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Polyhydroxyalkanoates (PHAs) are biopolymers synthesized by bacteria under unbalanced growth condi-
tions. These biopolymers are considered as potential biomaterials for future applications because they are
biocompatible, biodegradable, and easy to produce and functionalize with strong mechanical strength.
Currently, PHAs are being extensively innovated for biomedical applications due to their prerequisite prop-
erties. The wide range of biomedical applications includes drug delivery systems, implants, tissue engineer-
ing, scaffolds, artificial organ constructs, etc. In this article we review the utility of PHAs in various forms
(bulk/nano) for biomedical applications so as to bring about the future vision for PHAs as biomaterials for

Received 21st May 2017,
Accepted 23rd June 2017

DOI: 10.1039/c7md00252a

Published on 27 June 2017. Downloaded by RSC Internal on 01/02/2018 12:56:26.

rsc.li/medchemcomm

Introduction

Currently, biopolymers are more preferred because they are
obtained from renewable resources and are eco-friendly. The
renewable resources are plants, animals, fungi and microor-
ganisms (mainly bacteria). The polymers obtained from plant
and animal resources are polysaccharides (cellulose, chito-
san, pectin), proteins (collagen, o-keratin), lipids (triglycer-
ides, phospholipids), and polyesters (polylactides, cutin),
which are being used widely for different applications." In ad-
dition to these, polymers obtained from microbes especially
bacterial species are also being investigated because they are
abundant and faster and easier to grow than polymers from
plant or animal resources. The various polymers obtained
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the advancement of research and technology.

from bacteria are exopolysaccharides, proteins, lipids and
polyesters like polyhydroxyalkanoates (PHAS).

PHAs were observed for the first time by Beijerinck in 1888
as inclusion bodies inside bacteria. These granular inclusions
were extracted and identified as poly(3-hydroxybutyrate) (PHB)
by Lemoigne in 1927. This was the foundation stone in the
history of PHAs.” They are easy to produce and functionalize
on a large scale with good mechanical strength.> Though the
lab production of PHAs is slightly expensive at present, the
prerequisite properties of these polymers have driven them as
biomaterials for biomedical applications. In addition, re-
search on PHAs for other applications such as food packing,
agriculture, energy, etc. is also being carried out. Fig. 1 shows
the applications of PHAs in various fields.

In this review article, we summarize the information
about the progress of the research, the technology of various
PHAs and their origin and utility as biomaterials for biomedi-
cal applications.
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Fig. 1 Various applications of polyhydroxyalkanoates.

PHAs and their bacterial sources

Polyhydroxyalkanoates are linear polyesters synthesized
chemically by ring opening polymerization of B-lactones®
and naturally by both Gram-positive and Gram-negative bac-
teria under unfavourable growing conditions like physical or
nutritional stress. They are well known for their biodegrad-
ability, biocompatibility and mechanical strength. In addi-
tion, it is easy and simple to culture bacteria in large quanti-
ties to isolate PHAs. Further, the desired structure and
molecular weight of PHAs can be manipulated by changing
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the growth conditions.>® Various PHAs and their co-
polymers that are isolated from different kinds of bacterial
species are listed in Table 1. There are over 150 possible
constituent monomers reported to date which are classified
on the basis of the number of carbons in the monomer as
short chain length (scl) PHAs (for example, PHB, poly(3-
hydroxyvalerate) (PHV), poly(3-hydroxybutyrate-co-valerate)
(PHBV)), medium chain length (mcl) PHAs (for example,
polyhydroxyoctanoate (PHO), polyhydroxynonanoate (PHN),
polyhydroxyhexanoate (PHHXx), polyhydroxyheptanoate
(PHHp)) and long chain length (Icl) PHAs.” The methods to
obtain various PHAs in the laboratory using various bacte-
rial species are summarized in our earlier publication.®
Among these, PHB and PHBV are used most extensively for
biomaterial investigations; hence, PHAs are commercially
available. The various applications include biomedical ap-
plications such as drug delivery, development of scaffolds,
implants, and biosensors,’” food coating, packing, agricul-
ture, molded goods, non-woven fabrics, adhesives, textile,
paper coating, automobiles, performance additives,'*"* en-
ergy materials, etc."”’

Biomedical applications

Generally, every living system develops some kind of response
towards the inserted material (biomaterial), which may be
favourable or unfavourable to the living system. The favourable
response would be the acknowledgment of the biomaterial
with improved bioactivity and the unfavourable response in-
cludes impediment of bioactivity around the material or other
antagonistic organic signals to hinder the function of the bio-
material. Naturally obtained PHAs are stereo-specific (the car-
bons in the backbone are in R(-) configuration) with ester link-
age, because of which they are easily degraded enzymatically
and empower particular communications with biological enti-
ties enabling biocompatibility. Thus PHAs are being examined
and being improved broadly for diverse biomedical applica-
tions.”>**?! P(4HB) (TephaFLEX) was the first commercial
product of PHAs that was approved by the FDA in 2007 as an
absorbable suture. This indicated that PHAs have a bright
prospect as a biomaterial in biomedical applications.** It was
found that P4HB can cross the blood brain barrier; therefore,
PHAs and their copolymers are being examined to enhance
their properties in order to empower their utility as biomate-
rials.*>** various methods such as epoxidation, carboxylation,
chlorination, hydroxylation, and pyrolysis were used for modi-
fying the properties of PHAs. The targeted properties were
enhanced bioactivity, processability, compatibility, biodegrad-
ability or decreased crystallinity, hydrophobicity, and improved
moldability and flexibility, etc.>* Accordingly the end applica-
tions include sutures, slings, stents, repair patches, cardiovas-
cular patches, heart valves, orthopedic pins, adhesion barriers,
tissue engineered cardiovascular devices, articular cartilage
repair devices, nerve repair devices, tendon repair devices,
guided tissue repair/regeneration devices, nerve guides, bone-
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Table 1 Different kinds of PHAs, bacterial resources and chemical structures
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Polymer name Bacterial resource

Chemical structure

Poly-3-hydroxybutyrate (P3HB)

Polyhydroxyvalerate (PHV) P. oleovorans

Polyhydroxyhexanoate (PHHX) P. putida KTHHO3

Polyhydroxyheptanoate (PHHp) P. putida KTHHO03

Polyhydroxyoctanoate (PHO) Streptomyces lividans®®

Polyhydroxynonanoate (PHN) Alcaligenes sp.

marrow scaffolds, and wound dressings.””*> The PHA based
materials that are commercialized are Phantom Fiber™ as su-
ture (Tornier Co.), MonoMax® as suture (Braun Surgical Co.),
BioFiber™ as scaffold (P4HB polymer) (Tornier Co.), GalaFLEX
as mesh (Galatea Corp.), and Tornier® as surgical mesh
(Tornier Co.).*®

PHAs are functionally modified by epoxidation, carboxyla-
tion, chlorination, hydroxylation, and pyrolysis to increase
the bioactivity, processability, compatibility, and biodegrad-
ability or to decrease crystallinity and hydrophobicity, and
enhance moldability and flexibility, etc.>” For example; the re-
view by Zibiao Li et al. highlighted the latest advancement in
the engineered systems of PHA-based water soluble polymers,
functionalized PHAs with polar groups, and the block/graft
copolymerization of PHAs with hydrophilic components in
various polymeric designs to manipulate the properties.*® He
also explains in another review about the importance of water
soluble PHAs in therapeutic applications.*® It is well docu-
mented in both reviews that chemically modified water solu-
ble PHAs have a significant effect on materials building and
showed incredible quality, providing satisfactory smart bio-
materials. These water soluble PHAs are used in new aspects
of controlled drug release, cancer therapy, DNA/siRNA deliv-
ery and tissue engineering.*® Further, the biocompatibility of
PHB-based biomaterials is enhanced by PEGylation, which
have great potential as biological scaffolds supporting nerve
repair.’’ In the following sub-sections we detailed the investi-
gations reported on various PHAs as biomaterials for drug de-
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Pseudomonas pseudomallei, Azotobacter chroococcum and CH;y O
Pseudomonas putida, P. oleovorans, Alcaligenes eutrophus,
Zoogloea ramigera, Alcaligenes sp. A-04 Ralstonia eutropha

livery, implants, implant coatings, tissue engineering, biosen-
sors and scaffolds.

Drug delivery systems

Conventional drug delivery systems comprise tablets, injec-
tions, ointments, liquid medicines and syrups. These
methods of drug delivery deal with several side effects along
with problems like overdose in one stroke, including the
need of booster doses, inappropriate release, non-specific in-
take by non-targeted cells, generalized circulation all over the
body, etc. The problems associated with conventional drug
administration have given an approach to new ideas and
methods, i.e. controlled release technology. The drug delivery
system is a smart application to deliver drugs in a controlled
fashion with therapeutically optimal rate and dose regimen
in order to minimize side effects and toxicity due to drug
overdose. Liposomes, proliposomes, cyclodextrins, gels,
microspheres, pro-drugs, etc. are being used as drug delivery
systems. However, the stratified advancement in modern
drug delivery started with the use of polymers as carriers.
Polymers can provide controlled release of bioactive agents
with constant drug dosing over a period of time. As a result,
polymers are being studied extensively as drug delivery sys-
tems. Basically any drug delivery system consists of three ba-
sic components: (a) a polymeric excipient as carrier, (b) a
targeting moiety, and (c) a biologically active agent. Some
systems might have extra components added for precise

This journal is © The Royal Society of Chemistry 2017
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targeting or for targeting mobile cells. These modern drug
delivery systems are superior to conventional drug assimila-
tion considering several aspects like the minimum amount of
drug required to work efficiently, drug delivery to treat the
desired cells thereby increasing the therapeutic benefits, re-
ducing side effects and protecting healthy cells and tissues.
This method of treatment is effective against a wide range of
diseases and disorders like leprosy, conjunctivitis, ulcers, uri-
nary tract infections, prion diseases and cancer. The drug de-
livery route could be oral or intravenous for which different
polymers are being used as excipients.

Natural and synthetic polymers are approved for different
administrative routes using polymers such as cellulose deriv-
atives, PEG, polyacrylic acid, PLGA (poly(lactide-co-glycolic
acid)), PCL, PLA and proteins. The degradability of such
polymers adds to their utility in tissue engineering or as
controlled drug release vehicles.*" Though several synthetic
and natural polymers are being studied, natural polymers
have gained importance because they are renewable and
easy to produce and can be fabricated with good mechanical
and thermal properties. There are several biocompatible and
biodegradable polymers that are in practice; however there
is always a need for new polymers with improved properties
for various applications. In this way, PHAs of microbial ori-
gin were identified and are being studied profusely. Though
they are being exploited in a wide range of applications, ap-
parently they are investigated more as drug delivery systems.
From the early 1990s, PHAs have been studied for drug de-
livery as they degrade by surface erosion.*” Their biodegrad-
ability, biocompatibility and non-toxic nature has enabled
PHAs to circulate in the system for prolonged periods;
therefore they were used for a wide payload spectrum of
therapeutic agents.*> Accordingly, loading of bioactive
agents in matrices of PHAs, starting from antibiotics, anti-
inflammatory agents, anticancer agents, anesthetics, hor-
mones, steroids, vaccines, proteins, and nucleic acids (DNA,
RNA) to other biological macromolecules, has been carried
out for more than three decades.***** For drug release one
of the important aspects to be considered is degradation;
which was well studied for PHB/PEG based poly(ester
urethane)s by X. J. Loh et al.*® The thermo-gels of these co-
polymers were used as injectables for targeting tumours for
long term sustained release to make improvements in che-
motherapy and minimise side effects.’® In another paper he
showed the gel hydrolysis of copolymer (PHB-PEG-PPG) and
the protein release.”” Also, multi-arm PHB based tri-block
copolymers were reported for preparing thermo-responsive
hydrogels. Here poly(N-isopropyl acrylamide) (PNIPAM) and
polypropylene methacrylate (PPGMA) blocks were involved in
the response to room temperature and body temperature.
This strategy was used for delivering the drug. The toxicity
of the co-polymers was checked against CCD-112CoN human
fibroblast cell lines."*®

A new composite material was prepared by solvent casting
with PHBV and natural rubber. The material was developed
for drug delivery using flurbiprofen as a model drug, where
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the drug release rate was influenced by variation in the
natural rubber content.*” The hydrophilicity was enhanced
by modifying pendent groups of hydrophobic poly-
hydroxyoctanoate (PHO) with carboxylic acids. The drug re-
lease profile of this polymer recorded an increase in doxoru-
bicin release and cell proliferation studies also showed better
cell proliferation.”® In addition to drugs, PHAs were also
studied for releasing nucleic acids and proteins; for
example; cationic PHA was synthesized to obtain
poly(hydroxyoctanoate)-co-(hydroxy-11-(bis(2-hydroxyethyl)-
amino)-10-hydroxyundecanoate) to immobilize plasmid DNA
and its delivery was monitored,” and inactive extracellular
PHA depolymerase and mcl PHA poly[(3-hydroxyoctanoate)-co-
(3-hydroxyhexanoate)] were used for immobilization and de-
livery of proteins.>® High performance PHAs were studied as
transdermal drug delivery systems (TDDS), which are com-
posed of monomers like 3-hydroxyhexanoic acid and
3-hydroxyoctanoic acid. In the presence of dendrimers these
polymers facilitated crystallization and better dissolution of
various drugs like ketoprofen, clonidine, and tamsulosin
which were used for observing the release studies.’*** P(3-
HB-co-3-HV) and P(3HB-co-4-HB) rods were fabricated with
drug and used for treating implant-related osteomyelitis in a
rat model. Apart from bulk materials, micro-materials were
also designed using PHAs. For instance, microspheres of
PHB were used for controlled release of activators or inhibi-
tors of enzymes or for sustained delivery to tissues of blood
vessels. Microspheres of PHB and PHBV copolymers were
prepared by a solvent evaporation method and studied for
sustained release of progesterone.>® Microcapsules of PHBV
encapsulating the enzyme catalase were used as delivery sys-
tems to treat cancer. This therapy is known as anti-metastatic
therapy, where encapsulation of catalase using a polymer
coating protects the inner sensitive material from the exter-
nal conditions and is also responsible for delivering drugs to
target sites in the active state.”® In another study, photody-
namic therapy (PDT) was developed whereby PHBV and PCL
microspheres were used for biodegradable drug delivery sys-
tems.”” PHBV micro-particles with gellan gum hydrogels were
prepared in the form of injectables by a double emulsion sol-
vent evaporation method. Here the purpose is to localize de-
livery and for long term retention of both hydrophilic and hy-
drophobic active agents loaded in micro-particles.”® In the
case of antibiotic delivery to the infected site, PHA drug deliv-
ery systems were proved to provide and maintain adequate
concentrations and were very effective against the treatment
of resistant infections.’>®® PHB matrices as implants to re-
lease hormone in a sustained manner were studied and
proved effective.®’ Similarly, the PHA matrix worked as a de-
pot to control the release of hormone in a better way when it
was coated with cyanoacrylate.®” An implantable tablet of
PHB and calcium acetate-glycerol adduct with an active agent
or bio-regulating peptide was studied for release in buffer
along with an adjuvant, proposing a newer approach of ad-
ministration of complex combinations of bioactive materials
in a single stroke.®* Biodegradation and compatibility studies
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on implants were carried out both in vivo and in vitro to
prove the suitability of PHAs as implantable drug delivery
systems.64

Currently different forms of therapeutic delivery carriers
of PHA based nano-vehicles like nanoparticles, micelles, lipo-
somes and vesicles are being studied experimentally, which
proved their efficiency in terms of increased bioavailability of
drug and better encapsulation of diverse compounds. Poly-
meric nanoparticles with a targeting moiety are extensively
used for targeted drug delivery to treat cancers. It is very cru-
cial that drugs target cancerous cells in the human body in
order to make them site specific and reduce side effects. The
nanoparticles are reported in a wide variety of sizes and
shapes, which show active penetration via all possible path-
ways like active and passive targeting, specific cellular or sub-
cellular trafficking, and facial control of cargo release. Many
research groups are involved in the development of poly-
hydroxyalkanoates as nanoparticles by sophisticated engi-
neering and encapsulation of anticancer agents to precisely
target tumour sites.®> The nano-delivery system can take sev-
eral shapes such as nanoparticles, micelles, dendrimers, lipo-
somes, nanohybrids, nanosheets, nanoplexes, and nanotubes
or horns or rods with bioactive agents. PHBV nanoparticles
were loaded with the anticancer drug ellipticine and studied
in vitro for drug release using cancer cell lines. The rate of in-
hibition of cancer cells was twice greater when treated with
ellipticine loaded nanoparticles than ellipticine alone.®® The
cytotoxicity study by MTT assay using human non-small lung
carcinoma cells A549 showed effective activity of the released
drug by the nanocarriers (Fig. 2).°® With advanced technolo-
gies in molecular biology and genetic engineering, easily de-
tectable nanoparticles of PHB are produced for targeted drug
delivery.®” For example, the PHA synthase gene in genetically
modified E. coli is linked with green fluorescent protein
(GFP), which aids ease of detection, and single chain variable
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Fig. 2 In vitro cytotoxicity tests of ellipticine loaded PHBV-12 nano-
particles at different concentrations for A549 cell line [(a-c) Student-
Newman-Keuls test (P < 0.05)] (reprinted with permission from
Masood et al., 2013, J. Mater. Sci.: Mater. Med.).
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fragment (A33scFv) antibody, which is involved in targeting the
expected cell or protein. The translation of the gene yields a
protein chain which gives nanoparticles after single step click
chemistry. These amphiphilic micelles with a hydrophobic core
are loaded with anticancer drug and antibody fragment at the
periphery, which works precisely for colon cancer.®®

Implants and implant coatings

Generally implant materials are designed using polymers,
metals and ceramics to replace or repair the damaged por-
tion of the body tissue or organ. Ideally the material used as
an implant should be mechanically strong and sustain the
dynamic conditions of the body. Though there are several
biomaterials used in practice as implants, biomaterials with
improved properties are under investigation. As described in
the above sections, PHAs are at par with polyethylene in their
mechanical strength and hence are being investigated exten-
sively. Moreover, slow hydrolytic and non-enzymatic degrada-
tion of PHAs in the human body by surface erosion makes
the crystalline PHAs more suitable and therefore are investi-
gated for implant applications like nerve repair and bone im-
plants and as supporting material for bone implants.®® PHAs
are melt processable thermoplastics and hence can be
molded in desirable shapes. Besides these properties, hydro-
phobicity is a limiting factor for PHAs to be used for implant
application because extensive blood contact may lead to en-
capsulation and thrombi formation as reported in some
cases. Thus, to enhance compatibility and to reduce hydro-
phobicity, PHAs are being blended or copolymerized with
other hydrophilic polymers like poly(ethylene glycol) (PEG). In
doing so, certain characteristics of PHAs were modified like
reduction of crystallinity and increased rate of hydrolysis.”®
PHAs are mostly used as hard implants like cartilage, liga-
ments and meniscus. As reported with modifications of PHAs
in flexibility and elasticity, they may also be suitable for soft
tissue implants like blood vessels, intestines, nerves, etc.”'
Procedures for 3D structured prototypes or implants were de-
veloped using several techniques like fast prototyping with
selective sintering of embedded laser using PHAs.”> P4HB
monofilament mesh is used to form 3D resorbable implants
to relieve temporarily deformed host tissue or anatomical
shapes like hernia.”® Breast implants of P4HB and its copoly-
mers are developed with sufficient mechanical strength to
support a reconstructed breast; they degrade gradually,
allowing breast tissue parenchymal cells to grow without los-
ing support. These self-reinforced implants are able to de-
form temporarily and can resume their 3D shape.”* For the
necessary mechanical strength and elasticity balance, block
co-polymers of different PHB and PEG ratios were manipu-
lated to attain tunable properties for various biomedical ap-
plications, where Young's modulus and stress and strain at
break can be adjusted according to the length of PHB and
PEG chains in the respective blocks.”” A 3D model of an
implant of a composite of PHB and PHBV loaded with wollas-
tonite was analyzed for the free energy of the interface-
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surface interaction for applications in bone formation and
deposition of drugs.”® PHBV is considered as a bio-absorbable
polymeric material (BPM), which is being utilized as an im-
plant construct for the occlusions in aneurysms. The BPM in
the form of hybrid bioactive coils is immobilized with growth
factors in order to accelerate histopathological transforma-
tion of an unorganized clot into fibrous connective tissue.””
There are many such examples where PHAs are used as im-
plants in animal models successfully. The review by Q. Wu
et al., elaborated such examples like artificial esophagus, vas-
cular patches, nerve conduit, artificial cartilage etc.**

The implantable devices are coated with a layer of differ-
ent PHAs, like PAHB and its copolymers, e.g., on a cochlear
implant, for drug elusion and also to impart lubrication to
the device for the ease of insertion of the electrodes.”® The
stainless steel prosthetic implant or stent is spray coated with
PHBV and shikonin, a derivative of naphthazarin, to prevent
thrombosis and restenosis.”” The titanium implant is flame-
spray coated with a combination of PMMA and PHBV and
checked for thickness, roughness, adhesion, wettability, and
in vitro biocompatibility.*® Different PHAs and their deriva-
tives are studied for their applications as implant materials
by in vitro and in vivo methods. Certain examples like im-
plants of PHB and PHBHHx were tested and proved suitable
with chondrocytes and exhibited adequate deposition of cal-
cium and phosphorus, similar to the natural hydroxyapatite
material. Therefore, its effective role in physiological func-
tioning of the cartilage regeneration was substantiated for tis-
sue engineering.®

Nanocomposites have a huge potential in biomedical ap-
plications and are progressing towards taking care of a vari-
ety of diverse applications for improving the quality of life.
Different nano-forms of PHA and its derivatives are studied
by in vitro and in vivo methods. The review by P. Dwivedi
et al. summarizes the challenges involved in implanting bio-
medical devices and prostheses leading to nosocomial infec-
tions, more severely with the multi-drug resistant superbug,
which had directed current efforts to develop self-sterilizing
nano-composite biomaterials.®> Hence electrospun nanocom-
posites of PHBV with silk fibroin and nano-hydroxyapatite
(HA) are being developed for bone tissue engineering.** The
nanofiber matrices composed of PHB and PHBV are
subjected to cell adhesion studies against different cell lines
like epithelial cells, fibroblasts and hepatocytes. These cells
showed a high adhesion and proliferation rate in vitro, signi-
fying a suitable nano-sized material for growth and prolifera-
tion and thus more favourable for application. In addition to
these studies PHBV substrate was tested for compatibility
with retinal pigment epithelial cells in order to use it for sub-
retinal transplantation and to replace diseased or damaged
retinal pigment epithelium.®*

Scaffolds and tissue engineering

Scaffolds are biomaterials used as supports to repair or re-
generate tissue. Scaffolds may be prepared from natural or

This journal is © The Royal Society of Chemistry 2017
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synthetic polymers. The scaffolds used in the human body
are biocompatible and may be biodegradable. Though several
polymers are being used as scaffolds, there is always a need
for new polymers with better properties. Hence, PHAs were
studied as scaffolds owing to their good mechanical proper-
ties. A porous scaffold made of PHBHHX is shown in Fig. 3.%°

However, as studied, PHAs are hard and brittle in nature.
To make them soft and elastic, composites of PHAs with in-
organic materials like bioglass, hydroxyapatite (HA), clay, etc.
were studied extensively, where they showed good mechani-
cal properties and increased hydrophilicity and degradation
rate.®® To elaborate this, composites of PHB or PHBV with
HA were studied for bone implant application. These im-
plants exhibited a compressive strength of 62 MPa which is
equal to the bone strength of humans. A series of 3D im-
plants and filling materials were made using P3HB and
P3HB/HA composites and tested in vivo. These implants
showed noticeable osteoplastic properties with normal repar-
ative osteogenesis.®” Now they are suggested mostly for bio-
medical applications worldwide. Scaffolds of combinations of
PHBV with a variety of materials like collagen, calcium phos-
phate and also some porous composites with sol-gel bioac-
tive glass were studied in vivo mostly for bone tissue engi-
neering.®* Porous scaffolds of PHB were also developed with
natural corals to grow osteoblast cells which showed high cell
viability. Also polymers like PHB, PHBHHX, PHBV and grafted
PHAs with collagen, gelatin, chitosan, acrylic acid, etc. were
studied for their potential as bone implants and cell attach-
ments.®® Scaffolds of PHB and gelatin were studied for prolif-
erating adrenocortical cells and found suitable for tissue

Fig. 3 Appearance of a three-dimensional PHBHHx scaffold. (a) Surface
of the scaffold, scale bar: 1 mm. (b) Cross-section of the scaffold by
SEM, scale bar: 1 mm. (c) Porous structure in the middle of the cross
section by SEM, scale bar: 100 um. (d) Edge of the scaffold by SEM, scale
bar: 100 um. (e) Side view of the scaffold, scale bar: 1 mm. (f) Radial sec-
tion of the scaffold by SEM, scale bar: 1 mm. (g) Porous structure in the
middle of the radial section by SEM, scale bar: 100 pm. (h) Protuberant
part from the side of the scaffold by SEM, scale bar: 100 um (reprinted
with permission from Wang et al., 2008, Biomaterials).
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engineering applications. PHBV is the only polymer which
was studied more in bulk as well as in the nanoform to un-
derstand its suitability for scaffolds. As expected, the nano-
form was proved more suitable to grow rabbit derived
chondrocytes than films. Its nano size caused an increase in
its surface area which in turn is responsible for better attach-
ment of cells to scaffolds.®* Copolymers with a repeating unit
of one scl and one mcl in the PHA backbone were tested for
tissue engineering and the properties were found similar to
those of petroleum derived polymers.®® It is known that po-
rous scaffolds are more favorable for cell proliferation. The
method in which scaffolds are made more porous by salt in-
corporation and leaching was tested with PHBV polymer,
where the resultant scaffolds degraded faster. The degrada-
tion of this polymer was further enhanced with the incorpo-
ration of chitosan and sodium alginate.”® Polymer devices
and 3D implants of PHB/PHV have been proven to be bio-
compatible in vitro against fibroblasts, hepatocytes, endothe-
lial cells, and osteoblasts and also in vivo in animals for both
short and long durations. The results suggested that PHAs
are safe for various purposes like scaffolds for functioning
cells, monofilament suture fibers for stitching wounds in sur-
gery, and implants for reparative osteogenesis and bone de-
fects in oral surgery.”’ Other bi- and trilayer nanofibrous
scaffolds co-cultured with fibroblast and mesenchymal pro-
genitor cells (hESMPs) showed cell adhesion and prolifera-
tion using fluorescent dyes (Fig. 4).°

Si-Wu Peng et al. studied the cell proliferation for films of
various PHAs like PHB, PHBV, P3HB4HB, PHBHHx and
PHBVHHX using rat osteoblast cells. In their study, degrada-
tion products and leached out fractions were checked against

)Y PHBV-PLA bilayer side a

;] PHBV-PLA bilayer side b

[} PHBV-PLA cross section

Fig. 4 Co-culture of Celltracker™ labelled fibroblasts (green) and
hESMPs (red) on bilayer membranes of PHBV-PLA. After 7 days (A)
fibroblasts (green) are confined to the PLA face with no sign of
hESMPs (red). (B) On the opposite face of PHBV, hESMPs are grown
without growth of fibroblast. (C) A cross section of a PHBV-PLA
membrane shows each cell type on its respective side. (D) Scanning
electron micrographs (SEMs) of an electrospun scaffold (cross section)
of PHBV-PLA. The PHBV region on the left side is dense while the PLA
region has a more open structure (reprinted with permission from Bye
et al., 2013, Biomaterials Science).
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well-known cancer induction genes like c-Fos, Ki63 and p53.
The results confirmed the suitability of PHAs as biomaterials,
disproving their tumor inducing ability at gene level.”* An-
other cell proliferation study with oligomers of PHAs like
oligo-3HB, 3-HHx and oligo-3H-co-4-HB was carried out in
which oligo-3HB and 3HHx showed good cell viability in the
experiment.”* In another study, a triblock co-polymer, poly(N-
isopropylacrylamide)-block-poly[(R)-3-hydroxybutyrate]-block-
poly(N-isopropylacrylamide) (PNIPAAm-PHB-PNIPAAm), was
designed and used as a thermo-responsive substrate for cell
culturing by coating it with gelatin. This substrate helps
detaching cultured cells by cooling at 4 °C for 20 min where
trypsinisation was not needed.”® Also gels of multi block
poly(ester urethane)s consisting of segments of PHB, PEG and
PPG were prepared for enhancing cell attachment as com-
pared to the commercially available PEG-PPG-PEG triblock
copolymer, which was proposed for applications in tissue en-
gineering and scaffolds.’®

Polymeric scaffolds for cardiac regeneration were made
using PLGA, PHBV and poly(dioxanone). These single layered,
porous scaffolds showed biocompatibility with cardiac stem
cells. Sutures of PHB and PHBV were compared with silk and
catgut sutures, where PHA sutures exhibited the necessary
strength during recovery from muscle-fascial cuts. Adverse ef-
fects like inflammation necrosis, calcification, and
malignization of the cicatrices at the site of implantation
were not observed in the case of PHA as filament which is in
contrast to the filaments of PLGA and poly(dioxane). Even the
macrophage response towards both PHB and PHBV filaments
was normal throughout the implantation period.”” Elasto-
meric mcl PHA films were implanted in rats subcutaneously
and showed no rejection symptoms like necrosis, abscess or
tumourigenesis even after 6 weeks of implantation.”® PHBV
scaffolds were checked for the chondrogenic differentiation

Fig. 5 Microscopic image of the wound contracture over time for (A1)
1 week and (A2) 2 weeks using PHBV fibers, (B1) 1 week and (B2) 2
weeks using R-Spondin 1 and (C1) 1 week and (C2) 2 weeks using
PHBYV fibers loaded with R-Spondin 1 (reprinted with permission from
Kuppan et al., 2011, Biomacromolecules).

This journal is © The Royal Society of Chemistry 2017
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Table 2 Different PHAs, copolymers of PHAs and their applications
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Sr.
no. Various modified PHAs and their copolymers

Applications of PHAs

PHB conjugated with PHA synthase enzyme

Copolymers of scl and mcl PHAs or unsaturated mcl PHAs
Tuned valerate content in PHBV

Enzyme mediated microporous PHAs

Lipase catalyzed mcl poly(1'-O-3-hydroxyacyl sucrose)
PHBV with natural rubber

Artificial PHO-co-HHx

Nk wbhe

8.  Cationic PHO-co-(hydroxy-11-(bis(2-hydroxyethyl)-amino)-10-
hydroxyundecanoate)

Drug delivery for colon cancer therapy

For tissue engineering application and transdermal drug delivery
As a drug carrier for cancer therapy

For scaffolds in biomedical applications

For biomedical and industrial applications

Delivery of model drug flurbiprofen

For targeted binding of proteins using extracellular mcl-PHA
depolymerase™

Delivery of plasmid DNA®"

9. PHO with pendent groups of modified carboxylic acid (PHO,sCOOH,;5) Helps in cell adhesion for 3D engineering, drug release and cell

10. Blend of PHB and PHBHHx

11. PHA and starburst polyamidoamine dendrimer
12. High quality PHA-co-terpolyesters

13. PHBV-PHO diblock co-polymers with PAHB

proliferation studies™

Rabbit articular cartilage chondrocyte adhesion studies'®*
For transdermal drug delivery®*

For biomedical and pharmaceutical applications'

For drug delivery and drug elution for cochlear implants”®'°

14. Co-poly(3-hydroxy-8-phenyloctanoate-3-hydroxy-6-phenylhexanoate) and ~ As a biodegradable polymer and for biomedical applications'®”

co-poly(3-hydroxy-7-phenylheptanoate-3-hydroxy-5-phenylvalerate)
15. Microcomposites of clay with PHB
16. PHA nanocapsules,'® PHA conjugated nanocontainers''® and
nanoparticles of PHBHHx' "

17. Antibiotic releasing PHB, PHBV, P3HB-3HV and P3HB-4HV implants

18. Gels of PHB-co-PHH and P3HB-co-4HB
19. PHAs obtained from Pseudomonas sp.
20. Nanoparticles of PHBHHx

21. Graft polymers of PHBHV with HEMA and MAA

22. Nanofiber mats, films of PHA

23. PHBHHX films and scaffolds with good mechanical properties
24. PHB, P4HB and nanofibers of PHBV

25. Magnetic nanospheres of PHB/PHBV and iron oxide

26. Poly(3-hydroxybutyrate-co-3-hydroxy-10-undecanoate) (PHBU) scaffolds

27. Microparticles of PHOHHX-co-PEG
28. PHAs and their composites with ceramics

29. Microcapsules of PHB

30. Electrospun nanofiber mats of PHBV, PLA and polyglycerol sebacate

(PGS) blends
31. Nanoparticles of copolymers of PHB and PHBHHx and PCL

32. Nano-containers of PHB, PHBV blends with PEG

For pharmaceutical, cosmetic and industrial applications'®®
For controlled drug release in drug delivery systems

For the treatment of implant related osteomyelitis''>*"?

As anti-adhesion gels for preventing postoperative adhesion'**
For drug release application'>**®

For implant coating and tissue regeneration in 3D hydrogel/stem
cell model"”

Micro-patterned surfaces suitable for biomedical applications'®
For controlled local drug delivery system against periodontitis*®
For the growth and proliferation of chondrocytes®

For gastrointestinal patches and sutures'*® and nerve
regeneration devices for axon regeneration'! or artificial nerve
graft'>?

For targeted cancer therapy
For soft tissue replacement’”

For drug delivery'*®

For ligament and tendon scaffolds,
maxillofacial treatment'*®
Encapsulation and slow release of r-leuprolide acetate
For ventricular regeneration'*°

123,124
127
wound management and

129

For intracellular drug release of rhodamine B isothiocyanate
(RBITC)"!
Slow and sustained release of the drug thymoquinone'*

33. Macrocapsules derived with PHBHO-PEG and derivatives of folic acid Loaded with drugs like Adriamycin, epiadriamycin, taxol or

34. Composite of PHB with hydroxyapatite (HA) and PHBV with LA and

apatite
35. PHAs as solid substrate
36. Micro/nano-sized drug carriers of PHBV
37. Drug encapsulated PHBV nanofibers

ability of human adipose derived stem cells (hASCs) in vivo
on a mouse model. This study proves the support of the
PHBYV scaffold for the production of neocartilage in a hetero-
topic site during implantation for 16 weeks.”® It is well
known that the peripheral nervous system shows poor recov-
ery by Wallerian degeneration in small nerve gaps, which im-
proved with the aid of electrospun nanofibers of PHA scaf-
folds loaded with stem cells on the traumatic injury of a rat
model.'°

Advanced wound healing materials should support dam-
aged skin by covering and provide properties such as non-

This journal is © The Royal Society of Chemistry 2017

camptothecin for antitumor therapy'**

For bone implant’** and tissue engineering'*®

For denitrification of waste water'*®
For skin penetrating drug delivery'*”

For controlled drug delivery with lower drug crystallinity'*®

adherence to wound, maintaining moisture balance, non-
toxicity to tissue, enabling gaseous exchange at the site of the
target area, hemostasis, and maintaining aseptic conditions
to avoid infections.'” Studies in this direction were done
using biodegradable PHAs as implants for wound healing.
For example, a polymeric film of PHA and guar gum loaded
with curcumin was studied for its application in wound
healing, which showed good antibacterial properties.'*®
PHBV fibers were also studied and proved to be better than
the application of direct medicinal ointment on the wound.
Fig. 5 demonstrates the wound healing property of such
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fibers."”® PEGylated PHB-based biomaterials have great po-
tential as biological scaffolds supporting nerve repair.*’

As a ready reference, Table 2 lists many such applications
of different PHAs in different areas.

Conclusions

In this review copolymers of PHAs were well studied and
found more suitable as biomaterials for various biomedical
applications; as a result, a few products based on PHAs are
in use. Further, it is inferred that the prerequisite properties
such as biocompatibility, biodegradability, and easy produc-
tion and modification either chemically or physically have en-
abled investigators to develop new PHAs with improved prop-
erties so as to expand their utility. Herein the collective
information on development of biomaterials for various bio-
medical applications would provide a ready reference for
those working in related areas to design new materials for
new applications. Accordingly in the near future, we may
anticipate some breakthrough results in almost all research
fields based on co-polymers of PHAs.
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