
Chapter 8
Bionanopolymers for Drug Delivery

Victoria Oluwaseun Fasiku, S. J. Owonubi, E. Mukwevho, B. A. Aderibigbe,
Emmanuel Rotimi Sadiku, Y. Lemmer, Abbavaram Babu Reddy,
B. Manjula, C. Nkuna, M. K. Dludlu, O. A. Adeyeye, K. Varaprasad
and J. Tippabattini

1 Introduction

In medicine, the need and demand for the successful delivery of pharmacologically
active materials or therapeutic compounds to cells, tissues, and organs in the system
have made drug delivery techniques broadly studied. Several drug delivery methods
have been developed and investigated in the past [180]. The aim is to design better
approaches to treat various diseases affecting humans in the world. This has led to
the development and use of different materials of natural and synthetic origin as
drug delivery devices. However, certain limitations and challenges have been faced
with the use of most of these materials hence the need for more suitable alterna-
tives. Some of these limitations include material toxicity, non-biocompatibility, and
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non-flexibility among others. At the moment, research has brought to limelight some
group of materials with unique properties that can potentially serve as drug delivery
systems. They are commonly referred to as biopolymers and because they can be
manipulated, they can be fabricated into nanosizes (sizes of between 1 and 100 nm);
hence, they are called bionanopolymers. Bionanopolymers are generally of natural
origin, they are biodegradable and biocompatible. These properties have made them
widely employed in biomedical applications [178]. Bionanopolymers have gained
attention in drug delivery [84, 143] and have contributed to the progress recorded in
the treatment of disease conditions such as cancer [25], diabetes [13], allergy [166],
infection [57], and inflammation [214]. They are known to increase the therapeutic
effect of drugs at the same time minimize the side effect. Their flexibility permits
the engineering of plenty of functionalities needed for delivering drugs efficiently, at
the same time, maintaining biocompatibility, facile manufacturing, and formulation
stability [29]. A lot of reasons account for their use in a therapeutic application; these
include similarity in domain size as proteins, a large surface area which allows the
display of a large number of functional groups. In addition, their high abilities of dif-
fusion and volume change provide rapid absorption and good release behavior [138].
Another great benefit associated with the use of bionanopolymers is the ability to
tailor or control their particle size and surface characteristics. For example, the sur-
face characteristic can be modified by binding the surface to the functional molecule
covalently and assembling them layer-by-layer [223]. Low drug-loading, wide size
distribution, and difficulty in scaling up are some limitations of these biomaterials.
These, however, have not affected the interest chemists, biologist, and pharmaceutical
scientist have in them. This is because they are promising drug delivery vehicles for
transporting bioactive agents to several parts of the body compared to other materials
[71, 220].

This chapter thus focuses on the utilization of commonly used biopolymers such as
proteins (with emphasis on collagen), polysaccharides (with emphasis on chitosan),
and polyester (with emphasis on polyhydroxyalkanoates (PHAs)). Their structures,
synthesis, and application as biomaterials in biomedicine for drug delivery are dis-
cussed.

2 Drug Delivery Systems

For a successful and efficient management of diseases, a valuable therapeutic
approach is of great importance. Therefore, a drug delivery system must be one
that permits the introduction of therapeutic agents into the body in order to improve
the drug’s efficacy. Also, the safety, time, and mode of delivery of any drug delivery
system should be considered at the experimental or clinical level [197, 199]. The aim
of every drug delivery system is to localize administered pharmacological agent at a
selectively targeted site in the body at a controlled rate with reduced side effects that
may arise from systemic treatment. Research for this better alternate drug delivery
system has been ongoing for over two decades and successes have been reported.
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The development, study, and formulation of microsphere, nanomaterials, and hydro-
gels among others from biopolymers are rapidly becoming promising routes for drug
delivery [176]. Generally, the delivery of drugs is achieved by using the chemical
formulation of the drug, medical device, or both. Currently, various systems such as
particulate carriers, polymer gels, and lipids are employed as drug delivery systems
[10, 90, 135, 193, 194, 212]. Some properties that make a drug delivery suitable for
delivering therapeutic agents in the body include nonimmunogenic, non-toxic, bio-
compatible, good biodegradability, controllable drug release, and ease of consistent
reproducible and clinical-grade synthesis [76]. All the various types of drug delivery
system that are used to deliver bioactive agents in different fields in medicine are
grouped into two. These are conventional and the novel drug delivery system.

2.1 Conventional Drug Delivery System

This type of drug delivery system is referred to as traditional drug delivery system. It
involves the delivery of pharmaceutical compounds into the body by using the com-
mon and usual methods. Common examples of this type of delivery system include
oral delivery, transdermal delivery, and parenteral delivery such as buccal/sublingual
delivery, rectal delivery, intravenous delivery, subcutaneous delivery, and intramus-
cular delivery among others. These individual delivery systems have their peculiar
benefits [182].

2.1.1 Oral

The oral route of drug delivery remains themost popular drug delivery system. Drugs
delivered via this route are often absorbed in the small intestine which provides
100 m2 epithelia surface for drug transfer. However, if it is a drug that has poor
solubility, absorptionmay also take place in the large intestine [70]. The advantages of
this drug delivery system are (i) convenience of administration, (ii) non-invasive, (iii)
accurate and measured dose, (iv) unit dosage form, (v) cheap for the patient, and (vi)
reduced infection risk compared to subcutaneous injections [33, 217]. Disadvantages
associated with this route of drug delivery are (i) cannot be used by unconscious
patients, (ii) low solubility and permeability, (iii) degradation by gastrointestinal
enzymesorflora, (iv) food interactions (v) quick clearance timeof between4 and12h,
and (vi) irregular absorption [129, 107, 106], making this form of drug administration
less effective.

2.1.2 Transdermal

Transdermal drug delivery system is one that is designed to deliver therapeutic agents
in dosage form across the skin of patients [2]. This system is a discrete dosage form
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that is otherwise known as patches [21, 95]. The first transdermal drug delivery
system (Transderm SCOP) was approved by the food and drug administration in
the year 1979. This was used to prevent nausea and vomiting when traveling. The
major aim of this drug delivery system is to get drugs into the systemic circulation
via the skin. This is done at a rate that is predetermined with slight inter- and intra-
patients variation [95]. The design of several transdermal drug delivery systems is
such that the therapeutic agent is released for a period of several hours to days upon
application to the surface of the skin. The advantages this drug delivery system are
reduction of workload placed on digestive tracts and liver by the oral route, patients
comply more to drug administration and the harmful side effect of drugs as a result
of a temporary overdose is minimized [2]. In addition, it permits the continuous
addition of drugs that have a short half-life and also prevents pulsed entry of drugs
into the system that most times lead to harmful side effects [95]. Other benefits of
this drug delivery system include limited hepatic first-pass metabolism, the enhanced
therapeutic efficacy of administered drugs, and ability to maintain a steady plasma
level of the drug [77]. It has been found that this drug delivery system is beneficial for
prophylactic therapy in chronic disease conditions [124]. By measuring the level of
the drug in the blood, detecting the excretion of the drug and its metabolic products
in the urine, the percutaneous absorption of the drug is evident. The clinical response
of patients that were administered drugs through this route is also a valid way to
ascertain the efficacy of this drug delivery system [77].

2.1.3 Parenteral

Parenteral drug delivery is simply any non-oral means of administering bioactive
agents into the body. It is generally a method that injects therapeutic compounds
directly into the body, bypassing the skin and mucous membranes. The common
parenteral routes include intramuscular (IM), subcutaneous (SC), and intravenous
(IV). Table 1 shows some of the advantages and disadvantages of the different par-
enteral drug delivery routes.

First-pass metabolism is a process whereby the concentration of the drug is
reduced before it eventually arrives into the systemic circulation.

2.2 Novel Drug Delivery System

These classes of drug delivery system are those designed to continuously deliver
drugs at predictable and reproducible kinetics over an extended period of time in
the circulation. The major advantage of this type of drug delivery system is mini-
mized side effect of the administered drug, controlled therapeutic blood level, and
improved compliance by patients. This is because the frequency and total drug dosage
are greatly reduced [11, 60]. This drug delivery system consists of three individual
systems, viz. targeted, controlled, and sustained/modified release drug delivery sys-
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tem. The ability to combine these systems further increases the therapeutic efficacy
of drugs in disease management and treatment [206].

2.3 Targeted Drug Delivery System

It is a drug delivery systemotherwise known as smart drug delivery system. It delivers
drugs to patients in amanner thatmakes the drug available for a prolonged time period
and in increased concentration in the targeted site compared to other body parts. As
oppose conventional drug delivery systems, drugs are absorbed across a biological
membrane and the therapeutic agent is released in dosage form at the site of the
target. Advantages of this delivery system include a decrease in the frequency of
ingesting the drug, reduced drug circulation fluctuations, reduced side effects, and
required drug level in the plasma, and tissue is retainable thus prevents tissue damage.
On the other hand, the disadvantages of this delivery system are limited dosage
adjustment and the high cost of production. In addition, it is a system that cuts across
different disciplines and requires the active collaboration of these disciplines in order

Table 1 Advantages and disadvantages of common parenteral drug delivery system [32, 205]

Type of parenteral route Advantages Disadvantages

Intramuscular delivery Self-administration is possible
by patients, more volume can be
administered compared to
subcutaneous, and it can bypass
first pass metabolism

It is invasive (patient
discomfort), irritating, and can
cause inflammation

Subcutaneous delivery Patient can self-administer the
drug, complete absorption but
slow and bypasses first-pass
metabolism

It can be irritating, cause
inflammation, and has a
maximum dose volume

Intravenous delivery Drug’s bioavailability is 100%,
induces rapid response, blood
concentration can be controlled,
it maximizes incorporation of
degradable drugs and bypasses
first pass metabolism

It is invasive, a trained personnel
is required to administer the
drug and there is the possibility
of toxicity due to incorrect
dosing and sterility

Sublingual delivery It bypasses first-pass
metabolism, rapid drug
absorption, low activities on
enzymes

There is discomfort during
dissolution, the probability of
swallowing loss of effect and
small doses can only be
administered

Rectal delivery It can also bypass first-pass
metabolism, and it is a good
method to administer drugs to
children

It can be degraded by bacterial
flora, its absorption largely
depends on the state of the
disease, and it can be
discomforting



196 V. O. Fasiku et al.

to achieve the desired result. Factors to be considered before fully implementing a
targeted drug delivery system are the drug properties, side effects of the drugs, the
drug delivery route, the targeted site, and the disease to be treated [5, 119, 131, 210].
Due to the fact that the targeted drug delivery system seeks to improve the overall
curative effect of the drug as well as reduced its toxicity, two approaches otherwise
called classes of targeted drug delivery system are employed. These are

1. Passive targeting: This involves drug delivery via blood circulation. Drugs
embedded in drug carrier systems are gathered at the particular site of the disease
in the body. The action and release of the drug are limited to particular sites in
the body. For example, an anticancer agent is targeted to the tumor site and not
the liver. Although this requires the specific control of the size and surface of the
delivery device to avoid uptake by other organs [64, 65, 159].

2. Active targeting: This takes place majorly after blood circulation and extravasa-
tions. It involves the interaction of specific type of ligand-receptor for intracellu-
lar localization. This form of targeting is further classified based on the different
targeting levels.

• First-order targeting: Here, the distribution of the drug carrier system is
restricted to the capillary bed of a predetermined target site, organ, or tis-
sue. For instance, targeting of compartments in lymphatics, peritoneal cavity,
pleural cavity, cerebral ventricles and eyes and the joints [159].

• Second-order targeting: In this case, specific site (cell type) is targeted for
drug delivery. For example, tumor cell targeting rather than normal cell and
selectively delivery drug to kupffer cells in the liver [4].

• Third-order targeting: This involves the precise delivery of drugs to the intra-
cellular site of the targeted cells. For example, receptor-based ligand-mediated
entry of a drug complex into a cell by endocytosis [64, 81, 131].

2.4 Controlled Drug Delivery System

This is a system that involves a predesigned manner of delivery (releasing) drugs
incorporated into drug delivery vehicles into the body system.Here, the concentration
of the drug and the drug’s pharmacokinetic characteristics are put into consideration
and the drug is administered at a predetermined rate and time.Currently, drug delivery
systems that are stimuli-responsive have gained attention for controlled release of
drugs because they can be controlled easily and can be triggered externally. Such
external factors include pH [36, 102] temperature [34, 97], ionic strength [175], and
electric field [140]. The release of the therapeutic agent may occur at a constant
or cyclic rate over a long period of time. However, the ultimate goal is to obtain a
better therapeutic efficiency and avoiding under/overdose. Drug carrier capable of
encapsulating drugs and releasing them at controlled rates (hours, days, weeks, and
even months) is widely employed in this system. Advantages of this system include
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tailored drug release rates, protection of fragile drugs, patient’s compliance, and
comfort.

2.5 Sustained Drug Delivery System

This form of drug delivery system is a modified form of administering drugs to
patients. It can serve as a more efficient substitute to the conventional drug deliv-
ery system. This is achieved by sustaining the drug release and at the same time
maintaining the concentration of the drug in the plasma. Sustained drug release sys-
tem prevents peak and trough in dosing and a constant concentration of the drug
is found available in the therapeutic window. Benefits associated with this delivery
system are uniform drug delivery, low-dose frequency, increased drug effectiveness
due to the localization of the drug, evasion of multiple dosing, little or no side effect,
and ability to overcome challenges faced by conventional drug delivery system [96,
98, 148]. Physiochemical factors such as dose size, ionization, partition coefficient,
drug stability, half-life, therapeutic index, absorption window, plasma concentration-
response relationship, drug metabolism, pKa, and aqueous solubility are linked to
the manner which drugs are administered through a sustained drug delivery system
[17, 78, 152].

Although sustained drug delivery system and controlled drug delivery system are
different drug delivery processes, they are usually mixed up in an inconsistent and
confusing way because of the similarities in their processes. The major difference
between them is that controlled release is a perfect zero-order release; that is, the drug
is released over time irrespective of the drug’s concentration. Whereas, the drug is
slowly released over a period of time in sustainedmanner and it is not time dependent
[20, 99]. It can either be controlled or uncontrolled [24, 105, 211].

3 Bionanopolymer

These are polymers obtained fromnatural origin (living organisms) during the growth
cycles. They are synthesized by enzyme-catalyzed, chain growth polymerization
reactions of activatedmonomers, which are typically formedwithin cells by complex
metabolic processes [178]. They are non-toxic, less expensive, and easily available;
therefore, they have beenmore greatly employed in the diverse application as delivery
carriers of therapeutic drugs compared to synthetic polymers. However, for them
to be used for this purpose, it is necessary for the particle size, charge, surface
morphology, and drug release rate to be controlled [138]. They usually tailor-made
as drug delivery devices in nano-sized forms, and this involves a various process
of preparation. These macromolecular-based mucoadhesive biomaterials have been
considered for several years and used as drug delivery vehicles and quite a number of
successes have been reported [129]. With the use of these bionanopolymers as drug
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carriers, many limitations (e.g. enzymatic degradation of drug) of the different drug
delivery system has been overcome. For example, increased buccal penetration has
been achieved using biopolymer micro-/nano-sphere formulation [75, 169]. Hence,
they have been identified as protective agents against rapid drug degradation [107,
153, 186].

3.1 Types of Bionanopolymer

Bionanopolymers are divided into various groups; some of these groups are polysac-
charides, proteins, and nucleic acids. Numerous examples of each class exist but for
the purpose of this chapter, a representativemember of each groupwill be emphasized
and discussed in details. The focus is on collagen, chitosan, and polyhydroxyalka-
noate (PHA) which are bionanopolymers of protein, polysaccharide, and polyester
origin respectively.

3.1.1 Protein

Proteins are natural, thermoplastic heteropolymers polymers. They are made up of
different polar and nonpolar α-amino acids, most proteins are not soluble nor fusible
[31]. They have advantages such as biodegradability, low toxicity, high stability, and
excellent binding capacity of diverse drugs [42, 62, 91, 209]. They are also able to
emulsify, form gels and possess water-binding capacity [49, 50, 209. In addition, they
show some drug-loading mechanisms such as electrostatic attractions, hydrophobic
interactions, and covalent bonding [51]. Additionally, the presence of functional
groups on the surface of nanoparticles makes modification possible thus permits
specific drug targeting to the site of action [138]. These properties make them dif-
ferent from synthetic polymers and have made protein-based nanocarriers promising
candidates for drug and gene delivery. Some of these proteins of natural origin have
already been studied, designed, and used as biomaterials for drug delivery. Exam-
ples are collagen [55, 145], elastin [40] and fibronectin [44]. Currently, research has
led to the development of genetically engineered protein with properties that can be
manipulated. Therefore, more protein-based nanocarriers with better drug delivery
properties are available for drug delivery applications. Collagen, which is the pro-
tein of interest in this chapter, is a natural protein that exists in the body as a major
component of the extracellular matrix of animals [113]. The total body protein con-
sists of between 25 and 35% collagen, and they are in the form of elongated fibrils.
They are abundantly found in tissues such as bone, cartilage, tendons, blood vessels,
ligament, skin, cornea, intervertebral disk, and the gut [149]. They are found within
and outside the cells of the body. Collagen possesses excellent tensile strength and
firmness to the tissues in the body [167]. Collagen exhibits superior biocompatibility
compared with other polymers of natural sources, for example, albumin and gelatin
[113]. When the medical application of biomaterials began to expand in the 1970s,
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most research laboratories focused their studies on collagen. Since then, collagen of
medical grade, improved processing technology became easier to obtain [137, 221,
222] and subsequently, collagen was employed as a drug delivery system. It has been
in use for years as a biomaterial because of its biocompatibility, low antigenicity, and
biodegradability [113]. At the moment, collagen is still one of the best biomaterials
that have a broad range of application as a delivery vehicle for drugs, proteins, and
genes. Thus far, it has been proven to function effectively in controlled release and
localized drug delivery [125]. It has been used as a drug vehicle in ophthalmology,
as injectable dispersions in cancer treatment, as sponges carrying antibiotics and as
implantable mini-pellets loaded with protein drugs. However, the biological, phys-
ical, and chemical properties of collagen are still being studied in order to improve
the overall properties, as well as overcome some of its limitations in the applica-
tion as a drug carrier [83]. It is generally anticipated that collagen-based materials
will become a useful matrix substance for biomedical application, especially in drug
delivery.

3.1.2 Polysaccharide

Polysaccharides are a group of biopolymer of the natural source and have a num-
ber of advantages over synthetic polymers. They are non-toxic, can be produced at
a relatively low cost, and are very biocompatible. Hence, they are promising ideal
materials for the synthesis of drug delivery systems [45, 46]. Examples of polysac-
charides include starch, cellulose, and chitosan among several others. However, the
emphasis is on chitosan in this chapter. Chitosan is a linear polysaccharide that occurs
naturally and one of the most abundant in the environment [12]. It is produced by
chitin and found in only some species of fungi (Mucoraceae) [3]. Chitosan is a
semi-crystalline polymer that is solid and exhibits a degree of polymorphism [141].
It is known to possess chemical activity thus, increasing its range of applications.
Although the discovering of chitosan dates as far back as an early nineteenth cen-
tury, it has only been used in biological applications and drug delivery systems (such
as nanoparticle microspheres) in the last two decades [47]. It is one of the most
widely studied and used marine polysaccharides for biomedical application. It has
now become a great biomaterial of interest to the pharmaceutical industry in drug
delivery and several publications on its use as a drug carrier has been seen [129].
Review on the biodegradation, biodistribution, and toxicity [86] as well as its for-
mulation for DNA and siRNA [118] delivery has been considered. Its application
as hydrogel for controlled, localized drug delivery [17]; nanostructures for delivery
of ocular therapeutics [41] have also been reported. In addition, its use as a drug
carrier for targeted delivery of low-molecular drugs have also been stated [146]. It
is important to know that the mucoadhesive properties of chitosan play a key role in
its usage in oral, nasal, and ocular drug delivery [68, 69, 74]. At the moment, chi-
tosan is designed as nanoparticles, beads, and capsules for controlled drug delivery
systems [3, 39, 154, 184]. The biological properties of chitosan make it an excellent
candidate for applications that require contact with biological environments. Also,
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these properties allows the incorporation and delivery of pharmacologically active
substances [73, 183]. The electrostatic interaction between a chitosan-based drug
delivery system and the bioactive compound is crucial to the drug’s stability, protec-
tion and the ultimate release of the drug. In other words, a positively charged polymer
like chitosan will be more suitable to deliver an anionic drug than a cationic drug
[30].

3.1.3 Polyester

They are biodegradable polymers that are currently considered the most competitive
for various applications in the biomedical field. They are biocompatible and their
physicochemical properties make them suitable and ideal for a wide range of
application in medicine [1, 43, 160]. Apart from being used as a drug delivery
vehicle in controlled drug release system, medical devices are also manufactured
from them [114, 134]. In drug delivery applications, they act as a biological
inert support material like a mesh or drug carrier. There are different types of
polyester in existence that are used in biomedicine. However, the most commonly
employed are polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(ε-
caprolactone) (PCL), polyhydroxyalkanoate (PHA), e.g., poly-3-hydroxybutyrate
(or poly-β-hydroxybutyric acid, PHB). Polyhydroxyalkanoates are a type of nat-
urally occurring polyesters. Their discovery dates back as far as 1888 but was
not called PHA by biochemists [161]. They have obtained from over 75 different
bacteria genera both gram-positive and gram-negative bacteria. They are stored in
the cytoplasm as granules and forms about 90% of the dry weight of the cell [26,
103, 112]. The molecular weight of PHA is between 50,000 and 1,000,000 Da
depending on the type of bacteria it is obtained from. The monomers of PHA
provide different types of materials with properties ranging from rigid and stiff to
flexible and elastomeric, including polymers that degrade relatively quickly in vivo
and others that are slow to degrade [72] . Typical examples of this class of polyester
include Poly(3-hydroxybutyrate) P(3HB), Poly(3-hydroxyhexanoate), Poly(4-
hydroxybutyrate), Poly(3-hydroxyoctanoate) P(3HO), Poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate), Poly(3-hydroxyvalerate), Poly(3HHx-co-3HO) and
Poly(3HB-co-3HV). Generally, the degradation of this group of polyester depends
on the microbial activity of the environment, the surface they are exposed to,
moisture, temperature, pH, molecular weight, polymer composition, crystallinity,
and nature of the attached monomer unit of the PHA [23, 103, 189]. They are used
as delivery vehicles for localized drug delivery with a controlled release of the
entrapped compound over a period of time [104]. PHAs have excellent properties far
beyond the synthetic polymers used in the biomedical application. Currently, these
PHA are considered worthy of intense research for the possibility of modifying their
properties in order for them to serve in more areas in medicine.
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3.2 Structure and Synthesis

3.2.1 Collagen

The first and correct model of collagen structure was known asMadras Model. This
model was proposed by Ramachandran and Kartha [170]. Collagen is made up of
a triple helical structure that contains two homologous chains (α-1) and one sup-
plementary chain with varying chemical composition (α-2) [167]. The triple helical
structure of collagen is made up of three polypeptide a-chains with more than a thou-
sand amino acids in each. The individual chains have a different turn in the reverse
direction and they are linked together primarily by hydrogen bonds between nearby
CO and NH groups. These various polypeptides present in collagen are made up
of mainly proline, hydroxyproline, glycine, and lysine. Although, glycine makes the
smallest side group, the quantity of the glycine present determines the degree of flex-
ibility, the more the glycine content, the greater the flexibility of the collagen chain
[61]. Glycine unit is repeated at every position on the sequence; thus, it permits the
chains to be well closely packed, leaving very little core space for residues. Proline
constitutes about 35% of the non-glycine positions in the Gly-X-Y sequence, but it
is mostly found in the X-position while 4-hydroxyproline is found in the Y-position
[83]. Hydroxyproline is a product of the posttranslation of proline, and it is mediated
by the enzyme prolylhydroxylase [94]. This makes up about 10% of the amino acid
present in collagen. Collagen also consists of unusual amino acid known as hydrox-
ylysine, produced from lysine via enzymatic hydroxylation by lysyl hydroxylase
enzyme. The formation of the unusual amino acid permits the sugar components to
attach to the structure, to form the three helical collagen structures. Imino acids are
also found in collagen, and they help to stabilize the triple helix structure. They also
cause the A-chain and form hydrogen bonds that limit rotation [150]. There exists
very little difference between collagen obtained from different species of vertebrates
[196]. Generally, collagen molecule weighs 300 kda and its rope-shaped structure
has a length and width of 300 and 1.5 nm, respectively [167].

The synthesis of collagen is made possible by fibroblast cells. The preliminary
materials used to synthesize collagen used in biomedicine, especially drug delivery
is obtained from human tissue that is rich in fibrous. For drug delivery purposes, four
types of collagen are isolated and purified. These are natural salt-soluble collagen,
alkali, and enzyme-treated collagen, acid-soluble collagen, and insoluble collagen. In
addition, collagen of various types like procaine, bovine, and sheep can be derived
from different sources such as marine sources, human placenta, and recombinant
human collagen from transgenic animals [167].

3.2.2 Chitosan

Chitosan occurs naturally as linear polysaccharide produced by alkaline deacetyla-
tion and chitin [54]. It consists of amine groups that are sensitive to changes in pH.
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Fig. 1 Structure of chitosan

They are positively charged in an acidic medium but neutral in an alkaline medium
[115]. The rigidity, compact crystallinity in structure and strong intra- and inter-
molecular hydrogen bonding makes chitosan insoluble in water and alkaline media
[208]. Chitosan has a very amazing structure whose fundamental skeleton does not
change despite any alteration made on the structure. The original physicochemical
and biochemical properties are still maintained while possessing new and improved
properties at the same time. Their wide application in pharmaceutics, biomedicine,
and biotechnology is as a result of the broad range of derivatives available, each with
its own unique properties [130]. Chitosan can be modified for various applications
by oligomerization, alkylation, acylation, hydroxy alkylation, carboxy alkylation,
sulfation, phosphorylation, enzymatic modifications [47]. The ability to modify chi-
tosan is a good approach to increase the effectiveness of drug release, protection,
and stability [6]. Chitosan has been reported to have a rigid rod-type structure [35,
52, 53, 82, 128, 195] or a semi-flexible-coil [15, 27, 100, 123, 171, 204, 207]. It has
also been reported that the degree of flexibility (in terms of persistence length) is
reasonably influenced by DA [123, 195]. Figure 1 shows the chemical structure of
chitosan. The chemical structure is shown in Fig. 1.

As earlier stated, chitosan is synthesized by the deacetylation of chitin. This leads
to the production of a compound having a d-glucosamine residue and n-acetyl-
d-glucosamine which represents the deacetylated and acetylated unit, respectively.
These residues are randomly distributed within the compound, but glucosamine units
are known to be predominant [6, 162, 208]. The degree of deacetylation is dependent
on the ratio of glucosamine to acetyl glucosamine; there are between the ranges of
30 and 100% [147]. The degree of acetylation of chitosan can vary from zero (full
deacetylation) to one (full acetylation). This is made possible due to the ability to
replace the n-acetyl group present in chitosan by NH2 [129]. The acetylated and
deacetylated monomers which are GlcNAc; A-unit and GlcN; D-unit, respectively,
are either randomly distributed or distributed in a block-wise manner [201, 202].
Chitosan can be designed for drug delivery purposes using different techniques such
as multiple emulsion, solvent evaporation, coating deposition, and successive bark
chitosan [109].
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Fig. 2 Generic structure of
PHAs

3.2.3 PHA

PHAs are biodegradable, hydrophobic, and crystalline biopolymer that has gained
increasing interest among other class of biodegradable biopolymers. PHAs are a
class of polyester, accumulated in the granules of different bacterial cells as energy
storage material under growth conditions that are not balanced [180]. They are often
modified to take care of problems such as low cell adhesion, hydrophobicity, and
inflammatory side effects associated with the use of some synthetic polymers [173,
93]. PHA consists of over 100 types of hydroxyl acid monomers, the monomers
units of hydroxyalkanoate ranges from 2- to 6-hydroxy acids. These monomers can
be substituted with a broad range of side groups such as alkyl, aryl, alkenyl, halo-
gen, cyano, epoxy, ether, acyl, ester, and acid groups [190]. These monomers help
provide additional structural properties to the polymer [72]. They are grouped into
short chain length (SCL) and medium chain length (MCL) consisting of 3–5 carbon
atoms and 6–14 carbon atoms, respectively. They consist of only chirally pure (R)-
configuration monomers [180]. Even though they are of biological origin, they have
few resemblances in structure to synthetic polymers used in medical applications
[47]. The general structure of PHA is shown in Fig. 2.

PHAs are generally synthesized by different gram-positive and gram-negative
bacteria such as Azotobacter sp., Pseudomonas sp., Bacillus sp., and Methylobac-
terium sp. [188]. PHA synthesis is achieved by the metabolic biosynthesis of PHAs
molecules by these microorganisms when there is excess carbon but limited nutrient
[87, 189]. Most PHAs are synthesized by metabolic biosynthesis, and this pathway
has been studied. For example, the metabolic pathway that leads to the synthesis
of PHB involves the formation of a carbon–carbon bond of two acetyl-CoA moi-
eties by the action of β-ketothiolase. 3-hydroxybutyryl-CoA is further formed by the
reduction of acetoacetyl-CoA by the enzyme NADPH-dependent acetoacetyl-CoA
reductase [88]. PHB, an example of PHA is synthesized by the polymerization of (R)-
3-hydroxybutyryl-CoA molecules by the PHB synthase thus, the formation of PHB
granules [151]. The synthesis of PHA is dependent on the NADH to NAD+ ratio,
an increased NADH/NAD+ ratio is observed when the nitrogen source is finished.
This inhibits the action of the enzyme β-ketothiolase, thus preventing the entering of
Acetyl-CoA into the PHA biosynthetic pathway to produce 3HBmonomers [7, 139].
The most bacteria strain used for the industrial production of poly-(R)-3- hydrox-
ybutyrate (PHB), poly((R)-3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB),
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and poly((R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate) (PHBV) isCupriavidus
necator. Generally, PHA that is synthesized in vivo is of high-molecular weights.
Recently, synthesis of PHA from plant origin for biomedical application is increas-
ingly considered and investigated [180].

4 Biodegradation

Biodegradable polymers generally have labile bonds in their backbones that can
be hydrolytically or proteolytically degraded [187]. One property that makes bio-
nanopolymers unique is their ability to degrade in the different environment. They
degrade within the body due to natural biological processes, thus when used as a
drug delivery system, it eliminates the need to remove them from the body sys-
tem [58]. Most often, they degrade by a process known as hydrolysis, into smaller
compounds or molecules that are biologically acceptable by the body hence their
broad application in biomedicine [177]. For example, PHAs can be broken down
completely into water and carbon dioxide by a lot of microorganisms present in the
soil, water, and sewage environment [28]. Some bacteria and fungi are known to
excrete enzymes capable of degrading solid PHAs into water-soluble monomers and
oligomers which are subsequently used as nutrients within the cells [180]. Chitosan
is degradable by enzymes such as chitosanase or lysozymes, hence their wide appli-
cation in biomedicine [133]. The stability/degradability of chitosan is crucial to the
pharmaceutical industry because it plays a vital role in the function of chitosan in dif-
ferent formulations [132, 185]. Factors such as temperature are also considered in the
storage of chitosan as this may cause depolymerization. Depolymerization may be
detrimental to the purposed application based on the significant functional changes
that occur [127, 136]. The degree of deacetylation of chitosan is also a parameter
that can be used to control the rate of its degradation [3, 19]. Collagen, on the other
hand, degrades by denaturation in most cases; however, this can be coupled with
physical and/or chemical processes. This results into the production of a polypep-
tide with high-molecular weight known as gelatine. This protein (gelatine) is further
degraded by the enzyme proteases by the hydrolysis of the amine functional group
that is present [31].

5 Formulations of Bionanopolymers for Drug Delivery

The use of bionanopolymers as drug carriers for various drug delivery systems in
the treatment of several diseases is currently been studied in depth [178]. For this
to be successfully achieved, these bionaopolymers are formulated to suit the par-
ticular application. These formulations can either be capsules, gels, nanoparticles,
tablets, etc. The main reason behind this specific design of bionanopolymer is to ade-
quately protect certain therapeutic agents that degrade or metabolize rapidly as soon
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as they are administered [58]. This technology is seen overtime to modify, control
the distribution of drug in tissues, cells, and specific target sites within the body.

5.1 Nanoparticles

One of the technologies used to target drugs to site of interest is the use of nanoparti-
cles that are polymer based. This has been ongoing since 1980swhen new discoveries
in polymer chemistry led to the design of biodegradable and biocompatible materi-
als [58]. Recently, research focus has been on designing drug delivery systems with
sizes between the range of nanometers which are otherwise known as nanoparticles
[9, 181]. Nanoparticles are submicron colloidal system that comprises of polymers
and they are usually less than 1 μm. That is, they are between 7 and 70 times smaller
in size than red blood cells. Generally, nanoparticles loaded with drugs are able to
interact with biomolecules within and outside the cell without leading to any irre-
versible damage. This is because the diameter of the cells in the human body is
between 10 and 20 microns while different structural units of cells are between a
few several hundred nanometers [89]. Biopolymer-based nanoparticles can be pre-
pared either as nano-spheres or nanocapsules. In nanosphere formulation, drugs are
dispersed throughout the entire particle within the polymer while nanocapsules are
formed by a liquid core containing drug and surrounded by a polymeric membrane
[58]. The use of proteins to prepare nanoparticles helps to obtain the precise size of
the desired nanoparticles because their secondary structure determines their molec-
ular sizes. Collagen among other proteins is good examples of proteins that have
been designed and utilized as nanoparticles for therapeutic application [144, 165].
Collagen nanoparticle is prepared with additional chemical treatments in order to
enhance the mechanical strength [121]. A sustained drug release was displayed by
collagen nanoparticle in a recent study. This was attributed to the ease of controlling
the particle size, a large surface area, high adsorption capacity, and dispersion ability
in water [144]. Furthermore, properties such as large surface area small size, great
absorptive capability, capacity to diffuse in water to form a colloidal solution has
made collagen-based readily used in sustained and delayed release formulation for
steroids and antibiotics. Some of the useful benefits generally offered by nanoparti-
cles are:

• Improved drug solubility and compatibility
• Ability to target tissues and organs that are pathogenic
• Sensitivity to stimuli from external environment (e.g., heating effect of magnetic
field or the pathogen stimuli environment (e.g., changes in temperature or pH)

• Ability to transfer ametabolic information reporter. That is, a reporter that supplies
information on metabolism [181, 197–199].

The most widely employed methods for fabricating protein-based nanoparticles
are emulsification, desolvation, coacervation, spray drying. Other methods include
jet-milling technique, fluidization, and solvent precipitation method, and interfa-
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cial polymerization. Apart from proteins, polysaccharides have also been used for
the manufacture of nanoparticles. They are classified by their native charges, for
example, cationic (chitosan), anionic (alginate, heparin, hyaluronic acid), and non-
ionic (pullulan, dextran). They can also be classified based on the mechanism of
their formation, viz. chemically crosslinked nanoparticles, physically crosslinked
nanoparticles, polyion complex, and self-assembled nanoparticles [126]. Chitosan
remains themost commonly used polysaccharide for fabricating nanoparticles [163].
Nanoparticles are expected to be excreted from the body after they have delivered the
incorporated therapeutic agents. Also, they should bewithout the risk of uncontrolled
accumulation, non-toxic and should not cause any immune response [203].

5.2 Tablets/Pellets

Over the years, polymers have been used as excipients in traditional oral drug release,
and they have also been employed to protect drugs from degradation during storage
[58]. Pellets are very suitable for local delivery of certain compounds. Bionanopoly-
mers are often used in tablet/pellet formulations as diluents for highly potent low
dose drugs. Collagen-based mini-pellets have been synthesized as for the delivery of
various compounds. This pellet was used as a carrier for the local delivery of minocy-
cline and lysozyme [56, 113, 122, 192]. Lucas and his coworkers also described a
pellet drug delivery vehicle made of purified type I collagen in 1989. This was used
as a delivery device for water-soluble osteogenic proteins [111]. Collagen pellets are
commonly found in use extensively in Japan, and they are referred to as monolithic
devices. They are usually tiny, cylindrical structures (rod-like in shape) with a diame-
ter of about 1mm and length of 15mm. They are administered through injection with
the aid of a syringe and a plugar [167]. Polysaccharides such as starch and cellulose
are used in tablet formation to prevent drug disintegration. These bionanopolymers
swell upon hydration, leading to a burst of the tablet. This results in the increased
surface area of the drug that is exposed and improved the dissolution characteristics
of the formulation [108].

5.3 Gel

Gel happens to be another form in which bionanopolymers are used as drug delivery
systems. These gels which can be of protein, polysaccharide, or polyester origin
possess unique properties such as the ability to soak and swell when in contact
with liquid (biological fluids). They are also able to maintain their integrity after
hydration. In addition, they have high bio-adhesion property, easy to apply, and
they are compatible with a wide variety of drugs and therapeutic agents [167]. A
very common bionanopolymer fabricated in this form is collagen via crosslinking
with the chemical. However, they are still capable of forming hydrogels without the
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use of chemical crosslinking [178]. The non-fibrillar viscous solution in aqueous
medium and fibers injectables suspensions are the most common forms by which
collagen is used as an injectable hydrogel.Drugs to be administered aremixed in these
suspensions and injected into the body. Initially, it remains as a liquid but after awhile,
it becomes gel-like and has the potential for controlled and sustained drug delivery
[167]. Hydrogels produced by crosslinking chitosan have also been investigated by
Wu and his colleagues. They are known to be pH sensitive and have the ability to
promote a sustained release of therapeutic agents upon nasal administration [215].

5.4 Capsules

Capsules are alternatives used for tablets and materials that are poorly compressible.
They mask the bitterness of some drugs and at times increase the bioavailability of
drugs. Over the years, bionanopolymers have been used to “bulk out” capsule fills.
Polysaccharides have been exclusively used as a shell material for hard (two-piece)
and soft (one-piece) capsules [58]. Capsules that are chitosan-based have also been
synthesized for delivery of drugs. This is observed in the novel thermoresponsive
ELR/chitosan microcapsules that were developed for the delivery of active molecule
[37]. Chitosan-based capsules remedy electrostatic complexation that occurs in most
delivery systems. Also, they respond to other external stimuli apart from pH [38].

6 Application of Bionanopolymer in Drug Delivery

The use of bionanopolyers as drug delivery system has been ongoing ever since the
discovery of their unique properties. A lot of in vitro and in vivo studies have been
undertaken to understand more clearly the mechanism of delivering several thera-
peutic agents using bionanopolymers. Some of the results obtained have formed the
basis for their clinical applications. Protein-based pellets have been proven to be
effective and successful for the in vivo delivery of interleukin-2. It was discovered
that the half-life of interleukin-2 was prolonged with the use of pellets (half-life
360 min) compared to subcutaneous and intravenous injections of an aqueous prepa-
ration (15 and 8 min respectively). It was also proven that a prolonged retention of
interleukin-2 was experienced when these mini-pellets were injected subcutaneously
[167]. Collagen-based nanoparticles have shown their potential as sustained release
formulations for steroids and antimicrobial agents because of their small size, a large
surface area, high adsorptive capacity, and ability to disperse in water to form a clear
colloidal solution [48]. Rossler and co-workers likewise, observed an enhanced der-
mal delivery of retinol using collagen nanoparticles as the drug carrier. They reported
that the collagen facilitated a quicker and higher transportation of retinol through the
skin than the freshly precipitated drug and the drug was stable in the system [164].
There has been an extensive study of collagen-based pellet as a gene delivery vehicle.
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One such study is the investigation of the effect of collagen-based mini-pellet on the
mRNA expression and functional status of the facial nerve. This experiment was
however carried on rat model [92].

Delivery systems that are chitosan-based have been reported for oral, parenteral,
ocular, nasal, and transdermal delivery; this is particularly attributed to their mucoad-
hesive property. Chitosan-based gene delivery system to oral and nasal route gene
therapy has successfully been applied. Nanoparticles made from chitosan have also
been employed as delivery carriers for growth factors (e.g., epidermal growth factor
and fibroblast growth factor) which can be impregnated into a construct for applica-
tion in tissue engineering [158, 168]. In another study, a chitosan-based biopolymer
was used to deliver a hydrophobic drug (ketoprofen). The results from the in vitro
release revealed that the bionanopolymer has a good potential for hydrophobic drugs
in a pH-sensitive controlled release [155, 156]. In addition, it was observed in another
study that grafting acetylated chitosan with a fatty acid such as palmitoyl led to the
development of chitosan-based excipients capable of entrapping and releasing drugs
that are hydrophobic [79, 101, 120]. Wijekoon and his colleagues also developed a
chitosan-based hydrogel that was used to deliver oxygen for wound healing [213].
The hydrogel was synthesized by photo-crosslinking; this hydrogel allowed for the
control of both the capacity and rate of the oxygen delivery. It was also able to main-
tain the level of oxygen for up to five days. Other studies have shown that chitosan
has the ability to improve and prolong the absorption of hydrophilic drugs that are
ingested orally [213] and via pulmonary administration [8]. Reduced toxicity and
enhanced intestinal absorption capability was also demonstrated by chitosan-based
nanocapsules for the oral delivery of peptides as reported by Prego and his fellow
workers [157]. Similarly, this approach can be applied for the delivery of other drugs
like insulin as shown by other studies [80, 116, 117, 224]. Bhattarai and cowork-
ers developed a chitosan-based hydrogel for the controlled release of albumin [18].
The observation from the in vitro release studies is that there was a high release in
the first 5 h and subsequently a sustained release over the next days of up to 80%
cumulative release. Advantages associated with the use of bionanopolymers as drug
carriers have also been reported by some scientist. Nanoparticles of bionanopolymer
origin can be absorbed by the reticuloendothelial system [121]. It can also enhance
the uptake of exogenous compounds (e.g., anti-HIV drugs) into a number of cells like
macrophages [14]. Reports on the use of such nanoparticles as carriers for cytotoxic
agents and other therapeutic materials such as camptothecin and hydrocortisone have
been made by Yang and his coworkers as well as Berthold and his coworkers respec-
tively [16, 219]. Other advantages that make bionanopolymer widely employed in
drug delivery application is the ease of nasal and parenteral administration [191].
This was demonstrated by Wu and his coworkers in an experiment where hydrogels
synthesized frombionanopolymers. The hydrogelswere used as smart devices for the
controlled release of drugs via nasal administration as drops/spray. This study car-
ried out on rat models showed an increased absorption of the therapeutic agent in the
nasal cavities, decreased level in the blood, and no sign of cytotoxicity. These results
demonstrated that bionanopolymeric hydrogels have potentials as drug carriers for
controlled release of therapeutic agents, especially molecules that are hydrophilic in
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nature [216]. Currently, several in vivo and in vivo studies are still going in order
to discover other possible applications of bionanopolymers for the successful deliv-
ery of different therapeutic agents used in the treatment and management of several
diseases.

PHAs like other degradable biopolymers have gained grounds in the application
as a drug delivery vehicle for the administering several drugs since the early 1990s.
When converted into films, matrices, microcapsules, microsphere and nanoparticles,
drugs can be entrapped into this formulation for different drug delivery application.
Microcapsules made of PHAs have been widely used for the delivery of drugs such
as anesthetics, antibiotics, anti-inflammatory agents, anticancer agents, hormones,
steroids, and vaccines [139, 142]. The potential application of some PHAs such as
P(3HB) and P(3HB-co-3HV) have been investigated in a number of in vitro and
in vivo studies for drug delivery purposes. Gangrade and price reported the use
of PHA microsphere as vehicles for steroids [59]. In their investigation, PHB and
P(3HB-3HV) were used to synthesize microspheres entrapped with progesterone
and the in vitro release was carefully studied. Also, PHB, PHBV, and P(3HB-4HB)
showed to be advantageous in the design of biodegradable, implantable rods for
delivering antibiotics in the treatment of chronic osteomyelitis [66, 200, 218]. PHAs
are known to have the ability to provide and maintain adequate concentrations of
antibiotics at sites of infections [63, 67]. In addition, the in vivo and in vitro releases
of anticancer agent (lomustine) from PHA and a synthetic polymer were compared,
and it was discovered that the drug release kinetics from the PHA microsphere
was better [22]. In another study done by Sendhil and coworkers, microspheres and
microcapsules of polyhydroxybutyrate-co-hydroxyvalerates (PHBV) of various 3-
hydroxyvalerate contents were loaded with tetracycline. The drug carrier (PHBV)
was subsequently used for the targeted treatment of some periodontal disease, and it
was observed that the release of the drugwas complete before any sign of degradation
of the carrier [172]. Similarly, PHB (polyhydroxybutyrate) microsphere was used to
deliver an antitumor drug (rubomycin) to mice, and it was observed that the prolifer-
ation of the cancer cells was greatly inhibited compared to the free drug [179]. In the
same vein, Kawaguchi and colleagues synthesized PHB-based microsphere for the
delivery of 2, 3-diacyl-5-fluoro-2-deoxyuridine in mice and rats. Results showed low
toxicity, good compatibility, and excellent drug efficiency [85]. In a recent study by
Lu et al., a sustained release of P13K inhibitor (TGX221) was achieved using PHA
nanoparticles and the proliferation of cancer cell lines was successfully hindered
[110]. Furthermore, the efficacy and bioavailability of cisplatin embedded in a novel
amorphous amphiphilic block copolymer P(3HV-co-4HB)-b-mPEG was studied by
Shah and fellow researchers [174]. Reports from their observation showed that there
was a sustained release of the drug from the drug carrier as well as tumor growth
suppression by the nanoparticles. It was concluded that the PHA-based nanoparti-
cle had an enhanced apoptotic effect on the tumor cells. These and other reports
from several scientists globally have proven that bionanopolymers are potential drug
delivery systems for a wide range of therapeutic agents.
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7 Challenges

Despite the fact that, bionanopolymers have great properties that make them widely
employed in biomedicine as drug delivery devices. They have somewhat been limited
in use because they have not been able to successfully and completely deliver certain
classes of drugs. Thus, there is still a big gap that needs to be bridged in order for
major needs in drug delivery systems to be met. Also, at the moment, there is a need
for a lot of improvements and modifications to be made on these bionanopolymers
before they can be largely applied clinically. Furthermore, another challenge is the
feasibility of scaling up the production of this bionanopolymer in the market. Also,
the possibility of designing multifunctional drug delivery systems that can meet the
different biological and therapeutic need still pose to be a challenge with the use of
these bionaopolymers.

8 Conclusion

There has been increased interest in the use of bionanopolymers for medical appli-
cation in response to the need to efficiently manage several diseases. This has led
to considerable advances in drug delivery technology. Bionanopolymers have var-
ious advantages over most synthetic polymers in several biomedical applications.
Hence, the main reason behind its application in the area of drug delivery. The use of
bionanopolymer as drug carrier is majorly attributed to their biodegradability, versa-
tility, and broad range of properties. Various successful studies using bionanopoly-
mers have proven that they are biocompatible for drug carrier use. They can be
formulated for targeted drug delivery in a controlled manner. Thus, bionanopolymer-
based drug delivery vehicles hold tremendous promise in the management of several
disease conditions such as cancer. With the intense research ongoing in this area,
bionanopolymers will emerge as one of the most economical and environmentally
friendly material for the next generation in a wide range of biomedical application.
Their synergism with other bioactive compounds will greatly contribute to further
development and advancement of drug delivery technology. This will also bring
many bionanopolymer-based products to the market.
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