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ABSTRACT

Polyglutamic acid (PGA) is a natural biopolymer neagp of periodical units of both L-glutamic acids;glutamic
acid. This biopolymer is of special interest basedits biodegradability, non-dangerous and non-imogenic
properties, and thus it has been utilized effettiiea many pharmaceutical applications. Among otimewvel
applications, it has the likelihood to be utilizid protein crystallization, as a delicate tissuwdldwer and a non-
viral vector for safe quality conveyance. TherefdP&A exhibited many therapeutic applications aticamcer
agent, drug delivery, biological Glues, biologigantrol agent, and in tissue Engineering. Invedtas of PGA
biosynthesis/production and learning of the catiysd functional biological actions will additiolhaincrease the
range of its applications.

Keywords:. polyglutamic acid, pharmaceuticals application gddelivery, tissue engineering, anticancer,

INTRODUCTION

Nowadays, biopolymers play very important role ur daily life based on their highly diversified dipptions. For
many years, biopolymers are usually referred tdalaydrates polymers of microbial origin such asposteins
(polymer of amino acids). Cabohydrate biopolymeesraainly produced by microbes and find many apgibns in
food, pharmaceutical and medical industries [1F&jwever, Polyglutamic acid (PGA) is a unique biodegble,
non-immunogenic and anionic homopolyamide biopolymieich made up of D- and L- glutamic acid unitsadfle
range of molecular weight[4].Gamma PGAis a form mhthe peptide bonds are between the amino group of
glutamic acid and the carboxyl group at the endhef glutamic acid side chain[5]. In general, PGA d&
differentiated into 2 isoforms-poly-glutamic acid ¢-PGA) and polyy-glutamic acid {-PGA) - depending on the
attachment of the amino group to the carboxyl gr@tig. 1).
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Fig. 1: Isoforms of Polyglutamic acid[6]

a-PGA is synthesized chemically by nucleophile ati#d polymerization of the-protected N-carboxyanhydride of
L-glutamic acid. Microbial production af-PGA is difficult and the polymer can only be prodd by recombinant
microorganismsy- PGA has been produced extensively using bactesigecially those dBacillussp. As PGA is
different from proteins, because inside the cdliitagnate is polymerized via theamide linkages, and thus
synthesized in a ribosome independent manner [7].

Polyglutamic acid is a water-soluble, biodegradgtaéymer which produced by microbial fermentatiétecent
research has shown that PGA can be used in drugedelfor the controlled release of paclitaxel [By
conjugating paclitaxel, or other drugs to PGA, dneg compounds become more stable and more wdtdslaoln
addition, the conjugate can act as a drug deposdstained release, enabling prolonged drug expasutumor
cells [9]. Polyglutamic acid was first discovered Bruckner (1937) when a capsule Bécillus anthraciswas
released into the medium upon autoclaving [10]. thap naturally occurring source of Poly glutamiddais the
mucilage of natto (A traditional fermented soybeamslapan), which contains a mixture of PGA andtfom
produced byBacillus subtilis sawamuf8]. Its widely known that, PGA is produced mostly Gram positive
bacteria, which include the gen@scillus However, it has also been reported that at least Gram-negative
bacterium Fusobacterium nucleatimnsome archaea and eukaryotes have the abilitgraduce c-PGA [12].
Polyglutamic acid has also been found in neuronsiicE where it was covalently linked to tubulin J1&fforts
have been made to insert the genes responsible-Ralyglutamic acid production intBscherichia coliand in
plants such as tobacco to increase the knowledgedimg the molecular mechanism of PGA productioh15]. It
was reported that pgsA, pgsB and pgsC genes wengifidd as essential for its production [16].lstheview, we
provide in brief a comprehensive update on the gctdn; mechanism of synthesis, properties and aygplications
of bacterial PGA.

M echanism and synthesis of Polyglutamic acid

Polyglutamic acid is water soluble, anionic, biodetable and nontoxic homo-polyamino acid., and G4 and

its derivatives are therefore interesting for braadge of industrial applications. However, onetloé main

challenges for PGA application is its high priceitags several tens to hundreds fold more expendinan the

conventional materials it is envisioned to replaeducing the cost of production is the only foezd®e solution to
this issue. Designing mass production systems wbeld major step to introduce this biopolymer to itidustrial

society[17].To achieve this, one needs to studjofacaffect the yield of production. Informationcaib genes and
enzymes involved in PGA production would certaihglp in manipulating organisms for more efficienbguction

process[18].

The past 20 years have seen a rise in researdtfisiritection and genes that play a role in evéep ©f PGA
production have been identified. This section aftisnto provide an understanding of the current kedge of the
mechanism of PGA biosynthesis[19].

A biosynthetic pathway for the production of PGAstieeen proposed. L-Glutamic acid units that makP @G can
be derived from two sources. They can be obtaiiethe glutamic acid biosynthetic pathway eithesganously or
endogenously. Endogenous production of L-glutancid aequires conversion of a carbon source viayh€A

and TCA cycle intermediates[20]. Exogenous L-glutaatid can be converted to L-glutamine with thiplaf the
enzyme glutamine synthesis. Figure: 2 explicatdeitail the pathway process for the production cAPG
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Figure 2: Biosynthetic pathway of polyglutamic acid[21]

The processes of PGA consist of four distinct stageoly glutamic acid racemization, Poly glutamicida
polymerization, Poly glutamic acid regulation arayRylutamic acid degradation[22].

It have been also reported that PGA for man exoleglcapsular polymer by many members of the g&agslius.
From a research standpoiB, subtilisandB. licheniformisare the most notable PGA can have molecular weights
ranging from 100kDa to over 1,000kDa[23].Howevag final molecular weight is dependent on manydiacsuch

as cultivation conditions and medium compositiomwdver, cultivation time was considered as onehefrmain
factors govern the molecular weight of the procacPGA [24].

Table: 1Time Dependence of Poly glutamic acid Propertiesfrom B. subtilis | F03335724]

Tirr]ne /IT))(C);A L T;l;cmar;v elli/lfﬁ Polymer | Compositiont
(0 |9 m " w5 L- Isomer D- Isomer
24 0 - - - -
40 1.04 2951 3.8 19 81
47 0.84 4110 2.9 - -
70 0.82 2610 2.8 20 80
94 0.66 266 10.5 -

a. The medium (100 mL) contained 3 g L-glutamid,aZig citric acid,and 0.5 g ammonium sulphatelzﬂsbre cultivated at pH 705 and 37 °C.
b. Measured by GPC.
c. Measured by liquid chromatography.

Production of PGA by microbial fermentation

Much research have been carried out for the pramucf PGA by bacterial fermentation. When PGA iedquced
synthetically, the product has low molecular masskDa, which limits its application. Thereforaany research
has done for the production of PGA using bactdeahentation. However, the bacterial PGA can basas 10
kDa and sometimes reach higher molecular weightdet 100 up to 1000kDa[25, 26]. The most commorugen
used for producing PGA Bacillusand various strains such BslicheniformisandB. subtilis Bovarnick in 1942
that first showed that PGA is freely secreted thimedium after fermentation Bf subtilis[27].

Bacteria can produce PGA with different propertms;h as molecular weight and enantiomeric comipasj28].
Polyglutamic acid can also be produced in its pewspus acid form or as a salt of the polymer irhbaft crystalline
or amorphous forms[29].
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These properties largely determine the applicatibRGA. The medium composition is one of the festibrat can
influence the properties of PGA and could be usetaetor for biopolymer production of targeted cwhers and
molecular weight[30].

However, PGA is generally diverse in its molecuaucture, and during the fermentation it is cogumed with
different polysaccharides and other biopolymersdBction of PGA fronmB. subtiliswith a molecular mass of 26
kDa has proved to be challenging for various ress®GA synthesis or elongation is sometimes coupligd
degradation of Polyglutamic acid towards the latges of fermentation and the Poly glutamic agitthesis
complex itself is not stable[31].

However, B. subtilis cultivated in a medium with a high ammonium sulgheoncentration has been found to
produce super-high-molecular-weight PGA without #i@rementioned problems. The high molecular weRBA

of average 26 kDa was obtained without the presef@my byproducts and was richer in L-glutamatantits D
enantiomer. Also managed to isolate Poly glutamid svhich had a molecular mass .26 kDa, but it diéfscult to
accurately measure such a high-molecular weighyspotharide. The high molecular weight PGA prodacin
bacteria have been divided into two groups dependpon their nutrient requirement for PGA productiothose
that require L-glutamic acid in the medium and thélsat do not require L-glutamic acid. The L-gluiedacid
dependent bacteria include subtilis B. licheniformis9945.subtilis CGMCC 0833 [32B. subtilisATCC 15245
[33],B. subtilisC10 [34],B. amyloliquefaciens L3 [35]. For L-glutamic- acid-dependent bactetilbe PGA yield
increases with an increase in the L-glutamic acidcentration in the mediuri.able 2: present some examples of
PGA producer microorganisms.

Table 2: PGA production by different microorganisms

Organisms applications References

pgsBCAyenes that are responsible fePGA production were cloned and expresseé.ircoli. Low [36]

E. coli yields ofy-PGA were obtained (~0.024 g/l)

Newly isolated strain shown to have ability to reel@mmonium nitrogen content in swine manure| by [37]

B. licheniformis S2 converting ammonium into biomass anrBGA.

B. subtilis

Chungkookjang Produces super-high-molecular-weigHeGA - 2x1§ Da without any byproducts production. [38]
B. subtilis . . . . .

CCTCC202048 Poly glutamic acid produced using solid state fertagons. [39]

B. subtilis  NX-2 | Corynebacteriumglutamicumave the ability to produce high levels of glutamaitid. Co-culturing

& Corynebacterium bacteria for y-PGA production eliminated the need to add exogenatglutamic acid and [40]
Glutamicum subsequently reduced the fermentation time angrbduction cost.

Bacteria isolated from Korean domestic bean pd&tdy glutamic acid consisted of 2000 glutamic

B. mesentericddJMI ; . [41]
acid residues.

Egll(’i;];r;;armls PGA acid produced using solid state fermentatibteximum yield of 98.64 g4 [42]

B. licheniformis PGA production by cells immobilized using an agairemte gel beads mixturg-PGA yield 36.75 [43]

strain-R g/l). Luffa pulp-adsorbed cells producedPoly glutamic acid yield of 50.4 g/l.

Bacillussp. RKY3 Newly isolated strain used forPGA production. Maximum vyield of 48.7 g/l was a®bed using [44]

optimized medium iismall scale bioreact.

Different Applications of PGA

Biomedical and Phar macological applications of Polyglutamic acid

Since its first discovery, PGA have been used imyrgharmaceutical and medical applications. Medirsas of
PGA have pulled in a considerable measure of erghiosfor the most recent decade and much reseashéden
completed here [45]. A portion of the more vitatguttial restorative uses of PGA are summarizebaiple 3.
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Table 3: Different applications of PGA in phar maceutical and medical industries

Applications Function Reference
PGA with covalently attached cisplatin was showmetduce the toxicity of cisplatin, whilst efficidyt
decreasing the tumor size of xenografted humansbteaors in nude mice as well as lengthen [the [46]

Drug delivery svstem survival of nude mice grafted with Bcap-37 tumdisce

9 y sy Macromolecular conjugate of paclitaxel and L-PGMechpaclitaxel poliglumex exhibited outstanding

benefits over conventional paclitaxel. Paclitaxa@iglumex was accumulated in tumor tissue, wherg it [47]

gradually discharged the active agent pacel.

PGA/chitosan composite biomaterial demonstrate@rni@ application in tissue engineering as it is

more hydrophilic and cytocompatible than converglahitosan matrices. [48]
Tissue engineering PEC of chitosan and PGA demonstrated potentialiegiin in wound dressing. The complex
presented sufficient moisture content and showexd! guechanical properties, which would allow the [49]
dressing to be easily Removed from the wound senfdathout destroying renewed tissues.
Mixture of gelatin and PGA aqueous solution whielsulted in the formation of a hydrogel in the
Biological glutinous presence of water-soluble carbodiimide demonstrhttter lung adhesion and air-leak sealing than [50]
conventional fibrin glue.
Administration of PGA increased calcium absorptinrthe intestine in post-menopausal women [by
Calcium absorption inhibition of the formation of an insoluble calciutomplex with phosphate. Can be potentially used [51]
for treatmer of bone disorder
ggger:'tness-sedatlve PGA has been used as a bitterness-relieving agent [52]
Magnetite NPs coated with sodium and calcium saft$GA demonstrated antibacterial activity
Antibacterial activity against Salmonella enteritidis _SEM 01 compared with cpmmerqial antibioltics linezolid and 53]
cefaclor, and were cytocompatible. NaPGA-NPs wdse active against E. coli ATCC 8739 and
Staphylococcus aureus ATCC 10832, whilst CaPGA-N@® active againg. coli 0157 :H7 TWC
01.
Gene delivery pDNA{ponethernimine/ PQ_Iy glutamic aci_d_complexasvdeveloped and used for gene delivery with [54]
very high transgene capability and low toxicity.
Inhibition of influenza PGA-_ based egcopon_m_ers (usgd to inhibit_in_fluenkas) sh_owed higher solubili_ty in water and hs‘at
virus sta}glllty, and lower toxicity and immunogenicitygrapared with glycopolymers without Poly glutaric  [55]
acid.
Treatment of PGA promotes salivary St_ecre_:ti_on a_md _produce; ataraimg effect. Use qf c-PGA solved problems
xerostomi assouatgd Wlth xerostomi: difficulties in speakib@gd breath, dental caries, periodontal diseade|an [56]
mucosal infectious disease.
Moisturi Poly glutamic acid has been demonstrated to imptogejualities of skincare and haircare products,

oisturizer - A ; ! [57]

such as exfoliating, moisturizing and removing \klgrs.
- Sustained delivery of bone morphogenetic proteindbne regenerative therapy. [58]

Protei ) - Potential vaccine carrier for systemic and mucasdatinistration. No cytotoxic effect.

rotein carrier . : oI h A A [59]

- Effective oral delivery of insulin. Intestinaldsorption of insulin was enhanced & prolonged [60]
reduction in blood glucose level was achieved.
Yield of cis-dichlorodiammine platinugil) (CDDP) incorporation intq-PGA was 12.3% better than

Drug carrier a-PGA. Higher antitumour activity than CDDP along&ile being less toxic than the free drug. Gan [61]
potentially be used for treatment of breast ca

Monoclonal antibodies| No deac‘tivation and increased stability of monoaloantibodies when administered nPGA [62]
nanopatrticles.

Antitumourogenic Oral administration of PGA induced Natural KilleXK) cell-mediated antitumour immunity in mice 63]

agent bearing MHC class I-deficient tumors.

. PGA fibres cross-linked with cystamine improvedwgtto of mouse L929 fibroblast cells. Can be uged
Biodegradable scaffolg for biomedical and tissue engineering applications. [64]
Biological Cross-linked PGA reduced tissue adhesion overedjsurfaces in a rat model by forming a viscous [65]
antiadhesive hydrogel over it.

Soft tissue adhesive PGA/gelatin hydrogels usdidsise adhesive. The hydrogel was more stablefibiam glue. [66]

Wound healing PGA complexes were shown to have ganthd healing properties [67]
) . - PGA-coated magnetite nanoparticles exhibited actilsel activity against Salmonella

Antibacterial activity [68]

enteritidisSEO1.

1-Anticancer

It have been reported for many years biopolymepg&ally of those of carbohydrate polymers cancamter agent
through direct cytotoxic activity against cancelt oethrough their activities as immune systenmstiator [69-71].

As shown previously, PGA is made of two isomersrd &. The L- glutamic acid play major roles in biedical
applications as bio anticancer agent. L- glutancid a kelp fixing, recognized in 1908 by Japanesearchers in
charge of improving flavor for nourishment is pretbe best referred to logically as monosodium ghudide [72].

Alternate names incorporate — S-(+) - GA, L-GA, riHaoglutaric acid, and an anionic type of MSG at
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physiological pH known as glutamate. The vicinifyfiee type of glutamate, not connected to protsisaid to
improve flavor in nourishment. It is likewise callas sense of taste pleaser[73].

It is otherwise called levoglutamide, L-GA 5 amide(+) - 2-aminoglutamic acid. It is incorporateal the body
from glutamic acid and smelling salts in a vitaliggquiring response. Albeit unnecessary in wellpeln glutamic

acid is restrictively fundamental in anxiety antirent[74].Concentrates on in the course of the mastnt quite a
long while have investigated the physiological pand restorative utility of these atoms in diffdrémfection

conditions L-Glutamic acid assumes a vital partha biosynthesis of purine and pyrimidine base®NfA and

RNA. It is metabolized to L-glutamine by L-glutareirmmalgamation and this metabolic procedure id Yita

typical upkeep of cells. Glutamine is a standoubagst the most copious amino acids and partakas assortment
of physiological capacities, in particular - as ateworthy fuel hotspot for enterocytes, as a sabestfor

gluconeogenesis in kidney, lymphocytes, and momscy supplement/substrate in muscle protein digesystem

in light of contamination, aggravation, and mustigury. Thinks about assessing the part of glutamirave

affirmed its support in keeping up mucosal uprigisgiof the gastrointestinal tract taking afteroitganization in
patients with real inside surgery[75]. The parghftamine as defensive operators in hepatobiliaokénness and
as a supplement altogether parenteral sustenamsettlisd, especially, in patients under escalated. d-Glutamic
acid physiologically exists as glutamate. Glutamedtangside glutamine assumes a noteworthy parmima acid

digestion system and in this way in keeping upogién parity in the body[76].

2-Drug delivery system

PGA has been widely used in drug delivery platfariitis based on the presence of carboxyl grouptherside
chains which offer correlation points for the caogl of chemotherapeutic agents. This make the dnage
dissoluble and easy for controlled release apjtinatt has also been use for vaccine encapsulatiamobilization
and protein or adsorption for delivery system[7FigTdrug delivery market sector is right now enceumvofold
digit development, with re venues of medicationvayance items anticipated that would surpass USDilGON
by 2020[78].Infuse capable, managed release iniumstare the quickest development portion of theiress
sector. In this application, the medication atoms attached to water dissolvable polymer, for eXempoly
glutamic acid by means of covalent holding, subsatly rendering the medication more solvent and les
demanding to manage. On account of medication g@mee for hostile to growth operators, the polymherg
conjugate enters the different specialists withea hydroxyl bunch [79].

3-Biological Glues(gluten)

During lung and chest operations, air leakage & a@fnthe main problem complicated by these leakshtd down
with the classic image technology such as sewirgtapling [80]. Some biological such as fibrin laen used for
this application. Although fibrin, fibrinogen anbdrombin are obtained from human blood transfusimg ensure
the high biocompatibility, they are also a potdriizurce of viral infection. Thus, some syntheticl demi-synthetic
compounds, such as cyanoacrylate and urethaneopnegrs were applied to substitute the human origin
compounds. However, these materials have diffatefects, toxicity comprehensive cells, and low ddgtion rate.
Poly acid promise glue biodiversity as incurableckly in the merger with the gelatin and water-dbéu
carbodiimide [81].

4-Tissue Engineering

Since the first start of tissue engineering as imgrgechnology in 1992 [82],numerous experimentgehbeen
performed to differentiate biodegradable and biggatible frameworks for recovering tissues and fparisition
stage of joined medications. A polymeric platform rioticeable not just to keep space and solidnessdil
development, separation, and association, additjot@ supply supplements. therefore, polylacti¢da@PLA) or
polyglutamic acid(PGA) are utilized for setting the platform, however they have an impediment,eiample,
low usefulness, instigation of aggravation amidrbiysis, and hardness confound to the encompasisisiges. As
of late, utilization of PGA as a range has pullednuch consideration in tissue engineering se&8Y.

5-Vaccine

PGA capsule is crucial for the virulence Bf anthracis but interestingly this biopolymer capsule is non
immunogenic. Thus, it's ensured to the protectiaten (PA) ofB. anthracisor completely different proteins to
provide passive vaccines. Previous results havevishihat PGA is that the simplest carrier, and tlilue
immunogenic conjugates containing Poly glutamicdacan elicit immune responses agaiBst anthracisand
completely different bacilli [84].
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While not acting as agent, PGA can be also ap@edupport matter transporter or immune adjuvantigén
carrying- PGA nanoparticles area unit proved toeligible to causing active cellular and substanoenune
responses and should be useful as cogent immuregjaegt adjuvants against infectious diseases [R5]specific
diseases, PGA nanoparticles sq. mensuration noxklsafely adjuvants for Japanese redness immunégyeqt
[86]; a mixture of influenza hemagglutinin (HA) immizing agent and amphiphilicPoly glutamic acid -graft-
Iphenylalanine copolymers can induce raised immreection against influenza [87]. Moreover, hypoderm
protection of mice with HIV-1 p24-encapsulating PGranoparticles can stimulate antigen-specific H-N-
producing T cells in spleen cells and induced pa@desic body fluid antibodies, whereas the nandplad play a
vital perform in causing cellular immune respongdsis, PGA nanoparticles encapsulating numerougears have
nice potential as novel and economical protein-thasecines [88, 89].

CONCLUSION

Polyglutamic acid is biodegradable, non-toxic, aod-immunogenic, and can therefore be used saiedyviariety
of applications. This important biopolymer has bestploited widely for medical applications, more &
sustained drug delivery. Poly glutamic acid carob&ined in large quantities without any chemicaldification
step. In addition, it is not susceptible to progsaand hence could provide better sustained dgliveconjugated
drugs in the body. During last five years, the Esdn the potential applications of PGA in drugjvéey system,
anticancer agents and in tissue engineering haudted in a significant development in PGA prodowctiThe PGA
composites need to be further improved to incréasearket acceptability. However, its expected thahe next
five years, more researches will be focused on tiheough appraisal for biodistrubutin, toxicity and
pharmacokinetics before using PGA based matendlsd clinical trials for cancer therapy. For exdénghe studies
of PGA as vaccine candidates will more focus onettgping the features to providing the delivery withitable
surface molecules for recognizing the immune systacthmuch effective targeting. Its also believeat ®GA will
help in improving the treatment of many diseasebwifl play more significant roles in tissue engéneg research.
We hope that this review provides a comprehengpaate for better understanding of the relevant eptscof PGA
synthesis and applications, and provide some wat® information on the potential application of i@ different
sectors.
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