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Abstract

Smart scaffolds based on shape memory polymer (SMPs) have been increasingly studied in tissue 

engineering. The unique shape actuating ability of SMP scaffolds has been utilized to improve 

delivery and/or tissue defect filling. In this regard, these scaffolds may be self-deploying, self-

expanding, or self-fitting. Smart scaffolds are generally thermoresponsive or hydroresponsive 

wherein shape recovery is driven by an increase in temperature or by hydration, respectively. Most 

smart scaffolds have been directed towards regenerating bone, cartilage, and cardiovascular 

tissues. A vast variety of smart scaffolds can be prepared with properties targeted for a specific 

tissue application. This breadth of smart scaffolds stems from the variety of compositions 

employed as well as the numerous methods used to fabricated scaffolds with the desired 

morphology. Smart scaffold compositions span across several distinct classes of SMPs, affording 

further tunability of properties using numerous approaches. Specifically, these SMPs include those 

based on physically cross-linked and chemically cross-linked networks and include widely studied 

shape memory polyurethanes (SMPUs). Various additives, ranging from nanoparticles to 

biologicals, have also been included to impart unique functionality to smart scaffolds. Thus, given 

their unique functionality and breadth of tunable properties, smart scaffolds have tremendous 

potential in tissue engineering.
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Introduction

Shape memory polymers (SMPs) are a class of smart materials capable of responding to 

external stimuli with a shape change. This response encompasses shape fixity (deformation 

followed by fixation into a temporary shape), and shape recovery (a return to the original, 

permanent shape). “Netpoints” are chemical or physical crosslinks that set the permanent 

shape whereas “switching segments” allow for fixation into a temporary shape and for 

recovery back to the permanent shape. Thermoresponsive SMPs, whose shape is modulated 

by application of heat, have been widely studied. Thermal transition temperatures (Ttrans) 

associated with SMP switching segments may either be a glass transition temperature (Tg) or 

a melting transition temperature (Tm). Thus, a temporary shape formed by deformation at T 

> Ttrans can be fixed by cooling to T < Ttrans and can also be subsequently recovered by 

heating to T > Ttrans again. For SMPs, the shape memory effect is entropically driven.1–3

The unique shape shifting capabilities of SMPs have been used toward advancing numerous 

biomedical applications.4–11 In the 1940s, thermoplastic polymer resins with “elastic 

memory” were developed as dental fillings that could be thermally triggered to expand into 

tooth cavities.12 Today, several FDA-approved SMP devices exist, including DYNACORD™ 

(a self-tightening suture),13 Eclipse™ (a soft tissue anchor),14 and Morphix® (an orthopedic 

suture anchor).15 More recently, IMPEDE-FX, based on a shape memory polyurethane 

(SMPU) foam, was approved as an embolization plug. Crimped for catheter delivery, the 

foam plug undergoes shape recovery (i.e. expansion) within the vasculature as it is hydrated 

and warmed to body temperature.16, 17 Bioresorbable SMPs have also been explored 

extensively, beginning with efforts to develop self-tightening sutures.4 However, the interest 

in tissue engineering (TE) has prompted the exploration of biodegradable SMPs as smart 

scaffolds.7, 18 Scaffolds play a critical role to regenerate healthy tissues lost to injury, 

disease, or congenital defects (Figure 1). Exogenous growth factors and/or pre-seeded cells 

are frequently incorporated into the scaffold to better promote neotissue formation. Scaffold 

chemical and physical properties have also been shown to potently direct cellular 

regeneration. Additionally, scaffolds with tailored mechanical properties and degradation 

profiles are sought to afford the necessary mechanical support and to match the rate of 

neotissue formation, respectively.19–21 As smart scaffolds, SMPs offer unique and 

differentiating characteristics. Namely, this is related to their shape shifting ability, allowing 

them to fill tissue defects of varying and sometimes irregular geometries with fidelity. Most 

typically, the shape change is triggered by heat (“thermoresponsive”). Electrically 

conductive and magnetic scaffolds permit thermally-induced shape actuation via resistive 

heating and application of a magnetic field, respectively.22, 23 Some SMP scaffolds that have 

appreciable hydrophilicity and water-absorbing abilities (e.g. hydrogels) undergo shape 

change in the form of swelling upon hydration (“hydroresponsive”).24 In some cases, the 

absorption of water acts as a plasticizer to reduce the scaffold’s Ttrans (Tg), resulting in shape 

recovery.25, 26 Herein, we highlight recent advances in the use of smart scaffolds with 

translational potential in TE.
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Smart scaffold functionality

Smart SMP scaffolds may be classified according to the nature of functional delivery into 

tissue defects afforded by shape memory behavior, including self-deploying, self-expanding, 

and/or self-fitting (Figure 2). These scaffolds leverage their shape fixity and recovery for 

their minimally invasive delivery, triggered volumetric filling, and/or conformal fitting 

within irregularly shaped spaces. SMP scaffolds afford the opportunity to achieve excellent 

contact with adjacent tissue, an integral aspect of tissue integration and healing. Filling of 

irregular spaces is a feature usually associated with in situ forming materials (e.g. bone 

cements, injectable hydrogels, etc.). However, these are associated with various limitations 

including exothermic cures, slow setting times, low pore interconnectivity, and shrinkage 

resulting in loss of contact with adjacent tissues.27–34 In some cases, the permanent shape 

and size of the SMP scaffolds is designed to match that of the tissue defect. Alternatively, 

the SMP scaffold is of a generic geometry but is used to fill various and even irregularly 

shaped defects.

Self-deploying scaffolds.

Smart SMP scaffolds that self-deploy are typically warmed to their Ttrans to permit crimping 

into a compact geometry and subsequently cooled to fix this shape, affording loading into a 

catheter or needle. Thus, these shape fixed scaffolds can be delivered in a minimally invasive 

fashion. Self-deploying scaffolds typically have a Ttrans near body temperature (Tbody ~37 

°C), such that upon delivery, the scaffold is triggered to shape recover (i.e. expand). 

Hydration that occurs after delivery can also trigger shape recovery.

Self-expanding scaffolds.

While not delivered via minimally invasive techniques, self-expanding scaffolds also 

undergo shape recovery in tissue defects or voids. The scaffold, previously fixed in a 

relatively compressed shape, is triggered to expand within the tissue space via shape 

recovery. Likewise, shape recovery can be initiated by warming to Tbody and/or hydration 

upon implantation.

Self-fitting scaffolds.

Self-fitting scaffolds are often based on SMPs having a Ttrans slightly above Tbody. These 

may be warmed (e.g. with saline; T > Ttrans) to cause softening, allowing the scaffold to be 

press-fitted into the tissue defect. Shape recovery then drives expansion of the scaffold 

within the defect, including those with irregular geometries. As the scaffold cools to Tbody 

~37 °C, it becomes shape fixed in this new geometry. If cooling occurs too rapidly to permit 

expansion to defect edges, irrigation with warm saline, if at an acceptably tissue-safe 

temperature, could be used to promote continued shape recovery. Hydration can also drive 

self-fitting of a SMP scaffolds into a defect, pending non-brittle mechanical properties 

permit press-fitting.
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Smart scaffolds for targeted tissue regeneration

The advantages associated with delivery, conformal fitting, and/or integration with 

surrounding host tissue make smart scaffolds excellent candidates for engineering a large 

variety of tissues (Figure 3 and Table 1). Most particularly, smart scaffolds have been 

evaluated for bone, cartilage, and cardiovascular tissue regeneration. Herein, we primarily 

highlight smart scaffolds that have been shown to support the differentiation and 

proliferation of human mesenchymal stem cell (hMSCs) and/or have advanced to in vivo 
studies.

Bone tissues.

Several smart scaffolds have been developed for bone TE. SMPU scaffolds containing PCL 

and poly(L-lactic acid) (PLLA) soft segments were blended with poly(ethylene glycol) 

(PEG) or gelatin to adjust viscosity for fused deposition modeling (FDM) fabrication. Due 

to water uptake by the PEG or gelatin, the Ttrans (Tg, PLLA ~50 °C) was lowered via 

plasticization to Tbody, affording a self-expanding scaffold. These scaffolds supported 

osteogenesis of hMSCs, which was further enhanced via incorporation of superparamagnetic 

iron oxide (SPIO) nanoparticles (NPs).35 Another SMPU, prepared using 6-arm star PLLA 

with an aniline trimer incorporated for electroactivity, showed improved osteogenic 

differentiation of myoblasts versus those prepared without aniline.36 SMP films based on 

UV-curable PCL-dimethacrylate (MA) (PCL-MA) (Ttrans = Tm, PCL ~54 °C) supported 

hMSC differentiation into osteoblasts, even following thermally-triggered shape recovery.37 

Using solvent casting particulate leaching (SCPL), PCL-based scaffolds were prepared with 

diol-terminated PCL, dextran, and a carbodiimide linker, and then coated with bioactive 

hydroxyapatite (HAp) via solution precipitation. By adjusting the PCL/dextran ratio, the 

Ttrans (Tm, PCL/dextran) was adjusted to ~ Tbody to support self-expansion, and the scaffolds 

were shown to support bone MSC (BMSC) osteogenesis. In vivo degradation was also 

monitored in a rat subcutaneous model, and scaffolds were shown to degrade fully within ~6 

months.38

Other bone TE smart scaffolds have been developed for more targeted scenarios. We have 

reported self-fitting scaffolds for treatment of irregularly-shaped craniomaxillofacial (CMF) 

bone defects. PCL-diacrylate (PCL-DA) scaffolds (Ttrans = Tm, PCL ~55 °C) were prepared 

via SCPL with a fused salt template for pore interconnectivity, and subsequently coated with 

a bioactive polydopamine coating.39 Scaffolds exhibited HAp mineralization in vitro, and, 

when modified with a cell adhesive peptide, were shown to support osteogenic hMSC 

differentiation.40 Intended to treat femoral segmental bone defects, self-expanding scaffolds 

were prepared from acrylate monomers and a crosslinker (tetraethylene glycol 

dimethacrylate, tEG-DMA) using SCPL. The ratio of tert-butyl acrylate (tBA) and butyl 

acrylate (BA) (92:8 wt%) was tuned to achieve a Ttrans ~ Tbody. These scaffolds were fixed 

into a compressed shape, and subsequent irrigation with 45 °C saline triggered scaffold 

expansion into a mouse femoral defect. Overall, these SMP grafts showed integration with 

native bone after 12 weeks, and torsional mechanical properties comparable to an allograft.
41 To treat a confined femoral bone defect, a PCL-HAp SMP scaffold (Ttrans = Tm, PCL ~40 

°C) was prepared via gas foaming. A shape fixed, compressed scaffold was implanted into a 
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rabbit femoral defect, where irrigation with warm saline prompted self-expansion. After 12 

weeks, bone ingrowth at the periphery and neovascularization was observed.42

Cartilage tissues.

Several smart scaffolds have been designed to repair cartilage, including the various types 

found in joints, ears, intervertebral discs, and trachea. Many of these are hydrogels and so 

are hydroresponsive. Targeted for articular cartilage repair, a self-expanding alginate gel, 

cross-linked via carbodiimide chemistry, was prepared with aligned pores via directional 

freezing. These scaffolds exhibited robust mechanical properties and were capable of 

reversible compression. Aligned pores allowed for improved collagen deposition by cultured 

hMSCs and was further improved with a Type II collagen coating.43 Another self-expanding 

hydrogel scaffold, prepared with collagen or denatured collagen and a carbodiimide cross-

linker, was used to treat full thickness defects in the knee joints of NZ white rabbits. These 

smart scaffolds, optionally pre-seeded with chondrocytes, promoted cartilage and 

subchondral bone repair.44 Smart scaffolds were prepared via SCPL using poly(glycerol 

sebacate) (PGS) and poly(1,3-propylene sebacate) (PPS) as well as bioactive kartogenin 

(KGN). These acellular scaffolds could be prepared with a broad Ttrans (Tm, PGS ~35–45 

°C), and so exhibited excellent shape recovery at Tbody as well as supported chondrogenic 

differentiation of BMSCs. Furthermore, acellular scaffolds were self-deployed into full-

thickness defects of the rat femoropatellar groove where they supported chrondrogenic 

differentiation and formation of neocartilage.45 A smart scaffold was developed to mimic the 

complexly shaped auricular cartilage of human ears. PLLA threads were woven into mesh 

tubes that, upon heating above the Ttrans (Tg, PLLA ~60 °C), could be molded into helical 

shapes like those of human ears. These scaffolds were seeded with cartilaginous particles 

derived from human pluripotent stem (iPS) cells and implanted subcutaneously into a mouse 

model where the shape and cartilage features were maintained for one year.46 For tracheal 

repair, a smart scaffold was prepared from a PLLA iron-oxide (Fe3O4) nanocomposite 

(Ttrans = Tg, PLLA ~ 65 °C) using FDM. The Fe3O4 NPs were shown to permit magnetically-

induced thermal actuation when exposed to a 30 kHz alternating magnetic field.47 Targeted 

for the repair of annulus fibrosus (AF) tissue in herniated intervertebral discs, a 

hydroresponsive, alginate/carbodiimide-linked self-expanding hydrogel scaffold was 

evaluated. These were shown to support AF cell proliferation and adhesion with 

extracellular matrix (ECM) secretion after 21 days in culture with transforming growth 

factor beta 3 (TGF-β3) supplementation.48

Cardiovascular tissues.

Smart scaffolds have been frequently directed towards cardiovascular TE, including in the 

form of cardiac patches, vascular grafts, and vascular wraps. Smart cardiac patches were 

prepared from a soybean oil epoxidized acrylate network as thin film with complex porous 

micropatterns using stereolithography. These patches were designed to be self-expanding 

(Ttrans ~ Tbody) and were shown to support hMSC cardiomyogenic differentiation.49 To 

permit minimally invasive delivery, a smart scaffold was prepared as an injectable cardiac 

patch from elastic poly(octamethylene maleate (anhydride) citrate)) microfabricated with a 

diamond-shaped lattice which drives shape recovery. These smart patches were seeded with 

rat cardiomyocytes (CMs) and were self-deployed (i.e. injected) into a myocardial infarction 
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rat model where they were shown to increase wall thickness. The same type of cardiac 

patches, but seeded with human stem cell derived CMs and scaled up in size, were also 

successfully delivered via minimally invasive surgical techniques into a porcine model.50

Smart scaffolds have also been utilized to prepare vascular grafts. A 6-armed poly(ethylene 

glycol)-PCL-acrylate (PEG-PCL-Ac) was melt casted and UV-cured over a mold to afford 

micropatterned pores of different geometries on each side. To permit minimally invasive 

delivery, the scaffold (Ttrans ~ Tbody) was shape fixed into a tightly rolled conformation and 

expansion (i.e. shape recovery) triggered by body temperature. These were successfully 

implanted into the cervical artery of NZ white rabbits and supported endothelial cells (ECs) 

on the surface with vascular smooth muscle cells (VSMCs) on the inner surface.51 A smart 

vascular scaffold based on 4D-printed biodegradable poly(glycerol dodecanoate)-Ac (PGD-

Ac) exhibited a tunable Ttrans (20–37 °C), depending on the duration of thermal curing. In 

this way, the scaffold was successfully implanted as a self-expanding vascular graft into a 

mouse aorta and supported endothelial and smooth muscle cell proliferation.52 A 

perivascular smart wrap based on PCL-co-(α-allyl carboxylate ε-caprolactone) (PCL-co-

ACPCL) was UV-cured into a film and then porated via laser ablation. Following 

implantation into mouse subcutaneous tissue, the microporous scaffolds showed upregulated 

neovascularization, fibrogenesis, and angiogenesis. Having a Ttrans ~ Tbody, these scaffolds 

are expected to actuate upon implantation to afford self-wrapping.53

Other tissues.—For skeletal muscle, a freeze-dried alginate/carbodiimide-linked self-

deploying hydroresponsive scaffold was delivered via minimally invasive techniques in a 

severe skeletal muscle mouse injury model. The dehydrated scaffold was loaded into a 

needle and the syringe then filled with myoblasts and growth factors (e.g. insulin-like 

growth factor 1 (IGF-1) and vascular endothelial growth factor (VEGF)) to improve cell 

engraftment and muscle contraction.54 To treat neuronal tissue damage caused by severe 

ischemic stroke, hydroresponsive scaffolds based on carbon nanotube (CNT)-doped 

silkworm sericin were prepared with geometries to match that of an irregularly-shaped 

cavity in an ischemic stroke mouse model. Following pre-seeding with BMSCs, these 

scaffolds were delivered via minimally invasive procedures and were shown to support 

neuronal differentiation.55

SMP materials, scaffold fabrication, and property tunability

As evidenced by the many smart scaffolds evaluated for various TE applications, a variety of 

SMP materials have been utilized (Figure 4). All SMPs must include two functional design 

elements: netpoints (responsible for the memorized shape or “shape recovery”) and 

switching segments (responsible for the temporary programmed shape or “shape fixity”). 

These elements can be achieved via differing network designs, including physically cross-

linked, chemically cross-linked, or PUs, which may rely on physical and/or chemical cross-

linking. Variations of each of these affords additional tunability of shape memory behavior, 

and important material properties (e.g. modulus, and degradation rate). Moreover, 

fabrication methods can be used to further enhance SMP scaffold efficacy.
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Physically cross-linked.

As noted above, two examples of PLLA-based physically cross-linked smart scaffolds were 

developed toward the regeneration of ear cartilage and tracheal tissue. For thermoplastic 

PLLA, where crystalline lamellae serve as netpoints and amorphous chain segments act as 

switching segments. Typically, Tg of PLLA (Tg ~ 50–65 °C, depending on molecular 

weight)56 serves as the Ttrans, and so body temperature cannot trigger shape recovery. 

However, this Ttrans range is ideal for maintaining a fixed shape upon implantation, as for 

Uto’s ear regeneration study.46 Alternatively, incorporating magnetic nanoparticles, as in the 

tracheal scaffold study, can provide remote shape actuation of PLLA-based smart scaffolds.
47

Physically cross-linked SMPs may be refined via copolymerization, formation of 

nanocomposites, and by blending. Poly(D,L-lactide)-co-trimethylene carbonate (PDLLA-

TMC) and poly(lactide-glycolide)-TMC (PLGA-TMC) copolymers were electrospun into 

scaffolds for bone and vascular TE, respectively. The TMC was used to tune the Tg to ~ 

Tbody and physical cross-links were afforded by chain entanglements.57, 58 Likewise, 

biodegradable amorphous poly(propylene carbonate) (PPC) exhibits shape memory (Ttrans ~ 

Tg ~ 60 °C) that was shown to be enhanced following the addition of microfibrillated 

cellulose as a composite.59 PLA-based composites have also been prepared with chitosan for 

potential antimicrobial activity60 as well as with graphene for electrical SMP activation.61 

Blending PLA with PCL has been commonly used as a strategy to improve PLA toughness, 

and depending on the PLA/PCL weight percent, has also been shown to exhibit shape 

memory with PCL crystalline lamellae as the switching segment (Ttrans ~ Tm,PCL ~55 °C).62 

PLA/PCL blends have also been combined with nanohydroxyapatite (nHA) as bioactive 

nanocomposites.63 Physically immiscible blends, like the PLA/PCL constructs, attain shape 

memory behavior due to phase separation, which allows one phase (PLA) to behave as the 

netpoints, while the other phase (PCL) behaves as the switching segment. PLLA has also 

been blended, but in a miscible system, with poly(3-hydroxybutarate-co-hydroxyvalerate) 

(PHBV) to lower Ttrans toward Tbody and PLLA/PHBV blends prepared as scaffolds via 

electrospinning were shown to support osteogenesis of BMSCs.64, 65 Miscible PLLA/

poly(methyl-methacrylate) (PMMA) blends have been shown to have a broad Tg that allows 

for triple shape memory.66 PLLA/poly(vinyl acetate) (PVAc) blends were also shown to be 

miscible but the incorporation of nanohydroxyapatite (nHA) or graphene can lead to phase 

separation and induce triple shape memory via two distinct thermal transitions.61, 67 The 

addition of nHA may also be advantageous to bone TE in providing an osteoconductive 

environment for mineralization, while nanocarbons like graphene may allow for electrical 

trigger of shape memory via resistive heating.

Chemically cross-linked.

Various chemically cross-linked SMPs have been used to prepare smart scaffolds for TE, as 

noted above. In these systems, chemical cross-links act as netpoints while polymer segments 

between cross-links act as switching segment. Like physically cross-linked systems, shape 

memory can be actuated thermally and/or via hydration but chemically cross-linked systems 

tend to have more robust shape recovery. Acrylate (Ac)- or methacrylate (MA)-based 

networks, prepared from macromers with these terminal crosslinkable groups, have been 

Pfau and Grunlan Page 7

J Mater Chem B. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



commonly used toward both bone and cardiovascular TE.37, 39, 40, 49, 53 These form 

networks comprised of crosslinks (i.e. netpoints) consisting of hydrolysable esters. Semi-

crystalline PCL has been particularly utilized, since the Tm (~43–60°C) generally decreases 

with decreased molecular weight (Mn), the Ttrans (Tm) may be tuned.68 Additional 

modifications to PCL-network scaffolds can afford properties useful to regeneration. For 

instance, we have made numerous modifications to smart scaffolds for CMF defects formed 

from PCL networks using SCPL fabrication.39, 69 To impart bioactivity, a polydopamine 

coating was applied to PCL-DA scaffolds.40 In another approach, SMP scaffolds were 

likewise prepared as co-networks with macromers comprised of PCL and 

polydimethylsiloxane (PDMS) segments.70 Attributed to the silicon-based and hydrophobic 

nature of the PDMS, these PCL-PDMS scaffolds exhibited HAp mineralization in vitro. 

Using a semi-interpenetrating network (semi-IPN) design based on PCL-DA and 

thermoplastic PLLA scaffolds were also prepared with accelerated degradation and 

increased modulus.71 Lastly, using a star-PCL architecture, we showed that the Ttrans could 

be reduced to ~45 °C (Tm,PCL) for improved tissue safety during thermally driven self-

fitting. Cardiovascular TE scaffolds based on PGD-Ac networks represent another type of 

acrylate network with PGD switching segments having a Ttrans (Tg, PGD) that can be readily 

tuned to ~Tbody via cure time.72 Acrylate-based networks have also been used to form other 

chemically crosslinked SMP scaffolds. These include bone TE scaffolds based on butyl-

based monomers as well as soybean epoxidize acrylate. As noted above, the Ttrans (Tg) can 

be tuned to ~ Tbody with monomer ratio41 and could also be formed with acrylated PEG to 

afford plasticization (i.e. Tg lowering) due to hydration.73 Similarly, methacrylate (MA) 

macromers were used to form PCL/PEG (“CLEG”) co-network hydrogels with shape 

memory properties.74 PTMC-MA macromers have also been used to form chemically cross-

linked SMPs, and have been combined as nanocomposites with PLA fibers,75 plasticized 

with PEG co-networks, and copolymerized with PDLLA to tune properties.76 Chemical 

cross-linking moieties based on radical crosslinking can also be introduced into polymer 

repeat unit pendant groups or backbone. For instance, PCL-based copolymer having 

crosslinkable pendant allyl groups were used to prepare SMP scaffolds for vascular TE and 

whose Ttrans (Tm) could be adjusted to ~ Tbody based on the ratio of ε-caprolactone (CL) to 

α-allyl carboxylate-CL.53, 77 Co-polyesters containing fumaric acid (FA) segments, bearing 

crosslinkable double bonds in the backbone, have been prepared as hydroresponsive 

scaffolds via SCPL.78 SMP scaffolds for bone TE were recently prepared by 4D printing of 

poly(propylene fumarate) (PPF). These PFF scaffolds exhibited a tunable Ttrans (Tg ~30–40 

°C) depending on cure time.79

Chemically cross-linked networks have been prepared with other cross-linking chemistries 

as well. Examples include, PTMC cross-linked with a bis(cyclic carbonate) via ring opening 

polymerization (ROP),80 PCL/PEG co-networks cross-linked via thiol-ene chemistry,81 and 

alginate or collagen hydrogels cross-linked with via carbodiimide chemistry.
43, 44, 48, 54, 82, 83 Several other carbodiimide cross-linked hydrogel scaffolds were described 

earlier, often prepared via freeze-drying or lyophilization.43, 48, 54 Smart hydrogel scaffolds 

have also been prepared as interpenetrating networks (IPN) cryogels consisting of covalently 

and permanently crosslinked polyacrylamide (PAAm) and covalently and dynamically 
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crosslinked oligoethylene glycol (OEG)-based dendronized polymers. The Schiff-base 

cross-linking allow for dynamic, pH-modulated control over shape memory.84

Polyurethanes.

SMPUs are a distinct class of widely studies SMPs, relying on physical cross-linking 

(thermoplastics) or chemical cross-linking (thermosets). SMPUs are generally characterized 

by thermodynamically immiscible soft segments (switching segments) and hard segments 

(netpoints). These are connected via urethane linkages formed through reactions of alcohol 

and isocyanate moieties. Chain extenders, low molecular weight diols (or diamines), may be 

reacted with diisocyanates to increase the length of the hard segments.85 Thermoplastic PUs 

(TPUs) are formed into physically cross-linked PU scaffolds frequently via electrospinning 

or 3D-printing, where the molecular weight of these types of chains yields conducive 

rheological properties. TPUs have been modified in many common ways that have been 

previously described for other SMP systems, including: PCL-based co-polymers,86, 87 PLA-

based blends,88, 89 bio-based (i.e. castor oil) precursors,7 combining with hydrophilic 

polymers,35 and nanocomposites.88 CNT,90 HAp,91 and iron-based NPs seen in previous 

systems have been employed in TPUs. One nanocomposite SMP not previously discussed is 

a PLA-based TPU with nanosilicates, shown to induce HAp mineralization for bone TE.92

Chemically cross-linked SMPU porous scaffolds are frequently formed via gas foaming. In 

this process, pre-polymers with isocyanate moieties react with polyols to produce PU 

linkages, and carbon dioxide (CO2) generation occurs as a by-product of the reaction 

between excess isocyanates and water. This process also usually employs a combination of 

catalysts, surfactants, heat, and blowing agents.93, 94 Maitland et al. utilized gas foaming to 

create smart SMPU embolization devices,25, 95, 96 including those that are modified with 

tungsten NPs for radio-opacity.97 Other chemically cross-linked SMPUs have used NPs that 

are functionalized to act as chemical cross-linkers. For instance, oxidized CNTs98 and star-

shaped polyester having a polyhedral oligomeric silsesquioxane (POSS)core99 have been 

employed as multifunctional cross-linkers. Polymers typically used to construct smart 

scaffolds and methods to achieve tunability of properties are summarized in Figure 5. In 

addition to thermoresponsive and hydroresponsive SMP scaffolds, another class of SMPs are 

elastomers that can be fabricated into mesh lattices (typically via 3D printing) whose 

geometries support SMP abilities, as previously noted for the cardiac patch example.50, 100 

To participate in cell-like signaling, other SMP scaffolds may leverage dynamic linkages, 

including those based on Schiff bases18 and ionic chemistries. One major class of these are 

chitosan-based SMP systems as chitosan can crosslink via link via physical, chemical, or 

ionic linkages.101, 102 The ionic linkages have the potential to be controlled by pH,103 and so 

could be utilized to produce shape memory behavior.

Conclusions

Smart scaffolds based on thermoresponsive and hydroresponsive SMPs hold vast potential to 

advance the regeneration of numerous tissues, particularly bone, cartilage, and 

cardiovascular tissues. The shape memory ability of smart scaffolds has largely been 

leveraged to achieve tissue defect filling, either via self-deploying, self-expanding, or self-
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fitting. This unique feature affords convenient routes for implantation as well as superior 

scaffold-tissue contact to promote healing. Collectively, SMP scaffolds possess a breadth of 

useful properties that afford further tunability through a variety of strategies. SMP materials 

used to prepare scaffolds can be classified as physically cross-linked, chemically cross-

linked, or SMPUs. Within each of these classes of SMPs, a variety of fabrication methods 

can be used to prepare smart scaffolds with specific morphological features. More recently, 

the shape shifting ability of SMPs has been utilized to respond to cellular triggers104 or for 

on/off switching of cell behavior (e.g. alignment and differentiation).105–107 Such SMPs 

have the potential to create smart scaffolds with greater control over directing tissue 

regeneration.

Increasing evidence of the utility of smart scaffolds is supported by a growing body of work 

with cultured stem cells as well as with animal models. However, a remaining challenge is 

clinical translation, evident in the lack of smart scaffolds currently available on the market. 

The first SMP device to receive FDA approval as a permanent implant was the WedgeLoc 

suture anchor, now referred to as Morphix®, as noted herein in the Introduction.15, 108 Also 

noted in the Introduction, the Impede-FX SMP device recently gained FDA 510 (k) 

clearance in 2019 as an embolization plug. Significantly, this is the first porous and 

biodegradable SMP device to achieve such clearance.16, 17 A regulatory hurdle to consider is 

that 510 (k) clearance relies on comparisons to a “substantially equivalent” approved device. 

This may make the pathway to approval more feasible for smart scaffolds that can act as 

substitutes for existing devices such as bone void fillers.109 Moreover, the incorporation of 

functional additives, and/or pre-seeded cells may present further regulatory hurdles as they 

convolute device classification. But the FDA recently released a new guidance on evaluation 

of regenerative devices to “simplify and streamline” approval of such combinatory therapies.
110 Thus, the development of smart scaffolds is making promising headway towards clinical 

translation in regenerative engineering.
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Figure 1. 
Schematic showing the general stages of tissue engineering (TE) whereby a highly porous 

scaffold, optionally loaded with growth factors and/or pre-seeded with cells, promotes tissue 

healing. Eventually the scaffold construct degrades and is replaced with healthy neotissue.
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Figure 2. 
Classes of SMP scaffolds based on mode of delivery into tissue defect.
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Figure 3. 
Utility of smart SMP scaffolds in the regeneration of various tissues.
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Figure 4. 
(top) Classes of SMPs used to prepare smart scaffolds: physically cross-linked, chemically 

cross-linked, and PU systems. (middle) Variations to these main SMP classes that afford 

property tunability. (bottom) Different fabrication methods used to achieve smart scaffolds 

with targeted morphological features.
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Figure 5. 
SMPs typically used to achieve smart scaffolds with thermoresponsive and/or 

hydroresponsive behaviors, and additional ways that SMP scaffold properties may be tuned.
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