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Poly(glycerol sebacate) (PGS) continues to attract attention for biomedical
applications owing to its favorable combination of properties. Conventionally
polymerized by a two-step polycondensation of glycerol and sebacic acid,
variations of synthesis parameters, reactant concentrations or by specific
chemical modifications, PGS materials can be obtained exhibiting a wide
range of physicochemical, mechanical, and morphological properties for a
variety of applications. PGS has been extensively used in tissue engineering
(TE) of cardiovascular, nerve, cartilage, bone and corneal tissues. Applications
of PGS based materials in drug delivery systems and wound healing are also
well documented. Research and development in the field of PGS continue to
progress, involving mainly the synthesis of modified structures using
copolymers, hybrid, and composite materials. Moreover, the production of
self-healing and electroactive materials has been introduced recently. After
almost 20 years of research on PGS, previous publications have outlined its
synthesis, modification, properties, and biomedical applications, however, a
review paper covering the most recent developments in the field is lacking.
The present review thus covers comprehensively literature of the last five
years on PGS-based biomaterials and devices focusing on advanced
modifications of PGS for applications in medicine and highlighting notable

time, the synthesis of PGS as a tough
biodegradable polyester was reported by
Wang et al.,[?l it became increasingly at-
tractive for tissue engineering (TE) due to
its straightforward and controllable produc-
tion. The synthesis can be performed un-
der appropriate conditions with specific re-
action times and temperatures resulting in
extraordinary properties.[*] All methods for
the synthesis of PGS are based on the poly-
condensation reaction of glycerol and se-
bacic acid leading to a covalently cross-
linked, 3D network of random coils with hy-
droxyl groups attached to the backbone.[?!
Both precursors used in synthesizing PGS
are natural components found in the body;
glycerol, the basic building block for lipids,
and sebacic acid, a natural metabolic in-
termediate in w-oxidation of medium- to
long-chain fatty acids.[>*! The synthesis pa-
rameters enable a tunable degree of es-
terification, which, in turn, determine the
chemical and mechanical properties and

advances of PGS based systems in TE and drug delivery.

1. Introduction

Among a large number of different polymeric biomaterials, poly
(glycerol sebacate) (PGS) has been applied in versatile applica-
tions in recent years (Figure 1).') Since 2002 when, for the first
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the degradation behavior of this polymer.

Thus, PGS is a flexible elastomer with

a nonlinear stress—strain behavior, which

can almost completely recover from large
deformations, due to cross-linking and hydrogen bonding inter-
actions between the hydroxyl groups.[>*3 Also, shape-memory
properties were observed for this polymer.[®! These outstanding
mechanical properties can be designed and customized by ad-
justments of the molar ratio of glycerol and sebacic acid, reac-
tion temperature and reaction time.’"1% In in vivo as well as in
vitro applications, PGS is a bioresorbable material that under hy-
drolytic cleavage of ester linkages, loses slowly the mechanical
strength relative to mass loss.[>!12] [n-vitro, dense PGS disks
subjected to 2 d of cross-linking at 120 °C and 40 m torr were
found to be degraded by 17 + 6% after immersion in phosphate
buffered saline (PBS) solution at 37 °C for 60 d.[?} In comparison
to in vitro conditions in the absence of enzymes, the degradation
rate is accelerated in vivo by enzymes, altering the polymer struc-
ture catalyzing the hydrolysis reaction in ester group-containing
polymers like PGS.13] When implanted in Sprague-Dawley rats
subcutaneously, the same PGS samples were entirely degraded
after 60 d.I?!

A further advantage of PGS, compared to other frequently used
polymers in TE such as poly(e-caprolactone) (PCL), poly(lactic-
co-glycolic acid) PLGA and poly(glycolic acid) PGA is the abil-
ity to tune its mechanical properties, especially stiffness, by
introducing simple changes to the polymerization and curing
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procedures. For example, Young’s moduli of PGS are reported in
the 0.77-1.9 MPa range when solely the curing time is changed
and values ranging from 0.01 to 5 MPa are reported when the
monomer stoichiometry of PGS is altered, respectively.'*] In
comparison, PCL, PGA, and PLGA exhibit less adjustable stiff-
ness values of approximately 0.2-0.3 MPa, ~7 GPa and 1.4-
2.8 MPa, respectively.[**] In addition to the elastic modulus, the
ultimate tensile strength (UTS) and elongation at break of PGS
can also be controlled in wide ranges by varying the process pa-
rameters. PGS exhibits UTS values of above 5 MPa and an elonga-
tion higher than 267%.!* In comparison, values of PLGA, PGA
and PCL range from 41 to 55 MPa and 3-10%, 70 MPa and be-
low 3% and 21 MPa and 300-500%, respectively.l’*! Thus, a wide
range of properties can be covered using PGS, which is relevant
to support the wider applications of this polymer in the biomed-
ical field.

PGS is nonimmunogenic, and it was shown to be noncyto-
toxic in vitro and provoked only a minimal inflammatory re-
sponse with little fibrous capsule formation in vivo.[>!%! Due to
its tailorable mechanical properties and degradation behavior,
aiming to fulfil criteria for a particular application, PGS won
its place as a relevant scaffold material, especially for the re-
generation of soft tissue like the myocardium, blood vessels,
cornea, and nerve tissue.['*1617] Over the years, PGS-based bio-
materials have been increasingly investigated for drug deliv-
ery and TE applications such as cardiac and cardiovascular,!'®!
skin and wound healing,!*! nerve,[?] corneal and oral tissues, 1%
musculoskeletal,?!l adipose,??! cartilage,[?*! dental and bone as
well as for soft bioelectronic applications.[242:22%]

Since biomedical applications of PGS with advancing techno-
logical developments, e.g., novel fabrication techniques and PGS
modifications are continuously growing, this review aims to con-
solidate the existing knowledge of the past five years following
previous reviews on PGS-based materials for biomedical appli-
cations published in 2012[*! and later in 2015.2°! This article fo-
cuses on recent modification techniques of PGS and fabrication
techniques for PGS-based biomaterials. Furthermore, latest ad-
vances in the main application fields of PGS-based biomaterials,
i.e., cardiac TE (CTE), vascular TE, nerve TE, skin and wound
healing TE, bone TE (BTE), and drug delivery, will be closely pre-
sented. This article seeks to give a concise overview of the recent
developments in the broad field of PGS-based materials.

The literature search for this review article was conducted in
the databases WEB OF SCIENCE as well as SCOPUS using the
keyword POLY(GLYCEROL SEBACATE) or POLY GLYCEROL
SEBACATE in the field “topic” search box. In the time range from
2015 to 2021, about 241 papers were published (Figure 1).

2. Modification of PGS

Conventionally, PGS follows a two-step synthesis route via pre-
polycondensation and cross-linking.!>*?’] Briefly, prepolycon-
densed PGS (PGSp) is synthesized by a polycondensation reac-
tion of an equimolar mixture, typically, of glycerol and sebacic
acid at 120 °C under a nitrogen or argon atmosphere for 24 h
(Figure 2). For a subsequent cross-linking step during the con-
ventional synthesis of PGS, PGSp is kept in a vacuum for at least
48 h at 120 °C. With a kinetic model of the polycondensation of
sebacic acid and glycerol created by Matyszczak et al.l®] a predic-
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Figure 1. Number of published articles of PGS-based materials during
2015 and the beginning of 2021. Data from WEB OF SCIENCE using POLY
(GLYCEROL SEBACATE) in the field “topic” from 2015 to 2021.

tion and optimization of the synthesis reaction are possible. The
model is used to determine the moment of the desired reaction at
which desired product parameters like average molecular weight
and polydispersity can be achieved. Perin and Felisbertil?®! on the
other hand, developed an alternative polymerization technique
for PGS using Candida antarctica lipase B (CALB) as a catalyst for
the polycondensation of glycerol and sebacic acid, allowing them
to synthesize PGS in acetone at temperatures between 30 and 50
°C with different molecular weights and degrees of branching.[?8
However, due to the harsh cross-linking conditions (>120 °C, vac-
uum) and relatively long reaction times (>24 h) required for its
curing, pure, unmodified PGS exhibits a lack of processability.!’]
Alternative processing strategies are required to address these
limitations, mostly achieved by blending PGS prepolymer with
other materials or by chemical modification of its pre-condensed
form (Figure 2).

2.1. Blending of PGS with Other Biopolymers

The processing of thermoset polymers like PGS is typically lim-
ited to simple reproduction techniques due to the subsequent
required harsh cross-linking, making it challenging to fabricate
complex 3D architectures. A simple way of improving the pro-
cessability of PGSp is by blending it with other materials.[2*3"]

The key is to design compositions containing both the ther-
moplastic precursors of the thermoset PGS and a sacrificial or
non-sacrificial carrier material, respectively, which serves as an
aggregate to provide mechanical support, helping to retain the
desired 3D shape before and during cross-linking.3!]

So far, blending of PGS with other polymers was mainly con-
ducted to produce suitable solutions for electrospinning. In-
deed, neat PGSp exhibits difficulties for electrospinning due to
its low viscosity in a solution for example, in common elec-
trospinning solvents like chloroform (CF): ethanol mixtures.[3?!
A well-investigated method to address this problem is to mix
PGS prepolymer with PCL.1172%3334] PCL is a highly used ther-
moplastic polymer in TE. It is approved by the Food and Drug
Administration (FDA), biocompatible, and exhibits a long-term
biodegradability with high stiffness.”] For blending PGSp with
PCL, both polymers are dissolved in a solvent, mostly tetrahy-
drofuran (THF) or a CF/ethanol mixture, with varying weight
ratios.[®] After stirring the mixture for a certain amount of time,
the solution is either processed directly, as in the case of solution-
electrospinning or used after the solvent has been removed. Mix-
ing PGSp with PCL produces stable scaffolds, which do not
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Figure 2. Chemical modification of PGS through introducing reactive moieties (Route A) or block copolymers (Route B).

need any further post-processing, such as thermal curing or
photo-cross-linking. Variation of the ratio of PGS and PCL in the
blended solution showed it could alter the mechanical properties
of the blend, degradation rate and hydrophilicity of the structure.
Studies have shown that increasing the concentration of PGS en-
hanced the degradation rate and hydrophilicity of PCL and low-
ered the stiffness of PCL while PCL-PGS electrospun fibers with
3:1 ratio (PCL: PGS), showed three times lower storage modulus
(0.6 MPa) than that of PCL fibers (1.9 MPa).[2:3]

Besides PCL, thermoplastic polyurethane (TPU) has also been
used to gain a suitable electrospinnability of PGSp.**! TPU pel-
lets and PGSp with polymer ratios of 6:6, 6:4, and 6:2 have been
dissolved in a 6:4 CF and N,N-dimethylformamide (DMF) solu-
tion. The concentration of TPU was kept constant at 6% (w/v).
In the reported study, either 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) alone or a binary solvent of 2,2,2-trifluoroethanol (TFE)
with acetic acid in a ratio of 5:5 could serve as a solvent system
for TPU/PGSp.l*]

As an alternative to electrospinning, O’Brien et al. used the
electro-less Substrate Translation and Rotation for Aligned
Nanofiber Deposition (STRAND) process.*®) In order to
perform the STRAND process with PGS, the biocompat-
ible polymer polyethene oxide (PEO) was added to act as
a strengthening agent. Molar ratios of 1:1, 2:1, and 1:2
of PGS: PEO, ranging from 10 to 25% (w/v), were dis-
solved in a 1:1 CF: ethanol solution. Several concentrations
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were tested regarding their effect on fiber diameter and
morphology.3%]

2.2. PGS-Based Composites with Inorganic Fillers

Apart from blending PGSp with different polymers, another fre-
quently used method is the incorporation of inorganic particles
into precondensed PGS to produce composite scaffolds or struc-
tures with tailored properties for various TE applications.!?*]
The most conventional approach is the combination of PGSp
with sodium chloride (NaCl) particles. In this so-called salt leach-
ing technique, molten PGS prepolymer is mixed with salt par-
ticles acting as a sacrificial carrier material, which is then re-
moved after cross-linking to develop porous PGS structures. By
adjusting the weight ratio of PGSp:NaCl, different microporous
architectures can be achieved. At weight ratios of 1:2 or 1:3
(PGSp:NaCl), sodium salt granules provided adequate mechani-
cal support and shape retention during the harsh cross-linking
conditions of PGS. Moreover, it was shown that this mixture
was suitable for 3D printing applications.3!! In addition to NaCl,
various other particulate materials have been incorporated into
PGS as a matrix mainly to control the mechanical properties and
the degradation susceptibility of pure PGS. From these particle
fillers directly added to the PGS as a matrix, few to name are,
i.e., bioactive glass (BG),*®! silica,l*’] -tricalcium phosphate
(TCP),[*851] cellulose nanocrystals,®?! and those added to PGS
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Figure 3. Schematic representation of the chemical synthesis of PGSp and its further modification using trimethylamine to produce acrylated PGS

(PGSA). Modified from.[?7]

as a fiber are, i.e., silk fibroin,l*! chitosan (CH),>*>°! or BG
fibers.[*?]

2.3. Chemical Modification

Chemical modification of PGS is generally undertaken to alter
its chemical, mechanical, and degradation properties in order to
adapt them closer to the specific target application. Modified PGS
is more flexible regarding its cross-linking conditions without
the need of further processing of high temperature or in a vac-
uum, making it more suitable for a variety of applications. The
synthetic strategies can be separated into two main modification
routes (Figure 2). Route A describes the introduction of reactive
moieties into the PGS matrix, whereas route B focuses on the
block copolymerization of PGS with other linear polymers.

2.3.1. Introduction of Reactive Moieties (Route A)

The most widely used modification of PGS, especially for additive
manufacturing, is its acrylation or methacrylation.

Nijst et al. reported a photopolymerization approach by chem-
ically modifying the PGS prepolymer by introducing reac-
tive acrylate moieties.[?’] Briefly, PGS prepolymer with anhy-
drous dichloromethane (DCM) and 4-(dimethylamino) pyridine
(DMAP) was cooled in a reaction flask to 0 °C under nitrogen at-
mosphere. Acryloyl chloride was then slowly added parallel to an
equimolar amount of trimethylamine (Figure 3). After reaching
room temperature, the mixture was stirred for an additional 24 h.
The resulting mixture was dissolved in ethyl acetate, filtered, and
dried at 45 °C in a vacuum (5 Pa).l?”] Vinyl bonds in poly (glycerol
sebacate) acrylate (PGSA) could be subsequently cross-linked via
redox polymerization or photoinitiated free radical polymeriza-
tion via ultraviolet (UV) radiation in the presence of a photoini-
tiator, mostly 2-dimethoxy-2-phenyl acetophenone.[?”! Via pho-
topolymerization, the PGSA cured rapidly within a few minutes,
which is more efficient than the previous long curing time (48h)
reported in the conventional synthesis process.!?!

An alternative approach to introduce reactive moieties be-
sides acryloyl chloride into the PGSp network was proposed
by Wu et al.:*”] 2-ureido-4[1H]-pyrimidone-hexamethylene diiso-
cyanate (UPy-HDI) was used to generate chemically cross-linked
supramolecular PGS (PGS-U). In this process, PGS prepolymer
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dissolved in THF and HDI were mixed and after reacting for 4 h
at 55 °C under a nitrogen atmosphere and evaporation of the sol-
vent, a PGS-U polymer film formed via strong non-covalently hy-
drogen bonding.>’]

Yeh et al. designed an alternative method to produce pho-
tocurable PGS using thiolene click chemistry to control PGS
cross-linking. In short, PGS prepolymer was dissolved in anhy-
drous DCM containing 500 ppm 4-methoxy phenol and 0.1 wt%
DMAP. The reaction flask was purged with nitrogen for 10 min
at 0 °C. 5-Norbornene-2-carbonyl chloride in DCM was added
dropwise into the PGS solution parallel to triethylamine, which
was subsequently stirred at room temperature overnight. After
several filtration and drying steps, the remaining DCM was re-
moved using a rotary evaporator leaving a viscous liquid, which
was further dried in an oven at 37 °C overnight, purged with ni-
trogen afterwards, and then stored at —20 °C. Norbornene modifi-
cation of PGS (Nor-PGS) was ~15% (calculated based on nuclear
magnetic resonance (NMR) analysis) with a yield of Nor-PGS of
~96%.1%] Norbornene modification on NorP-GS and therefore its
cross-linking could also be altered by changing the initial amount
of PGSp. Tsai et al.l’”] further modified the Nor-PGS approach by
copolymerizing Nor-PGS with polyethylene glycol (PEG). As are-
sult, NorPGS-co-PEG could be controlled in its mechanical and
degradation properties as well as in vitro swelling behavior.>®]

In general, by controlling the percentage of reactive moieties,
like acryloyl chloride, UPy-HDI, or norbornene in PGS, it is also
possible to control mechanical as well as hydrolysis and in vitro
enzymatic degradation profiles of the modified PGS to meet spe-
cific requirements for various applications.[+56:576061]

2.3.2. Introduction of Block Copolymers (Route B)

The most common method to alter cross-linking densities of
polymers is to change the molecular weights of their precon-
densed form. However, this could lead in some polymers to phys-
ical entanglements and chain extension when cross-linked via
radical polymerization, limiting their applications in further pro-
cessing steps.[®?]

An alternative approach is a polycondensation of PGSp
with linear polymers (Figure 2 Route B), such as PCLI®}! and
PEGI®264671 and their acrylated forms, poly(ethylene glycol)
methyl ether methacrylate (PEGMEMA), (%8 poly(tetramethylene
oxide) glycol (PTMO),[%! or simply with gelatin.[”"]

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

Briefly, precondensed PGS could be added via a two-step poly-
condensation approach. In the first step, segments of the linear
modifier polymer and sebacic acid are polymerized. Addition of
glycerol leads to a polycondensation of PGS, whereby parts of
sebacic acid combine with the linear polymer (Figure 2 Route
B).I%%7] Through altering the modifier polymer content and the
ratio of sebacic acid to glycerol, a series of PGS-co-polymers can
be designed and synthesized.

Wilson et al. investigated the copolymerization of PTMO
with PGS. They either synthesized PGS with PTMO or mixed
PGS-co-PTMO with the thermoplastic polyester elastomer Hytrel
3078.1°°1 A two-step polymerization resulted in the copolymer
PGS-b-PTMO. In the first step, sebacic acid-co-PTMO (SA-co-
PTMO) was synthesized in molar ratios of 1:0.65/0.75/0.85 with
0.5 wt% of FASCAT 9100 (mono-n-butyl tin oxide or butylstan-
noic acid) as a catalyst. The educts were molten and reacted un-
der reduced vacuum for 8 h at 150 °C. In the second step, glyc-
erol (0.35/0.25/0.15 mol) was added and reacted for another 8 h
at 135 °C. Cross-linking of PGS-b-PTMO was carried out using
2 wit% (for glycerol) of 4,4’-methylene bis (phenyl isocyanate)
(MDI). PGS-b-PTMO and MDI were then dissolved in CF and
stirred for 4 to 5 h. The solution was kept in a fume hood for
12 h to evaporate the solvent and subsequently cross-linked in a
vacuum oven at 170 °C under reduced vacuum for 8 h.[%]

In the case of gelatin as a modifying polymer, copolymer-
ization is realized via an endothermic reaction step of PGSp
and gelatin without the need of any cross-linking agent. In this
manner, gelatin is introduced in the PGSp network via ester
and amide linkages rather than extending the polymer network
chains.[”%! Therefore, elastomeric properties, water swelling ca-
pability, as well as pH-responsive behaviors of the two distinct
materials are maintained.”!

Rostamian et al.l1] demonstrated the successful incorporation
of hydroxyapatite nanoparticles in PGS-co-PCL, which was syn-
thesized by melt polycondensation. The authors found a benefi-
cial effect of the addition of caprolactone section in PGS-co-PCL
regarding its viscoelastic properties and wettability. The incorpo-
ration of hydroxyapatite nanoparticles enhanced a potential ap-
plication in BTE.[®

3. Fabrication Techniques for PGS-Based
Biomaterials

Since PGS prepolymer can be either melted or dissolved in sev-
eral solvents including THF, HFIP, DCM, DMF, CF, ethanol,
methanol, acetic acid, and formic acid, its processing is relatively
uncomplicated and many different fabrication techniques can be
used. The fabrication technique has to be chosen according to the
target application and specifically the required morphology, e.g.,
whether a strong solid sheet, macro- or microporous membranes
or structures with/without anisotropic behavior or injectable scaf-
folds are desired. Popular fabrication techniques for PGS-based
components are presented in the following sections (Figure 4).

3.1. Solvent Casting/Particulate Leaching
Solvent casting/particulate leaching is a technique used to pro-

duce either dense films or porous membranes. It is a simple,
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Figure 4. Representative manufacturing methods and biomedical ap-
plications with PGS as the primary material. (Figure generated using
Freepik.com).

reproducible method, which does not require sophisticated lab
equipment. The pore size, porosity, and geometry can be easily
controlled by the amount, size, and shape of the porogen, e.g., salt
particles.[”!l However, this method requires long soaking periods
in water to leach all porogens from the membrane, which limits
the applications such as drug loading/delivery. Moreover, limited
interconnectivity of the pores in the structure affects the mechan-
ical properties and residues of the salt particles or solvents can
influence the biocompatibility of the resulted scaffolds.!”!]

Pure PGS,[7273] modified!®*’+7 (see Section Modification of
PGS), or combined with other materialsl?1:2447:5257.80-88] hag heen
processed into films and porous scaffolds using the salt leaching
method. Initially, this technique was used to develop PGS-based
cardiac patches.[#%] Since then, its application field changed to
mainly hard TE. For the application in BTE, inorganic fillers
like BGI*I and nanosilicates>*#3] have been applied to enhance
the mechanical properties of the PGS network by improving
its stiffness without affecting the elastomeric properties. The in
vitro degradation rate of PGS composites has been shown to be
tunable by the addition of inorganic fillers. In the case of us-
ing nanohydroxyapatite (nHA) as a reinforcement,®?! the elastic
modulus and tensile strength were increased, however, the flexi-
bility of the films decreased, and the degradation rate was accel-
erated. PGS/nanosilicate porous scaffolds!®} supported cell adhe-
sion, spreading, proliferation, and osteogenic differentiation, and
showed in vivo biocompatibility, whereas PGS-BG composites!*’]
showed significantly enhanced proliferation of MC3T3 cells com-
pared to neat PGS films. In contrast to inorganic fillers, also
synthetic (e.g., polylactic acid (PLA)®%) or natural (cellulose
nanocrystals,>? ureido-pyrimidinonel*’)) polymers or metabolic
compounds like tyraminel®*] have been successfully blended with
PGS to improve the mechanical, hydrophilic, and degradation
properties. The addition of electrically conductive compounds
like carbon nanotubes,#®! aniline pentamer,!®%] graphene, ! or
plasma polymerization of polypyrrolel®! has been investigated
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to create highly tunable conductive films with enhanced cell
survival and attachment®) and enhanced Schwann cells (SCs)
myelin gene expression.®!]

3.2. Electrospinning

Electrospun fibrous meshes have attracted much attention in
TE and regenerative medicine as scaffold constructs as they
closely resemble the fibrous native extracellular matrix (ECM)
and offer suitable structures for cell attachment and subsequent
tissue organization.®°2] Moreover, electrospun meshes are
porous with interconnected porosity made of fibers in nano- to
micrometer range of diameter and high surface-to-volume-ratio.
The fibrous structure can be spun from a variety of synthetic
and natural polymers with random and aligned arrangements or
core-shell structures.[**** In electrospinning briefly, a high volt-
age is generated between a polymeric solution (or melt) and the
grounded collector and a polymeric fiber is ejected and stretched
toward the collector if the voltage is sufficiently high and is able
to surpass the critical voltage threshold and thereby the surface
tension of the polymer solution.*l Various parameters, like
solution viscosity, processing (e.g., voltage, distance between
needle and collector, flow rate) and ambient parameters (e.g.,
temperature, humidity) influence the electrospinning process
and the resulting fiber morphology.**!

As mentioned above, PGS itself cannot be electrospun into
stable fibers due to its low solution viscosity,*?) the low glass
transition temperature (below room temperature) of precon-
densed PGS (PGSp) as well as the insolubility of its cross-linked
form in organic solutions. As a result, electrospun fibers of
PGSp have fused into a nonporous film instead of a porous
fiber mat. During the subsequent high-temperature cross-
linking, this fusion is even intensified.®® As a result, PGSp
must be blended with a spinnable carrier polymer to allow non-
destructive fiber formation by electrospinning. According to its
specific application ranging from soft to hard TE also including
drug delivery, synthetic polymers like PCL,[16:19:21:29.33,38:45.97-111]
poly(vinyl alcohol) (PVA),°%12-114] poly(butylene succinate-
co-dilinoleic succinate) PBS-DLS,[!1>1161 PLA 1] poly(r-lactic
acid) (PLLA),[1181191 (PEQ),120] PLGA, 1211221 polyethersulfone
(PSF),[123] polyhydroxybutyrate (PHB),['> polyvinylpyrrolidone
(PVP),112:126] TPU,[*] and natural polymers like collagen,'?]
gelatin,['28] fibrinogen,!1?%! zein,[30131] and chitin and lignin!!32!
have been used for blending with PGS for successful electro-
spinning. Additional to blending PGS with another polymer,
electrospinning of PGS within a core-shell system has been
reported too where the sacrificial polymer is used as a shell
which will be removed after PGS cross-linking. Generally,
PVAIP0112133] oy 3 combination of PEO and PLA,[120134] are
commonly used as sacrificial polymers. Pure PGS fiber mats
show appropriate mechanical properties (for selected applica-
tions) and in vitro cytocompatibility has been proven with 3T3
fibroblasts®®! and human umbilical artery smooth muscle cells
(HUASMCs).[112120.133.134] [ ang et al.[13%] showed the synthesis of
PGS by CALB catalysis, whereby different fractions of glycerol
units in PGS were replaced by 1,8-octanediol units, enabling the
fabrication of fibers via electrospinning without the need of a
second component.[13]

Adv. Healthcare Mater. 2021, 10, 2002026 2002026 (6 of 39)

www.advhealthmat.de

Electrospun fiber mats have been further functionalized by
incorporation of inorganic particles like g-TCP,5! nHA,[1%! or
BGI'3! for increased bioactivity and osteoblast adhesion proper-
ties, binding of vascular endothelial growth factor (VEGF),[106:129]
or sputtering of electrospun membranes with silver show-
ing excellent pathogenic antibacterial properties.l”’**] Moreover,
biomacromolecules or drugs can be loaded in PGS-based fibers
either directly by blending drugs within the fiber material and
core-shell fibers or by covalently immobilizing the drug on the
final mats,[98.99.124,128]

A different approach to produce PGS fibers without apply-
ing an electric field can be made using pressurized gyration.!'¥’]
Thus, the polymer solution is forced out a cylindrical aluminum
drum via rapid rotation (36 000 rpm) and an applied nitrogen
pressure (0.1 MPa N,).l137]

An overview of all electrospinning approaches involving PGS,
which have been reported in the last five years, is shown in
Table 1.

3.3. Hydrogels

Hydrogels have gained increasing interest in recent years thanks
to their extraordinary composition and structure, which is sim-
ilar to the native ECM, thus, providing a desirable framework
for cellular behavior.3*1%01 Being a 3D network of hydrophilic
polymers, where chains are cross-linked either by covalent
bonds or by physical intra- and intermolecular attractions,
hydrogels can absorb large quantities of fluids and they swell
while maintaining their structure without dissolving.3?! Hy-
drogels can be processed in various shapes and architectures by
using common techniques like emulsification, lyophilization,
combinations of both, solvent casting-leaching, gas foaming-
leaching, photolithography, electrospinning, micromolding, and
3D printing.!*!

The incorporation of PGS into hydrogels has been shown
to positively influence hydrogels’ molecular network struc-
ture and elastomeric properties affecting also hydrogels’
biodegradability.”?! In various studies, it was shown that
PGS could also be combined with hydrogels and the most
common example is PEG which could be copolymerized with
PGS.[66141-143] Copolymer of PEGMEMA-PGS hydrogels showed
tunable storage and loss moduli in a range between cells and
human tissuel®®!*] and in the case of PEG-co-PGS with grafted
tyramine, a highly cytocompatible behavior was reported.[*?!
Injectable scaffolds based on PEG-co-PGS have been developed,
which are very attractive from a clinical perspective as they
can be minimally invasively applied and thereby reduce patient
discomfort, risk of infection, scar formation, and the cost of
treatment.!] In contrast to these conventional hydrogels,
Yoon and Chen!”"! fabricated an elastomeric and pH-responsive
hydrogel, which has been made of PGS and gelatin without
using any additional cross-linking agent. Their proposed poly-
condensation reaction between PGSp and gelatin hydroxyl
and carboxyl groups revealed ester bonds, whereas amine and
carboxyl groups led to amide bonds. Afterwards, PGSPp was
finally cross-linked at elevated temperatures. By this process,
highly flexible and stretchable films and also 3D scaffolds with
an interconnected porous structure with shape recovery ability
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could be fabricated. Mouse fibroblasts confirmed the good
cell cytocompatibility of such scaffolds.[”%) Recently, a physical
double-network hydrogel adhesive consisting of catechol-Fe**
coordination cross-linked PGS-co-PEG-g-catechol and quadruple
hydrogen bonding cross-linked ureido-pyrimidinone modified
gelatin (GTU) was developed. This injectable adhesive hydrogel
was designed to treat multidrug-resistant bacteria infection
and full-thickness skin wound repair.'*}! In contrast to these
PGS-based hydrogels, Eslami et al.l'*¢l fabricated hydrogels
from methacrylated gelatin and hyaluronic acid reinforced
with PGS-PCL microfibers. Similarly, high cell viability and
metabolic activity were measured for the hydrogel/microfibrous
composites compared to neat hydrogels and neat fiber mats,
but significantly higher levels of collagen I and elastin gene
expression were reported. Additionally, the composite scaffold
demonstrated suitable mechanical properties for CTE.

3.4. Freeze-Drying

A wide range of highly developed technologies (i.e., electro-
spinning, 3D printing, micropatterning) has been considered
for processing PGS as a porous scaffold. However, they all
result in relatively small scaffolds with nonsufficient porosi-
ties, which, in turn, may limit the full capability and accep-
tance of PGS in a broader range of TE applications.'*’] A dif-
ferent approach introduced to generate highly interconnected
porous scaffolds is freeze-drying. Freeze-drying, also known as
lyophilization, is a solvent removal process in which the solvent
of the polymer solution crystallizes below its triple point, fol-
lowed by subsequent pressure reduction, and by adding heat,
the frozen solvent in the material can sublimate from the solid
into the vapor phase.l'””] Freeze drying of PGS requires the ad-
dition of a structure-supporting polymer, e.g., PLLA,[?] silk fi-
broin microfibers (mSF), CH,*3! or poly (glycerol sebacate ure-
thane) (PGSU).[181%] Ag mentioned above, the cross-linking of
PGS takes place at high temperatures, which liquefies precon-
densed PGS. This process annihilates the porous structure from
the freeze-drying process during curing. A structure-supporting
polymer is then needed, that can withstand the harsh conditions
of the curing process, protecting the pore structure obtained by
freeze-drying.'*’]

In short, the freeze-drying of PGS includes pouring a PGS
solution into a Teflon mold, which is then frozen at -20 °C and
placed in a freeze dryer for lyophilization. Solutions are typically
cooled down to -30 °C to -50 °C and held at such low temper-
atures for several hours. The frozen solutions are then heated
up and sublimated under vacuum. The temperature is raised to
room temperature and hold again for several hours, completing
the freeze-drying procedure.[22:50:53148.150]

Frydrych et al.??l used a PGS/PLLA mixture to replicate na-
tive fatty tissue. Fatty tissue is a specialized connective soft tissue
composed of adipocytes. Defects can arise from various causes
including complex trauma, tumor resections, and congenital
abnormalities.['!] In their research, Frydrych et al.[??] dissolved
various combinations of PGS and PLLA in either 1,4-dioxane
or DMC, exhibiting two different freezing points of 10-12 °C
and 2—4 °C, respectively. Scanning electron microscopy (SEM)
showed that the produced scaffolds had different microstructural
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properties depending on the type of the used organic solvent.
The reported elastic modulus was 0.030 MPa, tensile strength
0.007 MPa, elongation at maximum stress of 25% as well as a
complete shape recovery upon release of the compressive load
were 73 v%. The PGS-PLLA combinations revealed comparable
mechanical strength to native high and low stress adapted adi-
pose tissue. Additionally, the highly interconnected open-pore
structure with porosities and pore sizes ranging between 91—
92% and 109-141 pm, respectively, confirmed the suitability of
PGS/PLLA scaffolds for applications such as adipose TE.[??]

To avoid heat curing, Frydrych and Chen™8 and Samourides
et al.l'*] used chemically cross-linkable PGSU to create porous
structures. PGSU is an altered form of PGS using hexamethylene
diisocyanate (HDI), as described in the chemical modification
section (Section 2.3). Despite eliminating the heat cross-linking
step, scaffolds with an interconnected open-pored microstructure
and exhibiting excellent mechanical and cyclic load properties
were produced. The as-produced scaffolds were biodegradable,
biocompatible, and conducted proangiogenic properties tissue
ingrowth as well as angiogenesis.[1814]

In a study by Zhang et al.[*] PGS has been blended with
mSF and CH, respectively, which should act as modifiers for
a combined particulate leaching and freeze-drying technique.
NaCl particles, precondensed PGS, and one of the modifiers were
mixed in a Teflon mold and cured for 12 h at 140 °C to pro-
duce mSF/PGS and CH/PGS composites, respectively. After cur-
ing, the salt particles were removed using deionized water and
subsequently, the samples were lyophilized for 24 h to obtain a
porous structure. Highly cross-linked and open-porous scaffolds
with an increased cross-link density as well as improved water ab-
sorption capacity compared to neat PGS has been achieved with
both, mSF/PGS and CH/PGS scaffolds. Furthermore, the degra-
dation rate could be controlled with different amounts of modi-
fiers. Suitable biocompatibility for the use in skin replacement
therapy was evaluated using mouse dermal fibroblasts of C57
BL/6 mice. Cell culture experiments showed suitable cell attach-
ment as well as proliferation and deep ingrowth into the porous
structure of the scaffold.l>*!

3.5. Micropatterning

Micropatterning is the creation of specifically patterned and tex-
tured surfaces to gain a defined material behavior or to mimic
the extracellular microenvironment of tissues or organs. It al-
lows better control over particular constraints in a 3D platform
compared to traditional 2D culture in tissue culture plates.[152153]
Cells are forced to adopt a shaped pattern of adhesion, which
helps to study the cell behaviors exposed to micro topographic
features as well as developing microfluidic devices.[*?]

Future constructions of implantable tissue structures will re-
quire novel 3D microfluidic environments with high potential
for TE. The biodegradable and biocompatible elastomer PGS
is widely used in such approaches. Its transparency and ther-
moset properties are suitable for microfabrication techniques
such as laser ablation.['®*] On the other hand, micropatterning
using laser ablation is considered as a green and rapid manu-
facturing process with low material selection barrier and high
adjustability.'>] As Hsieh et al.'®] and Yeh et al.['*®) assessed
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Figure 5. SEM cross-section images of produced microchannels on PGS, poly(1,3-diamino-2-hydroxypropane-co-polyol sebacate) and PDMS with in-
creasing ablation times. A) Laser ablated 25 times on PGS showing high edge quality B) whereas PDMS presented low edge quality with the same
ablation time. Adapted from Hsieh et al. Reproduced under the terms of the CC-BY license.['>*] Copyright 2017, the Authors. Published by MDPI.

in their work, creating micro-channels directly on cross-linked
PGS showed no nano/micro-sized fractures or cracks across the
PGS surface compared to silicone polydimethylsiloxane (PDMS),
which is often used as a material for a subsequent molding of
PGS (Figure 5).[15>156]

A PDMS mold is mostly produced by using epoxy-based neg-
ative masks on silicon wafers generated by photolithography. A
mixture of PDMS elastomer is then poured on these patterned
surfaces and deformed after drying. These forms allow the fab-
rication of highly elastic PGS substrates with defined micropat-
terned channels.[154157:158]

Besides laser ablation and photolithography, Morgan et al.l
created a porous structure with primary (macroscale) and sec-
ondary (microscale) pores. Therefore, a combination of poly
(limonene thioether) (PLT32i) and PGSp has been cast onto sin-
tered spherical particles of poly(methyl methacrylate) (PMMA),
which were leached out subsequently.!*®] Those porous structures
were intended to create spatially organized, contractile heart tis-
sue. Primary pores were able to control the orientation of heart
cells and implement sufficient perfusion, while the secondary
pores extended the retention of heart cells and limited the vol-
ume fraction of the polymer.['8]

Hu et all™* developed a degradable micropatterned PGS
scaffold copolymerized with aniline trimer (5wt%, 10wt., and
15wt%) to obtain an electroactive property (Figure 6). The as-
produced films showed good cell viability as well as increased pro-
liferation of rat cardiomyoblast-derived H9c2 cells. Additionally,
electroactive films with a 10 wt% aniline trimer content signifi-
cantly enhanced cell-cell interaction, growth, and synchronous
calcium transients of neonatal rat primary cardiomyocytes.!*>]

18]
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3.6. 3D Printing

Growing in popularity, another technique to fabricate complex
structured scaffolds with a wide variety of design options is addi-
tive manufacturing. Unmodified PGS alone, however, exhibits as
already mentioned, a lack of processability due to its harsh cross-
linking conditions.[?”] Therefore, alternative strategies than ther-
mal processing of PGS such as chemical modification or blend-
ing with other materials are developed.

3.6.1. Extrusion-Based printing

Extrusion-based 3D printing is widely used in TE. In this pro-
cess, a printable material is pushed through a nozzle and the
shape of the printed part is stabilized, mostly via cross-linking
of the material, in order to preserve the printed layer-by-layer
structure. Extrusion-based systems have the advantage of being
easy to use and relatively cost-effective compared to other 3D
printing systems.

In 2016, for the first time, Yeh et al.'**] demonstrated the 3D
printing of photocurable PGS. They used the potential of 3D
printing for the production of sophisticated biocompatible, elas-
tomeric tissue substitutes. An extrusion-based 3D printing set-
up and a biodegradable and photocurable PGSA ink were used.
Two different PGSA macromers were produced with two differ-
ent molecular weights of PGS (low molecular weight PGS with
a M, of 5.78 kDa and high molecular weight PGS with a M, of
6.32 kDa). Subsequently, these macromers were blended, which
led to photocurable macromer inks with variable viscosities.

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. A) Scheme showing the fabrication of micropatterned PGS—aniline trimer (PGS-AT) films. B) SEM images of flat PGS-AT films, C) PGS-AT films
with a groove/ridge dimension of 50/50 pm and D) 50/100 ym. E) Scheme of a cellular aspect ratio and F) cellular alignment on the microstructured
surface. G) Cellular aspect ratio on different patterned PGS-AT films. Reproduced with permission.!'>°l Copyright 2019, Elsevier.

With optimal ink viscosities, scaffolds could be printed with a
high resolution up to ten layers in height. The mechanical proper-
ties of the 3D printed scaffolds depended on the respective print-
ing density. Scaffolds with a lower printing density had lower
moduli (Young’s modulus of 310 kPa) and failure properties (fail-
ure strain of 40%) than scaffolds with a higher density (Young’s
modulus of 480 kPa and failure strain of 70%) compared to
cast control samples (Young’s modulus of 740 kPa and failure
strain of 86%). The cytocompatibility was tested using 3T3 fi-
broblasts where significant adhesion, cell spreading, and prolif-
eration were observed on PGSA showing the suitability of the
elastomeric scaffolds in soft TE.[231]

The set-up was further modified by Yeh et al.*®! using a specif-
ically functionalized photocurable Nor-PGS with thiol-ene click
chemistry to control PGS cross-linking. Subsequently, after ex-
trusion of the viscous Nor-PGS macromer paste, it was cross-
linked using UV light to obtain a high shape fidelity of the printed
parts. The printed Nor-PGS structures can be cross-linked rapidly
(<1 min) leading to porous, elastomeric scaffolds with mechan-
ical properties comparable with the formerly produced PGSA
scaffolds.>8231]

Lei et al.’!l and Yang et al.l*’’} investigated a different ap-
proach without a chemical modification of PGS by mixing either
neat PGS or a PCL/PGS blend with NaCl as a removable thick-
ener for printing and a reinforcer for curing. The combinations
were directly printed using an extrusion-based set-up. The pro-
duced NaCl-containing scaffolds possessed a stacked construc-
tion with regular crisscrossed filaments. Good printability was es-
tablished with a PGS/salt ratio of 1:2 and a printing temperature
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of 50 °C. After leaching the salt particles, interconnected microp-
ores formed.*!! A Young’s modulus of 748.5 + 21.0 kPa, a tensile
strength of 302.7 + 7.7 kPa and a failure strain of 57.3 + 1.3%
confirmed the suitability of this scaffold for CTE. In vivo studies
of printed PCL/PGS scaffolds as cardiac patches in adult male
Sprague-Dawley rats showed increased wall thickness, pumping
function, angiogenesis, and cell ingrowth after an induced my-
ocardial infarction (MI). Decreased apoptosis and infarction size
demonstrated its therapeutic suitability and versatile applicability
of these novel 3D printed, cardiac patches.[”]

In a further innovative approach, Lei et al.[138] developed a four-
axis printer that applies the print strands to a rotating collector.
This enabled the successful printing of hydrogels, thermoplas-
tics, and thermosets. In this way, tubular structures would be pro-
duced relatively easily, e.g., for tracheal cartilage applications.[**®]

Recently, Touré et al.l*®] combined an electrospun PCL/PGS
fiber mat with a 3D printed PCL/PGS structure, containing BG
particles. Three different types of extrusion-based scaffolds were
produced using PCL/PGS as a reference, with 5 wt% BG and with
10 wt% BG. After producing the 3D scaffolds, a 14 wt% polymer
solution of PCL/PGS (mixing ratio of 1:1) was electrospun di-
rectly on top of these scaffolds. Excellent adhesion between the
layers resulted in Young’s moduli of 240-310 MPa. The compos-
ite materials were biodegradability and a weight loss ~14% and
equilibrium in pH was measured after two months of incuba-
tion which was followed by the release of alkali ions from the
BG particles. Cytotoxicity tests with fibroblasts proved the bio-
compatibility of PCL/PGS/BG constructs with a cell viability of
over 125% on the second day, making these scaffolds suitable
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candidates for TE of tendons and ligaments.[**] Recently,
Farizhandi et al.l'®!l focused their work on the printing
of electronically conductive and flexible Dbioelectronic de-
vices. For this purpose, they combined lithium phenyl-2,4,6-
trimethylbenzoylphosphinate as photoinitiator with PGS and
zinc (Zn). The resulting 3D printed scaffolds showed remarkable
mechanical and adhesive properties as well as noncytotoxic be-
havior both in vitro and in vivo, rendering it suitable for several
biocompatible applications.!1!]

3.6.2. Laser-Based Printing

Stereolithography (SLA),1%] direct laser writing (DLW), and dig-
ital light processing additive manufacturing (DLP-AM)[®?] are
3D printing methods, which exploit the cross-linking between
acrylated polymer chains via the exposure to light at various
wavelengths involving radical polymerizations. These fabrication
methods are considered as highly precise and efficient compared
to fused deposition modeling or extrusion-based 3D printing. Ei-
ther a single laser beam (SLA, DLW) or a digital mirror device
(DMD) (DLP-AM) is used simultaneously to control the exposure
of light in an array.!163164]

Several research groups have studied the effect of degree
of acrylation in PGS and the weight ratio between the pre-
polymers towards mechanical and degradation properties as well
as processability.[62162165166] Chen et al.l%?] copolymerized PGSA
either with polycaprolactone diacrylate (PCLDA) or poly(ethylene
glycol) diacrylate (PEGDA) to form a polymer network and thus to
overcome the relatively low degradation rate of neat PCLDA and
PEGDA in vivo. They used a DLP-AM set-up to produce scaffold
structures with adjustable mechanical and degradation proper-
ties. In their study, it was found that blending prepolymers of
PGSA with various degrees of acrylation and various weight ra-
tios, the viscosity of the prepolymers remained stable, but became
even more suitable for 3D printing than the substances alone. By
altering the weight ratios of the used materials, it was possible
to control Young’s moduli within a range of 0.67 to 10.54 MPa.
Moreover, a significantly improved degradability of the scaffolds
was achieved.(6?]

Pashneh-Tala et al.l'%] investigated the effect of the molecular
weight and degree of methacrylation of PGS-methacrylate on
the printability using a 2-photon polymerization technique. The
degree of methacrylation was observed to have the most sub-
stantial influence on degradability and mechanical properties.
Using 2-photon polymerization, they succeeded in creating 3D
scaffolds with a minimum feature size of 10 pm. Cell culture
studies showed a sustained growth and proliferation of vascular
smooth muscle cells (SMCs), indicating that the material is a
promising candidate for TE applications.!1%]

Singh et al.,[12] on the other hand, assessed the degradation
rate and mechanical properties of PGS-methacrylate and struc-
tured nerve guidance conduits (NGC) fabricated via SLA. As
produced conduits of PGS-methacrylate, with a 0.75 degree of
methacrylation, were flexible and exhibited an appropriate com-
pressive Young’s modulus (3.2 MPa) as well as suture retention
strength (12.3 MPa) for peripheral nerve repair. In vivo results
in Thy-1-YFP-H mice showed a supported regeneration of axons,
neurites aligned toward the topographical conduit grooves and
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no increase of neuropathic pain, in comparison to native nerve
grafts concluding that PGS-methacrylate is an attractive synthetic
alternative to native grafts.[162]

Wang et all'® used DLP-based 3D printing of a
PGSA/PEGDA combination to generate nature-inspired double
network structures consisting of interconnected segments with
different mechanical properties. By assigning distinct exposure
times at specific locations, it was possible to create networks
with stiff, strong frames to maintain the rough shape of the
scaffold and diagonal elastic struts to absorb tensile energy from
the same material in a single shot. In this way, finely resolved
structures could be printed with less than 100 pm in size and
a volume of less than 1 mL as well as structures with a volume
of more than 10 mL. Subsequent mechanical tests revealed an
expected influence of both exposure time and PEGDA amount
on the mechanical properties of the printed structures. The
mechanical properties of these scaffolds could be tailored by
an alternating double network structure.l'®] Further advances
regarding DLP-based 3D printing of PGSA have been made
by Wu et al.l'”] in order to print porous tubular structures.
Varying the PGSA concentration, the type of diluent (dimethyl
sulfoxide, 2-butoxyethyl acetate) and the degree of acrylation,
PGSA based inks with viscosities below 5 Pa s and exposure
time of less than 10 s were found as suitable for DLP fabrication.
The final compositions enabled the fabrication of complex 3D
models with high mimicry and a minimum feature thickness of
80 pm, which can be used in a variety of TE applications.['®”] An
overview of all printing approaches involving PGS of the last five
years is shown in Table 2.

4. Biomedical Applications
4.1. Cardiac TE (CTE)

CTE is an important branch of TE aiming at developing cell-
scaffold constructs to induce cardiac tissue repair.1°*1%8] Today
the primary fabrication method for cardiac tissue-engineered
scaffolds is electrospinning. Thus produced fiber mats can be
fabricated with continuous fibers in nano- to microscale, which
show morphological similarities to the native fibrous ECM re-
garding high surface-to-volume ratio, high porosity, and vari-
able pore size.'®] As already mentioned, due to its low solu-
tion viscosity, PGS has been blended with other polymers to be
spinnable. Often, PGS blended with PCL and spun as a fiber mat
was used for CTE application.[3217%] In recent years, this blend
has been further optimized. A patterned fiber mat of PGS/PCL
was electrospun on a Teflon-coated silicon wafer with imprinted
topographical features, like squares and grooves (Figure 7).11%]
In vitro experiments using C2C12 myoblasts and neonatal rat
cardiomyocytes showed a successful alignment of both cell types
after 24 h of culture. Furthermore, excellent cell-to-cell commu-
nication was confirmed by measuring the expression of con-
nexin43 on imprinted scaffolds.l''% In contrast to topographical
cues, Rai et al."%] functionalized PGS-based fiber mats chem-
ically by conjugating VEGF via amide groups. VEGF was ho-
mogeneously immobilized on the fibers and the functionalized
scaffolds supported the attachment, growth, and proliferation of
C2C12, rat cardiac progenitor cells, and rat aortic endothelial
cells (rAoECs) compared to unfunctionalized PGS/PCL scaffolds.
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Figure 7. Scheme showing the microcasting process of PGS films via a patterned silicon wafer and its Teflon overlayer as well as the electrospinning
setup, where the silicon wafer replaces the conventional collector (I). SEM images showing different topographical PGS/PCL fiber mats (left) and their
corresponding surface roughness profiles (right) (I1). Reproduced with permission.['1% Copyright 2016, Elsevier.

Additionally, morphological changes of rAoECs confirmed the
formation of a vascular tree in the fiber mat.['%] Compared to
previously established work on PGS/PCL electrospun blends, in
another study, the solvent system was exchanged from commonly
used (harsh) solvents, e.g., CF, methanol, DCM or dimethyl car-
bonate, to the less toxic solvent acetic acid to lower the level of
toxicity during the fabrication process as well as to maintain scaf-
fold biocompatibility.l**] It could be observed that acetic acid had
no negative influence on fiber formation, and a homogenous
and defect-free fiber mat was achieved. Moreover, this study re-
vealed the significant influence of the disinfection method (UV
vs immersion in 70% ethanol) on the biocompatibility. When
samples were disinfected in ethanol, partially PGS and its un-
reacted monomers were leached out from the fiber mat, and cre-
ated pores in the fibers leading to higher cell viability and cell
proliferation compared to UV disinfected samples.*}] This be-
havior has also been reported by Apsite et al.l?] after incuba-
tion of PCL/PGS fibers in PBS where they also obtained porous
fibers of PCL after 4 weeks of incubation in 37 °C. Modified PGS,
i.e., poly(1,3-diamino-2-hydroxypropane-co-glycerol sebacate)-co-
PEG, has also been electrospun together with PCL in order to
obtain fiber mats exhibiting uniaxial mechanical properties re-
quired for human aortic valve leaflets.!'7!]

Furthermore, PGS/PCL electrospun fibers have been used as
reinforcement for methacrylated gelatin/hyaluronic acid hydro-
gels via immersion technique.['*! PGS/PCL fiber/hydrogel com-
posite scaffolds showed higher metabolic activity of valvular in-
terstitial cells compared to the fiber mat and the hydrogel alone.
Additionally, collagen type I and elastin expression significantly
increased for PGS/PCL fiber-reinforced composite scaffolds. Due
to the optimal expression levels of collagen and elastin genes
achieved with the composite scaffolds, the authors concluded the
scaffold’s suitability for treating congenital heart defects.[1*¢]

Adv. Healthcare Mater. 2021, 10, 2002026 2002026 (21 of 39)

PGS has also been blended with poly(butylene succinate-
butylene dilinoleate) (PBS-DLA), a multiblock thermoplastic
elastomer,"'>172] which led to suitable mechanical and degrada-
tion properties for cardiac patches and exhibited higher C2C12
cell viability on fiber mats with increasing PBS-DLA content.

On the other hand, PGS has also been combined with nat-
ural polymers as they 1) provide living cells important lig-
ands required for adhesion and proliferation, 2) mainly degra-
dation byproducts are nontoxic and 3) initiate a low immune
response.[??] The combination of PGS with collagen and silk fi-
broin (1:4.5:4.5) has demonstrated mechanical properties which
were close to those of heart valve tissue. Furthermore, it pre-
sented a low rate degradation and thrombogenic platelet adhe-
sion compared with collagen hydrogels or fiber mats was reduced
from 220% to 20%.11%7]

The further potential of PGS/fibrinogen core/shell fibers was
investigated in an in vivo porcine model with ML'*! The re-
sults revealed that a combination of PGS/fibrinogen/VEGF and
mesenchymal stem cells (MSCs) promoted recovery of left ven-
tricle function after MI, proven by the improvement in EF and
prevention of left ventricle enlargement. Furthermore, cardiac
marker proteins troponin and actinin, as well as endothelial cell
marker protein CD31 were expressed by the MSCs in contact
with the core—shell fibrous scaffold showing differentiation of hu-
man bone marrow MSCs into cardiac and endothelial cells.['*!
Functional and structural integrity, as well as a suitable matrix
for entrapment of MSCs, was successfully obtained using these
PGS/fibrinogen/VEGF fiber mats.

A vegetable protein, namely zein, the primary storage pro-
tein in corn,'”’] was also chosen as blending material for
PGS.[1%%] Compared to proteins from animal sources, vegetable
proteins are readily available with low-cost and as coproduct ce-
real grains can be processed as food or fuel. Moreover, they are

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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cardiac tissue. Consisting of perfusable channels for human umbilical vein

endothelial cells (HUVECs) (red), a vascular—parenchymal interface, and two offset grids with rectangular through-pores for heart cells (green). Primary
and secondary pore structures were generated using micromolding and porogen leaching. A-E) SEM images show the different porous interfaces (scale

bars: A-C), E) 200 pm, D) 500 pm). F) The intensity of Ca?* signal over time

in the selected regions of interest (Construct stained with Fluo-4AM). Time

activation maps showing excitation (K). Heart cell orientation on day 5 shown in confocal micrographs G,H) before and 1,)) after pixel-by-pixel image
analysis. Reproduced with permission.['8] Copyright 2016, Wiley-VCH GmbH.

biodegradable and exhibit less immunogenicity.'’# Bead free
PGS/zein fiber mats were produced from an acetic acid solvent
system and they were stable in PBS over 28 d, which could be
beneficial for cardiac patch application.[13%!

Apart from electrospinning, solvent casting,!®”] micro-
patterning,>1%] micromolding!'®! and 3D printing!®’! have
also been used to create CTE scaffolds. As cardiac tissue is
an electromechanical tissue, drug-loaded conductive PGS/
nanoparticle-based composite films have been developed via sol-
vent casting.[®”] These composite patches made of PGS, collagen
type I, polypyrrole, and a small molecule as a model drug (3i-
1000, a small molecule inhibitor of GATA4-NKX2-5 interaction)
exhibited excellent tensile properties, suitable conductivity, and
a sustained release of the model drug. The combination of the
films proved to be a suitable matrix for cardiomyoblast attach-
ment and infiltration and stayed viable for 21 d. Hu et al.’*"]
created an electroactive and biodegradable PGS-co-aniline trimer
elastomeric scaffold via micropatterning. The films showed
electroactive properties and elastic modulus comparable to those
of the native heart tissue and good viability and proliferation
of rat cardiomyoblast-derived H9c2 cells. 10 wt% of aniline
trimer was found to be the optimum concentration, which
led to significantly enhanced cell-cell interaction, maturation
and synchronous calcium transients of neonatal rat primary
cardiomyocytes. The groove/ridge surface characteristics guided
CM’s alignment and elongation.

A three-layered scaffold made of PLT32i and PGS with mul-
tiscale, hierarchical pore architecture was developed via micro-
molding and porogen leaching for CTE (Figure 8).1'81 Porous

Adv. Healthcare Mater. 2021, 10, 2002026 2002026 (22 of 39)

grids with microchannels and porous films were prepared from
PLT32i, whereas the porous vascular-parenchymal interface was
made of PGS. After assembly and perfusion of cells in the struc-
ture, a contractile, prevascularized heart tissue was obtained.
The PLT32i offered a hierarchical architecture of macroscale
pore channels, which enabled robust perfusion, guided heart cell
alignment, and microscale pores that increased heart cell reten-
tion while reducing polymer volume fraction. At the same time,
PGS served as a microporous vascular-parenchymal interface
providing high oxygen permeance.

Recently, mixtures of PCL, PGS, and NaCl particles were 3D
printed to achieve a stacked construction with regular criss-
crossed filaments and interconnected micropores (Figure 9).%”]
The scaffold showed superior mechanical properties compared
to its single components and favorable biodegradability and bio-
compatibility. In a rat model, 3D printed PGS/PCL scaffolds
showed improved and preserved heart function after MI as it
increased left ventricle wall thickness, reduced infarct size, pro-
moted vascularization, and increased M2 macrophage infiltra-
tion. Due to its formability to any desired size or shape, it
is expected that 3D printing will experience an upward trend
in biomedical applications, including for developing PGS-based
scaffolds for CTE.

Ruther et al.®l investigated the adhesion of electrospun
gelatin fibers on porous PGS substrates forming bilayered
scaffolds,!*! whereby direct electrospinning on the PGS sub-
strate versus gelatin gluing of the two layers was compared. The
authors concluded (according to adhesion tests) that gelatin glu-
ing, which resulted in chemical bonding of the components, led

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 9. Scheme showing the 3D printing set-up and mixed ink of PGS and PCL prepolymer with salt particles as well as the therapeutic effects
of infarcted hearts when treated with the PGS—PCL scaffolds on infarcted myocardium. A) Images showing a 3D-printed PGS—PCL scaffold with the
multilayer structure as well as the flexibility of B) PGS—PCL scaffolds. C) Different 3D-printed cardiac patches. Top-view and cross-sectional SEM images
showing the morphology of D-G) 3D printed PCL, H-K) PGS and L-O) PGS-PCL scaffolds (scale bars: D), F), H), J), L), N)-C), E) 200 pm, E), 1), M),
50 ym, G), K), O) 20 pym). Reproduced with permission.[3”] Copyright 2019, Wiley-VCH GmbH.

to the best results even after two weeks immersion in phosphate- In contrast to the use of preformed scaffolds by electrospin-
buffered saline, thus demonstrating the possibility of using ning, solvent casting, micropatterning, micromolding, and 3D
porous PGS substrates in the design of layered cardiac patches  printing, injectable and photo-crosslinkable versions of PGS
in combination with electrospun biopolymer (e.g., gelatin) have been developed. Recently, Hamada et al.'’’! investigated
fibers. a therapeutic strategy to deliver paracrine secretions, such as

Adv. Healthcare Mater. 2021, 10, 2002026 2002026 (23 of 39) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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extracellular vesicles (EV), to damaged heart muscles.'””! In
this approach, poly (glycerol-co-sebacate) acrylate-ethylene glycol
(PGSA-g-EG) was mixed with induced pluripotent stem progen-
itor cell-derived EVs and delivered directly via a syringe to the af-
fected myocardium.['’] PGSA-g-EG was then photocrosslinked
with a LED lamp in situ.l'®] The polymer was shown to release
EV during a two-week in vitro degradation study continuously
and to adhere to the epicardium for at least one month in an in
vivo rat model.'%]

Overall, PGS structures in various combinations with other
polymers have been fabricated mainly by electrospinning and
such systems have shown promising results for CTE. How-
ever, modern fabrication techniques like micropatterning and 3D
printing are gaining ground, especially as they enable the fabri-
cation of thicker constructs (in comparison to electrospinning).
In future, combinations of both nano and microscale fabrica-
tion techniques will be considered, as the scaffold properties will
be enhanced on the basis of developing robust, hierarchical 3D
structures.

4.2. Vascular TE

As mentioned above, cardiovascular diseases remain one of the
leading causes of mortality and morbidity worldwide. In the event
of atherosclerosis, plaque deposits and the arterial wall hard-
ens, which results in stenosis or blockage of the blood vessel.
Lack of oxygen and nutrient supply can lead to severe conse-
quences like M1, stroke, and other health complications.['7¢! Usu-
ally, bypass surgery with autologous venous or arterial grafts
is performed which has limited access to available grafts, re-
quires additional surgeries, and has a risk of donor site mor-
bidity. On the other side, synthetic vascular grafts can only be
used for large-diameter blood vessels due to thrombus forma-
tion and frequent failure in small-diameter grafts nowadays.!17¢]
When designing a tissue-engineered vascular graft (TEVG),
the essential requirements are its biocompatibility, mechani-
cal strength, and nonthrombogenicity. Commonly, scaffolds for
vascular grafts are fabricated via sheet rolling, matrix mold-
ing, direct scaffolding like electrospinning or 3D printing, as
well as further processing of decellularized xenogeneic grafts.
Regarding PGS, electrospinning and salt leaching or combi-
nations of both have been mostly investigated for vascular TE
applications.

The material combination of PGS and PCL also proved to be
favorable for the fabrication of vascular grafts. Small-diameter
tubular PGS/PCL grafts with an internal diameter of 2 mm were
fabricated by electrospinning.l'!l A 1:1 PGS: PCL ratio with a
relatively large average fiber diameter of 3.94 + 1.39 and 5.57 +
1.55 pm revealed comparable mechanical properties and suture
retention to the native human artery. The introduced materials
presented acceptable cytocompatibility to human vascular en-
dothelial cell line EAhy926 and the fabricated vascular grafts of-
fered suitable anticoagulation property with a low hemolysis per-
centage compared to pure PCL scaffolds. The effect of PGS/PCL
fiber organization on the behavior of endothelial cells was inves-
tigated by Gaharwar et al.'%®! Aligned PGS/PCL fibers not only
led to higher elastic moduli compared to random fibers but also
induced enhanced endothelial cell proliferation and cell organi-
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zation in response to the topographical cues.l'%! To improve the

mechanical properties of the graft, sequential electrospinning
was also developed to enclose the inner PGS/PCL layer with a
layer of neat PCL.[1!) The two layers firmly adhered, and the two
distinct fiber mats revealed a fiber diameter gradient from the
outside (139 + 29 nm) to the inside (370 + 73 nm). The con-
tact angle of PGS/PCL decreased to 51 + 3° compared to pure
PCL with 117 + 5°. The PGS/PCL layer was capable of mimick-
ing antithrombotic features of the native intima and supported
attachment, growth, and infiltration of MSCs. Similarly, a bilay-
ered tubular graft was fabricated, which presented a thicker in-
ner layer of PGS microfibers and a thin outer layer made of PCL
(Figure 10).['%7] For neat PGS fibers, PGS was blended with PVA,
which was removed with water and ethanol after cross-linking of
PGS. Subsequently, the PGS core was hardened by freeze-drying
in a NaCl solution that filled the pores with salt crystals. PCL
fibers were electrospun onto the PGS core, and the final vascu-
lar graft was washed in water for NaCl removal. The bilayered
tubular grafts were implanted as infrarenal aortic interposition
grafts in mice, where they remained up to 12 months without
any sign of thrombosis or stenosis in the absence of anti-platelet
therapy and anti-coagulation. The long-term strength of the graft
was confirmed as no rupture or catastrophic failure was detected
and PCL sheath supported this stability. After 12 months of in
vivo test, the remaining polymer of outer regions of the graft
was still remained, whereas in the inner region organized con-
tractile SMCs were found and neo-tissue was formed. No graft-
related mortality was observed, and remodeling of graft and the
adjacent aorta had taken place.['”] Stowell et al.l'’”] evaluated an
electrospun PGS/PCL core/shell combination for potential use
as a small-diameter vascular graft. However, the highly porous,
bilayered vessels showed almost complete degradation and in-
flammatory response after 15 d in vivo in a sheep model, ren-
dering it insufficient as remodeling grafts in large animals.[*””]
Moreover, Wu et al.l'’% showed in their in vivo work that the
thickness of a PGS/PCL core/shell vascular implant influences
remodeling. They created PGS grafts with high interconnected
porosity and varying vessel wall thickness. However, all of the
scaffolds suffered high rates of occlusion and rupture, requiring
further research work.!'”8] On the other hand, a combination of a
salt-leached palmitic acid-modified PGS core and a PCL electro-
spun outer layer showed reduced inflammation, robust mechan-
ical properties, and a layered distribution of SMCs and ECM pro-
teins in vivo, improving the overall performance of PGS-based
vascular grafts.['7]

As a reasonably simple method, salt leaching was also used
to create vascular grafts of neat PGS. PGS was mixed with NaCl
particles and filled in a mold, cross-linked, either according to
the standard procedure!'®] or microwave-assisted,”?! and later
purified. Microwave-assisted cross-linking led to similar poros-
ity, mechanical properties, and biocompatibility compared to con-
ventional cross-linking, however, the process was eight times
faster.” Porous PGS grafts were exposed to enzymatic degrada-
tion to understand the interplay between degradation and graft
erosion.® Despite their porous structure, the scaffolds lost the
mass exponentially via surface erosion, which led to a 20% reduc-
tion of the outer diameter but no significant change in apparent
density. Furthermore, the mechanical properties of the graft were
not affected by the mass loss.[!8]
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Figure 10. Scheme of the electrospinning process for the production of artificial vascular grafts. In brief, a polymer solution of PGSp (blue) and PVA
(red) is deposited by an applied voltage on a plastic rod (1) and then drawn off on a rotating stainless-steel mandrel (2). The PGSp—PVA fibers are then
thermally cross-linked and cleaned. Eventually, a PCL solution (violet) is deposited by electrospinning first on an aluminum plate anode (1) and then
drawn off onto the rotating cross-linked PGS core (2). The final result is a composite of an electrospun PGS microfiber core (green) and an electrospun
PCL fiber coating (violet) (a). Macroscopic and inset transverse view of a finished graft before implantation, which is shown next to an American dime
for size comparison (b). In situ view of a TEVG that conducts blood flow on the day of implantation (c). Representative Doppler ultrasound images of
transplanted TEVGs with (top) and without dilatation (bottom) 12 months after implantation. Yellow arrows indicate the proximal anastomosis with the
adjacent proximal infrarenal abdominal aorta on the left and the implanted electrospun TEVG on the right (d). 3D reconstruction of a microcomputed
tomography image of the same graft. The graft is highlighted in red. The adjacent proximal and distal abdominal aorta is stained white (e). Reproduced

with permission.[197] Copyright 2016, Springer Nature.

Fabricated synthetic vascular grafts from PGS core and electro-
spun PCL shell have also been reported in several studies using
a combination of electrospinning and salt leaching.[21:102:181.182]
These acellular grafts degraded rapidly and supported the re-
generation of neoarteries nearly free of foreign body reaction in
rat abdominal aorta.?!l To enhance mechanical properties suit-
able for human application, the thickness of the PCL sheath was
increased, which significantly reinforced the whole grafts. This
led to a significantly decreased risk of dilation, rupture, as well
as enabled long-term muscular remodeling. Later, the superior-
ity of PGS/PCL grafts over autologous jugular vein grafts was
observed regarding the reconstruction of the carotid artery.!'82]
The comparison showed that PGS/PCL grafts were remodeled
into neoarteries with smooth and even vessel wall comparable
to native carotid arteries within 12 months after implantation,
whereas autologous grafts remodeled into neoarteries with di-
lated vessel cavity and thickening of the vessel wall. Additionally,
in PGS/PCL neoarteries, muscular components were well orga-
nized, and fibers with higher flexibility and elasticity were ob-
served. The synthetic scaffolds also enabled the growth of rein-
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nervated adventitia for adequate nerve responsiveness. These re-
sults were confirmed by investigations reported by Lee et al.[!8]
In a related study, anisotropic PGS membranes have been
fabricated via the help of sacrificial fibers by Hsu et al. and Li
et al.l112183] Electrospun-aligned PVA fiber mats were immersed
in PGS solution with subsequent removal of PVA fibers after
PGS cross-linking.1"'?l The resulting PGS membranes showed
aligned grooves on the surface and mechanical tests revealed an
anisotropic behavior, whereas porosity was below 20%. More-
over, as PGS seemed to react with PVA, PLA/PEO electrospun
fibers were used as spacers.['®3] Successful removal of PEO at el-
evated temperature during cross-linking and washing with water
and PLA by washing with CF was confirmed by FTIR analysis
and cross-section observations. The groove width (1-3 pm) was
significantly larger than the PGS-PVA membrane (200 nm). In
vitro biocompatibility and the ability of the PGS membrane to
guide A10 smooth muscle cell orientation were demonstrated.
A possible application in vascular TE of the anisotropic PGS
membrane was demonstrated by the fabrication of a tubular scaf-
fold, whose compliance was comparable to that of native arteries
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(2-8% per 100 mmHg, depending on the orientation of the sac-
rificial fibers).

As the application of TEVGs is often limited due to the slow
degradation rate, causing a prolonged inflammatory response or
alter remodeling, rapidly degrading PGA braids were dip-coated
with PGS and cured in a vacuum oven (120°, 40 h).[18+185] The
graft was almost completely degraded after six months in vivo (rat
abdominal aorta model) and remodeled to a new artery with con-
tinuous endothelium, contractile SMCs, ECM deposition, and
similar mechanical properties to those of the native aorta were
obtained. Additionally, PGS coating decreased the inflammation
and calcification in the new artery.

In contrast to purely laboratory made TEVGs, the use of de-
cellularized tissues should be considered as well. Despite the
high potential of decellularized tissues and organs to maintain
unique conformation and composition as native equivalents, the
process of decellularization may weaken the tissue extensively.
To overcome this limitation, freshly slaughtered sheep aortae
were decellularized and then combined with PGS synthesized
via microwave irradiation.['®] The vascular hybrid graft preserved
porosity in the medial layer of the vessel. Tensile strength and
Young’s modulus decreased by a factor of three when PGS was
introduced to the decellularized graft, whereas the elongation at
breaking point increased threefold. No cytotoxic effects of human
abdominal aorta SMCs could be observed in hybrid graft extracts.
The study showed that introducing PGS in a native decellularized
ECM structure can provide sufficient strength, recellularization
capacity, and handling properties.

In summary, it can be stated that TEVGs have been mainly
fabricated by electrospinning and porogen leaching or a combi-
nation of both, whereby material choices involving both PGS and
PCL have shown promising features for vascular TE.

4.3. Nerve TE

In case of a traumatic injury of peripheral nerves, medical ther-
apy has to be undertaken as the intrinsic regeneration capabil-
ity of the adult mammalian peripheral nervous system is always
incomplete and deficient in functional recovery, which would
significantly affect the patient’s quality of life.['*”) The standard
therapy is still autologous nerve grafting. However, this tech-
nique is constrained due to a restricted supply of donated nerves,
the necessity for a second surgery, donor site morbidity, loss of
function, a mismatch between donor nerve and recipient site
and clinically functional recovery rates of only 80%.(18-1%1 Re-
search within a variety of biological or artificial nerve grafts has
been carried out to supplement or even substitute autologous
nerve grafts. Nerve grafts have to fulfill several requirements
as biocompatibility, biodegradability, permeability, biochemical
properties, as well as macro and microarchitecture.'®”] To fab-
ricate structures for nerve regeneration, conventional meth-
ods like particulate leaching, extrusion, mesh or film rolling,
and molding followed by freeze-drying are nowadays extended
by additive manufacturing techniques and submicron and
nanoscale techniques like electrospinning, phase separation, and
self-assembly.['87]

A simple, porous PGS film proved to promote motor function
recovery through nerve generation by enhancing axon growth
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and neuron sprouting in a rat model, where the complete tran-
section of the spinal cord was employed.["®] These results were
even improved if combined with chondroitinase ABC. For nerve
TE, electrically conductive grafts have shown great potential. Wu
et al.B! fabricated conductive films of PGS-co-aniline pentamer
cross-linked with HDI. The electroactivity of the films was
proven by UV spectroscopy and cyclic voltammetry, while the
conductivity of the films was determined by four-probe measure-
ment to be between 1.4 X 107° and 8.5 x 107> S cm?, depending
on the amount of aniline pentamer; sufficient for conduction of
electrical signals in vivo. Mechanical tests revealed higher tensile
stress but lower tensile strain for higher aniline pentamer con-
centration. As the cross-linking density increased with aniline
pentamer concentration, the authors suggested that the strong
physical cross-linking of aniline pentamer segments significantly
contributed to the improved mechanical properties. Further-
more, aniline pentamer was also responsible for slower degrada-
tion rates in in vitro experiments. SC’s myelin gene expression,
as well as neurotrophin secretion, were significantly increased
and the polymer films were able to induce SC’s myelination.

In order to achieve a similar effect, PGS was blended with
calcium titanate (CaTiO;), and the effect of calcium ion release
on axon outgrowth was investigated.[!*] CaTiO, has been shown
to possess conductive properties and piezoelectric effects.[1917193]
Furthermore, it was demonstrated that calcium is a critical ion for
nerve regeneration as it develops single nerve cells and functional
connections between them. Additionally, the axonal outgrowth
rate is regulated by calcium signaling.'®* The elastic modulus
and tensile strength of the composite film increased dramatically
when CaTiO, nanoparticles were added. The authors related this
effect to the enhanced cross-linking density and the bonds be-
tween CaTiO, particles and PGS, the physical barrier of CaTiO,
particles in the polymer chains acting against slippage of elas-
tomer chains, and the bound rubber effect (structural units of
elastomer are absorbed onto the surface of the reinforcing par-
ticles). Higher CaTiO, content led to slightly increased calcium
ion release, with an upward trend from 1 to 18 d. However, high
calcium ion concentrations might be harmful to nerve and ax-
onal regeneration as well as on metabolic activities.l] How-
ever, PC12 cell studies revealed good cell adhesion and prolifer-
ation and also axon outgrowth and extension on such composite
samples.!1%

A related study showed that an NGC of PCL, PGS, and
graphene nanosheets showed promising properties for its appli-
cation in nerve regeneration.®¢] At an optimal concentration of
PCL-PGS (50:50), the addition of 1 wt% graphene nanosheets
resulted in a 31-fold increase of electrical conductivity to a final
value 0f 5.78 X 107 + 0.86 X 10~ Ohm m'!. Besides that, the ad-
dition of 1 wt% graphene led to enhanced cell survival and cell
attachment. Furthermore, PGS positively influenced cellular be-
havior probably due to enhancing the wettability. PGS-maleate
with integrated magnesium (Mg) ions has also been proposed
for nerve TE.' Other cations like Ca?*, Mg?* can also mediate
diverse cell-material interactions.[1?¢1%] Whereas the addition of
Mg ions did not considerably influence the physical and mechan-
ical properties compared to pure PGS-maleate, the proliferation
and neural-specific gene expression of SCs were significantly im-
proved. Additionally, the authors claimed that this hybrid of mag-
nesium ion (Mg?") and poly(glycerol-sebacate-maleate) is a soft
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material with desirable injectability, but it can also be used to de-
sign 3D elastic constructs.

To achieve highly porous scaffolds, electrospinning has also
been applied in nerve TE. PGS-PMMA/gelatin fiber mats produc-
tion with average fiber diameter increasing from 167 + 33 nm up
to 631 + 156 nm by addition of gelatin was reported.?”! In con-
trast, a reduced contact angle of fiber mats by increasing gelatin
content was reported, which improved the PC12 cell prolifera-
tion values significantly compared to PGS-PMMA scaffolds. In-
terestingly, this blend induced the differentiation of PC12 cells
into neuron-like cells even in the absence of any nerve growth
factor (NGF) or chemical treatment, demonstrating the material
suitability for nerve regeneration. PGS—-PLLA electrospun fibers
developed a core-shell behavior with PLLA material concentrated
in the core after cross-linking at 120 °C in vacuum for 48 h.'"?]
An increasing PGS concentration led to a reduction in average
fiber diameter to a minimum of 332 + 103 nm. The ductility
of the blend fiber mats with up to 40% PGS was improved in
comparison to PLLA scaffolds. Hypothalamus A59 nerve cells
compared to the polystyrene control showed lower proliferation.
However, the differentiation of A59 cells into neuron-like cells
without the help of growth factors or chemical treatments was
detected. Saudi et al.'" electrospun aligned PGS-PVA fibers
from the slightly modified synthesized PGS. Mechanical tests of
the fiber mats showed suitable mechanical properties, as Young’s
moduli were within the range of peripheral nerve (between sev-
eral tens of kPa to 0.5 MPa). Due to the higher fiber fusion in a
higher concentration of PGS, the higher ultimate tensile strength
and Young’s modulus were measured. Rat pheochromocytoma
cells PC12 tests proved that PVA-PGS 50:50 and 40:60 were the
better combinations in terms of cell proliferation. Later, the same
group!'] improved their system by adding lignin, which has
been recently indicated for nerve tissue application. Lignin, a nat-
ural polymer, showed antioxidant property, oxygen-free radical
scavenger critical for nerve regeneration.[''>192001 With increas-
ing lignin concentration in the blend fibers, Young’s moduli in-
creased up to 0.4 MPa and PC12 cell proliferation was enhanced.
Furthermore, lignin showed neural cell differentiation potential
proven by the mRNA expression level for Gfap, g-Tub III, and
Map2 and immunocytochemistry.

4D biofabrication approach using electrospun bilayer has also
been introduced for the fabrication of NGCs. This bilayer was
made of an aligned electrospun mesh of PCL/PGS blend and
random electrospun mesh of hyaluronic acid. Aligned fibers of
PCL/PGS with 70/30 ratio presented a modified stiffness and
wettability in comparison with pure PCL and was introduced as
an optimum composition for nerve regeneration. The random
nanofibrous mesh of hyaluronic acid showed a great adhesion
to the PCL/PGS layer due to the modified wettability and differ-
ent swelling degrees of the hydrogel-based layer and PCL/PGS.
This different swelling ratio resulted in self-folding of the bilayer
mesh, which was reversible by choosing a different water-based
media. The diameter of the tubular construct could be well con-
trolled by varying the thickness of each layer as well as the overall
thickness of the bilayer. PC12 cells cultured on the aligned fibers
of the PCL/PGS showed enhanced alignment even after one day
of culture and after 4 days of differentiation in the presence of
100 ng mL! NGF, PC12 cells showed outgrowth and formation
of neurites.?]
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Laser ablation was used to create a PGS NGCs with mi-
croscaled patterns of channels and chambers mimicking the ul-
trastructure of neural tissue.'>®! The channels were fabricated
for neuronal axons guiding, while the chambers were designed
for Schwann cell attachment. Additionally, a continuous gradient
distribution of NGF 7S was successfully immobilized in a gelatin
coating. Differentiated neural stem cells (NSCs) attached and di-
rectionally extended as well as neurite length and neuronal gene
expression significantly increased with higher NGF 7S concen-
trations. In coculture with SCs, NSCs were able to differentiate
into neuronal cells with strong expression of mature neuronal
markers as well as myelin basic protein. By combining physical,
biological, and chemical cues, this device could serve as an ad-
vanced artificial NGC for peripheral nerve regeneration.

Singh et al.[62] extensively studied methacrylated PGS (mAcr-
PGS) tubes for nerve regeneration in mice (Figure 11). The NGC
tubes were fabricated by SLA and postprocessed via laser cutting
to obtain a wall thickness of 0.35 mm, a length of 5 mm and a di-
ameter of 1 mm. The mAcr-PGS tubes were flexible, resistant to
kinking, and could withstand suturing, which makes them appli-
cable in larger gap models. Furthermore, in vitro analysis showed
that neurites lengthened and aligned within the grooves of the
NGC as well as neuronal and glial cell growth was observed. In
in vivo experiments, the regeneration of axons, directed axonal
growth and no increase of neuropathic pain by mAcr-PGS con-
duits were found compared to native nerve grafts.

Overall, from very simple porous and pristine films, to elec-
troactive, conductive scaffolds with diverse conducting materials
and electrospun fibers in combination with synthetic and natural
polymers, PGS has shown promising results as NGCs, promot-
ing neuronal cell growth as well as axon outgrowth and extension.

4.4. Skin TE/Wound Healing

Injury to the skin or tissues in general due to external (e.g.,
surgical interventions, operations) or endogenous influences
(e.g., chronic diseases, acute or thermal trauma) can lead to a
significant impairment of physiological activities or even death.
In recent years, tissue-engineered skin constructs and wound
dressings have shown great potential in the treatment of various
skin-related diseases. Treatment methods have evolved from
previous pure films to more sophisticated, multilayered skin
replacement materials.?!l Wound dressings or artificial skin
generally represent a protective barrier that must support the
different stages of the healing process and therefore have suit-
able properties to control fluid loss, infections, contractures, and
scarring.[22]

Thanks to the stable batch-to-batch consistency and easy
tailorability, PGS is utilized for skin TE and wound healing
applications.[?!] However, unlike natural polymers, synthetic
polymers show a lack of cellular recognition that limits their use
as a stand-alone material in skin TE. Therefore, in this appli-
cation also various modifications of PGS in combination with
natural polymers, such as collagen or gelatin, or growth factors
and antibiotics were reported. Similarly, electrospun mesh with
a 3D porous structure was an attractive substrate with highly
interconnected porosity resulting in high oxygen permeability
and adequate transportation of wound secretions away from
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Figure 11. Computer-aided model (Google Sketchup) of the micro-SLA set-up by Singh et al. for the production of NGCs. The setup consists of a
405 nm laser [A], a DMD [B], a motorized Z-table [C] and a container with liquid polymer [D]. a,b) The elastic properties of the mAcr-PGS NGCs. c) A
CAD model (Maya, Autodesk) of an ideal 3D printed NGC. d) A final 3D-printed and finished product of the NGC, ready for implantation. Scanning
electron microscope images show the z-translation speed of 0.03 mm s*! and various laser powers of €) 80 mW, f) 65 mW, g) 30 mW and h) 10 mW.
Reproduced under the terms of the CC-BY 4.0 license.l152] Copyright 2018, the Authors. Published by Elsevier.

injured areas.?®! For example, a combination of ciprofloxacin
(CIP) loaded gel/PGS fiber membranes was reported by Ayati
Najafabadi et al.l'?®] for skin TE application, where they exam-
ined variable ratios of sebacic acid to glycerol and evaluated their
biological and physical properties.['2$22] Similar to the study of
Shirazaki et al.,[2?] they used 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide cross-linking reaction of
gelatin to control the release of CIP over time. Highly porous
fiber mats with a porosity of over 80% resulted in an adequate
degradation rate in an aqueous environment, together with an
appropriate prolonged antibacterial release by swelling.[22] An-
timicrobial tests showed that CIP could effectively combat both
Gram-negative (Escherichia coli) and Gram-positive (Staphylococ-
cus aureus) bacteria over time, but it does not affect cells (fibrob-
last L929) negatively, which is an essential feature of an ideal
wound dressing.['%8]

Another way of embedding antimicrobial substances into a fi-
brous PGS structure was researched by Heydari et al.'?*] In their
study, a novel biodegradable PGS/PHB wound dressing with
simvastatin (SIM) and CIP was successfully produced by coax-
ial electrospinning. Therefore, PHB/CIP was spun as the outer
shell and PGS/SIM as core material and the produced core-shell
samples showed controlled release of the embedded antibiotics.
CIP loaded into the surrounding PHB part of the fiber showed a
burst release during the first 24 h, which facilitated the control of
wound infections in the initial state. SIM loaded in the PGS core
part, however, showed a slow rate of release, allowing sufficient
time for wound healing.!1?*]

Besides the commonly used antibiotics CIP and SIM, Abudula
et al.l'*2] used a chitin-lignin composition as antibacterial sub-
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stances incorporated in PGS fibers. Chitin and lignin occur
mainly as biowaste, produced as by-products of crustaceans and
plant biomass. The authors ascertained in the course of their
work that the best mechanical properties of the hybrid fibers were
achieved at a volume ratio of the chitin-lignin sol-gel solution
and PGS solution of 85/15, whereas higher amounts of PGS me-
diated the best antimicrobial properties, with activity both against
bacteria and fungi.!*?]

Most of the treatment strategies for skin tissue replacements
and wound healing are currently based on systemic, poorly con-
trolled release of high doses of antibiotics, which can lead to
side effects and drug resistance in the long run. Thus, a con-
trolled temporal release of the drug would be desirable for future
wound healing treatment. Tamayol et al.[**! developed thermally
controllable, antibiotic-releasing fiber mats using a PGS-PCL
blend embedded with drug-loaded thermo-responsive nanopar-
ticles of PEGylated-CH.!*! A bioresorbable metallic heating ele-
ment made of Zn, Mg, and silver (Ag), respectively, was patterned
directly onto the nanofiber substrate to apply thermal stimulation
to release antibiotics whenever required (Figure 12). In the case of
the bioresorbable metals Zn and Mg, the degradation rate could
be controlled, with drug release being proportional to the voltage
applied to the heating element. In vitro studies confirmed the
biocompatibility as well as biodegradability of the fiber complex,
which was able to effectively release antibiotics against various
strains of bacteria (Staphylococcus aureus and Escherichia coli) on
demand. Therefore, this smart platform could be further investi-
gated in the future as smart surgical networks, TE scaffolds, and
wound dressings that can release drugs on demand in response
to external stimuli.*"]
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Figure 12. The functional principle of a drug delivery system with integrated heating element and electronics developed by Tamayol et al.[’l Heat-
sensitive drug nanocarriers were incorporated into nanofibers of technical fabric and were able to deliver their drugs at temperature increase initiated
by the integrated, flexible heating element. Reproduced under the terms of the CC-BY license.l’] Copyright 2017, the Authors. Published by Springer

Nature.

Further applications of a PGS/PCL nanofibrous mesh as a su-
ture/adhesive material were recently studied (2] The study in-
volved an electrospun PGS/PCL mesh in combination with a
photo-crosslinkable glue composed of 5% (w/v) GelMA prepoly-
mer solution to fix the material in a volume muscle loss model.
A high adherence to the tissue and under large dynamic move-
ment post-surgery stretching was reported and high mechanical
stresses did not result in fracture at the suture point.

Besides electrospinning, Rosenbalm et al.®?l assessed a
PGS/nHA combination for wound closure via tissue transport.
They mixed different amounts of nHA (3 wt% and 5 wt%) with
PGS and cast it into thin rectangular films. They found out that
the addition of 5 wt% nHA to PGS showed accelerated degrada-
tion combined with reduced flexibility and tensile strength due to
an interruption in the cross-linking of PGS. When the PGS was
doped with 3 wt% nHA, no reduction in flexibility and elongation
was observed, but a simultaneous increase in tensile strength was
measured within the desired force range for the closure of soft
tissue defects.!®?] Based on these findings, adding 3 wt% nHA to
the shape memory polymer PGS could serve as a right candidate
for the closure of nonhealing large soft tissue wounds.

Zhao et al.l'**] on the other hand, developed an injectable
physical double network removable hydrogel adhesive for
treating multidrug-resistant bacterial infection as well as
full-thickness skin incisions. The hydrogel system was com-
posed of catechol-Fe** cross-linked poly(glycerol sebacate)-
co-poly(ethylene glycol)-g-catechol prepolymer (PEGSD) and
GTU. PEGSD-GTU was prepared by merely mixing solutions of
PEGSD, iron(III) chloride, and GTU in physiological conditions.
The double network hydrogel developed in this way showed rapid
shape adaptation as well as self-healing properties. Such hydrogel
could be dissolved again by near-infrared irradiation or change
of the acidic milieu (pH) via an accompanying sol-gel transition
or dissolution, respectively. In vivo experiments proved that
PEGSD-GTU showed adequate hemostasis of skin lesions and a
high degree of the killing of methicillin-resistant Staphylococcus
aureus (MRSA) compared to commercially available biomedical
adhesives or surgical sutures. Besides, the material showed a reg-
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ulated inflammatory response, accelerated collagen deposition
and vascularization. Together with its dissolvable and antioxidant
properties, PEGSD-GTU is considered an excellent multifunc-
tional dressing for the treatment of in vivo MRSA infections,
wound closure as well as wound healing,['*}] which shows yet
another attractive application of PGS in the wound healing sector.

Not only the incorporation of commercially available antibi-
otics like CIP and SIM into electrospun PGS fiber mats has
shown potential for skin/wound TE, but also the addition of nHA
to PGS demonstrated the wound closure capability of nonhealing
large soft tissue wounds. Furthermore, injectable hydrogel sys-
tems with PEGSD proved the usefulness of PGS in skin/wound
TE applications due to rapid shape adaption, self-healing proper-
ties, and high rate of MRSA killing.

4.5. Bone TE (BTE)

In recent decades, the number of bone injuries has increased
steeply upward because of the aging population and increasing
incidence, bone necrosis, bone cancer, trauma, or other diseases.
BTE evolved as a potential alternative compared to conventional
bone grafts.[2*] Many different materials from ceramics to
polymers and composites have been investigated, but the most
promising group are osteoinductive biomaterials, which can
induce ectopic bone formation by instructing its surrounding
in vivo environment to form bone.[2°207] This ability has been
demonstrated for a family of biomaterials of natural and syn-
thetic ceramics like hydroxyapatite, various calcium phosphate
compositions, and BGs.[2%] In general, scaffolds for BTE should
offer excellent biocompatibility, biodegradability, osteoinductiv-
ity, and appropriate mechanical integrity.[2%] As natural bone
is a composite of inorganic hydroxyapatite crystals and organic
collagen fibers, polymer-ceramic composites represent an ideal
approach for BTE. Besides PHB, PCL, PLA, PLGA, gelatin, CS,
and collagen,?®! PGS came into focus for BTE. Even though
PGS is a relatively soft and elastic polyester with mechanical
properties usually in the range of 0.25 to 1.45 MPa for the elastic
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modulus and 0.3 to 1.5 MPa for the tensile strength,[*$47] the
incorporation of ceramic particles or the infusion of PGS into a
ceramic scaffold is convenient approaches to enhance mechan-
ical properties of the scaffold suitable for bone regeneration.

For example, PGS-based scaffolds have been fabricated by sol-
vent casting or salt leaching with the addition of ceramic parti-
cles. Zhao et al.l*’! added silica glass particles to PGS, resulting
in a hybrid porous elastomer with tunable elastic properties. By
changing the silica phase content, the tensile strength ranged be-
tween 1to 5 MPa and 2 to 32 MPa, respectively. Furthermore, the
scaffold’s hydrophilicity was enhanced by the inclusion of silica
particles. The hybrid PGS-silica scaffolds showed a significantly
elevated proliferation of MC3T3 compared to PGS scaffolds. Sim-
ilar results were found by Kerativitayanan et al.,**l who incor-
porated nanosilicates into a PGS matrix. The mechanical stiff-
ness was increased without affecting the elastomeric properties.
They also observed that the addition of nanosilicates significantly
enhanced cell adhesion, supported preosteoblast cell prolifera-
tion, upregulated alkaline phosphates, and mineralized matrix
production. It was found that by the addition of nanosilicates,
the degree of cross-linking, hydrophilicity, and thermal and struc-
tural stability could be tailored.?* The same group!®! further in-
vestigated the PGS—-nanosilicate composite with pores induced
by salt leaching. The addition of pores did not change the effect
of nanosilicates on the PGS matrix. Similarly, nanosilicates in-
creased mechanical stiffness without comprising the elastomeric
properties. The modulus was increased 4.5-fold by the addition of
10% nanosilicates to PGS. Furthermore, the recovery after eight
cycles of compression was determined to be 98.4 + 1.4% and
97.6 + 3.4% for PGS and PGS with 10% nanosilicates, respec-
tively. The authors suggested that the mechanical properties of
PGS/nanosilicate scaffolds were tunable with the incorporation
of nanosilicates. Moreover, the elasticity of the scaffold could be
favorable as some flexibility is necessary during the early stage
of fracture repair involving cartilage formation before bone calci-
fication. The incorporation of nanosilicates could also modulate
the degradation rate of nanocomposite PGS scaffolds, and the
cell adhesion, spreading, and proliferation was supported by the
addition of nanosilicates as well as the osteogenic differentiation
of preosteoblasts was promoted. Furthermore, the alkaline phos-
phatase activity and production of matrix mineralization were in-
creased. In vivo experiments in mice, where the nanocomposite
scaffolds were implanted between femur bone and quadriceps,
indicated biodegradability and biocompatibility of the scaffolds
21 d after implantation. No significant signs of inflammation
could be observed post-implantation.

Instead of silicates, f-TCP particles have also been used as
a filler material for PGS matrices. Tevlek et al.*] fabricated a
bilayered guided bone regeneration construct by adding f-TCP
particles inside PGS prepolymer and during the cross-linking
process, the particles concentrated in the lower part of the PGS
matrix. With this approach, they fabricated a gradient construct
for bone-soft tissue interface applications, which has a porous
ceramic phase for bone regeneration, a transition zone and an
impermeable elastomer side preventing soft tissue ingrowth. It
was found out that the f-TCP particles were homogeneously dis-
tributed within the PGS matrix, obtaining an overall open poros-
ity of 35%. The addition of f-TCP particles led to a fivefold in-
creased compression strength (up to 14 + 2.3 MPa) without a
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visible increase of elongation. In vitro cell studies showed a bio-
compatible behavior of the neat PGS side and an excellent bone-
side cell attachment. Biological properties were enhanced, and
osteoblast morphologies were more pronounced in comparison
to the control when a bone morphogenetic protein (BMP)-2 or
BMP-2 and transforming growth factor-1 were applied on the
constructs. The same group!?!% later showed that this elastomeric
composite of PGS/f-TCP particles could also be fabricated by ex-
trusion. The process did not negatively influence the mechani-
cal flexibility as well as cytocompatibility of the final scaffolds,
which showed shape-memory features and could be shaped into
the desired size and various forms via temperature stimuli. g-
TCP particles also demonstrated a reinforcing effect on the me-
chanical properties of PEGylated PGS/ -TCP particles compos-
ite scaffolds.[*] The most promising formulation proved to be a
50% weight ratio of -TCP to PEGS20 prepolymer as the maxi-
mum tensile strength was 9.58 + 0.02 MPa, being 1.5-fold higher
than that of neat PEGS membranes. Additionally, this composi-
tion showed the highest bone volume to tissue volume ratio of
17.26 £ 1.49% after 4 weeks and 23.24+ 2.85% after 8 weeks post-
surgery.

To alter osteoblast cell adhesion, proliferation, and differenti-
ation, maleic anhydride has been grafted onto PGS and mixed
with nHA in different weight ratios in a salt leaching fabrica-
tion process.!!l Interconnected porous scaffolds with an aver-
age pore size of 150 to 300 pm and porosities between 84% and
90% were achieved. The compressive strength of the scaffolds im-
proved 10-fold when the hydroxyapatite content was increased.
The addition of nHA to PGS-g-M resulted in elevated human
adipose-derived stem cell proliferation and enhanced expression
of osteogenic related genes like Runt-related transcription factor
2, osteocalcin, and alpha-1 type I collagen, while causing little in-
flammatory response.

PGS has also been used to infiltrate ceramic-based scaffolds.
Pure ceramic scaffolds are commonly fabricated by a porogen-
based process, foam replica method, or 3D printing technique.
They fulfill a variety of essential requirements for BTE scaffolds
like inherent biocompatibility, osteoconductivity, and degrada-
tion rate, but they usually lack sufficient mechanical strength.
Polymer coatings or the infiltration of polymers, being either
natural polymers like gelatin/?!?! or biotechnology-derived poly-
mers like poly(3-hydroxybutyrate-co-3-hydroxyvalerate),l?!3] onto
ceramic scaffolds have been investigated before and the approach
has been shown to be sufficient to enhance the mechanical
strength of the scaffolds. As a reinforcement material in bone
repair, PGS has several advantages over other conventional bone
repair biomaterials like its long-lasting and tunable elastomeric
properties, as well as its adjustable degradation kinetics,?l and
its acidic behavior, which enables a reaction with alkaline bio-
ceramics and BGs via metallic carboxylation.21*215] Lin et al.[21¢]
fabricated multiparameter-adjustable interconnected macro- and
mesoporous bioactive glass (MBG) scaffolds by PU foam tem-
plating and impregnated those with dissolved PGS of differ-
ent mass ratios (between 0.2 up to 3.2 g mL?) in ethanol. The
PGS in the final scaffolds remained uncross-linked. PGS im-
pregnation led to mechanical strength and toughness enhance-
ment in comparison to pure MBG scaffolds and resulted in
a broad range of adjustable mechanical strength values cover-
ing that of human trabecular bone. Whereas noncoated MBG
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scaffolds were crushed into particles, the PGS coating slowed
down the crack propagation in MBG struts, and the PGS rein-
forced scaffolds maintained their shape and integrity. Further-
more, the PGS coating could tailor the degradation rate of the
composite scaffold. The dissolution of MBG could lead to ele-
vated pH values, which were counteracted by the dissolution of
PGS, keeping the pH value in a suitable range. The PGS coat-
ing was also found to promote cell attachment and proliferation
in a dose-dependent manner, without negatively affecting the os-
teogenic induction capacity of the MBG substrate. This system
was further improved by loading recombinant human bone mor-
phogenetic protein-2 (thBMP-2), a potent osteoinductive growth
factor, into the MBG substrate and infiltrating it with uncross-
linked PEGylated PGS.1?'”] While PGS coating supported the pro-
liferation of rat bone marrow stem cells, PGS coating exhibited
an improvement in osteogenic differentiation. Finally, in vivo
experiments proved that hBMP-2-loaded MBG/PEGS scaffolds
showed a rapid bone-forming capacity. PGS has also been used
to infiltrate f-TCP foam replica scaffolds with subsequent cross-
linking of PGS, which enhanced the mechanical strength of the
composite scaffold (3.7 fold increased elongation at break and
200 fold increased compressive strength) in comparison to pris-
tine B-TCP scaffolds.[% Additionally, the composite scaffolds ex-
hibited a complete and rapid recovery of their original shape af-
ter an abrupt drop of compressive load. It was also shown that
PGS could direct the scaffold biomineralization, from a Ca/P par-
ticulate shape into a nanofiber-interweaved structure. As shown
by Lin et al.,[2%] the scaffolds demonstrated pH autoregulation.
HUVEC and rat bone marrow stromal cells showed efficient cell
penetration into the scaffolds and suitable cell proliferation.>!
Also, calcium phosphate scaffolds infiltrated with PEGylated PGS
have shown optimal mechanical properties and synchronously
bone marrow-derived stem cell attachment and proliferation in a
dose-dependent means.[*18] Moreover, PEGS/calcium phosphate
cement (CPC) scaffolds were shown to induce osteogenesis com-
pared to pure CPC scaffolds in in vivo experiments.

A ceramic-free concept for BTE was developed by Shi et al.[3%!
and Zaky et al.[?*! In an earlier study,®®! PGS was blended with
PLA, as PLA itself has high mechanical properties but also inher-
ent brittleness. The superelasticity of PGS was used to counteract
the brittleness of PLA. It was found!®! that PGS could effectively
modify PLA-based salt leached scaffolds as it improved the hy-
drophilicity, toughness, ductility and bioactivity of the scaffolds.
Especially with oxygen plasma pre-treatment, the scaffolds sup-
ported cell adhesion and proliferation and showed the highest
osteogenic markers ALP Runt-related transcription factor 2 and
osteocalcin mRNA expression. In another study?*®l neat PGS
porous scaffolds were compared to PLA/PGA porous scaffolds. In
vivo experiments showed a full gap bridging with newly formed
bone by PGS elastomer within eight weeks, whereas negative
controls developed only minimal bone formation. The study im-
plied that PGS had osteoconductive properties as it contributed
to bone regeneration by recruiting host progenitor/stem cell pop-
ulations. Furthermore, mechanical signals could be transmit-
ted via the load-transducing substrate to the populated cells,
which promoted differentiation and matrix maturation. It was
concluded that the material properties of PGS are closer to os-
teoid tissue rather than mineralized bone.8%219]
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Last, also nanostructured scaffolds by electrospinning
have been developed for applications in BTE, as it is well
known that nanotopography influences osteoinductivity and
osseointegration.[204220-223] The group of Wang et al.l!%! electro-
spun PCL/PGS blend nanofibers and successfully incorporated
nanoscaled hydroxyapatite particles into the fibers. The fiber
mat showed excellent biocompatibility and osteoblast adhesion
properties with respect to bone marrow-derived MSCs. However,
these scaffolds are intended to be used at the interface between
bone and cartilage. Also for guided bone regeneration but in
the dental area, a PCL/PGS with 10% g-TCP electrospun fiber
mat was chosen as the best membrane in respect to physical,
mechanical, and biological behavior.>!]

Generally, in BTE, PGS—ceramic composites have been suc-
cessfully used, whereby either the incorporation of ceramic par-
ticles into the PGS scaffold or the infusion of PGS into a ceramic
scaffold can enhance the mechanical strength and toughness
to reach values suitable for bone regeneration. Additionally,
ceramic-free concepts have been developed which have also
shown appropriate properties for bone substituting materials.

4.6. Drug delivery

Controlled drug delivery systems able to administer medications
at pre-destined rates and periods are becoming increasingly
important in medicine. The goal of a controlled release is to
transport an appropriate amount of drugs to affected areas of
the patient’s body without causing adverse side effects on other
tissues. New developments in intelligent drug delivery systems
respond directly to pathophysiological diseases without harming
surrounding healthy cells and tissues.??*! One of the most
common applications for drug delivery systems is in the already
mentioned field of wound healing. However, they are also
increasingly being used to combat cancer as well as treatment
of other diseases like periodontal or ocular infections, including
diabetic retinopathy.!??’]

In order to effectively incorporate hydrophobic pharmaceuti-
cals into drug delivery systems in general, the carrier material
should be stable in an aqueous environment. By increasing the
solubility of a drug in an aqueous medium, its toxicity can be re-
duced and its pharmacokinetic release can be controlled by allow-
ing hydrophobic drug molecules to interact noncovalently with
the hydrophobic domains of the release material.l?2]

Louage et al.[?%] have shown that well-defined nanoparticles
can be formed using PGS by a straightforward method of solvent
displacement. In this technology, a PGS stock solution is mixed
under stirring in ethanol dropwise with water. The as-produced
PGS nanoparticles, with sizes between 112 and 209 nm, were sta-
ble in aqueous media within a period of 96 h. The measured criti-
cal aggregation concentration of PGS indicated that the nanopar-
ticles were unlikely to disassemble upon dilution rapidly. Thus,
paclitaxel (PTX) and flubendazole (FLU), both drugs known for
their antimitotic effect, were encapsulated in the PGS particles
and their effect on cancer cells was evaluated in vitro. It was
shown that the physically encapsulated amount of PTX and FLU
was sufficient to significantly reduce the survival rate of SKOV-3
cancer cells.[22°]
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Another PGS-based system for administering anticancer
drugs to a defined target was developed by Naghizadeh et al.l>*]
They embedded fluorouracil (FU) (5-FU) in a PGS-PEG/CS-co-
PEG matrix and coated it subsequently with iron oxide (PGS-
PEG/CS-PEG@Fe;0,). CS-PEG was produced under mild con-
ditions by binding PEG to the hydroxyl group of CS. To realize
a release of 5-FU with two different rates, CS-PEG was mixed
with PGS-PEG. PGS-PEG/CS-PEG@Fe; 0, showed a controlled
release of 5-FU in simulated physiological fluids, suggesting a
model of the retention mechanism. The retention mechanism as-
sumed that hydrophobic-hydrophobic interactions interact more
strongly with the drug than pure CS or PGS without a hydropho-
bic group. Cytotoxicity studies on HT29 cell lines showed that
5-FU-loaded PGS-PEG/CS-PEG@Fe;0, nanoparticles success-
fully accumulated around the cells and induced enhanced cyto-
toxicity on cancer cells compared to pure 5-FU, confirming that
the released drug remained active.l>*

Yang et al.[??’] showed in their work the encapsulation of
berberine and chlorhexidine intending to treat periodontal dis-
eases. They initiated a PGS swelling technique, using ethanol
as a swelling agent due to its low toxicity, dissolving berberine
chloride and chlorhexidine in it to produce a saturated solu-
tion. Subsequently, PGS cubes were immersed in the saturated
drug/ethanol solution to load the drug at 37 °C for 48 h. The
drug-loaded PGS cubes were then washed with distilled water
to remove surface-adhered drugs.??’! Loading PGS with drugs
like berberine and chlorhexidine showed a change neither in
Young’s modulus nor in the maximum strain compared to neat
PGS. However, the surface wettability was slightly reduced, and
the cell compatibility improved. Loaded PGS showed a constant
drug release in vitro with an antibacterial effect. A general an-
timicrobial test proved that chlorhexidine-loaded PGS groups
were functional against typical Gram-positive, Gram-negative,
and antibiotic-resistant bacteria. Berberine-loaded PGS groups,
on the other hand, showed good antibacterial activity against pe-
riodontal pathogens. Thus, the obtained data indicated berberine
and chlorhexidine loaded PGS to be an attractive candidate for the
use as an implant material to treat periodontal diseases.2?’]

Silva et al.'%] used a coaxial electrospinning technique to
produce PGS/PCL aligned nanofibers (core:PGS; shell:PCL) for
cartilage TE applications. Kartogenin (KGN), a small bioactive
molecule shown to promote chondrogenesis of MSCs, was
incorporated into the PGS core solution to create coaxial PGS-
KGN/PCL nanofibers. KGN release kinetics and biological per-
formance of the scaffolds were evaluated in comparison to KGN-
loaded monoaxial fibers and corresponding unloaded controls. It
was found that coaxial PGS-KGN/PCL nanofibers showed more
controlled and sustained KGN release than monoaxial PCL-KGN
nanofibers in a period over 21 d. Elevated sGAG levels and ex-
pression of genes for chondrogenic markers indicated that KGN-
loaded scaffolds could significantly enhance cell proliferation
and chondrogenic differentiation of MSCs from human bone
marrow in incomplete chondrogenic medium (without TGF-
$3) underlining the potential of coaxial PGS-KGN/PCL-oriented
nanofibers as bioactive scaffolds for cartilage TE applications.!'®!

Another technology being considered for implantable scaf-
folds is based on hydrogels. Ye et al.'"* invented a drug delivery
vehicle made of a “self-healing” PGS-PEGMEMA/a cyclodextrin
(«CD) hydrogel.[***] Their thixotropic hydrogel can be sheared
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into a liquid during injection and is capable of quickly “healing”
back into the gel-state after injection. By variation of the «CD con-
centration, the storage and loss moduli of the hydrogels can be
controlled between a few kPa up to a few 100 kPa, a range that
corresponds to the moduli of cells and human soft tissues. In
in vitro experiments, it was found that the hydrogel had a lin-
ear mass erosion profile as well as a biphasic drug release profile
of incubated anticancer drug doxorubicin.['*+??8] The first phase
was driven primarily by diffusion of the medication as the sec-
ond phase was induced by hydrogel erosion, making it a suitable
material for a controlled drug release.*4]

Besides incorporating medications directly into the polymer,
Lee et al.'?’l developed superhydrophobic, reversibly elastic,
moldable, and electrospun (SupREME) fibers using the core—
shell electrospinning technique. They used hydrophobic polysul-
fone as a shell material and elastic PGS as a core. These two-
component fibers act as excipients to temporarily increase the
local residence time of drugs by sealing them off from the lig-
uid environment (Figure 13). The fibers support sustained drug
delivery by physically delaying a burst release into the fluidic en-
vironment or preventing an immediate spreading to off-target ar-
eas. Another advantage of the fibers is that their reversible elastic
properties would also make them suitable for minimally invasive
administration using a laparoscope or endoscope.[!?*]

Concluding this section, by incorporation of drugs into PGS
nanoparticles, hydrogels or electrospun fiber mats, controlled
drug release systems with constant or biphasic release profiles
have been developed for a variety of applications in TE.

4.7. Bioelectronics and Smart Textiles

Application of sensitive and elastic devices with high elasticity as
wearable electronics, smart textile and flexible sensors has grown
in the last years. The wearable technologies require sensors,
which match the mechanical properties of host skin while they
are biocompatible. Therefore the stretchability and compressibil-
ity of the introduced elastomers are essential. Commercial elas-
tomers for skin mostly show a high stiffness, which brings dis-
comfort to the skin. Therefore, development of bioelastomers is
significant and PGS has been recently introduced to this topic
as it can be processed as seamlessly integrated wearable sen-
sors to monitor the vital biosignals such as blood oxygen, glu-
cose, pressure, and heart rate. Sencadas et al.???! showed recently
that degradable elastomeric porous PGS could be used as a sensi-
tive piezoresistive sensor with enhanced electromechanical per-
formance. PGS was blended with multiwalled carbon nanotubes
(MWCNT5) and NaCl to generate a porous structure, which could
handle an extensive range of pressures (<8 kPa). The sensitivity
of the pressure sensor after eight weeks of incubation in simu-
lated body fluid has increased from 0.12 + 0.03 kPa ' up to 8 +
0.20 kPa 1. Moreover, low pressure like 100 Pa could be detected
by this flexible sensor which proved the high sensitivity of the
sensor within a short response time <20 ms. The PGS sensors
with foam structure showed sensing characteristics comparable
to that of a human finger. PGS composite containing MWCNTs
showed a higher conductivity and potential as a wearable sensor.

To generate the electrical conductivity, Memic et al.””) and
Kalakonda et al.*®l reported the production of a micro- and
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Figure 13. SupREME fibers as an adjuvant for local drug delivery. SupREME fibers facilitate local drug delivery through minimally invasive approaches
by shielding the drug from the aqueous environment. This allows the drug to diffuse slowly into the environment and is not immediately washed away
by the bloodstream. Reproduced with permission.l'23] Copyright 2017, Wiley-VCH GmbH.

nanofibrous electrospun mesh of PGS-PCL with high stiffness
which was coated by silver using a custom radio frequency
sputtering method. These patches were also very flexible and
electrically conductive, and the thickness of the Ag coating could
be controlled to tailor the conductivity. Moreover, the stretchable
patch showed a comfortable contact with skin and possessed ex-
cellent pattern-substrate fidelity on nonflat surfaces. The authors
showed the PGS—PCL substrate was similar in structure to paper
composed of a mesh of thin fibers, which can be beneficial for
applications like paper electronics. The advantage of PGS-PCL
mesh to paper was higher elasticity as well as more extended
stability in aqueous environments. Therefore, fabrication of
elastomeric electronics compatible for nonflat surfaces was also
reported after inkjet printing the metallic microstrips on degrad-
able elastic PCL-PGS.[2] Different conductive patterns using
silver ink were printed on the surfaces of the fabricated PGS-PCL
sheets to engineer flexible electronics which was evaluated as a
biocompatible heater, temperature sensor, and as a wireless de-
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tector to monitor strain signals. For example, to show the applica-
tion of this sensor as a temperature sensor a patterned silver ink
in a shape of spiral deposited on the surface of PGS—-PCL could
detect the changes in the surrounding temperature with electrical
resistance. After placing the patterned sheets on the surface of a
heater, the measured electrical resistance was calibrated with the
surface temperature. A linear relationship between the electrical
resistance and range of temperature between 27 °C and 40 °C
relevant to the biological application was detected. Furthermore,
this paper-like mesh was tested as a wireless strain sensor, which
can detect the motion of the muscle tissue in electromyography.

5. Concluding Remarks

As elaborated in this review, PGS shows great potential for cur-
rent and future biomedical applications. In the last five years,
mechanical as well as chemical properties of PGS have been fur-
ther developed by new synthesis reactions and co-polymerization
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strategies so that a large number of PGS-based polymeric sys-
tems have become available. Furthermore, the processability of
PGS has been improved by new processing techniques. Such
advances in PGS-related materials and technologies represent a
very promising basis to maintain the future potential of PGS in
the biomedical field.

Since PGS is an extremely versatile, biocompatible, and biore-
sorbable polymer with adjustable mechanical properties and
degradability, it is becoming a favorable biomaterial for a variety
of technologies suitable for TE applications. Initially developed
for the use in soft TE, its study is extended for utilization in bone
tissue regeneration, dental applications or for the administration
of drugs. Although PGS itself already offers desirable properties
for many purposes in TE, chemical modification of PGS is a com-
mon approach being exploited to increase PGS’s fields of applica-
tion significantly. Photo-cross-linkable forms of the polyester en-
able the use of advanced technologies such as rapid prototyping,
solid-free form fabrication, micro-ablation, or extrusion-based
printing to produce sophisticated porous and structured 3D PGS
scaffolds. Blending neat, untreated PGS with other synthetic or
natural polymers is also used to enable scaffolds with modified
physical properties and biocompatibility using techniques such
as electrospinning or hydrogel injection. The addition of conduc-
tive polymers/components has also been explored to obtain elec-
trically conductive composites, mainly used for application in car-
diac or nerve TE. The combination of PGS with inorganic parti-
cles, which is an exciting approach for BTE applications, has been
investigated to improve the mechanical properties of scaffolds
and their bioactivity. Increased research in the last five years and
the application of state-of-the-art technologies have shown an on-
going and continuous interest in this adjustable polymer, which
will not diminish in the future as new possibilities for exploiting
PGS properties in the biomedical field are found. We hope that
the present review paper will serve the community as a compre-
hensive update about PGS and will promote further interest in
this versatile polyester for biomedical applications.
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