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Living organisms, from plants to animals, have in-

spired and guided the design and fabrication of

polymeric hydrogels with biomimetic morphology,

shape deformation, and actuation behavior. Howev-

er, the existing polymeric hydrogels are fragile and

vulnerable, which seriously hinders further applica-

tion. Therefore, endowing hydrogels with a biomi-

metic self-growth property and regenerating the

macroscopic shape of hydrogels after they suffer

significant damage are highly desirable for the next

generation of adaptive biomimetic hydrogels. In-

spired by the tail regeneration of geckos, we herein

report an efficient and universal strategy of interfa-

cial diffusion polymerization (IDP), which can regen-

erate the polymeric layer at a solid–liquid interface,

thereby growing new hydrogels on the existing hy-

drogel layers. Through changing the solvent viscosi-

ty and/or monomer type of the hydrogel precursor,

diverse new hydrogels have been regenerated to

endow the initial hydrogels with additional fluores-

cent functions and/or actuating properties. Due to

the high efficiency and universality of IDP, an injured

hydrogel actuator can be repaired, regenerated, and

recovered to its initial condition, even after suffering

severe damage such as cutting or piercing. We be-

lieve that the regeneration strategy of polymeric

hydrogels will inspire the design of biomimetic mate-

rials and motivate the fabrication of the next gener-

ation of soft robotswith adaptive andmultifunctional

properties.

Keywords: hydrogels, biomimetics, interface, diffu-

sion polymerization, free radicals monitor
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Introduction
Nature is an unlimited source of inspiration and has guid-

ed the design and fabrication of versatile intelligent artifi-

cial materials.1–9 Hydrogel actuators,10–12 which are one of

the most promising classes of such bionic materials,13,14

can imitate themorphologyanddeformationofbiological

organisms due to their wet and soft properties.15–19 How-

ever, most of the existing hydrogel actuators are fragile

and vulnerable, which seriously hinders the development

of hydrogel actuators in complex situations.20–27 As one of

the most promising bionic materials, self-healing hydro-

gels can repair themselves when the damaged parts are

close enough to form chemical bonds or noncovalent

interactions but can not regenerate a missing part when

the hydrogel suffers from huge damage. Besides, the

existing self-healing hydrogels usually require that the

damage be fresh; otherwise, the self-healing becomes

more and more inefficient.28–31 By contrast, although bio-

logical organisms also suffer from huge damage, the

injured parts can still recover to their initial state via body

metabolism. Moreover, biological organisms can also ex-

hibit self-growth properties which are capable of endow-

ing them with brand new functions.32,33 For example,

tadpoles only breathe through their gills and swim under

water, propelling themselves with their tails. Interestingly,

after metamorphosis, tadpoles grow into frogs, who

breathe through their lungs and jump with their limbs.

Inspired by this growth behavior of biological organisms,

the development of next-generation bionic hydrogel

actuators with self-growing properties is receiving im-

mense scientific attention.34–36

In order to realize the self-growth and functionalization

of the as-prepared hydrogels, the reinitiation of the

polymerization and a tough interfacial interaction be-

tween original hydrogel and newly generated hydrogel

are unavoidable.37–46 Recently, a few strategies have been

proposed successfully. For example, Gong and cowor-

kers regenerated mechano-radicals and reinitiated poly-

merization by force-induced polymer strand scission.37

A double-network hydrogel containing monomer was

subjected to repetitive mechanical loading that

destroyed the polymer chains and induced the genera-

tion of mechano-radicals, which reinitiated the polymeri-

zation of the monomer. Further, Daraio and coworkers

utilized the photosynthesis of embedded chloroplasts to

reproduce glucose inside a hydrogel network and

remodel microstructures under white light exposure.38

Also, Zarket and Raghavan proposed an inside-out tech-

nique for creating multilayered polymer capsules.39

Although the above-mentioned studies proposed the

possibility of linking/reconstructing the hydrogel layers

with firm interfacial toughness, the polymerizationmech-

anism and applications were still unclarified, which limit-

ed the further development of self-growth hydrogel.

Therefore, to propose an efficient and universal techni-

ques for the growth of the macroscopic shape of as-

prepared hydrogels remains a challenge.

Inspired by the tail regeneration of the gecko that can

secrete and transport growth hormone to its injured part

and regenerate a new tail by the division of cells in

the injured part (Scheme 1a), herein, an efficient strategy

is proposed that endows hydrogels with such a self-

growing property via an interfacial diffusion polymeriza-

tion (IDP). Different from other reported methods that

reinitiate the polymerization within the hydrogel, free

radicals in the IDP strategy were generated via a redox

reaction at the solid–liquid interface between ammonium

persulphate (APS) in an as-prepared hydrogel and

N,N,N′,N′-tetramethylethylenediamine (TEMED) in an-

other hydrogel precursor (Scheme 1b). Here, the initiating

polymerization at the solid–liquid interface exhibits sev-

eral advantages. (1) The new hydrogel could grow on the

surface of the initial hydrogel and increase the macro-

scopic volume of the whole system. (2) The hydrogel

precursor could fully moisten the initial hydrogel surface

and prevent oxygen from getting in, which commonly

acts as a polymerization inhibitor. (3) Polymerization at

the solid–liquid interface could enhance the interfacial

interaction between two layers, thereby generating a

unique interpenetrating network at the interface. (4) This

approach represents a universal strategy that can be

adapted to generate diverse new hydrogels on hydro-

gel-based substrates and hydrophilic substrates. (5)

Such an IDP strategy could custom repair an injured

hydrogel actuator. Different from those self-healing

hydrogels that require fresh damage and potential self-

healing factors such as supramolecular interaction or

dynamic covalent bonds,47,48 any injured hydrogel actua-

tors could be repaired and recover to their initial condi-

tion both in macroscopic shape and chemical structure

and continue functioning via IDP. We believe this will

provide a new vision and inspire the fabrication of the

next generation of adaptive robots, multifunctional hy-

drogel actuators, and biomimetic systems.

Experimental Methods
Materials

Acrylamide (AAm), 2-hydroxyethyl methacrylate

(HEMA), 1-pyrenylbutyric acid, 1-(3-dimethylaminopro-

pyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl), 4-

dimethylaminopyridine (DMAP), and sodium chloride

(NaCl) were purchased from Sinopharm Chemical Re-

agent Co., Ltd. (Shanghai, China). Allylamine, sodium al-

ginate (Alg), N,N′-methylene bis(acrylamide) (BIS),

CH2Cl2, APS, TEMED, calcium chloride (CaCl2), gelatin,

polyvinyl alcohol (PVA), ferroferric oxide (Fe3O4), rhoda-

mine B, congo red, methyl violet, methyl blue, tartrazine,

xylenol orange sodium salt (XO), ammonium ferrous
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sulfate (Fe(NH4)2·(SO4)2·6H2O), and ethylene diamine

tetraacetic acid (EDTA) were purchased from Aladdin

Reagent Co., Ltd. (Shanghai, China). N-hydroxyethyl

acrylamide (HEAA), and N-isopropylacrylamide (NIPAm)

were purchased from TCI Reagent Co., Ltd. (Shanghai,

China). 4-Bromo-1,8-naphthalicanhydrideand, and

N,N′-dimethylethylenediamine were bought from Energy

Chemical Co., Ltd. (Anhui, China).

Instruments

The lyophilizing process was conducted in the DGJ-10C

freeze dryer (Shanghai Boden Biological Science and

Technology Co., Ltd., Shanghai, China). The tensile tests

were conducted on the Z1 Zwick/Roell Universal Testing

System (Shanghai Zwick Testing Equipment Technical

Service Co., Ltd., Shanghai, China). Tensile tests were

performed at room temperature with the tensile speed of

10 mm/min. Samples were punched into dumbbell shapes

(size: length × width × thickness: 50 mm × 3 mm × 1 mm).

The images and videos of hydrogel were taken by a

polarizing microscope (OLYMPUS, 71781687-5, Japan).

UV–vis absorption spectra were recorded by virtue of

TU-1810 UV–vis spectrophotometer provided by Purkinje

General Instrument Co., Ltd. (Beijing, China). The pat-

terned hydrogels were obtained by laser cutter (GY-460

bought fromShandong LiaochengGuangyue Laser Equip-

ment Co., Ltd., Shandong, China).

The fabrication of the substrate hydrogel

The fabrication of the substrate
polyacrylamide hydrogel

AAm(0.71 g), Bis (21.3mg), APS (21.3mg), TEMED (15 μL),
and deionized water (10 mL) were mixed to form an

aqueous solution. Then the hydrogel precursor was

added into a 1 mm thick mold. The polymerization was

carried out at room temperature for 6 h. After polymeri-

zation, the polyacrylamide (PAAm) hydrogel was

Scheme 1 | Gecko-inspired regeneration of polymeric hydrogels. (a) The typical regeneration process of severed

gecko tails. The injured gecko would secrete and transport growth hormone which induces the division of cells in the

injured part and regenerates until the injured part is recovered. (b) Gecko-inspired hydrogel-regenerating strategy.

The free radicals were reinitiated at the solid–liquid interface and induced the polymerization in order to reconstruct

the new hydrogel network.
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immersed in deionized water to remove unreacted

monomer and reach a swelling equilibrium.

Fabrication of the substrate PNIPAm hydrogel

NIPAm (2 g), Bis (20 mg), APS (20 mg), TEMED (20 μL),
and deionizedwater (10mL) weremixed to form an aque-

ous solution. The hydrogel precursor solution was added

into a 1mmthickmold. The polymerizationwas carried out

at4 °C for 12 h.Afterpolymerization, thePNIPAmhydrogel

was immersed in deionized water to remove unreacted

monomer and reach a swelling equilibrium.

Fabrication of the substrate polyvinyl alcohol
hydrogel

PVA was dissolved in deionized water (weight ration of

PVA to H2O is 1∶9) under an oil bath at 95 °C for 4 h to

form an aqueous solution. The solution was added into a

1 mm thick mold. During the freezing/thawing treatment,

the PVA solution was frozen under −18 °C for 6 h and

thawed at room temperature for 2 h. The procedure was

repeated three times in order to get PVA hydrogels.

Fabrication of the substrate gelatin hydrogel

Gelatin was dissolved in deionized water (the weight

ratio of gelatin to H2O was 3∶20) under an oil bath at

60 °C for 1 h to form an aqueous solution. The solution

was added into a 1 mm thick mold. The gelatinization

process was carried out in a 4 °C environment.

Fabrication of the substrate Alg-Ca2+ hydrogel

Gelatin (15 g), CaCl2 (1.11 g), and deionizedwater (100mL)

were mixed to form an aqueous solution at 60 °C in an oil

bath, and the gelatin-Ca2+ hydrogel was prepared using a

similar procedure to prepare the gelatin hydrogel. Then

2% alginate solution was put on the top of gelatin-Ca2+

hydrogel. After 10 min, the Alg-Ca2+ hydrogel was

obtained after transferring the gelatin/alginate hydrogel

into warm water to remove the gelatin.

The measurement of free radical
concentration

PAAm hydrogel was selected as the substrate hydrogel

in this experiment. The PAAm hydrogel was immersed in

15mg/mLAPS solution overnight. Then the hydrogel was

removed, and the surface was dried.

The low viscosity precursor was prepared by

mixing AAm (0.71 g), Bis (21.3 mg), I2959 (21.3 mg),

Fe(NH4)2·(SO4)2·6H2O (0.196 g), and deionized water

(10 mL). The high viscosity precursor was prepared by

mixing linear polyacrylamide (0.71 g), AAm (0.71 g), Bis

(21.3 mg), I2959 (21.3 mg), Fe(NH4)2·(SO4)2·6H2O

(0.196 g), and deionized water (10 mL).

A PAAm hydrogel sheet (size: length × width × thick-

ness: 40 mm × 10 mm × 1 mm) was first put into a

homemade mold including one hollow silicone rubber

sheet and two glass side pieces. Then the precursor was

injected into themold on top of the PAAmhydrogel. After

10 min, the hydrogel was irradiated under ultraviolet light

(365 nm) for 5min. The newly generated hydrogel was cut

into strips 20 mm × 1 mm × 1 mm. An aqueous solution of

250 μM XO and 20 mM H2SO4 was used to determine the

Fe3+ content. After soaking the strips in 4.0 mL XO solu-

tion for 10min, 3 mL solutionwas then taken from the test

tube for UV–vis light analysis to determine the Fe3+

concentration.

The observation of interfacial diffusion
polymerization

PAAm hydrogel was selected as the substrate hydrogel in

this experiment. The PAAm hydrogel was immersed in

15 mg/mL APS solution overnight. Then the hydrogel was

removed and the surface dried. The precursor was pre-

pared by mixing linear polyacrylamide (0.71 g), AAm

(0.71 g), Bis (21.3 mg), TEMED (150 μL), and deionized

water (10 mL). A PAAm hydrogel sheet (size: length ×
width × thickness: 40 mm × 10 mm × 1 mm) was first

put into a homemade molding including one hollow

silicone rubber sheet and two glass side pieces. Themodel

was placed on the stage of an optical microscope. Then

the precursor was injected into the mold, and the genera-

tion of the new hydrogel was recorded and measured.

The fabrication of hydrogel via interfacial
diffusion polymerization

Some hydrophilic materials could be selected as the sub-

strate, such as the PAAm hydrogel, gelatin hydrogel,

calcium alginate hydrogel (Alg-Ca2+ hydrogel), PVA hy-

drogel, paper, cloth, skin, fruit peel, and so on. All of the

above hydrophilic substrates were immersed in 15 mg/mL

APS solution overnight. The precursor was prepared

by mixing polymers, monomer (1 M), crosslinking agent

(3 wt % of monomer), dye, TEMED (15 μL/mL), and deio-

nized water. For example, precursor 1 was prepared by

mixing alginate (0.2 g), AAm (0.71 g), Bis (21.3 mg),

TEMED (150 μL), and deionized water (10 mL) to form an

aqueous solution. The precursor was coated on the sur-

face of the substrate. After 30min, a bilayer hydrogel was

obtained after washing the ungelatinized precursor with

deionized water.

A polydimethylsiloxane (PDMS) mold with a cutout

pattern was placed on a substrate, and the precursor

was placed on the top of the PDMS mold. After 30 min, a

patterned hydrogel was obtained after washing the

ungelatinized precursor with deionized water.
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Figure 1 | Real-time monitoring of the diffusion of free radicals. (a) Schematic illustration of the generating and

diffusing process of free radicals. (b) The UV absorption spectra of XO and Fe3+-XO. (c) The images and finite element

analysis simulation showing the diffusing process of free radicals in nonviscous solution. (d) The images and finite

element analysis simulation showing the diffusing process of free radicals in viscous solution. (e) The experimental and

simulation results of the concentration of free radicals in different positions. (f) The illustration showing themechanism

of regeneration and diffusion of free radicals. Scale bars: 1 cm.
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The process of hydrogel custom repair

During the fabrication and forthputting process, hydro-

gel actuator may face various types of damage that may

destroy its function and interrupt the task in progress. In

order to demonstrate this, various types of injury—such

as piercing, cutting, and severing—were endowed to the

two-dimensional butterfly-shaped hydrogel actuator. To

custom repair the function of the hydrogel actuator, the

injured part was treated with 15 mg/mL APS first. Then

the hydrogel precursor containing AAmasmonomerwas

utilized to repair the injured part of the bottom layer

hydrogel (PAAm) via IDP. Subsequently, the AAm in the

hydrogel precursor was replaced with NIPAm to repair

the top layer hydrogel (PNIPAm) via IDP. Ultimately, all

kinds of injuries were repaired, and the repaired hydrogel

actuator was able to continue the incomplete task.

Theoretical model

In order to describe the dynamic distribution process of

free radicals in solution, the convection-diffusion control

equation was adopted, and the expression is as follows:

∂CA

∂τ
þux

∂CA

∂x
þuy

∂CA

∂y
þuz

∂CA

∂z
=DAB

�
∂2CA

∂x2
þ∂2CA

∂y2
þ∂2CA

∂z2

�
þrA

In the above formula, CA represents the concentration

of the diffusing substance component A, ux, uy, and uz

represent the diffusion speed of the substance, respec-

tively, DAB represents the diffusion coefficient of the

diffusing substance A in B, and rA represents the amount

of component A generated by chemical reaction in a unit

volume of space per unit time. τ represents time, and x, y,

and z represent spatial coordinate positions. In this study,

CA describes the concentration of the free radical com-

ponents of the gel, and DAB represents the diffusion

coefficient of the gel in the growth solution. Because the

chemical reaction is considered, the growth solution is

poured on the surface of the acrylamide hydrogel. APS in

acrylamide will diffuse from the inside of the gel to the

growth solution. APS will react with Fe2+. Therefore, rA is

determined by the following chemical reaction equation:

Fe2þþS2O8
2−→SO•−

4 þSO2−
4 þFe3þ�!XOðyellowÞ

Fe3þ−XOðPurpleÞ

The finite elementmethod was processed by Transport

of Diluted Species (TDS). The initial parameters were

defined as follows: the initial concentration of S2O8
2− was

15 mg/mL and the initial concentration of Fe2+ in the

hydrogel precursor was 100 mM. The definition of the

boundary condition parameters: the bottom and two

sides were set as closed boundaries (No Flux), and the

top boundary was set as an open boundary (Open

Boundary). The diffusion coefficient values were set as

3*10−7 m2/s in the viscous solution and 2*10−10 m2/s in the

viscous solution (where the viscous growth solution con-

tained 100 mM Fe2+, 20 mM xylenol orange (color indica-

tor), and 1M linear polyacrylamide.

The above chemical reaction processes were defined

via the Chemistry (chem) module. The reacting

substances and the generated substances were in a

one-to-one correspondence with the four diffusing sub-

stances in the TDS module since the reaction was irre-

versible. The reaction rate rA parameter, the amount of

chemical reaction generated in a unit volume of space per

unit time, was jointly determined by the forward

rate constant of the reactants Fe2+ and S2O8
2− and

defined by default in the software. Additionally, the

Enthalpy of reaction and Entropy of reaction adopted the

definition of Automatic. Finally, the reaction rates of each

substance were coupled into the TDS module, and they

affected the diffusion of the generated substances.

Results and Discussion
As is well known, the generation of free radicals is the key

step in free radical polymerization. Therefore, in order to

clarify the mechanism of the polymerization process of

IDP, the as-prepared hydrogel was immersed into the

solution of initiators (APS), and the initiators diffused

into the hydrogel network until they reached equilibrium.

Then, a solution containing Fe2+ as a reduction agent and

xylenol orange (XO) as indicator of Fe3+ formation was

poured onto the surface of the initial hydrogel to monitor

the generation and diffusion process of free radicals

(Figure 1a). The generation and monitoring process of

free radicals can be described as follows. Due to the

osmotic pressure at the solid–liquid interface, initiator

molecules diffused from the hydrogel network into solu-

tion while the Fe2+ diffused from the solution into the

hydrogel, which triggered the redox reaction and gener-

ated Fe3+ and free radicals. As soon as redox initiation

occurred, the Fenton color reaction set in and resulted in

a color change from yellow to purple, due to the metal

coordination between XO and Fe3+ (Figure 1b). With the

ongoing diffusion of APS, Fe2+ ions were further oxidized

into Fe3+, and the color of the solution gradually changed

from yellow to purple.

When the viscosity of the solution was low, the diffusion

rate was fast, and a large number of unreacted APS es-

caped from the interfaceandmade thegenerationprocess

of free radicals uncontrollable (Figure 1c and Supporting

InformationMovie S1). Therefore, to slow the diffusion rate

of APS, polyacrylamide (PAAm) was dissolved into the

solution in order to increase the viscosity of the solution.

With the increased viscosity of the solution, the diffusion

rate of APS slowed down. In consequence, the generation

process of free radicals became more controllable, and a

clear dividing line between reacted and unreacted parts
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was observed and moved slowly forward by the diffusion

of APS (Figure 1d and Supporting Information Movie S2).

Further, the diffusing process of APS and the generating

process of free radicals were simulated by finite element

modeling, and the results are highly consistent with the

experimental results.

It is worth noting that the number of free radicals is

equal to that of Fe3+ ions, and thus accurately measuring

the concentration of Fe3+ ions allows for estimation of the

concentration of free radicals. Therefore, the concentra-

tion of Fe3+ ions was determined by UV–vis light absorp-

tion spectroscopic analysis (Supporting Information

Figure S1), and the corresponding concentration of free

radicals was calculated. As shown in Figure 1e, there was

an unclear gradient distribution of free radicals when

using a low-viscous solution with the concentration of

free radicals was 2.35 mM in position 1 and 0.68 mM in

position 5. In contrast, in a viscous solution, the concen-

tration of free radicals increased to 10.75 mM in position 1

while the concentration of free radicals decreased by two

orders of magnitude to 0.04 mM in position 5. With the

assistance of finite element analysis, the diffusing mech-

anism was furtherly clarified (Supporting Information

Figure S2). In the low viscosity solution, the diffusion of

APS experienced less resistance, resulting in less APS

gathering at the solid–liquid interface, which induced a

low free radical initiation rate on the one hand. Hence,

more unreacted APS quickly diffused further into the

solution, which generated free radicals far from the in-

terface on the other hand. However, in the solution with

higher viscosity, the diffusing process of APS was re-

stricted by the polymer chains inside the solution

(Figure 1f). Therefore, more APS gathered at the solid–

liquid interface, which induced a fast initiation rate of free

radicals due to the high concentration of APS. Conse-

quently, much less APS escaped into the solution, result-

ing in a clear gradient distribution of free radicals.

As mentioned above, the use of a high-viscosity solu-

tion effectively affected the generation process and dif-

fusion rate of free radicals, making the polymerization

more controllable. This motivated us to introduce the IDP

strategy to the fabrication of hydrogels. Also, in order to

enrich the function of the new hydrogel, a hydrogel

precursor containing AAm as monomer, TEMED as re-

duction agent, Bis as crosslinker, and alginate as thicken-

er was introduced onto the surface of an APS-doped

hydrogel. As shown in Figure 2a, the initiator diffused

from the hydrogel into the solution while AAm and Bis

diffused from the solution into the hydrogel network

because of the osmotic pressure at the solid–liquid inter-

face. Thus, a large number of free radicals was generated

via redox initiation with APS and TEMED, which triggered

the process of gelation at this location. Finally, a new

hydrogel was formed and gradually grew on the top of

the initial hydrogel. Compared with the traditional fabri-

cation, IDP strategy generated free radicals within the

solid–liquid interface, so the newly formed hydrogel net-

work interpenetrated into the initial hydrogel network

and formed an interpenetrating network at the interfacial

area (Figure 2b). Within the gelation process, optical

refraction occurred on the boundary between the gelled

part and the nongelled part, which can be distinguished

as a dark line when observed with an optical microscope.

Therefore, with the assistance of an optical microscope,

the self-growth process the new hydrogel wasmonitored

in real time (Supporting Information Figure S3). This

clearly showed that the new hydrogel grew to the thick-

ness of 1 mm within 5 min (Figure 2c).

It is worth noting that the Alg, which was utilized as a

thickener, played an essential part during the growing

process of the new hydrogel. With the concentration of

Alg increased from 0 % to 2%, the corresponding viscos-

ity of the solution increased from 0 to 0.468 Pa·s
(Supporting Information Figure S4). When Alg was elim-

inated completely from the hydrogel precursor, the ge-

lation became uncontrollable due to the fast and random

diffusion of free radicals, and the boundary between the

gelled and nongelled parts rapidly forwarded in a short

time (Supporting Information Figure S5 and Movie S3),

which means that the new hydrogel cannot be obtained

on the surface of the initial hydrogel.

Similarly, when the viscosity of precursor was low (the

concentration of alg <0.1%), a similar phenomenon in

which the thickness of new hydrogel is 0.68 mm at 1 min

and 0.71 mm at 5min was observed (Figure 2d). But, with

the increase of the viscosity, the growth process was

gradually improved. When the concentration of alg

(thickener) increased above 0.1%, the thickness of new

hydrogel grew from 0.41 mm at 1 min to 0.94 mm at

5 min. Besides, when the concentration of alg further

increased to 2%, the thickness decreased to 0.32 mm

after 1 min but increased to 1.05 after 5 min (Supporting

Information Movie S4) because the diffusion rate of free

radicals was slowed down by the high concentration of

alg, which induced the high gradient distribution of free

radicals. In this case, the factor that determined the

growth rate was no longer the generation of free radicals

but the chain growth reaction. As mentioned above,

although the diffusion of initiators was also slowed down

by increasing the crosslinking density of the hydrogel

substrate, the diffusion process in the hydrogel precursor

was not affected. Thus, slowing down the diffusion of

initiator in the hydrogel precursor is necessary for IDP. It

is worth noting that the maximum growth thickness of

new hydrogel was limited by the loss of free radicals

during the diffusing and polymerizing process. Thus, the

thickness of new hydrogel increased to 2.7 mm in 1 h

(Supporting Information Figure S6).

Subsequently, the effect of the concentration of initia-

tors and monomers was also explored. As shown in

Figure 2e, with the increasing concentration of APS, the

number of generated free radicals increased rapidly,
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which resulted in a stronger osmotic pressure and further

increased the growth kinetics. Different from the effect of

concentration of APS, when the concentration of mono-

mers was increased (Figure 2f), although the kinetics of

polymerization also increased, the density of the new

hydrogel network also increased, hindering the diffusion

of free radicals and slightly reducing the growth rate. It is

worth noting that the IDP strategy can also utilize

the polymerization of other monomers such as HEAA

and NIPAm. In this situation, the growth kinetics were

determined by the monomer reactivity (Supporting

Information Figure S7).

With the assistance of a patterned mask, the shape of

new hydrogel that grew from the surface of the initial

hydrogel was precisely designed. As shown in Figure 3a, a

star-shaped mask was placed on the surface of a PAAm

hydrogel containing APS, and the hydrogel precursor was

dropped on the cavity of the star-shaped mask. Subse-

quently, a new hydrogel with a star shape grew gradually

via IDP. In order to evaluate the microscopic morphology

of the new hydrogel, the star-shaped hydrogel was

observed by a confocal laser scanning microscope. As

shown in Figure 3b, within the 2500 × 2500 μm scanning

plane, the image of a star shape was clearly captured,

which indicated that the growth plane was parallel to the

substrate, and the new hydrogel grew along the direction

perpendicular to the plane. Further, the growth height of

every 1 mm distance of star-shaped hydrogel was mea-

sured. All showed a flat surface, and the height of the

hydrogel decreased from the center of the star to the

edge of the star, which could be caused by the polymeri-

zation inhibition of the PDMSmask (Figure 3c). Also, when

the hydrogel precursor was removed during the growth

process, the new hydrogel with a designed height was

obtained (Figure 3d). Therefore, inspired by the growth

after releasing the mask, a visually intermingled hydrogel

array was prepared, where the templated part of the

hydrogel array was allowed to grow higher than the other

parts. By changing the predesign masks, diverse patterns

can be prepared on the surface of a hydrogel substrate in

the shape of a letter, such as “C,” “A,” or “S” (Figure 3e).

More interestingly, patterns can also grow on the curved

Figure 2 | Real-timemonitoring of the growing process of new hydrogels upon the initial hydrogel layer. (a) Schematic

illustration of the hydrogel growing process. The hydrogel precursor was placed on the surface of initial hydrogel and a

new hydrogel grow via IDP. (b) The cross-section SEM images of the bilayer hydrogel where the new hydrogels grow

on the surface of initial hydrogel. (c) Images showing the real-time monitoring of growing process. (d) The growth

kinetic curve with different concentrations of Alg. (e) The growth kinetic curve with different concentrations of APS.

(f) The growth kinetic curve with different concentrations of monomer. Scale bars: 0.5 mm.
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surface of a hemispheric hydrogel by controlling the dis-

tribution of APS. Additionally, a strange hydrogel hemi-

spherewith various small spheres grew on the surface of a

big sphere in the same way (Figure 3f and Supporting

Information Figure S8).

As discussed above, IDP is based on three principles: (1)

The oxidant (APS) and reducer (TEMED or Fe2+) should

be separated and placed into a solid substrate and a

liquid solution, respectively. (2) The substrate should be

hydrophilic and contain the oxidant. (3) The hydrogel

precursor must be a viscous solution. The first principle is

obvious. Therefore, the approach of IDP is a universality

strategy as long as it satisfies the second and third

principles. For example, a gelatin substrate containing

APS also meets the second principle, and the viscous

hydrogel precursor including thickener and hydrophilic

dyes conforms to the third principle. Thus, a new hydro-

gel grew from the gelatin via IDP. Further, with the assis-

tance of a patterned mask, a multicolor hydrogel was

fabricated on the surface of the gelatin platform, utilizing

various hydrogel precursors containing different dyes

(Figure 4a). In order to further prove the universality of

IDP, many different types of hydrogel platforms were

prepared by normal polymerization (PAAm hydrogel),

hydrogen bonds (gelatin), metal-ligand coordination

(Alg-Ca2+ hydrogel), and crystalline aggregate (PVA hy-

drogel). The corresponding patterned hydrogels were

obtained in different shapes such as the moon, a fish,

the sun, and a bird (Figure 4b). Subsequently, the growth

rates of hydrogel on different hydrogel-based substrates

were investigated, and all of the newly formed hydrogels

achieved the thickness of about 1 mm within 5 min

(Figure 4c), indicating that hydrogels effectively grew

on all of the hydrogel-based substrates via IDP.

Using fluorescent polymers in the mixture, as well as

homopolymers and copolymers as thickener to increase

the viscosity of hydrogel precursors, hydrogels with

fluorescent properties were successfully formed on the

surface of substrates via IDP (Figure 4d). For instance,

rhodamine B, an orange fluorescent molecule, was

Figure 3 | The regulation of the shape of new hydrogel. (a) Illustration and images showing the precise design of the

shape of new hydrogel with the assistance of a patterned mask. (b) The image of confocal laser scanning microscope

showing the microscopic morphology of new hydrogel. (c) The profile of the grown structure obtained in different

positions. (d) The height of new hydrogel in different growth times. (e) The images showing the visually intermingled

hydrogel array. (f) The images showing the 3D hydrogel hemisphere with various patterns. Scale bars: 1 cm.
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mixed with Alg to prepare an Alg/ rhodamine B mixture.

1-Pyrenylmethyl acrylate (PyMA), a blue fluorescence

monomer, was copolymerized with AAm to prepare P

(AAm-co-PyMA). Similarly, 4-(N,N-dimethylaminoethy-

lene) amino-N-allyl-1,8-naphthalimide (DEAN), a yellow-

green fluorescence monomer, was copolymerized with

AAm to prepare PAAm-co-PDEAN. According to the

second and third principles, Alg/rhodamine B mixture, P

(AAm-co-PyMA), and P(AAm-co-DEAN) increased the

viscosity of hydrogel precursors and fabricated corre-

sponding fluorescence hydrogels on hydrophilic sub-

strates (Supporting Information Figure S9). As shown

in Figure 4e, with the assistance of a patterned mask,

various fluorescent patterns such as an apple, a cravat, a

flower and a necktie were encoded on the surface of

natural products such as paper, cloth, pigskin, and fruit

peel. Finally, the growth rate of hydrogels with different

thickeners was also measured (Figure 4f), and all of the

hydrogels could grow to the thickness of 1 mm within

5 min, which further proves that the IDP strategy is a

universal strategy. Therefore, new performance can be

endowed via the IDP strategy by choosing functional

thickeners.

Wound repair, one of the most fantastic properties of

biological organisms, enables biological organisms to

rebuild their structure and recover their function. For

example, when our fingers are pierced, blood flows out

and immediately forms a scab. Then, the cells in the

boundary area of the injury quickly divides and gradually

fill up the injured cavity from the inside out. Herein, an

“injured” hydrogel is expected to regenerate the dam-

aged part via IDP. Inspired by the inside-out repair pro-

cess of biological organisms, APS was introduced into an

injured hydrogel network by penetration. Then, the hy-

drogel precursor solution was poured into the injured

part. Finally, a new hydrogel network was rebuilt in the

area of the injured part via IDP (Supporting Information

Figure S10). Further, even if the hydrogel suffered serious

damage, the wound could be repaired in the same way

(Supporting Information Figure S11). Moreover, even if

the hydrogel was totally disconnected, the hydrogel

could be repaired via IDP. As shown in Supporting

Information Figure S12, a rectangular hydrogel contain-

ing APS, was cut into two blocks, and the hydrogel

precursor solution was injected into the cavity between

the two hydrogel blocks. Then, due to the osmotic pres-

sure, the initiator diffused from the injured hydrogel to

the hydrogel precursor while the monomer diffused from

hydrogel precursor to the injured hydrogel, triggering

polymerization in the interface and generating a lot of

Figure 4 | The universality of the IDP strategy. (a) Schematic illustration of the fabrication process of multicolor

hydrogel on hydrogel substrates via IDP. (b) Images showing the multicolor hydrogels on various kinds of hydrogel

substrates. (c) The thickness of new hydrogel which grow on various kinds of hydrogel substrates in 5 min.

(d) Schematic illustration of the fabrication process of fluorescent hydrogel via IDP. (e) Images showing the

fluorescent property of hydrogel grown in various hydrophilic substrates. (f) The thickness of new hydrogels which

use various kinds of polymers as a thickener in 5 min. Scale bars: 1 cm.
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polymer chains. On the one side, the newly generated

polymer chains entangled with the injured hydrogel net-

work and formed stable physical entanglements. On the

other side, the new hydrogel grew toward the precursor

and formed stable covalent bonding. Therefore, the two

disconnected hydrogels were reconnected to form a

complete hydrogel. Besides, no matter how the hydrogel

was cut, the two hydrogel parts were able to be recon-

nected by the newly formed hydrogel and exhibited

similar mechanical properties as before (Supporting

Information Figure S13 and Movie S5).

Subsequently, the mechanical properties of the hydro-

gel before and after the repair process have been evalu-

ated. As shown in Supporting Information Figure S14, the

maximum stress of the original hydrogel is 49 kPa, and

the maximum strain is 137%. When the injured hydrogel

was repaired by a viscous precursor containing 1 M

monomer, the maximum fracture stress recovered to

8.9 kPa. Furthermore, when the concentration of mono-

mer in the hydrogel precursor increased to 3 M, the

maximum fracture stress increased to 49.5 kPa, and the

maximum strain was 129% which indicates that the in-

jured hydrogel was repaired to the original state. In fact,

when the concentration of monomer further increased to

5M,more physical entanglementswas generated. and the

repaired hydrogel was broken in a new position instead

of the repaired area, which means that the adherent

stress was stronger than the original hydrogel. Relatively,

when the nonviscous hydrogel precursor was utilized to

repair the injured hydrogel, the adherent property is

much worse than the viscous hydrogel precursor since

the inferior interfacial polymerization and entanglements

(Supporting Information Figure S15), which indicated

that the viscosity of hydrogel precursor not only deter-

mines the growth process of the new hydrogel but also

influences interfacial interaction.

Inspired by the tail-regenerating ability of geckos,

when some part of a hydrogel was totally lost, the injured

hydrogel could be regenerated via IDP. As shown in

Supporting Information Figure S16, the top part of the

starfish-shaped hydrogel was cut off. Then, the remaining

part was immersed into the solution of APS, and the

hydrogel precursor was placed on the surface of the

injured part with the assistance of a tubular mold. After

several alternating treatments of APS and the hydrogel

precursor, a newpart of the starfish-shaped hydrogel was

gradually regenerated.

Usually, a typical PAAm hydrogel cannot respond to an

external stimulus such as heat, light, or pH, and both the

chemical components and the macrostructures cannot

be changed once formed. However, by selecting stimuli-

responsive monomers and introducing them into the

hydrogel precursor solution, a new stimuli-responsive

hydrogel can grow on the surface of an initially passive

hydrogel (PAAm) via IDP. As shown in Supporting

Information Figure S17, a six claw-shaped blue fluores-

cent hydrogel (PAAm/P(AAm-co-PyMA)) was first pre-

pared. Then, a hydrogel precursor solution containing

NIPAm as monomer and P(AAm-co-DEAN) as thickener

was placed onto the surface of PAAm/P(AAm-co-PyMA)

hydrogel, and the new hydrogel (PNIPAm/P(AAm-co-

DEAN)) with thermoresponsive and yellow-green fluo-

rescent properties grew on the surface of initial hydrogel.

Due to the thermoresponsive property of PNIPAm, the

bilayer hydrogel could self-deform in hot water and

recover in cold water (Supporting Information Figure

S17II–III). In addition, the inert hydrogel was endowed

with a shape memory property in the same way. For

example, a hydrogel precursor solution containing AAm

as monomer, Alg as a thickener, and rhodamine B as a

fluorescent molecule was placed onto the surface of

PAAm/P(AAm-co-PyMA) hydrogel to grow Alg/PAAm

hydrogel. Due to the Ca2+-Alg coordination, the bilayer

hydrogel could fix the three-dimensional temporary

shape and recover the two-dimensional original shape

by EDTA (Supporting Information Figure S17IV–V). These

results indicate that both the chemical components and

macrostructures can be endowed and encoded via IDP.

Moreover, lost functionalities of hydrogels were regen-

erated via IDP. As shown in Figure 5, a six claw-shaped

hydrogel actuator lost one claw with an actuating prop-

erty and one claw with a shape memory property. Under

traditional conditions, the injured actuator could not be

used again. But now, the injured part of the hydrogel

actuator could be regenerated via IDP. For instance, hy-

drogel precursor solution containing AAm as monomer

and P(AAm-co-PyMA) as thickener was utilized to grow

new claws from the injured part of the initial hydrogel.

Then, hydrogel precursor containing NIPAM or Alg were

utilized to repair the functions of actuating and shape

memory, respectively (Supporting Information Figure

S18). Finally, the injured hydrogel actuator was regener-

ated and exhibited the same condition and functions as

before (Supporting Information Movie S6). In addition, a

hydrogel actuator suffering fromvarious typesofdamage

such as piercing, cutting, and severing, could be repaired

completely, and the hydrogel actuators could deform as

before (Supporting Information Figure S19).

Conclusion
In summary, inspired by the tail regeneration of the gecko,

we reported an efficient and universal strategy of an IDP

to regenerate the polymeric hydrogel at a solid–liquid

interface, thereby regrowing new hydrogels on the sur-

face of existing hydrogels. In this strategy, the initiator was

firstly introduced into an existing hydroge. Hydrogel pre-

cursor solution containing accelerator andmonomerswas

then put on the surface of the above hydrogel, which
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resulted in a redox initiation providing free radicals at

room temperature. When the initiator diffused from the

hydrogel and encountered to the accelerator, a new hy-

drogel network can be achieved on the surface of the

initial hydrogel network. The hydrogel growth process can

be controlled by adjusting the viscosity of the hydrogel

precursor solution. The chemical structure of the newly

formed hydrogel network can be tuned by changing the

monomer and thickener of the hydrogel precursor solu-

tion, and diverse substrates such as hydrogels and hydro-

philic surfaces were applied to grow new hydrogels. More

importantly, the IDP strategy can be utilized to regenerate

the injured part of a hydrogel and exhibit the same condi-

tion both in chemical structure and actuating property as

before. We believe that our successful method can drive

the development of many essential applications in the

fabrication and regeneration of hydrogel actuators, soft

robots, and bionic devices.

Supporting Information
Supporting Information is available and includes stan-

dard curve of the concentration of Fe3+; finite element

analysis of the diffusion of APS; the monitoring of hydro-

gel growing process; the viscosity of Alg with different

concentration; the growing process of hydrogel; the

growth kinetic curves with different kinds of monomers;

images of new hydrogels under natural light; the wound

repair process of injured hydrogel; the tissue regenerat-

ing process of injured hydrogel; the monitoring of hydro-

gel repair process; the functional regeneration process of

hydrogel and the images showing the custom repair of

Figure 5 | Hydrogel functionalization and regeneration process via IDP. (I) Illustration of initial hydrogel substrate. (II)

Process of the shape memory and actuating functionalization: the hydrogel precursor containing AAm as monomer

and Alg as thickener was placed onto the surface of initial hydrogel to prepare shape memory hydrogel. The hydrogel

precursor containing NIPAm as monomer was placed onto the surface of initial hydrogel to prepare bilayer hydrogel

actuator. (III) The blue fluorescent substrate hydrogel was regenerated by hydrogel precursor containing AAm as

monomer and PAAm-co-PPyMA as thickener first. Then, the actuating property was regenerated by hydrogel

precursor containing NIPAmasmonomer, and shapememory layer was regenerated by hydrogel precursor containing

Alg as thickener. (IV and V) The shape memory and actuating process of regenerated hydrogel actuator. The hydrogel

actuator was deformed by external force and the temporary shape fixed by 0.1 M Ca2+ first. Then the hydrogel actuator

could self-deform to three-dimensional shape in water of 60 °C. Scale bars: 1 cm.
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hydrogel. The diffusing process of free radicals in non-

viscous solution (Movie S1). The diffusing process of free

radicals in viscous solution (Movie S2). The growing

process of hydrogel in nonviscous solution (Movie S3).

The growing process of hydrogel in viscous solution

(Movie S4). The stretching and twisting process of hy-

drogel after repairing (Movie S5). The complex shape

deformation process of hydrogel actuator with shape

memory and actuating properties (Movie S6).
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