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Bioinspired adaptive lipid-integrated bilayer
coating for enhancing dynamic water
retention in hydrogel-based flexible sensors

Ming Bai1, Yanru Chen1, Liyang Zhu1,2, Ying Li 3, Tingting Ma1, Yiran Li 1,
Meng Qin1, Wei Wang 1,4 , Yi Cao 1,2,4 & Bin Xue 1

While hydrogel-based flexible sensors find extensive applications infields such
as medicine and robotics, their performance can be hindered by the rapid
evaporation of water, leading to diminished sensitivity and mechanical dur-
ability. Despite the exploration of some effective solutions, such as introdu-
cing organic solvents, electrolytes, and elastomer composites, these
approaches still suffer from problems including diminished conductivity,
interfacemisalignment, and insufficient protection under dynamic conditions.
Inspired by cell membrane structures, we developed an adaptive lipid-
integrated bilayer coating (ALIBC) to enhance water retention in hydrogel-
based sensors. Lipid layers and long-chain amphiphilic molecules are used as
compact coating and anchoring agentson the hydrogel surface,mimicking the
roles of lipids and membrane proteins in cell membranes, while spare lipids
from aggregates within hydrogels can migrate to the surface to combat
dehydration under deformation. This lipid-integrated bilayer coating prevents
the water evaporation of hydrogels at both static and dynamic states without
affecting the inherent flexibility, conductivity, and no cytotoxicity. Hydrogel-
based sensors with ALIBC exhibited significantly enhanced performance in
conditions of body temperature, extensive deformation, and long-term
dynamic sensing. This work presents a general approach for precisely con-
trolling the water-retaining capacity of hydrogels and hydrogel-based sensors
without compromising their intrinsic physical properties.

Flexible wearable sensors are capable of detecting an extensive range
of physical and chemical signals and exhibit adaptability to various
forms. This adaptability makes them exceptionally versatile for appli-
cations, such as human medicine1–3, robotics4, and intelligent
materials5–7. Broadly, flexible sensors can be categorized into two
types: electronic sensors built on elastomers, such as poly-
dimethylsiloxane (PDMS)8,9, polyurethane (PU)10, or polyester (PET)11,12,
and ionic sensors13–15 developed from hydrogels, ionogels, ionic

elastomers and so on. Comparedwith conventional electronic sensors,
the ionic conductivity of hydrogels is especially suitable for advanced
mechanical, chemical, and electrical sensing of physiologically rele-
vant signals16,17. Additionally, they also exhibit biocompatibility18 and
adaptablemechanical compliance11,19, providingbetter interfacingwith
human tissue and organs13,20.

Despite these advantages, hydrogel-based sensors often suffer
from the rapid evaporation ofwater, which can impact their sensitivity
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and mechanical properties. Two primary strategies can address long-
termwater loss: bulk engineering with water-retaining components or
integrating protective layers. For example, replacing water with
organic solvents like glycerol, ethylene glycol, and sorbitol can create
organic hydrogels with exceptional anti-freezing and non-drying
properties21–23. However, the use of organic solvents may negatively
affect the conductivity of hydrogels, limiting their application in
wearable flexible sensors. Protective layers, such as elastomer or
composite coatings, have shown significant stretchability and water
retention capabilities24,25. Nevertheless, internally crosslinked protec-
tive layers may impact the flexibility and integrity of the hydrogel
under large deformations due to the mismatched mechanical prop-
erties and interfacial energies between the water-retaining layer and
the hydrogel surface26–28. Additionally, tethered supported bilayers,
such as lipid membranes, have been raised to provide robust resis-
tance to dehydration and swelling29–31. However, the dynamic perfor-
mance and coating cracks generated24 during deformations cannot
ensure consistent water retention under dynamic loadings, although
the physical properties of the bulkmaterials would not be significantly
affected. For example, in a band-shaped hydrogel, the upper surface
area (S0) of the hydrogel under deformations may exceed the original
area (S), leading to cracks in the tethered layers and subsequent
dehydration of hydrogels (Supplementary Fig. 1). As such, developing
water-retention strategies for hydrogel-based flexible sensors remains
a challenge, especially considering that flexible hydrogel sensors often
experience dynamic deformation (stretching, bending, and twitching),
particularly when designed as wearable sensing devices for human
joints14,18,32.

Taking inspiration fromdynamic lipid-bilayers of cellmembranes,
we developed an adaptive lipid-integrated bilayer coating (ALIBC) to
generally enhance water retention in various hydrogels. By using self-
assembled lipids as the rigid bilayer and long-chain amphiphilic
molecules linked to the hydrogel network as anchoring agents, the
fluid mosaic structured ALIBC was fabricated successfully. Addition-
ally, standby lipids were stored in the hydrogel matrix as aggregates
to fill the cracks of the bilayer coating under deformations
through internal-surface migrations. This cell membrane-mimicking
coating demonstrates impressive water retention capabilities, retain-
ing 49.3% and 47.3% of water under static conditions and dynamic
loading cycles within 48 h, respectively. Furthermore, it preserves
the intrinsic flexibility, conductivity, and no cytotoxicity of hydrogels.
As a result, the hydrogel-based sensors maintain consistent sensing
performance even at body temperatures or under dynamic deforma-
tion. Considering the universality of ALIBC on various hydrogel
networks, this innovative approach is expected to greatly expand
the applications of hydrogel-based flexible sensors in challenging
conditions.

Results and Discussion
Design and preparation of an adaptive lipid-integrated bilayer
coating (ALIBC)
Previous research has demonstrated that the cell membrane is
dynamic by tracking the movements of membrane proteins and lipid
molecules, and the stability of the cell surface primarily depends on
the interconnection between the cytoskeleton and membrane pro-
teins (left of Fig. 1a)33. To fabricate a surface coating similar to fluid
mosaic structures of the cell membrane, we incorporated long-chain
amphiphilic molecules (undec-10-enoic acid, denoted as UA) into the
polymer network onto the hydrogel surface. Thesemolecules serve as
anchoring agents for lipids and connect to the hydrogel skeleton (right
of Fig. 1a). Amphiphilic lipid molecules assemble on the hydrogel
surface and form rigid bilayers together with anchoring agents, which
can effectively retain water. The introduction of the UA layer enhances
the stability of lipid layers while maintaining their dynamic nature,
thereby leading to negligible effects on other physical properties of

hydrogels even under deformation. Additionally, spare lipids are
stored in hydrogels as aggregates, and these lipids can migrate to the
cracks of lipid layers on deformed surfaces, ensuring effective water
retention under dynamic conditions (Fig. 1b). By fine-tuning the
dynamic characteristics of lipid coating layers, the water retention in
hydrogel sensors can be significantly enhanced without affecting their
inherent properties.

Specifically, the polyacrylamide (PAAm) hydrogel was used as the
model hydrogel matrix, and undec-10-enoic acid (UA), a long-chain
hydrophobic molecule with a double bond at one end and a carboxyl
group at the other, was used as the long-chain amphiphilic molecule
(left of Fig. 1c). UA was linked to the hydrogel network via copoly-
merization with acrylamide. After the assembly of lipids on hydrogel
surfaces, UA would be constrained to bundles and form mosaic pat-
terns with lipids, which are exactly similar to the fluidmosaic structure
of the cell membrane.

In the preparation of hydrogels with ALIBC, a surface-assisted self-
assembly technique was specially designed to integrate UA molecules
onto the hydrogel surface (Supplementary Fig. 2). By immersing an
aluminum plate in hexane solution (containing 1mM UA), the UA
molecules self-assembled on aluminum surfaces due to electrostatic
interactions34. Using the resulting aluminum sheet as the mold to
prepare the PAAm hydrogel, UA can covalently link to the hydrogel
surface through copolymerization, ensuring the robust attachment of
the UA layer to hydrogel surfaces. Then, the hydrogel was allowed to
swell in NaCl solution (1M) to enhance ion conductivity and generate
cracks in the UA layers32,35. After being immersed in trichloromethane
(CHCl3) containing lipids for 20 s, the crackswere repaired through the
filling of lipids driven by hydrophobic interactions, thus forming the
lipid-integrated bilayer. Note that the lipid aggregates were inserted in
hydrogels in advanced by adding lipids directly to the hydrogel pre-
cursor solution36. Moreover, two types of lipids with distinct dynamic
activities, hydrogenated soy phosphatidylcholine (HSPC) and dimyr-
istoylphosphatidylcholine (DMPC), were used to tune the dynamic
properties of lipid layers36, which can further assess the impact of lipid
dynamics on water-retention performance based on ALIBC (right of
Fig. 1c). We chose DMPC and HSPC for ALIBC because their gel-to-
liquid transition temperatures are around room temperature, which is
critical to their dynamics. While long-chain lipids may have a better
water retention effect due to the higher rigidity of the bilayer coating,
they are typically less soluble in water, which greatly impacts gel pre-
paration. Additionally, longer-chain lipids exhibit poorer dynamics,
making it challenging for them to effectively retain water under
dynamic conditions.

Fluid mosaic structure and lipid migration in ALIBC
The UA grafting on the hydrogel surface was first confirmed. The
1H-NMR spectra showed signals at 5.78 and 2.34 ppm, indicating the
copolymerization of UA and acrylamide (AM), although the ratio of UA
in the copolymers was slightly lower than that in the monomer feed
(Supplementary Fig. 3a). The peaks at 1637 cm−1 in the FT-IR spectra
suggested the presenceof UAon the hydrogel surface (Supplementary
Fig. 3b). Besides, the fluorescence of FITC-labeled UA (UA labeled by
fluorescein isothiocyanate) on the hydrogel surface did not recover
after quenching as indicated by the evaluation of fluorescence recov-
ery after photobleaching (FRAP), further confirming the stable linking
between UA and the hydrogel network (Supplementary Fig. 4). It is
worth mentioning that UA was only found on the surface of the
hydrogels, suggesting that UA was grafted to the hydrogel surface
during polymerization rather than dispersing into the interior of the
hydrogel (Supplementary Fig. 5). Moreover, for non-covalent cross-
linked hydrogels, we anticipate that amphiphilic block polymers could
play similar stabilizing roles as UA in covalently crosslinked hydrogels,
based on existing literature37. We plan to investigate this thoroughly in
future studies.
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Then, HSPCwas used as the lipid to fabricate ALIBC. The UA/lipid-
coated PAAm hydrogel (denoted as PAAm-UA/lipid hydrogel) was
semitransparent, indicating the presence of a lipid coating and
aggregates (Supplementary Fig. 6). Conversely, UA-coated PAAm
(denoted as PAAm-UA hydrogel) and PAAm hydrogel remained
transparent (Supplementary Fig. 6). Owing to the rigid and hydro-
phobic coating of UA and lipids, the hydrophilicity of the hydrogel
surface after coating was altered. The contact angles of water on the
PAAm, PAAm-UA and PAAm-UA/lipid hydrogels were 40.4°, 92.3° and
87.5°, respectively, indicating the transition from a hydrophilic surface
to a hydrophobic surface (Supplementary Fig. 7). More importantly,
the mosaic structure of ALIBC was investigated by confocal Raman
chemical imaging of different hydrogel surfaces (Fig. 2a, b), in which
the colors represented the distribution of different components. The
color conversion fromcyan in the PAAmhydrogel to blue in the PAAm-
UA hydrogel indicated that the surface was almost fully covered with
grafted UA molecules (Fig. 2b). Moreover, a mosaic-like color dis-
tribution of blue (UA) and yellow (lipid) was observed on the surface of
the PAAm-UA/lipid hydrogel, suggesting similar structures of ALIBC

and cell membranes (Fig. 2b). From the Raman images and equivalent
area ratios of UA and lipids on PAAm-UA/lipid hydrogel surfaces, we
canalso conclude that the spatial distribution ofUA and lipids in ALIBC
was homogeneous (Fig. 2c). Furthermore, the impact of UA on the
fluidity of lipids was investigated using FRAP. The redistribution of
lipids in the presence of grafted UA was much slower than in its
absence, indicating enhanced stability of the adaptive lipid layers due
to the interconnection between UA and hydrogel networks (Fig. 2d, e
and Supplementary Fig. 8).

To directly track the dynamic migration of internal and surface
lipids, their distributions were monitored using fluorescent labeling-
assisted 3D reconstructions based on laser confocal fluorescence
microscopy (LCFM). Typically, lipids from inside aggregates and sur-
face coating were stained with Dil (red) and DiO (green) dyes,
respectively (Fig. 2f). Owing to the amphiphilic property, the internal
lipid molecules can form aggregates in hydrogels (left of Fig. 2f) or
lipid coatings on hydrogel surfaces (right of Fig. 2f). Upon stretching,
the aggregatesmay break under the internal stress from the deformed
hydrogel network, and the released small lipid fragments would
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migrate to the hydrogel surfaces tofill the cracks of the surface coating
(Fig. 2g). Since the mesh size of the PAAm hydrogel is smaller than
30nm (Supplementary Fig. 9), significantly smaller than the micro-
sized lipid aggregates, we anticipate that the internal lipids would
either migrate together with the deformed hydrogel network or tra-
verse through the hydrogel network under the dynamic perturbation

caused by the mechanical deformation of polymer networks. This
dynamic loading causes the polymer strands to extend, enlarging the
mesh size and facilitating the migration of trapped lipid aggregates.
Additionally, the deformation mechanically perturbs the interactions
between the polymer network and the lipids, promoting their
movement.
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To study the outward lipid migration, the same location on the
surface of PAAm-UA/lipid hydrogels under stretching was scanned
every 30min (Fig. 2h). Red lipids were observed on the stretching
hydrogel surface with increasing time, suggesting the migration of
lipids from inside aggregates to outside. The cracks generated during
stretching were filled with migrated lipids rapidly, as indicated by the
area with merged colors (Fig. 2h). The fluorescence intensity and area
ratios of migrated lipids (red) from internal aggregates on the surface
reached ~23.4% and ~14.6% in 90min (Supplementary Fig. 10). As
shown in Supplementary Fig. 11, red lipids were still observed on the
hydrogel surface after returning from the tensile state to the initial
state. This indicates that the red lipids were indeed migrated to the
surface and stayed on the surface when the hydrogels were not
stretching. Such a behavior cannot be explained by assuming that the
red lipids were just exposed when the hydrogels were deformed with
enlarged surface area. Furthermore, surface lipids (green) were
observed inside the hydrogels under stretching, suggesting that the
lipids can also migrate inward (Supplementary Fig. 12). In contrast, no
significantmigration between internal and surface lipids was observed
for hydrogels without undergoing stretching, indicating that the active
lipid migration can be mainly attributed to the deformation of
hydrogels (Supplementary Fig. 13). All these results validated the fluid
mosaic structures of ALIBC and the bidirectional migration of lipids.

Water-retention performance of hydrogels with ALIBC
Next, the water-retention performances of hydrogels with ALIBC were
evaluated in detail. HSPC and DMPCwere used to fabricate ALIBC, and
the resulting hydrogels were named PAAm-UA/HSPC and PAAm-UA/
DMPC, respectively. The solid contents of different hydrogels
remained consistent in the anti-dehydration tests (Supplementary
Fig. 14). As indicated by dehydration tests (25 °C and 50% humidity),
the PAAm-UA/HSPC hydrogels exhibited significantly enhanced water
retention and held a weight ratio (normalized remaining mass) of
~71.3%within6 h, compared to ~23.7% for the PAAmhydrogel (Fig. 3a, b
and Supplementary Fig. 15). The PAAm-UA/DMPC hydrogel showed a
moderate enhancement of water retention because of the higher
dynamics of DMPC. Compared to hydrogels without UA (PAAm/DMPC
and PAAm/HSPC), UA-grafted hydrogels (PAAm-UA/DMPC and PAAm-
UA/HSPC) showed an increase of 4.8–21.4% in water retention prop-
erties (Fig. 3b). This can be attributed to the UA layer acting as
anchoring agents to immobilize the lipid bilayer, thereby restricting
the mobility of the lipid coating and preventing water evaporation
(Fig. 2d, e and Supplementary Fig. 8). Notably, PAAm-UA hydrogels
exhibited similar dehydration behavior to PAAm hydrogels, indicating
that a single UA layer alone is not sufficient to significantly enhance the
water retention of the hydrogels. The thermal gravimetric analysis
(TGA) revealed the presence of free water within the PAAm-UA/HSPC
hydrogel even after 48 h of drying, further suggesting the enhanced
water-retention performances of hydrogels with ALIBC (Supplemen-
tary Fig. 16).

Moreover, ALIBC can also be applied to enhance the water
retention performances of polyacrylic acid (PAA) and polyethylene
glycol diacrylate (PEGDA) hydrogels, highlighting the versatility of this
strategy (Supplementary Fig. 17). Additionally, the introduction of
NaCl into the hydrogels, which was necessary for sensor fabrication,
did not affect their water retention capability (Supplementary Fig. 18).

To further explore the impactof lipid dynamicsonhydrogelwater
retention, the dehydration of hydrogels with ALIBC formed by mixed
DMPC and HSPC at various proportions was also studied (Fig. 3c and
Supplementary Table 1). The dynamic activity constant of lipids was
defined as (1-WHSPC/WDMPC), in whichWHSPC/WDMPC corresponds to the
mass ratio of HSPC and DMPC. As shown in Fig. 3c, the weight ratio of
hydrogels at 6 h decreased with increasing dynamic activity constants,
which can be well fitted to a quadratic function. This strategy enables
the tuning of desired water retention properties for specific

applications, suchas promotingwoundhealing in amoist environment
while avoiding excessive humidity that may exacerbate ulceration.

In practical applications for flexible sensors, the water retention
performance of hydrogels under deformation was more important
than that in static states. By introducing the lipid aggregates into the
hydrogel matrix, the internal lipids may dynamically migrate towards
the surface to repair the cracks of the lipid coating, ensuring water
retention under deformation. To this end, we evaluated the water-
retention performance of hydrogels with different coatings under
dynamic loading of 300% strain for 48 h (Fig. 3d, e and Supplementary
Fig. 19). Hydrogels containing internal lipids demonstrated dynamic
water retention performance after more than 30,000 cycles of
stretching-relaxation. PAAm-UA/HSPC hydrogels maintained their
integrity after 48 h of cyclic stretching-relaxation, whereas PAAm
hydrogels fractured after 3 h due to dehydration (Fig. 3d). Notably,
PAAm-UA/HSPC hydrogels retained 50% of their initial weight after
48 h of dynamic loading (Fig. 3e), which was comparable to the weight
ratio of unstretched hydrogels (Fig. 3b).Moreover, thewater retention
performance of PAAm-UA/HSPC hydrogels remained almost unchan-
ged before and after 1000 cycles of stretching-relaxation, indicating
that their water retention capability can be maintained even after
multiple stretching-relaxation cycles (Supplementary Fig. 20).

Furthermore, the weight ratio of PAAm-UA/HSPC hydrogels con-
taining internal lipids under static loading of 50% strain remained at
46% after 48 h, close to the 50% observed in hydrogels without strain
(Supplementary Fig. 21), indicating stable water retention under static
deformation. Although PAAm-UA/DMPC hydrogels demonstrated
decreased water retention performance due to the higher dynamics of
DMPC, they still exhibited enhanced water retention under both
dynamic and static loading strains compared to PAAm hydrogels
(Fig. 3e and Supplementary Fig. 21). These results validate the excellent
water retention performance of hydrogels with ALIBC under both
static and dynamic deformation conditions.

Mechanical properties of hydrogels with ALIBC
After verifying the water retention, we then explored the impact of
ALIBC on the mechanical properties of hydrogels. Previous studies
have indicated that due to the mismatch between the mechanical
properties of the coating layers and the hydrogels14,24,38, the internally
crosslinked coating layers may inevitably influence the hydrogel
stretchability and modulus (top of Fig. 4a). In contrast, leveraging the
adaptiveness of the lipid-bilayer coatings, ALIBCwas expected to have
a negligible impact on themechanical properties of hydrogels (bottom
of Fig. 4a). As shown by tensile and compressive stress‒strain curves,
PAAm hydrogels with different lipid coatings exhibited improved
fracture strain and strength compared to the control PAAm hydrogel
(Fig. 4b, c). Specifically, the PAAm-UA/HSPC hydrogel exhibited the
fracture strain of 714.5% andmodulus of 83.4 kPa under tension, while
the fracture strain andmodulus under compression reached 77.1% and
98.4 kPa, slightly surpassing the metrics of the pure PAAm hydrogel
(Fig. 4d, e). The tensile and compressive strengths of different
hydrogels also exhibited the same trend as their fracture strain and
modulus, which can be attributed to the self-assembled lipids acting as
dynamic crosslinks to a certain extent (Supplementary Fig. 22). TheUA
layer did not significantly influence the mechanical properties, as
suggested by the similar fracture strains andmoduli of hydrogels with
and without UA. The elastic moduli of HSPC-coated hydrogels were
marginally higher than those of DMPC-coated hydrogels, probably due
to the rapid dynamics of DMPC. Moreover, the electrical conductivity
andno cytotoxicity of hydrogelswerenegligibly affectedbyALIBCdue
to the dynamic properties and biocompatibility of lipids (Supple-
mentary Figs. 23, 24). Cell and protein adhesion performance was
minimal on hydrogels with ALIBC, suggesting the anti-biofouling
capacity which may benefit the applications in physiological condi-
tions such as implantable biosensors or sensing in micro-fluidic bio-
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chips (Supplementary Fig. 25). Besides, the swelling behavior of
hydrogels in the presence of salts was negligibly affected by the ALIBC
(Supplementary Fig. 26).

Sensing performance of hydrogel-based sensors with ALIBC
Finally, the sensing performance of the hydrogel-based sensor with
ALIBC was studied. By enhancing the ion conductivity of PAAm-UA/
HSPC hydrogels in preparation using salt ions, a basic resistance sen-
sor for temperature and strain sensing was fabricated (Fig. 5a). The
resistance and weight loss of hydrogels with different coatings were
monitored under the conditions of 25 °C and 50% humidity for 60min
(Fig. 5b, c). The high correlation of the resistance variation (ΔR/R0) and

weight ratios suggested that the sensing performance of hydrogel
sensors was significantly affected by water content. Due to the excel-
lent water retention performance, the resistance variation of the
PAAm-UA/HSPC hydrogels remained less than 10%, while that of the
PAAm hydrogels reached more than 70%, indicating the potential of
improving the long-term sensing performance of hydrogel sensors
using ALIBC (Fig. 5b).

Since the resistance of hydrogels can be affected by temperature
(Supplementary Fig. 27), the real-time resistance variations of hydrogel
sensors with ALIBC under variable temperature cycles were detected
to verify the body temperature tolerance (Fig. 5d). The resistance
variation of the PAAm-UA/HSPC hydrogel sensors remained stable

0.0 0.2 0.4 0.6 0.8 1.0

20

40

60

80

100

)
%( h 6 retfa  oi tar  t hgie

W

Dynamic Activity  (1-WHSPC/WDMPC)
0 6 12 18 24 30 36 42 48

0

20

40

60

80

100

)
%(oitar thgie

W

Time(h)

 PAAm
 PAAm-UA
 PAAm/DMPC
 PAAm-UA/DMPC
 PAAm/HSPC
 PAAm-UA/HSPC

PAAm

300%
strain

Cycles (48 h, 0.2 Hz)

After 3 h After 48 h

Fracture after 3 h Remaining after 48 h

PAAm (Control) PAAm-UA/HSPC

0 6 12 18 24 30 36 42 48

40

60

80

100

 PAAm
 PAAm-UA
 PAAm-UA/DMPC(no inter-DMPC)
 PAAm-UA/DMPC
 PAAm-UA/HSPC(no inter-HSPC)
 PAAm-UA/HSPC rednu oitar thgie

W
30

0%
 s

tra
in

 (%
)

Time (h)

a

b

d e

c

Y= -22.446X2 - 16.346X + 71.798
R2≈0.99094

0 h

6 h

24 h

PAAm PAAm/DMPC PAAm-UA/DMPC PAAm-UA/HSPCPAAm/HSPCPAAm-UA

Fig. 3 | Water retention of hydrogels with ALIBC. a Images of hydrogels with
different coatings during the dehydration experiments at 25 °C and 50% humidity.
Scale bar = 5mm. b Normalized weight ratios (normalized remaining mass) of
hydrogels with different coatings within 48h. c Effect of lipid dynamics on the
water retention performance of hydrogels within 6 h. Insets correspond to images
of hydrogels with coatings of different dynamics after 6 h. Scale bar = 5mm.
d Strain signals and images of PAAm (Control) and PAAm-UA/HSPC hydrogels

under cyclic stretching-relaxation. PAAm hydrogels fractured after 3 h of cyclic
stretching-relaxation while PAAm-UA/HSPC hydrogels maintained their integrity
after 48h. Scale bar = 5mm. eNormalized weight ratios of PAAm (Control), PAAm-
UA hydrogels and hydrogels containing ALIBC with and without internal lipid
aggregates under cyclic stretching-relaxation (strain ~300%, frequency ~0.2 Hz) for
48h. Values in (b and e) represent the mean and standard deviation (n = 3).
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under 10 variable temperature cycleswith baseline deviations less than
8%. On the other hand, the PAAm hydrogel (control) exhibited sig-
nificant baseline deviation (~69.7%) after the 10th cycle (Fig. 5d and
Supplementary Fig. 28).

Due to the excellent water retention under deformation and body
temperature, the hydrogel sensorswith ALIBC possessed reliable long-
termmonitoring of cyclic bodymotions in air (Fig. 5e). The PAAm-UA/
HSPC hydrogel sensors exhibited consistent and distinguishable sen-
sing signals for bending-releasing of finger and elbow in 48 h, with a
baseline deviation of less than 8% (Fig. 5f, g). In sharp contrast, the
control group of PAAmhydrogels lost flexibility and sensing capability
due to a rapid decrease in water content after 6 h.Moreover, the strain
sensitivity of the hydrogel sensors was not affected by ALIBC, as
revealed by the similar G-factors of the PAAm and PAAm-UA/HSPC
hydrogel sensors (Supplementary Fig. 29). Furthermore, we summar-
ized the four strategies of water retention for hydrogels reported to
date21,24,31,39–50 and compared their functionalities with this study
(Supplementary Fig. 30).

To demonstrate the advantage of combined water retention and
flexibility sensing, weprepared hydrogel-based sensors using reported
water-retention strategies (hydrogels with organic solvent, hydrogels
with electrolyte, coating-grafted hydrogels, and elastomer-
encapsulated hydrogels) and compared their water retention and
flexibility sensing performances (Supplementary Fig. 31). All the
hydrogels were allowed to reach swelling equilibrium before testing to
remove unreacted monomers and enhance conductivity in salt ion
solutions. Hydrogels with electrolyte and organic solvent exhibited
significantly reduced water retention due to solution exchange during
swelling (Supplementary Fig. 31a and c). Elastomer-encapsulated

hydrogels also showed decreased water retention due to interfacial
mismatching during swelling, leading to exposure of the hydrogels to
air (Supplementary Fig. 31b and c). Coating-grafted hydrogels main-
tained over 80% water retention but exhibited unobservable sensing
signals due to poor conductivity (Supplementary Fig. 31d). In contrast,
the ALIBC strategy presented in our work demonstrates the optimal
combination of sensing and water retention performance (Supple-
mentary Fig. 31e). It can be inferred that the adaptive lipid-integrated
bilayer enhanced the water retention of hydrogels without affecting
intrinsic properties. Notably, the water retention performance of the
hydrogelmaydecline slightly due to the loss of the lipid bilayer caused
by friction with skin or substrates (Supplementary Fig. 32). Despite
this, PAAm-UA/HSPC hydrogels still maintain much better water-
retaining properties than PAAm hydrogels.

In summary, drawing inspiration from the fluid mosaic model of
cell membranes, we have developed a universal water retention
strategy for hydrogels without compromising their inherent stretch-
ability, conductivity, and biocompatibility. Our approach entails the
incorporation of covalently bonded hydrophobic UAmolecules within
the hydrogel network, forming an initial water retention layer and
serving as an anchor for the subsequent lipid bilayer. The dynamic
lipids embedded within long-chain UA form an adaptive lipid-
integrated bilayer coating (ALIBC) and further enhance the hydro-
gel’s water retention capacity. Crucially, unlike most traditional water
retention methods, the lipid-integrated bilayer is non-internally
crosslinked and adaptive, allowing for effective water retention with-
out compromising stretchability, conductivity, and biocompatibility.
Our strategy balances water retention while preserving the intrinsic
properties of bulk hydrogels, which is often overlooked in traditional
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methods. More importantly, the hydrogel’s water retention is rever-
sibly facilitated by themigration of internal lipids to repair cracks, even
under prolonged dynamic loading cycles. This ensures the sustained
sensing capabilities of the hydrogel-based sensors under dynamic
conditions. We firmly believe that this strategy offers a perspective for
hydrogel water-retention treatment and significantly expands the
application range of hydrogel-based sensors in the field of flexible
electronics.

Methods
All the studies of sensing involvedhumanparticipantswere carried out
in compliance with the ethical regulations and guidelines of the Ethics
Committee ofMedical School ofNanjing University (approval number:
AP20231123001). Informed written consent from all participants was
obtained prior to the research.

Preparation of hydrogels
For the preparation of PAAm-UA/lipid hydrogels, aluminum substrates
were immersed in ahexane solution containingUA for 24h to induce the
formation of a densemonolayer of UA on the surface. After evaporation
of the solvent, the aluminum sheets were employed as a mold for

hydrogel preparation. AM, MBAA, and lipids were dissolved in water/
DMSO to concentrations of 3M, 3mM and 40mM, and the resulting
solutionwas subjected toultrasonicationat60 °C for 2 h.After removing
the oxygen with argon, AIBN (3mM) was added to the solution, and the
resulting precursor was transferred into the aluminum mold. After the
one-step radical polymerization at 60 °C for 6h, the hydrogel was
immersed in a NaCl aqueous solution for 24h to achieve swelling equi-
libriumand ionic conductivity. Eventually, thehydrogelwas immersed in
CHCl3 solution containing 70mM lipids to integrate the hydrogel sur-
face with a bilipid layer, thereby achieving hydrogels with ALIBC. HSPC
or DMPC were used as the lipids during hydrogel preparation. For the
preparation of PAAm-UA hydrogels, UA-coated aluminum sheets were
employed as themold, and the hydrogel was prepared in the absence of
lipids as described above. For the preparation of PAAm/lipid hydrogels,
aluminum sheets without UA coating were employed as the mold, and
the hydrogel was prepared as described above.

Raman spectroscopy and spatial Raman mapping
The Raman spectra were captured with a 10-second integration time
spanning the spectral range of 600–3500 cm–¹ utilizing a Raman sys-
tem (Horiba JY HR evolution, France) equipped with an Olympus
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microscope and a charge-coupled device (CCD) detector. The excita-
tion laser was operated at a wavelength of 532 nm. Calibration was
executed using the silicon wafer Raman band at 520.7 cm–¹, resulting
in a spectral resolution of 0.65 cm–¹.

For Raman imaging analysis, the classical least-squares (CLS)
model was employed. The averaged Raman spectra of PAAm, UA, and
lipid were utilized as basis functions for the CLS analysis. In each pixel,
theCLSfitting involved a linear combination of the component spectra
(PAAm, UA, and lipid) to optimally match the raw data. Subsequently,
false-color images were generated based on the contribution of each
component. Data processing and CLS model analysis were conducted
using Labspec6 software (Horiba JY).

Fluorescence recovery after photobleaching (FRAP) of lipids
Fluorescence recovery after photobleaching (FRAP) was employed to
assess lipid mobility in ALIBC. Hydrogels with lipid (HSPC) coatings in
the presence and absence of UA (PAAm-UA/lipid and PAAm-lipid) were
used in the experiments. During the preparation of hdyrogels, the
hydrogel was immersed in CHCl3 solution containing 70mM lipids and
30 µMDiO dye for 20 s to endow the lipids on hydrogel surfaces with a
lipophilic fluorescence probe (emission wavelength ~569 nm). All
hydrogel samples were prepared as disks with a diameter of 1.5 cm and
a thickness of 1mm. The target area on the hydrogel surface was
bleached using a 405 nm argon laser at 100% power under a 20×
objective lens with a confocal microscope (FV3000-Olympus, Japan).
Subsequent imaging was performed under a 10× objective lens. The
fluorescence intensity of the central region (500 × 500 μm) was ana-
lyzed using Image J (version 1.8.0) to study the fluorescence recovery.
FRAP testswere conducted atdifferent locations on the hydrogels, and
three samples were used for each group.

Detection of the lipid migration
To enable monitoring the dynamic migration of lipids inside hydro-
gels, HSPC (5% w.t.) and a lipophilic fluorescence probe (emission
wavelength ~569 nm), Dil (0.5% w.t.), were introduced into the pre-
cursor solution of the PAAm hydrogel. After taking the hydrogel form
molds of aluminum sheets, the hydrogel was immersed in CHCl3
solution containing 70mM lipids and 30 µM DiO dye (emission wave-
length ~501 nm) for 20 s. Then, the band-like hydrogel was held by an
adjustable holder and scanned using a laser scanning confocal
microscope (FV3000-Olympus, Japan). The fluorescence intensity and
area of lipids within both the interior and the surface of the hydrogels
with ALIBC were analyzed using Image J (Version 1.8.0).

Anti-dehydration tests for PAAm hydrogels with ALIBC
Hydrogelswerepreparedas circulardiskswith adiameterof 1.5 cmanda
thickness of 2mm. The samples were then stored inside a constant
temperature and humidity incubator (25 °C and 50% humidity), with
their weights recorded. The weight ratio, which was defined as the
normalized remaining mass, was used to indicate the water retention
performance of the hydrogels. To evaluate the effects of lipid dynamics
on the water retention performance, hydrogels with varying dynamic
activities of lipids were prepared following the guidelines provided in
supplementary Table S1. These hydrogels were subsequently incubated
in a constant temperature and humidity incubator (25 °C and 50%
humidity). The weights of the samples were recorded and analyzed.

For the evaluation of water retention under deformation, hydro-
gels with a cross-sectional area of 5mm² and a height of 10mm were
used. Typically, a static loading strain (50%) or dynamic loading strain
(300%, 0.2 Hz) was applied to the hydrogel at 25 °C and 50% humidity,
during which the weights of the hydrogels were recorded.

Mechanical tests
The mechanical properties were measured with a tensile-compressive
tester (Instron 5944 with a 2-kN sensor) at room temperature. Band-

shaped hydrogels at a cross-sectional area of 10mm² and a height of
20mm were used in tensile tests, and the strain rate was kept at
5mmmin−1. Cylindrical-shaped hydrogels with a diameter of 15mm
and a height of 2mm were used in compressive tests, and the strain
rate was kept at 1mmmin−1. Young’s modulus for tension and com-
pression comprised the approximate linear fitting values at strains of
0–1 and 0–0.2mmmm−1, respectively. The toughness was calculated
from the area below the stress–strain curve until fracture.

Multifunctional sensing tests
A digital multimeter (Model DMM6500, China), controlled via Kick-
strat software, was used to quantify the variations in resistance of the
hydrogel with ALIBC under the influence of temperature and stress.
ΔR/R0 is utilized to denote the rate of change in resistance, where R0
signifies the initial resistance andΔR represents thedifferencebetween
the initial resistance and the current resistance value. To detect the
resistance of hydrogel sensors under variable temperature cycles, the
sensors were placed in a thermal cycling chamber (PCTHI-150T,
China), and the temperature was switched between two points (25-
30 °C, 25-35 °C or 25-40 °C). The temperature was set to switch when
the resistance reached a plateau. For the real-timemonitoring of finger
and elbow motions, a bank-like hydrogel sensor (15 × 25 × 2mm) was
attached to the finger or elbow. Then, the resistances of the sensors in
response to bending motions were recorded every 6 h at room
temperature.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the main text or the Supplementary Informa-
tion. Data is available from the authors on request. Source data are
provided with this paper.
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