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4D-printed adaptive hydrogel tissue 
expanders for ear and breast reconstruction
 

Di Wang    1,2,6, Jia-Qi Lü    3,4,6, Xiao Kuang    2,5,6, Liming Lian2, Sili Yi2, 
Hossein Ravanbakhsh2, Jin-Song Li3,4, Guosheng Tang2, Maobin Xie    2, 
Carlos Ezio Garciamendez-Mijares2, Prajwal Agrawal2, Zixuan Wang2, 
Sushila Maharjan    2, Wen Chen1, Haiyue Jiang    1,7   & Yu Shrike Zhang    2,7 

Tissue expanders are widely used for organ and tissue reconstruction 
surgery. Hydrogel tissue expanders that swell in a biofluid are promising 
for minimally invasive operations. Nevertheless, clinical applications 
of existing hydrogel tissue expanders exhibit simple geometries, rapid 
swelling and insufficient mechanical performances. Here we develop a 
negatively charged polyelectrolyte hydrogel ink for light-based printing 
and prolonged yet large expansive profiles for surface organ and tissue 
reconstruction. This 4D-printed hydrogel tissue expander can be moulded 
in architecturally sophisticated constructs that adapt to the environment 
and show favourable mechanics without the need of external triggers for 
expansion. The ionization degree of the polyelectrolyte hydrogels is tunable 
by pH value in the surrounding medium and allows a volume equilibrium—
swelling up to 10–30 times. In a rabbit model, we use the tissue expander for 
reconstruction of human-size ears and breasts, highlighting their multifold 
advantages over existing clinically adopted methods and thus future 
translation potentials.

Reconstruction of congenital and acquired body surface organ mal-
formations, including the absence of external auricle, nose and eyelid, 
as well as large surface defects generated from the removal of scars 
and keloids, giant nevi and tumours, is the major duty for reconstruc-
tion surgeons where tremendous numbers of patients are waiting for 
treatments1–6. To this end, tissue expansion as an emerging strategy has 
opened a new era in the field of organ and tissue reconstruction surgery 
and has hence become indispensible7. The insertion and expansion of 
a tissue expander, oftentimes under the skin, allow delayed prefabrica-
tion of the covering tissue to increase its area or amount and improve 
the vascularization and blood supply of the local flap, thus helping the 
surgeon to obtain a larger flap for reconstruction elsewhere on the 

same patient8,9. Gradually, the expanded tissue expander introduces 
continual forces that stretch the skin tissue surrounding the expander10. 
Responses to biomechanical forces, biological systems, from the micro-
scale genes, cells and extracellular matrix to the macroscale skin tissue, 
participate in balancing the local forces by imposing a viscoelastic 
resistance through mechanotransduction across the spatiotemporal 
scales, eventually leading to the increase in both epidermal and dermal 
areas11,12. Taking advantage of an expanded local skin flap will help to 
collect the tissue with similar colour, texture and sensation to the tis-
sue of the recipient site, achieve better aesthetic results in addition to 
functional reconstruction, reduce the possibility of complications in 
the donor area and improve surgical outcomes13,14.
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stiffness of the polyelectrolyte hydrogels for various material formula-
tions at broad ionization degree conditions.

Compared with conventional hydrogel tissue expanders, our 
AEH-TEs simultaneously exhibit unique prolonged and large swelling 
while maintaining favourable mechanical properties (Fig. 1b). We 
showcased the 4D printing of single-material constructs with isotropic 
self-expansion and multi-material ones with anisotropic self-expansion 
capabilities. We further demonstrated the translational potential of 
the printed ear-shaped and breast-shaped AEH-TEs for ear and breast 
reconstruction, respectively. In vivo tests revealed that the printed 
tissue expander devices using the selected formulation suitable for 
this intended application could gradually swell beyond 10 times in 
volume without the need for external fluid injection, yet still favourably 
maintained structural and mechanical integrity during deformation 
under the rabbit skin. Two weeks after implantation, the devices helped 
to expand the covering skin tissues exactly in the intended shapes and 
facilitated neoangiogenesis of the expanded flap, unlike the consider-
able complications associated with the control group where current 
clinical-standard repeated injection-based rubber tissue expanders 
were used, suggesting promise for future clinical translations. No 
systemic immune-inflammatory responses were observed.

Results and discussion
Design of AEHs
To realize prolonged, large swelling for hydrogel tissue expanders, we 
designed polyelectrolyte hydrogels with extensive degrees of entangle-
ments and pH-dependent equilibrium swelling capability. As a proof 
of concept, we synthesized high-concentration poly(acrylic acid) 
(PAA) hydrogels (50.0%, w/w unless otherwise noted) with low con-
tents of PEGDA crosslinkers by radical photopolymerization (detailed 
resin formulations are provided in Supplementary Table 1). PAA has 
been widely used in drug delivery and tissue engineering owing to its 
biocompatibility29,30. In addition, PEGDA has been approved by the US 
Food and Drug Administration for certain in vivo applications31. A series 
of PAA hydrogels with precisely controlled ionization degrees were 
fabricated through partially neutralized acrylic acid (AA) molecules 
with sodium hydroxide (NaOH) to produce sodium acrylic acid (AANa), 
that is, the –COOH in AA turning to –COO− by deprotonation with Na+ as 
the counter ion. The hydrogel precursors were photocrosslinked in the 
presence of diphenyl(2, 4, 6-trimethylbenzoyl)phosphine oxide (TPO) 
as the photoinitiator. The inks were loaded into a digital light process-
ing (DLP) printer to fabricate three-dimensional (3D) constructs using 
optimized printing parameters (Fig. 1a and Supplementary Table 2). 
After printing, the 3D constructs were immersed in normal saline for 
swelling (Supplementary Video 1). The finite element simulation shows 
that the human ear model (with a degree of ionization (α) of 0.4) swells 
and reaches a stable volume in 72 h (Supplementary Video 2). Also, 
the prolonged swelling does not induce any distortion to the original 
geometry, leading to a suitable property for using the construct as a 
tissue expander compared to the conventional ultrafast swelling that 
features also weak mechanics (Fig. 1b).

The swelling ratio was experimentally determined by the mass 
ratio of the swollen hydrogel, after reaching swelling equilibrium, to 
the as-printed one. It was found that the initiator concentration mainly 
affected the photopolymerization rate while showing a small influence 
on the final equilibrium ratio (Supplementary Fig. 1). Although the 0.5% 
TPO hydrogel exhibited a marginally higher swelling ratio compared 
to the 0.1% group, its polymerization reaction was less controllable, as 
the reaction became overly vigorous with excessive heat generation, 
potentially resulting in printing failure. When the initiator content 
was high (>2.0%), the reaction was extremely violent and exothermic, 
which produced plenty of bubbles. Therefore, 0.1% TPO, which could 
initiate appropriate polymerization of hydrogels with a sufficient 
swelling ratio to meet clinical requirements, was selected and used 
in the rest of the experiments. Additionally, the hydrogel-precursor 

Over the years with technological evolution, there have been  
multiple iterations of tissue expanders, from the initial inflatable  
rubber devices to the more recently demonstrated self-expansion 
hydrogels in arbitrary shapes15–19. Nevertheless, all clinically used inter-
nally buried rubber tissue expanders require injections of normal 
saline from outside the body through an injection port and repeated 
needle punctures penetrating the skin during the expansion process. 
These procedures are challenging owing to the lack of compliance and 
cooperation of many patients, especially children under age 12, who 
fear the pain caused by repeated punctures20. Besides, repeated needle 
punctures also notably increase the risks of rupture and deflation15.

For these reasons, the self-expanding hydrogel tissue expanders 
that can swell by directly absorbing the surrounding biofluids offer a 
potential solution to tackle such issues. Different hydrogel systems 
of self-expanding tissue expanders have been developed and applied 
towards reconstruction surgery. In some earlier works, hydrogels based 
on a copolymer of N-vinyl-2-pyrrolidone and methylmethacrylate 
(NVP–MMA) were explored to produce tissue expander devices, 
which could quickly swell when fully absorbed with physiological 
media18,21,22. Other materials, including poly(styrene-maleic anhydride) 
and poly(ethylene glycol)-diacrylate (PEGDA) hydrogels, have also been 
used for producing self-expanding hydrogel tissue expanders with 
adjustable swelling ratios and mechanical properties19,23. Nevertheless, 
there still is a long-lasting conflict between the large swelling and the 
mechanical toughness. Hydrogels with loose crosslinking facilitate 
extensive swelling while eliciting weak mechanical properties. As a 
result, the substantial reduction in stiffness and mechanical strength 
after equilibrium swelling would provide insufficient resistance to 
skin tension making it hard to meet clinical requirements such as in 
the abovementioned examples.

To this end, various tough hydrogels by polymer network designs, 
including double-network hydrogels24,25, highly entangled hydrogels26 
and phase-separated composite hydrogels27,28, have been developed to 
achieve favourable mechanical properties, including toughness and 
fatigue resistance. However, the dense polymer networks substan-
tially restrict hydrogel swelling (swelling ratio of usually <3)26. More 
importantly, these conventional hydrogels intrinsically show a one-step 
swelling behaviour due to water diffusion driven by the mixing ther-
modynamics, consequently exhibiting fast yet highly limited control 
over their expansion profiles. This problem essentially blocks their 
applications in tissue expanders because the aggressive expansion 
will exert high tensions on the skin tissue and thus extreme discom-
fort (for example, pains) to the patients. All these challenges hinder 
the development of advanced hydrogel tissue expanders with large, 
prolonged swelling while in the meantime retaining good mechanics 
to accommodate satisfactory clinical outcomes.

In this Article, we report the development of environmentally 
adaptive, highly expandable and biocompatible hydrogels for 
four-dimensional (4D) printing of shape-customizable tissue expand-
ers (Fig. 1a). We meticulously designed polyelectrolyte hydrogels  
with environment-dependent equilibrium swelling capability for 
4D printing of the tissue expanders, termed the adaptive-expansion 
hydrogel tissue expanders (AEH-TEs). The polyelectrolyte hydrogels 
with tunable chemical crosslinking contain numerous entanglements 
(physical crosslinking) at high precursor concentrations, enabling  
both large swelling and favourable mechanical performances26. The 
swelling of AEH-TEs is controlled by coupled water and electrolytes 
diffusion, exhibiting unique environmentally adaptive, large and 
prolonged swelling capability. Their ionization degrees dynamically 
change by altering the medium pH value in vitro or absorbing the 
small-molecule electrolytes from body fluids in vivo in clinical settings. 
We established an experimentally validated synthesis–swelling model 
based on the swelling theory and numerical analyses considering  
the critical role of crosslinking density and the degree of ionization.  
The model enables predicting the equilibrium swelling ratios and 
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concentration of 50.0% provided a faster photopolymerization rate 
than that of 25.0% and a comparably large equilibrium swelling ratio  
of 70.0% (Supplementary Fig. 2). Thus, PAA hydrogel precursor of  
50.0% was used for the rest of study.

The swelling ratios and mechanical properties of the poly
electrolyte hydrogels can be tuned by altering the ink formation, 
including monomer and crosslinker contents and crosslinker molecular 
weight. Moreover, α of the negatively charged carboxylic groups in 
the hydrogel network is enhanced by increasing the medium pH value 
(Supplementary equation (7)), enabling environmentally adaptive 
equilibrium swelling capability and stiffness. We accordingly devel-
oped a modified synthesis–swelling model to investigate the rela-
tions between the swelling behaviours and the mechanical properties  
of the AEH polymer networks. After crosslinking of the hydrogel  
precursor (volume fraction, φ0), it can be assumed that the polymer 
chains take a relaxed state at Gaussian configuration, which is thus  
used as the reference state (volume fraction, φr = φ0) (Supplementary 
Text and Supplementary Table 3). The hydrogels quickly absorb the 

water molecules upon soaking in the buffer, reaching equilibrium 
swelling (volume fraction φs) (Fig. 1c). The swelling ratio is therefore 
determined with reference to the relaxed state (Q = φr/φs). The hydro-
gel swelling is a water-diffusion process driven by the water osmotic 
pressure in the hydrogel network, described by the mean-field Flory–
Rehner equation and its derived predictive models32,33. The osmotic 
pressure contributed by mixing, network deformation and Donnan 
equilibrium reaches zero at the swelling equilibrium state (Supple-
mentary equation (14))34. Q of a given PAA hydrogel can be analytically 
resolved to be associated with network chain length (Nc) and effective 
Flory–Hugging’s interaction parameter (χeff) in salt solution (Sup-
plementary equation (18)). In addition, the swelling theory shows 
that the shear modulus (Gs) is determined by the initial concentra-
tion (φr), structure parameter (Nc) and swelling state (φs) in a swollen 
hydrogel (Supplementary equation (23)). The rise in α enhances the 
affinity between the water molecule and the polymer network, lead-
ing to higher swelling capability. In PAA-based AEHs, the change of 
environmental pH value and the supply of electrolytes would result 
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Fig. 1 | Design and mechanism of AEHs. a, Scheme and workflow of DLP printing 
of an ear-shaped AEH-TE: a personalized digital ear model is first created by 3D 
scanning and then sliced into layered images to feed the DLP printer to produce 
the physical construct via layer-by-layer photocrosslinking. b, Scheme showing 
the expansion behaviours of conventional tissue expanders with fast and 
oftentimes small expansion, as well as our designed AEH-TEs with prolonged and 
relatively large expansion. c, Scheme showing the polymer-network structures of 
AEH-TE at different expansion stages: as-printed and equilibrium swelling at two 

different ionization degree (α) values. d, Degree of ionization (α) of PAA-based 
AEHs as a function of pH value. Experiment, solid mark; model fitting, dashed 
line. pKa, acid dissociation constant; n, Hill coefficient. e, Photographs showing 
printed pyramid-shaped AEHs at different expansion stages: as-printed and 
equilibrium swelling at three different α values as labelled. Swelling tests were 
performed in normal saline. Scale bars, 1 cm. Schematics created in BioRender;  
a, Wang, D. https://BioRender.com/2sifq7t (2026); b, Wang, D. https://BioRender.
com/kzylxh6 (2026).
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in the increase in α because of the enhanced ionization of –COOH to 
–COO− groups (Fig. 1d). As an example, the environmentally adaptive 
swelling behaviour was illustrated by the printed pyramids (Fig. 1e), 
exhibiting increased swollen sizes (or equilibrium swelling ratios) for 
hydrogels at higher α.

Synthesis–swelling relation and mechanical properties
We investigated the swelling behaviours and mechanical properties of 
AEHs through both experiments and modelling. We first experimen-
tally investigated the α-dependent swelling behaviours of AEH with 
1.0% PEGDA-1000 (molecular weight Mw = 1,000 g mol−1) crosslinker. 
The neutralization of AA by NaOH in the precursors enabled quantita-
tively increased α value of the obtained hydrogels, exhibiting enhanced  
equilibrium swelling ratios. The hydrogels without alkaline treat-
ment (α ≈ 0) showed a small swelling ratio of 2.6 ± 0.07 (Fig. 2a). The 
increase in α (from 0.1 to 0.6, that is, NaOH/AA molar ratio of 0.1 to 0.6) 
resulted in notably enhanced equilibrium swelling ratio from 4.1 ± 0.1 
to 19.0 ± 1.5. With α > 0.3, the hydrogels showed an increasing swollen 
size with prolonged soaking time and reached an equilibrium swell-
ing ratio of over 10 after 24 h. The compression tests revealed that the 
mechanical properties decayed with increasing α, because the network 
chains gradually elongated and became segregated by the large amount 
of water molecules. Despite the weakened intermolecular interac-
tions by swelling, the reversible sliding and recovery of the stretched 
network chains by molecular entanglements could enable favourable 

mechanical strengths even at high swelling35. Accordingly, the hydro-
gels at a high α of 0.6 still exhibited a high compressive modulus of 
87.6 ± 5.0 kPa and break strain of over 40% after swelling to 18-fold of 
initial size (Supplementary Fig. 3).

We further studied the influence of PEGDA-1000 crosslinker 
content on the swelling behaviours. With the increase in crosslinker 
concentration from 0.1% to 10.0%, the swelling ratio markedly 
reduced from 29.3 ± 1.3 to 4.0 ± 0.3 (Fig. 2b). The compressive moduli 
and strengths dropped from 360.99 ± 23.84 kPa to 112.53 ± 1.61 kPa, 
and from 510.21 ± 101.17 kPa to 129.10 ± 44.67 kPa, respectively 
(Supplementary Fig. 4). The failure strains of hydrogels with higher 
crosslinker concentrations (1.0–10.0%) were close to each other but 
increased to over 80% at a low PEGDA crosslinker content of 0.1%. 
This observation could be attributed to the molecular entanglement 
outnumbering the chemical crosslinks at the very low crosslinker 
content35, leading to increased toughness. By understanding the 
above α-dependent swelling behaviours and mechanical properties, 
we calculated the χeff for hydrogels at different α values using the syn-
thesis–swelling model (Supplementary equation (7)). The χeff of PAA 
hydrogels reduced from 0.44 to −1.33 by increasing α from 0 to 0.6 
and then stayed relatively stable at α > 0.6. The α-dependent χeff was 
then fitted by a nonlinear curve (Fig. 2c). In addition, we evaluated 
the elastic network-chain molecular weights (Mc) based on the meas-
ured compressive moduli after swelling equilibrium (Supplementary 
equation (23)). It was found that the expected ideal network chain 
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Fig. 2 | Synthesis–swelling relation and mechanical properties of AEHs.  
a,b, Mass swelling ratio as a function of swelling time for PAA-based AEHs with 
different synthesis formulations: AEHs with different initial ionization degrees 
(α) from 0 to 0.6 (mean ± s.d., n = 4 biological replicates) (a), and AEHs with 
different PEGDA-1000 (Mw = 1,000 g mol−1) crosslinker contents from 0.1% to 
10.0% (mean ± s.d., n = 4 biological replicates) (b). c, Calculated Flory–Hugging’s 
interaction parameter (χeff) as a function of α. d, Linear correlation between 
the calculated network-chain molecular weight (Mc) and the expected network 
chain length (Nc). e, Experimental and predicted equilibrium swelling ratios as a 

function of α for AEHs consisting of different contents of crosslinker from 0.1% 
to 5.0% as labelled. f, Colour contour showing the equilibrium swelling ratio as a 
function of both crosslinker content (0.1–10.0%) and α (0–0.7). g, Experimental 
and predicted equilibrium shear moduli as a function of α for AEHs consisting of 
different contents of crosslinker from 0.1% to 5.0% as labelled. h, Colour contour 
showing the equilibrium shear modulus of AEHs as a function of crosslinker 
content (0.1–10.0%) and α (0–0.7). i, Compression stress–strain curves of AEHs 
consisting of different crosslinker contents as labelled after swelling equilibrium. 
All swelling tests were performed in normal saline.

http://www.nature.com/natbiomedeng


Nature Biomedical Engineering

Article https://doi.org/10.1038/s41551-026-01681-z

length between crosslinks (Nc) linearly correlated with the measured  
Mc for the PAA hydrogels (Fig. 2d).

Based on the experimental results and numerical analyses, we 
established an experimentally validated synthesis–swelling model 
to describe the swelling behaviours and mechanical properties of 
the PAA-based AEH system. These model parameters were obtained 
from the hydrogels consisting of 1.0% PEGDA with various α values, 
and thus, the experimental swelling results were well captured by the 
model-predicted results (Fig. 2e). The modelled swelling ratios were 
also close to the experiment results of hydrogels produced with other 
PEGDA contents (0.1% and 5.0%), suggesting suitable accuracy of the 
numerical model. Using such a model, we further plotted the colour 
contour of the equilibrium swelling ratio as functions of crosslinking 
content and α, to guide the design of AEHs with controlled swelling 
(Fig. 2f). As expected, increasing the α and reducing the crosslinker 
content could enhance equilibrium swelling. The hydrogels with low 
crosslinking densities, such as 0.1%, enabled a widely tunable swelling 
ratio from 2 to 50 by altering the α from 0 to 0.7. Similarly, numerical 
modelling of hydrogel moduli after swelling was performed using the 
synthesis–swelling theory. The model-predicted results were consist-
ent with the experimental results for hydrogels of various crosslinker 
concentrations at different ionization states (Fig. 2g). Using the mod-
elling results, we plotted the colour contour of shear moduli as func-
tions of crosslinker content and α (Fig. 2h). The results revealed that 
the modulus was primarily determined by the crosslinker content and 
less sensitive to α. It should be noted that AEHs with a low crosslinker 
content at 0.1% possessed shear moduli of 3–7 kPa (or Young’s moduli 
of 9–21 kPa) that fall in the range of some very soft tissues (for example, 
liver and lung), while higher crosslinker contents would facilitate higher 
moduli of the hydrogels to match those of additional tissue types, such 
as the skin (~100 kPa) (Fig. 2i).

4D printing of AEHs with tunable swelling and mechanics
Built upon the above AEHs, we next illustrated the direct printing of 
geometry-complex 3D structures with different swelling behaviours 
and mechanical properties towards self-expansion. We first printed a 
human nose with tunable swelling by changing Mw (250–3,400 g mol−1) 
of the 1.0% PEGDA crosslinkers. The hydrogels with crosslinker Mw 
below 1,000 g mol−1 exhibited similar swelling ratios of approximately 
10 for AEHs at α = 0.3 (Fig. 3a). However, much higher crosslinker Mw 
(3,400 g mol−1) resulted in large swelling equilibrium ratios (20–30) 
(Fig. 3b,c). This showed that the entanglements (as physical crosslinks) 
could outnumber the chemical crosslinks when using low contents of 
crosslinker or high-Mw crosslinkers, which was confirmed by similar 
equilibrium swelling ratios for hydrogels using the PEGDA-3400 
crosslinker and that without the crosslinker. Moreover, the compres-
sive moduli of hydrogels with PEGDA crosslinkers with increasing Mw 
of 250–1,000 g mol−1 were found to be positively correlated. Neverthe-
less, the modulus of hydrogels produced with PEGDA-3400 dropped 
to 18 ± 2.0 kPa, while the opposite trend was seen in the compression 
strength. It is attributed to the fact that the average chain length 
between the two adjacent crosslinks ( ̄Mc, Supplementary equation 
(23)) is reversely related to the stiffness of the hydrogel33. Therefore, 
when the ̄Mc  in the hydrogel network is higher, the compressive  
modulus of the hydrogel becomes lower, and vice versa. By contrast, 
the trend of the hydrogel compressive strength shows the reverse.  
For practical applications, it should be noted that both the hydrogel’s 
compressive modulus and strength need to be taken into consideration 
and co-optimized.

The swelling behaviours of 3D-printed constructs could also be 
facilely adjusted by altering the crosslinker (PEGDA-1000) content. 
As revealed in Fig. 3d, the printed cone was able to swell isotopically 
many times its original size while maintaining the high-fidelity mesh 
structure. Consistent with previous results, a lower crosslinker con-
tent would tremendously increase the swelling ratio and reduce the 

stiffness (Fig. 3e,f and Supplementary Figs. 5 and 6). We further realized 
multi-material printing of constructs with anisotropic shape-shifting 
using hydrogels with different PEGDA contents as building blocks. In 
Fig. 3g, two-dimensional (2D)-to-3D shape-shifting was illustrated by 
printing a planer film with patterned concentric circles with reducing 
PEGDA concentrations from the exterior to the interior (that is, regions 
I, II and III with 0.1%, 2.0% and 10.0% crosslinker, respectively). Upon 
swelling in normal saline, the printed 2D film transformed into a 3D 
hemispherical shape after 24 h (Fig. 3h). The anisotropic swelling was 
quantified by the different changes in dimensions for the inner circular 
diameter, the outer annular diameter and the height before and after 
swelling (Fig. 3h,i). It was observed that the expansion of the inner part 
was restricted by the outer portion, where the deformation mismatch 
drove the reconfiguration of the 2D film to a 3D dome.

Similarly, the expansion degree mismatch of different hydrogels 
can be used to trigger 3D-to-3D shape-morphing. As shown in Fig. 3j, a 
stacked structure was designed to customize the shape-changing from 
a cylinder to a truncated cone, where the concentrations of PEGDA 
from regions I to IV were 10.0%, 5.0%, 2.0% and 0.1%, respectively.  
After soaking the multi-layered cylinder in normal saline, it successfully 
transformed into a cone shape as a result of the gradient swelling of  
the layers (Fig. 3k,l and Supplementary Video 3). As a demonstration,  
we also achieved curling by using the film samples. In Fig. 3m,  
rectangular films with alternatively distributed hard and soft strips 
(60° relative to the longitudinal direction) with distinct swelling ratios 
were designed, where the PEGDA concentrations of stripes I and II with 
equal width were 10.0% and 0.1%, respectively. The hydrogel film’s 
differential swelling caused the rectangular film to assume bending 
perpendicular to the direction of the stripes, forming a tubular coil 
geometry36 (Fig. 3n and Supplementary Video 4).

Adaptive swelling, mechanical properties and in vitro 
cytocompatibility of AEH-TEs
Previous clinical outcomes and in vivo experimental reports have 
suggested that the self-inflating tissue expander should meet at least 
three requirements: (1) enough swelling capacity to fully expand the 
prefabricated flap, (2) superior strength to resist skin tension dur-
ing expansion and (3) suitable stiffness to resist necessary strain and 
maintain the intact structure under compression from the covering 
skin tissue, in addition to the sustained expansion scheme unique to 
our AEHs. Regarding the first requirement, our AEHs enabled large 
swelling ratios of 10–30, which are much higher than those of previ-
ously reported PEGDA-based self-expanding tissue expanders typi-
cally at 8–9 (ref. 23). Although the NVP–MMA-based tissue expanders 
exhibited decent expansion ratios of up to 22 in saline, their mechani-
cal properties were not satisfactory for practical applications18,21; the 
compressive strengths were reported to be merely ~20 kPa with the 
failure strains of only ~30%19, leading to easy fracture or unwanted 
deformation during expansion. With this in mind, we set the following 
mechanical performance thresholds for the optimized ink formulation 
after a comprehensive evaluation of the relevant properties required for 
tissue expanders: (1) compressive modulus ~100 kPa, (2) compressive 
strength ~100 kPa and (3) failure strain greater than 55%. Accordingly, 
the hydrogels consisting of 1.0% PEGDA-1000 crosslinker showing 
an equilibrium swelling Young’s modulus of 92 kPa turned out to be 
a good candidate for application under the skin (stiffness, ~100 kPa) 
(Supplementary Fig. 7). The matching mechanical properties can pro-
vide satisfactory swelling capacity, stiffness, strength and toughness 
during deformation, as well as sufficient mechanical resistance to skin 
retraction force-induced tissue expander collapse23.

We hypothesized that, in our design, the gradual change of ioniza-
tion of AEHs in biofluids would consecutively enhance the equilibrium 
swelling ratio towards favourable prolonged self-expansion behav-
iours. Thus, we investigated the pH-dependent swelling behaviours 
of AEHs. We used the ink of 50.0% AA-precursor and 1.0% PEGDA-1000 
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to print ear-shaped constructs. After printing, the ear structures  
(~0.2 g each) were soaked in pure normal saline (200 ml), reaching an 
equilibrium swelling ratio of 1.7 with a medium pH of 2.8 in 3 days. After-
wards, we adjusted the medium pH to 4, 5, 6, 7 and 8 using 5 M NaOH 
solution step-wise to reach the average equilibrium swelling ratios of 
4.0, 5.6, 8.0, 10.2 and 12.4, respectively, with a 3 day interval for each 
swelling duration (Fig. 4a,b). The printed ear model (termed ear-shaped 
AEH-TE or AEH-e-TE; initial α of 0) with an original size of 17 × 9.5 mm2 
gradually expanded at the stepwise increasing –OH− and reached an 

ultimate equilibrium swelling size of 43 × 24 mm2 in the adequate buffer 
(initial pH = 8) (Fig. 4a). This environment-adaptive swelling was also 
observed in AEHs with a higher initial ionization (α = 0.4), showing  
an initial swelling ratio of 9.4 in normal saline (pH = 6.3) and then 
increased swelling ratio up to ~11 after adjusting the medium pH to  
7 by adding NaOH in the swelling buffer (Fig. 4c).

It was, however, noted that the residual AA monomers within the 
crosslinked hydrogels could result in an acidic environment in vivo, 
leading to noninfectious inflammation and even tissue necrosis.  
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Fig. 3 | 4D printing of assorted AEH-based structures for isotropic and 
anisotropic expansion. a–c, Isotropic swelling behaviour of the printed nose 
constructs using different PEGDA crosslinker Mw as labelled: photographs (a), 
mass swelling ratios (mean ± s.d., n = 4 biological replicates) (b) and dimensions 
of swollen constructs (c). d–f, Isotropic equilibrium swelling behaviours of the 
printed cone constructs using different contents of PEGDA-1000 crosslinker: 
photographs (d), mass swelling ratios (mean ± s.d., n = 4 biological replicates) 
(e) and dimensions after equilibrium swelling (f). g–i, 2D-to-3D shape-shifting 
of a printed multi-material disk consisting of three concentric rings of different 
AEHs shifting to a dome shape: scheme and marked dimensions (g), photographs 
before and after shape-shifting (h) and diameters of each ring before and after 
shape-shifting (i). Red, the original printed dimension; blue, the dimension after 

shape-morphing. Regions I, II and III refer to 0.1%, 2.0% and 10.0% crosslinker, 
respecitvely. j–l, 3D-to-3D shape-shifting of a printed four-layered cylinder of 
different AEHs shifting to a cone shape: scheme and marked dimensions (j), 
photographs before and after shape-shifting (k) and diameters of each cylinder 
segment before and after shape-shifting (l). Red, the original printed dimension; 
blue, the dimension after shape-morphing. Regions I, II, III and IV refer to 10.0%, 
5.0%, 2.0% and 0.1% crosslinker, respectively. m,n, 2D-to-3D shape-shifting of a 
printed multi-material film shifting to a coil: scheme and marked dimensions (m) 
and photographs before and after shape-shifting (n). All samples were printed 
with an identical initial α = 0.3 and soaked in normal saline for swelling. Regions I 
and II refer to 10.0% and 0.1% crosslinker, respectively. Scale bars, 1 cm.
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We thus also tested the swelling behaviours of purified AEHs. The 
purification process by dialysis in normal saline followed by shrink-
ing in 30.0% NaCl could not only purify these hydrogels but also 
recover the original sizes of the AEHs without altering the initial ioni-
zation degrees. Therefore, environment-dependent adaptive swelling  
behaviours were observed in the purified and shrunken AEH-e-TEs 
(Fig. 4d) to almost the same level as the pristine AEH-e-TEs without  
any treatment (Fig. 4b). Considering the good potential of biocompati
bility and reduced inflammation risk under a less acidic microenvi-
ronment, we selected the AEHs with initial α of 0 and 0.4 for in-depth 
in vitro and in vivo assessments. As an illustration, the printed ear 
construct (α of 0.4) exhibited a swelling ratio of 14.2 during dialysis 
and was then shrunken to nearly the original size in 30.0% NaCl (end 
swelling ratio of 1.2) (Fig. 4e). The same device could reswell back to a 
ratio of 14.1 in normal saline (Fig. 4f).

For all the above experiments, a 0.9% NaCl solution (pH ~7.4) was 
predominantly used as the swelling buffer, where it was confirmed 
that the ionization degree affected the final swollen sizes of AEH-TEs. 
Nevertheless, we hypothesized that AEH-TEs with a low initial ionization 
degree could achieve a higher ionization degree in buffers contain-
ing more abundant electrolytes that better mimic the body fluids. 
This assumption was indeed validated by the greater swelling ratio of 
AEH-TEs (α = 0) in Dulbecco’s phosphate-buffered saline (DPBS; Fig. 4g 
and Supplementary Fig. 8). To mimic the limited space of the in vivo 
subcutaneous tissues and the metabolism of body fluids, we further 
established an in vitro fluidic system to enable AEH-TEs to swell in 
dynamically flowing DPBS (Supplementary Fig. 9 and Supplementary 
Video 5). AEH-TEs (with α of 0 and 0.4) swelled gradually and reached 
their target sizes eventually (Fig. 4h–j and Supplementary Fig. 10).

To evaluate the feasibility of using AEH-TEs as in vivo implants, 
we first conducted in vitro cellular assays. The viabilities, prolifera-
tion and morphologies of both human foreskin fibroblasts-1 (HFF-1)  
and human mammary epithelial cells (HMECs) were assessed via 
live/dead and F-actin staining37,38. To investigate the impact of hydro-
gel swelling on cells, AEH-TE films (α of 0 and 0.4) were individually 
placed into transwell inserts. The cells were then seeded onto 6-well 
plates containing these transwell inserts; after 7 days of culture, the 
hydrogel films were fully swollen (Supplementary Fig. 11). On both 
day 1 and day 7, no notable differences were observed in either live/
dead or F-actin staining results (Supplementary Figs. 12 and 13). The 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assays were additionally performed to validate these findings. The rela-
tive metabolic activities of the cells cultured in AEH-TE-treated media 
were comparable to those in regular media (Supplementary Fig. 14).

In addition, the as-printed and purified AEHs showed compa-
rable and favourable mechanical properties (Fig. 4k–m). The puri-
fied AEHs showed a fracture strain of 500% and a tensile strength of 
400 kPa, similar to those of the as-printed samples (Fig. 4k,l). After 
self-expansion (swelling ratio at ~15), the purified AEHs exhibited a 
compressive strength of over 200 kPa and a break strain of over 60%, 

which still met our intended metrics and were comparable with those 
of the as-printed devices after expansion (Fig. 4m). Accordingly, we 
rationed that these 4D-printed AEH-e-TEs with environmentally adap-
tive large swelling and good mechanical properties would likely reveal 
satisfactory performances in vivo.

4D-printed AEH-TEs for external ear and breast reconstruction 
surgery and comparisons with current clinical devices
Microtia is a congenital malformation that manifests mainly as the  
partial or complete absence of external auricle, with an incidence of 
0.83 to 17.4 per 10,000 births worldwide39–41, meaning that millions 
of patients are suffering from both physical and psychological pains 
generated from microtia. Currently, ear reconstruction using autolo-
gous costal cartilage grafting is the gold standard for the treatment of 
microtia42. Many patients, especially in the Asian population, have a 
thicker skin, a weaker cartilage and a limited skin volume, increasing the 
risk of skin necrosis and deformation of the ear scaffold after implanta-
tion17. The emergence of ear reconstruction using the tissue-expansion 
technique has widely benefited these patients by solving the deficiency 
of the skin tissue. Such a technique has become one of the most impor-
tant approaches to treat microtia17, where moulded rectangular and 
other simple-shaped tissue expanders were previously used in skin 
flap pre-fabrication before ear reconstruction surgery16,43,44. To test 
the potential clinical applications of specific-shaped self-expanding 
tissue expanders, we first 4D-printed AEH-e-TEs as a proof-of-concept 
demonstration targeting the microtia patient population (Fig. 5a). It 
should be noted that the expansion ratio of ~15 attainable with the 
selected AEH with an initial α of 0.4 is more than sufficient for this 
intended application scenario, although higher expansion ratios are 
possible with AEHs of other ionization degrees.

Of clinical importance, the temporary implants that will be 
explanted after a certain time should be easily removed, have good 
biocompatibility that does not introduce toxic by-products during 
the in vivo period, be non-toxic or have low toxicity, and at least leave 
no long-term side effects to the human body. The as-printed AEH-e-TEs 
(without purification) were implanted into a rabbit model. Necrosis 
was unsurprisingly seen in most portions of the covering skin tissue 
on day 2 of implantation owing to the toxic residual monomers of 
AA (Supplementary Fig. 15). After treatment with dialysis (in normal 
saline for 3 days) and shrinkage (in 30.0% NaCl for 3 days), the residual 
monomers were completely removed from the AEH-e-TEs, and suitable 
biocompatibility could be obtained. The chemical compositions of the 
AEH polymer matrices were confirmed by Fourier-transform infrared 
(FTIR) spectra with major band assignments (Supplementary Table 4 
and Supplementary Fig. 16). The α = 0 AEH was a typical PAA hydrogel 
featuring a carboxylic acid group (vC=O = 1,700 cm−1), and the α = 0.4 
AEH was a poly(AA-co-NaAA) copolymer exhibiting partial ionization 
(vCOO−,asym = 1,541 cm−1). FTIR spectra also confirmed negligible residual 
AA monomers for as-prepared AEHs with different α. The elemental dif-
ferences of AEHs were studied by energy-dispersive X-ray spectroscopy 

Fig. 4 | In vitro swelling behaviours and mechanical properties of 4D-printed 
AEH-e-TEs. a, Photographs showing the representative gradient equilibrium 
swelling of a dialysed/re-shrunken printed AEH-e-TE (with initial α = 0) before  
and after sequentially adjusting the pH value from 4 to 8. Scale bar, 2 cm.  
b,c, Gradient equilibrium swelling of as-printed AEH-e-TEs with two different 
initial degrees of ionization: α = 0 (mean ± s.d., n = 3 biological replicates) (b) and 
α = 0.4 (mean ± s.d., n = 3 biological replicates) (c). The as-printed ear constructs 
were immersed in normal saline, and the pH value was gradually adjusted 
to neutral in multiple steps to reach the equilibrium swelling. d, Gradient 
equilibrium swelling of the dialysed printed AEH-e-TEs with an initial α = 0. The 
as-printed AEH-e-TEs were dialysed in normal saline and were re-shrunken in 
30.0% NaCl solution, followed by sequentially adjusting the medium pH values 
for a two-step swelling (mean ± s.d., n = 3 biological replicates). e,f, Gradient 
equilibrium swelling of the dialysed AEH-e-TEs with an initial α = 0.4 during the 

process of dialysis, re-shrinking and re-swelling: equilibrium swelling ratios 
(mean ± s.d., n = 3 biological replicates) (e) and photographs (f). Scale bar, 2 cm. 
g, Expansion of AEH-TEs (α = 0 and 0.4) in different buffers (mean ± s.d., n = 4 
biological replicates); two-sided unpaired t-test. h–j, Expansion of AEH-TEs in the 
in vitro fluidic system: photographs of an α = 0.4 AEH-TEs in the in vitro fluidic 
system at different time points (mean ± s.d., n = 4 biological replicates) (h), 
photographs of changes of an α = 0.4 AEH-TEs extracted from the in vitro fluidic 
system at different time points (i) and swelling curves of AEH-TEs in the in vitro 
fluidic system (mean ± s.d., n = 3 biological replicates) (j). Scale bars, 2 cm.  
k–m, Mechanical properties of original and purified AEHs by dialysis and  
re-shrinking treatments: photographs showing the high-strain stretching of AEH 
samples (k), stress–strain curves (l) and compressive stress–strain curves (m). 
Scale bar, 1 cm. Equilibrium swelling was reached in the 3 day soaking process in 
each step.
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(EDS) (Supplementary Table 5 and Supplementary Figs. 17 and 18). The 
α = 0 AEH revealed negligible sodium element, whereas the sodium 
content increased to 12.47% in the α = 0.4 AEH, further boosted to 
17.84% after dialysis owing to the trapped sodium chloride. The low 
concentrations of the AA monomer residuals in the 3D-printed AEH-TEs 
could be almost entirely removed by dialysis treatment in saline 
(Supplementary Fig. 19), enabling suitable in vivo biocompatibility.

Another key benefit of dialysis treatment was the reduction of  
tissue adhesion, facilitating minimally invasive operations. We per-
formed 180° peel tests for both as-printed and dialysed hydrogel  
films. The as-printed hydrogel film presented strong adhesion, and 
it took an average load of 0.47 N (adhesion energy of 47 J m−2) to peel 
apart the two pieces of attached rabbit skins (Supplementary Fig. 20). 
The strong adhesion of as-printed AEH-e-TEs to the body was also con-
firmed in animal experiments; by contrast, after dialysis/re-shrinking 
treatments, the AEH-e-TEs showed negligible adhesion (Supplementary 
Video 6).

Next, we conducted full in vivo tests using the purified AEH-e-TEs 
by implanting them under the skins of rabbit’s backs. We captured 
photographs of the implanted region through a digital camera and 
3D images using computed tomography (CT) (Fig. 5b). The ultimate 
objective of the tissue-expansion technique is to prefabricate skin flaps 
and augment surface areas of the skins, thereby achieving larger skin 
tissues with robust blood supplies. Clinically, the critical metrics for 
evaluations are whether the skin size has been increased and whether 
adequate blood circulations have been effectively established. The 
area of the covering skin above the AEH-e-TE was calculated from 
the reconstructed volumetric data, suggesting an area expansion 
ratio of ~200% after absorption of body fluid in the first 3 days, which 
was subsequently maintained stable in the following 10 days until 
2 weeks, the time of explantation (Fig. 5b and Supplementary Fig. 21). 
The implant showed good tissue apposition under the subcutane-
ous layer, with a clear contour (Fig. 5b(iv)). In an effective expansion 
process, the dermis becomes thinner over time with an increase in the 
surface area of the skin tissue45. In our experiments, we also noticed 
the decreasing dermis thickness of the experimental groups from 
2,633.31 μm to 1,134.55 μm (more than 2 times) at 2 weeks of AEH-e-TE 
implantation (Fig. 5c).

Cell proliferation and neovascularization correlated with tissue 
regeneration are typical changes in expanded tissues10,11. In the gross 
view of the expanded area on day 14, accompanied by the increase in the 
skin area, the elevation in vascularity of the expanded skin was visually 
observed (Fig. 5b(ii)). This observation forms the typical indication of 
the flap-delay phenomenon, which helps the surgeon to obtain larger 
or longer flaps for reconstruction45. Angiogenesis of the expanded 
skin was confirmed by histological staining with trichome and immu-
nofluorescent staining of CD34 (Fig. 5d,e). The data suggested that the 
printed AEH-e-TEs vastly increased the vascularity of the skin tissue, 
reportedly to be driven by the increasing amount of vascular endothe-
lial growth factors in the expanded tissue, resulting in the proliferation 
of blood vessels15. The proliferating cell nuclear antigen (PCNA) is a cell 

cycle-regulated nuclear protein, and its synthesis rate correlates well 
with the proliferative status of the cell46. PCNA was further stained to 
detect proliferating cells in the basal layer (the origin of the epithelial 
layer). In the experimental group, PCNA was found to be strongly 
positive, which showed that cells in the expanded skin flap proliferated 
rapidly (Fig. 5e and Supplementary Fig. 22). This is a response to stress 
from the expansion of AEH-e-TEs, which can open the stretch-induced 
ion channels, produce secondary messengers and eventually lead to 
cell proliferation45. These fundamental mechanisms, however, are out 
of scope for the current work to explore.

We then analysed the in vivo biocompatibility of AEH-e-TEs. As a 
temporarily exogenous implant, a tissue expander oftentimes inevi-
tably induces local inflammation, termed the foreign body responses. 
These responses usually contribute to forming a capsule of dense 
fibrous tissue surrounding the implant within a time frame of several 
days47. To evaluate the overall biocompatibility, we assessed both 
acute (less than 24 h) and subacute (24 h to 30 days) systemic toxi
city upon implantation of the AEH-e-TEs by routine blood tests and 
detection of inflammatory biomarkers from blood samples of rabbits 
at predefined time points, considering the recommendation by the 
US Food and Drug Administration (FDA-2021-N-0334). White blood 
cells, granulocytes, lymphocytes and monocytes are the main signs 
of systemic inflammation. The blood tests indicated that the counts of 
these cells varied almost within the normal reference ranges for rabbit 
blood samples both before and after the implantation (Fig. 5f)48. Next, 
we investigated the inflammation at a more microcosmic level using 
inflammation markers. C-reactive protein is a classic sensitive index 
of graft rejection and chronic low-grade inflammation49. C-reactive 
protein is considered to be associated with abnormalities following 
synthetic polymer implantation50. In addition, serum amyloid A is the 
major acute-phase protein that acts as a biomarker of inflammation51. 
Pro-inflammatory cytokines interleukin 1-β (IL-1β) is also involved in the 
early innate immune responses47,52. All these three biomarkers showed 
negligible differences between pre-operation and post-operation from 
day 1 to day 14 (Fig. 5g). The data suggested that no notable systemic 
inflammation was observed upon AEH-e-TE implantation, revealing 
good biocompatibility up to at least 14 days evaluated.

In recent decades, self-expanding soft tissue expanders have 
been used in ophthalmology and stomatology and, occasionally, in 
reconstructive and plastic surgeries, such as the Osmed osmotic tis-
sue expander, one of the more widely used self-inflating soft tissue 
expanders in clinical settings22,53. However, issues with uncontrolled 
rapid expansion and relatively high complication rates have prevented 
these devices from becoming standard clinical tools, and in fact, they 
are rarely used anymore today20,54–56. To highlight the advantages of 
our devices over other self-expanding tissue expanders, we first syn-
thesized a hydrogel with a swelling ratio of ~10 in normal saline for 
comparison, using the primary material system (NVP–MMA) of the 
Osmed osmotic tissue expander22,53.

Cylindrical AEH-TEs (with α = 0 and α = 0.4) and NVP–MMA 
hydrogel discs of the same size were fabricated. Although sufficiently 

Fig. 5 | In vivo effectiveness and safety validations of 4D-printed AEH-TEs.  
a, Scheme showing the procedures, including DLP printing of the personalizable 
AEH-e-TE for implantation and expansion in vivo. b, Photographs and CT 
scanning images of a subcutaneously implanted AEH-e-TE at selected time 
points (n = 3 biological replicates). (i) Implanted device at day 0. (ii) Top view 
of implanted device at day 14. (iii) Lateral view of impanted device at day 14. (iv) 
CT scanning image of implanted device at day 14. Scale bars, 1 cm. c, Calculated 
skin areas from CT-scanning results for the experimental group on day 0 and 
day 14 of AEH-e-TE implantation (mean ± s.d., n = 3 biological replicates); 
two-sided unpaired t-test. d, Masson’s trichrome staining of unexpanded skin 
tissue (i) and expanded skin tissue (ii, iii) (n = 3 biological replicates) and dermal 
thickness comparison of unexpanded and expanded skin tissues (mean ± s.d., 
n = 3 biological replicates); two-sided unpaired t-test (iv). Black arrows indicate 

neovessels of the expanded flap. Scale bars, 500 μm. e, Immunofluorescence 
staining for CD34 and PCNA of unexpanded and expanded skin tissues (n = 3 
biological replicates). White arrows indicate neovessels of the expanded flap. 
Scale bars, 100 μm. f, Routine blood tests for experimental rabbits’ venous 
blood at different time points for white blood cells (WBC), granulocytes (GRA), 
lymphocytes (LYM) and monocytes (MON). Grey backgrounds indicate the 
ranges of normal values. Three coloured lines represent samples collected 
from three different rabbits. g, Quantifications of key soluble biomarkers of 
inflammation for venous blood collected from rabbits in the experimental 
group at different time points of AEH-e-TE implantation: C-reactive protein 
(CPR), serum amyloid A (SAA) and IL-1β (mean ± s.d., n = 3 biological replicates); 
ordinary one-way ANOVA. Schematic in a created in BioRender; Wang, D.  
https://BioRender.com/b2meplp (2026).
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swollen NVP–MMA hydrogel discs could reach a size comparable to 
our AEH-TEs (Supplementary Fig. 23), they were substantially less 
robust (Supplementary Fig. 24). Cylindrical AEH-TEs and NVP–MMA 
hydrogel discs were subsequently implanted beneath the skin at 
the hypochondrium of rabbits and explanted at day 7 (Fig. 6a and 
Supplementary Fig. 25a). All AEH-TEs gradually expanded over the 

following week. Notably, the AEH-TEs with an initial α of 0.4 maintained 
their cylindrical shape throughout, while those with α = 0 experienced 
minor edge damage towards the end of expansion. However, devices 
in the NVP–MMA group began to break already between days 2 and 4, 
eventually losing their entire shape as a result of the skin tension and 
the external forces caused by the rabbits’ movement and self-inflicted 
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injuries. Compared to expanding the mucosal tissue in ophthalmologic 
and stomatologic surgeries, expanding skin tissue in reconstructive 
operations withstands substantially greater forces generated from 
skin tension. As shown in Fig. 6b and Supplementary Figs. 25b–d, the 
AEH-TEs with α = 0 exhibited the slowest expansion rate among the 
three groups but adaptively expanded to more than 10 times their 
original size, verifying the environment-dependent swelling behaviour 
of AEHs (Fig. 4a,b).

Body fluids in vivo are in a dynamic equilibrium state of continu-
ous circulation. Compared with conventional hydrogel swelling gov-
erned purely by water diffusion, the swelling of the AEHs is controlled 
by coupled water and electrolyte diffusion. In our AEH, the water–poly-
mer interactions dynamically change with hydrogel ionization, leading 
to environment-adaptive equilibrium swelling ratios. In body fluid 
with a relative stable and neutral pH, the AEHs would rapidly swell by 
absorbing the water. Meanwhile, the diffused electrolytes will slowly 
neutralize the AEHs and modify the degree of ionization stepwise, 
exhibiting electrolyte-controlled prolonged swelling in a clinical set-
ting. As body fluids are continuously replenished, electrolytes are 
also steadily supplied. Therefore, as long as body fluids are consist-
ently available, even in a relatively fluid-poor environment such as 
the subcutaneous body surface, the driving force for the continuous 
swelling of AEH-TEs, irrespective of their sizes, will persist until final 
swelling equilibrium is reached, as well illustrated in both in vitro and 
in vivo experiments.

In addition, while a fluid-poor or slow-fluid-supply condition may 
delay the swelling rate of large-sized AEH-TEs, this is in fact an impor-
tant advantage of our devices, enabling slow, stable and substantial 
swelling and achieving gradual and sufficient tissue expansion and 
flap prefabrication. If rapid and substantial expansion occurs in a short 
period, the flap may face risks of ischaemia, hypoxia or even necrosis57. 
AEH-TEs with a low initial α require a longer time to reach swelling 
equilibrium than those with a high initial α, and this phenomenon has 
been verified through both in vitro (Fig. 4h,i and Supplementary Fig. 10) 
and in vivo (Fig. 6a and Supplementary Fig. 25) experiments. This is 
because environment-adaptive AEH-TEs with different initial α need 
varying amounts of electrolytes and time to undergo further ionization. 
Different expansion rates cater to diverse clinical needs, such as intra-
operative, acute and chronic tissue expansion58,59. In future studies, 
we will conduct in-depth exploration of the relevant scientific issues.

To further assess the translational potential of AEH-TEs and their 
unique superiority over current clinical devices, we simulated the 
ear reconstruction surgery using AHE-e-TEs and the kidney-shaped 
silicone tissue expanders, a clinical standard used today (Fig. 6c,d and 
Supplementary Fig. 25). We conducted multi-stage procedures closely 
replicating the real surgery (Supplementary Videos 6–8). In this com-
parative experiment, we printed larger AEH-e-TEs capable of expanding 
to the size of a typical human auricle (~5.5–6.5 cm in length, ~2.8–3.3 cm 
in width and ~1.6–1.8 cm in auriculocranial height)60. As a control, we 
implanted 50 ml kidney-shaped silicone expanders—the most com-
monly used size in ear reconstruction surgery61—into rabbits, followed 
by daily repeated saline injections to induce expansion. During stage I, 
all devices were implanted at the hypochondrium, simulating the post-
auricular region (mastoid) to achieve maximum protrusion after expan-
sion under the skin. After 10 days of in vivo expansion, we performed 
stage II operations. All devices were explanted, and 3D-printed auricle 
prostheses of the same shape and size as the expanded AEH-e-TEs (and 
hence the real human ear) were individually placed into the expanded 
pockets (Supplementary Figs. 26 and 27 and Supplementary Videos 
7 and 8). We adopted 3D-printed prostheses instead of autologous 
cartilage frameworks otherwise used clinically to (1) ensure uniformity 
across experimental groups and (2) simulate the possible future use of 
3D-(bio)printed tissue-engineered auricle implants62–64.

Using AEH-e-TEs (with α = 0 and α = 0.4), we achieved tightly 
controlled and stable in vivo expansion in stage I procedures. These 
implants expanded to the desired size without observable displace-
ments, maintaining their 3D auricle shape throughout the entire period 
(stage I in Fig. 6c and Supplementary Fig. 26-I). Equally importantly, 
during stage II surgery, we could conveniently remove the expanded 
devices (stage II(i) in Fig. 6c and Supplementary Fig. 26-II) and implant 
the auricle prostheses without complications (Supplementary Videos 
7 and 8). Consistent with results obtained with disks, AEH-e-TEs with 
α = 0 were less resilient during explantation and were more prone to 
damage from accidental impacts, although such a difference was not 
major. After simple negative-pressure suction after implantation of 
the protheses, we achieved satisfactory and stable reconstructed ears 
in both groups (stage II(iii–vi) in Fig. 6c, Supplementary Fig. 26-II and 
Supplementary Video 9).

By sharp contrast, despite the fact that the kidney-shaped sili-
cone devices required additional procedures, they still yielded much 

Fig. 6 | In vivo competitive advantages of AEH-e-TEs over existing and clinical 
devices and evaluations of AEH-b-TEs for breast-reconstruction surgery.  
a, Photographic records of implantations of cylindrical AEH-TEs (α = 0.4) and 
NVP–MMA tissue expanders beneath the skins of rabbits and explanted devices 
after 1 week. (i) Devices before implantation. (ii)–(v) Top views of implanted 
device at days 0, 1, 3 and 7, respectively. (vi) Lateral view of implanted device at 
day 7. (vii) Lateral view of extracted device at day 7. (viii) Top view of extracted 
device at day 7. Scale bars, 2 cm. b, Volume changes of AEH-TEs and NVP–MMA 
tissue expanders (mean ± s.d., n = 3 biological replicates). c, Photographic 
records of the entire ear reconstruction surgery using an AEH-e-TE (α = 0.4). In 
stage I, the device was implanted subcutaneously. (i) Dialysed AEH-e-TE. (ii)–(vi) 
The implanted device expanded gradually in vivo. (ii)–(v) Top views of implanted 
device at days 0, 2, 6 and 10, respectively. (vi) Lateral view of implanted device at 
day 10. In stage II, the device was extracted, and a 3D-printed auricle prothesis 
of the same shape and size was implanted. (i) Extracted AEH-e-TE. (ii)–(vi) The 
3D-printed auricle prothesis was implanted into the precisely expanded pocket 
and securely held its position for up to 3 days evaluated. (ii), (iii) and (v) Top views 
of implanted protheses at days 0, 2 and 3, respectively. (iv) and (vi) Later views of 
implanted device at days 2 and 3, respectively. Scale bars, 2 cm. d, Photographic 
records of the entire ear reconstruction surgery using a clinical-standard 50 ml 
kidney-shaped silicone tissue expander. In stage I, the device was implanted 
subcutaneously. (i) Kidney-shaped silicone tissue expander. (ii)–(vi) The 
implanted device was injected with normal saline daily and expanded gradually 
in vivo. (ii)–(v) Top views of implanted device at days 0, 2, 6 and 10, respectively. 
(vi) Later view of implanted device at day 10. In stage II, the device was extracted, 

and a 3D-printed auricle prothesis was implanted. (i) Extracted kidney-shaped 
silicone tissue expander. (ii) The expanded skin tissue after extraction of 
the device. (iii)–(vi) The 3D-printed auricle prothesis was implanted into the 
overlarge pocket, shifted freely under the skin and located at different positions 
within the pocket. In stage III, the trimming surgery was performed to remove 
redundant expanded skin tissue to achieve the position-stable and appearance-
satisfactory auricle. (i) The removed redundant skin tissue. (ii) The redundant 
skin tissue was marked. (iii) and (iv) The marked skin tissue was removed to allow 
the expanded skin to better match the implanted 3D-printed auricle prothesis 
(top and lateral views at day 0, respectively). (v) and (vi) The appearance at  
3 days after the removal of marked skin tissue (top and lateral views, 
respectively). Scale bars, 2 cm. e, Comparisons of masses of trashed skin  
tissues between the AEH-e-TE (α = 0.4) group and the kidney-shaped silicone 
tissue expander group (mean ± s.d., n = 3 biological replicates); two-sided 
unpaired t-test. f, Comparisons of surgical operation durations between  
the AEH-e-TE (α = 0.4) group and the kidney-shaped silicone tissue expander  
group (mean ± s.d., n = 3 biological replicates); two-sided unpaired t-test.  
g, Comparisons of total incision lengths between the AEH-e-TE (α = 0.4) group 
and the kidney-shaped silicone tissue expander group (mean ± s.d., n = 3 
biological replicates); two-sided unpaired t-test. h, Expansions of AEH-e-TEs 
(α = 0.4) in the normal condition versus the haematoma model. Scale bars, 1 cm. 
i, In vivo evaluations of AEH-b-TEs with an initial base diameter of 4 cm (α = 0.4): 
(i) dialysed AEH-b-TE; (ii)–(vi) the implanted device expanded gradually in vivo at 
days 0, 1, 4, 7 and 12, respectively; (vii) extracted AEH-b-TE. Scale bars, 2 cm.
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less favourable outcomes (Supplementary Video 10). All silicone  
tissue expanders migrated from originally implanted locations  
to varying degrees owing to gravity and the rabbits’ movements  
(stage II(iii)–(vi) in Fig. 6d and Supplementary Fig. 28), which is not 
uncommon even in human applications65. Another complication 
observed was injection port turnover and connector tube kinking, 
where the injection port could be dragged or rolled over during expan-
sion (Supplementary Fig. 29), making saline injections extremely chal-
lenging. By comparison, our AEH-e-TEs remained securely in place 
until the end of expansion. In addition, the shape of the expanded 
skin stretched by the silicone tissue expanders led to excess tissue 
formation and oversized pockets, resulting in poor positioning  
and low-definition appearances of the implanted auricle prostheses 
(stage II(ii)–(vi) in Fig. 6d and Supplementary Video 10). For aesthetic 
purposes, we had to perform an additional stage III operation (stage III  
in Fig. 6d) to mark and remove the excess skin, further increasing  
the injury and recovery time (Fig. 6e and Supplementary Fig. 30).  
Consequently, not only was there a substantial amount of time wasted 
on these additional procedures (Fig. 6f), the resulting incisions and 
scars were also notably larger (Fig. 6g and Supplementary Fig. 31) than 
the surgeries performed with our AEH-e-TEs.

Surprisingly, the AEH-e-TEs showed a unique yet unexpected 
advantage in their ability to absorb oozing or bleeding blood, prevent-
ing haematoma and using this absorption to aid the swelling process, a 
capability not seen with other clinical tissue expanders. Haematoma, 
one of the most common complications after insertion of a tissue 
expander with the occurrence rate of ~3%, is associated with acute or 
chronic haemorrhage of the wound after surgery65. If not properly 
managed, it could form severely poor outcomes such as flap necro-
sis, extraction of implants and reconstruction failure, which would 
further induce or elevate patient anxiety and discomfort as well as 
elongated hospitalization periods45. Currently, closed suction drains 
are used after surgery to prevent possible haematoma, but they come 
with an increased risk of infection66. In the initial in vitro validation, 
the AEH-e-TEs were shown to absorb blood and expand ~12 times, 
which approached the same swelling degree driven by absorbing nor-
mal saline alone (Supplementary Fig. 32). As preventing haematoma 
during expansion in vivo would make our AEH-e-TEs more attractive 
to clinicians by minimizing side effects caused by haematoma, we 
subsequently established a haematoma model in rabbits by sever-
ing two visible blood vessels in the expanded pocket and closing the 
incision without haemostasis. The implanted AEH-e-TEs successfully 
absorbed the accumulating blood, preventing haematoma formation 
and expanding to a comparable size as in normal conditions (Fig. 6h 
and Supplementary Fig. 33).

Finally, to demonstrate the capability of our device for larger-scale 
tissue reconstruction, we printed breast-shaped AEH-TEs (AEH-b-TEs). 
Many breast cancer patients still undergo mastectomy, making breast 
reconstruction an essential component of breast cancer management 
and care. Tissue-expander-based breast reconstruction is one of the 
major surgical approaches67. Based on general data, the base diameter 
of an adult female breast (at body height ~160 cm) is ~10–12 cm. Accord-
ingly, we first printed AEH-b-TEs with an initial maximum base diam-
eter of 2 cm (with α = 0 and α = 0.4), as an alternative to similar-sized 
AEH-e-TEs for feasibility assessment. After implantation in rabbits, 
all devices successfully achieved full swelling within several days 
(Supplementary Fig. 34). We further printed 4 cm AEH-b-TEs, designed 
to swell to the average human breast size (base diameter ~10 cm), and 
conducted additional in vivo evaluations (Fig. 6i, Supplementary Fig. 35 
and Supplementary Video 11). Consistent with smaller-sized AEH-ETs, 
the surgical procedure was simple and time efficient. Within seconds 
of implantation, the AEH-b-TEs automatically anchored in place. In 
cases of malposition, correction was readily achievable by injecting 
saline to facilitate repositioning (Supplementary Video 12). Through-
out the observation period, the implanted AEH-b-TEs maintained 

stable placement (Supplementary Video 13). All rabbits exhibited 
unrestricted mobility and showed no observable signs of pain (Sup-
plementary Video 14). The AEH-b-TEs were fully explanted after 12 days 
of implantation. Both types of AEH-b-TEs swelled to their target sizes 
(Supplementary Fig. 36). Following meticulous dissection, the neo-
vascular network was clearly observable in the subcutaneous layer 
(Supplementary Fig. 37). AEH-b-TEs could achieve sufficient swelling 
in the rabbits without complications such as tissue necrosis, indicating 
that the devices have the potential for use towards the reconstruction 
of large-sized organs in humans.

Outlook
We have demonstrated the design of a negatively charged polyelec-
trolyte hydrogel photoink system for light-based 4D printing to cre-
ate personalizable AEH-TEs with prolonged, large expansion ratios 
and favourable mechanical properties for surface organ and tissue 
reconstruction surgery (Supplementary Table 6). Our experimental 
and modelling results revealed the adaptive swelling behaviours and 
mechanical properties of the polyelectrolyte hydrogels, which could 
be used to precisely engineer their expansion profiles. Based on the 
experimentally validated synthesis–swelling model, we rationally 
designed biocompatible tissue expanders with controlled equilibrium 
swelling ratios (up to 30 times), tunable stiffness, and high toughness 
suitable as in vivo implants. The promise for such tissue expanders 
in translational applications was illustrated by in vivo assessments 
using 4D-printed AEH-e-TEs for implantation into a rabbit model. 
AEH-e-TEs effectively prefabricated the local skin flap showing negli-
gible immuno-inflammatory responses while also benefiting the avoid-
ance of possible subcutaneous haematoma after implant insertion. 
Compared to the current clinical-standard silicone tissue expanders 
relying on repeated saline injections, our AEH-e-TEs achieved mark-
edly reduced procedural complexity and complications, as well as 
markedly enhanced surgical outcomes. Similar observations were 
obtained with AEH-b-TEs for large-tissue reconstruction. Although 
the in vivo physiological microenvironments around the implanted 
tissue expanders were hard to control precisely and thus not measured, 
the prolonged and large swelling was readily observed because of the 
gradual modification of the local pH level by the steady diffusion of 
biofluids. In the future, hydrogel tissue expanders with more actively 
controlled expansion profiles can be further developed to maximize 
their clinical relevancy. In the future development, silicone cover or 
other approaches would be adopted to further ensure the integrity 
of our device in vivo, especially for the AEH-TEs of α = 0 with the low-
est expansion rate and slightly weaker mechanical strength during 
expansion under the skin. Nevertheless, the general synthesis–swell-
ing model might provide a strategy to guide the rational design of 
environmentally adaptive hydrogel devices and, when combined with 
the 4D printing technique, collectively advance the next generation 
of tissue expanders for tissue repair and regeneration.

Methods
Preparations of photoinks and NVP–MMA hydrogel  
precursors
NaOH (Sigma-Aldrich) and AA (Sigma-Aldrich) were dissolved in  
deionized water at a molar ratio of 0.2:1 to 1.2:1, separately, to prepare 
the stock solutions. Then, the NaOH solution and the AA solution were 
mixed by magnetic stirring for 2 h in the dark at room temperature to 
obtain ionized AANa solutions with a molar ratio of 0.1:1 to 0.6:1 of 
NaOH to AA. After the addition of TPO powder (Sigma-Aldrich), the 
AANa solution was stored at 4 °C in the dark.

The AANa-PEGDA (or AA-PEGDA) inks were prepared by adding a 
certain amount of PEGDA with Mw = 250, 575 or 700 (Sigma-Aldrich) or 
PEGDA with Mw = 1,000 or 3,400 (Alfa Aesar) to AA (or AANa) solutions 
in the dark and stirring at room temperature by magnetic stirring for 
1 h. To investigate the swelling and mechanical properties of AEH-TEs 
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with different formulations, we varied one component while keeping 
the others constant.

To prepare NVP–MMA hydrogel precursors, we incorporated 0.2% 
of allyl glycidyl ether (Sigma-Aldrich) as a crosslinking agent, along 
with 0.2% of azobisisobutyronitrile (Sigma-Aldrich) as an initiator. 
NVP (Sigma-Aldrich) and MMA (Sigma-Aldrich) were added into the 
mixture at selected weight ratio at room temperature by magnetic 
stirring for 1 h. Hydrogel-precursor compositions of 12:1, 10:1, 9:1 and 
6:1 NVP/MMA were synthesized.

Synthesis of hydrogels
Cylinder-shaped hydrogel samples were fabricated by photocuring 
the cast hydrogel precursors in polydimethylsiloxane (PDMS, Dow 
Corning) moulds. To do this, we first cut cylinder-shape acrylic discs 
(D = 8 mm, H = 2.5 mm; D = 18 mm, H = 10 mm) by laser cutter. The 
obtained discs were placed in a petri dish, and the liquid PDMS resin 
was cast on the top for curing in an oven at 80 °C for 3–5 h. The acrylic 
discs were then removed to obtain the PDMS moulds.

The AANa-PEGDA hydrogel precursors of various compositions 
were poured into the PDMS moulds and exposed to 405 nm UV light 
(OmniCure S2000, Excelitas Technologies) for 30–60 s to allow full 
crosslinking. In some cases, intermittent UV exposure (alternating on 
and off for several times) was used to avoid violent reactions for some 
hydrogel monomers. After curing, the cylinder hydrogel samples were 
quickly demoulded for further characterizations before dehydration.

To fabricate NVP–MMA hydrogels, the mixed solution was poured 
into a beaker and subjected to degassing using a vacuum pump for 10 
to 15 min to ensure the complete removal of bubbles from the solution. 
After degassing, the solution was carefully transferred to PMDS moulds 
and placed in a vacuum drying oven. The temperature was gradually 
elevated from the ambient laboratory temperature of 5 to 60 °C, with 
close monitoring throughout the heating process to ensure no further 
bubble formation. Finally, the mixture was allowed to react at 60 °C 
for 24 h to form the hydrogel discs. All hydrogel compositions were 
immersed in normal saline to test their swelling ability. Finally, 10:1 
NVP–MMA hydrogels with the swelling ratio of ~12 was selected to be 
used in the following animal experiments.

FTIR characterization of AEHs
The chemical compositions of AEHs were measured on an FTIR spec-
trometer (Nicolet6700 FT-IR spectrometer, Thermo Fisher Scientific) 
in a transmission mode using the potassium bromide (KBr) pellet sam-
ples. The AEH samples were dehydrated by freeze-drying and grounded 
into fine powders before analyses. The powder was homogeneously 
mixed with dry KBr and then loaded into a stainless-steel pellet die to 
form a transparent disc under a hydraulic press. The FTIR spectra were 
recorded by averaging 32 scans of the signal at a resolution of 4 cm−1 
from 400 to 4,000 cm−1. A background spectrum of a blank KBr pellet 
was collected under identical conditions and subtracted automatically 
from the sample spectra.

Scanning electron microscopy characterizations of AEHs
Scanning electron microscopy (SEM) was used for microstructural 
and elemental analyses. The AEH film samples were dehydrated by 
freeze-drying and cryo-fractured in liquid nitrogen. The crack surfaces 
were coated with ~9 nm platinum on an ion sputter-coater (GVC-2000, 
GVC). The samples were observed on a field-emission SEM (Tescan 
CLARA) under high vacuum at an acceleration voltage of 10 kV and 
working distance of 8–10 mm. Secondary electron imaging was used 
to visualize the surface morphologies.

Meanwhile, elemental compositions were analysed by EDS with a 
detector (XFlash 616, Bruker Nano) attached to the SEM. EDS spectra 
were acquired at 10 kV to enable detection of elements of carbon, 
oxygen, sodium and chloride in the polymer matrices. Gold signals 
from the coating were excluded from the quantitative interpretations.

High-performance liquid chromatography characterizations 
of the AEHs
The residual monomer contents of the AEHs were analysed using 
analytical high-performance liquid chromatography (HPLC) (1290II, 
Agilent) equipped with an XDB-C18 column (4.6 × 150 mm2, 5 μm bead 
size). A mixed solution consisting of an aqueous solution of 0.1% (v/v) 
phosphoric acid and methanol at a ratio of 95:5 (v/v) was used as the 
mobile phase, extractant and medium. A calibration curve was obtained 
from the standard AA monomer standard solution diluted with the 
mobile phase to varying monomer concentrations. To extract the 
residual monomer from the AEHs, we incubated 2.0 g of each AEH type 
in 500 ml of the extractant. AEHs of two different ionization degrees 
(0 and 0.4) and treatments (as-printed and dialysed) were measured. 
To evaluate the monomer-extraction efficiencies and release profiles, 
the extracted solutions were collected after 24 h and 72 h. The solution 
obtained was filtered with a sterile 0.2 μm filter (Millipore Sigma), 
and a 5 μl sample was injected into the HPLC system for analysis. A 
mobile phase flow rate of 0.8 ml min−1 was used for the tests. The signal 
intensity as a function of eluting time was measured by a diode array 
detector at a wavelength of 210 nm. The concentrations of the residual 
AA monomers in the AEHs were determined based on the calibration 
curve and converted into the actual concentrations in AEHs.

Mechanical characterizations
The mechanical properties of equilibrium swollen hydrogels were 
characterized by uniaxial compressive tests using a universal tensile 
machine (Instron-5967) with a load cell capacity of 100 N.

Compression test. The hydrogel discs (8 × 3 mm2, diameter × height) 
of different compositions were soaked in normal saline to allow uncon-
fined swelling to equilibrate for 3 days. Then the swollen samples in 
equilibrium were tested at room temperature under a compression 
rate of 50% min−1. Young’s modulus was determined by the slope of the 
stress–strain curve within the 5–10% strain. At least four specimens 
were measured for each group of samples to obtain the average values.

Tensile test. Rectangular samples of ~0.4 mm in thickness, ~12 mm in 
length and ~4 mm in width were cut from the film samples for tensile 
tests. The constant stretching rate was fixed at 50% min−1. Young’s 
modulus was determined by the slope of the stress–strain curve within 
the 5–10% strain. At least four specimens were measured for each group 
of samples to obtain the average results.

Adhesion test. The 180° peel test was performed to test the adhesion 
property of hydrogels. Two pieces of the rabbit skin with a width of 
1 cm were prepared. Cured hydrogel film with a thickness of 0.5 mm 
was placed between the skin pieces and tested at a constant peeling 
speed of 50% strain per minute. The measured force was recorded to 
draw the curve.

DLP printer
A custom-built bottom-up DLP printer was designed for 3D/4D 
printing68–70. The printing used UV light engine PRO4500 (Wintech 
Digital System Technology). The light source, with a resolution of 
1,280 × 800 d.p.i. (dots per inch), had a working distance of 92 mm with 
a maximum exposure field of 65.6 × 41 mm2. A resin vat consisting of a 
transparent Teflon film (AF2400, Biogeneral) window was positioned 
between the light source and the build platform. The build platform 
on a linear translation stage was controlled by the MATLAB R2020b 
(MathWorks) code.

The software for this system consisted of two different compo-
nents, that is, projection and motor control. The projection of the 
system was handled by the previously defined motherboard that was 
running a custom MATLAB script. To further enable ease of use, a 
graphical-user interface was created where the user would define key 
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inputs. The MATLAB script oversaw establishing the communication 
with the microcontroller via serial communication to give the com-
mands for the motor movement.

The microcontroller code was written using the Arduino Uno IDE 
(open-source). This code was responsible for receiving the transmitted 
data from the motherboard and then communicating these commands 
to the driver and therefore the motor. To do this, the information had 
to be read and parsed from serial signal, the parsed data had to then 
be stored into different variables, and these were then executed by 
different functions which determine the type, speed and steps of the 
motor movement.

DLP printing procedures
DLP printing adopted two modes, mono-material printing and 
multi-material printing.

Mono-material printing. During the bottom-up DLP printing process, 
the photo-ink was loaded in the resin vat with a transparent window. 
A gap equal to the printing layer height was initially reserved between 
the build platform and the bottom of the vat, which would be filled 
with resin. The digital light controlled by the UV light engine precisely 
controlled the light patterns for structured photo-curing of hydrogel 
precursors. The exposure time for each layer was 10–20 s, and the 
intensity of the exposure area was controlled at 2.6 mW cm−2. The cured 
slice would be moved up by a distance of one layer thickness with build 
platform, and the new gap would be filled with the liquid resin. The 
exposure of the next layer was then performed, which looped through 
until the entire printed object was completed. To avoid continuous heat 
accumulation in the resin which adversely affects the shaping accuracy, 
a cooling time of ~10 s was added between each exposure.

Multi-material printing. Photoinks with different concentrations 
of PEGDA (Mw = 1,000 g mol−1) were stained by different dyes and 
maintained in independent resin vats that would be switched during  
printing. Residual liquid resin was wiped off with dust-free cloth before 
switching. Considering the light absorption of the visualizing pig-
ments, to ensure similar shaping accuracy when printing different 
materials, the exposure times of dyed and undyed precursor solutions 
were 40 s and 20 s, respectively.

3D printing the auricle protheses for in vivo reconstruction. The 
auricle protheses (length = 6.2 cm, width = 3.3 cm, height = 1.8 cm) in 
the typical human ear shape and size were printed from a commercial 
3D printer (Form 4, FormLabs) using a commercial resin (White Resin 
V5, FormLabs). Before implantation, these prothesis were immersed 
in 75% ethanol overnight for sterilization and extensively washed with 
saline before implantation. The same standard tessellation language 
(STL) model was used to produce 4D-printed AEH-e-TEs.

Swelling analyses and dialysis treatment
Cast hydrogel discs and printed constructs were weighed and placed 
into 100 ml of normal saline (0.9% NaCl solution) or DPBS at room tem-
perature. The masses of the swelling hydrogels (n = 4 for each group) 
were taken at selected time points (1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 24, 
36, 48, 72, 96, 120, 144 and 168 h). The swelling ratio was calculated 
according to equation (1):

Swelling ratio = mt
mi

(1)

where mt is the mass of the object in the swollen status, and mi is the 
mass of the object in initial status before swelling.

For dialysis, hydrogels in the swelling equilibrium were trans-
ferred into strong brine (30.0% NaCl solution) for 72 h to allow them to 
re-shrink. During the shrinkage procedure, the masses of the hydrogels 
were recorded at selected time points (1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 

24, 36, 48 and 72 h). The shrinking ratio was calculated the same as the 
swelling ratio according to equation (1).

To simulate in vivo metabolism of body fluid, we further estab-
lished an in vitro fluidic system composed of a set of injection and 
suction pumps (Supplementary Fig. 9). A pump (right, Lande Medical 
Equipment) continuously injected DPBS at a rate of 2–10 ml h−1, while 
the other pump (left, Lead Fluid Intelligent Equipment Manufacturing) 
withdrew it at a rate of 1–2 ml h−1. We adjusted the reservoir volume 
(with a maximum capacity of 5–50 ml) and pump speeds according 
to the sizes of AEH-TEs to ensure the swelling buffer just covered the 
sample in each experiment. The masses of the hydrogels were recorded 
at selected time points.

Cellular assay
Cell culture experiments were established by seeding cells into 6-well 
plates and placing AEH-TE-containing transwell inserts into the wells 
(Supplementary Fig. 11). HMECs (BDBIO) and HFF-1 cells (BDBIO) at 
approximately 80% confluence were trypsinized, centrifuged and 
resuspended in medium. HMECs were seeded at 5 × 105 cells per well, 
while HFF-1 cells were seeded into each well at a density of 1 × 105 cells 
per well. The culture media were changed every 2 days. On days 1 and 
7, the cells were subjected to live/dead and F-actin staining.

Cell viability was measured by the Live/Dead viability/cytotoxicity 
kit (Yongqinquan Intelligent Equipment) according to the manufac-
turer’s instructions. Briefly, the attached cells were washed with DPBS 
twice, followed by the addition of live/dead staining solution containing 
4 mM of calcein acetoxymethyl and 2 mM of ethidium homodimer-1 in 
DPBS (Thermo Fisher Scientific). After incubation at 37 °C for 30 min, 
the samples were washed three times with DPBS, immersed in the Pro-
Long Live Antifade Reagent (Thermo Fisher Scientific) and observed 
under a confocal microscope (Leica TCS SP8 CARS). Percentages of 
viable cells were determined using the ImageJ software 1.53 (National 
Institutes of Health).

For morphological analyses, the TRITC-Phalloidin kit (Yongqin-
quan Intelligent Equipment) was used for F-actin staining according 
to the manufacturer’s instructions. The cells were washed with DPBS 
twice and fixed with 4% (v/v) paraformaldehyde (Sigma-Aldrich) for 
10 min. After three times gentle washing, the samples were permeabi-
lized with 0.1% (v/v) Triton X-100 (Sigma-Aldrich) for 10 min at room 
temperature. Then 200 nM phalloidin (in 0.1% (v/v) BSA, Sigma-Aldrich) 
was added to each sample and incubated for 30 min at room tempera-
ture. The samples were washed again with DPBS and then stained with 
4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) (1:1,000 (v/v) in 
DPBS) for 10 min at room temperature. The samples were washed with 
DPBS and immersed in the ProLong Live Antifade Reagent for further 
observation under a confocal microscope.

MTT assays were conducted via the MTT assay kit (Solarbio). HFF-1 
cells and HMECs were seeded into 48-well plates at 5 × 104 and 1 × 104 
cells per well, respectively. On day 0, AEH-TEs (α of 0 and 0.4) were 
soaked in the media for 72 h, which were then used for subsequent 
cell cultures. The cells cultured in regular media without AEH-TEs were 
regarded as control groups. Regular media without cells inside was 
used as the blank groups. On days 1 and 7 of culture, the cells were used 
for MTT assays. Briefly, the old medium was removed from each well 
and replaced with 270 μl of fresh medium and 30 μl of MTT solution. 
After 4 h incubation, 270 μl of formazan dissolution agent was added 
to each well to replace the reaction medium. After 10 min of gentle 
shaking, a multimode plate reader (PerkinElmer) was used to read the 
absorbance values (optical densities) at 490 nm.

Finite element simulation
We used COMSOL Multiphysics to simulate the hygroscopic swelling 
of an AEH-e-TE (α = 0.4, 1% PEGDA Mw = 1,000) over 72 h through the 
finite element method. The computer-aided design (CAD) model used 
for 4D printing was imported, and the material properties, including 
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Young’s modulus (E = 1,116 Pa), the Poisson’s ratio (ν = 0.15) and the 
density (ρ = 1,110 kg m−3) were defined. The ear construct was modelled 
on a flat surface by restricting the displacement of its base along the 
z direction. The swelling behaviour was simulated by implementing 
the hygroscopic swelling module of the linear elastic material for 
membrane physics. The hygroscopic swelling ratio (βh) was determined 
experimentally. For discretizing the domain, free triangular meshes 
with an element size between 0.894 mm and 4.97 mm, a maximum 
growth rate of 1.5 and a curvature factor of 0.6 were used. We con-
ducted the simulation using a time-dependent study with a time step 
of 1 h and a range of 72 h, which is experimentally sufficient to reach a 
plateau for swelling.

In vivo implantation and explanation
New Zealand white rabbits were selected as the animal model because 
of their extensive similarity with the human skin than other large-animal 
models. Animal experiments were approved by the Animal Care and 
Experiment Committee (Approval Number, 2023animal(98)) of Plastic 
Surgery Hospital, Chinese Academy of Medical Sciences & Peking Union 
Medical College. Female New Zealand white rabbits weighing 2.5–3.0 kg 
and 5–6 months old (n = 24) were housed in an environment with a 
temperature of 22 ± 1 °C and a relative humidity of 50 ± 1%.

For comparisons between the AEH-TEs and NVP–MMA tissue 
expanders, they were implanted into rabbits under the skin of their 
hypochondrium (Supplementary Videos 7, 8 and 11). The hypo-
chondrium was selected to simulate the clinically relevant hard 
region of the human body. The anatomical location, body fluid envi-
ronment, flap thickness and tissue layers of the hypochondrium 
are highly similar to those of the postauricular mastoid area for 
AEH-e-TE-implantation and the chest area for AEH-b-TE-implantation 
in clinical applications.

In stage I, diluted lidocaine solution was injected to bluntly dissect, 
followed by incision and undermining of the skin. After implantation 
of the hydrogel, the incision was closed by suturing. For evaluating 
the AEH-e-TEs, in an additional stage II procedure, the skin was cut at 
the original incision. The expanded pocket was irrigated by normal 
saline after explantation of the expanded implant. Then, a 3D-printed 
auricle prothesis was inserted into the pocket, and the incision was 
closed. Finally, negative pressure suction was performed to generate 
a distinguishable human auricle shape by a 20 ml syringe and a 10 cm 
blunt needle.

For further comparisons with the kidney-shaped silicone tissue 
expanders, we performed similar stage I and stage II operations as 
described above. Differently, before insertion of the silicone tissue 
expander, we had to test its leak-proofness by injection of air. Moreover, 
one additional tunnel needed to be undermined to place the injection 
port as well as the connector tube. Another suture outside the skin was 
made to fix the connector tube and the injection port. Before the stage 
II surgery, we injected 5 or 10 ml normal saline daily into the silicone 
tissue expander through the injection port. In stage III (flap-trimming 
operation), the removal area was first marked, followed by incision and 
removal of marked skin tissue. This long incision was finally closed by 
suture (Supplementary Video 10).

The haematoma model was established by cutting off two visible 
subdermal blood vessels without haemostasis after dissection and 
undermining. The implanted AEH-e-TEs were explanted on day 7 or 
day 14 and weighed.

CT scanning and 3D reconstruction of implanted AEH-e-TEs
Post-surgical rabbits were anaesthetized and scanned using a CT  
scanner (Philips Healthcare) to collect digital images at days 3, 7  
and 14, which were transferred to a 3D software (Mimics 21.0 and 
3-Matic 14.0, Materialise) for reconstruction. The reconstructed 3D 
data were used for measuring the expanded skins area using the same 
3D software.

Systemic inflammation assessments and histological staining
At days 1, 3, 7 and 14, venous blood was collected through the marginal 
ear vein of the rabbit. Whole blood sample (50 μl) from each rabbit was 
added into a haematology analyser (HF-3800, HLIFE, HKANGYU) for 
counting. The expressions of inflammatory biomarkers were deter-
mined using ELISA kits (Medical Discovery Leader). The assays were 
performed following the manufacturer’s instructions, and each sample 
was assayed twice.

After the removal of AEH-e-TEs on day 14, the expanded areas 
and un-expanded areas of the skins were both collected and fixed in 
formalin (Thermo Fisher Scientific) for 24 h for histological staining. 
The fixed specimens were then embedded in paraffin and cut into 5 μm 
slices. Masson’s trichrome staining was performed according to the 
manufacturer’s instruction (Solarbio Science & Technology). Immuno
fluorescence staining was performed using an anti-PCNA antibody 
(Proteintech) for the detection of proliferating cells and anti-CD34 
antibody (Invitrogen) for detecting tissue vascularization. After the 
tissue sections were deparaffinized and rehydrated, they were incu-
bated with either one of the primary antibodies overnight at 4 °C. These 
antigens were visualized with a fluorescein isothiocyanate-conjugated 
secondary antibody (Thermo Fisher Scientific). The nuclei were coun-
terstained with 0.1 mg ml−1 of DAPI. Stained sections were observed 
under an Eclipse Ti2 inverted microscope (Nikon). The proliferative 
cells were counted as the number of PCNA-positive (PCNA+) cells per 
area (300 × 300 μm2).

Statistical analyses
All the experiments were conducted in triplicates to quintuples for 
each data point and were repeated three to four times. Results were 
expressed as means ± standard errors of the means of three or four 
independent experiments, and statistical comparisons were performed 
using the t-test and the one-way analysis of variance test. P < 0.05 was 
considered statistically significant.

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

Data availability
All data needed to evaluate the conclusions in the paper are included 
in the Article and/or Supplementary Information. Source data are 
provided with this paper.
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