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Stretchable, self-healing and tissue-adhesive
zwitterionic hydrogels as strain sensors for
wireless monitoring of organ motions†

Xinjie Pei,abc Hua Zhang,b Yang Zhou,b Linjie Zhoua and Jun Fu *a

Skin-inspired sensors have great potential applications in wearable

and implantable devices to monitor human motions. Robust tissue

adhesion, fatigue resistance, and biocompatibility are desired for

in situ signal capture and wireless transmission. Inspired by the

mussel and zwitterionic adhesion mechanisms, we prepared novel

stretchable, self-healing and polydopamine zwitterionic nano-

composite hydrogels that provide reversible and robust adhesion

to tissues with a strength up to 19.4 kPa and a strain sensitivity of

4.3. The hydrogel sensors robustly adhere to organs like the heart,

liver, and lungs to capture signals for remote monitoring and

diagnostics through wireless transmission.

Introduction

Implantable biomedical devices have been widely used to

monitor the physiological status of patients and treat diseases,

including pace-makers, implantable cardioverter defibrillators

(ICDs) and retinal visual prostheses.1–4 Recently, wearable and

implantable biosensors and devices have shown new impacts

on the body sensor network (BSN), a fusion of sensors, Internet

of Things (IoT) technology,5 and wireless communication

technology, for real time physiological monitoring of the elderly

and patients with chronic diseases. Miniaturized low-power

biosensors and a wireless network are the basic requirements

for this purpose.1 There are still inherent gaps between artifi-

cial devices and biological tissues. Most current implantable

electronic devices are fixed in the patient by suturing, which

usually involves a mismatch in biocompatibility and mechanical

properties, and damage to host tissues.6–8 Hydrogels comprised of

crosslinked hydrophilic polymers are similar to the extracellular

matrix and are thus ideal candidate materials for implantable

devices. Biomimetic structures, robust adhesion and conformal

contact of sensors with target tissues or organs are desired to

efficiently detect motions of target organs for conversion into

electrical signals.

Mussel-inspired hydrogels are adhesive to diverse substrates.9–11

Regardless of the surface roughness and environmental humidity,

mussels adhere firmly to almost all surfaces through non-

covalent interactions and covalent bonding with substrates.10

Elastin-like polypeptides with tyrosine residues and 3,4-dihydroxy-

phenylalanine (DOPA) molecules showed underwater adhesion

with a strength up to 0.24 MPa, but they are not reusable.12

Clay-initiated polydopamine–polyacrylamide (PDA–PAM) compo-

site hydrogels provide repeatable and long-lasting adhesion to

hydrogels, with an adhesion strength up to 28.5 kPa on pig skin.13

Therein, the free catechol groups in the PDA-intercalated clay

nanosheets enable re-adhesion to pig skins. However, most mussel-

inspired hydrogels are stretchable and self-healable, but weak.
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New concepts

Skin-inspired pressure and strain sensors have great potential

applications in wearable and implantable devices to monitor human

motions. Ion conductive hydrogels are advantageous as flexible sensors

for implantable devices. Wireless signal transmission is needed for

remote monitoring of target organs. Here, we demonstrate novel tissue

adhesive ion conductive hydrogels as sensitive strain sensors. Inspired

by mussel adhesion to diverse substrates, polyzwitterionic polymers are

crosslinked by dopamine-modified clay nanosheets to prepare hydrogels

with outstanding stretchability, self-healing, fast recovery, and fatigue

resistance. The hydrogels are sensitive to stretching with a gauge factor of

4.3. The synergistic contributions from the zwitterionic monomers and

catechol groups give robust adhesion to various substrates, including the

skin, liver, lungs, and heart in air and under water. Different from most

other flexible elastomer or hydrogel sensors reported in the literature, our

current hydrogels are able to establish robust and conformal adhesion to

target organs, which survives vigorous vibrations. The hydrogel sensors

adhered to skin or organs not only seal the wound, but also provide high

sensitivity to subtle vibrations and motions. We demonstrate wireless

transmission of signals captured by the hydrogel sensors. It opens a novel

avenue for implantable wireless devices free of suturing.
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The adhesion performance may be compromised for hydrogels

with high strength and modulus.

Stability and reliability are critical for practical applications

as implantable sensors, which demand conductive, highly

stretchable, durable and tissue-adhesive materials.14–16 Many

electro-conductive flexible devices have been manufactured

by incorporating metal nanomaterials,17–19 carbon nano-

materials,20,21 and conductive polymers22,23 into elastomers

or hydrogels. Ion conduction is ubiquitous and critical for

biological signal transmission from neurons to the brain and

muscles.24 Ion conductive polyelectrolyte hydrogels25 are bio-

mimetic and adaptable to biotissues, and have shown high

conductivity and sensitivity. For example, a plant-inspired

zwitterionic hydrogel composited and crosslinked with cellulose

nanocrystals26 serves as a stretchable strain sensor to monitor

human joint activity and talking, with a strain sensitivity (gauge

factor) of 1.3 at 100% strain. Supramolecular sodium alginate

(SA) nanofibrillar double network hydrogels showed a strain

sensitivity of B2.0 below 200% strain and a wide strain window

(0.3–1800%).27 Inspired by the aligned structures in muscles,

Hu et al.28 prepared conductive wood hydrogels by strongly

bonding and cross-linking cellulose nanofibers (CNFs) and poly-

acrylamide in wood. The negatively charged aligned CNFs give an

ion conductivity up to 5 � 10�4 S m�1.

In order to monitor the target organ in real time with

minimal loss in signal transmission, excellent adhesion on

the tissue surface is needed for implanted hydrogel sensors.

Park et al. incorporated PDA and tannic acid into hydrogel

networks to achieve adhesion to fingers.29 Wan et al. compos-

ited PVA hydrogels with functionalized single-wall carbon

nanotubes and polydopamine to achieve an adhesion strength

of 5 kPa to pigskin.30 Gao et al. devised a hydrogel bilayer device

comprised of a robust conductive layer and an adhesive layer.

Therein, the adhesive layer provided an adhesion of 130.9 N m�1

to pig skin, while the ion conductive layer served as a strain

sensor to monitor human motions.31 Zwitterionic hydrogels

are able to adhere to diverse substrates through ion–dipole or

dipole–dipole interactions,32–34 but with low adhesion strength

(B8 kPa). PVA/PSBMA (polyvinyl alcohol/poly[2-(methacryloyl-

oxy)ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide)

hydrogels show repeatable adhesion to substrates and high

linear strain sensitivity.35 But its adhesion strength on pig skin

was only 5.22 kPa, lower than that of fibrin glue on pig skin

(16.5 kPa36). To achieve robust hydrogel adhesion to biotissues,

we proposed a co-adhesive mechanism combining mussel-like

and zwitterionic adhesion mechanisms on the surface of target

tissues or organs.

In this work, we demonstrate novel tissue-adhesive ion

conductive hydrogel sensors for remote monitoring of organ

motions through wireless transmission. Zwitterionic hydrogels

composited with dopamine-modified clay nanosheets (Fig. 1a)

were prepared. The dopamine monomers could adsorb on clay

nanosheets and some may intercalate into the layers. Upon

oxidative polymerization, most of the monomers are converted

into PDA, whereas some may remain catechol groups,37 as

schematically illustrated in Fig. 1a. The free catechol groups

may allow for the formation of hydrogen bonding, Michael

addition, and Schiff base reactions at the hydrogel–tissue interface,

which work synergistically with zwitterionic dipole–dipole inter-

actions to provide robust and reusable adhesion to biotissues

(Fig. 1b).38–40 The nanocomposite and zwitterionic nature gives not

only high stretchability, but also self-healing to the ion conductive

hydrogels. The hydrogels show an ion conductivity of 0.0215 S m�1

and a high strain sensitivity (gauge factor GF = 4.3, 0–670% strain).

Fig. 1 (a) Schematic illustration of PDA–clay–PSBMA hydrogels. (b) The adhesion mechanism of PDA–clay–PSBMA hydrogels. (c) The schematic of the

hydrogel sensor for monitoring tissue vibration.
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Robust adhesion of the hydrogels to biotissues (adhesion strength

19.4 kPa) establishes conformal and compliant contact between

the hydrogels and target organs. The dynamic vibration of organs

is monitored by the hydrogel sensors, generating electric signals to

the computer through wireless transmission (Fig. 1c). The hydro-

gels are promising for wearable and implantable tissue adhesion

sensors in vivo.

Results and discussion
Synthesis, microstructures, and mechanical properties of the

hydrogels

The hydrogels were prepared by one-pot free radical polymeri-

zation of SBMA with the presence of dopamine-modified clay

and MBAA with a molar ratio to SBMA of 3 � 10�4. The amino

groups of PDA may form an electrostatic interaction with clay

nanosheets,41 and phenolic hydroxyl groups may chelate with

ions on the clay surfaces, thus anchoring to the clay

nanosheets.42,43 On the other hand, due to the dissolution of

ions from clay, the clay nanosheets may become alkaline, which

is conducive to self-polymerization of DA into PDA. Moreover,

the SBMA monomers can adsorb onto the clay nanosheets

through electrostatic interactions with the negative charges

on the surfaces and positive charges on the edges.44 Free radical

polymerization yielded hydrogels crosslinked by physical adsorp-

tion and sparse chemical crosslinking. Meanwhile, the zwitter-

ionic moieties can form dipole–dipole association (Fig. 1a) and

thus provide additional physical cross-linking to the network.19

During this procedure, the variations in clay spacing are investi-

gated by using wide angle X-ray diffraction (WAXD) and transmis-

sion electron microscopy (TEM). The presence of PDA and SBMA

decreased the Bragg angles and thus increased the spacings of

the clay. No diffraction peaks were observed for the PDA–PSBMA–

clay hydrogels (Fig. 2a). These findings are consistent with TEM

observations of microtomed PDA–PSBMA–clay hydrogels

(Fig. 2b), which suggest complete exfoliation of clay nanosheets

in the hydrogels.

The PDA–clay–PSBMA hydrogels exhibited outstanding

stretchability and toughness. The presence of PDA generated

microfibers in the hydrogels (Fig. S1, ESI†), which may favour

high stretchability and toughness. Fig. 2c shows representative

tensile stress–strain curves of hydrogels with different clay

contents. As the clay content was increased from 0.01 to

0.03 g mL�1, the tensile strength increased monotonically from

54 to 90 kPa, while the fracture strain remained around 700–

900%. On the other hand, the nanocomposite hydrogels showed

a compression strength from 3.8 to 6.2 MPa with increasing clay

content (Fig. 2e). The high clay contents significantly enhanced

the mechanical strength and toughness of the gels. Cyclic load-

ing–unloading tensile tests to 400% strain resulted in large

hysteresis loops (Fig. 2d). The loop area indicates the energy

dissipation during loading. For the second and subsequent

cycles, the loop areas decreased to 58.5% of the original value.

Meanwhile, the loading–unloading curves overlapped each other,

indicating a rapid recovery of the hydrogel during cyclic loadings.

The ionic interactions between the zwitterions and clay platelets

accounted for the outstanding mechanical properties of the

hydrogels. The addition of dopamine slightly deteriorated the

tensile and compressive strength of the hydrogels (Fig. S2a and b,

ESI†). With 0.02 g mL�1 clay and 4� 10�3mol L�1 dopamine, the

C3D4 PDA–clay–PSBMA hydrogel showed a tensile strength of

77 kPa and a compressive strength of 4.2 MPa. Hydrogels with

this formulation were used for subsequent studies unless other-

wise specified.

Self-healing

The PDA–clay–PSBMA hydrogels can self-heal under ambient

conditions. When the hydrogel was cut and contacted at the

fresh surface for 10 hours at 25 1C, the interface was obviously

blurred (Fig. 3a). The self-healed hydrogel could be stretched to

500% strain without breaking (Fig. 3b). After 2 h healing, the

Fig. 2 (a) WAXD profiles of clay, DPA–clay, SBMA–clay, and PDA–

PSBMA–clay samples. (b) TEM image of the PDA–clay–PSBMA hydrogel.

(c) Representative tensile stress–strain curves of hydrogels with different

clay concentrations. (d) Cyclic tensile stress–strain curves of the PDA–

clay–PSBMA hydrogel (DA = 4 � 10�3 mol L�1, clay = 0.02 g mL�1). (e) The

compressive stress–strain curves of the hydrogel with different clay

concentrations.

Fig. 3 (a) PDA–clay–PSBMA hydrogels contacted at the freshly cut surface

self-healed for 10 h at room temperature to sustain high stretching (b).

(c) Representative tensile stress–strain curves of the original and self-healed

hydrogels at room temperature. (d) Self-healing in the electrical property of

the freshly cut PDA–clay–PSBMA hydrogel.
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hydrogels could be stretched to 318%. After 24 h, the healed

hydrogels could be stretched to 859% with a fracture strength

of 61.5 kPa, or an 80% healing efficiency in fracture strength

(Fig. 3c). Moreover, the hydrogels showed much faster healing

in the electrical properties. When the hydrogel in a circuit was

cut, the current immediately dropped to 0 A, and then it

recovered to 97.6% of the original level in 2 s after the cut

surfaces were placed together (Fig. 3d). The self-healing of

the PDA–clay–PSBMA hydrogels favours the environmental

adaptability and stability of implantable devices based on the

hydrogels for long-lasting sensing.45

Tissue adhesion

The PDA–clay–PAM hydrogels showed robust adhesion to a

variety of hydrophobic and hydrophilic surfaces. For example,

two glass slides adhered by the hydrogel (20 mm � 20 mm �

2 mm) hang a load of 1.5 kg in air. This assembly could

even withstand a load of 1 kg after soaking in water for 10 h.

This phenomenon demonstrates excellent water-proof adhesion,

which is critical for adhesion on biotissues. The adhesion

performance of the hydrogel to diverse materials was charac-

terized by using lap shear tests on assemblies with the PDA–

clay–PSBMA hydrogel sandwiched between a pair of glass

slides, pig skins, and copper or polytetrafluoroethylene (PTFE)

sheets (adhesion area: 20 � 20 mm2). The assemblies were

stretched from both ends until separation (adhesion failure) or

fracture (cohesion failure), as shown in Fig. 4b. Fig. 4c shows

representative adhesion strength–displacement curves for the

PDA–clay–PSBMA hydrogels on glass, copper, PTFE and pig

skin. The maximum strength is taken as the interface adhesion

strength for the interface failure. The adhesion strengths of the

hydrogel on glass, Cu, PTFE and pig skin were 94.3, 54, 17.1,

and 22.3 kPa. Detailed investigations on the effect of clay, PDA,

and zwitterionic moieties on the adhesion performance

(Fig. S4a–g, ESI†) suggest that the covalent and non-covalent

interactions between polydopamine and the groups on the

substrates determine the adhesion of the hydrogels on the

substrates from hydrophilic to hydrophobic, and from apolar

to polar. Here we mainly focus on the effects of the clay, PDA,

and SBMA concentrations on the adhesion performance of the

hydrogels on pig skin and some organs.

The interaction of zwitterionic chains with the surface plays

critical roles in the adhesion. For example, with constant clay

and dopamine contents, the adhesion strength on pig skin

monotonically increases (3.1 to 22.3 kPa) with the zwitterionic

monomer content in the hydrogels (Fig. 4d). The adhesion

strength could be further enhanced by improving the zwitter-

ionic monomer content in the gels and the dipole–dipole

interaction between the hydrogel surface and the polar groups

on the tissue surface increases (Fig. 1).

The clay content plays critical roles in the adhesion strength

of the hydrogels on pig skin. Essentially, the clay nanosheets

provided limited spaces for the oxidation of dopamine. When

the clay concentration is low, the cohesive energy of the

hydrogel is low, and the mode of adhesion failure at this time

is mainly the destruction of the cohesive energy.46 As the clay

content increases, the cohesive energy of the hydrogel gradually

increases, which provides an adhesion strength from 13.4 to

22.3 kPa (Fig. S4d, ESI†). These values are close to that of the

commercial fibrin glue. Nonetheless, as the content of clay was

Fig. 4 Adhesion of PDA–clay–PSBMA hydrogels to diverse substrates including biotissues. (a) Two glass slides glued by the gel hang loads in air and

under water. (b) Schematic illustration of the lap shear test. (c) Representative stress–displacement curves of lap shear tests on glass, Cu, PTFE and pig

skin glued by the hydrogel. (d) The effect of the SBMA content on the adhesion strength of the hydrogel to pig skin. (e) The repeated adhesion strength of

the hydrogels to pig skin. (f) Photographs of hydrogels adhered to rabbit heart, lung, and liver, and (g) the corresponding adhesion strength values.
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raised to 0.03 g mL�1, the high clay content may lead to high

oxidation of PDA, resulting in a reduction of the free phenolic

hydroxyl content and a high cross-linking density, which

hinders the mobility of polymer chains at the interface.13 Thus,

the hydrogel adhesion strength dropped to 9.4 kPa.

On the other hand, when the clay content and SBMA

monomers are constant, the dopamine concentration dominates

the adhesion strength of the hydrogels on pig skin (Fig. S4h,

ESI†). It is encouraging that the adhesive strength of the

PDA–clay–PSBMA hydrogels on pig skin (17.1 kPa) was a bit

higher than that of fibrin glue (16.5 kPa) and could reach

22.3 kPa with optimal formulations. These results indicate

the great potential of the hydrogels to form robust adhesion

to tissues for implantable applications in vivo.

The outstanding adhesion of the PDA–clay–PSBMA hydrogels

is attributed to the synergistic interactions of SBMA and PDA

with the substrates. The zwitterionic polymers with cationic

quaternary ammonium groups and anionic sulfonate groups

exhibit neutral net charge, but have a high dipole moment.

The zwitterionic groups can interact with other charged groups

or polar groups through ion–dipole and dipole–dipole inter-

actions.26,32,35 Besides, PDA is capable of binding on a variety of

surfaces through phenolic hydroxyl chemical reactions similar

to those of DOPA molecules in adhesion proteins.47–50

On biotissue surfaces, the zwitterionic groups on the zwitter-

ionic polymer chains interact with the –COOH and –NH2 on the

tissue surface through dipole–dipole interactions, while PDA

can interact with the tissue surface through hydrogen bonding,

Schiff base reaction, or Michael addition (Fig. 1b). To further

figure out the importance of electrostatic attraction to the

robust adhesion, we introduced NaCl into the hydrogel to shield

the electrostatic interactions between SBMA and the tissue surface.

As a result, the adhesion strength of the PDA–clay–PSBMA hydro-

gel to pig skin is significantly reduced by 55% (Fig. S4i, ESI†). The

robust adhesion sustained cyclic peeling and re-adhesion for many

times. For example, as the hydrogel was adhered onto pig skin and

peeled off ten times, the adhesive strength right after each test

remained 16.1 kPa (Fig. 4e).

The synergistic effect of PDA and SBMA enables strong

adhesion to organs like the liver, heart, and lungs (Fig. 4f).

Lap shear tests on tissue–hydrogel assemblies show peeling

strength values up to 19.4 kPa (Fig. 4g). In fact, the hydrogels

form strong adhesion to the tissues in seconds, and the robust

adhesion could survive vigorous shaking (Video S1, ESI†), which

is critical for homeostasis of the heart and pneumothorax. The

adhesion is stable against cyclic motions of the beating heart or

breathing lung. We simulate heart beating and lung breathing

by cyclically pumping air into the heart and lung in vitro. The

hydrogel adhered to the heart and lung surfaces deformed

conformably without failing or delaminating (Videos S2 and S3,

ESI†). The hydrogel adhesion to biotissues was even waterproof,

as demonstrated by immersing the hydrogel–lung assembly in a

PBS solution with pH 7.2 and pumping air into the lung to

simulate respiration. The hydrogel adhered on the lung sealed

the alveoli and prevented bubbling in water (Video S4,

ESI†), suggesting a potential application of the hydrogels as

biotissue sealants. The corresponding deformation of the hydrogel

occurred with the expansion and contraction of the lung, and it

did not fail (Videos S3 and S4, ESI†).

Conductivity and strain sensitivity

The zwitterionic PDA–clay–PSBMA hydrogels are ion conductive

and sensitive to deformations. Zwitterionic polymer chains

serve as a network to assist ion transport. The impedance of

the PDA–clay–PSBMA hydrogel was measured by using electro-

chemical impedance spectroscopy (EIS) (Fig. 5a and Fig. S5a,

ESI†). The ions released from the exfoliated clay nanosheets

give conductivity to the PDA–clay–PSBMA hydrogels,32,51 which

effectively minimizes the ion pair formation.52 The cationic

charges on the surface of clay nanosheets may hamper the

mobility of anions and thus favour the mobility of cations in

polyelectrolytes,53 which may promote ion conduction.54 The

free ions in the hydrogel network increased with the clay content.

As the clay content was increased from 0.01 to 0.03 g mL�1,

the conductivity of the hydrogel increased from 0.0157 to

0.0215 Sm�1 (Fig. 5b). Besides, as the concentration of dopamine

increased, the conductivity showed a maximum of 0.020 S m�1 at

a clay concentration of 0.04 g mL�1 (Fig. S5b, ESI†).

The hydrogels show a high strain sensitivity. The PDA–clay–

PSBMA hydrogels were connected to a circuit comprised of a

power supply (2.5 V) and an LED bulb. As the hydrogel was

stretched, the LED bulb gradually dimmed. When the hydro-

gels were gradually released, the resistance almost returned to

the initial value, and the bulb gradually became brighter

(Fig. S5h, ESI†). The resistance change ratio during loading is

defined as |R � R0|/R0, where R0 and R are the initial resistance

and that under strain. The strain sensitivity or gauge factor (GF)

is defined as GF = d[|R � R0|/R0]/de, where e is the strain. As the

dopamine concentration increased, the resistance change ratio

and strain sensitivity of the hydrogel sensor showed a maxi-

mum at a clay concentration of 0.04 g mL�1 (Fig. S5c and d,

ESI†). In the strain range of 0–200%, the resistance change ratio

and strain sensitivity of the hydrogel sensor are insensitive to

the clay content (Fig. 5c and d). At tensile strain Z200%, the

resistance change ratio and sensitivity increased with the clay

content (Fig. 5c and d). Besides, under the same strain, the

resistance change ratio and sensitivity decreased as the clay

content increased (Fig. 5c and d). The GF of the C3D4 hydrogel

strain sensor was only 1 in the strain range 0–80%, but

increased to 2.2 at 300% strain, which was higher than that

of ionic gels reported in the literature (1.5 at 0–300% strain35).

These hydrogels may provide a large working range for practical

applications, which has been difficult for conductive sensors

based on elastomers.

Excellent electrical conductivity, sensitivity and adhesion to

a variety of material surfaces are critical for the PDA–clay–

PSBMA hydrogels as sensors for real-time monitoring of human

activities. When a hydrogel sensor was mounted on the finger

of a volunteer, finger bending to 151, 351 and 751 stretched the

gel and generated |R � R0|/R0 of 8%, 17% and 34% (Fig. 5e).

The resistance change ratio also gradually and linearly increased

with the bending angle (Fig. S5i, ESI†). Suchmovement monitoring
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is applicable for other joints such as the knee (Fig. 5f). It is

noteworthy that the hydrogel sensor adhered firmly to the joint,

and sustained vigorous movements as the volunteer quickly

jumped rope (Video S5, ESI†). Furthermore, the hydrogel

sensor was able to detect tiny human motions. The strain

sensor attached onto the throat sensitively responded to subtle

muscle movements to present the real-time resistance change

ratio when the volunteer swallowed (Fig. 5g). These results

demonstrate great potential of adhesive conductive hydrogel

sensors for wearable devices.

The ion conductive hydrogels have been fabricated into

sensor arrays to detect 2D distributions of pressure or strain,

which is the basis of many wearable or implantable sensory

devices. A prototype 7 � 7 array of hydrogels connected by

copper tape was fabricated, with each hydrogel cube (5 mm �

5 mm � 2 mm) acting as an independent sensor unit/pixel

(Fig. 5h). When a 100 g weight (22 mm bottom diameter) was

placed at D4, for example, it covered 7/10 of four sensor pixels

neighbouring D4. Thus, the pressure rendered changes in

resistance for pixels underneath the weight. The resistance

change ratio at D4 was higher than 90%, while the resistance

change ratio of the neighbouring sensor pixels was between

50% and 70% (Fig. 5i). In contrast, no significant signals were

observed for other sensor pixels. No crosstalk occurred. This

array can be extended to make highly integrated arrays of very

small gel pixels for E-skin.

Real-time wireless monitoring of organ motions by using ion

conductive and adhesive hydrogel sensors

The above results strongly suggest promise of the tissue-adhesive

and conductive PDA–clay–PSBMA hydrogels as sensors to

monitor the motions of highly dynamic organs. First, the strong

adhesion of the hydrogel to organs enabled rapid sealing of

wounds in the lungs, liver or heart. Meanwhile, the ability to

detect subtle stress and strain enables in situ monitoring of the

movement of the lungs in real time. Here, we demonstrate

wireless transmission of the collected signals from simulated

dynamic lung and heart motions to the computer for diagnosis.

To simulate pneumothorax, a rabbit lung was punctured with

a needle. Then a (30 mm � 10 mm � 2 mm) hydrogel patch

was adhered to the wound. Lung breathing was simulated

in vitro by pumping air into the lung. The gel patch adhered

to the damaged lung and completely sealed the wound.

No bubbling took place as air was pumped into the lung under

Fig. 5 The effect of the clay content on the (a) impedance, (b) conductivity, (c) resistance change ratio, and (d) strain sensitivity of the hydrogel with

4 � 10�3 mol L�1 dopamine. The hydrogels serve as sensors to monitor the repeated bending of the (e) finger and (f) knee of a volunteer. (g) The hydrogel

adhered to the throat of a volunteer records swallowing. The hydrogels were fabricated into a 7� 7 array (h) that produces a 3D histogram of pressure on

D4 with excellent lateral resolution (i).
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water (Video S4, ESI†). Meanwhile, each time the air was

pumped into the lung, the hydrogel was stretched to generate

a resistance change ratio of 140% or 350% (Fig. 6a), depending

on the expansion ratio of the lung. As the lung relaxed, the

resistance change ratio almost returned to the initial value

(Fig. 6a). This procedure could be repeated many times without

failure of the adhesion. The robust adhesion and sealing of the

lung allowed for normal breathing, which is highly significant

for clinical applications to treat pneumothorax and for subse-

quent monitoring of the status of the lung (Fig. 6c).

For post-treatment monitoring, wireless transmission is very

important for implantable sensors. Thanks to the strong adhe-

sion, the conductive hydrogel sensor could be directly adhered

on the lungs or heart, without suturing or gluing with chemi-

cals (Fig. 6d), to monitor human activity by coupling wireless

transmitters and wirelessly communicating with computers

(Fig. 6c). We compared the output signal quality obtained from

wireless transmission and conventional wired transmission.

Fig. 6b shows the real-time sensing performance of the PDA–

clay–PSBMA hydrogel-based sensor adhered onto the lung with

different breathing. The signal output through wireless trans-

mission is recorded as resistance since it was converted and

restored from the wireless data. The larger expansion of the

lung led to greater stretching of the sensor, which produced

electrical signals that were wirelessly transmitted to and pro-

cessed by a computer. The relative peak shape and height ratio

were consistent with those directly obtained through wired

monitoring (Fig. 6a) when the air was blown into the lung.

It is noted that the signals collected by wireless and wired

transmission were not significantly different in terms of sensi-

tivity. The hydrogel sensor was able to accurately monitor and

quantify real-time strain changes through wireless transmission

(Video S6, ESI†). Thus, the results could help physicians and

medical professionals to perform remote activity monitoring to

help patients. Moreover, such in situ monitoring and wireless

transmission could be combined with intelligent terminal and

artificial intelligence (AI) to achieve remote diagnostics and

medication of patients and people needing help (Fig. 6c).

Biocompatibility is critical for implantable devices. To

assess the biocompatibility in vivo, PDA–clay–PSBMA hydrogels

were implanted under the skin of mice to examine the immune

response (Fig. 7a). At specific times, the hydrogels along with

surrounding tissues were collected, microtomed, and analysed

using H&E staining (Fig. 7b). On the first day of implantation,

many cells, including multinucleated cells, were found in the

tissue near the hydrogels, indicating inflammatory responses

against the hydrogel as a foreign body. On the fifth day, the

inflammatory cell density was greatly reduced. On the 7th day,

the cell density returned to normal, no polynuclear cells were

aggregated, and the inflammatory reaction disappeared. These

results indicate that the hydrogels did not cause immuno-

logical rejection in mice. In order to further test the biological

safety of the hydrogel, during the subcutaneous implantation

experiments, routine blood tests were conducted on the mice.

The results of two-week implantation showed no indications

of toxicity (Table S1, ESI†). These results suggest that the PDA–

clay–PSBMA hydrogels had excellent biocompatibility. All the

results of the hydrogels shown and discussed above lay the

foundation for applications as implantable devices to monitor

human health.

The nano-composite hydrogels have excellent adhesion pro-

perties on biotissues through the synergistic effect of zwitterions

Fig. 6 Real time monitoring and wireless transmission of simulated lung breathing by hydrogel sensors. (a) Wired transmission of the resistance change

ratio and (b) wireless transmission of the resistance over time generated from simulated lung breathing. (c) Schematic illustration showing the wireless

monitoring of lung breathing. (d) Photos of hydrogel sensors mounted on a rabbit lung with wired (left) and wireless (right) transmission.
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and dopamine. Mussel-inspired adhesives are able to adhere to

various substrates through powerful catechol chemistry.48–50,55,56

However, the dopamine-based adhesion to the skin surface is

only 5.2 kPa.30 For practical applications, robust adhesion and

conformal contact between conductive hydrogel sensors and

biotissues are needed for efficient electrical signal transmission.

Zwitterionic groups provide a high dipole moment that favours

excellent adhesion to many surfaces through ion–dipole or

dipole–dipole interactions.26,32,35 The combination of dopamine

and zwitterionic groups significantly improves the adhesion

strength to 19.4 kPa to tissues, a little higher than the commer-

cially used fibrin adhesives.

On the other hand, the zwitterionic groups can assist in

separating the cationic and anionic counterions during ion

migration, and thus give ion conductivity.34 The conductivity

and resistance change with deformation of the hydrogels.

As a result, the PDA–clay–PSBMA hydrogels show high sensi-

tivities at low (GF = 1.25, 0% o strain o 80%) and high strains

(GF = 2, 0% o strain o 200%). These values are superior to

many other ion conductive hydrogels previously reported in the

literature.57–59

The ion conductive hydrogels, possessing both strong

adhesion to tissues and high strain sensitivity, are promising

for clinical applications. The robust adhesion to tissues may

enable easy fixing of implantable sensors to tissue and organs

for in situmonitoring of human health, without using suturing,

which is usually used in surgery to fix implantable devices.

Stability and reliability are very important for implantable devices.

For dynamic organs, excellent strength, toughness, and fatigue

resistance are critical for stable and reliable sensors to work in vivo.

Here, physical adsorption of polymer chains to clay nanosheets

and dipole–dipole association of the zwitterionic chains serve

as energy dissipation mechanisms to ensure high mechanical

properties and self-healing. The rapid self-healing in electrical

performance is beneficial for the reliability of the sensors.

To date, most flexible sensors are employed in conventional

electronics for signal transmission and interpretation. For wearable

and implantable devices, it will be much more useful if wireless

communication technologies are integrated. This is of special

significance for in vivo applications. Our results demonstrate

the feasibility of using biotissue-adhesive hydrogel sensors for

remote monitoring of dynamic motions of organs through

wireless transmission.

Conclusions

In this work, we demonstrate novel tissue-adhesive and con-

ductive PDA–clay–PSBMA hydrogels. Adequate catechol groups

in the hydrogel and reversible physical interactions between the

zwitterionic and other surfaces provide reproducible robust

adhesion to various materials. Most importantly, the hydrogels

can adhere on a variety of biological tissue surfaces with

adhesion strength up to 19.4 kPa (on the heart). It is worth

noting that the hydrogels retained adhesion in wet and even

underwater environments. Excellent adhesion and biocompati-

bility are beneficial to the repair of tissue defects. Moreover,

the hydrogel can self-heal without any external stimuli. The

outstanding ion conductivity and high sensitivity are beneficial

for the PDA–clay–PSBMA hydrogels as flexible and wearable

strain or pressure sensors for direct monitoring of large-scale

human movements and physiological signals, including

swallowing and the bending of the knuckles and knee joints.

The direct adhesion of the hydrogels to the lungs was demon-

strated to monitor simulated respiratory signals. The results are

encouraging for potential applications of such stretchable,

tough, and tissue-adhesive materials for implantable and wear-

able sensors that are designed for monitoring of dynamic

organs in vivo. In conclusion, the PDA–clay–PSBMA hydrogels

could hold considerable promise for a variety of applications

such as tissue adhesion strain sensors, medical electrodes and

wearable devices.

Experimental section
Materials

A synthetic hectorite ‘‘LAPONITEs XLGs’’ was provided by

Zhejiang Fenghong New Materials Co. Ltd. [2-(Methacryloyl-

oxy)ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide (SBMA,

97%), ammonium persulfate (APS), and N,N0-methylene

bis(acrylamide) (MBAA, 99%) were purchased from Aladdin

(Shanghai, China). Dopamine hydrochloride (DA) was purchased

from Sigma-Aldrich. All these reagents were used without further

purification. Deionized water (18.2 MO, at 25 1C) was prepared

before use.

Preparation of polydopamine zwitterionic nanocomposite

hydrogels

An aqueous suspension of LAPONITEs XLG was prepared at

room temperature. Dopamine was added to the dispersed

LAPONITEs XLG solution and stirred for 5 h to prepare a

LAPONITEs XLG/DA suspension, and then SBMA monomers,

APS and MBAA were added to the LAPONITEs XLG/DA

Fig. 7 In vivo biocompatibility evaluation of PDA–clay–PSBMA. (a) Sche-

matics of a mouse model for subcutaneous implantation of hydrogels.

(b) H&E staining of skin tissues surrounding the hydrogels after implanta-

tion for 1, 3, 5, and 7 days.
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suspension and stirred for 1 h to produce a homogeneous

solution, where the molar ratio of MBAA to SBMA was 3 � 10�4.

Finally, PDA–clay–PSBMA hydrogels were obtained by free

radical polymerization at 60 1C for 24 h.

Microstructure characterization of the hydrogels

The hydrogels were freeze-dried and freeze-fractured in liquid

nitrogen, and sputtered with platinum on the cross-section for

SEM (S4800, Hitachi, Japan) imaging at 4 kV.

TEM imaging was performed by using a JEM-2100F trans-

mission electron microscope (JEM-2100F, Japan) at 200 kV on

samples cast on an ultra-thin carbon film.

X-ray diffraction (XRD) measurements of clay nanosheets,

and PDA–clay, SBMA–clay, PDA–clay–SBMA, PDA–clay–PSBMA

and PSBMA–clay composites were conducted by using an X-ray

powder diffractometer (D8 ADVANCE, BRUKER, Germany) at

40 kV and 4 mA.

Mechanical testing

The mechanical properties of the hydrogels were investigated

by using a Universal Testing Machine (Instron 5567, USA) at

room temperature. Tensile tests were conducted on rectangular

specimens (20 mm � 5 mm � 2 mm) at a crosshead speed of

100 mm min�1. Cyclic loading–unloading tensile tests were

performed to a strain of 400%. Every cycle was conducted after

3 min of complete recovery of the hydrogel. Compression tests

were conducted on cylindrical samples (height 2 mm, diameter

13 mm).

Adhesion measurements

The adhesion performance of the PDA–clay–PSBMA hydrogels

was determined through lap shear tests using a Universal

Testing Machine (Instron 5567, USA). A hydrogel (20 mm �

20 mm � 2 mm) was sandwiched between two glass plates,

copper sheets, PTFE plates, or tissues/organs (pig skin, heart,

lung, pork muscle, or fat). All tissues are fresh and the surfaces

of the tissues are wiped dry without fluid-like liquids. Pig skin,

pork muscle, and fat were purchased from a local Wumart.

Heart, lung and liver were retrieved from sacrificed New

Zealand white rabbits (2.5–3 kg each). A 100 g load was applied

for 5 min to form good contact before testing. Repeated lap

shear tests were also conducted on samples after cyclic peeling

off and re-adhesion for 5 min. All tests were performed at a

crosshead speed of 100 mm min�1 at room temperature.

Measurements were repeated at least five times to report results

as mean � standard deviation.

Electrical property measurements

The electrochemical impedance measurements of the PDA–

clay–PSBMA hydrogels were performed by using a Solartron

1470E multi-channel potentiostat electrochemical workstation

(Solartron Public Corp., Ltd). The impedance data were ana-

lysed by using the software ZView according to the Randles

equivalent circuit. The resistance changes were obtained by

using an electrochemical analyser/workstation (CHI600E, China).

The gauge factor is defined as GF = d[|R � R0|/R0]/de = d(DR/R0)/de,

where R0 and R are the resistances of the original and stretched

hydrogels, and e is the strain of the hydrogel.

Adhesive strain sensors to monitor organ motions and wireless

transmission

An electrochemical analyser/workstation (CHI600E, China) was

used to monitor the electrical signal changes of hydrogels

adhered to bending joints and organs. The finger, knee, and

throat movement/vibration monitoring experiments were per-

formed on a volunteer, with informed consent obtained from

the volunteer. Wireless transmission equipment was mounted

onto the gel sensor for remote monitoring of the electrical

signal changes of hydrogel sensors adhered to a lung and

heart with simulated motions in vitro. The heart and lung

were retrieved from sacrificed New Zealand white rabbits

(2.5–3 kg each).

In vivo immune response evaluation

Hydrogels were embedded under the skin of the back of mice

to evaluate the immune response and biocompatibility of

the hydrogels. Before implantation, hydrogel discs (5 mm in

diameter and 2 mm in thickness) were sterilized with 70%

ethanol for 24 h and soaked in PBS to remove residue ethanol.

Briefly, seven male mice (ICR mouse) weighing 28–30 g were

used. After being anesthetized with pentobarbital (2 wt%,

2 mL kg�1), the dorsal area of the mice was totally depilated.

PDA–clay–PSBMA hydrogels were implanted into three tissue

pouches on the back of each mouse, and then the wounds were

closed by using a Tegaderm TM dressing (3M, St. Paul, MN,

USA). The mice were observed daily and euthanized on the first,

third, fifth and seventh days after implantation. The samples

were retrieved, embedded in paraffin and sliced, followed by

staining using haematoxylin eosin for optical observations.

Moreover, the blood of mice with hydrogels implanted for two

weeks was collected for routine blood testing. All experimental

mice were housed in the Ningbo University Animal Service

Centre. All the animal experiments were performed in compli-

ance with the guidelines for the Care and Use of Research

Animals established by the Institutional Animal Ethical

Committee (IAEC) of Ningbo University. All surgical procedures

were approved by the IAEC of Ningbo University, Ningbo, China.
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