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Abstract

Poly lactic-co glycolic acid (PLGA) is a biodegradable, biocompatible and FDA approved
copolymer chemically synthesized from lactic and glycolic acid as monomers. Depending upon
the monomer ratio in the polymeric units, the physicochemical properties and degradation rate
differ. By virtue of their properties, these polymers have been widely used for fabrication of
controlled drug delivery systems in the form of in-situ gels, microspheres, implants, nanopar-
ticles, etc. Although there has been significant progress in both sectors, there is still limited
understanding due to the complexities involved in both polymer chemistry and production
technologies. This chapter will help in the understanding of the chemistry behind the polymers,
their synthetic manufacturing pathway and their pharmaceutical applications.
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6.1 Introduction

In the last few decades, much importance has been given to the use of polymer in drug
delivery systems. Various synthetic and natural polymers, such as acrylates, chitosan,
alginate etc., have been widely investigated in the field of drug delivery. The natural
polymers have the advantages of showing better cell adhesion and cell function as com-
pared to their synthetic counterparts; but these natural polymers also have the disad-
vantages of inducing allergens and having limited purity and mechanical properties. In
contrast to natural polymers, synthetic biodegradable polymers such as poly(amides),
poly(amino acids), poly(alkyl-a-cyano acrylates), poly(esters), poly(orthoesters),
poly(urethanes) and poly(acrylamides) have been widely used as drug delivery carrier.
These polymers possess relatively good mechanical property, less interaction with cell
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due to lack of cell recognition signals (which is usually the case with natural polymers),
and ease of modification, which makes it easy for carrying out various modification
to make the delivery system more specific [1,2]. Among the various synthetic biode-
gradable polymers, poly(lactic-co-glycolic acid) (PLGA) has been the most widely
investigated polymer. PLGA is a copolymer composed of lactic acid and glycolic acid,
generally an acronym for poly D, L-lactic-co-glycolic acid, where D- and L-lactic acid
forms are in equal ratio. The synthesis of PLGA includes random ring-opening copoly-
merization of two different monomers, i.e., the cyclic dimers (1,4-dioxane-2, 5-diones)
of glycolic acid and lactic acid in the presence of catalyst such as tin(II) 2-ethylhexano-
ate, tin(II) alkoxides or aluminum isopropoxide. During the copolymerization reaction
in the presence of catalysts, consecutive monomeric units (glycolic or lactic acid) get
linked together in PLGA by ester linkages and degrade inside the body by their hydro-
lysis into endogenous monomers, i.e., lactic acid and glycolic acid, which then degrade
into water and carbon dioxide, hence presenting negligible or no toxicity [3-5]. By
properly choosing molecular weights, the degradation time of PLGA can be modulated
from a week to several months, thus enabling drug release in a controlled or sustained
manner. The first work on PLGA dates back to the 1960s. A lot of research was done
from the 1960s to 1970s with respect to use of PLGA in the biomedical field. After
that, researchers kept exploring PLGA for use in several other fields, including sur-
gical dressings, vascular grafts, dental and fracture repairs, drug delivery, gene deliv-
ery, cancer therapy, etc. The driving force behind the vast amount of research done on
PLGA was its unique properties such as versatile degradation kinetics, nontoxicity, and
biocompatibility [6-8]. Apart from its use in the biomedical field and for delivery of
drugs, it has also been widely explored for delivery of proteins, peptides, genes, vac-
cines, antigens, human growth factors, vascular endothelial growth factors, etc. It has
been approved by the U.S. Food and Drug Administration (FDA) for use in drug deliv-
ery device [7,9-14]. In the case of drug delivery, various types of drug delivery systems
(DDS) have been formulated using PLGA, including nanoparticles, microparticles,
microspheres, implants and in-situ gels. In each case, the release of drug from the DDS
depends on the molecular weight of the polymer used. By proper selection of molecular
weight according to the system and drug delivery duration, the release of drug from
DDS can be modulated from a few weeks to several months in either a sustained or con-
trolled manner. The FDA has approved PLGA microparticle-based DDS which gives
controlled release of human growth hormone for a month. Several PLGA-based DDSs
have been approved by the FDA, especially for treatment of cancer.

6.2 Physicochemical Properties

As mentioned above, PLGA is a copolymer of lactide and glycolide, which is synthe-
sized by random ring-opening polymerization. The degradation rate of PLGA is depen-
dent on the amounts of glycolic acid and lactic acid. The PLGA containing a higher
ratio of lactide is often less hydrophilic than PLGA containing an equal ratio of PLA
and PGA or lower ratio of PLA. This is because the presence of methyl side groups in
PLA makes PLA more hydrophobic than PGA, and hence an increased ratio of PLA
in PLGA copolymer would ultimately be less hydrophilic, absorb less water and hence
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will degrade more slowly. This means that by varying the PLA content or by optimizing
the hydrophilic content of PLGA, degradation time can be easily modulated [15-17].
The glass transition temperature (Tg) of the PLGA is more than 37°C and hence it is
glassy in nature. The good mechanical strength of PLGA can be attributed to the rigid
chain structure. The ratio of PLA in PLGA significantly affects the Tg of PLGA. With
an increase in the ratio of PLA, Tg increases. Apart from its glassy nature, rigid chain
structure and hydrophilic nature, the physical properties of PLGA also depend on a
variety of other factors such as the initial molecular weight, the ratio of lactide to gly-
colide, the size of the DDS, exposure to water (surface shape) and storage temperature;
polydispersity and degree of crystallinity affects the biodegradation of PLGA and its
mechanical strength [18]. In the case of crystallinity, the ratio of PLA and PGA plays
an important role.

6.3 Biodegradation

The biodegradation of PLGA depends on multiple factors such as molecular weight
size, shape and morphology; chemical structure, hydrophobicity, crystallinity, and glass
transition temperature of the polymer; physicochemical parameters, etc.[10]. The ratio
of PLA to PGA significantly affects the biodegradation of PLGA-based DDS. The deg-
radation is at a very slow rate and hence the degradation products have no significant
effect on the normal cell function. The degradation products of PLGA have minimal
or no systemic toxicity as the degradation products are effectively dealt with by the
body. Debate has been raised on the role of enzymes in the degradation of PLGA. Some
researcher support the theory that the degradation of PLGA is purely by hydrolysis
and enzymes play no role in the biodegradation, while some researchers think that
enzymes could play a significant role in the degradation of PLGA apart from simple
hydrolysis. This has also been demonstrated by the difference in the in-vitro and in-vivo
degradation rates [17,19]. As mentioned above, the degradation of PLGA depends on
a variety of factors. In general, the degradation time will be shorter for low molecu-
lar weight, more hydrophilic, more amorphous polymers, and copolymers with higher
content of glycolide, whereas the degradation time will be higher as the PLA content
increases, providing hydrophilic character to the PLGA copolymers. When L-PLA and
PGA are used, the formed PLGA copolymers are crystalline in nature, whereas the
PLGA copolymers formed by using D, L-PLA and PGA are amorphous in nature. The
degradation time therefore will be shorter for DL-PLA containing PLGA copolymers
and higher for L-PLA containing PLGA copolymers [7,8]. In the case of PLGA copo-
lymers obtained from DL-PLA and PGA, the ratio of PLA and PGA will decide the
degradation time. A lower ratio of PLA will give PLGA copolymers with shorter deg-
radation time and vice versa. Although DL-PLA and PGA have a shorter degradation
time than L-PLA and PGA, if the ratio of PLA is much lower in PLGA copolymers
obtained from L-PLA than in D, L-PLA, then it might be possible that the degradation
time of L-PLA containing PLGA copolymers will be shorter than DL-PLA containing
PLGA copolymers. The most widely used PLGA copolymer composition of 50:50 has
the shortest degradation time (d,l-lactide/glycolide), with that polymer degrading in
about 50-60 days. The PLGA copolymers with other varying ratios of 65:35, 77:25,
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and 88:15 (d,l-lactide/glycolides) have longer in-vivo lifetimes, which is highest for
88:15 with degradation time of about 150 days in vivo [10]. After the ratio and type of
polymers, the second crucial factor affecting degradation time is molecular weight and
molecular weight distribution. Both molecular weight and molecular weight distribu-
tion may play a role in the degradation behavior in vivo and in vitro. A PLGA copoly-
mer with a large molecular weight distribution indicates the presence of relatively large
numbers of carboxylic end groups, which can facilitate the autocatalytic degradation
of the polymer chains; while those with narrow molecular weight distribution would
take more time for degradation owing to the absence of a large number of carboxylic
acid groups [20]. An interesting work carried out using PLGA copolymers with differ-
ent molecular weights of 10000 and 20000 demonstrated that the rate of degradation
of PLGA copolymers having molecular weight of 10 000 degraded approximately twice
as fast as the 20 000 molecular weight PLGA copolymers [21]. Thus, the result sug-
gests that molecular weight significantly affects the degradation rate of PLGA copoly-
mers. Recently, Mohammad and Reineke determined the in-vivo degradation kinetics
of PLGA nanoparticles of two sizes, distributed in the liver, spleen, and lungs following
intravenous administration, by calculating the change in the molecular weight which
occurs due to ester bond scission in the polymer backbone [22]. The results demon-
strated that the degradation follows first-order kinetics irrespective of nanoparticle
size. Although the nanoparticles with particle size of 200 nm degraded at a faster rate
as compared to 500 nm nanoparticles in the spleen, in the liver the degradation rate of
both types of nanoparticles was similar.

6.4 Biocompatibiliy, Toxicty and Pharmacokinetics

Biocompatibility and toxicity are the two major issues which must be addressed before
selecting polymers for drug delivery application. The biocompatibility of polymers is
generally governed by two main factors: the host reactions induced by the material and
the degradation of the material in the body [23]. Hence, it is very important to deter-
mine the degradation rate of polymer and its clearance from local tissue for predicting
the drug and polymer concentration in the tissue. PLGA is well characterized and DDS
based on it is commercially available, which confirms the biocompatibility and nontoxic
nature of PLGA. A study was performed on understanding the long-term biocompat-
ibility of PLGA and it was found that PLGA-based DDS did not show any unwanted
effects after intravascular administration [24]. Semete and coworkers studied the tox-
icity of PLGA-based nanoparticles in cell lines and mice. In-vitro cytotoxicity of the
respective particles was tested in two different cell lines. The results demonstrated that
the PLGA nanoparticles showed absence of lesions or inflammation, as confirmed by
histopathological study. No remarkable change in the pathology of tissues was observed
after oral administration of PLGA nanoparticles in mice [25]. Several studies were per-
formed to analyze the pharmacokinetics of PLGA in the body. Studies suggest that the
biodistribution and pharmacokinetics of PLGA generally follow a nonlinear and dose-
dependent profile, and both blood clearance and uptake by the mononuclear phago-
cyte system (MPS) may depend on the dose and composition of PLGA carrier systems
[26-28]. Whole-body autoradiography and quantitative distribution experiments were
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also performed for studying the biodistribution of PLGA-based DDS inside the body.
Results indicate that certain formulation of PLGA, mainly nanoparticles, accumulate
rapidly in the liver, bone marrow, lymph nodes, spleen and peritoneal macrophages
[29]. So, from the reported studies we can get an idea about the PLGA-based DDS, its
safety and distribution inside the body.

6.5 Mechanism of Drug Release

There are various factors which affect the release of drug from the PLGA-based DDS
(Figure 6.1). The drug release from PLGA-based DDS has been beautifully reviewed by
Fredenberg et al. [30].

There exist three possible mechanisms of drug release from PLGA-based DDS: (i)
transport through water-filled pores, (ii) transport through the polymer, and (iii) trans-
port due to dissolution of the encapsulating polymer. The last mechanism does not
involve transport of drug from DDS, as in this case the drug is automatically exposed to
the dissolution medium due to erosion of the polymer. As soon as PLGA comes in con-
tact with dissolution medium the medium gets rapidly absorbed, hence creating water
pockets which can be considered as pores. In the initial phase this absorption is slow
but increases later on [31,32]. The absorption of dissolution media causes hydrolysis
of PLGA leading to the start of the scission of ester bonds. Hydrolysis leads to forma-
tion of degradation products, which then diffuse out of the polymer matrix. In doing
so it leads to the formation of small pores throughout the polymer matrix. The small
pores developed throughout the matrix keep on increasing in size and finally coalesce
together to form bigger pores [31,33-35]. A schematic representation of various factors
involved in the release of drug from polymer matrix is shown in Figure 6.2.
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Figure 6.1 Various processes taking part in drug release from PLGA-based DDS (Adapted from Elsevier).
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Figure 6.2 Various factors involved in drug release from PLGA matrices (Adapted from Elsevier).

The release profile of drug from PLGA-based DDS is rarely found to be monopha-
sic. Commonly the drug release profile is biphasic or triphasic. A DDS with colloidal
nature, i.e., having particles with different sizes, often shows altered release profile from
a Fickian diffusion profile and a sigmoidal profile to a zero-order profile [36-40]. In the
case of triphasic release profile showing DDS, the first phase is often termed as burst
release, which is attributed to the presence of unentrapped drug present as adsorbed
layer on the surface of particle, either nanoparticles or microparticles, or drug layer
present close to the surface which is easily accessed by hydration of particle. The second
phase is slow due to slow diffusion of drug from dense polymer matrix and absence
of multiple larger pores. The third phase shows faster drug release as compared to the
second phase, which is attributed to the presence of larger pores and degradation of
polymer in the second phase [41,42]. The above explanation is not always true for dif-
ferent release profiles. In some cases, the second phase might show faster drug release
followed by slower drug release at the end of second phase. The slower drug release
in the second phase of triphasic release profile may not always be due to dense poly-
mer matrix or absence of larger pores, but may be due to pore closure, polymer-drug
interactions or drug-drug interactions that inhibit the release of the drug as reported
earlier. The rapid drug release in the third phase is generally due to the presence of
large pores and polymer degradation, but it can also be due to the presence of cracks or
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disintegration of particle or collapse of DDS [43-48]. So, we can see that the release as
well as the release profile can change due to various factors and is not always constant.

6.6 PLGA-Based DDS

Various DDSs based on PLGA have been developed in recent times. The developed
DDS includes microparticles, nanoparticles, injectables, dry powder for inhalation,

Table 6.1 Some of the FDA approved PLGA-based formulations.

Sr. | Brand Active Company | Indication Route Status
No. | Name Ingredient
1 Nutropin Human Genetech Growth SC/IM Marketed
Depot® growth deficiencies
hormone
2 Lupron® Leuprolide | TAP Prostate Marketed
Depot acetate cancer
3 Suprecur® Buserelin Aventis Prostate Marketed
MP acetate cancer
4 Decapeptyl® | Triptorelin | Ferring Prostate IM Marketed
pamoate cancer
5 TrelstarTM | Triptorelin | Pfizer Prostate IM Marketed
Depot pamoate cancer
6 Pamorelin® | Leuprolide Prostate SC Marketed
acetate cancer
7 Sandostatin® | Octreotide | Novartis Acromegaly | SC/IM Marketed
LAR acetate
8 Somatuline® | Lanreotide | Ipsen Acromegaly Marketed
LA
9 Arestin Minocycline | Orapharma | Periodontal Oral Marketed
disease
10 | Atridox® Doxycycline Chronic adult | Topical Marketed
hyclate periodontitis
10%
11 | Risperidal® | Risperidone | Johnson & | Antipsychotic Marketed
Consta Johnson
12 | Oncogel® Paclitaxel Solid tumors | Intratumoral | Clinical
Inj. trial
13 | Sanvar® SR | Vapreotide Esophageal SC/IM Clinical
bleeding trial
varices (EVB)
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oral administration, etc. Many such PLGA-based DDSs have even gotten approval from
the FDA and are being marketed. A few of them are still under clinical trial phase. Some
are still in the development stage. A few of the FDA approved PLGA-based formula-
tions are shown in Table 6.1.

Research is still going on regarding the development of PLGA-based formulations
for delivering therapeutics. Given below are brief descriptions of PLGA-based systems
which have been developed so far and on which research is still ongoing.

6.7 Bone Regeneration

Bone healing and remodeling is a very complex process which takes place by a coordi-
nated effort of cells, bioactive factors and extracellular matrix, which together stimu-
late the proliferation, differentiation and migration of osteoprogenitor cells, leading
to bone regeneration and healing [49,50]. PLGA has been widely investigated for
its use in bone and tissue regeneration. Various types of DDS, including nanopar-
ticles, scaffolds, microspheres and hydrogels, have been developed for bone regen-
eration therapy. Several PLGA-based scaffolds have been developed in the past for
bone regeneration using different techniques, including gas forming and particulate
leaching technique, porogen leaching and melt-molding technique, thermally induced
phase separation technique, solid freeform fabrication (SFF) technology and selec-
tive laser sintering [51-55]. Kim et al. fabricated a polymeric/nano-hyaluronic acid
(HA) composite scaffold by using the technique of gas forming and particulate leach-
ing (GFPL) [51]. This technique had the advantage of not involving organic solvents.
The scaffold prepared by GFPL technique helped in exposing the HA nanoparticles at
the scaffold surface significantly more than what was observed in scaffolds prepared
by techniques other than GFPL such as the conventional solvent casting/particulate
leaching technique. The GFPL scaffolds were highly porous with improved mechani-
cal properties and demonstrated higher cell growth in vitro compared to scaffolds fab-
ricated by other techniques. Among all the techniques used, thermally induced phase
separation technique has gained lot of attention and has been employed for fabrication
of microporous membranes or microcellular foams from medicine to the chemical
industry, scaffolds for tissue engineering, and as a drug carrier for controlled release
DDS [56,57]. Although PLGA has been used widely in the area of drug delivery, there
has been much less work reported on PLGA-based scaffolds. This is attributed to the
surface chemistry of PLGA which does not promote cell adhesion efficiently, which
is important for bone growth and proliferation owing to its hydrophobic nature [58].
But this limitation has been overcome by researchers by including filler along with
PLGA. PLGA microspheres entrapping bone morphogenetic protein-2 (BMP-2) were
incorporated in calcium phosphate cement (CPC) for fabrication of a degradable bone
substitute with osteogenesis materials [59]. Nie and coworkers studied different types
of scaffolds loaded with BMP-2 plasmid by loading it into fibrous matrices [60]. The
result demonstrated release of plasmid from all types of scaffolds. In another work,
endothelial progenitor cells were loaded onto porous PLGA scaffold [61]. From the
study it was found that pre-seeding endothelial progenitor cells onto highly porous,
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biocompatible PLGA scaffolds creates a favorable microenvironment for the regen-
eration of osteochondral regions by promoting growth of chondrocyte and hyaline
cartilage, thus providing complete osteochondral integration and a vascularized bone
matrix. The results demonstrated that PLGA grafts enhance the formation of hya-
line cartilage and the neo-vascularization in the subchondral bone of osteochondral
defects. Autologous adipose-derived stromal cells were delivered for treatment of tibial
defect by seeding the cells in three-dimensional poly(lactic)-glycolic acid (PLGA) scaf-
folds and culturing them in osteogenic medium [62]. The osteogenesis was calculated
using von Kossa staining in three-dimensional cultures, which showed the presence of
multiple calcified extracellular matrix nodules. Plain radiographs and micro-CT find-
ings confirmed the complete healing of tibial defect, making adipose-derived stromal
cells-seeded PLGA scaffold a promising candidate for bone regeneration. Similar to
adipose-derived stromal cells, bone morphogenetic protein-4 (BMP4) was spatially
immobilized in a collagen-PLGA hybrid scaffold with a fusion BMP4 composed of
an additional collagen-binding domain derived from fibronectin [63]. The osteogenic
differentiation of MSCs was analyzed by real-time RT-PCR for osteogenic gene expres-
sion. The in-vivo implantation study demonstrated that the immobilized CBD-BMP4
maintained its osteoinductive activity, being capable of up-regulating osteogenic gene
expression and biomineralization. From the study it was concluded that the BMP4-
immobilized collagen-PLGA hybrid scaffold showed osteogenic induction activity to
human mesenchymal stem cells with prolonged stimulation effects even after 4 weeks
of implantation. Along similar lines, bone-forming peptide 1 (BFP1) derived from the
immature region of bone morphogenetic protein 7 (BMP7) was immobilized on elec-
trospun PLGA nanofibers [64]. The BPF1 was immobilized with the aim of supporting
the distribution of collagen I and the spreading of human mesenchymal stem cells. The
fabricated scaffold was implanted onto mouse calvarial defects. The results showed
that there was significant improvement in bone defect after 2 month as observed
from semi-quantification of bone growth from representative X-ray images. A com-
parison was done between poly(lactic-co-glycolic acid)/tricalcium phosphate scaf-
folds incorporated or coated with osteogenic growth factors for enhancement of bone
regeneration [65]. The result indicated that poly(lactic-co-glycolic acid)/tricalcium
phosphate coated with BMP2 showed better bone regeneration ability as compared
to the uncoated one. PLGA has also been used in combination with hydroxyappa-
tite for fabrication of scaffold for bone regeneration [66,67]. Curran and coworkers
reported the development of an injectable two-phase injectable PLGA system, utiliz-
ing plasma techniques, for the repair of bone defects [68]. Quantitative assays for cell
viability and histological analysis for key markers of differentiation demonstrated that
the developed injectable PLGA microspheres had the ability to induce MSC osteo-
genic and chondrogenic differentiation. Apart from cells and growth factors, peptides
have also been immobilized on PLGA-based systems. Lin et al. and Pan et al. incorpo-
rated BMP-2-related peptide P24 and amphiphilic peptide Ac-RADA RADA RADA
RADA S[PO4] KIPKASSVPTELSAISTLYLDDD-CONH2 (RADA16-P24) on PLGA
respectively. Both exhibited strong osteogenic capability and effective ectopic bone
formation [69,70]. Many such works have been reported, which proves that PLGA is a
promising candidate in fabrication of scaffold/DDS for bone regeneration.
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6.8 Pulmonary Delivery

It is a well-known fact that certain features of the formulation such as aerodynamic
size, flow and aerosolization properties, particle size and shape does affect the depo-
sition pattern of inhaled particles in lungs [71-73]. Particulate systems, including
nanoparticles, microspheres, liposomes, etc., containing therapeutic agents have been
extensively investigated to overcome the problems for effective treatment of various
lung diseases such as asthma, chronic obstructive pulmonary disease (COPD) and
cystic fibrosis (CF), which require an effective local delivery of therapeutic agents
instead of systemic delivery. Since PLGA is biodegradable it has been widely explored
in the form of microparticles and nanoparticles in pulmonary drug delivery for treat-
ment of various lung diseases. The PLGA nanoparticles and microparticles have been
used for encapsulating a variety of therapeutic moiety, including drug, protein, pep-
tide, gene, etc. The PLGA-based microparticles that have been developed used vari-
ous techniques, but solvent extraction/evaporation technique is the most widely used
technique for microencapsulation of therapeutic molecule [74]. Rifampicin-loaded
PLGA microparticles were developed to target alveolar macrophages in order to
reduce systemic toxicity [75]. Results demonstrated that rifampicin-PLGA particles
administered by nebulization and insufflation methods showed a 10-fold reduction
in lung bacterial burden as compared to rifampicin administered alone. PLGA-PEG
copolymer was used for delivering low molecular weight heparin for pulmonary
delivery [76]. Fluorescent tagged PEG-PLGA particles were used for studying particle
uptake in alveolar cells. The developed particle showed no cytotoxic effect on bron-
chial epithelial cells on incubation with PEG-PLGA-based formulations. Ungaro et al.
developed antibiotic-loaded PLGA nanoparticles embedded in lactose microparticles
to form nano-embedded microparticles (NEM) using the spray drying technique
[77]. Silicon microfluidic flow focusing device (SMFFD) was used for fabrication of
PLGA microparticles [78]. In-vivo biodistribution studies demonstrated that PLGA
nanoparticles were found both in the deep part of the lung as well as the upper part,
depending on the type of surface coating. The SMFFD is advantageous for giving
precise geometry and dimensions of the flow focusing channel, which helps in easy
optimization of microparticle by varying polymer, flow rate, continuous phase and
disperse phase. The results indicated that SMFFD can be employed for obtaining mic-
roparticles with optimized size and surface morphology. Supercritical fluid pressure-
quench technology was also employed for development of large porous microparticles
of celecoxib [79]. The formed porous microparticles exhibited sustained drug delivery
and anti-tumor efficacy, without causing any significant toxicity. A dry powder inhaler
for delivery of insulin via pulmonary route was developed by Hamishehkar et al. [80].
Microcapsule/carrier powder mixtures were prepared using insulin-loaded PLGA
microcapsules along with sorbitol or mannitol as the carriers, with various particle
surface morphologies prepared by spray-drying and freeze-drying techniques. Insulin
was also delivered using PLGA by formulating large porous particles using a double
emulsion method with the aid of hydroxypropyl-B-cyclodextrin [81]. The obtained
results indicated the viability of a dry powder formulation based on biodegradable
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porous particles for the controlled release of insulin to the lungs. In-vivo data dem-
onstrated that PLGA/HPBCD/insulin porous particles were able to reach alveoli and
release insulin, which was then absorbed in its bioactive form. Similar work was done
by development of inhalable dry powder for delivery of siRNA for treatment of severe
lung disease [82]. Rifampicin is the most commonly used model drug for targeting
the lung using PLGA nanoparticles. Apart from drugs, several other proteins and
growth factors have been loaded on PLGA-based DDS. The DOTAP-modified PLGA
was used for development of nanoparticles and mannitol was used for formulation
of nanoparticle embedded microparticle by spray-drying technique [83]. This study
demonstrated that spray drying is an excellent technique for engineering dry pow-
der formulations of siRNA nanoparticles, which might enable the local delivery of
biologically active siRNA directly to the lung tissue. DNA encoding Mycobacterium
tuberculosis latency antigen Rv1733c was entrapped in co-formulation of PLGA-PEI
(polyethylenimine) nanoparticles to evaluate the immunogenicity of DNA vaccine
on host immunity [84]. The result demonstrated that the PLGA-PE nanoparticles
were able to stimulate dendritic cells to secrete IL-12 and TNF-a comparable to lev-
els observed after lipopolysaccharide (LPS) stimulation. Rv1733¢c DNA adsorbed
on PLGA-PEI nanoparticles increased T cell proliferation and IFN-a production in
lungs more potently. Working along similar lines of loading DNA encoding Rv1733c,
Osman et al. loaded DNasel on PLGA nanoparticle and assessed its cytotoxicity on
lung epithelial cells [85]. It was found that a high respirable fraction (71.3%) of PLGA
nanoparticles reached lungs after nebulization of nanoparticle suspension. The loaded
DNasel retained 76% biological activity, revealing the suitability of PLGA for delivery
of DNasel. Prostaglandin E1 (PGE1), a potent pulmonary vasodilator, was loaded on
PLGA (85:15) using double emulsion/solvent evaporation method [86]. Similar porous
particles of PLGA were also formulated keeping PEI as the core. The effect of PGE1-
loaded PLGA was evaluated by measuring the mean pulmonary arterial pressure,
right ventricular hypertrophy, degree of muscularization, platelet aggregation, matrix
metalloproteinase-2 (MMP-2), and proliferating cell nuclear antigen. Microscopic and
immunohistochemical results revealed that porous particles of PGE1 also reduced the
degree of muscularization, von Willebrand factor (vWF), and PCNA expression in the
lungs of rats. The overall study showed that PGE1-loaded inhalable PLGA formulation
is suitable for inhibiting the progression of disease. In a recent published literature,
Kim and coworkers used PLGA-based microparticles for dual drug delivery [87]. They
formulated inhalable porous PLGA microparticles with incorporated doxorubicin and
attached TRAIL on the surface of doxorubicin-loaded PLGA microparticles (TRAIL/
Dox PLGA MP) using the double emulsification method with ammonium bicarbon-
ate as a gas-foaming agent for the treatment of lung cancer. The loading efficiency
of both doxorubicin and TRAIL was more than 85%. The obtained results from ani-
mal studies revealed that the doxorubicin and TRAIL exhibited a synergistic effect on
tumor and so the inhibition was effective. Recently, an excellent review on engineered
PLGA-based micro- and nanoparticles for pulmonary administration was published
by Ungaro et al., and the authors recommend referring to it for detailed information
about PLGA-based DDS for pulmonary administration [88].
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6.9 Gene Therapy

Non-viral gene carriers are preferred over viral gene carriers due to the safety
of the former, although the transfection efficiency may be lower than the latter.
Polyethylenimine has been considered as the gold standard for non-viral gene car-
rier and has been most widely investigated as gene carrier. PLGA has also been
explored by various researchers as non-viral gene carrier. PLGA-based gene car-
riers have the ability to provide sustained release of gene. DNA is protected from
nucleases when it is encapsulated into PLGA microspheres [89]. The DNA-loaded
PLGA microsphere after intracellular uptake undergoes endo-lysosomal escape,
releasing the encapsulated DNA at a sustained rate resulting in sustained gene
expression. PLGA-based emulsion containing alkaline phosphatase was used as
marker gene for coating gut suture [90]. The gene expression was observed afer
weeks of implantation, which confirms the sustained release of gene from PLGA-
based carriers. Similarly, marker gene was used for the study of sustained release
of gene in cell culture in the presence of serum in a rat bone osteotomy model
[91]. The effect of particle size on gene delivery was also studied by formulating
PLGA nanoparticles using a double emulsion-solvent evaporation technique, and
then nanoparticle fractions were separated by membrane filtration (100 nm size
cutoff) and the transfection levels of the different fractions were evaluated in cell
culture. The result demonstrated that lower size nanoparticle fraction produced a
27-fold higher transfection in COS-7 cells and 4-fold higher transfection in HEK
293 cells for the same dose of nanoparticles [92]. The toxicity studies for PLGA-
based gene carrier did not reveal any toxicity to in-vitro cell culture and nanoparti-
cles administered intravascularly in arterial tissue did not show untoward effects in
animal models, demonstrating biocompatibility of nanoparticles [93]. Apart from
nanoparticle and microsphere, many other systems have been explored for gene
delivery using PLGA. PLGA films were explored as reservoirs for gene complex
[94]. They demonstrated no cytotoxicity effects in vitro. Table 6.2 summarizes the
different PLGA-based systems explored for gene delivery.

6.10 Tumor Trageting

PLGA-based materials have been used for tumor targeting, but amongst them, PLGA-
based nanoparticles have been most widely explored. Various PLGA-based nanocar-
riers have been reported with effective tumor targeting and tumor inhibition ability.
Many small anti-cancer drugs have been encapsulated in PLGA-based nanoparticles
and have been evaluated in vitro and in vivo to treat various cancers. Apart from drugs,
proteins and genes have also been entrapped in PLGA nanoparticles for cancer therapy.
Entrapment of paclitaxel in PLGA nanoparticles exhibited enhanced antitumor efficacy
as compared with free paclitaxel [108]. Similarly, intravenous administration of PLGA-
based polymeric nanoparticles incorporating paclitaxel and C6-ceramide exhibited a
longer retention time in blood and enhanced accumulation inside the tumor as com-
pared to free paclitaxel [109]. Along similar lines, docetaxel was also incorporated for
enhancing its antitumor activity. Research demonstrated that the antitumor activity
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Table 6.2 Various PLGA-based systems explored for gene delivery.

Formulation System Cargo Ref.
Nanoparticles Poloxamer and PLGA FITC-labeled plasmid DNA [95]
Microsphere PLGA and PEI Phosphodiester oligothymidilate [96,97]
pdT16 oligonucleotide
Disk PLG and PEI Nuclear targeted p-galactosidase [98]
Nanoparticles | Calcium phosphate Plasmid DNA [99]
and PLGA
Nanoparticles | PLGA SOXO9 genes and anti-Cbfa-1 siRNA | [100]
Micelles PLGA and PEI Plasmid DNA [101]
Micelles PLGA and PEI siRNA [102]
Scaffold PLGA and PLA-PEG Plasmid DNA [103]
Nanosphere PLGA, DOTAP and pDNA (pCMV-Luciferase) [104]
Chitosan
Sponge PLGA and PEI pNGVL plasmid encoding for [105]
nucleus-targeting galactosidase
Electrospun PLGA and Chitosan PT7T3D-Pacl encoding BMP-2 [106]
composite fiber plasmid
Gel construct PLGA and Fibrin lipofectamine/pDNA-TGF-f1 [107]
complexes and mesenchymal
stem cells (MSCs)

of PLGA entrapped docetaxel was higher as compared to free drug [110]. PEGylated
PLGA nanoparticles were used for entrapment of cisplatin, which demonstrated higher
residence time in prostate cancer [111]. Based on the above results, it can be concluded
that the antitumor activity of anticancer drugs is enhanced after being entrapped in
PLGA-based nanoparticles and so can be considered as promising nanocarrier for
delivery of anticancer drugs. PLGA-based nanoparticles targeting the tumor cells or
tumor endothelium using cyclic peptide, Cyclo-(1,12)-pen ITDGEATDSGC (cLABL),
demonstrated enhanced inhibition of LFA-1/ ICAM-1 along with high cellular inter-
nalization [112]. Various proteins and genes have been studied after entrapment in
PLGA-based nanoparticles for their antitumor activity. The anti-angiogenic peptide,
Endostar, when loaded into PLGA-based polymeric nanoparticles, exhibited a longer
halflife and decrease in dosing frequency as compared to those without Endostar. Study
on a murine tumor model demonstrated higher tumor inhibition rate owing to its anti-
angiogenic effect after being loaded into PLGA nanoparticles. Recombinant human
granulocyte colony-stimulating factor and toxin protein PE38KDL exhibited sustained
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release when administered via PLGA nanoparticles for more than 1 week and also
showed enhanced in-vitro cytotoxicity. PLGA nanoparticle encapsulating plasmid cod-
ing for AnxA2 shRNA, expression of AnxA2, shRNA, CLDN3, cDNA demonstrated
significant reduction in the tumor growth along with an increase in average survival
rate among animals [113-118]. When entrapped in PLGA nanoparticles, plasmid
coding for siRNA sequence targeting Methyl-CpG binding domain protein 1 showed
enhanced uptake by BxPC3 tumor cells, leading to efficient cell growth inhibition and
tumor cell apoptosis [119]. Similarly, BCL-w siRNA was loaded onto PLGA nanopar-
ticles in combination with PEI or cet-PEI. The addition of PEI enhanced the cellular
uptake of nanoparticles and more than 60% silencing of BCL-w mRNA was observed
in BCL-w siRNA loaded with PLGA-PEI nanoparticles [120]. A lot of similar research
involving genes, peptides and drugs has been carried out using PLGA-based nanoparti-
cles, and results have supported the fact that this delivery system holds the potential for
delivery of therapeutic moieties. With the FDA approving various PLGA-based DDSs
which also include various anticancer formulations, the future seems to embrace the
PLGA-based DDS for various other cancers, which probably could minimize the toxic-
ity to normal cells and enhance the efficacy of cancer therapy.

6.11 Miscellaneous Drug Delivery Applications

Apart from the above-mentioned delivery systems, PLGA-based carriers have also been
employed for delivering drug for various other applications. In an attempt to enhance
bioavailability, flurbiprofen was loaded onto PLGA nanoparticles. The nanoparticle
showed controlled release of drug in addition to a twofold increase in bioavailability.
The studies demonstrated the absence of ocular toxicity or damage to eye tissues after
administration of flurbiprofen-loaded PLGA nanoparticles [121]. Similarly, Aratjo
et al. loaded fkurbiprofen on PLGA nanoparticle to minimize inflammation induced
by surgical trauma [122]. The results revealed long-term stability for ophthalmic use,
and HETCAM assay showed absence of ocular irritancy. In another work, Gupta et
al. loaded sparfloxacin onto PLGA nanoparticles for ocular delivery [123]. Precorneal
residence time of prepared sparfloxacin PLGA nanoparticles was studied in albino
rabbits by gamma scintigraphy after radiolabeling of sparfloxacin by Tc-99 m. Results
demonstrated the absence of radioactivity in systemic circulation even after 6 hr of
administration, suggesting an increase in residence time of PLGA nanoparticles on
corneal surface. Olanzapine-loaded PLGA nanoparticles were fabricated for nose-to-
brain delivery [124]. The results of in-vivo pharmacokinetic studies demonstrated 6.35
and 10.86 times higher uptake of intranasally delivered PLGA nanoparticle than pain
drug solution delivered through intravenous and intranasal route, respectively, which
proves the superiority of PLGA-based nanoparticle for delivery of centrally acting
drugs. For enhancing the corneal permeation of drug, chitosan-PLGA nanoplexes were
formulated using fluorescent dye rhodamine [125]. Confocal microscopy of the cor-
neas revealed paracellular and transcellular uptake of the nanoplexes, but no alteration
was microscopically observed after ocular surface exposure to nanoplexes. Recently,
daunorubicin was loaded into oxidized porous silicon microparticles, and microparti-
cles were then encapsulated with a layer of PLGA to investigate their synergistic effects



Povry Lactic-Co-GrycoLric Acip (PLGA) COPOLYMER 165

in control of daunorubicin release from microparticles [126]. The PLGA-silica mic-
roparticle composite displayed a more constant rate of daunorubicin release than the
porous silica control formulation. It was concluded from the study that this system is
encouraging and may be of value in managing unwanted ocular proliferation through
a single intravitreal injection.

PLGA-based systems were also developed for vaginal drug delivery for treatment
of HIV infections. Topical PLGA nanoparticles entrapping camptothecin were formu-
lated for the prevention of intravaginal tumor [127]. The effectiveness of the developed
formulation was tested on a vaginal tumor model in mice. The results of the study dem-
onstrated that campothecin-loaded PLGA nanoparticles completely prevented growth
of tumors and hence can be used for effective treatment of intravaginal tumors. Further
surface modification of PLGA using poly(ethylene glycol) was done to increase the
penetration of PLGA nanoparticles inside the mucus layer of vaginal epithelium [128].
Delivery of siRNA using PLGA nanoparticle had deep vaginal penetration of nanopar-
ticle and exhibited prolonged gene silencing activity. Various other studies involving
delivery of drugs using PLGA nanoparticles have been done for exploring the use of
PLGA-based carriers in the field of drug delivery such as cerebral delivery, cardiovas-
cular disease, arthritis and regenerative medicine. Research on PLGA-based carriers
for drug delivery is still going on, with PLGA-based nanoparticles holding the most
promising potential.

6.12 Conclusion

The above discussion leads us to conclude that PLGA-based carriers continue to be
widely explored in the field of drug delivery owing to their biocompatibility and non-
toxic nature. They can protect drugs from degradation and enhance their stability. Use
of surface functionalizing agent can further allow a specific delivery of drugs, proteins,
peptides or nucleic acids to their target tissue. The approval of PLGA by the FDA opens
up new avenues for PLGA-based DDS ongoing clinical trials. Further research on
PLGA-based systems, especially nanoparticles, which hold the most promising position
in recent times for being brought to market in the near future, can change conventional
drug delivery system by increasing efficacy. The future may even see the development of
various PLGA-based imaging tools or, more specifically, PLGA-based theranostic tools,
which would help in the delivery of therapeutic moiety while simultaneously allowing
imaging of its release.
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