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Reconfigurable scaffolds for adaptive tissue regeneration  

Mingxing Peng,a,b Qilong Zhao,a* Min Wang,c and Xuemin Du a* 

Tissue engineering and regenerative medicine have offered promising alternatives for clinical treatments of body tissue 

traumas, losses, dysfunctions, or diseases, where scaffold-based strategies are particularly popular and effective. Over the 

decades, scaffolds for tissue regeneration have been remarkably evolving. Nevertheless, conventional scaffolds still confront 

grand challenges in bio-adaptions in terms of both tissue-scaffold and cell-scaffold interplays, for example, complying with 

complicated three-dimensional (3D) shapes of biological tissues and recapitulating ordered cell regulation effects of native 

cell microenvironments. Benefiting from recent advances in “intelligent” biomaterials, reconfigurable scaffolds have been 

emerging, demonstrating great promise in addressing the bio-adaption challenges through altering their macro-shapes 

and/or micro-structures. This mini-review article presents a brief overview of the cutting-edge research of reconfigurable 

scaffolds, summarizing the materials for forming reconfigurable scaffolds, and highlighting their applications for adaptive 

tissue regeneration. Finally, the challenges and perspectives of the reconfigurable scaffolds are also discussed, shedding 

light on the bright future of next-generation reconfigurable scaffolds with upgrading adaptability. 

1. Introduction 

There are urgent and abundant clinical demands of tissue 

regeneration for reconstituting/reconstructing body tissues 

with large defects, especially for those lacking sufficient innate 

renewal potentials such as cartilage, nerve, and cardiovascular 

systems. Since formally introduced by Professor Robert Langer 

and Professor Joseph Vacanti for the first time in 1993,1 tissue 

engineering that involves synergistic efforts of biomaterials, 

cells, and bio-signals has been attracting numerous attention 

owing to its great potential for assisting tissue regeneration. To 

date, multiple tissue engineering strategies have been 

developed and investigated, among which the scaffold-based 

strategies exhibited the highest versatility.2-4 Scaffold-based 

tissue engineering devotes to building scaffolds with tailored 

biophysical and biochemical cues suiting for facilitating cell 

attachment, proliferation, and differentiation.5 As an important 

prerequisite of supporting cellular growth, biomaterial scaffolds 

must be firstly biocompatible. Within the past two decades, the 

scaffolds have also been continuing to evolve to be 

biodegradable and bioactive,6 which aim to avoid secondary 

surgeries for the removal of implants, stimulating cellular 

activities and functions, and finally facilitating in situ tissue 

regeneration by harnessing the innate renewal capabilities of 

body tissues.7  

 

However, facilitating in situ tissue regeneration by appropriate 

scaffolds remains greatly challenging, which will require 

excellent interplays between implanted scaffolds and target 

tissues/cells. Upon implantation, tissue-scaffold and cell-

scaffold interplays both occur at their biointerfaces.8 For 

attaining desirable tissue-scaffold and cell-scaffold interplays, 

the biointerfaces shall comply with the 3D shapes of target 

tissues at the macroscopic scale as well as be capable of ordered 

regulation of different cellular behaviours and functions at the 

microscopic scale for meeting the requirements of dynamic cell 

manipulation at diverse tissue regeneration stages (Fig. 1), for 

example, initially promoting the recruitment/migration of 

endothelial cells and subsequently assisting the formation of 

cell-cell junctions throughout the vascular remodelling 

process.9 Therefore, higher requirements of bio-adaptions 

would be laid on scaffolds, including not only conformal 

interfacing with target tissues but also ordered regulation of 

cellular behaviours and functions at their biointerfaces. 

However, it would be a grand challenge for conventional 

scaffolds. On one hand, conventional scaffolds with pre-defined 

planar or curved geometries would be difficult to be perfectly 

conformal to biological tissues possessing complicated three-

dimensional (3D) and even sometimes continuously changing 

shapes.10 On another hand, it would also be extremely 

challengeable to manipulate cellular functions in programmable 

manners for adapting to specific tissue regeneration process by 

the scaffolds lacking dynamic biointerfaces.11, 12  
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To address the above bio-adaption challenges, reconfigurable 

scaffolds have recently been emerging with the advances in 

“intelligent” polymers. They have brought the opportunities of 

enhancing conformal bio-integration with 3D-shaped tissues 

and manipulating cellular functions on demand by altering their 

macro-shapes and micro-structures, respectively (Fig. 2). 

Through programming their macro-shapes by applications of a 

stimulus from either body itself (e.g., body temperature, body 

fluids, biomolecules, and cells) or external fields (e.g., light, 

magnet, and ultrasound), the reconfigurable scaffolds could 

adapt to the 3D shapes of target tissues in an actively compliant 

manner. Such active shape-adaption would generate less stress 

concentration in comparison with the conventional passively 

compliant shaping process,13 which would be particularly 

important for forming conforming and stable biointerfaces 

between scaffolds and tissues. Meanwhile, since cells sense the 

micro-structures at scaffold biointerfaces and react accordingly 

to the corresponding biomechanical cues,14-16 the scaffolds with 

reconfigurable micro-structures, which could also be 

modulated by body’s environments or external stimuli, could 

manipulate cellular behaviours and functions in a stage-specific 

manner by offering dynamic biomechanical inductions, 

subsequently meeting the requirements of ordered cell 

regulation in specific tissue regeneration processes.   

 

With the significant merits of conformal interfacing and ordered 

regulation of cellular behaviours and functions, the 

reconfigurable scaffolds have caught increasing attention over 

the past decade, opening a new avenue for adaptive tissue 

regeneration. Here, we will present a brief overview of recent 

advances in reconfigurable scaffolds, introducing popular 

materials for forming them, highlighting their applications for 

adaptive tissue regeneration, as well as discussing the current 

challenges and future direction, with the aim of inspiring a 

broad range of attention from multidisciplinary fields to 

develop next-generation scaffolds with upgrading bio-adaption 

performances for better accommodating for complicate and 

dynamic tissue regeneration processes. 

2. Materials for forming reconfigurable scaffolds 

Reconfigurable scaffolds, with reconfigurable macro-shapes 

and/or micro-structures, are usually constructed based on the 

morphing polymer-based materials capable of dynamically 

altering their shapes in programmable routes. Considering the 

applications of tissue engineering and regenerative medicine, 

the morphing polymer-based materials for forming 

reconfigurable scaffolds should further be cytocompatible, 

convenient to be processed/manufactured, and capable of 

being actuated via a mild approach. For meeting these 

requirements, shape-memory polymers (SMPs), hydrogels, 

liquid crystalline elastomers (LCEs), and cell-actuating materials 

have been widely employed for preparing reconfigurable 

scaffolds owing to their decent cytocompatibility and the 

capabilities of being conveniently actuated by either body’s 

internal signals or the external stimuli that could safely 

penetrate through biological tissues. Varying with different 

morphing mechanisms and characteristics of these materials, 

the resulting reconfigurable scaffolds will possess different 

features and be actuated by different ways, imparting them 

diverse promise for adaptive tissue regeneration.  

   

2.1 SMPs  

SMPs are one group of polymers with shape-memory effects, 

possessing the capability of shape recovery from their 

temporary to permanent shapes upon appropriate stimuli.17 

Unlike the elastic recovery of rubber-like materials, SMPs can 

be locked into specific reshaped temporary geometries, then 

undergoing a controllable morphing process to return their 

originally permanent shapes. Such shape-morphing capabilities 

of SMPs result from their unique networks, containing 

permanent netpoints and stimuli-responsive switchable 

phases.18 The switchable phases can be formed by either 

physical interactions or reversible covalent bonding, 

contributing to locking the SMPs to be temporary shapes after 

reshaping them into any intended geometries. Once tuning the 

switchable phases by specific stimulations, it will trigger the 

shape recovery of SMPs.18  

 

Poly(ε-caprolactone) (PCL), poly(urethane) (PU), poly(lactide) 

(PLA), and their copolymers, which possess excellent 

biocompatibility and biodegradability, are popular SMPs that 

have been widely used for various biomedical applications such 

as controlled drug delivery,19 wound closure, 20 intervention 

stents,21 and neuroelectronics.22, 23 Given these biodegradable 

SMPs are semi-crystalline with the crystalline regions as the 

permanent netpoints and the switchable phases formed based 

on physical interactions,24 heating to trigger the melting or glass 

transition is the common approach for actuating their shape 

recovery. To achieve reconfigurations within human bodies, it is 

Fig. 1 Bio-adaption requirements of scaffolds. In the macroscopic 

scale, scaffolds shall possess conformal interfacing with 3D-shaped 

target tissues for achieving reliable scaffold functions. In the 

microscopic scale, the scaffolds shall possess dynamic biointerfaces 

for ordered regulation of different cellular behaviours and functions. 
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necessary to tune their melting temperature (Tm) or glass  

transition temperature (Tg) approximating to the physiological 

temperature (37 °C).  However, the temperature for actuating 

the shape recovery of pure PCL (Tm: 59-64 °C), 25 PU (Tg: 50-

90 °C),26 and PLA (Tg: 60-65 °C)27 are much higher than the 

physiological temperature (37 °C). To reduce the actuating 

temperature near the range of physiological temperature, 

methods for reinforcing the netpoints and/or softening the 

switchable phase within their networks have been applied, 

which could be realized by means of grafting cross-linkable end 

groups,28 copolymerization,29 or blending.30 Notably, these 

modified thermoresponsive biodegradable SMPs are easy to be 

processed into diverse scaffold forms by different 

manufacturing techniques. For instance, branched PCL with 

grafting allyl alcohol groups enabling covalent crosslinking could 

be facilely manufactured via thermal embossing micro-imprint 

lithography to be patterned scaffolds, of which surface 

microstructures could be altered in response to body 

temperature.31 The PLA-based copolymer, poly(D,L-lactide-co-

trimethylene carbonate) (PDLLA-co-TMC) with tuneable Tg in 

the range from 20-45 °C, has been used for preparing 

reconfigurable nanofibrous scaffolds via electrospinning for 

bone and vascular tissue engineering.32, 33  Such copolymers 

could also be suitable for extrusion-based 3D printing,34 

subsequently forming porous scaffolds with initially customized 

geometries.35 The polymer blends, such as poly(l-lactic acid) 

(PLLA)/PCL-diacrylate and PU/gelatin, could also be simply 

processed to be porous scaffolds via salt leaching or extrusion-

based low-temperature 3D printing, which showed semi-

interpenetrating networks and excellent shape-memory effects 

that could be actuated by the body temperature.36-38  

 

Although shape-memory scaffolds made of biodegradable 

thermoresponsive SMPs that could be actuated by body 

temperature have shown numerous promises in tissue 

engineering, challenges remain such as controlling the scaffold 

reconfigurations in a programmable spatiotemporal fashion. 

Once implanted into human bodies, such scaffolds would 

undergo spontaneous shape recovery. To enhance the 

controllability of deformation, SMP-based reconfigurable 

scaffolds that could be actuated by ultrasound,39 magnet,40 and 

near-infrared (NIR) light41 have been developed through the 

incorporation of functional nano-/micro-materials. Shape 

transformations of these scaffolds are also realized on basis of 
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thermoresponsive SMPs. But instead of directly heating via 

body temperature, the energies generated from high-intensity 

focused ultrasound, hyperthermia of magnetic nanoparticle 

under an alternating magnetic field, or photothermal nano-

/micro-agents (gold nanorods, carbon nanotubes, black 

phosphors nanosheets, magnesium nano-/micro-particles, 

MXene, polydopamine, etc.) under NIR irradiation are used for 

actuating the shape recovery of SMPs, subsequently resulting in 

remotely controlled shape-memory reconfigurable scaffolds. 

 

Apart from biodegradable thermoresponsive SMPs, some new 

types of SMPs with innovative molecular design have also been 

studied for preparing reconfigurable scaffolds with versatile 

responsive behaviours. For example, through blending pyridine-

functionalized cellulose nanocrystals (CNC) and poly(ethylene 

glycol-co-caprolactone-co-urethane) (PEG-PCL-PU), the 

hydrogen bonding between the pyridine moistures and carboxyl 

groups in the PEG-PCL-PU would be stabilized at a high-pH 

condition yet dissociated at a low pH value. Using such blends, 

pH-responsive shape-memory scaffolds have been prepared via 

casting.42 Besides, through forming interpenetrating networks 

between enzymatically degradable PCL (as the switchable phase) 

and enzymatically stable Pellethane ○R  (as the permanent 

netpoint), the resultant polymer hybrids could obtain enzyme-

responsive shape-memory capabilities, which could be used for 

forming scaffolds undergoing slow shape transformations 

within a long period of 7 days in the presence of a lipase.43 

Recently, a natural material, keratin protofibril derived from 

animal’s hair, has also been investigated for forming a shape-

memory reconfigurable scaffold consisting of self-assembled 

long-range ordered keratin molecules.44 The transition of the 

keratin secondary structure from α-helix to β-sheet upon 

hydration would actuate the macro-shape transformations of 

3D printed keratin-based scaffolds, holding promise in fitting for 

sophisticated 3D geometries of body tissues.  

 

SMPs have offered important candidates for constructing 

reconfigurable scaffolds that could be actuated by interior body 

temperature or an applied external stimulus. The SMP-based 

reconfigurable scaffolds with excellent shape-memory effects 

would exhibit high reliability in shape transformations as their 

permanent shapes could be pre-determined. However, they 

usually show limited freedom in shape transformations owing 

to normally one-way actuation of SMPs. With the advances of 

two-way and even multi-way SMPs,45-47 it will be expected to 

develop shape-memory reconfigurable scaffolds with enhanced 

freedom of shape transformation for a better perspectives of 

adaptive tissue regeneration.  

 

2.2 Hydrogels 

Hydrogels are commonly hydrophilic networks containing 

significant amounts of water. The water-rich networks of 

hydrogels make them not only highly friendly to biological 

systems but also mechanically compatible with biological 

tissues owing to their tissue-like viscoelasticity.48 These 

outstanding features have made hydrogels excellent candidates 

for tissue engineering scaffolds, for example, engineering 

biomimetic cell microenvironments for 3D cell culture.49 In 

addition, the water-rich networks also make the hydrogels easy 

to tune their volumes via controllable swelling/shrinkage,50 

therefore offering the opportunities of preparing hydrogel-

based reconfigurable scaffolds.   

 

Taking advantage of the common phenomena that hydrogels 

undergo volumetric expansion/shrinkage during 

hydration/dehydration, hydrogel-based reconfigurable 

structures enabling programmable shape transformations 

through controlling their swelling behaviours have been widely 

studied. The programmable shape transformations from as-

fabricated two-dimensional (2D) states to certain target 3D 

geometries through swelling can be realized by modulating the 

spatial swelling gradients (either through the thickness or in 

plane) by employing different components with varying 

swelling ratios51 or designing mono-component hydrogel with 

different crosslinking densities.52 Alternatively, shape 

transformations of a swollen hydrogel could also be 

programmed by simply controlling the dimensions (thickness, 

length, and width) of its original shape.53 Such hydration-

actuated shape-morphing strategies are universal for a variety 

of hydrogels. Under this principle, reconfigurable cell-laden 

hydrogel scaffolds made of two modified natural polymers, 

methacrylated alginate (MA-Alg) and methacrylated hyaluronic 

acid (MA-HA), have been developed via four-dimensional (4D) 

bioprinting.54 The bioprinted 2D cell-laden  films with a 

crosslinking gradient through the thickness of the film scaffolds 

formed by top-down photocrosslinking and mild drying could be 

self-folded into vessel-like 3D tubes upon immersion in water, 

phosphate buffer saline (PBS), or cell culture medium. In 

addition to the hydration-induced mechanism, shape 

transformations of hydrogel-based reconfigurable scaffolds 

could also be realized by controlling the dehydration for 

inducing the volumetric shrinkage. For example, a bilayer 

scaffold made of alginate hydrogel and a photothermal agent, 

polydopamine, has been fabricated by extrusion-based 3D 

printing and ion crosslinking.55 Upon NIR irradiation, the 

incorporating polydopamine would convert light energy to heat, 

subsequently inducing the shape transformations of the 

scaffolds along with the thermos-induced dehydration of the 

alginate hydrogel.  

 

Though controlling hydration/dehydration has offered 

convenient and universal strategies for programming hydrogel 

shapes between their dry and swollen states, such methods still 

confront challenges in dynamically modulating the scaffold 

shapes in biological environments containing cell culture 

medium or body fluids. To realize controllable shape 

transformations of hydrogels among their different equilibrium 

swelling states, stimuli-responsive hydrogels that can respond 

to diverse environmental and/or external stimuli have caught 

numerous attention in developing hydrogel-based 

reconfigurable scaffolds.56 One representative example is 
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poly(N-isopropylacrylamide) (PNIPAM), which undergoes 

reversible sol-gel phase transition above its lower critical 

solution temperature (~32 °C). The sol-gel phase transition can 

alter the hydrophilic/hydrophobic states of polymer backbones, 

therefore resulting in thermoresponsive volumetric changes of 

the PNIPAM hydrogels among different equilibrium swelling 

states.57 Through incorporating photothermal agents such as 

gold nanorods, the shape transformations of PNIPAM-based 

hydrogels can further be remotely controlled by light.58 On basis 

of the responsive capabilities, the PNIPAM-based hydrogels 

have been used for preparing the scaffolds with light-controlled 

changing topographies for dynamic manipulation of cell focal 

Table 1 A summary of representative materials for forming reconfigurable scaffolds. 

Classifications Materials Scaffold 

architectures/forms 

Manufacturing 

techniques 

Ways to 

actuate 

Response 

time 

Ref. 

SMPs 

PCL with grafting 

allyl alcohol 
Patterned scaffold 

Thermal embossing 

micro-imprint 

lithography 

Body 

temperature 
~40 min 31 

PDLLA-co-TMC 
Nanofibrous 

scaffold 
Electrospinning 

Body 

temperature 
~6 s 32, 33 

PDLLA-co-TMC Porous scaffold 
Extrusion-based 3D 

printing 

Body 

temperature 

Not 

provided 
34 

PLLA/PCL-

diacrylate 
Porous scaffold Salt leaching 

Body 

temperature 

Not 

provided 
36 

PU/gelatin Porous scaffold 

Extrusion-based low-

temperature 3D 

printing 

Body 

temperature 

Not 

provided 
37 

Poly(lactic-co-

glycolic acid) 
Porous scaffold Hot pressing Ultrasound  ~120 s 39 

PCL/Fe3O4  
Nanofibrous 

scaffold 
Electrospinning Magnetic field ~120 s 40 

PU/Magnesium Porous scaffold 

Extrusion-based low-

temperature 3D 

printing 

NIR light ~100 s 41 

CNC-pyridine/PEG-

PCL-PU 
Film scaffold Casting  pH ~30 min 42 

PCL/ Pellethane○R  
Nanofibrous 

scaffold 
Electrospinning Enzyme ~7 days 43 

Keratin protofibril 
Hierarchical fibrous 

scaffold 

Self-assembly and 

extrusion-based 3D 

printing 

Hydration ~105 s 44 

Hydrogels 

MA-Alg/MA-HA Tubular scaffold 

Extrusion-based 3D 

printing and 

photocrosslinking  

Hydration 
Not 

provided 
54 

Alginate/polydopa

mine 
Porous scaffold 

Extrusion-based 3D 

printing and ion 

crosslinking 

NIR light ~180 s 55 

PNIPAM/gold 

nanorods 
Patterned scaffold 

Microfabrication and 

photocrosslinking 
NIR light ~4 s 59 

Alginate Patterned scaffold Casting Na+/Ca2+ 7 min 62 

LCEs 

PMHS-DUB-MPBB Film scaffold Thermal polymerization Heating ~1 s 83 

MCPAHB-

AHOPAHOB-AZ 
Film scaffold 

Photocrosslinking and 

thermal polymerization 
Green light ~150 ms 84 

Cell-actuating 

materials 

Parylene/NIH-3T3 

cells 
Film scaffold Microfabrication 

Cell traction 

force 
~72 h 92 

NorHA/MSCs 
Nanofibrous 

scaffold 

Electrospinning, 

extrusion-based 3D 

printing, and 

photocrosslinking 

Cell traction 

force 

Not 

provided 
100 
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adhesion.59  Besides, some other polymers such as poly(acrylic 

acid) (PAA),60 chitosan,53 poly[2-(dimethylamino) ethyl 

methacrylate] (PDMAEMA),61 and their derivates, could also be 

used for preparing hydrogels enabling controllable shape 

transformations among their different equilibrium swelling 

states in response to different pH values. These polymers would 

undergo protonation/deprotonation with changing pH values, 

therefore affecting the net charges of polymer backbones and 

subsequently their electrostatic repulsion/attraction to induce 

different swelling states of the hydrogels. However, few studies 

reported reconfigurable scaffolds made of pH-responsive 

hydrogels because of normally a narrow range of pH values  for 

cell culture medium and the physiological environments within 

the human body. Recently, a biopolymer, alginate, has also 

been found to show stimuli-responsive behaviours in response 

to the concentrations of two ions (Na+/Ca2+) abundant in 

physiological environments, which thereby leads to the inside-

out 3D reversible shape transformations of the alginate 

hydrogels.62 It can be envisioned that the developments of 

hydrogel-based reconfigurable scaffolds that can be actuated 

via mild conditions compatible with cells and biological tissues 

would pave new avenues for diverse tissue engineering 

applications such as 4D bioprinting and engineering biomimetic 

environments for cell manipulation.63, 64  

 

2.3 LCEs 

Liquid crystal (LC) is an inter-mediate phase, referring to a 

condensed fluid state with crystal-like long-range order.65 The 

mobility of LC molecules brings LC materials with tuneable 

multiple mesophases, which can be simply realized by 

controlling the molecular orientations between ordered and 

disordered states. LCEs, with LC moieties being either a part of 

the polymer backbone or pendant groups to the main chain, can 

obtain combinational properties of tuneable orientation orders 

of LC moieties and rubber-like elasticity of elastomers. Based on 

that, LCEs have shown attractive stimuli-responsive behaviours, 

i.e., reversibly changing their bulk shapes and surface 

microstructures in response to various external stimuli.66, 67      

 

LCEs, with stimuli-responsive shape-morphing properties, have 

demonstrated great promise for the applications of 

actuation,68-70 soft robotics,71-73 and controllable drug 

delivery.74-76 In the field of tissue engineering and regenerative 

medicine, LCEs have also caught intensive attention firstly 

because of their biomimetic architectures.77 By engineering the 

orientations of LC moieties to resemble the anisotropic 

organizations between cells and extracellular matrix (ECM) fibril 

in some biological tissues such as muscle, it could achieve 

directional alignments of cells on LCE-based scaffolds,78-80 

Diverse cellular functions (e.g., cellular function maturation81 

and stem cell differentiation82) for facilitating tissue 

regeneration could be subsequently modulated. Secondly, LCEs 

would also pave new avenues for preparing reconfigurable 

scaffolds to modulate cell behaviours and functions towards 

intended directions through engineering dynamic cell 

microenvironments. For example, a LCE-based scaffold has 

been prepared based on the combinations of an elastomer, 

poly(methyl hydrosiloxane) (PMHS), a crosslinker, 4-di(10-

undecenyloxy)benzene (DUB), and a reactive LC mesogen, 4-

methoxyphenyl 4-(3-butenyloxy)benzoate (MPBB).83 Through 

transient heating via an integrated resistive heater, the PMHS-

DUB-MPBB film scaffold would undergo fully reversible, fast-

response (about 1 s) and large-amplitude (beyond 30% in strain) 

shape changes along with the nematic-to-isotropic transition of 

the LC moieties, which could subsequently direct uniaxial 

contraction and elongation of neonatal rat ventricular myocytes 

via cyclic strain. By introducing photo responsive segments, e.g., 

an organic dye azobenzene (AZ), within the LC networks formed 

by the polymerization of 4-[(4-Methoxyphenoxy)carbonyl] 

phenyl 4-[[6-(acryloyloxy)hexyl]oxy]benzoate (MCPAHB, 

mesogen) and 4-[[6-(Acryloyloxy)hexyl]oxy]phenyl 4-[[6-

(acryloyloxy)hexyl] oxy]benzoate (AHOPAHOB, crosslinker), the 

LCE-based scaffold (MCPAHB-AHOPAHOB-AZ) could even 

realize light-controlled shape transformations upon the 

irradiation of green laser (514~525 nm).84 Such shape-morphing 

features of the LCE-based reconfigurable scaffold could assist 

cardiac contraction via active tension in a non-contact fashion. 

Despite the great promise of engineering dynamic cell 

microenvironments, conventional LCE-based reconfigurable 

scaffolds still suffer from complicated synthesis procedures and 

low bioactivity. Recently, a new type of natural LCE has been 

emerging. Cytoskeletal fibrous components, e.g., actin 

filaments (F-actin), which exhibit sufficient mechanical stability 

to sustain cellular shape and simultaneously sufficient fluidity 

for cellular remodelling, can portray essential properties of an 

active nematic LC,85 holding promise for preparing next-

generation living reconfigurable scaffolds enabling enhanced 

integrations with cells and biological tissues.  

 

2.4 Cell-actuating materials 

“Intelligent” polymers enabling volumetric changes upon 

application of an external stimulus have provided excellent 

candidates in forming reconfigurable scaffolds. However, they 

still confront challenges in relatively low energy conversion 

efficiency and lack the capability of close-hooped 

sensing/actuation in dynamic physiological environments. With 

the evolution for billions of years, biological systems, e.g., cells, 

have demonstrated various high-efficiency sensing and 

actuating capabilities, which have offered alternative building 

blocks for constructing reconfigurable scaffolds with enhanced 

bio-adaptive features.  

 

Cells can generate traction force in the scale of dozens of nano-

Newtons for each during their geometric changes, which has 

proven sufficient to bend elastic micro-pillars.86 Though the 

traction force of one single cell is difficult to induce 

reconfigurations of macro-shapes for bulk materials, their 

collective behaviours will generate a large amplitude of 

mechanical force up to dozens of micro-Newtons enough to 

reshape flexible materials or power actuators.87, 88 By employing 

cells derived from biological tissues enabling cyclic 

contraction/relaxation such as myocardium and skeletal 
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muscles, numerous biohybrid robots that could be actuated by 

cell traction force have been constructed through the 

combinations of these living cells and synthetic flexible 

substrates.89-91  Accordingly, it was also reasonable to employ 

cell traction force to actuate the reconfigurations of tissue-

engineering scaffolds. For example, through culturing NIH-3T3 

cells onto a flexible parylene sheet with predesigned hinges, the 

traction force of the adherent cells would trigger the 

reconfigurations of the cell-laden sheet from a 2D planar shape 

to various designated 3D configurations by just adjusting the 

geometries of the sheet and/or the patterns of the hinges.92 

Such reconfigurations could be implemented along with cellular 

remodelling in physiological environments in a non-supervised 

fashion. Nevertheless, reshaping a flexible scaffold via cell 

traction force by simply seeding cells exhibits low controllability. 

Neither the degree nor the orientation of deformation could be 

precisely programmed. To address this challenge, advanced 

methodologies such as computer-aided reverse engineering 

design and optogenetic tools have been introduced,93, 94 

significantly enhancing the controllability of actuation by 

programming the cell traction force in controllable 

spatiotemporal manners. 

 

Notably, cells as one type of living “components” further bring 

the cell-actuating materials with self-adaptable potentials, 

corresponding to the ability of feedback control over cellular 

behaviours and functions during the reconfiguration process.95 

It has been well known that cellular shape affects a variety of 

cellular behaviours and functions such as adhesion, migration, 

proliferation, differentiation, and apoptosis via 

mechanotransduction.96, 97 When reshaping a cell-laden 

scaffold, the mechanical forces generated accompanying with 

the scaffold deformation process would impose on cellular 

shapes and subsequently induce feedback modulation effects 

on the synthetic scaffold in return along with cellular 

remodelling.98 Such close-loop control of cellular behaviours 

and functions resemble the cell-ECM interactions during tissue 

morphogenesis and regeneration, which would mediate the 

reorganization of cellular cytoskeletons and the following a 

cascade of downstream gene transcription via biomechanical 

signalling pathways.99  Self-adaptable cell-actuating materials 

have been developed accordingly through incorporating 

mesenchymal stem cells (MSCs) within a nanofibrous 

norbornene-modified hyaluronic acid (NorHA) hydrogel 

scaffold.100 Due to cell contraction, the attached MSCs within 

the scaffold could cause the re-assembly/re-arrangements of 

hydrogel nanofibers and subsequent changes of scaffold macro-

shapes. In return, the changes of scaffold macro-shapes would 

cause re-programming of stem cell fate. In addition to the 

biomechano-mediating modulation, cell behaviours and 

functions could also be programmed by other biophysical cues, 

e.g., electrical stimulations. Recently, the flexible piezoelectric 

materials that can generate electrical signals under cell traction 

force have attracted broad attention in the field of tissue 

engineering and regenerative medicine, offering new 

opportunities for forming cell-actuating materials capable of 

feedback cell modulation via the electrical stimulation actuated 

by cell traction force.101-103  Through the combinations of 

appropriate cells and the “intelligent” polymers introduced 

above, it will be likely to prepare reconfigurable scaffolds 

promising for specific tissue engineering applications of interest 

by provoking self-adaptable interactivity between materials and 

cells. Moreover, through integrating rationally designed cell-

actuating materials and recently emerging bioengineering 

technologies, such as synthetic biology,104, it will be possible to 

further develop “living” tissue engineering scaffolds with 

programmable cellular behaviours and functions in the future 

that can better accommodate for complicated and dynamic 

physiological environments.   

 

2.4 Design rationale for reconfigurable scaffolds using 

different materials 

The functions of scaffolds are highly dependent on the 

properties of constituting materials. When seeking to construct 

reconfigurable scaffolds suitable for specific tissue engineering 

applications, it would be greatly important to choose and use 

materials with appropriate responsive properties. For the 

scaffolds requiring reliable one-way reconfiguration, it would be 

favourable to simply trigger their spontaneous shape 

transformations via internal signals within human bodies, such 

as body temperature, bio-fluids, or enzymes. Such scaffolds 

were designed to be deformed into target macro-shapes/micro-

structures in pre-determined routes once implanted into bodies, 

without the needs of any additional facilities.  

Thermoresponsive SMPs are representative examples that have 

been commonly used in forming the reconfigurable scaffolds 

whose shapes could undergo spontaneous transformations 

upon being placed in physiological environments at body 

temperature.31-37 Some SMPs and hydrogels whose shapes 

could be deformed upon hydration have also provided 

candidates for fabricating the one-way reconfigurable scaffolds 

to be triggered by bio-fluids abundant within human bodies.44, 

54 Besides, enzyme-responsive SMPs would be promising for 

forming reconfigurable scaffolds enabling spontaneous shape 

transformations in specific pathophysiological environments 

within a relatively long time period (~7 days).43 In addition, cell-

actuated materials could also be used for preparing 

reconfigurable scaffolds with the potential of spontaneous 

shape transformations within bodies actuated by cell traction 

force,92 whereas their reconfigurations would be less 

controllable and reliable than those formed by using SMPs and 

hydrogels. 

 

As for constructing the reconfigurable scaffolds requiring 

altering their macro-shapes/micro-structures even after 

implantation, it should be necessary to introduce the materials 

whose shapes could be controlled upon applications of specific 

external fields. The reconfigurations of such scaffolds would be 

expected to be actuated or modulated by specific external 

stimuli in homeostatic physiological environments with the 

assistances of appropriate stimuli-responsive materials. To 

attain high-efficiency actuation within bodies, the materials 

used for forming the scaffolds should be able to respond to the 

external stimuli that can effectively and safely penetrate 
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biological tissues, including NIR light, magnetic field, and 

ultrasound.  SMPs, hydrogels, and LCEs could all obtained field-

controlled responsiveness through the incorporations of the 

field-responsive agents, which could convert the energies from 

the external fields to some specific stimuli, usually in the form 

of heat, capable of actuating the shape transformations of 

composite materials. Some hydrogel- and LCE-based composite 

materials could even realize reversible and/or dynamic 

reconfigurations controlled by specific external stimuli,51, 59, 84 

offering the possibilities of constructing reconfigurable 

scaffolds capable of adjusting their macro-shapes/micro-

structures on demand for meeting the requirements of dynamic 

bio-adaptions in changing physiological environments. 

3. Adaptive tissue regeneration assisted by 
scaffolds with reconfigurable macro-shapes  

Emerging “Intelligent” polymers and “living” cell-actuated 

materials have offered the foundations for developing 

reconfigurable scaffolds whose macro-shapes and/or micro-

structures could be modulated on demand, subsequently 

bringing exciting promise in the field of tissue engineering and 

regenerative medicine from different aspects. First, the scaffold 

with reconfigurable macro-shapes has offered an innovative 

alternative for intervention therapies via minimally invasive 

injection.105 Specifically, using an elastic and biodegradable SMP 

poly[octamethylene maleate (anhydride) citrate] (POMAC), a 

cardiomyocyte-laden microfabricated scaffold has been 

prepared, capable of altering their macro-shapes via shape 

recovery triggered by body temperature. Thanks to their 

reconfigurable macro-shapes, the cardiomyocyte-laden 

scaffold could be firstly reconfigured into a small-diameter tube 

suitable for injection into targeted body sites by a syringe in a 

minimally invasive manner via a small orifice with a diameter 

down to 1 mm. Upon minimally invasive injection to the 

epicardium, the shape of the scaffold would recover to its 

permanent shape (a planar patch with a size of 1 cm × 1 cm) for 

treating myocardial infarction (Fig. 3a). Owing to the mild 

condition to trigger the shape recovery, the viability and 

functions of the incorporated cardiomyocytes were well 

preserved during the reconfiguration process. Benefitting from 

well-preserved cell viability and functions, as well as a less risky 

intervention approach of minimally invasive injection, this 

shape-memory cardiomyocyte-laden scaffold with 

reconfigurable macro-shapes has significantly improved cardiac 

functions in both small-animal (rat) and large-animal (porcine) 

myocardial infarction models.  

 

Second, the reconfigurable macro-shapes of scaffolds have 

brought them the conveniences of fitting irregular shaped 

defects of biological tissues, which should be particularly 

difficulty, if possible, for conventional scaffolds with pre-

defined geometries. For treating irregular shaped cranial bone 

defects, a nanocomposite scaffold with NIR-controlled 

reconfigurable capabilities has been developed through the 

integrations of shape-memory PDLLA-co-TMC, photothermal 

black phosphorus nanosheets, osteoconductive β-tricalcium 

phosphate, and osteoinductive peptide.106 The scaffold could 

be initially compressed into a small-size temporary shape for 

minimally invasive injection. Upon implanted into bone defect 

sites and the accompanying NIR irradiation for heating up the 

scaffold to reach the Tg of PDLLA-co-TMC (45 °C), the scaffold 

would be softened and concurrently self-expanded its shape to 

fill an irregular shaped bone defect via shape recovery (Fig. 3b). 

The low elastic modulus of the scaffold during the shape filling 

process made it feasible to perfectly match the zigzag borders 

of irregular shaped cranial bone defects in a rat model yet cause 

negligible additional stress. The NIR-irradiated reconfiguration 

process has also been proven safe for preserving the 

bioactivities of incorporated osteoconductive and 

osteoinductive agents. Moreover, NIR irradiation could trigger 

the pulsed release of the osteoinductive agents, imparting the 

reconfigurable scaffolds with coupling multi-functions for 

adaptive bone integration.  

 

Third, scaffolds with reconfigurable macro-shapes have offered 

the possibility of adapting to 3D shapes of biological tissues in 

an actively compliant fashion, which would significantly 

facilitate 3D tissue-scaffold interplays at the macroscopic 

biointerfaces. To enhance the interplays between endothelial 

cells and tissue engineering vascular grafts for adaptive vascular 

regeneration, Zhao et al developed a reconfigurable scaffold 

consisting of a shape-memory actuating layer and an 

electrospun nanofibrous functional layer made of PDLLA-co-

TMC and PCL/gelatin methacrylate (GelMA) blends, 

respectively.107 The electrospun PCL/GelMA nanofibrous 

functional layer possessed desirable mechanical properties and 

bioactivity for supporting the focal adhesion and intercellular 

junction of endothelial cells.108 The scaffold, possessing 

reconfigurable capabilities and desirable microenvironments 

for endothelial cells, could therefore achieve high-efficiency 

incorporations of endothelial cells at its initially planar shapes 

and facile 3D endothelium remodelling after the body-

temperature-triggered shape recovery of the scaffold to its 

permanent 3D tubular shapes (Fig. 3c). Through adjusting the 

permanent tubular shapes of the 3D reconfigurable scaffolds via 

different template-assisted fabrication, it could make the 

scaffolds compliable with the surfaces of blood vessels of 

different diameters, ranging from 3 to 7 mm for meeting the 

respective therapeutic requirements of small-diameter and 

large-diameter blood vessels in the proof-of-concept studies. In 

addition to conformal interfacing with 3D-shaped biological 

tissues, the scaffolds with programmable reconfigurable macro-

shapes would further be available for fitting the changing 

shapes of growing tissues. By using a viscoplastic material, 

referring to a type of materials showing strain-rate-dependent 

mechanical properties (liquid-like flowable state at low strain 

rates and stiff state at high strain rate), to form the flexible 

substrate of bioelectronics, the macro-shapes of bioelectronics 

could be reconfigured and kept conformal to gradually growing 

sciatic nerves without any mechanical constraints to the 

tissues.109 Thanks to the viscoplasticity of the flexible substrate, 

nearly zero stress was generated for the bio-integrated 
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bioelectronics during the low-rate strain of gradual tissue 

growing process. This study also offered the inspiration of 

developing scaffolds with self-adaptable reconfigurable macro-

shapes for adapting to growing 3D-shaped biological tissues.  

 

Besides conformal interfacing, one additional factor affecting 

tissue-scaffold interplays should be their interfacial stability. In 

the field of bioelectronics, it has been demonstrated that 

mechanically stable biointerfaces formed assisted by a 

biocompatible bio-adhesive functional layer were effective to 

significantly enhance the reliability of implanted 

bioelectronics.110, 111 Recently, we have developed a 

multifunctional tissue engineering scaffold with coupled 

reconfigurable and bio-adhesive capabilities.112 The scaffold 

was formed based on two types of naturally derived 

polysaccharide hydrogels, i.e., chitosan and alginate. The two 

polysaccharide hydrogels at the two scaffold layers exhibited 

distinct different swelling behaviours upon immersion in water 

or bio-fluids, therefore endowing the scaffolds with swelling-

triggered reconfigurable capabilities. Through functionalizing 

the alginate with N-hydroxysuccinimide ester (NHS), the 

activated carboxylic acid groups of the NHS-functionalized 

alginate could form instant binding with the terminal primary 

amine groups, in either chitosan hydrogels or biological tissues, 

via hydrogen and covalent bonds. Accordingly, the morphing-

to-adhesion scaffold could not only be self-sealed after the 

programmable reconfigurations from an initially 2D planar 

sheet to 3D tubes with tuneable diameters but also formed 

conformal and mechanically stable interfaces with diverse 

tubular tissues with a wide range of surface curvatures (2.8 × 

102−1.3 × 103 m−1) (Fig. 3d). Such scaffold with superior 

adaptability over the scaffolds with just reconfigurable 

functions in both interfacial conformality and stability, paving 

new avenues for facilitating tissue-scaffold interplays.   
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Despite the various promises of the scaffolds with 

reconfigurable macro-shapes in the field of tissue engineering 

and regenerative medicine, it is somewhat interesting to note 

that most of the established scaffolds with reconfigurable 

macro-shapes could only undergo one-way shape 

transformation. It does not mean that just one-way 

reconfigurations of macro-shapes are “ideal” enough for 

adaptive tissue regeneration. To investigate cellular responses 

under reversible mechanical stimulations, a NIR-controlled 

PNIPAM-based hydrogel has been developed,113 realizing 

rapidly reversible reconfigurations of its macro-shapes for 

programming stem cells in mechanically and geometrically 

dynamic microenvironments. It has been revealed that the 

reversible changes of scaffold macros-shape could determine 

stem cell fates in different ways compared with the non-

reversible counterparts. In the future, it can be expected to 

develop reconfigurable scaffolds capable of reversibly and 

dynamically adjusting their macro-shapes to direct the cellular 

behaviours and functions in a designed spatiotemporal manner 

for enhanced adaptive tissue regeneration.  

4. Adaptive tissue regeneration assisted by 
scaffolds with reconfigurable micro-structures 

Engineering scaffolds with defined micro-structures has 

emerged as a popular method for directing cellular morphology 

and subsequent a cascade of gene expressions via activating 

specific mechanotransduction signalling pathways by 

topographical cues.114 Topography-mediated effects have been 

proven vital to affect cell traction force orientation, then 

determining a series of cellular functions essential for tissue 

regeneration, for example, cellular focal adhesion,115 cell 

maturation,116 stem cell differentiation,117 and macrophage 

polarization.118  However, tissue regeneration usually requires 

dynamically programming cellular functions at different stages, 

which would be challengeable for scaffolds with pre-defined 

static micro-structures. It should be therefore of great value to 

develop scaffolds with reconfigurable micro-structures and to 

explore whether cellular functions could be programmed on 

demand by dynamic topographical cues when altering the 

micro-structures of scaffolds.  

 

Using a stimuli-responsive material with dynamic host-guest 

interactions, a scaffold with reconfigurable micro-structures has 

been fabricated by 3D laser lithography.119 Upon application or 

removal of soluble competitive guests, the micro-structures of 

the scaffold could be reversibly changed in physiological 

environments, exerting programmable mechanical stretching 

on individual cells to provoke reorganizations of their actin 

cytoskeleton (Fig. 4a). In addition to the morphology of single 

cell, cellular focal adhesion, highly critical for cell 

mechanobiology, could also be modulated in vitro through 

controlling the reconfigurations of scaffold micro-structures.59 

A nanofabricated scaffold for dynamic manipulation of cellular 

focal adhesion was formed based on a thermoresponsive 

PNIPAM hydrogel and photothermal gold nanorods. By 

application of NIR irradiation, initially upstanding sub-micron 

posts would be actuated and bent due to the shrinkage of the 

hydrogel, thereby manipulating the focal adhesion of attached 

cells in a sub-cellular high resolution (Fig. 4b).  

 

Though the feasibility of altering the morphology and focal 

adhesion of individual cell through programming the 

reconfigurations of scaffold micro-structures have been widely 

investigated and the potential outcomes of evoking the cascade 

of gene expression via mechanotransduction could be 

predicted, it was still difficult to assume the similar effects on 

the collective behaviours and functions of amounts of cells 

involving complicated cell-cell interactions.120, 121 By using SMPs 

and micro-fabrication/micro-embossing methods, a variety of 

scaffolds with temperature-actuated reconfigurable 

microstructures, enabling reconfigurations either from micro-

/nano-topographies to flat or in a reverse way, have been 

developed and employed to investigate the 

mechanotransduction of dynamic topographical cues on 

collective cellular behaviours and functions.28, 122-125 For 

different cell models such as NIH 3T3 fibroblast cell lines, 28,122 

primary mouse embryonic fibroblasts,122 and human-derived 

stem cells,123, 124 the reconfigurations of scaffold micro-

structures could always cause the switches of cellular shapes 

and reorientations of cytoskeletons for a large number of cells. 

Therefore, it was reasonable to hypothesize collective cellular 

functions could also be programmed by the reconfigurable 

microstructures of scaffold, which has then been confirmed by 

controllable collective migration,126 contraction,127 and 

differentiation31 on shape-memory scaffolds with 

reconfigurable micro-structures. Specifically, using shape-

memory PU, electrospun scaffolds whose nanofiber 

arrangements could be programmed in unaligned-to-aligned or 

aligned-to-unaligned manners. The rearrangements of 

nanofiber orientations via shape recovery of PU actuated by 

altering environmental temperatures (from 30 to 37 °C) would 

cause changes in cellular morphology and thereby differential 

polarized motility of cells.126  On a nanofabricated shape-

memory PCL scaffold with dynamic anisotropic nanogrooves, 

primary cardiac muscle cell functions such as cytoskeletal 

developments, focal adhesion alignment, and collective 

contraction orientation in cell monolayers could also be 

regulated through controlling the reconfigurations of its micro-

structures (altering the orientation of nanogrooves by 90°) via 

shape recovery by tuning the environmental temperature from 

32 to 37 °C.127 As for rat bone marrow-derived mesenchymal 

stem cells (rBMSCs), the reconfigurations of micro-structures 

realized by a PCL-based SMP scaffold have been proven visible 

to promote the myogenic differentiation of rBMSCs (Fig. 4c).31 

When increasing the environmental temperature from 32 to 

41 °C, the engineered surface micro-structures of the scaffold 

could be tuned gradually via shape recovery from temporary 

smooth states to permanent microgroove arrays. Such 

reconfigurations of micro-structures would exert dynamic 

mechanical forces on the attached rBMSCs and thereby 

mimicking the functions of native ECM in the muscular 

developmental and regenerative process.128 Through gene 
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expression and western blot analyses, it was revealed such 

biomechanically dynamic microenvironments could 

significantly enhance directional differentiation of rBMSCs to 

myogenic phenotype even without the additions of any 

induction factors.  

 

Despite demonstrated effectiveness of the above-introduced 

SMP-based scaffolds for manipulating collective cellular 

functions through controlling the reconfigurations of their 

micro-structures, there has been two factors remaining that 

might limit their practical translational applications, i.e., 1) the 

approach to actuate the reconfigurations (usually actuated by 

altering the overall environmental temperature), and 2) the 

match between dynamically controlled cellular functions and 

specific requirements of  ordered cell regulation in specific 

tissue regeneration processes.  Though cell viability has been 

reported to be negligibly affected by the changes in 

environmental temperature during the reconfigurations of 

micro-structures for the above-mentioned SMP-based scaffolds, 

it would be still preferred to develop a reconfigurable scaffold 

whose micro-structures could be programmed in a remote-

controlled fashion, particularly for in vivo applications. Through 

embedding magnetic nanoparticles within a microfabricated 

elastic scaffold, the micro-structures of the scaffold could be 

maintained under stable physiological environments and 

actively actuated by a gradient magnetic field in a remote-

controlled manner. It has been proven effective to prevent 

microorganism attachment and even remove established 

biofilm by using such scaffold enabling magnet-actuated high-

frequency and reversible reconfigurations of its 

microstructures.129 Our research group has recently developed 

a scaffold with reconfigurable microstructures that could be 

remotely actuated by NIR light at the physiological 

temperature.130 The scaffold was designed to consist of two 

layers: one microfabricated actuating upper layer made of 

poly(L-lactide-co-D, L-lactide) (PLLADLLA) SMP and one 

photothermal bottom layer containing gold nanorods. The 

surface micro-structures of the scaffold could be shaped into 
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temporary anisotropic topography with oriented bent 

micropillar arrays, which could be well preserved when 

immersed in 37 °C cell culture medium due to high Tg of 

PLLADLLA (~53 °C). Upon exposure to biosafe NIR irradiation 

(with a power density of 5 W/cm2) for just 10 s, the heat 

generated in the bottom photothermal layer would trigger the 

shape recovery of PLLADLLA and then the reconfigurations of 

the micro-structures at the upper layer of the scaffold to be 

permanent upstanding micropillar arrays. Owing to the 

relatively short time of NIR irradiation and thermal diffusion 

gradient arising from the bilayer scaffold design, the NIR-

triggered actuation process was found to show negligible 

influences on the viability and functions of cells grown on the 

upper actuating layer. Moreover, we observed the NIR-

controlled changes in the surface micro-structures of the 

scaffold could effectively induce the transitions of cell 

morphology and cytoskeleton (F-actin) developments from 

initially anisotropic to later isotropic states (Fig. 4d). Under the 

mechanotransduction effects resulting from the shifted cellular 

morphology and F-actin arrangements, the scaffold with NIR-

programmable reconfigurable micro-structures achieved 

enhanced migration of endothelial cells at the initially 

anisotropic state as well as improved focal adhesion and 

intercellular junction of endothelial cells in monolayer at the 

later isotropic state. Such ordered regulation of endothelial cells 

would meet the dynamic requirements of endothelium 

remodelling, i.e., firstly recruiting endothelial cells from 

surroundings and then directing the formation of a stable 

confluent endothelial cell monolayer, imparting such 

reconfigurable scaffolds with specific implications to adaptive 

vascular regeneration. This study would also inspire to develop 

reconfigurable scaffolds capable of manipulating the 

behaviours and functions of other cell types on demand for 

different tissue engineering and regenerative medicine 

applications.  

5. Summary and outlook 

Over the past decade, reconfigurable scaffolds, showing 

obvious superiorities in adaptability over conventional static 

non-responsive scaffolds by offering an additional temporal 

dimension for tuning their properties and features, have been 

rapidly emerging and promoted remarkable advances in tissue 

engineering and regenerative medicine. With the assistance of 

“intelligent” polymers, it has been achieved to program the 

macro-shapes of scaffolds compliable with the 3D shapes of 

biological tissues for optimizing tissue-scaffold interplays at bio-

interfaces. Meanwhile, it has also been realized dynamic 

manipulation of different cellular functions via 

mechanotransduction for meeting the requirements of ordered 

cell regulation within specific tissue developmental and 

regenerative processes through programming the micro-

structures of scaffolds to attain dynamic cell-scaffold interplays. 

Moreover, some efforts have been recently made to construct 

multi-scale responsive scaffolds enabling combinational 

reconfigurations in both macro-shape and micro-structure. Not 

only oriented cellular alignments could further be stimulated by 

the combinational guidance of reconfigurable macro-shapes 

and micro-structures,131 but also conformal integration with 3D 

biological tissues and directional programming of cellular fates 

could be simultaneously achieved by the multi-scale responsive 

scaffolds.132 We are witnessing emerging reconfigurable 

scaffolds with upgrading adaptability “re-shaping” the field of 

tissue engineering and regenerative medicine. Additionally, 

reconfigurable scaffolds further hold promise to facilitate some 

emerging biotechnologies in tissue engineering and 

regenerative medicine, such as organoid engineering.133 As far 

as functional organoids were conventionally built on the 

Matrigel possessing inherent drawbacks in batch-to-batch 

variability and immunogenicity, reconfigurable scaffolds might 

provide promising alternatives for programming stem cells to 

functional organoids via offering adaptable in vitro 

microenvironments with well-defined compositions and 

functions for reliably assisting morphogenesis.134, 135  

 

Despite a great promise in adaptive tissue regeneration, 

reconfigurable scaffolds, in the endeavour of perfect bio-

adaptions to complicated and dynamic pathophysiological 

environments, still confront challenges, such as 

spatiotemporally controllable modulations of cell behaviours 

and functions as compared with native ECM. In the spatial scale, 

it remains challenging to control the reconfigurations of 

scaffolds with a high resolution down to the nanoscale, which 

would be important for precise manipulation of cellular 

behaviours and functions via specific biomolecule-mediated 

approaches, for example, tuning integrin binding to modulate 

the mechanobiology of cells.136 In the temporal scale, on one 

hand, for either macro-shape or micro-structure of scaffolds, 

realizing the transient and cyclic (>1 Hz) reconfigurations with 

excellent mechanical robustness which resembles some natural 

microenvironments such as a beating heart is still difficult. On 

another hand, it is also extremely hard to realize ultra-slow 

reconfigurations accommodating for the developmental or 

growing processes of biological tissues within an actuating 

period from several days to even several months. It will be 

expected innovative multidisciplinary efforts, particularly 

innovations in material sciences,137,138 nanoscience,139 and 

engineering technologies,140 should be made for addressing 

these challenges of reconfigurable scaffolds. In addition, 

through coupling multiple biophysical cues and/or introducing 

sensing capabilities to enhance the environmental interactivity 

of scaffolds,16, 141-144 it can even be envisioned that 

reconfigurable scaffolds will further obtain superior 

adaptability, even the “intelligence” of closed-loop control, for 

matching the extreme physiological complexities among 

different body tissues.  
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