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ABSTRACT

Polylactic acid (PLA) is a biodegradable polymer with special properties that has been studied intensively during
the last decades. PLA is one of the most promising biopolymers used in nowadays and have large number of
applications in food, packaging, medical and pharmaceutical industries. In addition, with the extensive use of
exogenous implementation of different materials in human body for repair of different types of soft and hard tissues
in many surgeries, there was enormous need to apply natural, biodegradable, non-inflammatory and biocompatible
materials. PLA and its co-polymer composites showed superior characters over other materials in tissue
engineering applications. This review is focused on providing comprehensive information about the most recent and
promising applications of PLA in the pharmaceutical and medical fields, such as in tissue engineering,
pharmaceutical, injury management and drugs delivery system.
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INTRODUCTION

For many years, lactic acid have been producediffigrent kinds of microorganisms and widely appliadfood
and chemical industries [1,2] More recently, marwrapplications have been reported for this aciobith medical
and pharmaceutical field and become one of the nimgiredient in wellness industries in general [}éwever,
lastly the lactic acid polymer (polylactic acid BLA) received high attention as potential candid@ate many
pharmaceutical and medical applications. This dudétd mechanical and biological unique propertiashsas:
biocompatibility, biodegradability, and thermoplagirocess ability. Convenience of biopolymersidaled by its
capability to tune the material properties to fukfingineering limitations [5]. PLA is aliphatic y@ster, having
extraordinary preferences over several polymerd,raay be a piece of the arrangement. Since 19704, have
been approved by the US food and drug administrdif®A) for food and pharmaceutical applicationeeTprime
benefits of PLA are renewability, biocompatibilitgrocess capability and energy saving [6].In additithe non-
toxic and non-carcinogenic effects on the humarybodke Polylactic acid and its degradation prodiikes H,O
and CQaacceptable candidate for biomedical applicatiahss in sutures, clips and drug delivery systddixS).
Due to the larger thermal processing ability coregarto other biomaterials like polyethylene glycol,
polyhydroxylalkanoates (PHA), and palkycaprolactone; the processing of PLA can be acliduefilm casting,
extrusion, blow molding and fiber spinning [7]. Thetension, of utilizing gadgets as a part of hurbady with
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contamination least and aggravation to allow commuedicament has constrained specialists to huntndow
biodegradable and biocompatible choices. Amongbtbpolymers used in medical and pharmaceuticalastuibs
these days, PLA is considered as one of the bestriala. PLA has gained the attention in many a@pions due to
its organics source[8,9].The properties and prdspé@t various recent synthesis techniques as wellthe
applications of PLA in biomedical, clinical, injurganagement and drug delivery system will be higtiéd in this
review. Figure 1 show the cycle of PLA in nature.
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In spite of having colossal properties and being-@amommodating PLA likewise has a few negativeksian
meeting with the prerequisite of specific applioas: (1) it has very low degradation rate which ettimes takes
many years because of hydrolysis of backbone eptmup, which obstructs biomedical and food packagin
applications(2) challenging mechanical performaaygglications based on the PLA'’s brittleness (<10&resion at
break) (3)polylactic acid can cause inflammatorgpanse from the tissues of living hosts due tostteng
hydrophobicity, having low affinity with cells wheahis used as a tissue engineering material. {d)limited gas
barrier properties of PLA which avert its complatzess to industrial sectors such as packaging [11]

However, PLA has not got the merited considerationsidering its aforementioned demerits and costnany
case, diverse strategies for mass or surface aujmstof PLA has been analyzed by scientist througsenting
different segments or controlling its surface egeryrface charge and surface roughness, whickunject to the
requirement of specific applications. Past revidasge analyzed distinct parts of the chemistry amgireering of
PLA. For example: one review was focused on thd-s@id polycondensation of lactic acid (LA) andepented an
overview of the production of PLA fibers by variooethods, along with correlations between the siracand the
properties of the fibers [12]. Rasailal.[13] has analyzed PLA's chemical modification, wdes the previous 5-15
years technologies and modern ideas focusing ehidlly work will be discussed in this study introthg-the new
applications with highly promised future in bothgomaceutical and medical fields. Moreover, tradisilostudies
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involving the synthesis, modification, and applicas of PLA in biomedical sector will be introduced
fundamentally to provide a more comprehensive detsen of PLA.

2-Physical and chemical properties of Palylactic acid

Several distinct forms of polylactide exist dughe chiral nature of lactic acid: poly-L-lactidey fexample,(PLLA)

is the product resulting from polymerization ofll-|lactide (also known as L-lactide). PLLA hascryte structure

of about 37%, glass transition temperature 60—651€lting temperature 173-178 °C and tensile magld—16
GPa. Heat-resistant PLA can withstand temperairdd0 °CPLA is soluble in chlorinated solvents; hot benzene
tetrahydrofuran, and dioxane[l4].Polylactic acids hextensively brought down most extreme constam us
temperature regardless of having comparative mechlaproperties to PETE polymer. Therefore, poltiaacid
can be converted into fibers and film like thernagpics.

On the other hand, the melting temperature anddeflction temperature of PLLA can be raised by3M°C and
60-190 °C, respectively, by physical mixing of polgr with PDLA (poly-D-lactide)[15].Extremely periadstereo
complex having enhanced crystallinity can be forntbgdPDLA and PLLA. With the blending ratio of 1:1,
maximum temperature stability is achieved, but #tere is a significant improvement even at low@raentrations
of 3-10% of PDLA. In the latter case, there is aoréase in the crystallization rate due to PDLAcactks a
nucleating agent. However, due to the higher chysitg of the PLDA it has biodegradation rate slemthan for
PLA [16].

Table 1. Chemical and physical propertiesof polylactic acid derivatives[17]

Properties PLLA PDLA PDLLA

Melting temperatureTm)/ °C 180 180 Variable
Crystalline structut Hem crystalline | Crystalline | Amorphou:
Decomposition temperature/°C 200 200 180-200
Glass transition temperatullg)/ °C 55-60 50-60 Variable
Elongation at break/ (%) 20-30 20-30 Variable
Half-life in 37°C normal saline 4-6 months 4-6 mumt 2-3 months
Breaking strength/ (g/d) 5.0-6.0 4.0-5.0 Variable

3. Structure of polylactic acid

PLA is usually synthesized using a range of polynation processes. These include: polycondensatiog,
opening polymerization and azeotopic dehydrationdemsation reaction. However, the common routedatic
acid and polylactic acid is summarized in FigureThe different processes applied for the produclaxtic acid
polymer (PLA) are summarized in table 2. This taticussed in details the advantages and disadyest the
five main ways to produce Polylactic acid in indyst

Table 2: The advantages and disadvantages of polylactic acid[19].

Synthesis methods Advantages Disadvantages
Rlng—opgnlr}g High molecular weight Polylactic acid Reqwres strict purity of the_
polymerization lactide monomer, related high cost
Biosynthesis Efficient, nontoxic, no pollution, lawst, One-step grré?;;c development  (not fully - industrially mature
New solutions
(polymerization Efficient, non-toxic, no pollution , high molecularUnder development (not fully industrially mature
Conditions, new| weight Polylactic acid process)
catalysts)
Solution Economical. easy to control. One-ste side reactions, pollution, Impurities low molecular
polycondensation ' Y ' P weight Polylactic acid
. sensitivity to reaction
Melt polycondensation One-step, easy to control, economical conditions, high reaction temperature, low molecula
weight Polylactic acid

Despite being very inexpensive methods, in the quoigensation methods, it was very difficult to gelvent-free
high molecular weight Polylactic acid form polycem$ation method involving solution polycondensatod melt
polycondensation. The agueous solution of commidiaiitic acid was distilled under decreased pressand high
temperatures. Then mixing of the distillation prexeroduct was done with the catalyst and solvefure charging
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to the reactor under heating. The resulted polywes mixed in solvent and precipitated two timeshvékcess
methanol while the byproduct (water) was constarigoved azeotropically.
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Figure: 2. Lactic acid and polylactic acid preparation processes18]

Tin (Il) chloride was the most regularly utilizedtalyst and could be recouped toward the end ofdhetion. The
coupling agents like isocyantes, epoxides or peesi could be used for producing a range of modeaukights
due to low to intermediate molecular weight polyrased in the reaction.

In contrast, to get high molecular weight PLA withaising chain extenders or adjuvant the azeotrgitydration,
condensation reaction of lactic acid was used @digernn this process lower molecular weight polysevere
obtained (less than 30 kDa.)[20].

The most frequently used catalyst that can alsatt@ned when reaction completes was tin (1) ddir The
coupling agents like isocyantes, epoxides or peessican be used for the production of range oéoubhr weights
because of the low molecular weight polymer usedhim reaction. The azeotropic dehydration condensat
reaction of lactic acid can be used to produce highecular weight PLA utilizing chain extenders.riN@lly lower
molecular weight polymers (less than 30 kDa) hagenbproduced using this technique. Whereas, martyest
have reported an increase in the molecular weigHeLaA polymers using polycondensation method inirugyv
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agueous solution of lactic acid to producepolylaettid in the presence of two catalysts (tin (hjocide and
succinic anhydride) [21].

Lactic acid can be polymerized to produce polytaeitid polymers by direct poly-condensation underntwlled
temperatures and pressures without catalyst, sbleennitiators. The effects of the reaction tengtere and
pressure on the resulting molecular weights hawn Istudied. The results showed that at 200 °C afieut 90 h
under vacuum, high molecular weights of 90 kDa dce attained. In addition, other technique ushegdrganic
solvents was developed by Mitsui Toatsu chemicahgany to prepare poly-DL-lactic acid (PDLLA) by eléts
solution polycondensation[22].In this process #it acid, catalysts, and solvents were mixedri@agtor so as to
produce high molecular weights polymer of300 kDa t®e other hand, the most commonly used technigue
produce higher molecular weight PLA was ring-opgnpolymerization (ROP), occurred by ring openingtioé
lactide (cyclic dimmer of lactic acid) in the prese of a catalyst. This method consists of threpsst (1)
polycondensation of LA monomers to low-moleculaiighe polylactic acid, (2) depolymerization of theAinto
the lactide and (3) catalytic ring-opening polyraation of the lactide intermediate. This resultFibA with a
controlled molecular weight the whole process mvahis figure 3

Conversely, the requirement of comparatively comdditional purification for this operation, raiffee cost of
PLA production as compared to the one preparecdbycpndensation method.

-H:0 depovlmerization
Lactic acid > low molecular weight polvlactic acid > lactide
Catalwst -H;0
Azeotropic dehvdrative Coupling agent Ring opening polymerization

polv condensation

l |

High molecular weight polylactic acid

Figure: 3 Polylactic acid production by ring opening depolymerization processeq 23]

Residence time, temperature, consternation antyshatgpe can be manipulated to control the molaculeight of
PLA produced by ROP. The control over the ratio aaquence of D- and L-lactic acid units in the Ifipalymer
can also be achieved. A novel method to producle Wigight PLA polymer from lactide by using a soltvéee and
new distillation process and a range of biodegriadpblylactic acid copolymers consisting of mestitee or D-
lactide has recently described in details[24].

4- Polylactic acid biomedical and phar maceutical Applications

The biodegradable polymers have been studied éxéiynsgor medical and pharmaceutical applicatiohsisbased
on their advantages over nondegradable biomaténicisde eliminating the need to remove implants providing
long term biocompatibility. The most common synithdiiodegradable polymers in medical and pharmacaut
applications are the polya{hydroxyacid)s, including polylactic acid (PLA), Igoglycolic acid (PGA) and
polydioxanone (PDS)[25]. Polylactic acid offers quné features of biodegradability, biocompatibilityermoplastic
process ability and eco-friendliness that offereptil applications as commodity plastics, as irkpging,
agricultural products, disposable materials and ioatdextile industry. Because of its favorable rewderistics,
PLA has been utilized as ecological material ad asburgical implant material and drug delivergteyns, and also
as porous scaffolds for the growth of neo-tissu&4?2]. The use of polylactic acid in these appiwat is not only
based on its biodegradability but also it made freenewable resources. PLA is being used becausés of
compatibility and provides excellent propertiesaddition to its low price [28]. Various devices kdveen prepared
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from different PLA types including degradable sewjrdrug releasing microparticles, nanoparticles, porous
scaffolds for cellular applications. The diversifion of PLA applications is such that a singleypwr may prove
useful in many applications by simple modificatiafsits physical chemical structure. In many cathespolymer
can be blended or copolymerized with other polymexi nonpolymeric components to achieve the desired
behavior. The surface properties of materials plagritical role in determining their applicatiorespecially for
biomaterials in biocompatibility. Different surfaceodification strategies, such as physical, chelnglasma, and
radiation induced methods, have been employedemtedesirable surface properties of PLA biomdterizecause
biodegradable polymer implants temporarily remaintihe body and disappear upon degradation, this not
necessary to perform a secondary operation to renttwem after the defect site is repaired. Thusy theve an
important application in the medical field. As ket the PLLA is not suitable for sutures, due $ddtwv degradation
rate. On the other hand, in applications that meglong retention of the strength, such as ligansmdt tendon
reconstruction, and stents for vascular and urolgiurgery, PLLA fiberis usually the preferred eval[29].

Three dimensional porous scaffolds of PLA have baeated for culturing different cell types usedcall based
gene therapy for cardiovascular diseases, musdeets, bone and cartilage regeneration [30-32].appkcation of
PLLA in the form of injectable microspheres is tergy fillings in facial reconstructive surgery. PA
microspheres have also been used as an emboligiahdte trans-catheter arterial embolization, whishan
effective method to manage arteriovenous fistuld amalformations, massive hemorrhage, and tumor$. [34
Microspheres and microcapsules have been wideljieabjn drug delivery systems (DDS) for the proledg
administration of a wide variety of medical agesush as contraceptives, narcotic antagonists, ledthetics, and
vaccines. DDS with peptides and proteins have gé&bered much attention, since they are spec¥iafective
with comparatively low doses [35]. Release of drfigsn these systems is based on several mecharisans
include diffusion and polymer degradation (hydridysr enzymatic degradation) [36].

4.1 Tissue engineering:

Tissue engineering is a techniqgue whose conceptimExiuced in 1988 by the reconstruction of theldgical
tissues using biomaterials giving a three dimeraicstaffold under specific physiological conditioriBhis
technique has emerged as promising substitutectigsorgan transplantation while attracting enorsnattention in
science, engineering and medicine. Scaffolds mewe fifferent materials have been tested to fulfiltious needs
in tissue engineering[37].Certain metals despiteifgagood mechanical properties are not suitabtestmaffold
application due to their non-degradability in theldgical environment.

World has seen astonishing accomplishments in huomgen reconstruction based on tissue engineenitigei last
two decades. During the early days, tissues wereehged from the culturing of cells using biostabiaterials.
With the passage of time, the disappearance adupport from the plantation site leaving behindedext tissue is
a key factor in the recent enormous attractioniofibgradable materials. In this process, surfaopesties play a
vital role in determining the application of a @ént material, especially for biomaterials in biogaatibility[38,39].

Chemical, physical, plasma and radiation inducethous have been employed for modifying the surfafceLA
biomaterials to attain the desired surface propertiThe main constraint in the study of mineralizesdue
engineering with good osteoconductive properti@sliring inorganic materials such as HAP or calcipiosphates
is poor processability into porous material. In tcast, for specific needs an excellent flexibildly design can be
attained by their composition and structure maifoih[40].Being a type of important aliphatic payer PLA has
many applications in the field of biomedical suchsature, bone fixation material, and tissue ergging due to is
degradability. The utilization of PLA involves asodogical material as well as surgical implant mateand drug
delivery systems, and also as porous scaffoldghfergrowth of neo-tissue [41].Biodegradability gm@duction
from renewable resources are not the sole featnedsng PLA useful for its applications. To obtaihthe desired
properties in a single material for an applicai®difficult. However, due to the diversity in thpplications of PLA
a single polymer by simple variations in its Phgtichemical structure may be useful for variousliappons. For
the applications involving longer retention timeckuas reconstruction of tendon and ligament andtstéor
urological surgery, the preferred material is PLLIRALA has been produced for culturing different dgthes
involving cell based gene therapy for neurologicatdiovascular and orthopedic conditions[42].

Following properties an ideal scaffold must have it utilize in tissue engineering (1) biocompdiiyp, for

scaffolds well integrated into host tissues withmgulting in any immune response (2) porosityhveppropriate
pore size, size allocation and mechanical functiorpermit cell or tissue growth and the abstractid metabolic
waste (3) mechanical strength, to withstand lotrass and protect the pore structure for tissuemegtion (4)
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biodegradability, most significant property of dod. Vital components of an efficient tissue eregnng approach
are synthetic scaffolds[43].

Temporary filling in facial reconstructive surgesyone of the uses of PLLA in the form of injectealnicrospheres.
Managing arteriovenous fistula and malformationgissive hemorrhage, and tumors fistula and malfoomst
massive hemorrhage, and tumors has been done hytilization of PLLA microspheres as an embolic entl.

Sander et al. did the estimate PLA microfibers tissue response utilizing rat-subcutaneous impiemaThe

capsule width very low for the thin fiber and fitthiameter field from 5- 15 mm was observed [44].

Osteogenic stem cells seeded on scaffolds of tlatemal and implanted in bone defects or subcutasigacan
recapitulate both developmental processes of bommation: endochondral ossification and intramembus
ossification [45,46]. Due to the high strengthBEILA) mesh, it is possible to create 3D structigesh as trays and
cages an exciting application, for which the (PLofjer tremendous potential, is bone fixation desjcgince the
metallic fixations have several disadvantages. Rigebiodegradable materials have been replaced #ditionally
used metallic materials for the fixation of fra@drbones in the forms of plates, pins, screws, winels. Since
materials for bone fixation require high strengtimilar to that of bone, (PLA) has a large applmatin this field.
Three dimensional (3D) electro weave fibrous sddffas a possibility tissue engineering deviceldjone renewal.
Using electro spinning process with mechanical #ioation process a 3D micro fibrous PLLA has begemerated.
1.8-fold more amount osteoblasts amplification tfianelectro spun 2D nanofibrous membrane has b#amed
also the utilization of 3D frameworks for osteoblaxpansion has been analysés. vivo results further
demonstrated that 3D micro fibrous matrices affargherfect substrate to cell invasion and bone dpweént
following 2 to 4 weeks when utilizing a rabbit calias defect model [47].Table 3 provides a compusive
overview about the commercially available PLA bdiration devises commonly used worldwide.

Table 3 the commercially available PL A bone fixation[48].

M anufacturer Material product country
Gunze Drawn PLLA Pin, Screw, Miniplate, Rod, Iiiéeence screw Japan
Centerpulse orthopedics PDLLA Interference screw AUS
Takiron Drawn PLLA | Pin, Screw, Miniplate, Rod, aap
Arthrex Drawn PLLA Interference screw USA
Phusis P(LLA/DLLA) | Interference screw France
Linvatec Drawn PLLA | Suture anchor USA
Biomet orthopedics Drawn PLLA Mini screw USA
Geistlich biomaterial P(LLA/DLLA | Fixation pins fd6TR and GBR membranes Switzerland
Linvatec Drawn PLLA | Suture anchor USA
Conmed (bionx implants) SR-PLLA Pin, Screw, Meniscus arrow USA

Drawn PLLA ' '

J&J (codman, Depuy and Mitea) glr_;ven PLLA Rivet for skull Suture anchor USA

4.2Wound handling

Polylactic acid and its copolymers were utilizedaifield of wound management, such as surgicalresiinealing
dental extraction wounds. Appreciated the effectiass and eventuality of PLA stents for the treatnoénwar
injuries. The stents made of PLA were effectivéhia treatment of war injuries where PLA stents wadggraded so
that they were easily taken off by the human bddherefore, PLA stents represented a promisingtafterfor the
treatment of scratches and injuries [49].

4.3Drug delivery system

For therapeutic potential maximization and side@ minimization there has been a need for thgeted delivery
of the bioactive materials to specific body pa¥tarious types of particles like liposomes, soljidi nanoparticles,
and biodegradable polyesters such as PLA and PL&¥& been used as delivery tools for biomedical[G6gBue

to the biocompatibility, biodegradability, bettencapsulation, and lower toxicity biodegradable pwdys (PLA,

Gelatin, and PCL) have been utilized as drug defiggstems. Erosion, diffusion and swelling are ohéhe ways
by which polymeric drug release occurs. The dedradanitiates after the infiltration of water inthe device for
biodegradable polyesters containing monomers cdeddo each other by ester bonds the erosion ofigwvice

occurs as ester bonds break by hydrolytic estavalge. Two methods of erosion for degradable palgraee
homogeneous or bulk and heterogeneous or surfastorf51].In the encapsulation process of many sliilge
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psychotic, restenosis, hormones, oridonin, derrhatapy and protein, PLA and their copolymers haenhutilized
in nanoparticle form. Solvent evaporation, solvéisplacement, salting out and emulsion solvenudiéfn are the
various methods utilized for obtaining these namtigas [52]. In this process, PLA is first disset/in acetone, the
solution is then added in an aqueous solution witld stirring and the solvent is then evaporatedasreduced
pressure at room temperature to produce PLA natiolgar The fluorescent particles were acquiredhsy same
process by dissolving fluorescent dye and PLA ameteolylactic acid nano particles have been teistddiman
skin revealing that they can purpose the actiessitto hair follicles which makes them a stelandidate as a drug
delivery layout [53].

Detailed explanation for different types of polymeised in the drug delivery system applicatiorshi®wvn in figure
4.

Drug delivery system

)

W W NN
Hydrophilic polymer Hydrophobic Bio degradable
polymers polymer
L 4 4' W
Poly(vinyl-2- Ethylene-vinyl acetate R
pyuolodone) copolymers Poly(glycolic acid)
J, J’ v

Polv(2-hvdroxy ethyl

Poly dimethyl

Poly carprolacione

metharyvlate) siloxanes
Poly(vinyl alcohol) o ;‘ﬂ;g:"lf;tlﬁ]

v

Poly lactic acid

Figure: 4 Different types of polymer commonly applied in thedrug delivery system

4.4 Composites

To improve the quality and reduce the cost of potida, lactic acid polymerizes with other monomersPLA is
usually blended with other polymers. Polylacticglyc acid, a copolymer, has been approved by (FEph)the
clinical uses. Other product such as VIRYL (Ethicbrt.) is composed of lactic acid and glycolicdaii ration of
2:23. The primary application of this copolymeiri<ontrolled drug release. The ester linkagesLiA Bre sensitive
to both chemical hydrolysis and enzymatic chairawdége. Therefore, PLA is often mixed with starchinrease
biodegradability and to reduce its price. Starchcemtration in PLA/starch mixture is a key parameletermines
the mechanical properties of the blend. Tensilength and elongation decreases as starch condentiratreases.
Starch is a hydrophilic polymer and sensitive totewaand PLA is hydrophobic and water repellent. &vat
absorption increases as the starch concentrataaadses. Nevertheless, the crispness of the deargHilend is a
major drawback in many applications. To overconig limitation, a number of low molecular weight gti@izers
such as glycerol, sorbitol and triethyl citrate agplied. Blends of (PLA) and starch (10-20) % héeen
commercialized as Novon (Ecostar, Germany). One {f#LA) can be formed miscible blend with othemiso
(PLA) and with other various polymers, such as by Rthylene oxide[54], polyvinyl acetate [55],andlyethylene
glycol [56].As (PLA) remains relatively costly, i¢ applied as a matrix in biocomposites combineth wiatural
fibers. With Jute (PLA) composite tensile strengtid tensile modulus increased with a little de@eiasthe
elongation at maximum stress compared with (PLA).
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The high crystallinity of PLA interferes with contted degradation, reducing compatibility with stfisues and
presenting an obstacle to the application as bimdiedple soft plastics. Many approaches to overctimese
problems have been applied. For example, sterebgopo according to enantiomeric composition, block
copolymerization with other polymers, branched (RlLlor blend with other polymers were carried outirthibit
the degradation rate by varying the crystallingy [58].

Ohyaet al., [59]reported a method to achieve graft polymeidzraof (LA) on polysaccharides using trimethylsily
(TMS) protected polysaccharides. By introducing @)vprotecting groups with trimethylsilanechloridgidine,
low molecular weight polysaccharides become solitblerganic solvents and the figure of the initigtigroups
(i.e.,The number of grafts chains) can be contdolleLA grafted polysaccharides with various disenand
numbers of graft chains were synthesized usinginaethylsilyl protection method. The graft-copolymflims
exhibited a lower glass transition temperature (Tmelting temperature, crystallinity, and highersogsity
properties compared to PLA films. Moreover, thefuless of graft copolymer as a plasticizer wasegtigated
with (1:4) blend films prepared from the graft cbpoers and PLA. The blend films showed lower (Tg)da
crystallinity, and higher viscosity properties camgd to PLA films [60].

Different types of chemicals such as citrate estemse been used to plasticize PLA. Recently, jpiasts such as
polyethylene glycol (PEG), glucose monitors andipbfatty acid esters were applied in this prodédg.This was
used mainly to improve the flexibility and impadtsistance of PLA. Calcium phosphate ceramics such a
hydroxyapatite of-tricalcium phosphate shows high biological contgbity and safety in living tissues, such that,
currently, they are applied clinically as biomatsi for bone repair. These ceramics, all the sahawe
disadvantages in that their stamina is not suffitjehigh and that their modulus of elasticity (808 GPA) is
much more eminent than that of natural bone. Maltemvith a high modulus induce a problem of sti#gelding
which leads to bone resorption. Since the stregsdshg is apt to occur due to use of rigid matsrisuch as
conventional metals or ceramics, bioresorbable madgewith modulus of elasticity that is alike toat of natural
bone (5-15 GPA) are requisite for some applicatsunsh as bone plates or temporary internal fixatbbones
broken or damaged. PLA bioresorbability make itreag potential candidates for many clinical appi@ss. The
resorption rate is controllable by the degree dyiperization or copolymerizing. The modulus of #leisy of PLA,
however, is much lower (2—-3 GPA) than natural baifanget al., [62]prepared the composite of PLA apCa
(PGy), fibers for medical applications. Poly L-lactic écipoly L-lactic acid-co-citric acid, polyethylergdycol
multiblock copolymers (PLLA), (PLCA) and (PEG) wesgnthesized through a poly condensation reactiahtlae
properties of scaffolds such as puffing up and aeéagion behaviors, sound structure and mechaniodula were
fully investigated. The mechanical flexibility impres as the content of (PLLA), (PLCA) and (PEG)algmers in
the scaffolds increases. The survey indicatesttteimodification of (PLLA) scaffold with (PLLA), (ECA) and
(PEG) broaden its applications in tissue technalolgy use as setting out materials in the medicdustry, it
demands a high purity of all compounds and advamgedity systems. Regulatory aspects such as duBend
Manufacturing Practices (cGMP) and drug or deviaster files have to be brought into account whemycing
PLA for medical applications [63].

However, it is interesting to notice that large wfitees of stablegg-anhydrite 1l (All), a specific type of dehydrated
gypsum and a by-product of lactic acid productiomcpss, can be melt blended with bio-sourced aodegjradable
PLA to produce economically interesting novel cosifes with high tensile force and thermal stabil@].

4.5 Nanotechnology

Poly (lactic-co-glycolic acid) is a copolymer syasiived by random ring opening copolymerizatiornwas tifferent
monomers, the cyclic dimers (1,4-dioxane-2,5-dipéglycolic acid and lactic acid (Figure 5). Nodegys, it is the
best defined biomaterial available for nanotechggloased on the pharmaceutical and biomedical @jins with
respect to design and performance. The commonysttalsed in the preparation of this copolymerudeltin (I1)
2-ethylhexanoate, tin (1) alkoxides or aluminuropsopoxide. During polymerization, successive moeoounits
(of glycolic or lactic acid) are linked together {(RLGA) by ester linkages, thus yielding a lineamorphous
aliphatic polyester product[65]. The forms of (PL{zde usually identified by the monomers ratio usdte most
frequently used copolymer in the nanotechnologysisally composed of 50% lactic acid and 50% glycadtid.
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Figure5: Structure of polylactic-co-glycolic acid (x isthe number of lactic acid unitsand y isnumber of glycolic acid units)[66]

Polylactic-co-glycolic acid have different physiadiaracteristics such as size, morphology, and disteibution.
Therefore, it can be synthesized by controllingpgheameters specific to the synthesis method ereglaambaux
et al., [65] reported that the most commonly usedhod for (PLGA) formation is the single or douleleulsion
solvent evaporation. Single emulsion process ie®lwil in water emulsification, while the double wsion
process is water in oil in water method. The waiesil in water method is best suited to encapsuedter soluble
drugs, such as peptides, proteins and vaccinetg Wig oil in water method is ideal for water indae drugs, such
as steroids [66,67].

In some conditions, solid/oil/water techniques hbeen exploited with (PLGA) based microsphereseesily for
a higher drug loading of high water soluble pemtidguch as insulin. In summary, for the oil in wateethod,
(PLGA) is first solute in a water immiscible, vadlatorganic solvent (e.g., dichloromethane); thes drug is added
to the polymer solution to produce a solution af tlrug particles. After that the drug solution msugsified by
appropriate temperature and stirring conditiona larger volume of water in the presence of an sified such as
poly vinyl alcohol to yield oil in water emulsioRoly vinyl alcohol (PVA) is used to stabilize thena@sion, since it
forms particles of relatively small sizes and umificsize distribution [66]. Followed by solvent revab by either
evaporation or extraction to harden the oil drapléte solid nanospheres obtained are then wasttedodiected by
filtration, sieving or centrifugation. These arenhdried under appropriate conditions or are Iyiigdd to give the
final free flowing injectable nanosphere productary researchers have used this method to produ€@A(Pnostly
in size 100 nm. (PLGA) was colloidal in the randgeli@ameter from 10 to 1000 nm, with the therapeagent either
entrapped into or adsorbed or chemically couplei dime polymer matrix. A typical manner for predama of
(PLGA) containing plasmid DNA or other drugs[68,69]

The polylactic-co-glycolic acid (PLGA) is biodegedule in the body due to they undergo hydrolysishefr ester
linkages in the presence of water to produce tiggnal monomers, lactic acid and glycolic acid Figé, which are
byproducts of various metabolic pathways in theybadder normal physiological conditions [70]. Thegdadation
rate of (PLGA) polymers is related to the mononaiorused in production; the polymer containindg@:%0) ratio
of lactic and glycolic acids is hydrolyzed muchtéghan those containing higher proportions dfigitof the two
monomers [67]. The degradation products are easfyabolized in the body via the Krebs cycle andedireinated
[71]. Thus, there is very minimal systemic toxicigsociated with using (PLGA) for drug deliverylmomaterial
applications. Athanasiou et al (1996) documentegkind in vivo and in vitro studies testing the toxicity
biocompatibility, the results demonstrated that GA) nanomaterials have satisfactory bio-compatipitnd
absence of significant toxicity. The in vivo stusli@volved applications in bone, articular cartdagnd the
meniscus, and a significant number of other stugéformed in situ in muscle or other soft tissudkthe previous
studied support the potential vivo application of(PLGA) biomaterials, although somee=areported inflammatory
responses [70].

' fl;m "Q l
| !
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PLGA Lactic acid Glycolic acid
Figure 6: hydrolysis of polylactic-co-glycolic acid (PL GA)[66]

The biodistribution studies demonstrate that (PL@Alivery enhances accumulation of diagnostic ergheutic
agents by the enhanced permeability and retentifacte For example, when indocyanine green wasvdedid
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through (PLGA) in healthy mice using a fluorometagsay method, the led to higher indocyanine gdegosit in
organs (two to eight times) as well as in bloodgfto ten times) compared with free solution, iatlieg the
enormous potential of (PLGA) as a delivery systam ihdocyanine green for its use in tumor diagnasis
photodynamic therapy[72]. This effect is enhancdtermvthe NP is shielding with a poly(ethylene glyoride)
surface modification [61]. Coating the nanopartglgface with a hydrophilic polymer, such as pdhytene glycol
(PEG), has been shown to confer long circulatioaoperties to polylacticacid,(PLGA), polycaprolactoaad
polyphosphazene nanoparticles. The presence ofhttigophilic polymeric chains on the surface of the
nanoparticles is considered to sterically stabilfmm against opsonization and subsequent phagisitd] .

It is necessary to sterilize all medical implantte=fabrication and prior to their surgica | plagent to reduce the
risk of infection and other complications. Athamasgt al. [73]well documented the advantages and disadvastage
of the common terminal sterilization methods of Heat, steam, ethylene oxide gas and ionizing tiad& Among
them, steam and dry heat sterilizations are cawigdat high temperatures and can cause severadiggm and
hydrolysis of polymeric microparticles; ethyleneidxis not applicable due to its toxic residuese FHirradiation
causes instability, deterioration and cross linkingakage of polymer chains but it is currently there frequently
used method for terminal sterilization of (PLGA)ndevices. Many studies are still focused on thesldgment of
a suitable method for sterilizing (PLGA) devicess,[776]. For instance, Shearer et al.(2006) thectffef
sterilization with ethanol, ultraviolet irradiatipperacetic acid, and antibiotic solution on theicdture of (PLGA)
hollow fiber scaffolds and found that none of theriization methods are ideal in terms of steirlgzthe sample
without causing structural changes [76]. Howevheytsuggested that the antibiotic treatment wouttvide a
convenient, effective method with which to stegli@LGA) hollow fibers for use as Drug deliventle method or
process of administering a pharmaceutical compdonachieve a therapeutic effect in humans or arsmiz6].
Medications, such as peptide, protein, antibodgcivee and gene-based drugs, may not be deliveiied usutine
delivery methods because they might be susceptblenzymatic degradation or cannot be absorbed timto
systemic circulation efficiently enough, owing t@lecular size and charge issues, to be therapbytaféective.
Therefore, many efforts have been focused on tigetiad delivery where the drug is only active ie thrget area of
the body, such as tumor tissues, and sustainedseelfermulations in which the drug is released @veeriod of
time in a controlled manner. A wide variety of nalland synthetic biodegradable polymers have beastigated
for drug targeting or prolonged drug release [@], 7

Polylactic-co-glycolic acid is a polymer approveglithe FDA for drug delivery owing to its biodegr&ddy, drug
biocompatibility, suitable biodegradation kinetiaed mechanical properties and ease of procesdirasl been
widely used to formulate into different biodegralgallevices, such as microparticles, (PLGA), imgaand
miscellaneous devices, as well as in situ formedicds. Biodegradable (PLGA) have been investigdted
sustained and targeted localized delivery of défféragents, including drugs, proteins and peptided, recently
plasmid DNA, owing to their ability to protect DNAom degradation in endolysosomes[79].0wing to rthei
subcellular and submicron size, PLA delivery systehave distinct advantages for drug delivery. PLGah
penetrate deep into tissues through fine capiadeross the fenestration present in the epithiliag (e.qg., liver)
and, generally, are taken up efficiently by thdscélhis allows efficient delivery of therapeutigeants to target sites
(tissue or organ) in the body.PLGA also have theaathge of sustaining the release of the encagsltherapeutic
agent over a period of days to several weeks coedpaith natural polymers that have a relativelyrsdaration of
drug release [61]. PLGA has been a common choit¢bkdrproduction of a variety of biomedical devicesch as
grafts, sutures, implants and prosthetic devicBg [6

CONCLUSION

According to the previously published work on PLA,is possible to notice that the bio absorbable an
biodegradable poly acid from the renewable resauimepharmaceutical and biomedical applicationseheattracted
more attention of many researchers and industbesing last five years, the studies on the PLA ddaijvery
manor such as anticancer agents and vaccine imimenaply have resulted in a significant developmenPLA
production and treatment strategies. The polylaatid composites need to be further improved arattepted by
the market. However, we think in the next five yearere researches will be focused on the thorougluation for
biodistrubutin, toxicity and pharmacokinetics befarsing polylactic acid materials in the clinicablis such as
cancer. For example, the studies of polylactic-y@alic acid as vaccine candidates will more foomnsdeveloping
the features to providing the delivery with suitablrface molecules for recognizing the immuneesysind much
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effective targeting. We believe that PLA will help improving the treatment of many diseases ang phlare
important manors in stem cell and tissue engingaesearch.
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