAM-SBVI

SAMPS SAM-SBVI

In water

Figure R31. The morphological changes of Samps and Sam.-spvr after swelling in water and
brine (100 g/L NaCl).




Figure R32. The morphological changes of Damps/am-sgvi after swelling in water and brine
(100 g/L NaCl).

We also measured the swelling ratio of different hydrogels in saline solution (100
g/L NaCl), as shown in Figure R33. The results show that Samps exhibits the lowest
swelling ratio due to the ionic shielding effect, which suppresses the osmotic pressure
of the polyelectrolyte network. Benefiting from the anti-polyelectrolyte effect of
SBVI, Sam-sevi shows an increased swelling ratio. Notably, Damps/am-svi displays the
highest swelling ratio. This indicates that the enhanced swelling in brine is not
reproduced by either single-network component alone, but emerges from their
cooperative response within the interpenetrating double-network architecture. This
synergistic effect may arise from: (1) the interpenetrating double-network structure
preventing excessive contraction; (2) salt ions simultaneously shielding electrostatic
interactions in the AMPS network and enhancing solvation of the SBVI network,
generating synergistic swelling; and (3) the first network providing an elastic skeleton
while the second network drives water absorption, collectively achieving the

maximum swelling ratio.
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Figure R33. The swelling ratio of Samps, Sam-sevi and Damps/am-sevi after swelling brine (100
g/L NaCl).

We also investigate the rheological properties of different hydrogels in saline
solution (100 g/L NaCl), as shown in Figure R34. The results demonstrate that
Dawmps/am-svi exhibits the highest G' and G" compared to Samps and Sam-svi. We
choose rheological comparison here because it provides a robust small-strain
mechanical assessment for all saline-equilibrated gels, including the mechanically
weaker single-network controls. This enhancement can be attributed to the synergistic
reinforcement mechanism of the double-network structure: (1) the first AMPS

network, pre-stretched during preparation, serves as a rigid skeleton providing high



elasticity; (2) the second AM-SBVI network, with its soft and stretchable chains and
abundant topological entanglements, effectively dissipates energy through reversible
breaking of sacrificial bonds; and (3) the interpenetrating architecture creates
extensive interchain interactions, further increasing the overall network crosslinking

density and mechanical robustness.
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Figure R34. The rheological properties of Samps, Sam-spvi and Damps/am-spvi after swelling
brine (100 g/L NaCl)

Taken together, these new comparisons clarify the key mechanism of our work
more directly than the original Figure 1G. The single network controls reveal the
individual brine response of the AMPS and AM-AMPS networks. The AMPS network
alone is suppressed by ionic shielding, where the AM-SBVI network alone shows
anti-polyelectrolyte-assisted swelling but limited mechanical reinforcement. Only
when these two networks are integrated into the double-network architecture do we
observe the simultaneous enhancement of swelling and mechanical properties.
Therefore, the salt-enhanced behavior reported here does not originate from the
well-known generic toughness advantage of double-network hydrogels alone, but
from the synergistic coupling between the AMPS network and the zwitterionic
AM-SBVI network under saline conditions, which enables salt-triggered structural
reconfiguration and effective load-bearing reinforcement.

The relevant revised section has been highlighted in yellow in the manuscript
and Supporting Information.

Reviewer #3 (Remarks to the Author):

In this manuscript, the authors developed an innovative ion-triggered

reconfigurable hydrogel through a double network system composed of

AMPS/AM-ABVI, fabricating DAMPS/AM-ABVI hydrogels. These hydrogels



demonstrated paradoxical salt-enhanced mechanical performance and swelling
behavior. The researchers also provided an excellent mechanistic analysis of the
salt-induced adaptive structural reorganization, revealing that inner-chain ion-pair
loops dynamically unlock and reform as intra-network bridges (SBVI+-AMPS-) that
serve as load-bearing elements under mechanical stress. Furthermore, the authors
developed a temporary plugging agent based on DAMPS/AM-SBVI hydrogels and
systematically investigated its coreflooding plugging efficiency and degradation
performance, demonstrating its promising potential for applications in heterogeneous
reservoirs, particularly under high-salinity and high-temperature conditions.

I think the work is very interesting and potentially worthy of publication in
Nature Communications. However, the author still needs to revise the draft and
answer some question prior to acceptance:

1. The text part needs to be double-checked. The phrase "A deep analysis
concerts swelling/rheology into three descriptors, v., y (Flory-Rehner inversion),
and floop (loop fraction from bridge capacity)' needs clarification.

Thank you for your careful review. There is a spelling error of “concert”. The
correct expression for this sentence is “A deep analysis converts swelling/rheology
into three descriptors, ve, % (Flory-Rehner inversion), and fieop (loop fraction from
bridge capacity)”. We have reviewed the text part and conducted a double-check of
the draft.

The relevant revised section has been highlighted in yellow in the manuscript
and Supporting Information.

2. What were the theoretical or experimental bases for optimizing various
parameters during the preparation of this DAMPS/AM-SBVI double-network
hydrogel?

Thank you very much for your question. Our optimization strategy for the
preparation conditions of Damps/am-sevi hydrogels adheres to the fundamental
principles established by JianPing Gong for double-network (DN) hydrogels.
Specifically, we follow the structural paradigm wherein the first network consists of

abundantly cross-linked polyelectrolytes (rigid skeleton), while the second network



comprises poorly cross-linked neutral polymers (ductile substance)®. As
demonstrated in prior studies*®, two critical structural parameters govern the
mechanical strength of DN hydrogels. One is the molar ratio of the first to the second
network, and the other is their crosslinking density. Accordingly, we systematically
optimized the molar ratio of the two networks (Figure R35). Besides, incorporating
dense entanglements to improve the mechanical strength*’, we optimize the
cross-linker concentration for the second network, as shown in Figure R36. The weak
physical interactions between networks of conventional DN hydrogels often
compromise stress transfer upon brine swelling. To address this unique design, our
system incorporates neutral and zwitterionic polymers in the second network,
enabling intermolecular bonding with AMPS in the first network*®. The optimization

of the monomer content of the second network is shown in Figure R37.
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Figure R35. The optimization of the optimal molar ratio of the first network and the second

network.
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Figure R36. The optimization of the cross-linker concentration for the second network.



16 0.03M 0.05M
_ 7 —oom 0.09M
[+
e 1.2¢
3 .
» 0.8F “a
(0]
Z 0.4} /

/‘

0 50 100 150 200 250 300
Strain (%)
Figure R37. The optimization of the monomer content of the second network.

3. While SBVI is described as a laboratory-synthesized zwitterionic monomer,
details regarding its synthesis procedure are notably absent in the manuscript.

Thank you for your careful review. The zwitterionic monomers (sulfobetaine
vinylimidazole, SBVI) are synthesized by quaternization reaction following the
modified procedures reported in the literature*. Vinylimidazole (0.2M) and
1,3-propane sultone (0.25M) are dissolved in acetonitrile. The mixture is thoroughly
stirred, followed by purging with nitrogen gas to remove oxygen from the solution.
Then, the flask is sealed and allowed to react at 40 °C for 24 h. After the reaction, the
resulting precipitate is collected, washed with alcohol, and dried at 45 °C in the oven.
The detailed synthesis procedure of SBVI is provided in the Preparation of
zwitterionic monomers in the Supporting Information file. We have also annotated the
relevant synthesis of SBVI in the manuscript and Supporting Information.

4. Why was the Flory-Rehner equation selected over alternative models (e.g.,
the Beltman-modified model) for y parameter calculation? Does electrostatic
shielding under high-salinity conditions potentially interfere with this model's
applicability?

We appreciate your insightful question regarding the selection of the
Flory-Rehner model. The Flory-Rehner equation is selected for its proven reliability
in describing neutral or electrostatically screened polyelectrolyte networks, whereas
the Beltman model is typically suitable for polyelectrolytes with unscreened

electrostatic repulsion®>°. In 100 g/L NaCl, Debye screening length is calculated as

K= ’;’;)ii , which is about 0.96 nm®'. From SAXS results, the radius of gyration Rg
A

= 21.57 nm indicates a mesh size of approximately 55.7 nm in water, while brine



conditions expand this network. Critically, ! is far smaller than the mesh size,
confirming complete electrostatic screening and reducing the system to a
pseudo-neutral network. Thus, the Flory-Rehner equation’s applicability is validated.
Based on this analysis, high salinity enables electrostatic shielding, fulfilling the
prerequisite for Flory-Rehner’s application. Furthermore, Beltman's model assumes
unscreened electrostatic repulsion, contradicting our experimental data: (i) Structural
transition from collapsed to expanded states; (i1) Dominant local ion-pairing.

5. What is the justification for setting (=1 in the equation ve=G'"/(RT?

Thanks for your question. According to the rubber elasticity theory’, the
effective bridge density (ve) could be calculated by v,= C%T' In our double network

hydrogel, the poorly cross-linked second network is the prominent part. This
low-crosslinking-density architecture justifies our adoption of the phantom network
model as the appropriate theoretical framework®?. The parameter { represents the
elastic front factor in the phantom network model and is determined by the crosslink
functionality (f) through the relation {=1-2/f. Our experimental system involves
hydrogels that have undergone complete swelling in brine solution. Importantly, upon
salt exposure, the hydrogel network experiences ion-triggered topological
reorganization: the intrachain zwitterionic loops open and re-form as inter-network
SBVI'-AMPS" bridges, which yields a higher effective bridge density at lower
polymer fraction. Due to the rapid bond recombination, crosslinking points cannot
fluctuate freely, effectively increasing their instantaneous rigidity and maintaining
topological constraints. Besides, the energy from bond rupture is rapidly dissipated
through recombination rather than through chain segment motion (non-affine
fluctuations)>?. These combined effects justify our assignment of { = 1 for this system,
despite employing the phantom network framework>*.

6. The equation needs to be double-checked, F_ion=RTY i [c_i™b (e™(-z_i u)

(-z_iu-1)J +I).
Thanks for your careful review. The correct equation is

Fion=RT ¥; c?(e 7 (-z;u-1) +1). We have conducted a double-check of all equations.



7. 'SBVI++AMPS-' contains incorrect superscript/subscript formatting.

Thank you for your careful review. We have corrected this error and conducted
rigorous verification of the text part.

8. Regarding free energy decomposition, what is the rationale for neglecting
the Fdiss term? Detailed data supporting Figure 3L should be supplemented.

Given that the mean Fi value exceeds 10° while Fion averages only in the order
of 102, the contribution of Fion becomes negligible and can therefore be disregarded in
our analysis. Detailed data of Figure 3L are shown in Table R1. The relevant revised
section has been highlighted in yellow in the Supporting Information.

Table R1. The energy calculation results

Samples Fmix Fo Fassoc Fion Fiotal
Parameters (J/m?) J/md) (J/m?) J/md) (J/md)
water -2.94x108 4.46x10* -6.17x10° 0 -2.9x10°

20g/LNaCl -2.74x108 5.32x10* -6.66x10° 1.045x10*  -2.692x10°
100g/LNaCl -2.65%108 8.61x10* -1.07x10* 2.02x10*  -2.574x10°
200g/LNaCl -2.41x108 1.22x103 -1.40x10*  0.854x10%>  -2.302x10°
Formation brine -2.73x108 5.93x10* -3.38x10° 1.09x10%  -2.674x10°

9. Numerous studies have also reported various functional zZwitterionic
hydrogels. To better highlight this work's novelty, a comparative analysis
emphasizing the material's distinctive advantages over existing ZIwitterionic
hydrogels should be included.

Thank you for your suggestion. We have systematically reviewed and compiled
published studies on functional zwitterionic hydrogels presented in Table R2. The

relevant revised section has been highlighted in yellow in the Supporting Information.

Table R2 Comparison of reported functional zwitterionic hydrogels

Topic Novelty Functional properties Ref.
Ion-triggered Double network strategy: the first network is AMPS . .
. Salt-enhanced mechanical and This
reconfigurable and the second network is AM-SBVI; network ] ]
) . swelling properties paper
hydrogels topological adaptation

Salt-responsive

hydrogels

Semi-interpenetrating double network: polycationic
(polyMETAC/HEAA) layer with polyelectrolyte
effect and polyzwitterionic (poly VBIPS) layer with
antipolyelectrolyte effect

Enabling reversible bending
actuation through differential

dimensional change

55

Salt-responsive

hydrogel

Double network strategy: loosely cross-linked

zwitterionic pSBVI networks into the highly

Effective antimicrobial properties

and surface regeneration.

56




cross-linked cationic p TMAEMA

Water-electricity

co-generation gel

Molecularly engineered: incorporated
phenyl-methylene-imidazole motif greatly enhances
the salt binding ability and strengthens
anti-polyelectrolyte effect

Boosted hydration, high salt
tolerance, ultra-low evaporation
enthalpy, durable anti-microbial
ability, optimized water transport

channel

Tough, non-swelling

zwitterionic Hydrogel

Double network strategy: PVA, PSBMA;

hofmeister-effect-assisted crystallization

Ultra-high toughness , non-swelling,
long-term stability (>1 month) in

harsh aquatic conditions

57

Electrochemical
hydrogel

Molecularly engineered zwitterionic microgels as
functional cross-linking domains within a highly
entangled PAM network

Toughness 1450.8 kJ m™, low
hysteresis, fatigue-resistant,
conductivity 52.9 mS cm™, stable

capacitance retention

58

Tough nonfouling
zwitterionic hydrogels

Pure zwitterionic triple-network with electrostatic

interactions and entanglements as energy dissipation

Compressive fracture stress of
18.2MPa in saline conditions,
toughness of1.62 MJ m™3,

59

in saline mechanisms
Young's modulusof 0.66 = 0.03 MPa
Stable water retention, constant
Integration of two polymer segments with swelling properties, and
Euryhaline hydrogels | complementary salinity tolerances, internal dynamic low-adhesion to oil in aqueous 60

complementary crosslinks

environments over a wide range of

salinity.

Microphase-separated
elastic ionic hydrogel

Double network strategy: zwitterions in the first
network with highly entangled polymer chains;
ultrasoft polyelectrolyte as the second network

Pressure sensitivity ~0.4 kPa™;
temperature coefficient~1.5%-°C™",
maintains stable signals under large
strains and temperature fluctuations

48

Sulfonic-based
zwitterionic hydrogel
electrolyte

Directly exploit the Anti-Polyelectrolyte Effect of
zwitterions to regulate the electrochemical stability

window

Wide electrochemical stability
window, high ionic conductivity ,
high working voltage, capacity, and
energy density

Hygroscopic
salt-hydrogel

Salting-in effect possessed by a zwitterionic
hydrogel provide a new way to design more
advanced composite sorbents

Facilitate water vapor sorption;
enhanced swelling behavior in salt

solutions

61

acrylamide (AM), poly([2-(methacryloyloxy)ethyl]trimethylammonium chloride) (polyMETAC),

poly(3-(1-(4-vinylbenzyl)-1H-benzo[d]imidazol-3-ium-3-yl)propane-1-sulfonate)

(polyVBIPS),

poly(sulfobetaine vinylimidazole) (pSBVI), poly((trimethylamino)ethyl methacrylate chloride)

(P TMAEMA),
diallyldimethyl-ammonium

alcohol (PVA),
chloride

polyvinyl

poly(N-isopropylacrylamide) (PNIPAM).

poly(sulfobetaine
(DADMAC),

(PSBMA),
(PAM)

methacrylate)
polyacrylamide

10. Other minor: such as in Figure 2C, the pictures demonstrating the tensile

stress-strain tests of swollen hydrogels are presented without a scale bar. Some

figure caption needs to be double checked. In the supporting information, the




character of SBVI needs to be provide, such as NMR.

Thank you so much for your kindness and suggestions. We have reviewed all
figures and added the necessary scale bar. We have reviewed the draft and conducted
a double-check of all the figure captions. In this study, we select SBVI (a copolymer
of propanesultone and vinyl imidazole, i.e., sulfobetaine vinyl imidazole) as the
zwitterionic monomer, which is a sulfobetaine monomer containing an imidazolium
cation structure. This design combines the advantages of sulfobetaine's inherent
anti-polyelectrolyte effect with the enhanced physical interactions provided by the
imidazolium cation. The NMR character of SBVI is shown in Figure R38 and we

have added the NMR Figure in the Supporting Information.
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Figure R38. NMR characterization of SBVI
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