Polymer(Korea), Val. 39, No. 6, pp. 831-836 (2015)
http://dx.doi.org/10.7317/pk.2015.39.6.831

A o
(20154 6% 10¢ #H<45, 20154

Bl - HAE -

ISSN 0379-153X (Print)
ISSN 2234-8077(Online)

Biodegradable Nanoparticles for Nanomedicines

Min Sup Kim, Sang Jun Park, Bon Kang Gu, and Chun-Ho Kim'

Laboratory of Tissue Engineering, Korea Ingtitute of Radiological and Medical Sciences, Seoul 139-240, Korea
(Received June 10, 2015; Revised June 18, 2015; Accepted June 18, 2015)

Ll

st &

[e]

I 3

Sof eojgo] AEE AR et AES ANE ARHOR AL
SIt}. Hal, ARsld TEAR e Aze sl A0 BX) oRze] g4 AR AU
= P92 Fobh okikel AY WEASS Bel okgel AdE Jrisiei o) @
Axspslor @ Zolth. Wb B T heolslo] g-8o] Thsd 4Rel
AATRA ) T sk ol ol §8 thegiRe] Al

)

A3 AeA = 2

=44

ahglol sl Avjsiaic.

S YR 5

Abstract: Biodegradable polymeric nanoparticles (NPs) have shown significant therapeutic potential as nanomedicines
for ddlivery of pharmaceutica agents. NPs made of biodegradable polymers can efficiently deliver drugs for sustained,
controlled and targeted release, enhancing the stability of hydrophilic bioactive molecules, thereby improving their ther-
gpeutic efficacy while reducing their side effects. This paper reviews candidate biodegradable materials for NPs, including

proteins and polysaccharides, and their methods of NP fabrication for nanomedicines.
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Introduction

Recent nanotechnology has led to significant progress in
various biomedica fidds, including controlled therapeutic
drug delivery,! tissue engineering,? imaging of specific sites
and probing of nanostructures.® Nanoparticles (NPs) have con-
tributed to progress in nanomedicines, especialy in the for-
mulation of drug delivery systems (DDS) for treating various
diseases, including cancer, diabetes, alergy, infection, and
inflammation.* NPs developed for DDS are aternatives to
liposome technology, formulated to overcome problems asso-
ciated with the gtability of liposome vesicles in biological flu-
ids and during storage.® Recent technological developmentsin
NPs have improved the efficacy of the drugs being delivered.
NPs have been incorporated into colloidal drug delivery sys-
tems, which offer advantages due to surface modifications,
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including drug targeting to specific tissues and cells and
enhanced cdlular uptake, thus reducing the toxic side effects
of the free drugs.® The accessibility of their surfaces can dlow
for easy modification of functiona groups, enabling system-
ically administered NPs to be transported via the circulation to
targeted tissue sites. These NPs can be prepared from a variety
of biocompatible and biodegradable materias; including pro-
teins, polysaccharides and synthetic polymers.” This article
reviews developments in formulating protein and polysac-
charide NPs and their methods of fabrication for nanomed-
icines.

Biodegradable Nanoparticles

The first NPs designed for nanomedicines were composed of
biodegradable albumin? and non-biodegradable synthetic poly-
mers such as polyacrylamide and poly(methyl acrylate).®*
NPs composed of non-degradable polymers, however, were
found to be associated with chronic toxicity dueto intracellular
and tissue overloading, limiting their use for systemic admin-
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igtration in humans. Thus, interest focused on NPs made of
synthetic biodegradable polymers, including hydrophobic
polyalkylcyanoacrylate, poly(lactic-co-glycolic acid) and poly-
anhydride.™*® These polymers also had limitations, since most
were hydrophobic, whereas their bioactive molecules were
hydrophilic. Difficulties therefore arose in efficiently encap-
aulating drugs and protecting them againgt enzymatic deg-
radation.®

Attention therefore turned to NPs composed of more hydro-
philic and naturally occurring materials.”” The biodegradable
NP-based administration of hydrophilic molecules, such as
proteins, peptides and nucleic acids (oligonucleotide and
genes), has been shown to have great potentid in therapeutics.
In addition to the general advantages of biodegradable NPs,
they are easy to prepare from well-understood biodegradable
polymers and have shown high stability in biologica fluids
and during storage. NPs made of biodegradable polymers,
such as proteins and polysaccharides, can efficiently deliver
drugs for sustained, controlled and targeted release, enhancing
their therapeutic efficiency while reducing their side effects.’®

Biodegradable Protein Nanoparticles. The first naturally
occurring material used for the preparation of NPs consisted of
two proteins, albumin and gelatin.®*° Colloidal systems based
on proteins have several important advantages, including being
biodegradable, less immunogenic and non-toxic.®® Moreover,
they are highly stable in vivo and during storage and are rel-
aive easy to prepare; their size distribution can be monitored,
and their manufacture can be scaled up. In addition, because
the primary structure of proteins can be determined, protein-
based NPs offer various possihilities for surface modification
and covalent drug attachment.™

Albumin. Albumin, a biodegradable, biocompatible and
less-immunogenic protein found in blood plasma, has many
functions and applications.? In the circulatory system, albumin
aids in the transportation, metabolism, and distribution of
exogenous and endogenous ligands. It can also act as an extra
cellular antioxidant and to protect other molecules from free
radicals and other harmful chemical agents® Modified serum
albumin has been used as a selective agent for tumor detection
and/or therapy #* and as a receptor-mediated delivery system of
toxic compounds to eliminate Mycobacterium tuberculosis. 2

Nanomedicines have employed the properties of both human
serum abumin (HSA) and bovine serum abumin (BSA) for
various purposes. These include as carriers of targeting agents,
such as antibodies, interferon gamma, and antiviral com-
pounds,®* as enhancers of anti-cancer drugs® and as mod-
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ified vehicles for drug delivery across the blood-brain barrier
and across the brain to the central nervous system.®?

Collagen. Collagen is the gtructura building materia of
vertebrates and the most abundant mammalian protein,
accounting for 20-30% of al proteins in the body. Collagen
has a unique structure, size and amino acid sequence, resulting
in the formation of triple helix fibers.?® Collagen is regarded as
a useful biomaterial because of its high availability and excel-
lent biocompatibility and biodegradability. Further, it can be
eadly modified, enabling numerous applications in NP fab-
rication.* These modifications include the addition of other
proteins, such as elagtin, fibronectin and glycosaminoglycans,
and using crosdinking agents such as glutaraldehyde, form-
aldehyde, ultraviolet and gamma radiation.®* Such modifica-
tions have been found to enhance the physicochemica and
biological properties of collagen, as well as altering its bio-
degradability and subsequent release of ligands.® Biodegrad-
able collagen-based NPs are thermally stable, easily sterilized,
and can be taken up by the reticuloendothelia system, enhanc-
ing the uptake of drug molecules into cells™

Gelatin. Gdatin is a natural water-soluble macromolecule
formed as a result of the heating and partia hydrolysis of col-
lagen. There are two types of gdatin.® Type-A gelatin is
obtained by acid treatment of collagen with an isoelectric point
(pl) between 7.0 and 9.0, whereas Type-B gelatin is produced
by akaline hydrolysis of collagen with a pl between 4.8 and
5.0.° Gdatin offers a number of advantages over other syn-
thetic polymers, including non-irritability, biocompetibility and
biodegradability, making it desirable as a carrier molecule.® In
addition, gelatin is a natura macromolecule that is non-toxic
and non-carcinogenic and shows low immunogenicity and
antigenicity.® Gelatin has a large number of functional groups
on its surface, which aid in chemical crosdinking and deriva
tization. These advantages have led to its use in the synthesis
of NPs for drug delivery over the last 30 years®

Silk. Silk fibers are primarily made of two proteins, fibroin
and sericin, with the structural protein fibroin enveloped by the
gum-like sticky protein sericin. Fibroin is a hydrophobic gly-
coprotein that makes up over 70% of the proteins in the
cocoon.** This insoluble protein is dmost entirely made of
the amino acids glycine, aanine, and serine, in the sequence
(-Gly-Ala-Gly-Ala-Gly-Ser-), leading to the formation of anti-
parallel B-pleated sheets in the fibers® Fibroin is semi-crys-
taline and conssts of two phases: a highly crystalline B-
pleated sheet phase and a non-crystalline phase® Silk fibroin
is aso biocompatible, less immunogenic and non-toxic and
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can be processed into various forms, including gels, fibers,
membranes, scaffolds, hydrogels and NPs®%® Sk fibroin
matrices with high specific surface area, high porosity, good
biocompatibility and biodegradability have been utilized
extensively as biomaterials and for drug ddivery.¥ Silk has
been used as a suture material for many centuries because it
evokes a minimum immune response. Moreover, slk-based
biomaterias are highly biocompatible with various cell types
and promote cell growth and proliferation.®

Sericins are hydrophilic glycoproteins that act as a ‘glue’,
condtituting 20-30% of the proteins in the cocoon.® Sericins
are soluble in hot water, range in molecular weight from 24 to
400 kDa, and have unusually high serine content (40%) along
with significant amounts of glycine (16%).%% Structurally,
sericins congst of 35% B-sheet and 63% random coail, with no
o-helica contents.® In addition to having the general advan-
tages of protein NPs, sericin NPs may have other benefits asso-
ciated with the inherent properties of sericins. Those include
antioxidant and antitumor action;*® enhancement of the bio-
availability of such elements as Zn, Mg, Fe, and Ca; and sup-
pression of coagulation when sulfated.®® Water-soluble silk
sericin is non-immunogenic, as well as being biocompatible
like silk fibroin.** Moreover, sericin NPs have been shown to
promote wound healing without inducing any inflammation.*

Keratin. Keratins are a group of cysteine-rich structura pro-
teins that exhibit a high mechanical strength owing to a large
number of disulfide bonds* Keratin has been used very
recently as a nanosuspension that results in ultrathin, trans-
parent keratin coatings, in order to investigate in vitro cell pro-
liferation and to determine whether keratin can act as a coating
material for standard cultivation.’® Keratin nanosuspension
coatings may provide an inexpensve aternative to materias
such as collagen and fibronectin and may be utilized in tissue
engineering.®

Biodegradable Polysaccharide Nanoparticles. Biode-
gradable NPs made of intringic podtively- or negatively-
charged polysaccharides are currently in development for phar-
maceutical formulations.” These polysaccharides are biode-
gradable, and their surfaces can be modified. NPs made of
naturally occurring polysaccharides have been designed for the
administration of peptides, proteins, and nucleic acids.*

Chitosan. The most commonly used polysaccharide for
NPs fabrication is chitosan, a linear cationic polysaccharide of
N-acetyl-D-glucosamine and D-glucosamine linked by 3-(1-4)
glycosidic bonds (Figure 1(A)), obtained by the partial deacety-
lation of naturally derived chitin.** Chitosan is hydrophilic
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Figure 1. Chemica structure of (A) chitosan; (B) tripolyphosphate
(TPP). (C) Schematic illustration of ionicaly crosdinked chitosan
nanoparticles with TPP.

and soluble in acidic solutions due to protonation of its amine
groups, and can be degraded by enzymes such as lysozymes,
lipases and proteases.*® Chitosan increases cell membrane per-
meability, thereby enhancing absorption across the intestinal
epithdiaand prolonging the residence time of delivery systems
at absorption sites® In addition, chitosan can open the tight
junctions of cell membranes*” Due to their mucoadhesive
properties, chitosan based systems have been designed for
nasal, ocular, oral, parenteral and transdermal drug delivery.*
Moreover, chitosan NPs have been used as carriers of growth
factors such as epidermal growth factor and fibroblast growth
factor, suggesting that they may be introduced into engineered
tissue congtructs® Growth factors are essentid in cellular
migration, proliferation, differentiation and maturation.®* The
cationic nature of chitosan has led to the preparation of most
chitosan NPs by physical crosdinking, with the amino groups
of the chitosan backbone interacting with salts such as sodium
aulfate, tripolyphosphate (TPP, Figure 1(B)), and other mul-
tiply charged anionic bio-molecules™® The ionic cross-linking
of chitosan is smple and often carried out under mild con-
ditions, without using organic solvents (Figure 1(C)). More-
over, these NPs are generdly pH sensitive, a festure suitable
for stimuli-sensitive controlled release™ TPP, a non-toxic
anionic molecule, has been widely used for the preparation of
crosdinked chitosan NPs encapsulating several drugs.®** Due
to their high physical stability and encapsulation efficiency, the
ionically crossinked chitosan NPs have been used to deliver
proteins, oligonuclectides, and plasmid DNA %

Alginate. Alginate is another type of polysaccharide often
used for NP production.®® Alginate is a linear anionic polysac-
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Figure 2. (A) Chemica structure of aginate consist of guluronic
(G) and mannuronic (M) acid. (B) Schematic illustration of calcium
crossinked dginate nanoparticles.

charide composed of alternating blocks of 1,4-linked B-d-man-
nuronic acid (M) and o-I-guluronic acid (G) residues (Figure
2(A)). The advantages of aginate include its high mucoad-
hesiveness, agueous solubility, biocompatibility, non-toxicity,
and tendency to form gels under certain conditions®% Alg-
inate can form networks following ionic inter- and intramo-
lecular crosdinking with divalent ions, such as CaCl,, CaSO,
and CaCO; (Figure 2(B)).>* Alginate-based NPs are being
developed for the delivery of therapeutic agents, such as plas-
mid DNA and anticancer drugs® For example, CaCO;
crosdinked aginate NPs were shown to successfully encap-
aulate both plasmid containing p53 DNA and doxorubicin
(DOX) using a coprecipitation method, with a higher encap-
sulation efficiency than p53 and DOX formulations aone.>”

Methods for Fabricating
Biodegradable NPs

Emulsification. Homogeneous sized NPs can be generated
by the formation of nano-emulsions, based on the spontaneous
emulgfication that occurs on mixing an organic phase and an
agueous phase.’? The organic phase consists of a homogeneous
solution of ail, lipophilic surfactant and water-miscible solvent,
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whereas the aqueous phase consists of hydrophilic surfactant
and water.® This method can be described as the dissolution of
hydrophobic substances in an organic solvent, followed by
emulsfication with an aqueous solution at very high shear.
This results in the formation of very smal droplets (50-
100 nm).° After emulsification, the organic solvent is removed
by evaporation, yielding stable dispersions of solid NPs>%
The mgjor disadvantage of this method is the need to add
organic solvent and then to remove it. Moreover, residua
organic solvents may be toxic to the host.*

Desolvation. Another method used to fabricate NPs
involves the dow addition of a desolvation factor, such as nat-
ural salts or aoohal, to a protein solution.”® The desolvation
factor changes the tertiary structure of the protein.® When a
critical level of desolvation is attained, a protein clump will
form, which, upon crosdinking with a chemical substance (e.g.
glutaraldehyde), will result in the formation of NPs®

Alternatively, a two-step desolvation process can be used in
the synthesis of gelatin NPs.32% In the first desolvation step,
the low molecular gelatin fractions present in the supernatant
are removed by decanting, and in the second step, high molec-
ular fractions present in the sediment are re-dissolved and then
desolvated again at pH 2.5. The resulting particles can then be
easily purified by centrifugation and re-dispersion.®

Coacervation. The coacervation method is similar to the
desolvation method, in that an agueous solution of protein is
mixed with an organic solvent such as acetone or ethanol to
yield tiny coacervates.”* These coacervates are limited by the
addition of a crosslinking agent such as glutaraldehyde.®” The
coacervation and desolvation methods differ in the parameters
that affect the fabrication process, including initial protein con-
centration, temperature, pH, crosdinker concentration, agita-
tion speed, molar ratio of protein to organic solvent and the
rate of addition of organic solvent.”®

Electrospraying. The electrospraying method produces rel-
atively monodisperse and biologically active protein particles.
This method involves dissolving dry protein powder in an
electrogprayable solution. Dispersion of the solution followed
by solvent evaporation leaves dry residues collected on suit-
able deposition substrates.® Insulin NPs sized between 88 and
110 nm have been prepared by this method. Increasing the
applied voltage reduces NP size, whereas increasing the flow
rate or concentration of the electrosprayable solution increases
NP size.® The biological activities of the electrosprayed pro-
tein-based NPs were found to be unaffected by the processing
conditions.®
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Conclusions

The use of biodegradable NPs as DDS seems to be a viable
and promising strategy for nanomedicines. These formulations
have several advantages over conventiona drug ddlivery sys-
tems. They can increase the bioavailability, solubility and per-
meability of many potent drugs, which are otherwise difficult
to ddiver oraly. DDS using biodegradable NPs can aso
reduce the undesired toxic side effects of the free drugs, aswell
as reducing dosing frequency, thus enhancing patient com-
pliance. Moreover, such NPs can minimize some of the lim-
itations of drugs by enhancing their stability and preserving
their structure. The use of biodegradable polymeric NPs for
ddivery of pharmaceutical agents has shown significant ther-
apeutic potentia in nanomedicines.
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