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1. Introduction 

The green chemistry emphasis on clean environment and sustainable development, has led to 

intensive search for renewable and environment friendly resources. Conventional plastics or 

petroleum-derived plastics, obtained from fossil fuel (non-renewable source), are non biodegradable, 

poor biological functions and insufficient biocompatibility, enhance the research on new alternative. 

In this regard, bioplastics obtained from renewable source serve as potential alternative for petroleum 

based plastics and become noble biomaterial products for future which are safe, biodegradable, 

biocompatible and bring rapid progress in material engineering and can serve as probable motifs for 

biomedical field.
1 

In present era, a wide variety of bioplastics exists, only a few have been put into 

major commercial production for example, polyhydroxyalkanoates.  

Polyhydroxyalkanoates (Fig. 1, PHAs), family of polyhydroxyesters of 3-, 4-, 5- and 6-

hydroxyalkanoic acids, naturally occurring biomaterial, produced as intracellular energy storage 

compound by wide range of microorganisms.
2,3,10
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 Figure1. Chemical structures of polyhydroxyalkanoates (PHAs). All monomers have one chiral 

center (*) in the R position, where the R group varies from methyl (C1) to tridecyl (C13). 

       PHA is superior to petroleum-derived plastics in terms of biodegradability, biocompatibility, 

thermoprocessibility, sustainability and eco-efficiency but inferior in economy so intensive efforts 

are needed to reduce the cost of production by means of bioprocess design and metabolic 

engineering of production strain.  

In reconstructive surgery, implant devices, made up of biomaterials are able to replace the biological 

functions of a tissue. However, longer period in biological system, biomedical devices are prone to 

fatigue rupture which causes repeat surgeries and affect the health of patient, resulting in long term 

inefficiency.
4
 The adaptability of PHAs has made them good candidates for the study of their 

potential in a variety of application in biomedical/medical field such as sutures, bone plates wound 

dressings, tissue engineering scaffolds, skin substitutes, bone graft substitutes, bone dowels, 

haemostats, articular cartilage repairs, nerve guides, tendon repair devices etc.
3,4,5,6-11 

Another key 

application of PHA is in drug delivery system.
1,2,6-8,11-13 

The purpose of drug delivery system 

includes targeting the drugs at the right target with particular dose and time.
4,5

 They have to fulfill 

two conditions for their applicability: Firstly, polymer as well as its degradation products should not 
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be toxic. Secondly, it should be biodegradable, easily synthesized and well characterized. PHAs 

(High-molecular-weight poly-[R]-3-hydroxybutanoic acid, microspheres of  poly-(HB-co-HV), 

copolymers of PHA (PLGA, PLA-CL, PGA-CL, and P (D, LA))  are also potential material for 

applications in controlled drug release systems.
1,2,4,5 

2. Classification of PHA’s 

Various types of PHAs (approximately 150 different constituents of PHAs have been identified of 

mainly 10
3
 to 10

4 
monomer) are known to be produced by different organisms depending on the 

types of carbon sources available and a limited supply of another nutrient such as nitrogen, sulphur, 

phosphorus, magnesium or oxygen.
3,14-16

 

Some common PHA’s are shown in Table.1. 

 x = CH2 R-group PHA Name Abbreviation 

x = 1 H poly(3-hydroxypropionate) P-3HP 

CH3 poly(3-hydroxybutyrate) P-3HB 

C2H5 poly(3-hydroxyvalerate) P-3HV 

C3H7 poly(3-hydroxyhexanoate) P-3HHx 

C4H9 poly(3-hydroxyheptanoate) P-3HHp 

x = 2 H poly(4-hydroxybutyrate) P-4HB 

CH3 poly(4-hydroxyvalerate) P-4HV 

x = 3 H poly(5-hydroxyvalerate) P-5HV 

CH3 poly(5-hydroxyhexanoate) P-5HHx 

x = 4 C6H13 poly(6- hydroxydodecanoate) P-6HDD 

Table 1. Common PHAs, differ in their respective R-group. 

Structurally diversified, polyhydroxyalkanoates are distinguished on the basis of molecular weights, 

biosynthetic origin, chain length and number of monomers Figure 2. 

Classification of PHA 

 

 

On the basis of Molecular weight (M.W)                                       On the basis of Chain length 

 

 

 Low-MW   High-MW    Ultra-high MW       Short chain     Medium chain     Long chain                             

(LMW-PHA) (HMW-PHA) (UHMW-PHA)          length PHA   length PHA      length PHA 

                                                                                 (Scl-PHA)     (Mcl-PHA)       (Lcl-PHA) 

            

 

                 

              Synthetic origin                                                              Number of monomers 

 

Natural PHA   Semisynthetic PHA     Synthetic PHA        Homopolymer          Heteropolymer       

                       PHA                                  PHA  
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Figure 2. Classification of PHA on the basis of molecular weight, biosynthetic origin, chain length 

and number of monomers. 

PHAs extracted from bacterial cells have properties similar to conventional plastics, such as 

polypropylene. PHAs can be degraded at a high rate (3– 9 months) by many microorganisms into 

carbon dioxide and water using their own secreted PHA depolymerases. The key properties of PHAs 

are shown in Fig. 3 these properties make PHA desirable candidate for substitution to petrochemical 

thermoplastics. 

                                                              
                                 Figure 3. Key properties of Polyhydroxyalkanoates (PHAs). 

3. Morphology of PHA Granule and its metabolism 

PHA (light refracting granules) accumulated in discrete spherical granules (diameter ~100- 800 nm) 

in the cell cytoplasm. These granules are strain specific in each cell for example, Ralstonia eutropha 

(Alcaligenes eutrophus) has 8-12 granules of variable size and Pseudomonas oleovorans have about 

one or two large granules.
5,15,17

 Generally, PHA granule consists of PHA polymer, lipid monolayer, 

and integrated proteins consist of PHA polymerase, PHA depolymerase, structural proteins (phasins), 

and proteins of unknown function (Figure 4) 

 
Fig.4. PHA granule [Source: Taken from Advanced Drug Delivery Review, ref. 4] 

    The granules containing scl-PHA isolated from B. megaterium were reported to be enwrapped by 

a lipid monolayer (0.5%, wt./wt.) and proteins on the outside (2%, wt./wt.). Electron micrographs 

suggested that the surface consisted of a phospholipid layer which separates two crystalline proteins. 

Proteins associated to granules can be classified in four classes: (I) PHA polymerases, (II) PHA 

depolymerases, (III) phasins (granule associated proteins that have a granule stabilizing function), 

and (IV) proteins with unclear functions (possibly enzymes catalyzing the initial formation of 

granules, and regulatory proteins).
1,2,4,5,14
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    On the basis of size, number of subunits, and substrate specificity 53 different PHA polymerases 

(present in the cytosol) were identified and isolated and found that only those are active which are 

localized on the surface of granules. Electron micrographs of freeze-fractured cells indicated that two 

different types of PHA granules were produced, one type containing the homopolymer of PHB and 

the second type with a copolymer of poly (3-hydroxyhexanoate-co-3-hydroxyoctanoate). Interest-

ingly, there are strains that have more than one active polymerase, e.g., two polymerases were de-

tected in P. aeruginosa, P. mendocina, P. putida, P. oleovorans, Rickettsia prowazekii, and three 

polymerases in Pseudomonas sp. GP4BH1.
1–4

 

      In contrast to extracellular PHA depolymerases, the function and mechanism of the intracellular 

depolymerase in PHA-containing microorganisms is less understood. It has been evidence that 

depolymerase of Bacillus megaterium needs to be activated by an unidentified activator in order to 

degrade PHB granules. Isolated granules of B. megaterium were degraded by a soluble enzyme 

fraction of polymer depleted cells of Rhodospirillum rubrum. The fraction could be separated into an 

activator and depolymerase fraction. No PHB degradation occurred when the activator was applied 

alone.  

      There is no agreement yet on the regulation of the degradation of PHA granules, for example, R. 

eutropha accumulate and degrade PHA simultaneously. The strain was grown in chemostat cultures 

under ammonium limitation and traces of octanoate in excess. Degradation of the stored poly(3-

hydroxyhexanoate-co-3-hydroxyoctanoate) can be achieved by withdrawing and incubating cells 

under carbon starvation. Surprisingly, the cells were able to degrade PHA immediately in a first 

order rate reaction even when protein synthesis was blocked at the mRNA level with rifampicin. This 

suggests that either depolymerase is at work continuously or it can be activated quickly by an 

inactivation of a repressor.
3,5 

 

      The third class of granule associated proteins, called phasins, may have several functions such as 

inhibiting individual granules from coalescing and agglutinating with other granules. It was also 

speculated that phasins might have a protective function to reduce the passive attachment of cyto-

solic proteins. Isolation of granule associated proteins is generally difficult since the surface can be 

easily contaminated with lipophilic proteins originating from the cytoplasm and outer membrane. 

Thus, there is considerable doubt that the class IV granule-associated proteins were originally located 

on the granules.
4,18

 

4. Detection and extraction of PHA 

4.1. Traditional staining methods 

PHAs are hydrophobic in nature, hence the traditional methods of detection has been used to stain 

these granules with lipophilic dyes such as Sudan black B, Nile blue A and Nile red. Such staining 

methods provide for easier identification between PHA accumulating and non accumulating strains. 

Nile blue A, a water soluble basic oxazine dye, has an advantage over that of Sudan black in that, it 

does not stain other inclusion bodies such as glycogen and polyphosphate. Hence, it has more 

specific affinity to stain only PHAs.
2,4,5

 

4.2. Extraction of PHAs 

After fermentation, the cells containing PHAs are concentrated from their broth using conventional 

procedures such as centrifugation, filtration, or flocculation centrifugation. The harvested cells are 

then lyophilized and subjected to various extraction methods that employ solvent extraction or non 

PHA biomass digestion. Solvent extraction methods proposed for the recovery of both scl- and mcl-

PHAs involve their extraction using chlorinated solvents such as methylene chloride, propylene 
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carbonate, dichloroethane or chloroform. After extraction in these solvents, the polymer solution is 

filtered to remove cellular debris, concentrated and then PHA precipitated using cooled solvents such 

as methanol or ethanol by vigorous shaking. However, such methods of extraction are limited by the 

fact that large volumes of solvents are required and are therefore commercially unattractive.
3,5

 

      Compared to scl-PHAs, mcl-PHAs are soluble in much broader solvent range and therefore 

cheaper and less toxic solvents such as hexane, acetone and dimethylcarbonate, (DMC) can be used 

for its extraction. Digestion of the biomass other than PHA typically consists of heat treatment, 

enzymatic solubilization, and surfactant washing. Sodium hypochlorite which solubilises non PHA 

material has been used for PHA extraction. It breaks the bacterial cell wall and thus liberates the 

intracellular granules. However, sodium hypochlorite digestion causes severe degradation of the 

polymer, with up to 50% reduction in its molecular weight.  

      To combine the advantage of differential digestion and solvent extraction, dispersion of sodium 

hypochlorite and chloroform has also been used for PHA extraction. The hypochlorite digests the 

cells releasing the PHA, which immediately dissolves in chloroform and thus gets protected from 

degradation. The enzymatic digestion method developed by Imperial Chemical industries has also 

been used for the extraction of P(3HB). It involves the thermal treatment of biomass, enzymatic 

digestion using enzymes such as alcalase, neutrase, lecitase, and lysozyme and washing with an 

anionic surfactant for example sodium dodecyl sulphate, (SDS) to solubilize non P(3HB) cellular 

material. Solubilized and non-solubilized cell compounds are separated by centrifugation following 

which washing with anionic surfactant and flocculation is carried out. After washing with an anionic 

surfactant and flocculation, P(3HB) has been recovered as a white powder of about 200 µm particles 

by spray drying.
3,5,16,18

 

5. Biodegradation of polyhydroxyalkanoates 

5.1 Factors affecting biodegradation 

PHAs are  biodegradable  polymers  that  can  degrade under  both  aerobic  and anaerobic 

conditions. They can also be subjected to thermal degradation and enzymatic hydrolysis.  In  

biological  systems  PHAs  can  be  degraded  using microbial  depolymerases  as  well  as  by  

nonenzymatic  and  enzymatic hydrolysis in animal tissue. Numerous factors affect the 

biodegradability  of  PHAs  such  as  stereoregularity,  molecular  mass, monomeric  composition 

and  crystallinity  of the polymer. The study showed that biodegradation of PHAs is influenced by 

the chemical structure i.e.  presence of  functional  groups  in  the  polymer  chain,  hydrophilicity-

hydrophobicity balance and presence of  ordered  structure: like crystallinity, orientation and 

morphological  properties. Usually, the degradation of the polymer decreases with the increase of 

highly ordered structure.  Since  more  crystalline structures, also have higher melting temperature 

(Tm) for the crystalline phase of the  polymer,  hence  for  PHAs,  the  degradation  rate  also  

decreases  with increasing  Tm.  Thus  mcl-PHAs  with  low  crystallinity  and  Tm,  are  more 

degradable than scl-PHAs which have comparatively higher crystallinity and Tm. Studies have also 

shown that the rate of hydrolysis of PHAs depends on the  surface area of  the polymer exposed. 

Hydrolysis starts on the surface and at  physical  lesions  on  the  polymer  and  proceeds  to  the  

inner  part  of  the material.
3,4,19,20

 

5.2. Biodegradation in the environment 

In  nature,  the  microbial  population  present  in  a  given  environment  and temperature  also  

contribute  to  the  biodegradability  of  the  polymer. Microorganisms from the families  

Pseudonocardiaceae, Micromonosporaceae, Thermomonosporaceae,  Streptosporangiaceae  and  
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Streptomycetaceae predominantly degrade P(3HB) in  the  environment.
6
 These microbes secrete 

extracellular  enzymes that solubilise the polymer and these soluble products are then absorbed 

through  their cell walls and utilised. Some PHA producing bacteria are able to degrade the polymer 

intracellularly. During intracellular degradation, the polymer is ultimately broken down to acetyl-

CoA which under the aerobic conditions enters the citric acid cycle and is oxidised to CO2.  The 

enzyme involved in the degradation of the PHAs is the PHA depolymerase encoded by phaZ.
21

 

6. Applications of PHA  

 PHAs have tremendous application in the field of biomedical. Biocompatibility is an important 

measure for the biomedical applications of PHA’s because they cannot cause severe immune 

reactions when introduced to soft tissues or blood of a host organism also not elicit immune 

responses during degradation in the body. Typically, PHA polymers are degraded by the action of 

non-specific lipases and esterases. Degradation of PHA matrices in the tissues of the host organism 

offers the possibility of coupling this phenomenon with release of bioactive compounds, such as 

antibiotic or anti-tumor drug and acting as an automatic dosing agent.
3,11,22

 The  kinetics  of  dosing  

of  a  compound from  a  PHA  matrix  can  be  tuned  by  altering  the polymer  properties,  

including  using  different  types of PHA with different monomer side chains. PHBV was reported to 

be biodegradable material suitable for use in the construction of heart valve, blood vessels, 

pericardial substitutes, orthopedic biomaterials and in drug release systems. The wealth of data 

available currently, plus innovations occurring in the field at the present time suggest a bright future 

for the medical PHA field.
3,23,24

 

6.1. PHAs as medical scaffolding material 

In earlier studies, blends of PHB and hydroxyapatite (HA) were used as scaffolds to treat bone 

defects. Also, a copolymer of polyglycolic acid (PGA) and PHB was  used  to  produce  pulmonary  

valve  leaflets  and pulmonary  artery  scaffolds  in  sheep.  This study was followed up by 

construction of a PHA based heart valve scaffold, which was again surgically inserted into sheep. 

Both of these studies illustrated that tissue engineering using biopolymer scaffolds is possible. 

Further, PHB has been used successfully as a graft matrix for neuronal generation after spinal cord 

injury in rats.  PHB  films  were  also  found  to  provide scaffolding  to  patch a  large  bowel  defect  

in  rats  and were shown to degrade more readily in vivo.
25

 

     Polymer crystallinity has played an important role in the interactions of PHA with cartilage 

chondrocytes. Maturational differentiation of chondrocytes was shown to be affected by the amount 

of PHB in a PHB/P(HBco-HHx)  blend  present  on  a  surface.  Scaffolds produced from unblended 

P(HB-co-HHx)  were  also shown to be effective in cartilage repair. Matrices fabricated  from  

P(HB-co-HV)  implanted  into  cartilage defects in  rabbits  exhibited  better  healing  response than  

scaffolds  fabricated  from  collagen  impregnated with calcium phosphate. The bioabsorption rate of 

the implants decreased in correlation with the 3HB content.
20 

Osteoblasts  were  also  demonstrated  

to adhere,  proliferate,  and  deposit  calcium  on  PHA substrates.  It  was  further  demonstrated  that  

PHB and  P(HB-co-HHx)  polymers  were  the  most biocompatible,  with  osteoblasts  preferring  a  

lower percentage  of  HHx  monomer  (12  mol%)  compared  to fibroblasts  (20  mol%).  A recent 

study has reported the application of P(HB-co-HV) platforms in  tissue  repair.  Laser  

microperforation  did  not  inhibit cell  proliferation  or  migration  through  the  micropores, 

suggesting  that  the  technique  could  be  used  for production of tissue engineering scaffolds.
12

 

Another study has shown that PHA matrices allow proliferation of neural stem cells. P(HB-co-HHx) 
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allows for the most penetration of stem cells into the polymer matrix,  presumably  due  to  the  

porosity  of  P(3HB-co-3HHx).
13

  

      P(3HB-co-3HHx), have shown a better biocompatibility response than other polyesters such as 

PLA. Therefore, evaluating the initial in vivo biocompatibility response of the P(3HB)/m-BG 

composite system is considered to be the key test regarding its suitability for biomedical 

applications.
23

 

Biodegrable PHB-co-HHx has also been found to a suitable material for tarsal repair.  PHBHHx 

scaffolds can be used for eye reconstruction without worrying the sources and pathogen 

contaminations to repair tarsal defects in rats.
24

 

In present era technology plays a crucial role in preparation of advanced scaffold systems by the 

addition of various functionalities (bioactivity, growth factor/drug delivery, surface reactivity and 

biosensing) into the base polymeric porous substrate (P(3HB)). Metabolic engineering of PHA offers 

an opportunity to synthesize novel polymers with desirable properties in low-cost, high-productivity 

fermentations. Multifunctional scaffolds emerge as a new way in tissue engineering. These 

multifunctional composite scaffolds were prepared by using solvent casting/particulate leaching 

technique which includes incorporation of P(3HB), with bioactive glass(BG) as bioactivator, 

Vitamin E as antioxidative or/and carbon nanotubes (MWCNT) as electrical conduction, forming 

foams.       

6.2. PHAs as surgical material 

A common PHA  type  used  for  fabrication  of  surgical  material  is poly(4-hydroxybutyrate)  

(P4HB).  As  suture  material, oriented  P4HB  fibers  (545  MPa)  are  stronger  than polypropylene  

sutures  (410-460  MPa). The most well-known product, and the  first  approved  by  the  US  Food  

and  Drug Administration (FDA),  is  the  TephaFLEX®  suture fabricated  from  P4HB.  Tepha, Inc. 

also produces surgical meshes  and  films  fabricated  from  PHA.  All products  have  been  

demonstrated  to  have  favorable mechanical  properties  for  use  in  surgical  procedure.
8,9 

(www.tepha.com). 

6.3 PHA’s in bone tissue engineering and bone fixation 
Cellular components, extracellular matrices and scaffolds, growth and differentiation are the 

important factors for bone tissue engineering because of low cell viability. Metals, ceramics and 

polymer had found limited success in this field. In this regard, PHBV and PHA appear to be suitable 

materials and found applications in bone tissue engineering. Osteoconductive matrices are prepared 

from biodegradable materials such as PHBV, and also from synthetic polymers such as polylactic 

acid (PLA), polyglycolic acid (PGA), poly (lactic-co-glycolic acid) (PLGA). The mechanical 

properties of the scaffolds should match that of the tissue and be maintained during healing. 

Therefore, characterization of mechanical properties of scaffolds during degradation and bone 

regeneration is essential. There is increasing evidence that changes in scaffold surface chemistry, 

topography and alter cellular activity. Surfaces, therefore, may need to be characterized and when 

required, altered to facilitate bone tissue regeneration. Future it is demonstrated that PHBV (9%) 

sustained a fibroblast proliferation rate similar to that observed in collagen sponges for at least 35 

days. PHBV was tested as a temporary substrate for osteoblast growth. The oxygen plasma treatment 

rendered the surfaces of PHBV8 foams hydrophilic and exposed the otherwise covered voids left 

behind by the solute leached making a higher volume of foam available for cell proliferation. Thus, 

plasma treatment proved its worth both by modifying porosity and the surface and by making the 

voids available for occupation by osteoblasts. The pore size, porosity and pore morphology could be 
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controlled by the polymer concentration, presence and size of leachable solutes and surface 

modification.
7
 PHBV matrices has a serious potential especially when their surfaces are modified by 

oxygen plasma. Hydroxyapatite (HA), a mineral quite similar in composition to the inorganic 

component of bone, is used to modify the mechanical properties of polymeric implants for certain 

medical applications. Composites of PHBV and HA with partial biodegradability and high 

mechanical strength and osteoconductivity were reported to be suitable for fracture fixation.  

      A composite of PHB reinforced with HA particles was tested as a bone analog and new bone 

growth at the interface of implantation site was observed after 6 months. It thus appears to be 

suitable filler for improving mechanical properties and bone healing. 

      High strength is required not only for sutures but also for bone fixatives. PHA, which is 

physically strong owing to its highly crystallized structure and made of a body componential 

molecule, can be used for bone fixation as shown in Table 5.
19,25,26

 

Manufacturer Material Type 

Bionix SR-PLLA, SR-PGA, Injection PLLA Pin, screw 

Surgical Dynamics Injection PLGA Needle, meniscus arrow 

Instrument Injection Staple, suture anchor 

Makar P(D, LA/GA) Interference screw 

Linvatic Injection PLLA Suture anchor, interference screw 

Mitec Injection PLLA Suture ancho 

Arthrex PLLA Interference screw 

Phusis P(LA/D, LA) Interference screw 

Sulzer Orthopedics P(D, LA) Interference screw  

Acufex P(GA/TMC) Interference screw 

Gunze Drawn PLLA Pin, screw, plate 

Takiron Drawn PLLA Needle, pin, screw, plate 

Table 5. Biodegradable bone fixatives made of PHA in the market. 

6.4. PHA’s in artery augmentation 

Each year about 40,000 babies are born in the United States with congenital cardiovascular defects. 

These are currently the most fatal kind of birth defect, and half of these deaths occur in infants under 

one year of age. Cardiovascular surgeons can frequently repair these defects surgically, often with 

the use of a surgical patching material. In many cases, it would be advantageous to use living tissue 

or a tissue scaffold as a surgical patching material rather than the non-viable, synthetic materials that 

are often used, such as polytetrafluoroethylene (PTFE). In one such study, P4HB has been used with 

good success as a scaffold for preparing autologous cardiovascular tissue. Patches of P4HB with a 

porosity exceeding 95% and pore sizes of 180–240 µm, were prepared through a combination of salt-

leaching and solvent evaporation. This study also explained addition feature of P4HB patching 

material that upon implantation of the P4HB patch no bleeding was observed along the suture line, 

whereas bleeding is often observed after suturing of PTFE patches. Notably, the suture leaves a hole 

for blood to leak through in the PTFE patch, while the P4HB patch is self-sealing preventing blood 

leakage. This feature of the P4HB patch may have broader application in long term.
27

 

6.5. As heart valves 

As some of the most astonishing results in heart valve development have been obtained with PHA 

polymers, and most recently with P4HB. Heart valve replacement surgery is fairly common and the 
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American Heart Association has estimated that more than 90,000 of these procedures are performed 

each year. A group at Children’s Hospital in Boston evaluated P4HB as a faster degrading alternative 

scaffold material. A porous scaffolding material in the form of a trileaflet heart valve was formed 

from a PGA non-woven mesh solvent coated with P4HB. The P4HB coated scaffold was more stable 

in vitro than PGA alone, allowing the use of a pulsatile flow conditioning system and prolonged 

tissue maturation prior to implantation.
11

 

6.6. As vascular grafts 

Vascular grafting is a common clinical procedure used to repair or replace compromised blood 

vessels and it isestimated that over 500,000 of these procedures are performed in the US every year. 

Large diameter blood vessels are typically replaced with synthetic grafting materials, such as 

Dacron
TM 

(polyethylene terephthalate) or expanded PTFE (ePTFE). However, these materials do not 

perform well when a small diameter graft is required as the grafts rapidly close (occlude). Instead, 

when surgeons perform procedures that require small diameter grafts, such as coronary bypass 

procedures, they typically harvest blood vessels (usually the saphenous vein or mammary artery) 

from the patient. Besides the obvious pain inflicted in these harvesting procedures, these autologous 

grafts can also be compromised or in short supply if the patient has had multiple procedures. (About 

20% of bypass patients undergo subsequent surgeries). To overcome the current limitations in 

vascular grafting, efforts are underway to develop tissue engineered vascular grafts using a similar 

approach to that described above for the heart valve. Large diameter tubular conduits made of a 

PHO/PGA composite seeded with a mixed cell population of endothelial cells, smooth muscle cells, 

and fibroblasts (derived from carotid artery) have been investigated and used to replace 3–4 cm 

abdominal aortic segments in lambs. Fairly recently a composite of P4HB and PGA, similar to that 

used in the heart valve studies, has been investigated as a potential vascular graft scaffold.
10,11

 

6.6. As sutures and medical textile product 

It is reported that P4HB can be elongated almost 10 times its original length. During this stretching 

process, the polymer chains become oriented, resulting in exceptionally strong fibers. These P4HB 

fibers are stronger than typical polypropylene sutures (410–460 MPa), and at least comparable in 

strength to commercial absorbable suture fibers like Maxon TM (540–610 MPa) and PDS II TM 

(450–560 MPa) sutures. The Young’s modulus of oriented P4HB fiber (670 MPa), for example, is 

significantly lower than that of other monofilament sutures like Maxon TM (2930 MPa), PDSII TM 

(1380 MPa), and Biosyn TM (1000 MPa). P4HB fibers and multifilament yarns with a range of 

properties can be produced to provide varied starting points for making medical textile based 

products such as grafts, patches, tissue engineering scaffolds, ligament, slings, surgical meshes, dura 

and pericardial substitutes.
3
 

6.7. As bulking agents and soft tissue repair 

Low molecular weight oligomers of P4HB have been prepared for potential use in soft tissue repair, 

augmentation, and bulking applications. These oligomers were prepared in solution by hydrolysis of 

higher molecular weight P4HB, and along with P4HB microdispersions could potentially be 

administered by injection.
26,27,28

 

6.8. As artificial skins and cartilages 

Artificial skin is required to function as a barrier membrane which can maintain the humidity inside, 

can resist infection, and not to induce inflammation. To solve this requirement, collagen sponges or 

chitosan fabrics are often utilized for their high cell affinity or for the antibiotic function of chitosan. 

But, the PHA materials have been also used for their biodegradability, strength, easy handling, and 
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absence of the infectious species. The Vicryl mesh is used as a scaffold for tissue engineered 

artificial skin, for eg. Dermagraft (Advanced Tissue Sciences, Inc.). By the same technique, the 

tissue engineered cartilage, NeoCyte (Advanced Tissue Sciences, Inc.) was developed and its clinical 

trial has been started.
10,11

 

6.9. In drug delivery  

The drug delivery system was developed for the purposes of bringing, uptaking, retaining, releasing, 

activating, localizing and targeting the drugs at the right timing, period, dose, and place. The 

biodegradable polymer can contribute largely to this technology by adding its own characters to the 

drugs. 

      PHAs have been studied as drug carrier scaffolds for controlled drug delivery. The  use  of  

P(3HB-co-4HB)  rods  as  antibiotic  carriers  for  the  treatment of osteomyelitis using  Sulperazone 

TM or  Ducoid  was  evaluated  and  compared with P(3HB-co-3HV). P(3HB-co-4HB) was preferred 

over P(3HB-co-3HB) as it was less rigid and easier to handle. Transdermal drug delivery (TDD) is 

an ideal method for drug administration. However, in this method the hydrophobic stratum corneum 

represents a major barrier against hydrophilic ionisable drugs.  Studies were therefore carried out to 

use mclPHAs for TDD.  Tamsulosin  was  used  as  the  model  drug  in  this  study;  

polyamidoamine  dendrimer  which  acted  as  an  enhancer  was  added  to  the  polymer matrix. The  

dendrimer-containing  PHA  matrix  achieved  the  clinically  required  amount  of  tamsulosin  

permeating  through  the  skin  model.  Graft  copolymerised  monoacrylate-poly(ethylene  glycol),  

PEGMA  and  P(3HO),  i.e.  PEGMA-gP(3HO) has been used to develop a swelling controlled 

release drug delivery system  for Ibuprofen (model  drug).  In  another study P(3HB-co-3HHx) 

spheres was studied as a matrix for the controlled release of triamcinolone acetonide for possible 

treatment of  cystoid  macular oedema, (CMO)  and  acute  posterior  segment  inflammation  

associated  with  uveitis.
10

 

      The  numerous  experimental  evidence showed that PHA is well tolerated by mammalian 

systems, including the  human  body,  various  forms  of  PHA  are being studied for use as drug 

delivery devices. In  an in  vitro study  of  antibiotic  release,  P(HB-co-HV) rods  impregnated  with  

either  gentamycin  or Sulperazone,  sustained  release  of  drug  into  aqueous solution  was  seen  

over  the  course  of  2  weeks.  

          These P(HB-co-HV) discs containing gentamycin incubated in normal human blood samples 

were shown not to cause proliferation  of  white  blood  cells,  red  blood  cells  or platelets,  

indicating  no  adverse  affects  of  the polymer/antibiotic combination. We can further this research  

by  examination  of  different  drug/PHA combinations,  including  use  of  different  copolymers. 

Given the increase in drug delivery to the surrounding solution by P(HB-co-12 mol% HV) compared 

to P(HBco-8 mol% HV), we can increase the HV content of the copolymer and examine if drug 

delivery increases. Also, P(HB-co-HHx)  copolymers  can  be  studied,  as well as terpolymers and 4-

component polymers.
11

 Earlier studies have suggested release of antibiotics, such as rifampicin  and  

tetracycline,  from  PHB  microspheres results in too rapid a release of  these drugs, and that lower  

crystallinity  PHA  is  required  for  better  timed release  of  drug  into  the  surrounding  tissue.  For 

example,  the  drug  tamulosin  was  mixed with poly(hydroxyhexanoate-co-hydroxyoctanoate  

(P(HHxco-HO)) polymer and shown to facilitate permeation of the  drug  through  the  polymer  into  

skin.  PHB, on the other hand, was less suited to this task both due to its higher crystallinity and its 

inability to adhere to skin in the system tested.  P(3HB-co-4HB)  polymer  has also  been  shown  to  

be  effective  at  releasing  drug  in solution 
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Polymer/composite Drug 

P(HB-co-HV) Tetracycline 

PHB Rifampicin 

P(HB-co-HV) Sulbactam-cefoperazone 

P(HB-co-HV) Gentamicin or Sulperazone 

P(HB-co-HV)/wollastonite composite Gentamicin 

P(HB-co-HV) Gentamicin 

P(HB-co-HHx) Rhodamine B isothiocyanate 

PHB Rubomycin 

Table 7. Survey of Drug Release Studies from PHA Matrices.
11

 

A study using PHB microspheres demonstrated that release of the anti-tumor drug  rubomycin  

inhibited proliferative activity of Ehrlich’s carcinoma in mice. Pseudo-PHA granules (i.e. 

nanoparticles), fabricated in vitro, have also been shown to be effective drug delivery  devices.  In  a  

recent  study,  rhodamine  B isothiocyanate (RBITC) was targeted to cancer cells or macrophages by 

incorporating with P(HB-co-HHx) and associating  with  a  recombinant  PhaP  phasin  protein. 

These  recombinant  phasins  were  protein N-terminal fusions  consisting  of  human  epidermal  

growth  factor (hEGF)  or  human  α1  acid  glycoprotein  (hAGP)  for targeting  cancer  cells  or  

macrophages,  respectively. Proper targeting of PHA/RBITC nanoparticles to each cell line was 

demonstrated by fluorescence microscopy.  For commercialization of PHA drug delivery devices, 

Tepha, Inc. is currently developing TephELAST® and TephaFLEX® materials into drug delivery 

systems (http://www.tepha.com/pipeline-drugdelivery.htm).  A survey of PHA-based drug release 

studies are shown in Table 7. 

7. Conclusions 
This present study entails the recent developments and achievements of PHA as a source  of  

biomaterial polymers and will also look into the future of PHA medical industrial trends. Microbial 

production of PHA has become increasingly attractive due to the rising cost of petroleum and the 

demand to reduce CO2 emission. To meet the requirements for polymers, chemicals, and biofuel, 

PHA have to be produced at low cost, for which bacterial strains and fermentation processes as well 

as substrates need to be carefully developed. Not much has been done on exploiting the PHA 

specialty polymers as most of the PHA research has been carried out by biologists. More intensive 

involvements from polymer experts will help in advancement of PHA based biomedical applications. 

For this reason, many countries have promoted special programme directed towards the discovery of 

new commonly used materials that can be readily eliminated from the biosphere, and have designed 

novel strategies aimed at facilitating the transformation of contaminants. Further, more and more 

research should be conducted to make this polymer of worldwide acceptance.  
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