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Abstract

Biodegradable tissue engineering scaffolds have great potential for delivering cells/therapeutics 

and supporting tissue formation. Polyesters, the most extensively investigated biodegradable 

synthetic polymers, are not ideally suited for diverse tissue engineering applications due to 

limitations associated with their hydrophobicity. This review discusses the design and applications 

of amphiphilic block copolymer scaffolds integrating hydrophilic poly(ethylene glycol) (PEG) 

blocks with hydrophobic polyesters. Specifically, we highlight how the addition of PEG results in 

striking changes to the physical properties (swelling, degradation, mechanical, handling) and 

biological performance (protein & cell adhesion) of the degradable synthetic scaffolds in vitro. We 

then perform a critical review of how these in vitro characteristics translate to the performance of 

biodegradable amphiphilic block copolymer-based scaffolds in the repair of a variety of tissues in 
vivo including bone, cartilage, skin, and spinal cord/nerve. We conclude the review with 

recommendations for future optimizations in amphiphilic block copolymer design and the need for 

better-controlled in vivo studies to reveal the true benefits of the amphiphilic synthetic tissue 

scaffolds.
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1. INTRODUTION

The field of tissue engineering often employs biodegradable scaffolds that deliver cells/

therapeutics, template tissue formation, and ultimately regenerate the tissue of interest.1,2 An 

ideal scaffold should be one that can recapitulate the key features (mechanical / biological) 

of the tissue of interest while possessing handling characteristics that facilitate cell/

therapeutic loading and surgical delivery. The scaffold should then induce healing by 

supporting the growth and differentiation of pre-seeded cells or surrounding endogenous 

stem/progenitor cells. Finally, the scaffold should degrade at a rate that is synchronous with 

tissue healing and eventually become completely replaced by the tissue. These complex 

requirements can potentially be met through the rational design of synthetic polymers and 

composite materials.

Synthetic polymers are widely applied as tissue engineering scaffolds because they can be 

reproducibly manufactured and are amenable to chemical modification. Biodegradable 

polymers presently used in Food and Drug Administration (FDA)-approved devices are 

attractive building blocks for synthetic tissue scaffolds because of their established 

biocompatibility and simplified regulatory approval process. The most widely used 

biodegradable polymers are the hydrophobic polyesters poly(lactic acid) (PLA), poly(lactic-

co-glycolic acid) (PLGA), and poly(ε-caprolactone) (PCL), which have been used in 

surgical products such as sutures or resorbable orthopedic fixation devices.3 These polymers, 

however, were not originally designed to guide tissue regeneration. Modification of 

polymers used in FDA-approved implants to improve their mechanical properties, 

degradation behavior, and bioactivity is a promising strategy to develop translational tissue 

engineering scaffolds.4

Amphiphilic molecules are a universal modality in living systems, from cell membranes 

(phospholipids and glycolipids) to amphiphilic proteins and their supramolecular 

assemblies. For example, the extracellular matrix (ECM) of all tissues is composed of 

proteins with hydrophilic and hydrophobic amino acid residues that govern protein folding, 

bioactivity, and protein-protein interactions. The binding and release of growth factors to/

from hydrophilic or hydrophobic pockets of the ECM proteins mediates their activity and 

localization which is critical for tissue maintenance and regeneration.5 Protein and peptide 

engineering approaches have been used to create amphiphilic proteins or lipid-peptide 

amphiphiles that mimic the self-folding/assembling and soluble factor-binding capabilities 

of the ECM.6,7 An alternative approach to develop biomimetic tissue scaffolds is to use 

synthetic amphiphilic block copolymers. Such amphiphilic polymers often combine 

biodegradable hydrophobic polyester blocks with the biocompatible hydrophilic polyether 

poly(ethylene glycol) (PEG, Figure 1).

Kutikov and Song Page 2

ACS Biomater Sci Eng. Author manuscript; available in PMC 2016 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The hydrophilic and low-fouling nature of PEG has resulted in its clinical applications in 

pharmaceutical formulation, such as for increasing the circulation time of protein 

therapeutics.8 This increased circulation time is a result of PEG’s resistance to non-specific 

protein adhesion/denaturing through the entropic penalty of releasing and displacing bound 

water from the hydrophilic PEG surface.9 Although there are reports of anti-PEG antibodies 

produced following the administration of PEGylated proteins,10 PEG is widely considered 

as bioinert, minimally immunogenic and safe for in vivo applications.11 The non-degradable, 

non-cell-adhesive, and water-soluble nature of unmodified PEG, however, has impeded its 

broader biomedical uses beyond drug delivery. Meanwhile, as PEG fragments shorter than 

30-50 kDa are readily cleared through the kidneys, the incorporation of PEG segments into 

degradable polymers has been explored for modulating the physical and biological 

properties of biomaterials without compromising their biocompatibility.8,12 Indeed, PEG has 

been copolymerized with commonly studied water-stable and degradable hydrophobic 

blocks, such as PLA, PLGA, or PCL. These amphiphilic polymers have been processed into 

nanoparticles that encapsulate hydrophobic drugs or proteins and extend their circulation 

time.13–16 Alternatively, amphiphilic polymers can form membranes or gels for use as 

degradable anti-adhesion tissue barriers for surgical applications.17–21 By decreasing the 

weight percentage of PEG to permit some degree of protein adsorption, adding bioactive 

fillers, or by chemically modifying the PEG surface, PEG-based amphiphilic polymers can 

also be engineered into bioactive/cell-adhesive scaffolds for tissue engineering.

While a number of reviews have been published on block copolymers including PEG-based 

amphiphilic block copolymers,15,22–24 most focus on the use of amphiphilic polymers for 

drug delivery applications. PEG-based amphiphilic block copolymers for tissue engineering 

applications were reviewed by Tessmar & Göpferich in 2007.25 This review will discuss the 

application of biodegradable amphiphilic block copolymers as structural scaffolds for tissue 

engineering with an emphasis on more recent developments since 2007. More specifically, 

we will focus on how hydrophilic PEG was used to tune the physical properties, protein 

interactions, cell interactions, and in vivo performance of synthetic biodegradable tissue 

scaffolds.

2. TYPICAL BIODEGRADABLE BLOCKS OF AMPHIPHILIC BLOCK 

COPOLYMERS

The types of biodegradable polymers, block copolymers, and methods of synthesis have 

been reviewed previously.15,23,24,26 Here we will briefly review some of the common 

hydrophobic blocks used in amphiphilic degradable biomaterial scaffolds. The choice of a 

hydrophobic polymer block to be combined with PEG in the design of amphiphilic tissue 

engineering scaffolds is typically based on their biocompatibility, processing characteristics, 

mechanical properties, and degradation profiles. The most commonly used hydrophobic 

polymer blocks are the biodegradable PLA, PGA, PLGA, and PCL (Figure 1A). The 

degradation of these polymer blocks results in acidic degradation products lactic acid, 

glycolic acid, and caproic acid, respectively. Although these degradation products can be 

cleared by the body, local accumulation of these acidic degradation products is known to be 

immunogenic and lead to bone resorption in the case of bone tissue engineering 
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applications.27,28 Poly(butylene terephthalate) (PBT, Figure 1A), barely hydrolytically 

degradable , has also been used as a component in biodegradable amphiphilic block 

copolymers as will be described later in this review. The thermal transitions, mechanical 

properties and general degradability of these hydrophobic polymers are summarized in Table 

1.

2.1 Poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(lactic-co-glycolic acid) 
(PGLA)

PLA can be polymerized from chiral lactide building blocks in an enantiomerically pure L 
form (PLLA) or a racemic D/L form (PDLLA).36 PLLA is semi-crystalline and PDLLA is 

amorphous, resulting in vastly different mechanical properties and degradation rates, as 

summarized in Table 1. PLLA and PDLLA are thermoplastics that can be fabricated into 

scaffolds with a variety of architectures including dense and nanoporous films by solvent-

casting and electrospinning, respectively, as well as dense filaments and macroporous 3-D 

scaffolds by extrusion and fused deposition modeling techniques. Relatively high melting 

temperatures are required for thermoplastic processing of PLLA (> 175 ºC).

PLA degrades by hydrolysis of the ester bonds into lactic acid, which is a natural metabolic 

byproduct and may be cleared by the body as carbon dioxide and water.3 The accumulation 

of lactic acid released from degrading PLA and the resulting pH drop in the vicinity of the 

implant can cause an inflammatory immune response and bone resorption.30,31 The semi-

crystalline PLLA takes over 2 years to disintegrate, and full degradation of PLLA 

crystallites can take over 5 years,31 while the amorphous PDLLA degrades in ~1 yr.3

PGA is a highly crystalline polymer, resulting in its insolubility in most organic solvents and 

high stiffness (12.8 GPa tensile modulus, Table 1).30 PGA degrades faster than PLA, and 

was used as the first biodegradable synthetic suture material (Dexon®).3 However its use has 

been relatively limited in tissue engineering due to its low solubility for polymer 

purification/processing, limited high-temperature processing options (with a high melting 

point of 225 ºC, it is typically processed by injection molding/extrusion), and high stiffness.

Copolymers of PLA and PGA, called PLGA, overcome the processing difficulties 

(solubility) and excessive stiffness of PGA. The degradation rate of PLGA can be tuned by 

varying the ratio of PLA to PGA from 1-2 months (50/50 ratio) to 6 months (85/15 ratio).32 

The tunable degradation rates, ease of processing and established medical uses of PLA and 

PLGA have made them attractive choices for integration with PEG to form amphiphilic di-

block,17,33–37 tri-block,38–42 or multi-block copolymers.43–47

2.2. Poly (ε-caprolactone) (PCL)

The medical uses of semi-crystalline PCL have generally been restricted to slow degrading 

drug delivery devices and sutures, but more recently its application has been extended to 

tissue engineering applications, as reviewed by Woodruff and Hutmacher.32 The 

thermoplastic nature and relatively low melting point (60 °C) of PCL enables its facile 

processing into a variety of scaffold architectures. Since PCL is more hydrophobic than 

PLA,37 it has a slower hydrolytic degradation rate (Table 1). Amphiphilic di-block, tri-block, 
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and multi-block copolymers have been synthesized by copolymerizing PCL with hydrophilic 

PEG43,51,52 or poly(hydroxyethyl methacrylate) (pHEMA).53–56

2.3 Poly(butylene terephthalate) (PBT)

Poly(butylene terephthalate) (PBT) is a hard, semi-crystalline material34 far more resistant 

to hydrolytic degradation than PLA or PCL-based materials (Table 1). PBT has been 

traditionally used for automotive, electrical, and plumbing applications,34 but more recently 

also copolymerized with PEG for biomedical applications.35 Commercialized as 

PolyActive®, poly(ethylene glycol terephthalate)-PBT (PEGT-PBT)-based devices have 

been FDA approved as bone cement restrictors38 and tympanic membrane reconstruction 

materials.39 The mechanical properties, biological performance, and degradation behavior 

can be tuned by varying the length and ratio of PEG and PBT blocks. However, as the PBT 

blocks do not fully degrade in vivo,40 the crystalline segments of partially degraded PBT 

could elicit undesired immune responses.41

3. PHYSICAL PROPERTIES

The incorporation of hydrophilic blocks into biodegradable hydrophobic polymers results in 

substantial changes in a number of surface and bulk physical properties. Here we will 

discuss how the incorporation of PEG can influence the surface wettability and swelling 

behavior, degradation, and mechanical properties of degradable polymers that are key to 

their biomedical applications. The ideal weight percentage of incorporated PEG for a 

particular application varies and should be optimized case-by-case. This is because the 

incorporation of PEG alters all of these properties while some might be more critical than 

others for a specific end application. Furthermore, unique properties such as hydration-

induced stiffening, shape memory, and improved blending with minerals can be introduced 

by the addition of PEG. These properties are attractive for tissue engineering applications 

and will also be discussed.

3.1. Surface Hydrophilicity and Aqueous Swelling Behavior

It is difficult to load aqueous suspensions of cells or growth factors on hydrophobic 

scaffolds, which tend to float and suffer from hydrophobicity-driven collapse in aqueous 

media. In addition, the hydrophobic surfaces are responsible for non-specific absorption of 

proteins and denaturing their natural conformations. Thus, one of the most obvious benefits 

of amphiphilic degradable polymers is their improved surface aqueous wettability.

Multi-block copolymer films of PEG and PLLA exhibit water contact angles ranging from 

71º to 21º with increased PEG content.42 Similarly, Wurth et al. recently showed that the 

incorporation of oligo(ethylene glycol) side chains into PCL can reduce the water contact 

angle of films from ~90º to ~35º.43,44 Dramatic increases in surface aqueous wettability 

have also been observed for electrospun amphiphilic scaffolds. Electrospun hydrophobic 

PLA and PLGA scaffolds have been characterized with water contact angles as high as 

120º.45,46 Electrospun tri-block PDLLA-PEG-PDLLA containing 19 wt.% PEG resulted in a 

water contact angle of 71º compared to 118º for unmodified PDLLA.45 Equilibrating the 

scaffolds in water, which allowed the hydrophilic PEG block to preferentially segregate to 
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the fiber surface,45,47 further reduced the water contact angle to 53º. The surface 

hydrophilicity of the scaffolds can be tuned by adjusting the PEG weight percentage. For 

example, the water contact angle on amphiphilic electrospun di-block PEG-PDLLA 

scaffolds was tuned from 45º (14 wt.% PEG) to <10º (33 wt.% PEG).47

By adjusting the content of hydrophilic blocks, the aqueous swelling behavior of 

amphiphilic scaffolds can also be tuned. In the case of hydrogels, for example those 

composed of PEG-PCL as described by Park et al., the swelling ratio positively correlated 

with their PEG content.48 Park et al. found that the more swelled amphiphilic hydrogels 

supported greater proliferation of rabbit chondrocytes, presumably due to increased nutrient 

transport and cellular penetration/migration.48 The swelling of amphiphilic scaffolds can 

also have a positive impact on scaffold performance in vivo. Radder et al. found that 

increasing PEG content and subsequent swelling of PEGT-PBT correlated with increased 

bone contact and calcification of the polymer plugs when implanted into goat femoral 

defects.49

3.2. Degradation

As previously described, aliphatic polyesters such as PLA and PCL have long degradation 

times (2+ years) that are incompatible with the rate of tissue regeneration. Prolonged 

presence of scaffolds can impede tissue ingrowth and remodeling, and elicit undesired 

immune responses.27,28,50 Aliphatic polyesters mostly undergo degradation by bulk 

erosion,3 with a few exceptions.51,52 During bulk erosion, the mass of the scaffold remains 

unchanged at the onset of degradation since the degraded chains are unable to diffuse out of 

the bulk hydrophobic material. Once the chain scission proceeds to a critical point where the 

smaller polymer chains are able to diffuse away, the mass of the scaffold rapidly drops. As 

the degradation is driven by hydrolysis, it is expected that the incorporation of hydrophilic 

PEG blocks would accelerate degradation by increasing water up-take and accelerating the 

release of hydrophilic degradation products.

NMR studies suggest that chain cleavage in biodegradable amphiphilic polymers occurs in a 

similar rate at the hydrophilic-hydrophobic block linkage as within the hydrophobic 

chains.53,54 However, the cleaved hydrophilic blocks are the first to elute from the polymer 

due to better aqueous solubility, while the slow-eluting hydrophobic blocks tend to remain 

trapped within the bulk material.37,45,55,56 This results in a rapid initial mass loss of the 

amphiphilic scaffold as the hydrophilic blocks are eluted, followed by a much slower mass 

loss as the hydrophobic chains are cleaved into more soluble units.57 Di-block PCL-PEG 

and tri-block PCL-PEG-PCL polymers containing ~25% molar ratio of PEG lost ~3% and 

~7% of mass over 15 months in vitro, respectively.56 While both contained similar molar 

contents of PEG, the tri-block PCL-PEG-PCL had a longer PEG block (8000 Da vs. 5000 

Da in the di-block copolymer), which led to greater mass loss upon its cleavage and release 

from the scaffold. The degradation rate of these amphiphilic polymers during the same 

period is accelerated compared to unmodified PCL (~0% mass loss), though the increases in 

degradation rate are modest. Subcutaneous implantation of PCL and PEG-PCL pellets 

showed similar trends where the PEG-PCL disintegrated faster than PCL.58 However, in this 

study the initial molecular weights for PCL and PEG-PCL were different, so the degradation 
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outcomes are difficult to interpret. Overall, data from different studies support that the 

incorporation of a hydrophilic block to hydrophobic degradable polymers accelerates the 

scaffold mass reduction during degradation due to the release of faster eluting hydrophilic 

blocks.59,60

The incorporation of PEG blocks to poly(glycerol sebacate) (PGS), a material known to 

degrade by the mode of surface erosion,61 also accelerated its degradation. Whereas 

unmodified PGS lost only ~9% mass after a 21-day incubation in aqueous buffer, the rate of 

degradation of crosslinked PGS-PEG increased with increasing PEG contents (20%, 40%, 

60%), with the amphiphilic polymer incorporating 60% PEG losing over 80% of its mass 

upon incubation for the same period of time. The authors hypothesized that the increased 

degradation rate is a result of the increased water uptake by the PEG-modified PGS. 

However, a confounding factor in this study is the presence of un-crosslinked pre-polymer 

that can readily elute from the material. This un-crosslinked fraction increased with PEG 

content, from ~10% in unmodified PGS to ~45% of un-crosslinked pre-polymer in the PEG-

PGS containing 60% PEG. Thus, the observed degradation may partially be a result of un-

crosslinked PEG-containing pre-polymer being rapidly eluted from the scaffold.

Conventional strategies can be applied to tuning the degradation rate of amphiphilic 

polymers such as using combinations of PCL and PLA, where PCL-PLA-PEG degraded 

faster than PCL alone.37 PLGA also allows for control over degradation rate by controlling 

the feed ratio of lactide to glycolide. However, ideal control over degradation would be the 

design of “smart” materials that degrade in response to the demands of the regenerating 

tissue in vivo, potentially by incorporation of cleavable sites in the polymer that are specific 

to cellular/enzymatic activities of the tissue environment.62,63 This strategy has been 

elegantly implemented in PEG-based hydrogels,64 and may be extended to the 

environmentally responsive degradation control of amphiphilic scaffolds. For instance, 

matrix metalloproteinase (MMP) cleavable oligopeptides may be covalently integrated in 

between hydrophilic and hydrophobic polymer blocks to accelerate the scaffold degradation 

upon implantation in an in vivo tissue environment rich in MMP activities.

3.3. Mechanical Properties

Amphiphilic block copolymers may be designed with unique mechanical properties that 

enable convenient surgical handling (i.e. elasticity for press-fitting in a confined defect), 

improve resistance to fracture, or better emulate the mechanical properties of the desired 

tissue of interest. PEG blocks can act as soft segments (Tg < room temperature) that exert a 

plasticizing effect on hard hydrophobic polymers (Tg > room temperature). This plasticizing 

effect was manifested in blends of PEG and PLA, where the strain at break increased from 

~20% to ~550% with the addition of 10 wt.% PEG.65 Higher contents of PEG increased the 

strain at break while compromising elastic modulus and ultimate stress. Similar observations 

have been described for amphiphilic block copolymers including PEGT-PBT,66 PEG-PLA,67 

and PEG-PGS.61 Reduced brittleness and increased extensibility can facilitate the press-

fitting of scaffolds into confined bone defects or enable soft tissue engineering applications 

(e.g. skin, cardiac, or vocal fold). The elastic modulus of polymers has also been shown to 
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be important for guiding stem cell differentiation,68 thus the ability to tune the modulus of 

amphiphilic polymer scaffolds is beneficial for their tissue engineering applications.

3.4. Novel Handling Characteristics

3.4.1 Hydration-Induced Stiffening and Self-Fixation—A unique behavior of some 

amphiphilic polymers is their moduli increases upon hydration.45,69–71 For example, the 

compressive modulus of rapid prototyped PDLLA-PEG-PDLLA (PELA) and 

hydroxyapatite (HA)-PELA composites increases 1.34 and 4-fold, respectively, following 

hydration in water at 37 ºC for 24 h (Fig. 2A). One hypothesis explaining this phenomena is 

that hydration-induced phase segregation in the amphiphilic network results in a change in 

load transfer within the polymer.70,72 Another competing hypothesis is that the swelling of 

the hydrophilic (PEG) domains stiffens the polymer.71 For tissue engineering applications, 

hydration-induced stiffening may be exploited to engineer amphiphilic scaffolds with self-

fixation behaviors.69 For example, the force required to pull-out a rapid prototyped PELA 

scaffold from a simulated confined defect increased by 6-fold after hydration.69 When the 

osteoconductive mineral HA was incorporated into the scaffold, the pull-out force increased 

by 15-fold upon hydration (Fig. 2B). Self-fixation behavior of a synthetic tissue scaffold 

could potentially reduce the reliance on stabilization/fixation devices required to secure the 

scaffold in place73 and minimize bone resorption resulting from the loosening of the 

implant.74

3.4.2 Thermal-Responsive Shape Memory Properties—Thermal responsive shape 

memory polymers (SMPs) can be programed into a temporary shape and then be triggered 

by a temperature trigger to recover to a pre-programmed permanent shape.75,76 

Thermoplastic SMPs typically contain two polymer phases, one phase with a high glass 

transition temperature (Tg) or melting temperature (Tm) that acts as physical cross-links or 

hard segments that maintain the permanent shape of the polymer network, and another 

switching phase with a lower Tg or Tm that allows for programing of the temporary shape of 

the network. The polymer is deformed above the transition temperature of the switching 

phase into a temporary shape and then cooled below the transition temperature to fix the 

temporary shape. Shape recovery to the pre-programed permanent shape, fixed by the hard 

segments, occurs when the polymer is heated back above the transition temperature of the 

switching phase.

SMP-based tissue engineering scaffolds have been used to study the effects of stress/strain 

on cellular behavior77, as “smart” biomedical devices (e.g. self-tightening suture),75 and for 

minimally invasive delivery of scaffolds to tissue defect sites.78 Amphiphilic polymer 

networks composed of soft hydrophilic blocks functioning as the switching phase and 

hydrophobic blocks functioning as hard segments can exhibit shape memory properties 

when properly designed.59,79–81 High molecular weight (>200 kDa) PCL-PEG-PCL block 

copolymers can be deformed >800% at room temperature and recover to their original shape 

after they are heated to 70 ºC for 1 min.81 Cross-linked foams of PCL-PEG can be 

compressed and recover to their original shape at body temperature, albeit with reduced 

dimensional stability at room temperature (Figure 3).79 Photo-polymerized PLGA-PEG 

based materials also exhibit shape memory behavior and are less brittle than 
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photopolymerized PLGA-dimethacrylates.80 We recently reported high molecular weight (> 

120 kDa) PLA-PEG-PLA thermoplastics exhibiting shape memory properties around 

physiological temperatures. The amphiphilic PLA-PEG-PLA can be blended with HA and 

rapid prototyped into macroporous composite scaffolds. The shape memory behavior was 

maintained in these composites, exhibiting stable temporary shape fixing at room 

temperature and nearly complete shape recovery at 50 ºC, albeit the shape recovery slowed 

when >10 wt% HA was incorporated.82 These macroporous scaffolds could potentially be 

delivered minimally-invasively to a bone defect site to facilitate scaffold-guided bone 

regeneration.

3.4. Blending with Calcium Phosphates

Calcium phosphate minerals such as HA, the main mineral component in bone, provide 

biological cues for the growth and differentiation of bone progenitor cells. Thus, composites 

of calcium phosphate minerals and biodegradable polymers that combine the bioactivity of 

HA with the favorable processing and handling properties of synthetic polymers are sought 

after for bone tissue engineering applications.83 A challenge with this approach is that most 

biodegradable polymers are relatively hydrophobic and do not blend well with the 

hydrophilic HA.84,85 This hydrophobic/hydrophilic mismatch complicates the fabrication of 

uniform composites and results in inferior mechanical properties (e.g. brittleness) and 

inconsistent bioactivity.45,86,87 Various approaches have been used to improve the 

polymer/HA interfacial adhesion, including the addition of surfactants, the surface 

modification of HA,87 and the use of amphiphilic polymers instead of the hydrophobic 

biodegradable polymers.

PEG88 and pHEMA89 hydrogels are known to blend well with HA, forming highly elastic 

and tough composite materials that are suitable for press-fitting into bone defects. 

Osteoconductive pHEMA-HA scaffolds expedited the healing of critical-size bone defects in 

rats when implanted alone or pre-loaded with low-doses of osteogenic recombinant growth 

factors.90,91 However, the pHEMA-HA composites were not biodegradable and needed to be 

cross-linked to achieve aqueous stability. Composites of amphiphilic polymers and bone 

minerals have the potential to combine the favorable blending characteristics and bioactivity 

of pHEMA-HA composites while introducing biodegradation and flexible thermoplastic 

material processing.

PCL-PEG92–95 and PLA-PEG-based amphiphilic polymers45,69,96–98 have been blended 

with HA and fabricated into tissue engineering scaffolds. Unfortunately, the effect of the 

addition of PEG blocks to these polymer/HA composites was not extensively investigated. In 

the case of electrospun composites, the use of PLA-PEG-PLA instead of PLA improved HA 

dispersion and composite fiber uniformity.45 The amphiphilic polymer/HA (25 wt.% HA) 

composites were tougher (~2 MPa for PLA-PEG-PLA/HA vs. 0.5 MPa PLA/HA, ultimate 

tensile stress) and more elastic (~200% vs. ~40% failure strain) than PLA/HA. This may be 

a result of the improved interfacial adhesion between HA and the amphiphilic polymer.

The impact of HA on the aqueous wettability and degradation behavior of amphiphilic 

scaffolds can depend on the scaffold morphology and hydration history. For dense solvent 

cast PCL-PEG-PCL membranes, the addition of >5 wt.% HA resulted in increased 
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hydrophilicity (decreased water contact angle)93 whereas in the form of an electrospun 

mesh, the water contact angle increased with the addition of HA.92 Equilibration in water 

and subsequent freeze drying reduced the water contact angle of electrospun PLA-PEG-

PLA/HA composites to ~0º, potentially due to the structural rearrangement of the 

amphiphilic composite to expose the hydrophilic PEG to the surface.45 The in vitro 
degradation rate of the PCL-PEG-PCL dense films in PBS was somewhat accelerated with 

the addition of HA, with ~8% increased mass loss over 10 weeks.93 The in vitro degradation 

rate of the electrospun PLA-PEG-PLA/HA scaffolds in PBS, on the other hand, was barely 

affected by HA incorporation.45 Overall, the addition of HA may further increase the 

hydrophilicity of amphiphilic tissue engineering scaffolds, especially with adequate 

equilibration in water, but has limited impact on in vitro degradation rate of the amphiphilic 

scaffold.

4. PROTEIN AND CELL INTERACTIONS

The interactions of a tissue engineering scaffold with adhered proteins and cells are critical 

for the outcome of scaffold-guided tissue regeneration in vivo. Hydrophobic polymer blocks 

tend to favor protein adhesion while hydrophilic blocks are relatively low-fouling. 

Preserving protein bioactivity and controlling the binding of specific proteins and/or cells 

requires a delicate hydrophobic-hydrophilic balance.99,100 In 2013, Bhushan & Schricker 

reviewed the control of protein and cell interactions by block copolymers in general.101 Here 

we will describe how scaffolds composed of biodegradable amphiphilic polymers are 

uniquely suited for encouraging/discouraging protein and cell adhesion.

4.1. Role of Amphiphilic Polymers in Protein and Cell Adhesion

When a tissue engineering scaffold is placed into the culture media or implanted into the 

body, modification of scaffold surface properties occurs due to rapid protein adsorption.102 

Hydrophobic surfaces could change the native conformation of adhered proteins and 

compromise their bioactivity.102,103 Amphiphilic polymers have been used to modulate the 

wettability of tissue engineering scaffolds and in turn protein adhesion. Altankov et al. 
grafted PEG to hydrophobic polysulfone films and found the highest numbers of fibroblasts 

adhered to the surfaces grafted with moderate levels of PEG.104 Tziampazis et al. found that 

increasing the PEG concentration in tyrosine-derived polycarbonate films resulted in lower 

overall fibronectin absorption but the bioactivity of the adhered fibronectin was increased at 

a PEG content of 6 wt.%.105 Increasing PEG content beyond 6 wt.% resulted in reduced 

fibronectin absorption and surface bioactivity. PEG-PLA films with low contents of PEG (~5 

wt.%) exhibited reduced cell spreading and adhesion but supported more robust osteogenic 

differentiation of bone marrow stromal cells (MSCs).106,107 The authors hypothesized that 

the improved differentiation was due to increased bioactivity of cell-adhesion proteins on the 

materials.107 Cardiomyogenic differentiation of embryonic stem cells was also shown to be 

improved on electrospun PCL-based membranes containing 4% PEG.108 However, 

increasing the PEG content to 8% resulted in decreased cell adhesion and cardiomyogenic 

protein expression.
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Incorporation of high PEG contents (e.g. ~ 20 wt.%) was shown to significantly reduce 

protein and cell adhesion.69,107,109 Surface segregation of hydrophilic low-fouling PEG to 

the surface of the amphiphilic scaffold in an aqueous environment is likely responsible for 

the anti-fouling behavior.45,110 Biodegradable amphiphilic low-adhesion membranes, such 

as those composed of PLA-PEG, have been exploited to prevent post-surgical tissue 

adhesions.17–21,69 Amphiphilic low-adhesion scaffolds could also be beneficial for cartilage 

tissue engineering because they may help preserve the native chondrocyte phenotype (e.g. 

rounded rather than spread-out cellular morphology) and encourage cartilage matrix 

deposition (e.g. type II collagen, sulfated proteoglycans), possibly due to the prevention of 

integrin-mediated cellular adhesion and spreading.111–113 Mahmood et al. grew human 

articular chondrocytes on PEGT-PBT surfaces with varying PEG molecular weight and 

weight percentages.111 They found that the chondrocytes maintained a more rounded 

morphology and expressed more Type II collagen, both features of native chondrocytes, on 

the high molecular weight PEG materials. More recently, Hendriks et al. grew articular 

chondrocytes on rapid prototyped 3-D PEGT-PBT scaffolds.113 In agreement with the prior 

study, the scaffolds with higher molecular weight PEG supported a more typical rounded 

chondrocyte morphology, more uniform cell distribution, and greater glycosaminoglycan 

(GAG) content following in vitro culture.113 When the scaffolds where pre-seeded with 

bovine articular chondrocytes and implanted subcutaneously in mice, the 70 wt.% PEG 

containing scaffolds resulted in qualitatively more staining for the typical cartilage matrix 

components GAG, aggrecan, and Type II collagen (Figure 4).

4.2. Enabling Controlled Protein and Cell adhesion

Amphiphilic scaffolds can be designed to encourage cell adhesion through covalent 

modification with targeted binding motifs.46,47,114 Grafahrend et al. modified an electrospun 

PLGA scaffold with star-shaped PEG and demonstrated the reduced adhesion of proteins 

and human dermal fibroblasts.46 Modifying the fiber surface with the integrin-binding 

peptide RGD, but not a scrambled peptide control, restored fibroblast adhesion. No cells 

adhered if the fibers were modified with a scrambled peptide, showing that the cell adhesion 

was specific to the controlled scaffold modification (Figure 5). These proof-of-concept 

studies showed that PEG modified surfaces can be tailored to enable cell adhesion and 

potentially cellular response to the scaffold. This could allow for the development of 

scaffolds that spatially control cell adhesion or stem cell differentiation.

The addition of bioactive components to the amphiphilic polymer scaffold can also offset the 

anti-adhesive effect of PEG. We recently showed that by incorporating osteoconductive HA, 

electrospun PLA-PEG-PLA/HA composite scaffolds containing ~19 wt.% PEG induced 

higher levels of osteogenic gene expression in MSCs than electrospun HA/PLA, with similar 

levels of cell attachment.45 The HA in this electrospun scaffold served to increase cell 

adhesion even with the anti-adhesive high PEG content. Restoration of cell adhesion was 

also observed when HA was incorporated into rapid prototyped PLA-PEG-PLA scaffolds.69 

The anti-adhesion effect of PEG can also be offset by incorporating cell-adhesive blocks 

such as poly(L-lysine).110 PEG-PLA/L-lysine films exhibited better osteoblast attachment 

and proliferation than PEG-PLA or unmodified PLA.
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4.3. Controlled Release of Protein and Small Molecule Therapeutics

Amphiphilic block copolymers have been extensively studied for drug delivery 

applications.15,115 However, they are more typically used as nanoparticles rather than tissue 

engineering scaffolds. One of the advantages of amphiphilic carriers is that they can be 

exploited for the delivery of hydrophobic, hydrophilic and amphiphilic cargos. General 

approaches to deliver protein factors from tissue engineering scaffolds were reviewed by 

Tessmar and Göpferich in 2007.116 Here we will highlight how amphiphilic tissue 

engineering scaffolds have been exploited for more effective therapeutic deliveries of 

recombinant protein growth factors, hydrophobic steroids, hydrophilic antibiotics, as well as 

amphiphilic lipid factors.

Recombinant human bone morphogenetic protein-2 (rhBMP-2) is a potent osteoinductive 

growth factor that is FDA-approved for treating certain bone non-unions and spinal 

fusion.117 Localized and sustained delivery of a suitable dose of rhBMP-2 using an 

appropriate carrier is essential to prevent negative side effects from a burst release of the 

growth factor. Miyamato et al. first described the use of amphiphilic PLA-PEG as a carrier 

for BMP.118 They found that the PLA-PEG, when blended with semi-purified BMP and 

implanted into the dorsal muscle of mice, supported more extensive ectopic bone formation 

than PLA homopolymers. The authors suggested that this improved bone induction could be 

due to reduced acidic degradation products from the lower fraction of PLA and/or the 

increased degradation rate of the PLA-PEG copolymer compared to the PLA homopolymer. 

In this early work, the molecular weight of PLA-PEG employed was only 850 Da, which 

was a viscous liquid rather than a hard material suitable for bone grafting or tissue 

engineering. The same group went on to optimize the PLA-PEG molecular weight and 

PLA:PEG ratio to make solid materials that induce bone formation with rhBMP-2.119 They 

found that a low molecular weight (9,500 Da) polymer with 32% PEG induced the greatest 

quantity of ectopic bone formation. They attributed this to the high degree of swelling and 

fast degradation rate of the polymer. Further work tuned the degradation profile of PEG-

PLA by incorporating poly(dioxanone) (DX) blocks.120 The PLA-DX-PEG implants pre-

loaded with 1 µg to 10 µg rhBMP-2 produced the same amount of ectopic bone in mice as 

rhBMP-2 loaded collagen implants.121 When 20 µg of rhBMP-2 was used, PLA-PEG-DX 

supported more robust bone formation than collagen. In order to translate this to structural 

bone scaffolds, porous HA or beta-tricalcium phosphate blocks were coated with PLA-PEG 

or PLA-DX-PEG polymers preloaded with rhBMP-2.96,97

Moroni et al. described the potential of electrospun PEGT-PBT-based scaffolds for sustained 

drug release.122 The authors incorporated dyes of different molecular weight into the 

electrospinning solution. Both methylene blue (MW= 319.19 g/mol) and pyrogallol red 

(400.36 g/mol) exhibited an initial burst release of 20% and 35% of the initial dye loaded 

over 1 – 2 h, respectively, in PBS. This was followed by a limited release over a month, 

totaling ~30% methylene blue released and ~45% pyrogallol red released. Electrospun 

PEGT-PBT scaffolds were also used for the sustained release of the hydrophobic drug 

dexamethasone during in vitro cell culture.123 The dexamethasone was found mainly 

sequestered to beads within the electrospun fibers, and the scaffolds enabled sustained 

release of 60% of the drug over 28 days. The dexamethasone-containing scaffolds induced 
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more robust osteogenic differentiation of human MSCs than when the same dose of 

dexamethasone was supplemented directly into the cell culture media. The increased 

differentiation of the human MSCs is evidenced by the increased Alizarin Red S staining of 

mineralized matrix on the scaffolds with pre-incorporated dexamethasone (Figure 6). The 

delivery of hydrophilic drugs, such as the antibiotic cefazolin, was also improved by adding 

PLA-PEG to electrospun PLGA scaffolds, achieving a more sustained release of antibiotic 

and significantly higher antimicrobial activity than unmodified PLGA.124

Amphiphilic bioactive lipids can also interact favorably with amphiphilic scaffolds and be 

released in a sustained manner with retained bioactivity. One example of this is the 

encapsulation/release of the pro-angiogenic phospholipid, sphingosine 1-phosphate (S1P) by 

amphiphilic scaffolds, as we recently demonstrated.125 Angiogensis is critical for wound 

healing and S1P has been shown to enhance healing in models of diabetes126 and ischemic 

limb injury,127 among others. However, hydrophobic biodegradable polymers lack tunable 

control of S1P delivery. Using electrospun membranes of PLA-PEG-PLA and alkylated 

PLA-PEG-PLA block copolymers, we demonstrated controlled release of S1P from the 

amphiphilic scaffolds.125 We found that PLA-PEG-PLA and PLA-PEG-PLA modified with 

14-carbon alkylated side chains supported release of S1P over 7 days. This sustained release 

of S1P resulted in an increased length of vessel-like tubes formed by human umbilical vein 

endothelial cells in a Matrigel tube formation assay. There was also a noticeable shift of 

surrounding vessels toward the electrospun S1P bearing scaffolds in an ex ovo CAM assay, 

supporting the bioactivity of the encapsulated and locally released S1P from the scaffold.

5. IN VIVO APPLICATIONS

The unique mechanical and biological characteristics of amphiphilic scaffolds have already 

been exploited for tissue engineering applications in animal studies and clinical trials. These 

in vivo applications include the scaffold-guided repair of bone, cartilage, skin, and nerve 

tissue. The critical overview of these studies will focus on whether the animal studies are 

likely to translate to clinical uses and how animal study designs may be improved to 

maximize successful clinical translation.

5.1. Bone

5.1.1. PEGT-PBT—Amphiphilic block copolymer PEGT-PBT has been actively explored 

for bone grafting/tissue engineering applications in vivo. Early studies examined the bone-

bonding ability of PEGT-PBT with PEG contents ranging from 30% to 70%.49 The highest 

degree of cortical bone integration and scaffold calcification was observed for the 

formulation with 70% PEG, while no calcification was found in compositions containing 

less than 55% PEG. This outcome may be due to the differential swelling behaviors of the 

polymers, where greater swelling of the higher PEG-content scaffolds in vivo may result in 

closer contact with the surrounding bone and greater absorption of precursor ions from the 

serum and tissue environment. The importance of in situ scaffold swelling within the bone 

defect was demonstrated by implanting pre-swelled PEGT-PBT into goat femoral defects, 

this resulted in fibrous encapsulation rather than osteointegration.128 In a human trail, 

PEGT-PBT (70% PEG) foam blocks were implanted into iliac crest defects and the bone 
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healing was compared to untreated control defects.129 Nine months after implantation, the 

PEGT-PBT foams resulted in limited inflammation but were encapsulated by fibrous tissue. 

The PEGT-PBT foams failed to calcify even after one year, and the un-treated control 

defects resulted in greater bone formation than the PEGT-PBT filled defects. The authors 

pointed out that the difference in study design might be responsible for the difference 

between the human trial and prior animal trial outcomes. The animal studies did not use 

critical size defects, leaving the defect possibly healed even without intervention. In 

addition, the animal studies did not include empty defect controls. It is surprising that a 

human trial was carried out without an adequately designed/controlled animal study.

PEGT-PBT materials have also been used for metacarpophalangeal joint reconstruction in 

mini pigs.130 The authors found significant osteolysis and inflammation surrounding the 

PEGT-PBT implant up to 52 weeks post op. The inflammation was resolved after 3 years 

when the PEGT-PBT was mostly degraded, but sclerotic bone with large cysts was detected. 

The authors suggested that this adverse reaction may have been due to the cyclic loading 

stresses present in the joint that could prevent bone bonding and accelerate polymer 

degradation. Un-degraded crystalline PBT segments were also a potential cause for 

osteolysis.41

The performance of PEGT-PBT in bone tissue engineering applications may also be 

improved by blending more hydrophobic PEGT-PBT copolymer (< 50 wt.% PEG) with 

osteoconductive calcium phosphate minerals. The composites were fabricated into scaffolds 

with controlled porosity using fabrication techniques such as rapid prototyping and 

electrospinning, as previously described.131–133 The efficacy of these scaffolds for guiding 

bone regeneration would need to be tested in a clinically relevant surgical model with a 

critical-size bone defects along with appropriate controls (e.g. empty defect and gold 

standard controls).

5.1.2. PLA/PLGA-PEG or PCL-PEG—Amphiphilic block copolymers based on PLA 

and PCL have also been used for bone tissue engineering in vivo. Yoneda et al. examined the 

performance of porous beta-tricalcium phosphate cylinders coated with PLA-DX-PEG in 

augmenting the repair of critical-size rabbit femoral defects.97 They compared the healing 

with the implant alone or pre-loaded with 50 µg of rhBMP-2 to an empty defect. Negligible 

new bone formation was observed with the implant alone, but new bone formation and 

functional restoration of torsional strength were observed after 24 weeks with the addition of 

rhBMP-2. Importantly, the scaffold was completely resorbed by 24 weeks and the anatomy 

of the femur was restored. Similar results in a rabbit critical size radius defect were observed 

for porous HA implants coated with PLA-PEG and loaded with rhBMP-2.96 Interestingly, 

the rhBMP-2 dose used in the PLA-DX-PEG coated implant (50 µg) in the rabbit femoral 

defect was 10 times higher than the effective dose in the PLA-PEG coated implant (5 µg) in 

the rabbit radius defect, even though both defects were similar in size (1.5 cm). This 

difference was suggested to possibly be due to the more sustained release profile of 

rhBMP-2 from PLA-PEG (3 weeks) than from PLA-DX-PEG (2 weeks).96 Neither study 

compared the results to an uncoated calcium phosphate implant pre-loaded with the same 

dose of rhBMP-2.
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Cell-based bone tissue engineering approaches have also been examined with PLA-PEG. 

Ren et al. compared the performance of MSC-seeded PLA-PEG vs. PLGA salt-leached 

foam scaffolds in repairing rabbit mandibular defects.134 They found that the MSC-seeded 

PLGA scaffold resulted in greater bone formation than the MSC-seeded PLA-PEG scaffold, 

but the conclusion was based on semi-quantitative bone area measurement without statistical 

analysis. This result could be due to better exogenous cell seeding efficiency to PLGA than 

to PLA-PEG, as cell-free PLGA and PLA-PEG scaffolds supported comparable degrees of 

new bone formation. Covalent surface modification of PLGA-PEG with aspartic acid (Asp) 

was shown to improve cell attachment and the resulting PLGA-PEG-Asp scaffolds 

supported better cell attachment than unmodified PLGA.135 Bone formation was induced in 

a rat subcutaneous implantation model by the covalent attachment of a 24-amino acid 

BMP-2-based peptide to the PEG-PLGA-Asp. However, the performance of PLGA-PEG-

Asp scaffold has not been examined in critical size bone defects.

We have recently compared cell-based and growth-factor-based approaches for bone tissue 

engineering using spiral-wrapped electrospun PLA-PEG-PLA/HA in critical-size femoral 

defects in rats.136 We examined whether the previously reported in vitro bioactivity 

(promotion of osteogenic gene expression in MSCs)45 of these amphiphilic scaffolds 

translates to templated bone formation by exogenously seeded rat MSCs or endogenous cells 

recruited with a low dose (500 ng) of rhBMP-2. Pre-seeding the scaffolds with MSCs 

resulted in laminated bone formation that appeared templated by the spiral-wrapped 

scaffold. The scaffold treated with the rhBMP-2 but without exogenous cells resulted in the 

most robust bone formation although the new bone did not appear to be as templated by the 

scaffold (Figure 7). Overall the electrospun amphiphilic scaffolds were effective in guiding 

bone formation by either exogenous MSCs or endogenous stem/progenitor cells recruited by 

a low dose of rhBMP-2. It is important to note that the torsional strength of the femurs was 

not restored by 12 weeks in this study. Further optimization of the scaffold design including 

tuning the scaffold degradation rate to better match that of the bone formation, increasing 

exogenous cell survival, and synergistically delivering pro-angiogenic and osteogenic 

growth factors may further expedite the functional healing of the defect.

Amphiphilic polymer solutions can undergo a sol-to-gel transition whereby a solution of the 

polymer undergoes a phase change at elevated temperature and gels. Such materials have 

been explored for minimally invasive repair of bone defects. PCL-PEG solutions mixed with 

MSCs supported the formation of bone-like mineral when subcutaneously injected in rats.137 

Bone formation further increased when dexamethasone was added to the gel. Additives such 

as decellularized bone mineral,138,139 collagen,94 and hydroxyapatite140 have been blended 

with the PCL-PEG solutions to improve bioactivity. Fu et al. examined PEG-PCL-PEG/HA/

collagen sol-gel scaffolds in rabbit cranial defects.94 At 20 weeks post-op, the defects treated 

with the sol-gel scaffolds were filled with new bone. No quantification of the bone volume 

or quality was performed but semi-quantitative analysis of the histological sections showed 

significantly higher bone coverage in the treated group than untreated controls. However, the 

defects were not critical size and untreated controls also healed. Similar results were 

observed by Ni et al. for PEG-PCL-PEG/decellularized bone sol-gel scaffolds in repairing 

rabbit calvarial defects.139 This study also demonstrated the benefit of the bioactive acellular 

bone component, as the PEG-PCL-PEG alone resulted in lower bone regeneration than the 
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composite. However, this study also did not use a critical-size defect and did not compare 

the healing to an empty defect control. Quantification of the new bone area between these 

studies revealed that the group treated with PEG-PCL-PEG (~35% new bone after 20 weeks) 

performed worse than the untreated control (~70% new bone after 20 weeks). In a similar in 
vivo study also by Fu et al., electrospun PEG-PCL-PEG/hydroxyapatite nanofibrous 

scaffolds were implanted into non-critical-size rabbit cranial defects.95 The electrospun 

scaffold supported new bone formation after 20 weeks (82.6% defect fill) that was 

comparable to the PEG-PCL-PEG/collagen/HA sol-gel scaffold (82.3% defect fill). The 

empty control defects in the two studies healed to different extents, however, with the empty 

control filling 56.9% in the electrospun scaffold study and 71.6% in the sol-gel study. This 

discrepancy, coupled with a lack of quantitative micro-computed tomography quantification 

of bone quality (e.g. bone volume, bone mineral density), makes it difficult to interpret the 

efficacy and superiority of these scaffolds (electrospun vs. sol-gel).

Overall amphiphilic polymers have shown promise as bone tissue engineering scaffolds. 

Additional research is required to define the optimal hydrophilic/hydrophobic balance for 

bone healing and the optimal bioactive additives. Furthermore, in vivo studies employing 

appropriate critical-size defect models with relevant controls and quantitative outcome 

measures are needed to make meaningful comparisons between the various scaffolds and to 

reveal their benefits compared to conventional degradable scaffolds.

5.2. Cartilage

Articular cartilage is composed of chondrocytes sparsely distributed in a dense ECM 

containing primarily type II collagen and glycosaminoglycans.141 Repairing cartilage lesions 

is particularly difficult due to its avascular nature and low cellularity.142 A wide variety of 

scaffolds have been tested for cartilage repair in humans, with some approved for clinical 

uses.143 However, the efficacy of current cartilage regeneration approaches is controversial 

due to the formation of mechanically inferior fibrocartilage instead of the desired hyaline 

cartilage, and the limited long-term follow up data. The development of better-performing 

scaffolds for cartilage repair remains an active field of tissue engineering research.144

As discussed earlier, low-fouling materials may be beneficial for preserving the native 

phenotype of chondrocytes. Early studies showed some neocartilage formation by 

combining chondrocytes with high molecular weight PEG (100 kDa) and subcutaneously 

injecting the mixture into nude mice.145 However, PEG alone does not have adequate 

mechanical integrity in a physiological environment and high molecular weight PEG cannot 

be readily cleared by the body. Therefore, amphiphilic PEG-based materials that are 

biodegradable and mechanically stable have been explored for cartilage tissue engineering. 

Hendriks et al. used rapid prototyping to fabricate porous PEGT-PBT scaffolds.113 They 

found that scaffolds with 70% PEG, when pre-seeded with chondrocytes, supported the 

formation of more cartilage-like tissue than scaffolds with 55% PEG, when implanted 

subcutaneously in nude mice. Similarly, PEG-PCL hydrogels with 70% PEG supported 

better growth of encapsulated chondrocytes than hydrogels with 50% or 30% PEG.48 The 

chondrocyte-loaded PEG-PCL hydrogels were implanted into nude mice and supported the 

formation of neotissues that stained positive with Safranin O and for type II collagen. 
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However, both the PEGT-PBT and PEG-PCL studies would need to be validated in a true 

cartilage defect model in order to determine the ideal PEG weight fraction for supporting 

chondrogenesis in vivo. Prior work by Jansen et al. indeed showed that an acellular 70% 

PEGT-PBT supported more robust repair of a full thickness osteochondral defect in rabbits 

12 weeks post-implantation compared to a 55% PEGT-PBT scaffold.146 However, based on 

histological scoring, adequate healing was not accomplished by 12 weeks due to the absence 

of hyaline cartilage and presence of osteophytes. Furthermore, scaffold degradation elicited 

inflammatory responses (e.g. foreign body giant cells) that have contributed to an overall 

unfavorable healing outcome.

Amphiphilic scaffolds combined with growth factors have also been explored for the repair 

of osteochondral or full-thickness cartilage defects in vivo. Tamai et al. coated porous 

hydroxyapatite blocks with a mixture of PLA-PEG and rhBMP-2 and implanted them into 

full-thickness osteochondral defects in rabbits.147 After 6 weeks, they found that these 

scaffolds supported the formation of some cartilage-like tissue that stained positive for 

proteoglycans and type-II collagen, albeit not as strongly or uniformly as native hyaline 

cartilage. They did not examine the tissue integration at longer time points and no 

mechanical testing was performed. They also used skeletally immature rabbits that have a 

high innate healing potential. Such a model does not recapitulate the clinical pathology of 

osteoarthritis (OA) in humans, particularly the late-stage OA that results in full-thickness 

cartilage defects. This study, nevertheless, demonstrated the potential utility of sustained 

rhBMP-2 release from PLA-PEG for cartilage repair. This strategy could potentially be 

extended for the delivery of other pro-chondrogenic growth factors such as transforming 

growth factor-beta.148

Methoxy-PEG(MPEG)-PLGA scaffolds have been used to support autologous chondrocyte 

implantation in goats149 and rabbits,143 and received a CE mark for this application 

(AseedTM, Coloplast N/S). Lind et al. used fibrin glue to help seed MPEG-PLGA scaffolds 

with autologous goat chondrocytes and implant the constructs into full-thickness cartilage 

defects (6 mm in diameter) in the goat’s femoral chondyle.149 Of note, to recapitulate a 

challenging clinical scenario, the defects were created 4 weeks prior to scaffold treatment 

and in weight-bearing areas of the femoral condyle. The authors also compared the scaffold 

performance to an un-treated control, a defect receiving microfracture intervention (current 

standard of care), and a defect receiving the cell-seeded fibrin alone. After 4 months, the 

best histological score was obtained in the defects treated with the cell-seeded MPEG-PLGA 

scaffold. However, the regenerated cartilage exhibited weak proteoglycan staining with the 

cartilage layer incongruent to the surrounding cartilage (Figure 8). The performance of the 

scaffold without cell seeding or without fibrin glue was not evaluated. Follow-up studies 

aimed to optimize the chondrocyte culture protocol150 and seeding density.143 Using a rabbit 

osteochondral defect model, however, no difference in healing outcome was observed with 

increasing cell seeding density (0 to 2.0 × 107 cells/cm3) on the MPEG-PLGA without 

fibrin.143 Interestingly, the O’Driscoll histological scores for all treatment groups in the 

rabbit model were lower than those in the goat model. Given relatively high endogenous 

healing potential of rabbit cartilage,151 this finding may suggest a positive role of fibrin in 

healing, which was absent from the rabbit study.
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Amphiphilic scaffolds, with/without growth factors and pre-seeded/encapsulated cells, can 

potentially facilitate the repair of cartilage defects. Ideal scaffold formations and therapeutic 

loading regimens, however, are yet to be identified to encourage the regeneration of 

functional hyaline cartilage. Furthermore, it is critical to test the scaffold performance in 

large animal models that recapitulate/approximate true clinical pathology and physiological 

mechanical loading in humans, as reviewed by Chu et al.152

5.3. Skin

The elastomeric properties of amphiphilic copolymers coupled with their ability to 

encapsulate and locally release protein therapeutics make them well suited for soft tissue 

regeneration. PEGT-PBT membranes were initially developed and applied clinically for 

tympanic membrane reconstruction.39,153–155 Subsequent studies aimed to apply bi-layer 

PLLA/PEGT-PBT membranes for skin regeneration.156 Beumer et al. found that dense 

PEGT-PBT films supported the proliferation of keratinocytes and fibroblasts, with the 40 wt.

% PEG film supporting most comparable proliferation to TCPS.156 Large PLLA/PEGT-PBT 

bi-layer membranes (approximating 25% of body surface area) were implanted 

subcutaneously in rats for 1 year.40 Foreign body giant cell reaction to the implants was 

observed with greater numbers of cells at the PLLA side rather than the PEGT-PBT side. 

The authors also observed vascular and fibrous tissue ingrowth into the implants, which is 

desired for skin regeneration. In a preclinical study, PEGT-PBT membranes with or without 

pre-seeded fibroblasts were used to repair full-thickness skin wounds in miniature pigs.157 

The scaffolds prevented wound contraction compared to untreated controls and resulted in 

collagen deposition in the wound site. Pre-seeding the scaffolds with fibroblasts improved 

the alignment of newly formed collagen. Polymer fragmentation and uptake by foreign body 

giant cells was apparent after 2 months. A subsequent small-scale (7 patient) human trial for 

scar tissue repair found no improvement in the repair outcome with the use of PEGT-PBT 

scaffolds followed by split-thickness skin grafting compared to the use of split-thickness 

skin grafts alone.158 The PEGT-PBT scaffolds did not incorporate with surrounding tissue in 

2 out of 7 patients, and a separate 2 patients withdrew from the study. In the other patients, 

wound contraction, scar tissue formation, and/or foreign body reactions were observed. This 

study exemplifies potential discrepancies between even large animal preclinical studies and 

human clinical outcomes. The slow degradation rate and foreign body response to scaffold 

degradation may have contributed to the unfavorable graft performance.

Controlled release of epidermal growth factor (EGF) can aid in the healing of diabetic 

ulcers, a common comorbidity in patients suffering from diabetes mellitus. Choi, Leong, and 

Yoo covalently conjugated rhEGF to the surface of electrospun PCL/PEG-PCL scaffolds.159 

Keratinocytes grown on the rhEGF-modified PCL/PEG-PCL fibers better maintained the 

expression of keratinocyte-specific genes keratin 1 and loricrin than those grown on 

unmodified scaffolds with rhEGF supplemented in solution. Scaffold performance in vivo 
was tested in burn wounds in diabetic mice. The covalently modified scaffold accelerated the 

rate of wound closure for the first 7 days post-op. However, by day 14 post-op there was no 

significant difference in wound closure between the covalently modified scaffold and 

unmodified control.
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5.4. Spinal Cord / Nerve

Spinal cord or peripheral nerve injury can cause significant functional impairment and 

morbidity.160,161 Amphiphilic degradable polymers have also been explored for the scaffold-

assisted repair of these injuries. Maquet et al. used porous PDLLA/PDLLA-PEG scaffolds to 

repair spinal cord defects.162 The addition of the PDLLA-PEG component increased the 

hydrophilicity of the scaffold, which in turn improved the handling characteristics (e.g. the 

hydrophobic PDLLA foams float in cell culture while the amphiphilic scaffolds do not), and 

increased the drug release rate and scaffold degradation rate. The authors loaded the foams 

with acidic fibroblast growth factor and coated them with laminin to further improve their 

bioactivity. When implanted into spinal cord defects in rats, the scaffolds integrated with the 

surrounding spinal tissue after 15 days and Schwann cell growth into and around the foams 

was observed after 30 days. However, a foreign body giant cell reaction to some scaffolds 

was reported, and the scaffolds were not monitored beyond 30 days to examine the 

immunogenicity of degradation products or longer-term healing. Functional assessment of 

regeneration was also not performed.

Li et al. developed porous PEG-PCL polyurethane scaffolds for peripheral nerve 

regeneration.163,164 In vitro studies found that these soft elastomeric scaffolds supported the 

growth of mouse fibroblasts and rat glial cells.163 Recently Niu et al. examined their 

performance as peripheral nerve guide scaffolds in rats and compared their performance to 

that of autografts, PCL scaffolds, and silicone tubes.164 Of note, functional measurements 

such as walking track analysis, electrophysiological analysis, and muscle atrophy were used 

to assess scaffold performance in vivo. Functional assessment of the scaffolds in this study 

was performed up to 14 weeks post-op, at which time scaffold weight loss was ~20% in 
vitro and accompanied with a sharp pH drop. The authors observed that the PEG-PCL 

scaffolds appeared to have completely degraded at 20 weeks post-op, but no functional 

assessments were performed at this stage. Functional assessment of healing was performed 

14 weeks post-op by walking track analysis with semi-quantitative Sciatic Function Index 

(SFI) measurements. Based on the SFI, the PCL-PEG-based scaffolds, without the addition 

of exogenous cells or growth factors, supported nerve regeneration comparable to that 

achievable with autografts and better than PCL or silicone tube controls (Figure 9). This is 

an encouraging finding given the significant donor site morbidity associated with harvesting 

nerve autografts. The importance of the amphiphilic PEG-PCL polymer is evident in this 

study, reflected by better attachment and proliferation of glial cells on the amphiphilic 

scaffold than on PCL control in vitro, which in turn improved its in vivo performance as 

nerve guide scaffolds. The authors attributed the improved performance to the increased 

hydrophilicity of PEG-PCL.

6. CONCLUSIONS

Biodegradable PEG-based amphiphilic copolymers are versatile materials as tissue 

engineering scaffolds. The hydrophobic polyester components provide biodegradation, 

aqueous stability, and protein adhesion; meanwhile, the hydrophilic PEG blocks help tune 

the degradation rate, increase elasticity and hydrophilicity, introduce novel mechanical 

properties (i.e. self-fixation, shape memory), and help retain the native conformation of 
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adhered proteins. When appropriately designed, the hydrophobic and hydrophilic blocks 

complement each other to produce a scaffold with improved physical and biological 

properties.

It should be noted that a number of unresolved issues remain in the design of optimally 

performing amphiphilic tissue engineering scaffolds. For instance, how to achieve the 

hydrophobic/hydrophilic balance to either reduce or encourage cell adhesion for specific 

applications is yet to be fully elucidated. Furthermore, control over scaffold degradation rate 

and the reduction of inflammatory reactions to scaffold degradation by-products remains a 

challenge. The discrepancies observed between animal studies, including large animal 

preclinical studies, and human clinical trials often lie in the choice of suboptimal animal 

models and the lack of adequate controls, as well as inadequate longitudinal follow-ups to 

examine long-term performance. Rational design of biodegradable amphiphilic materials for 

tissue engineering applications can significantly benefit from the understanding of the 

physical/mechanical requirements for their facile surgical delivery and long-term in vivo 
safety and functional performance.
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Figure 1. 
Chemical structures of the repeating units of (A) PEG, PLA, PGA, PLGA, PCL, PBT and 

(B) common types of amphiphilic block copolymers. The repeating units of these blocks 

vary widely from 100 to 2000. PEG: Poly(ethylene glycol); PLA: Poly(lactic acid); PGA: 

poly(glycolic acid); PLGA: poly(lactic-co-glycolic acid); PCL: poly(ε-caprolactone); PBT: 

poly(butylene terephthalate).
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Figure 2. 
Hydration-induced modulus increase and self-fixation of rapid prototyped PELA and HA-

PELA scaffolds. (A) Compressive modulus of dry and hydrated (24 h in water at 37 ºC) 

PELA and HA-PELA scaffolds. * p < 0.05 (ANOVA with Tukey post-hoc). (B) Peak force 

required to dislodge scaffolds from a simulated confined defect either dry (placed in defect) 

or following hydration (allowed to swell in defect for 2 h, water 37 ºC). Adapted with 

permission from ref 69. Copyright 2014 Mary Ann Liebert.
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Figure 3. 
Shape memory behavior of cross-linked PCL-PEG foam scaffolds. (a) Cyclic shape memory 

testing of PCL-PEG foams showing strain fixing at 0 ºC and recovery at 60-80 ºC. (b) 

Optical images (left) and scanning electron micrographs (right) of the original porous 

scaffolds, those with a fixed extended shape (50% strain), and following recovery at 80 ºC. 

Reproduced with permission from ref 79. (a) Copyright 2013 Royal Society of Chemistry.
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Figure 4. 
The effect of scaffold PEG content (hydrophilicity) on cartilage formation in chondrocyte-

seeded rapid prototyped PEGT-PBT scaffolds following 4 week subcutaneous implantation 

in nude mice. The scaffolds containing 70 wt.% PEG (1000/70/30) with 74% porosity 

(P=74%) resulted in greater staining for sulfated glucosaminoglycans (Safranin O), 

aggrecan, and type II collagen than scaffolds containing 55 wt.% PEG (300/55/45) with 74% 

porosity. Scale bar = 100 µm. Reproduced with permission from ref 113. Copyright 2013 

Elsevier.
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Figure 5. 
Control of cell adhesion on electrospun PLGA/star-shaped PEG modified scaffolds. (a) Live 

(green)/Dead(red) staining of human dermal fibroblasts after 1 week culture on unmodified 

PLGA, (b) PEG-modified PLGA, (c) PEG-modified PLGA with covalently attached 

scrambled cell adhesion peptide (GRGES), (d) PEG-modified PLGA with covalently 

attached cell adhesion peptide (GRGDS). Reproduced with permission from ref 46. 

Copyright Macmillan Publishers 2011.
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Figure 6. 
Alizarin Red S (calcium deposition) staining of PEG/PBT scaffolds with dexamethasone 

incorporated in the scaffold versus added to the medium. Human MSCs where cultured on 

the scaffolds for 7 to 28 days prior to staining. (a) Images of the Alizarin Red S staining over 

time as a function of dexamethasone content. Scsale bar = 500 µm. (b) Image quantification 

of mineralized matrix area showing elevated mineralized area for the PEO/PBT scaffolds 

containing 1% dexamethasone compared to control (dexamethasone added to medium). 

Reprinted with permission from ref. 123. Copyright 2014 Elsevier.
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Figure 7. 
Templated bone formation by PLA-PEG-PLA/HA (HA-PELA) scaffolds in critical-size rat 

femoral defects. (A) Microcomputed tomography (µ-CT) reconstructions of rat femoral 

defects treated with spiral-wrapped electrospun HA-PELA scaffolds immediately post-op or 

after 12 weeks. Treatment groups are the HA-PELA scaffold alone, HA-PELA with rat 

MSCs, or HA-PELA with 500 ng of rhBMP-2. (B) Two-dimensional bone mineral density 

color maps of the scaffold-filled defect over time (red representing higher mineral density). 

Longitudinal (top) and axial (bottom) midslices of the defect treated with HA−PELA 

immediately post-op, and HA−PELA, HA−PELA + MSCs, and HA−PELA + 500 ng 

rhBMP-2 at 4 and 12 weeks post-op. Bone formation that matches the spiral template of the 

scaffold is visible in the HA-PELA + MSCs treatment group. Scale bars = 1 mm. Adapted 

with permission from ref. 136. Copyright 2015 American Chemical Society.

Kutikov and Song Page 36

ACS Biomater Sci Eng. Author manuscript; available in PMC 2016 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Repair of articular cartilage defects in goats with MPEG-PLGA scaffolds. Hematoxylin & 

Eosin (H&E) and Safranin O (Saf. O) staining of 6-mm full thickness defects in goat 

femoral condyles receiving no treatment (empty defect), subchondral drilling, fibrin 

hydrogel with autologous chondrocytes, or MPEG-PLGA with fibrin and autologous 

chondrocytes. Arrows indicate the interface between repair tissue and the native cartilage. 

The best qualitative healing result based on histology was achieved in the MPEG-PLGA 

group. Reprinted with permission from ref. 149. Copyright 2008 Springer.
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Figure 9. 
Functional assessment of nerve regeneration (SFI value) over 14 weeks of rats treated with 

the amphiphilic PCL-PEG (PUCL-ran-EG) copolymer tube, autograft, unmodified PCL, or 

silicone tubes. A SFI value of 0 is normal and a value of 100 indicates total functional 

impairment. Reproduced with permission from ref 164. Copyright 2014 Elsevier.
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Table 1

Representative physical properties and degradation rates of hydrophobic polymers used in biodegradable 

amphiphilic polymers.

Polymer Tg Tm Tensile
Modulus

Degradation References

PLLA 60-65 ºC 175 ºC 2.7 GPa 2-5 years 28,29

PDLLA 55-60 ºC n/a 1.9 GPa ~ 1 year 3,30

PGA 35-40 ºC 225 ºC 12.8 GPa 6 – 12 months 3,30

PLGA 45-55 ºC n/a 1-2 GPa 1 – 6 months 3,31

PCL −60 ºC 60 ºC 400 MPa > 2 years 32,33

PBT 30-50 ºC 220 ºC 2.8 GPa n/a 34,35

PLLA: Poly(L-lactic acid); PDLLA: Poly (D,L-lactic acid); PGA: poly(glycolic acid); PLGA: poly(lactic-co-glycolic acid); PCL: poly(ε-
caprolactone); PBT: poly(butylene terephthalate); Tg: glass transition temperature; Tm: melting temperature.
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