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ABSTRACT 

Poly(malic acid), PMLA, is a non-immunogenic, biodegradable, bioabsorbable polyester. In recent years, 

PMLA has been used as a carrier for targeted delivery of anticancer drugs. The present report reviews on 

PMLA, its properties and its application in anticancer as drug delivery systems.  
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INTRODUCTION 

Low molecular weight anticancer agents have a tendency to get into all parts of the body and get excreted 

rapidly. To achieve the desired therapeutic effect, repeated and high doses have to be given which leads to 

undesired side effects and organ damage. Efforts to develop specific low molecular weight drugs capable of 

preventing tumor growth without causing side effects, have not been successful so far. Further, it has been 

estimated that more than half of the available anticancer drugs exhibit poor bioavailability. Several 

investigations in drug delivery systems have, therefore, been carried out in the past, so as to deliver 

anticancer drugs only to the specific location without affecting the healthy tissues and organs. In this 

context, the concept of tumor targeting using polymer-drug conjugates, has emerged as one of the 

important approaches showing considerable promise [1-4]. 

A polymer-drug conjugate constitutes a polymeric backbone to which a drug is conjugated [5]. A targeting 

moiety is attached to the polymeric backbone whose purpose is to transport the drug to the required 

physiological location or bind to a specific receptor. An imaging agent can also be attached to monitor 

biodistribution and target site accumulation.  

In comparison to the traditional small molecule therapeutics, the polymer-drug conjugates offer several 

advantages. The conjugation of hydrophobic anticancer drugs to hydrophilic polymeric carriers can 

improve their water solubility allowing easy formulation and better administration of these drugs. These 

drug conjugates are internalized through a process called fluid phase endocytosis which offers the 

possibility of delivering these drugs in a controlled manner. The drug conjugates also help to increase the 

drug concentration at tumor sites through, both active and passive targeting, thus promoting increased 

delivery of the drugs to the intracellular space through the lysosomotropic delivery route [6]. PMLA has 

been used in recent years as a drug carrier for site specific targeting. In this report, we review PMLA, its 

properties and the various studies that have been carried out using PMLA as a carrier for targeting 

anticancer drugs. 
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The Origin and the Main Properties of PMLA 

  

Figure 1: Structure of PMLA 

PMLA (Figure 1) is a non-immunogenic, biodegradable, bioabsorbable and water-soluble, linear polyester. 

As the polymer side groups can be chemically modified to introduce molecules of interest at its carboxylic 

acid, it is convenient platform for the synthesis of nanoconjugates for drug delivery systems. The polymer 

chain can be degraded into biocompatible metabolites due to the presence of ester cleavable bonds within 

the polymer backbone.  

Holler E has worked extensively on PMLA extracted from the slime mold, Physarum polycephalium [7]. 

The slime mold uses PMLA for facilitating the transport of nucleic acid-binding proteins through the 

plasmodium, a huge polynucleate cell resembling an amoeba. He also exploited PMLA as a potential 

candidate for drug delivery systems, as the conjugation of various molecules of interest to PMLA was 

possible due to the presence ester-forming carboxyl side groups. The author also justifies the advantages of 

using PMLA obtained from biological source, stating that large amounts of PMLA is secreted by the slime 

mold, which can be enzymatically cleaved by the hydrolase enzyme into L-malate. The molecular weight 

of the PMLA obtained is 50–100kDa and the polydispersity is 1.3. 

Cammas S et al. [8] have synthesised PMLA sterting from DL-aspartic acid. The chemical synthesis of 

PMLA is of interest because a large family of polymers can be obtained by varying the nature of the lateral 

groups, the molar masses and the nature of the polymer (homopolymers, random or block copolymers). 

Mechanism of Action of PMLA at Tumour Site 

Oxygen and nutrients reach inside solid tumors of size 1- 2 mm
3 

by a simple diffusion process. 

Angiogenesis, where new blood vessels are formed from the existing ones, is initiated by the hyoxia 

condition observed at the tumor site when the size of the tumor exceeds beyond 2 mm
3
. The leaky vascular 

architecture is a unique charecteristic of the new blood vessels formed. Nanometre sized polymeric-drug 

conjugates tend to extravacate and accumulate inside the space of the interstitium, because the pore size of 

the lining endothelial cells ranges from 10 to 1000 nm. This inefficient drainage from the tumor tissue is 

due to the absence of lymphatic vessels. Thus, polymeric drug-conjugates entering inside tumors are not 

cleared efficiently and are retained in the tumor. This passive phenomenon is referred to as “Enhanced 

Permeability and Retention Effect” or EPR effect [9]. PMLA-drug conjugates can accumulate in the tumor 

due to the synergistic effects of extensive angiogenesis and hyper vasculature, defective vascular 

architecture and inefficient lymphatic drainage leading to their enhanced retention in the interstitium of 

tumors. In other words, the leaky vascular architecture observed at the tumor site plays a major role for the 

EPR effect which provides an opportunity for passive drug targeting at the tumor tissue level. Active 

targeting to tumor can be achieved using ligand/receptor interaction. 

Anticancer Drug Targeting Applications Using PMLA 

Abdellaoui K et al. have demonstrated that PMLA is suitable polymer to tailor make polymer-drug 

conjugates [10]. They used Fluoresceinamine (Fl), covalently linked to PMLA, as a drug model to 

investigate the fate of PMLA-drug conjugate in contact with living cells and cell uptake. Fl was bound to 

PMLA through the amide bond using DCC as the coupling agent. Three partially benzylated Fl-PMLA 

conjugates were synthesized by attaching benzyl alcohol residues to the pendent carboxylic acid groups via 

the ester bonds. LASER-microspectrofluorometry and fluorescence microscopy were used to evaluate the 
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in vitro uptake of the conjugates by the tumor cells, K562 (A human erythroleukemia). It was shown that 

cell uptake of the drug conjugate depends on the molecular weight of PMLA. 

Christian B et al. have investigated the use of PMLA as drug carrier [11]. They degraded the polymer 

chains in 0.15 N phosphate buffer at pH=7.5 and monitored the degradation products by aqueous GPC on 

SEPHADEX gel and enzymatic titration. They showed that the rate of degradation obeys first order 

kinetics at the beginning and PMLA degrades to malic acid. 

Bong-Seop Lee et al. have designed and investigated a new nanoconjugate, Polycefin. Antisense 

oligonucleotide, monoclonal antibody, polyethylene glycol and a fluorescent dye were conjugated to 

PMLA [12]. The antisense oligonucleotide was designed to target the laminin-8 α4 and β1 chains 

overexpressed in glial brain tumors. The monoclonal antibody, anti-transferrin receptor antibody, was used 

for specific targeting of the tissue. In vitro experiments performed on U87MG and T98G, human glioma 

cell lines, demonstrated that the polycefin was delivered into the tumor cells by receptor mediated 

endocytosis inhibited the synthesis of laminin-8 α4 and β1 chains. In vivo studies performed by 

intravenously injecting the polycefin to brain tumor tissue. The EPR effect along with the receptor 

mediated endosomal pathway triggered by the antibody-targeted transferrin receptor enhanced the 

accumulation of polycefin in the brain tumour. The study also showed that the various concentartions of 

polycefin was used, they were nontoxic to normal and tumor astrocytes. 

Manabu F et al. grafted two different monoclonal antibodies to PMLA, namely an anti-mouse transferrin 

receptor antibody and a mouse autoimmune anti nucleosome antibody. Along with it an antisense 

oligonucleotide was also attached to vascular protein laminin-8 were also attached to PMLA [13]. The 

resulting new varient of polycefin, was intravenously administered into glioma-bearing xenogeneic 

animals. The targeting efficacies of the Polycefin variants, bearing either two antibodies or each single 

antibody, were compared in vitro and in vivo. ELISA studies confirmed the coexistence of the two 

antibodies on the same nanoplatform and their functional activities. A higher accumulation of polycefin 

variant with the tandem configuration of antibodies at the tumour sites, than with single antibodies was 

observed with the fluorescence imaging analysis after 24 h of intravenous injection. Their results suggest 

that the vehicle for drug delivery has an improved efficacy for tandem configuration of antibodies than for 

single configuration. 

Ljubimova JY et al. have reviewed the polycefin family of naturally derived drug-delivery devices of 

polymers [14]. To the backbone of PMLA, obtained from slime mould the various functional groups were 

conjugated in a hierarchial manner. The polycefin drug delivery device was used to target human brain and 

breast tumors implanted into animals, further, they could be easily detected by non-invasive imaging 

analysis. They showed that using polycefin to deliver the antisense oligonucleotides to a tumor-specific 

angiogenic marker significantly inhibited the angiogensis of tumor and the survival time of the animal 

increased. 

 

Zhao Z et al. have synthesized chitosan derivatives, with the hydrophobic moiety, linoleic acid (LA), and 

hydrophilic moiety, PMLA. At the physiological pH these derivatives carried a negative surface charge and 

the size of the self-assembled nanoparticles ranged from 190-350 nm in water [15]. An increase in the LA 

content decreased the critical aggregation concentration of the nanoparticles to decrease. The anticancer 

drug, paclitaxel (PTX) was loaded into the nanoparticles with a maximum loading capacity of 9.9 (0.4%). 

PTX loaded nanoparticles at a pH 7.4, in phosphate-buffered saline (PBS), exhibited a sustained release 

within 24 h. The LA content and the PMLA length affected the release rate. The nanoparticles were 

concluded to be safe drug carriers for i.v. administration after successful completion of hemolysis and acute 

toxicity studies. Additionally, compared to TAXOL in S-180, the synthesized chitosan derivative 

nanoparticle showed good efficency in the inhibition of tumor. They concluded by stating that these 

nanoparticles are effective and safe vehicles for systemic administration of hydrophobic drugs, especially 

PTX. 

 

Jos Portilla-Arias et al. have reported on copolyesters derived from PMLA to serve as nanoconjugate 

platforms [16]. Methylated derivatives (coPMLA-Me25H75 and coPMLA-Me50H50) with absolute 

molecular weights of 32600 Da and 33100 Da, hydrodynamic diameters of 3.0 nm and 5.2 nm and zeta 
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potential of −15 mV and −8.25 mV, respectively, were found to destabilize membranes of liposomes at pH 

5.0 and 7.5 at concentrations above 0.05 mg/mL. The copolymers were soluble in PBS (half-life of 40 h) 

and in human plasma (half-life of 15 h) but showed a tendency to aggregate at high levels of methylation. 

Fluorescence-labeled copolymers were internalized into MDA-MB-231 breast cancer cells with increased 

efficiency for the higher methylated copolymer. Viability of cultured brain and breast cancer cell lines 

indicated moderate toxicity that increased with methylation. They concluded that partially methylated 

PMLA copolyesters are suitable as nanoconjugate platforms for drug delivery. 

Dinga H et al. have reported on PMLA as a universal delivery nanoplatform for design and synthesis of 

nanomedicine for i.v. treatment of brain tumors [17]. The polymeric drug passed through the BTB and 

tumor cell membrane when tandem monoclonal antibodies were used to target the BTB and tumor cells. 

The next step for the polymeric drug action was inhibition of tumor angiogenesis by specifically blocking 

the synthesis of a tumor neovascular trimer protein, laminin-411, by the attached antisense oligonucleotides 

(AONs). The AONs were released into the target cell cytoplasm via pH-activated trileucine, an endosomal 

escape moiety. Drug delivery to the brain tumor and the release mechanism were studied. Introduction of a 

trileucine endosome escape unit resulted in significantly increased AON delivery to tumor cells, inhibition 

of laminin-411 synthesis in vitro and in vivo, specific accumulation in brain tumors, and suppression of 

intracranial glioma growth compared with pH-independent leucine ester. The availability of a systemically 

active polymeric drug delivery system that passes through the BTB, targets tumor cells, and inhibits glioma 

growth gives hope for a successful strategy of glioma treatment. This delivery system capable of releasing 

the drug into the brain-specific cell type will, no doubt, be useful for the treatment of various brain 

pathologies. 

Satoshi I et al. have reported on the use of PMLA nanoplatform for repetitive systemic treatments of 

HER2/neu-positive human breast tumors in a xenogeneic mouse model [18]. Various moieties were 

covalently attached to PMLA, including a combination of morpholino antisense oligonucleotides (AON) 

directed against HER2/neu mRNA to block new HER2/neu receptor synthesis, anti-HER2/neu antibody 

trastuzumab (Herceptin) to target breast cancer cells and inhibit receptor activity simultaneously, and 

transferrin receptor antibody to target the tumor vasculature and mediate delivery of the nanobiopolymer 

through the host endothelial system. Their results showed that the lead drug tested, significantly inhibited 

the growth of HER2/neu-positive breast cancer cells, in vitro and in vivo, by enhanced apoptosis and 

inhibition of HER2/neu receptor signaling with suppression of Akt phosphorylation. In vivo imaging 

analysis and confocal microscopy revealed selective accumulation of the nanodrug in tumor cells via an 

active delivery mechanism. Systemic treatment of human breast tumor-bearing nude mice resulted in more 

than 90% inhibition of tumor growth and tumor regression, as compared with partial (50%) tumor growth 

inhibition in mice treated with trastuzumab or AON, either free or attached to PMLA. Their findings offer a 

preclinical proof of concept for use of the PMLA nanoplatform for combination cancer therapy. 

Rameshwar Patil et al. have reported on improving Doxorubicin (Dox) drug delivery with reduced toxicity 

[19]. Dox was conjugated via pH-sensitive hydrazone linkage along with polyethylene glycol (PEG) to 

PMLA. DOX-nanoconjugates were found stable under physiological conditions and successfully inhibit in 

vitro cancer cell growth of several invasive breast carcinoma cell lines, namely MDA-MB-231 and MDA-

MB-468 and of primary glioma cell lines, namely U87MG and U251. 

Zhi Wei Huanga et al. have synthesized and characterized three degradable functional polyesters belonging 

to PMLA family, namely poly(benzyl malate) [PMLABe], poly(ethylene glycol)-b-poly(benzyl malate) 

[PEG42-b-PMLABe] and biotin-poly(ethylene glycol)-b-poly(benzyl malate) [Biot-PEG62-PMLABe] 

[20]. Starting from these building blocks, they prepared the corresponding well-defined degradable 

functional nanoparticles whose toxicity was evaluated in vitro on normal and cancer cell lines. Results 

revealed that the nanoparticles do not show any significant cytotoxicity even at high concentrations. A 

model anticancer drug, Doxorubicin or a fluorescent probe (1,1′-Dioctadecyl-3,3,3′,3′-

tetramethylindodicarbocyanine, DiD oil) was encapsulated into PMLABe, PEG42-PMLABe or Biot-PEG62-

PMLABe based nanoparticles. The in vitro cytotoxicity of Dox-loaded nanoparticles on normal and cancer 

cell lines and the ligand (biotin) effect on cellular uptake in vitro using mmt 060562 cell line were 

evaluated. Dox-loaded PMLABe, PEG42-PMLABe or Biot-PEG62-PMLABe nanoparticles showed an in 

vitro cytotoxicity similar to that of free Dox. The DiD oil loaded Biot-PEG62-PMLABe based 

nanoparticles showed a better in vitro cellular uptake than ligand-free DiD oil loaded nanoparticles. Both 



N Venkatraj et al  J. Chem. Pharm. Res., 2017, 9(9): 

________________________________________________________________________ 
 

67 
 

these results show the potential of PMLA derivatives for the design of highly efficient site-specific anti-

cancer nanovectors. 

Qiao Y et al. have synthesized PMLA of different molecular weights for use as polymer drug carriers by 

adjusting monomer/initiator ratio in the polymerization reaction [21]. They increased the yield of benzyl-β-

malolactonate (MLABz), the major intermediate product in the synthesis of PMLA) from the earlier 

reported 12% to 32%. The antitumor drug, 10-hydroxycamptothecin (HCPT), was attached to the PMLA 

(Mw 13 kDa) backbone through a glycine linker. The conjugation efficiency and drug release 

characteristics of the conjugate were determined. HCPT release from PMLA–HCPT conjugates occurred at 

a faster rate at an acidic pH compared with neutral pH (7.4). After 16 h of incubation at pH 5.6, 6.8 and 7.4, 

the released HCPT was 76.8%, 47.2% and 18.1%, respectively. Human colorectal cancer cells, SW480, 

were used to investigate the cytotoxicity of PMLA–HCPT conjugates under different pH, in vitro. The 

cytotoxicity of conjugate was lower than that of free HCPT in physiological pH, while it was higher in pH 

6.8 compared to pH 7.4, due to the release of free HCPT from the PMLA–HCPT conjugates by hydrolysis. 

It was thus demonstrated that PMLA–HCPT conjugates could be used as a promising anti-tumor polymeric 

prodrug. 

 

Figure 2: Structure of the nanoconjugate synthesized containing Dox, PEG and NAcGal 

Nivishna et al. have synthesized and characterized novel PMLA derivatives bearing Doxorubicin (Dox), 

Poly(ethylene glycol) (PEG) and/or N-Acetyl Galactosamine (NAcGal) for anticancer drug delivery [22]. 

These PMLA derivatives were obtained by chemical modification of the carboxylic acid lateral groups of 

PMLA. The structure of the nanoconjugate synthesized containing Dox, PEG and NAcGal is shown in 

Figure 2. The resulting nanoplatforms were evaluated for their in vitro cytotoxicity using the human 

HepaRG hepatoma cell line. Their results revealed that the PMLA nanoplatform modified with PEG and 

Dox has an IC50 of 936 nM corresponding to a Dox concentration of 47 nM, while the grafting of NAcGal 

onto the nanoplatform the IC50 reduces to 527 nM corresponding to a Dox concentration of 26 nM. The 

presence of the targeting moiety, NAcGal, thus improves the cellular toxicity of the Dox. 

Zhou Q et al. recently developed a dual pH-sensitive charge-reversal PMLA-based nanocomplex, PMLA-

Polyethyleneamine (PEI) -Doxorubicin (Dox) -Tranactivator of transcription (TAT) @ Polyethylene glycol 

(PEG)-2,3-dimethylmaleic anhydride (DMMA) [23]. The strong negative charge of PMLA impedes the 

uptake by cancer cells due to electrostatic repulsion. Therefore, they prepared this nanocomplex which 

showed a negative surface charge at physiological pH, which protects the nanocomplex from plasma 

proteins and reticuloendothelial system, in order to prolong the circulation time. However at the tumour 

site, at a extracellular pH 6.8, the DMMA is hydrolysed, leading to charge reversal and exposure of TAT 

on the polymeric micelles, thus enhancing cellular internalization. The acidic pH observed in the lysosomes 

triggered the dissociation and drug release. In vitro and in vivo efficacy studies reveal that the nanocomplex 

significantly inhibited the tumour growth with negligible systemic toxicity. 
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CONCLUSION AND FUTURE PERSPECTIVES 

Novel drug delivery approaches using appropriate combinations for targeting purposes can trigger effective 

cancer chemotherapy. The advantages of delivery approach based polymer-drug conjugates have been well 

demonstrated in several cancer models including some clinical trials. This review brings out the various 

efforts that have been made so far using PMLA as a polymeric carrier for drug delivery applications, 

especially in cancer chemotherapy, by exploiting its unique properties, namely non-immunogenicity, 

biodegradability, in addition to its capability to target tumors passively through the EPR effect. The 

presence of carboxylic acid pendant group in PMLA can be exploited to introduce drugs, targeting 

moieties, etc., is an added advantage. The review also reveals that though the principles of designing 

PMLA-drug conjugates are well understood, the major challenge, however, is to combine these design 

principles with the biological features of cancer. It is hoped that in future an increased understanding of the 

different aspects of anticancer drug targeting and tailoring PMLA for proper pharmacokinetic clearance 

will open up new frontiers in the next generation cancer chemotherapy. 
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