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Abstract. Drug delivery is a broad field which deals with the delivery of pharmaceutical compounds to the
desired site with an aim to achieve maximum therapeutic effect and minimum toxicity in treating a diseased
condition. To achieve the goal, a carrier system is required for controlled and sustained drug release.
Polymers are an all-time favourite matrix used to control the release of drug at the desired rate. Among the
polymers, the biopolymers derived from proteins are attracting considerable attention due to their utility in
delivering vaccine and chemotherapeutics in clinical application. Additionally, they are biocompatible,
biodegradable, and in certain cases, cost-effective. The review addresses the source, structure and charac-
terization of different proteins used as drug delivery carriers. Along with this, the factors contributing to the
release of drug from the protein carrier has also been discussed.
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are the main choices due to their complex structures

Drugs are chemical compounds used to treat, control
or prevent disease conditions. To increase their ther-
apeutic efficacy, scientists are designing new drugs.
However, the procedure of drug discovery is a cum-
bersome process. Even after recent advances in
designing potent drugs with the aid of bioinformatics
and novel chemical reactions, many compounds fail at
the preclinical evaluation due to low solubility, poor
stability, short circulation time, and non-specific tox-
icity. Another way to improve the efficacy of existing
drugs is being explored by formulating the drug with a
suitable excipient that can deliver a drug at a con-
trolled rate to the specific site.'* This process of
delivering the therapeutics with an aim to increase its
efficacy and potency is called as drug delivery. In drug
delivery, the carriers are selected in such a way that
the therapeutics are released at the desired site with an
optimum rate and have minimum toxicity."* The main
challenge in developing a suitable drug carrier is to
design them to improve the pharmacokinetics and
pharmacodynamic properties of the therapeutics. In
this regard, polymers in reservoir-based drug delivery

*For correspondence

which can load and release both hydrophobic as well
as hydrophilic therapeutics improving the pharma-
cokinetic properties. They are known to have
improved circulation time than the conventional small
drug molecules thus facilitates better drug availability.
Tremendous use of polymers has been witnessed in the
area of polymer therapeutics and nanomedicines.’®
Among the polymers, the general characteristic feature
that makes them a potential candidate for drug deliv-
ery include safety, efficacy, hydrophilicity, absence of
immunogenicity, suitable pharmacokinetics, and the
presence of functional groups for covalent conjugation
of drugs, targeting moieties, or formation of copoly-
mer. The mode of application of these drugs may vary
depending upon the disease origin and condition. On
basis of this, the drug administration may be par-
enteral, topical or enternal, which subsequently
demands the drug to be encased either in solution
phase or in the form of ointment or gel.

Protein particles offer multiple advantages over
other biopolymers and synthetic polymers such as high
loading capacity, ease of production and non-im-
munogenic. Additionally, proteins are good raw
materials since they have the advantages of
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absorbability and low toxicity of amino acid by-
products on degradation by protease. Through a vari-
ety of aqueous or organic solvent processing methods,
natural protein composites can be fabricated into the
formats of hydrogels, tubes, sponges, composites,
fibres, microspheres and thin films which can be used
for a wide range of applications. For example, gelatin-
based materials are reported to be fabricated in the
wide range of form from nanoparticles, microparticles,
macroparticles, film, hydrogels, hard and soft capsules,
lozenge, etc. Protein-based materials can be easily
manipulated and there are various possibilities for
surface alteration and/or modification for covalent
drug attachment.*™

This review aims to provide an overview of differ-
ent proteins that are used for drug delivery, critically
reviewing the recent developments in factors affecting
the drug releasing capacity of bio-polymers.

2. Classification of protein

Proteins used for fabricating materials can be classified as
animal and plant proteins (Scheme 1). In the case of animal
proteins, the low toxicity of the end product (metabolite or
product of degradation), and easy manipulation to load both
hydrophobic and hydrophilic drug gives them an edge over
synthetic polymers.® The major drawback of animal pro-
teins is the risk of infection from pathogen contamination.
However, in some cases, it is not actually a real problem
since animal proteins can be sterilized. On the other hand,
proteins derived from plants are more hydrophobic in nature
and can be used to deliver water-insoluble drugs or nutri-
ents. Due to hydrophobic nature, plant proteins can be
fabricated into desired materials like nanoparticles or
hydrogel without using toxic chemical cross-linking agent.
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Scheme 1. Classification of proteins for drug delivery.
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In addition, plant proteins are less expensive than animal
proteins.®

Another way to classify protein can be based on their
structure or morphology (Scheme 1).° The two types of
proteins used for drug delivery are globular and fibrous
proteins. Globular proteins or spheroproteins are spherical
proteins and possess some water-solubility or form a col-
loidal suspension in water. These proteins are generally
functional in nature. Certain enzymes, transporters and
carrier proteins belong to this group. They are mostly used
to prepare nanoparticles and microparticles. The most
extensively studied globular proteins used for drug delivery
are albumins. Fibrous or scleroprotein functions mainly as
structural proteins or storage proteins. They are long protein
filaments, where the quaternary structure looks like rods or
wires. They are typically inert and water-insoluble. The
peptide sequence in a scleroprotein generally has limited
residues with repeats and can form unusual secondary
structures, such as a triple helix in collagen. The structures
often feature cross-links between chains (disulfide bonds
between keratin chains). Scleroproteins tend not to denature
as easily as globular proteins. They can be easily fabricated
as films or hydrogels. Some methods are reported in the
literature to prepare nano- and microparticles. Proteins such
as keratin, collagen, elastin, etc., are examples of
scleroprotein.

3. Different proteins used in drug delivery
3.1 Gelatin

Gelatin is a derived and partially denatured protein
formed by the hydrolysis of structural protein colla-
gen. The amino acid composition of gelatin is similar
to collagen. However, the source (i.e., porcine, bovine
or fish) and the manufacturing process affects the
nature and quality of the gelatin. The breakdown of
collagen to gelatin can be carried out by acid or
alkaline hydrolysis, forming two different forms
namely, gelatin A and gelatin B, respectively.'®!!
Extensive enzymatic degradation of gelatin results in
gelatin hydrolysates. The average molecular weight of
gelatin A and B lies in the range 19 kDa to 100kDa,
while that of gelatin hydrolysates is less than 5 kDa.
Gelatin consists of 19 amino acids predominated by
glycine (Gly), proline (Pro) and hydroxyproline (Hyp),
which consists of around 50% of amino acid content.
Along with these, it contains 8 essential amino acids
including lysine and arginine (Arg). It lacks trypto-
phan and is deficient in isoleucine, threonine and
methionine. Due to non-specific breakdown of colla-
gen, gelatin, in general, is a heterogeneous mixture of
single or multi-stranded polypeptide having repetitive
amino acid sequence of -Ala-Gly-Pro-Arg-Gly-Glu-
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Hyp-Gly-Pro-, where glycine is found at every third
position. The presence of -(Gly-Pro-X)- and -(Gly-X-
Hyp-) sequence is responsible for the formation of
right-handed triple helix structure. The presence of
Gly is required to allow the three chains to come close,
while the ring structure in Pro and Hyp gives enhanced
rigidity to the structure. The exact amino acid com-
position varies greatly, depending on the species of
origin. Alkaline pre-treatment converts asparagines
and glutamine residues to their respective acids and
results in a higher viscosity of gelatin B as compared
to gelatin A. Mechanical properties of gelatin gels are
quantified using the bloom test and are sensitive to
temperature.''% Gelatin type A has an isoelectric
point (IEP) of ~ 8.0 and gelatin type B has an IEP of
~4.9. The secondary structure of gelatin can be
studied by circular dichroism (CD). Gelatin solution
exhibits a negative peak at 205 nm and a positive peak
at 222 nm which corresponds to the presence of ran-
dom coil and triple helix state, respectively. During the
fabrication of gelatin into different materials, CD can
be used to explore the changes in the secondary
structure. For example, Sakai et al., reported that
formation of gelatin microgel from neat gelatin solu-
tion resulted in the decrease of the helix structure to
random coil state.'® Finally, gelatin chains contain
motifs such as Arg-Gly-Asp (RGD) sequences that
help to adhere to cells, thereby improving the inter-
action between gelatin and cell membrane.'’

3.2 Albumin

Albumin is a carrier protein which can be obtained
from a variety of sources including egg white (oval-
bumin), bovine serum albumin, and human serum
albumin (HSA). Among them, the extensively studied,
HSA is the most abundant protein in human blood
(30-50 g/l serum) and the function of this protein is to
deliver solutes from the bloodstream to their target
organs, as well as to maintain the pH and osmotic
pressure of plasma. It is a non-glycosylated single-
stranded peptide containing 565 amino acids that fold
to form a heart shape protein (~66.5 KDa). HSA has
one cysteine and tryptophan amino acid along with 17
disulfide bond. It has a high content of polar amino
acid-like aspartic acid (Asp) and glutamic acid (Glu),
histidine (His), lysine (Lys) and arginine (Arg) which
is responsible for its high solubility at pH 7 (up to
40% w/v). The high content of Aspartic and glutamic
acid is responsible for the overall negative charge on
HSA at neutral pH. Further, ~70% of the tertiary
structure in HSA is helical due to high content of
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leucine and lysine. The presence of 17 disulfide link-
ages is responsible for its higher stability and can be
heated up to 60 °C for 10 h without undergoing ther-
mal denaturation.'* The IEP of HSA is 4.7. The
melting point of HSA is 65 °C, above which it
undergoes irreversible denaturation. The half-life of
HSA in human blood is around 19 days. This long
half-life is thought mainly due to neonatal Fc receptor
(FcRn)-mediated recycling, and the Megalin/Cubilin-
complex present in the proximal tubule of the kidney.
They are gaining importance in anticancer drug
delivery due to their ability to accumulate selectively
in tumour sites, via complementary pathways such as
enhanced permeation retention (EPR) effect, and
receptor (gp60 and SPARC) mediated transcyto-
sis.">!®  Albumin contains multiple hydrophobic
binding pockets and naturally serves as a transporter of
variety of different ligands such as fatty acids and
steroids as well as different drugs. In addition to its
ordinary clinical applications, such as hypovolemic
shock treatment, many investigators have attempted to
utilize HSA as a carrier to deliver various drugs to
their specific targets. Some of the successful albumin
nanoformulations in clinic are Abraxane (albumin-
bound formulation of paclitaxel) and Aldoxorubicin
(albumin-bound to doxorubicin).16 Albumin is widely
used in the preparation of nanospheres and nanocap-
sules. These albumin nanocarriers are non-toxic,
biodegradable, easy to prepare of well defined sizes,
nonimmunogenic, and also carry reactive group (thiol,
amines and carboxyl) which can be utilized to bind
specific receptor or to modify surface properties. The
drug entrapped in the albumin nanoparticle can be
easily digested by the enzyme protease. The albumin-
based nanocarriers can help to increase the aqueous
solubility of hydrophobic drugs, control sustained
release and improve pharmacokinetics parameters.'”'®

3.3 Keratin

Keratin-based materials are investigated for drug
delivery due to their intrinsic biocompatibility,
biodegradability, mechanical durability and natural
abundance. It is a structural protein found in hair,
nails, horns, claws, hooves and the outer layer of
human skin. Keratin is a fibrous protein and can be
classified as o-keratin (occurs in mammals) or [-
keratin (occurs in birds and reptiles). Of these ker-
atins, the o-keratin is well-studied and the wool
keratins are extensively investigated for drug deliv-
ery. Further o-keratins are further classified as Type I
(acidic) and Type II (basic/neutral). Irrespective of
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the type, a-keratin polypeptides are rich in alanine,
leucine, arginine, cysteine and form the right-handed
helix. They also have high contents of glycine, pro-
line and serine, but have low content of lysine, his-
tidine and methionine, while tryptophan is barely
present. Two of these polypeptides twist themselves
to form left-handed helical structure or heterodimers,
which are also referred as the coiled-coil structure.
These helix keratins have inter-molecular bonding of
the disulfide cysteine amino acid and inter- and intra-
molecular bonding of polar and non-polar acids.
Cystine has an important role in determining the
physicochemical properties of keratin. Wool proteins
are generally inert on exposure to chemical and
physical factors.'® These proteins are insoluble in
water and in many weak acids, alkali solutions or
organic solvents, as well as resistant to common
protein-digesting enzymes such as pepsin or trypsin
and intra-chain cross-links of cysteine disulfide
bonds. In wool keratin, different interactions occur
between the amino acid such as hydrogen,
hydrophobic and ionic bonds, which plays an
important role in the stability and properties of the
wool keratin. The existence of ionic bonds is pH-
dependent and is observed maximum at the IEP of
4.9 when the protein is in the form of zwitterions
("HsN-CHR-COO"), while under extreme acidic or
basic conditions, the ionic bonds are at their lowest
level. The ionic bond occurs between carboxylate and
protonated amino group, which can be reduced at
extreme acidic and alkaline pH.?® The disulfide bonds
give keratin a compact three-dimensional structure
and provide high resistance to chemical or enzymatic
reactions. Wool keratin with 4-8 wt% sulfur is
known as hard keratin whereas keratin found in the
epidermal tissue of skin has 2% sulfur and 50-75%
moisture and is considered as soft keratin. Wool
solubilisation occurs by disruption of the complex
keratin structure by reduction, oxidation, microwave
irradiation, alkali extraction, steam explosion, sulfi-
tolysis and ionic liquids. Keratin obtained from the
wool fibre can be classified into four different
molecular weight groups: a low sulfur content (LS)
with a MW of 45-60 kDa, a fraction with a high
sulfur content with a MW of 11-28 kDa, and frac-
tions with a high glycine or high tyrosine content
with a MW of 9-12 kDa. The presence of cell
adhesion sequences such as arginine-glycine-aspartic
acid (RGD) and leucine-aspartic acid-valine (LDV)
in the natural sequence of keratin also add to its
potential to be used as a matrix for cell growth and
thus keratin-based materials can be used for the
development of tissue engineering constructs.’’
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Keratin structure is hydroscopic in nature and it
exhibits glass transition temperature that is dependent
on the water content (water acts as a plasticizer). Dry
wool has a glass transition temperature of about
170 °C, while when wet it is about —10 °C.*

3.4 Casein

Milk proteins are preferably used in food industries
due to their ability to bind bioactive nutrients.
Among the known milk proteins, casein — a phos-
phoprotein, is the most preferred as it is inexpen-
sive, readily available, non-toxic, highly stable and
easily digestible. In general, bovine milk contains
3.2% of protein, out of which casein proteins con-
stitutes around 80% of the total protein. The
remaining is whey protein which constitutes of o-
lactalbumin, B-lactoglobulin, serum albumin and
immunoglobulins. In bovine milk, casein comprises
of four types of protein known as ag;, g, B and k
casein which differ in their amino acid, phosphorous
and carbohydrate content. Their molecular weights
are in the range of 19 to 25 kDa with average IEP in
the range of 4.6 and 4.8. At neutral pH or in milk
(pH 6.6) the caseins are negatively charged. These
proteins collectively exist in milk in an aggregated
form known as casein micelles. These proteins are
bonded by hydrophobic interactions and colloidal
calcium phosphate (CCP) that are attached to the
phosphorylated serine residues of the casein side
chains. CCP plays a crucial role in maintaining
micellar integrity. Three of the caseins (aS1-, aS2-
and B-casein) contain centers of phosphorylation (at
least three phosphoserine residues in close proxim-
ity) that can bind to the amorphous calcium phos-
phate cluster. Both ag;- and og,-casein contain more
than one phosphate center and can thus act as
linking agents between nanoclusters. The surface of
the micelles is primarily covered with x-casein
providing a hydrophilic, charged surface layer which
stabilizes the micelles through inter-micellar elec-
trostatic and steric repulsion. Casein proteins have
distinct hydrophobic and hydrophilic domains. og;-
casein has a strongly acidic peptide of 40 amino
acids that contains seven of the eight phosphate
groups, twelve carboxyl groups and only four posi-
tive groups. The highly charged N-terminal region
of B-casein contains four of the five phosphates of
the molecule, seven carboxyl groups and only two
positive groups. The sialylated glycoprotein K-casein
has only one phosphate and fourteen carboxylic acid
groups located in the hydrophilic C-terminal region
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called the glycomacropeptide.”® Due to the self-
assembled structure, caseins are amphiphilic in
nature. They are the part of milk transport proteins
through which new born babies obtain important
minerals like calcium and phosphate at higher con-
centration. Caseins are rich in proline and sulfur-
containing amino acids are absent which results in
undefined secondary and tertiary structure. The high
concentration of proline makes the a-helical and B-
sheets structure non-viable making casein flexible
and present in random coil form.”* These features
attribute to the presence of several energetically
favourable conformations in solution, which are
responsible for the high-temperature stability of
casein and it is also classified as rheomorphic pro-
teins. Additionally, the presence of high content of
proline results in its easy degradation by protease,
which along with the acid-soluble calcium—phos-
phate bridging, makes an excellent target-activated
release mechanism for unloading the drug in the
stomach. With all the advantages of using casein as
a drug delivery agent, the possibility of immuno-
genicity/allergenicity response limits its commercial
success as a drug delivery agent.”

3.5 Silk protein

Silk is fibrous protein secreted by different types of
insects and spider. The proteins in raw silk derived
from silkworm (Bombyx mori) are made up of
supramolecular assembly of quaternary structures
derived from two different types of proteins, fibroin
and sericin.***’

Silk fibroin is made up of a heavy polypeptide chain
(~325 kDa) and a light polypeptide chain (25 kDa)
joined by a single disulfide bond at the C-terminus of
the heavy chain polypeptide. A glycoprotein p25
(25kDa) is non-covalently attached to the heterodimer
complex. The primary peptide conformation is mainly
due to eighteen amino acids. The heavy polypeptide
chain is hydrophobic in nature due to the repetitive
sequence of Gly-Ala-Gly-Ala-Gly-Ser and repeats of
Gly-Ala/Ser/Tyr dipeptides, which makes up 90% of
the silk. They form stable -sheet plated core, while
the light polypeptide chain rich in amino acid-like
glutamic acid, valine, and aspartic acid has random
coil-like structure. The light polypeptide chain is more
hydrophilic in nature and flexible compared to heavy
polypeptide chain. These amino acids are used as side
chains and affect properties such as elasticity and
strength. The B-sheet structure is responsible for the
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mechanical strength of the silk fibre. The IEP of
fibroin protein had been demonstrated to be 4.53 and
overall negative charge surface at neutral pH.?**®

Silk sericin is a globular protein and is easily sol-
uble in water. The molecular weight of sericin is
greater than 200 kDa and consists of 18 amino acid
similar to fibroin but differs in its composition. Unlike
fibroin, the amino acids in sericin are more polar
(78%) and mainly consists of serine and aspartic acid.
The composition of the amino acid also depends on the
silkworm variety. Sericin occurs mainly in an amor-
phous random coil and to a lesser extent in a [-sheet
structure. The randomly coiled structure easily con-
verts to B-sheet structure on exposure to moisture and
mechanical stretching. Random coil structure is
stable at a higher temperature and on decreasing the
temperature converts to B-sheets, resulting in gel for-
mation. Due to this, it exhibits temperature dependant
sol-gel property. However, the transition temperature
of this is dictated by the extraction process, concen-
tration and molecular weight of the extracted sericin.
As the acidic residues are dominant in sericin, the IEP
of the protein is reported to be pH 4 and its surface has
negative charge at neutral pH.>"®

3.6 Zein

Zein is an important storage protein from maize and
comprises of 50% of corn protein. Corn consist of four
proteins, Zein (present in endosperm of corn seed),
Gliadin (distributed between endosperm and germ
layer), Albumin and Glogumin (present in germ). It is
a US-FDA approved biomaterial having a diverse
industrial utility such as plastics, paper coatings,
adhesives, substitutes for shellac, laminating board,
solid colour printing films and food industry. Zein is a
prolamine protein and is deficient in essential amino
acid like lysine and tryptophan and this makes it poor
in nutritional quality. It is an alcohol soluble protein
and practically insoluble in water. However, its solu-
bility in water can be enhanced in the presence of
alcohol, high concentration of urea or alkali (pH 11) or
in the presence of anionic detergents. The hydropho-
bicity of zein is due to its amino acid composition. It is
rich in non-polar amino acids such as glutamic acid
(21-26%), leucine (20%), proline (10%) and alanine
(10%). 1t is deficient in acidic and basic amino acid.”

Zein is a heterogeneous aggregate of different
peptides linked by disulfide bonds with a molecular
weight of about 40 kDa. During the processing of
native zein from corn, different protein fractions have
been found. These fractions differ in solubility,
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molecular weight, immunological response and struc-
ture. Depending upon the differential solubility in
aqueous propyl alcohol with different pH values, urea
and salt concentration, the protein fractions are clas-
sified into a-zein, B-zein, y-zein and J-zein. Among
these the o- and the B-zein are well-characterized and
extensively studied, while limited information is
available on the J-zein. The o-zein constitutes of
75-85% of the total zein. It is soluble in 40-50%
isopropyl alcohol and has molecular weight of
20-24 kDa. The IEP of this fraction is at pH 6.8. The
secondary structure of the o —zein exists mainly in o-
helix structure (57%), followed by B-sheets and ran-
dom coil which constitute for 7.1 and 8.2%. Approx-
imately 28% of the secondary structure could not be
determined. B-zein is soluble in 30-80% isopropyl
alcohol under reducing condition. It represents 1-15%
of the total zein and constitutes of methionine rich
polypeptides with molecular weight of 17-18 kDa. -
zein is soluble in 0-20% isopropyl alcohol under
reducing condition. It constitutes 5-10% of the total
zein and is a proline-rich fraction with a molecular
weight of 27 kDa. The N-terminal of the y-zein is
found to interact with the cell membranes and has
served as peptide carrier for drug across cell mem-
brane. The o-zein is around 10 kDa and rich in
methionine residue.*”
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4. Method of preparation of protein nanoparticles

There are several different techniques that can be used
to prepare protein nanoparticles such as desolvation or
coacervation, emulsification, self-assembly, electro-
spraying, salt precipitation, etc. (Scheme 2).>' Some
of the most commonly used methods are briefly
explained below. In the desolvation process, desol-
vating agents like acetone or alcohol are used to
dehydrate the protein which results in its aggregation.
The aggregates are then cross-linked using chemical
cross-linkers like glutaraldehyde, polyphenols, etc.
Although it is the most commonly used method, the
use of organic solvent and toxic crosslinking agents
like aldehyde are the main limitation of the method.
Similar to desolvation process, in the coacervation
process, the protein is aggregated by exploring the
difference in protein solubility in a solvent. The dif-
ference can be achieved by changing the solvent
polarity, pH, ionic strength or presence of electrolytes.
Proteins nanoparticles from albumin, gelatin, silk,
whey, gliadin and casein are prepared by this method.
Salt precipitation is one of the simplest methods to
prepare protein nanoparticles. Similar to desolvation
or coacervation method, in this method the
hydrophilicity of the protein is reduced by adding salt
which neutralizes the charge on the protein and
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Scheme 2. Different methods to prepare protein nanoparticles.
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induces hydrophobic interaction between two protein
molecules. In this method, care has to be taken to
check whether the addition of the salting agent chan-
ges the bioactivity or conformational structure of the
protein or not.*?

In the emulsification process, the protein dissolved in
an aqueous solution is homogenized in an oil phase or
organic solvent by using a high-pressure homogenizer
or ultrasonication to form water in oil emulsion (W/O).
The nanoparticles formed at the interface can be stabi-
lized by chemical crosslinking or thermal denaturation
of the protein. Additionally, emulsifiers like Span 80,
phosphatidylcholine are used to stabilize the emulsion.
The protein nanoparticles formed in the O/W emulsion
can be further homogenized in an aqueous phase to form
the double emulsion (W/O/W). The size of the protein
particles formed by this method is bigger as compared to
that formed by desolvation or coacervation method. The
nanoparticles derived from albumin, gelatin, collagen,
etc., are known to be prepared by this method.®

Self-assembly is the most common method used for
the preparation of casein, zein and keratin nanoparticles.
As caseins are negatively charged at neutral pH, they
bind with high concentrations of calcium phosphate, via
self-assembly to form micelles. Proteins below and
above their IEP are positively and negatively charged,
respectively. Oppositely charged proteins can self-
assemble via electrostatic attraction to form nano-sus-
pension. Also, hydrophilic proteins like gelatin, albu-
min on conjugation with polyethylene glycol are
modified to obtain amphiphilicity. Such modified pro-
tein undergoes self-assembly to form micellar shaped
nanospheres when added to an aqueous solution.>”

Electro-spray drying is one of the well-established
scalable methods used in the pharmaceutical industry for
producing a dry powder from a liquid phase. The process
utilizes atomization of a liquid jet into fine droplets under
the influence of the high voltage electric field. In general,
electrospray consists of a syringe pump, a metal needle
serving as a nozzle, a high voltage electric power supply
(basically operated through direct current but also pos-
sible via alternating current) and grounded metal col-
lector (plate or drum). The syringe pump is used to
control the rate of flow of the protein solution. The rate of
flow is found to be important in controlling the size of the
particle. The high voltage AC power is basically operated
through direct current but some reports have also used
alternating current. The protein nanoparticles formed by
this method have narrow polydispersity index and the
loading of charged therapeutic molecules can easily be
incorporated to these nanostructures with high loading
efficacy. However, the loading efficiency of hydrophobic
drug is a limiting task with this method.**
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5. Physicochemical parameters controlling
the drug release from protein carrier

The physicochemical properties of biopolymers are
important as they can be manipulated to alter the
kinetics of drug release from the carrier. These
parameters include molecular weight, hydrophobicity,
surface charge, the composition of the copolymer and
phase transition temperature. The effect of some of
these properties on drug release is summarized
below.

5.1 Molecular weight

The drug released from biopolymers generally follows
a complex mechanism which involves combination of
simple diffusion of the drug through the matrix and
degradation of the biopolymer matrix followed by
diffusion. The degradation of the polymer shows clear
dependence on the molecular weight of the polymer.
Generally, during drug release, the low molecular
weight polymers are found to erode fast compared to
those of higher molecular weight. Park et al., provided
evidence suggesting that the different degradation
pattern in polymers with varying molecular weights
occurs due to the differences in phase transition tem-
peratures and crystallinity.> " Lai er al., investigated
the effect of molecular weight of gelatin hydrogel
carrier to deliver the cultivated human corneal
endothelial cell (HCEC). For their studies, they pre-
pared gelatin carrier disks, with a different IEP (5.0
and 9.0) and a molecular weight (MW) ranging from 3
to 100 kDa. The effect of IEP and MW of the raw
gelatins (i.e., before irradiation) on the functionality of
sterilized disks was studied by determining mechani-
cal property, water content, dissolution degree and
cytocompatibility. Irrespective of the IEP of raw
gelatin, hydrogel disks prepared with high MW (100
kDa) exhibited a greater tensile strength, lower water
content, and slower dissolution rate than those made of
low MW gelatin (8 and 3 kDa). From the investigation
of cellular responses to the disks, the negatively
charged gelatin (IEP = 5.0) groups were found to be
more cytocompatible when compared with their posi-
tively charged counterparts (IEP = 9.0) at the same
MW (100 kDa). It is concluded that the gamma-ster-
ilized hydrogel disks made from raw gelatins (IEP =
5.0, MW = 100 kDa) with appropriate dissolution
degree and acceptable cytocompatibility are capable of
providing stable mechanical support, making these
carriers promising candidates for intraocular delivery
of cultivated HCEC sheets.*®
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Chen and Ofner investigated the effect of molecular
weight of gelatin—methotrexate (MTX) conjugates on
HL-60 leukaemia cell growth. In their study, they
observed that for gelatin-MTX conjugate at low drug
load (G-MTX-L), the growth inhibition of the HL-60
leukaemia cell was inversely related to the molecular
weight of the gelatin-drug conjugate. They proposed
that the G-MTX-L, entered cells by fluid-phase
pinocytosis into an endosome, which cleaved MTX
from the conjugate releasing the MTX into the cyto-
plasm to inhibit cell growth. The pinocytosis is hin-
dered with higher molecular weight gelatin.*

The molecular weight of silk fibroin under the
heated alkaline conditions can be inversely controlled
by the duration and type degumming process. Pritch-
ard et al., reported that the drug-release rate can be
controlled by changing the molecular weight of silk.
Increased degumming time resulted in a decrease in
the molecular weight of the fraction. They reported
that the increase in the molecular fraction resulted in
the increase of silk solution viscosity, its crystallinity
and phase transition temperature. Additionally, the
proteolytic degradation was found to be faster with
lower molecular weight fraction, indicating the release
of drug from silk fibroin can be controlled by modu-
lating their molecular weight.*® Similarly, Kim et al.,
investigated the effect of molecular weight of silk
fibroin on the physical properties of gel. They obtained
fibroin with a broad range of molecular weight
(263.1-82.7 kDa) by using alkaline hydrolysis of silk
fibroin at different time (10-180 min). They reported
that the change of molecular weight of silk fibroin
affected their properties like swelling ratio, shear
modulus, transparency as well as cell adhesion of
fibroin hydrogels. This was due to the effect of
molecular weight of fibroin on the construction of
microscopic structure of hydrogel.*!

5.2 Shape and morphology

Different types of protein carriers ranging from
nanoparticles, hydrogels, films, etc., can have different
morphology like simple sphere, rod, or sheet. The
morphology and shape of biopolymers like proteins
are important factors that influence the drug-delivery
efficiency, which is mostly due to the change in sur-
face to volume ratio. Cho and Ku prepared albumin
microspheres by chemical denaturation method using
terephthaloyl chloride (TP) as a crosslinking agent,
and by heat denaturation method. They investigated
the effect of preparation method on the shape, size
distribution of albumin microspheres, loading of
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betamethasone sodium phosphate as drug and its
in vitro release profile. The results showed that the
shape of albumin microspheres prepared by chemical
denaturation was irregular and rough, whereas those
prepared by heat denaturation was spherical, smooth
and relatively compact. The drug release from ther-
mally denatured albumin microparticles was faster as
compared to chemically cross-linked microparticles.*

Bjgrge et al., studied the influence of the surface
area by varying particle shape of drug carrier on their
ability to release drug and cell viability. For this they
developed a novel method to produce spheroidal
hydrogel particles with adjustable circularity, aiming
to tune drug delivery. To achieve this, droplets of
hydrogel precursor were squeezed between two super-
amphiphobic surfaces separated with spacers with
different heights, and then photo-cross linked to
maintain the acquired shape after ‘de-sandwiching.’
Compared to the spherical-shaped hydrogel, the
spheroids shaped hydrogel showed improved viability
of encapsulated cells due to enhanced nutrient diffu-
sion to the core, and led to a significantly faster drug
release rate from the polymer network. This higher
efficiency of the spheroid shape may be attributed to
their higher surface area to volume ratio. These results
were also assessed numerically, in which the drug
release rate was computed for different spheroidal-like
geometries.*

In another study, Wang et al., discovered the effect of
applied voltage, on the morphology of electrospun zein
protein fabrics. They reported that these protein fabrics
formed either flat sheets or self-rolled tubes when
immersed in water on the application of different volt-
age. The zein fibers fabricated at relatively lower volt-
age were stabilized by the pre-aggregated nanoscale
hydrophobic domains and exhibited restricted swelling
with flat sheet shape morphology. In the presence of
higher voltage, greater bending instability was induced
during the electrospinning process, and the zein network
structure formed self-rolling of the aligned fibers. Ses-
sile drop measurements showed a reduction in the
contact angle from 106° to 39° for the fibers with 50%
zein prepared at raised voltage, indicating the conver-
sion of surface properties caused by the relaxation.
These electrospun fabrics prepared at higher voltage
exhibited strong resistance to protein adsorption and cell
attachment, and the release experiment indicated that
both three-dimensional porous structures could serve as
a carrier for controlled release of incorporated bioactive
compounds into phosphate-buffered saline. This phe-
nomenon opens up many potential biomedical appli-
cations for drug delivery where the carrier does not
attach to any cells or proteins.**
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Banerjee et al., investigated the uptake of polystyrene
derived nanoparticles of similar size but varying in
shape such as sphere-, rod- and disc-shaped particles in
Caco-2 and Caco-2/HT-29 cells. Their results indicated
that rod-shaped nanoparticles yield a higher efficiency
in adhering to the cells as compared to the spherical
nanoparticles, as rod-shaped nanoparticles have a
higher surface area and the ability to interact more
efficiently with the cell surface membranes with respect
to their shape.*’ The rate of drug release from polymeric
drug delivery systems correlates with the mechanical
properties of the polymer; high-molecular-weight
polymers have a low elastic modulus, producing a rel-
atively non-deformable matrix that limits the number of
pore-forming channels. Low-molecular weight poly-
mers have a high elastic modulus, and the matrix is more
deformable, causing pores to expand as a result of
osmotic pressure.”

5.3 Particle size

The effect of particle size is found to affect the release
of drug from the polymers. In general, the release
depends on the surface area, where the smaller parti-
cles are found to show fast release as compared to the
bigger particle size. Our group investigated the role of
particle size of human serum albumin (HSA)
nanoparticles loaded with curcumin. For this, the
nanoparticles were prepared in the size ranging from
25-250 nm by using dithiothreitol (DTT) and sodium
deoxycholate (NaDC) as reducing and stabilizing
agents. The release of curcumin from the nanoparticles
showed slow release as compared to the native HSA
and followed a complex biphasic pattern. The cumu-
lative release of curcumin from HSA nanoparticles the
release of curcumin was found to decrease with
increase in particle size. The uptake of curcumin from
these nanoparticles was followed in human lung car-
cinoma (A549) cells. HSA nanoparticles of ~ 125 nm
facilitated maximum cellular uptake of curcumin
suggesting it to be the optimal size for delivering
hydrophobic drugs.*®

Similarly, Mladenovska er al., investigated the
effect of particle size of gelatin microsphere micro-
spheres on the release and loading efficiency of radi-
olabel BSA protein. These microspheres were
prepared by emulsification of aqueous solution of
gelatin (10% w/v) and radiolabelled'*' I-BSA (2.5%
w/v) into the particles in oil and stabilized by
crosslinking with glutaraldehyde-saturated toluene
(0.05 mg/mg gelatin) at 0 °C. By variations in the
process parameters, time of emulsification and

Page 9 of 14 91

sorbitan monooleate concentration, particles in a range
of 7.03£1.23 to 1.19£1.96 pm were prepared. They
observed that the release of the BSA from the micro-
sphere exhibited biphasic behaviour, where there was
a fast-initial release followed by a slow sustained
release. BSA released from gelatin microspheres with
a mean diameter smaller than 4 pum, was found to be in
the range 30 and 55% at 3 h. However, for micro-
sphere greater than 5 pm, for the same amount of BSA
(~37%) the time required was s =6 h, indicating that
higher size exhibited slow release.*’

Similarly, Leucuta et al., studied the release of
Oxprenolol from bioadhesive microsphere prepared by
mixing gelatin/poly (acrylic acid) using emulsion
technique in the presence of sunflower oil. By
changing the concentration of glutaraldehyde, differ-
ent sizes of microspheres ranging from 50-500 pm
were prepared. The release of the drug followed
biphasic behaviour due to the release by a combination
of diffusion and relaxation mechanism. The release
kinetics from the microsphere was dependent on par-
ticle size and larger particle showed slow release
compared to a smaller particle. For the smaller particle
size, the release was dominated by simple diffusion
mechanism, while the contribution from relaxation
mechanism increased with particle size.*®

5.4 Glass transition temperature

Another factor that influences polymer physicochemi-
cal properties is the glass transition temperature (T,) of
polymers. The T, of the polymer is dictated by molec-
ular arrangement in the polymer and its molecular
weight. The change in T, can be brought out by the
presence of additives and it can be modulated to
improve dissolution, bioavailability, processing and
handling qualities of the polymeric material. Generally,
below the Ty, the polymer is in a glassy state; i.e., it has
limited mobility and low diffusion rates. Above the T,,
the polymer is in a visco-elastic state, which facilitates
diffusion of water and drug molecules throughout the
matrix. For an effective design of degradable polymers
in drug delivery applications, a balance between
amorphous and crystalline states is necessary, as these
parameters have direct effects on the degree of
mechanical toughness and rate of drug release. During
the blending of biopolymers with plasticizers, the
bounded water molecules are found to influence the
glass transition due to its plasticization in the protein
structure, as reported in wheat and soy proteins.**° The
effect of additive can result in an increase or decrease on
the T, of the composite polymer. Treesuppharat et al.,
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investigated the influence of bacterial cellulose on the
T, of the gelatin hydrogel and found it to increase to 60
°C in presence of bacterial cellulose.’! Pritchard et al.,
reported that decrease in T, of silk fibroin protein
resulted in increases in the drug release rate.*’

5.5 Porosity

In nanoparticles, the surface area to volume ratio is
higher compared to bulk. However, the presence of
pore can also increase the total surface area and sol-
vent permeability. Thus, altering the porosity of a
material can be used to control the loading and release
of drug. These parameters can also be altered by pore
size and its interconnectivity of the material. Increas-
ing the porosity can enhance degradation and increase
drug release in a polymer matrix, largely by the sur-
face area to volume ratio. Schnieders et al., investi-
gated the influence of porosity on the release kinetics
of vancomycin from calcium phosphate cement com-
posites. They changed the porosity by changing the
ratio of cement powder to the liquid (water). They
observed that higher porosity of cement composite
resulted in higher drug release from the composite.”
In order to achieve rapid drug delivery with a low
percentage of pores, Itokazu et al., developed an
antibiotic-loaded hydroxyapatite ceramic scaffold with
uniformly accessible pores, interlinked pore system,
and enlarged macropores.™

6. Surface modification of proteins

The efficacy of protein nanoparticles can be increased
by a modification which generally plays an important
role in improving nanoparticle’s targeting and stabil-
ity, leading to their high efficiency as drug carriers.
Polyethylene glycol is used to increase the stability of
the nanoparticles as it reduces reticuloendothelial
system (RES) uptake and prolonges circulation time.
The PEG group creates a hydrophilic barrier that
results in blocking electrostatic and hydrophobic
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interactions responsible for opsonization. Similarly
conjugating protein nanoparticles with low molecular
weight molecules like hyaluronic acid, glycyrrhizic
acid, sugars, etc., have found to increase the efficiency
of these nanocarriers.”*° Some of the ligands that are
reported to be conjugated with proteins are given in
Table 1.

7. Advantages and disadvantages of protein
nanoparticles

Proteins being naturally occurring biopolymers have
the advantages of being mucoadhesive, non-toxic,
biocompatible, biodegradable and therefore can be
readily used for oral or bulk matrix delivery. These
materials on degradation forms end products that are
not toxic and can be readily eliminated out of the
body. With these advantages, there are certain chal-
lenges that limit the translation of the material to
commercial utility. These biomaterials have been
reported to have fast drug release due to faster
biodegradability. For improving the stability of the
protein nanoparticles, they have to be cross-linked.
The presence of crosslinked protein nanoparticle can
induce immune/inflammatory response. For industrial
scalability, it is difficult to optimize an economical
method to obtain clinical grade material. This can lead
to batch to batch variation. Due to a natural origin,
they can be contaminated with pathogen from other
species. All these factors can lead to regulatory issues
for commercial approval.’’ The advantages and dis-
advantages of the protein discussed in the present
article are summarized in Table 2.

8. Challenges in developing protein-based carriers
for commercial use

Recent academic research on utilization of proteins as
smart materials for drug delivery supports the utility of
these biopolymers as cost-effective, biocompatible and

Table 1. Surface modification of proteins with different ligands to enhance the drug delivery efficiency.

Ligand Protein System

Folate Albumin Human prostate cancer cells (PC3 cells)>”

Antibody against PSMA Apoferritin LNCaP cells induced tumour in athymic mice model®
Arginylglycylasparticacid (RGD) peptides  Albumin C26-tumour-bearing Balb/C mice®’

Biotinylated HER2 antibody

Apo-transferrin Albumin
Bisphosphonate BSA
Apolipoprotein E Albumin

HSA and gelatin

HER?2 over expressing cells®®

MCE-7 and A549 cells®

Human C2C12 cells and rat bone marrow stromal cells®*
Crosses blood brain barrier in ICR mice®
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biodegradable carriers. Reports in the literature high-
light that naturally occurring proteins, as well as
engineered proteins, have potential applications in
delivering anti-cancer drugs, peptide hormones,
growth factors and even in the delivery of genetic
material like DNA and RNA. However, there are
technical bottlenecks for translating these materials
from the research lab to the clinic. Some of the
intrinsic concerns using proteins are structural changes
during fabrication that may result in loss of activity of
the native protein, presence of endotoxin or trans-
mission of prions, low yield of some protein-based
nanoparticles and rapid degradation.?’ A lot of effort is
being devoted to overcoming these challenges. Low
yield in case of protein nanoparticles can be countered
by using the recombinant protein approach along with
further research on improving its downstream pro-
cessing. The presence of endotoxin in recombinant
proteins can be prevented by using yeast or plants as
an expression system. Blending of protein with other
biocompatible polymers can be used to tailor physic-
ochemical properties of protein-based nanoparticles
and address the problems of rapid drug release.’’
Along with these, there are challenges in developing
these materials for commercial development. The
main hurdles come in scaling up the synthesis protocol
for larger commercial production. Generally, during
the preparation of nanoparticles, a subtle variation in
the manufacturing procedure may result in significant
changes in their physicochemical properties. This may
have a drastic effect on the efficacy of the nanocarrier.
Further, for clinical use the product must be sterilized.
Gamma irradiation or autoclaving of the biomaterial
may damage the therapeutics along with the carrier.
Thus sterilization can be done by filtering the material
before lyophilisation. However, the size of the carrier
along with the drug should be less than 0.22 pm. These
limitations can be overcome by avoiding multistep
processes for fabrication which will also result in the
economical suitability of the process. Additionally,
regulatory aspect is also an uphill procedure in com-
mercializing the product. Regulatory agencies like
FDA, EMA, and CDSCO require delivery system to
complete the preclinical and clinical evaluation pro-
cess even if the active pharmaceutical ingredient (API)
has been used regularly in the clinic.’® Even with these
restrictions, certain protein-based products such as
Abraxane®, ABI-008 (Paclitaxel ~albumin-bound
nanoparticles) for metastatic breast cancer, Onto®,
(Denileukin Diftitox, FDA approved engineered fusion
protein treat non-Hodgkin’s Peripheral T-cell Lym-
pomas) and Gelafundin, Gelafusal as plasma expan-
ders for intravenous infusion has been approved by

J. Chem. Sci. (2019) 131:91

regulatory agency and are being commercially
successful.’'->*

9. Conclusions

Protein-based polymers are becoming prevalent in
their application in medicinal and pharmaceutical
fields. Besides having added advantage of being bio-
compatible and biodegradable, there are some chal-
lenges to be addressed for making the practical and
commercial protein-based carrier. Some of these are
controlling their biodegradation, mechanical strength,
particle distribution and stability. This review sum-
marized on the structural properties of certain proteins,
their merits and demerits and the factors that decide
the drug-releasing ability of different forms to achieve
better application. As research continues, more fabri-
cation methods will be developed to address the
challenges in developing these materials for com-
mercial purpose.
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