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Abstract

Nowadays nanotechnology has found extensive application in drug delivery. To
design efficient nano-based systems as drug vehicles, the selection of appropriate
materials as the carrier is of special importance. Owing to their biodegradability,
biocompatibility, being renewable and presenting low toxicity, a myriad of bio-
materials have been extensively used in the fields of biomedicine and tissue
regeneration. Moreover, the use of biomaterials into nano-based drug delivery
shows tremendous attraction. Regarding the design of ideal nanotechnology
based drug delivery system, the selection of nanocarrier depends not only on the
physicochemical features of drugs and materials, but also the administration
route. Thus, in this chapter, first of all, commonly used biomaterials for nanocar-
rier design, including both natural and synthesized polymers, were introduced
and their physicochemical properties were summarized. Thereafter the latest
advances in drug delivery by using varied biomaterials as the nanocarriers for
different administration routes, including parenteral drug delivery by preparing
liposomes, micelles, nanoparticles, and mucosal drug delivery with either mucus
bioadhesion or mucus penetration nanoparticles, were presented with related
designing strategies covered. Finally, challenges and prospective in applying
nanobiomaterials based drug delivery systems were discussed.
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13.1 Introduction

Nowadays nanotechnology is an emerging and rapidly evolving field, which has
found extensive application in drug delivery. Compared with pure molecular thera-
peutics, nanocarrier-based drug delivery systems have numerous advantages, for
example, it can protect drugs against enzymatic and hydrolytic degradation, provid-
ing the possibility of targeting for site-specific drug delivery, with controlled release
of drugs leading to immense success. Since the 1990s, FDA-approved
nanotechnology-based drug products and clinical trials have galloped ahead
(Fig. 13.1a). Among them, nanoparticles (NPs) based on various materials as
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Fig. 13.1 (a) Trends in the development of FDA-approved nanomedicines classified by category;
(b) diagrammatic representation of various types of nanocarriers. (Reproduced from Bobo et al.
(2016) with copyright permission)
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carriers have been widely explored, with the unique advantages such as the ease of
synthesis, biocompatibility, and customizability. Nanocarriers, defined as a carrier
with sizes ranging between 1 and 1000 nm, are excellent candidates for drug deliv-
ery based on their sub-micrometer size and high surface area to volume ratio. Quite
frequently, Doxil® and Abraxane® have been used as examples of nanocarrier-based
drug delivery systems. To design efficient nano-based systems for drug delivery, for
example, the preparation of nanocrystals, liposomes, polymeric micelles, protein-
based NPs, polymeric or lipid-based NPs, nanogels, or any other self-assembled
nanosized system for drug delivery (Fig. 13.1b), the selection of appropriate mate-
rial as the carrier is of special importance.

Owing to their biodegradability, biocompatibility, being renewable, and present-
ing low toxicity, a myriad of biomaterials have been extensively used in the fields of
biomedicine and tissue regeneration. Moreover, the use of biomaterials into nano-
based drug delivery shows tremendous attraction. So far, among these nanomateri-
als that are in phase study, 18 are directed to chemotherapeutics, 15 are intended for
antimicrobial agents, 28 are for psychological diseases and autoimmune conditions,
and 30 are aimed for nucleic acid-based therapies (Bobo et al. 2016; Bosselmann
and Williams 2012).

Regarding the design of ideal nanotechnology-based drug delivery system, the
selection of the nanocarrier depends not only on the physicochemical features of
drugs and materials but also on the administration route. Thus, in this chapter, first
of all, polymeric materials were introduced, and the physicochemical properties of
these materials from natural and chemical sources were elaborately introduced.
Meanwhile, commonly used materials for nanocarrier design were presented, with
a focus on biomaterials. Thereafter the latest advances in drug delivery by using
varied nanobiomaterials via different administration routes and related designing
strategies were covered. Finally, challenges and prospective in applying
nanobiomaterial-based drug delivery systems were discussed.

13.2 Commonly Used Biomaterials for Nanocarrier Design

Nanomaterials can be classified into different types based on their shape, composi-
tion, and dimension. Here, the utility of biomaterials for drug delivery was specifi-
cally highlighted due to their long history of safe use in humans and unique
advantages for fabrication of nanocarriers for drug delivery (Hallan et al. 2016). In
terms of polymeric nanomedicine, it consists of two categories: (a) polymer-drug
conjugates for prolonged drug half-life and enhanced bioavailability and (b) prepa-
rations of NPs for drug delivery based on degradable polymers (Song et al. 2018).
Based on their sources, polymeric materials can be classified into natural materials
and synthesized ones.
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13.2.1 Natural Polymer-Based Biomaterials

Natural polymers, classified as environmentally friendly materials, are a renewable
resource considered to be safe in vivo. Commonly used natural polymers include
chitosan (CS), alginate, cellulose, hyaluronic acid (HA), carrageenan, chondroitin
sulfate, albumin, phospholipid, etc., which are being widely investigated as drug
delivery carriers (Han et al. 2018). Among them, CS, HA, albumin, and phospho-
lipid are extensively used.

As the most widely employed natural polysaccharide, CS is a cationic polysac-
charide of copolymers glucosamine and N-acetyl glucosamine linked in a f(1-4)
manner, prepared by the partial N-deacetylation of crustacean derived from natural
biopolymer chitin (Mao et al. 2010). Also, it is naturally found in the fungal cell
walls. Deacetylation of chitin renders CS some unique properties, such as bearing
positive charge and consequently possesses the capacity to form polyelectrolyte
complexes with negatively charged compounds. CS is soluble at acidic pH (pH <5)
but precipitates as the physiological pH (pH 7.4) is restored. Besides, due to proton-
ation of the —-NH, group of the D-glucosamine repeating unit, CS is soluble at acetic
acid media. The molecular weight and degree of deacetylation of CS can influence
its solubility. When the degree of dissociation (o) in solution increases, the role of
the cationicity of the amine groups, which depends on the degree of acetylation,
plays a more important role in enhancing solubility. Also, the solubility of CS can
be increased by decreasing its molecular weight or introducing some hydrophilic
groups to the structure of CS. Moreover, a deacetylation of 85% or higher of CS is
preferred due to its stronger mucoadhesive properties and biocompatibility. It is also
found that CS can increase trans- and paracellular permeability in a reversible, dose-
dependent manner (Elgadir et al. 2015). These properties make CS-based materials
as an ideal candidate for drug delivery with enhanced mucoadhesion and perme-
ation enhancing properties. CS derivatives, obtained via modification of amino and
hydroxyl groups on the CS side chain through acylation, sulfation, hydroxylation,
and quaternization, also show immense potential application in biomedical and
drug delivery field (Kausar 2017; Wu et al. 2017).

Next to CS, another natural polymeric material HA is a biocompatible, linear
glycosaminoglycan, composed of alternating units of N-acetyl-d-glucosamine and
glucuronic acid linked together through alternating -1,3 and - 1,4 glycosidic bonds
(Rao et al. 2016; Yadav et al. 2008). Since the pKa value of the carboxyl groups of
HA is 3—4, these functional groups are predominantly ionized at pH 7.4, and, there-
fore, under physiological conditions, HA bear negative charge. Naturally, HA could
be found in extracellular matrix, vitreous humor, and synovial fluid of vertebrates,
ranging in molecular weight from 5000 to 20,000,000 daltons. Traditionally
extracted from rooster combs, HA is now increasingly produced through microbial
fermentation. In solution, the chains of HA is highly hydrophilic and surrounded by
water molecules linked through hydrogen bonds. Under these conditions, HA
adopts random-coil conformation, resulting in forming a very viscous and elastic
solution. Thus, HA has been expansively scrutinized for its potential use in bio-
medical field for visco-supplementation, drug delivery, eye surgery, tissue
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regeneration, and embryo protection (Jiao et al. 2016; Ossipov 2010). Most notably,
due to its ability to specifically bind to various cancer cells which overexpress the
CD44 receptor, HA-based NPs have attracted extensive attention in tumor-targeted
delivery and imaging (Yu et al. 2013).

With a molecular weight of 66.5 kDa and a diameter of ~10 nm, albumin is
regard as the most abundant plasma protein naturally found in blood (Larsen et al.
2016). Under physiological conditions, about 10—15 g of albumin were produced in
liver by hepatocytes and released into the vascular space daily. Usually, the circula-
tion time of albumin in the blood proceeds for approximately 20 days (Mariam et al.
2016). This long half-life is thought mainly facilitated by neonatal Fc receptor
(FcRn)-mediated recycling and the megalin-cubilin receptor-mediated renal rescue.
Possessing multiple ligand binding sites with cellular receptors is in favor of albu-
min’s recycling and cellular transcytosis. Furthermore, the surface of albumin is
negatively charged making it highly water-soluble. Benefiting from its physiologi-
cal transport mechanisms, charge, and solubility, it is regarded as a highly attractive
drug carrier for both half-life extension and targeted intracellular delivery (Mariam
et al. 2016). Albumin appears as brownish amorphous lumps, scales, or a powder,
consisting of a single polypeptide chain of 585 amino acids. Structurally, albumin
consists of three repeated homologue domains (sites I, II, and III). Each domain
comprises two separate sub-domains (A and B), each of which contains four and six
a-helices, respectively (Elzoghby et al. 2012). Besides, 35 cysteine residues were
found in albumin domains, of which 34 form disulfide bridges internally in the
structure contributed to high stability of albumin. A free cysteine residue at position
34 located on the outer surface of albumin provides a free thiol group (—SH)
accounting for 80% of thiol in the plasma (An and Zhang 2017). Therefore, the
major role of albumin in serum is mainly focus on covalent conjugation with drugs.
Being one of the multifunctional abundant proteins in plasma, it can also play cru-
cial physiological roles in free radical scavenging and maintaining osmotic pressure
(Sleep 2015). Besides, being a nonimmunogenic and nontoxic protein, it is readily
available and highly soluble and can be modified and manipulated depending on the
proposed application.

Phospholipids are also well-established excipients for various applications, such
as function as emulsifier, wetting agent, solubilizer, and liposome former. All lipids
that contain phosphorus are called phospholipids, which comprise a polar head
group and a lipophilic tail. Phospholipids are functional components of all cell
membranes and can also be isolated from natural sources such as soybean, rapeseed,
and sunflower seed. Moreover, properties of the phospholipids show some differ-
ences depending on their natural sources. For example, phosphatidylcholine
obtained from egg yolk has a lower content of polyunsaturated fatty acids compared
to phosphatidylcholine from soybean (Otto et al. 2018). Structurally, the phospho-
lipid molecule consists of a glycerol backbone, which is esterified in position 1 and
2 with fatty acids and in position 3 with phosphate. Moreover, the phosphate group
can be further esterified with an additional alcohol, for instance, in phosphatidyl-
choline (PC) with choline, in phosphatidylethanolamine (PE) with ethanolamine,
and in phosphatidylglycerol (PG) with glycerol (van Hoogevest 2017). In typical
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membrane phospholipids, most of them have neutral (PC, PE) or negative charge
(PG, PS, PI, PA). Positively charged phospholipids rarely exist in nature. An exam-
ple of a positively charged phospholipid is lysyl-phosphatidylglycerol. Until now,
the most common nature phospholipid is PC, which is also the main component of
lecithin. On the other hand, the fatty acids esterified to the glycerol backbone of the
phospholipid molecule could be saturated (e.g., palmitic acid) or monounsaturated
(e.g., oleic acid) or polyunsaturated (e.g., arachidonic acid). The resulting phospho-
lipids are called DPPC, where two palmitic acids are esterified.

13.2.2 Synthetic Polymer-Based Biomaterials

Despite the advantages of naturally available biodegradable materials, limitations
and concerns still remain with regard to the use of nature polymers, for example,
quality inconsistency, the difficulty to control the mechanical properties and degra-
dation rates, and the potential to elicit an immune response or carry microbes or
viruses. In contrast, synthetic polymers are more homogenous in composition and
therefore have a higher purity than natural polymers, making the preparation of NPs
more reproducible. Furthermore, taking the biocompatibility and immunogenicity
into consideration, in the current stage of nanomedicine development, only biode-
gradable polymers such as polylactide (PLA), polyglycolide (PGA), polylactide-co-
glycolide (PLGA), and poly (glutamic acid) have been approved by the US FDA for
parenteral use (Guo and Ma 2014).

As a widely reported biodegradable polymer, PLGA are made from a copolymer
of PLA and PGA polymers. PLGA can be synthesized by random melting copoly-
merization of lactic and glycolic acid or their cyclic diesters, lactide, and glycolide,
respectively. PLGA copolymers are amorphous in nature with glass transition tem-
perature between 45 and 55 °C. The copolymer is more stable against hydrolytic
cleavage than each of the polymers alone and the hydrolysis of PLGA results in
lactic and glycolic acids which are natural metabolites found in the body. Depending
on their molecular weight, inherent viscosity and ratio of lactic acid to glycolic acid,
PLGA is commercially available from different companies and with different com-
position. The physical-chemical properties of PLGA depend mainly on LA:GA
ratio. For example, the solubility of PLGA is closely correlated with its LA:GA
proportion. Unlike LA and GA, PLGA is soluble in a wide range of solvents, includ-
ing dichloromethane, tetrahydrofuran, chloroform, and acetone, ethyl acetate, and
benzyl alcohol. The solubility decreases with increasing GA content (Makadia and
Siegel 2011; Pandita et al. 2015). Likewise, the degradation rate of PLGA is also
LA:GA ratio dependent, and this is mainly due to the different hydrophilic profile
of each monomer (Xu et al. 2017). Owing to the absence of methyl side groups, GA
is more hydrophilic than LA, and in vivo resorption period of PGA (100% GA) is
only 6-12 months, whereas it is between 12 and 24 months for PLA (100% LA).
Consequently, PLGA with higher proportion of GA is more hydrophilic and can be
degraded faster in vivo (Zhang et al. 2014). At 50:50 LA:GA ratio, PLGA copoly-
mers have high degradation rate, which slows down as the proportion of LA
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increases from 50 to 100, with GA ratio reducing from 50 to 0. Benefiting from the
versatile degradation profile of PLGA, it can be used in biomedical applications,
such as surgical implants for controlled drug release. Besides, PLGA is also widely
used in the preparation of microspheres, microcapsules, NPs, pellets, implants, and
films (Kapoor et al. 2015; Makadia and Siegel 2011).

Poly (glutamic acid) can be achieved by microbial fermentation, which is water-
soluble, nontoxic, and completely biodegradable. The molecular weight of poly
(glutamic acid) ranges from 100,000 to over 1,000,000, which are largely dependent
on the fermentation time. Owing to the presence of a polyglutamyl hydrolase
enzyme which can catalyze the hydrolytic breakdown of poly (glutamic acid), their
molecular weight decreases as the fermentation time increases (Jeon et al. 2016).
Different from traditional proteins structure, poly (glutamic acid), made up of
repeating units of L-glutamic acid, D-glutamic acid, or both, is defined as a pseudo-
poly (amino acid) linked between the a-amino and y-carboxylic acid functional
groups (Ogunleye et al. 2015). Based on the attachment of the carboxyl group (o
and vy, respectively), poly (glutamic acid) can be differentiated into two isoforms,
a-poly (glutamic acid) and y- poly (glutamic acid). a-Poly (glutamic acid) is synthe-
sized chemically by nucleophile-initiated polymerization of the y-protected
N-carboxyanhydride of L-glutamic acid. Microbial production of a-poly (glutamic
acid) is difficult, and the polymer can only be produced by recombinant technology.
y-Poly (glutamic acid) has been produced extensively using bacteria, especially
those of Bacillus species (Ogunleye et al. 2015). So far, it is well known that utility
of y-poly (glutamic acid) plays several advantages over a-poly (glutamic acid) util-
ity. Pure y-poly (glutamic acid) can be readily obtained in large quantities without
any chemical modification step. It is not susceptible to proteases and hence could
provide better sustained delivery of conjugated drugs in the body (Shi et al. 2016b).

13.3 Biomaterial-Based Nanocarriers for Drug Delivery
13.3.1 Parenteral Drug Delivery

Compared to conventional injectable solution, injection of nanocarrier-based drug
delivery systems offers several advantages, such as controlled drug release and/or
selective cell targeting, enhanced cellular uptake, or prolonged circulation time,
leading to the potential to maximize the therapeutic effect. However, adverse side
effects associated with nanocarrier injection are also noticed, such as undesirable
protein adsorption, cell adhesion, as well as inflammation and cytotoxicity. Thus,
during the design of nanocarriers for parenteral administration, selection of biode-
gradable polymers with desirable surface properties is preferred. As shown in
Table 13.1, currently marketed nanocarriers used for parenteral drug delivery mainly
include liposomes, polymeric micelles, NPs, and polymeric materials stabilized
nanosuspension. The materials used for specific nanocarrier design is NPs’ type
dependent, as described in the following parts.
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13.3.1.1 Nanomaterials as the Carrier of Liposomes

Liposomes, composed of a lipid or phospholipid, have spherical bilayer nanostruc-
tures with both hydrophilic and hydrophobic region. With good biocompatibility,
low toxicity, and high safety, many hundreds of drugs, such as anticancer and anti-
microbial agents, peptide hormones, vaccines, genetic materials, enzymes, and pro-
teins, have been incorporated into the aqueous or lipid phases of liposomes aimed
to deliver therapeutic drug at a sufficient concentration to the target tissues for
in vivo absorption. In the development of nanomedicine, liposomes are the first
nanomedicine transited from concept to clinical application. Early starting with the
approval of liposomal formulations Doxil® in 1965, there have been a growing num-
ber of trials and approvals using liposome as the nanocarrier for drug delivery. And
other liposomal drugs by intravenous administration are in various stages of clinical
development.

The ability of liposomes to deliver a range of therapeutic drugs depends on a
diverse toolbox of lipids with well-characterized biophysical behavior. Lipids in
this toolbox can be naturally occurring or rationally designed using a variety of
hydrophilic head groups, linkers, and hydrophobic moieties. The selection of each
lipid is closely related to its phase transition temperature, chemical structure, and
whether the lipid is unsaturated or not, as well as its charge. Characteristics of lipid
affect the capacity of the membrane to accommodate the drug. For instance, unsatu-
rated phosphatidylcholine species from natural sources (i.e., egg or soybean phos-
phatidylcholine) form much more permeable and less stable bilayer, whereas the
saturated phospholipids, with long acryl chains (i.e., dipalmitoylphosphatidylcho-
line), form a rigid, rather impermeable bilayer structure (Sakai-Kato et al. 2015).

To create liposomes for intravenous administration, naturally occurring lipids are
preferred. For example, fully hydrogenated soy phosphatidylcholine (HSPC) and
2-distearoyl-sn-glycero-3-phosphoethanolamine sodium salt (mPEG-DSPE) coat-
ing are firstly used in Doxil® approved by FDA. Besides, AmBisome® and DepoCyt®,
which used naturally occurring lipids, such as dioleoylphosphatidylcholine (DOPC),
dipalmitoylphosphatidylglycerol (DPPG), and egg phosphatidylcholine, have also
been approved by FDA. Further, to fulfill multiple functions of liposomes in vivo,
synthetic phospholipids are widely used. An example of such a lipid, with extended
circulation time, is PEGylated phospholipid such as mPEG-DSPE (methoxy-
polyethylene glycol-distearoyl phosphatidylethanolamine) (Doxil®). By forming a
steric barrier around the liposome, PEG-modified lipids embedded in a lipid bilayer
decrease interaction with serum opsonins, cellular ligands, and other pre-existing
serum factors meanwhile reducing adhesion to other membrane surfaces (Jia et al.
2017). Also, in order to prolong circulation half-life, other synthetic polymer-
modified lipids are also designed, such as HPMA (poly (N-(2-hydroxypropyl)
methacrylamide)), PVP (poly (vinylpyrrolidone)), PMOX (poly (2-methyl-2-
oxazoline)), and PVA (poly (vinylalcohol) (Kocisova et al. 2013; Zhang et al. 2016;
Zylberberg and Matosevic 2017).

Properties of liposomes can also be modified via changing surface charge of
materials used. For example, cationic liposomal formulation has been designed to
selectively target tumor vasculature. DOTAP (1, 2 dioleoyl-3-trimethylammonium-
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propane) is a cationic synthetic lipid, which comprises one positive charge at the
head group. EndoTAG-1, the first formulation of cationic liposomes carrying pacli-
taxel in clinical trial, is prepared by DOTAP, DOPC, and paclitaxel in 50:47:3 molar
ratio (Chang and Yeh 2012). Table 13.2 lists some liposomes in clinical trial and
their lipid composition.

13.3.1.2 Nanomaterials as the Carrier of Micelles

In addition to liposomes, polymer micelles are another promising nanocarrier for
delivering various drugs, such as cytostatic agents, nucleic acids via parenteral
delivery, with better stability and stronger mechanical strength. Polymeric micelles
can be formed through self-assembly of amphiphilic block copolymers with sizes
ranging between 20 and 200 nm (Ohya et al. 2011). The inner hydrophobic core of
polymeric micelles acts as a suitable microenvironment for hydrophobic bioactives,
while the outer hydrophilic shell provides required colloidal stability. Table 13.3
lists the micellar-based injectable formulations under different phases of clinical
study, and there are a large amount of polymeric micelles based formulations still
under preclinical investigation. Genexol®-PM injection (paclitaxel), the only poly-
meric micellar NP-based formulation that has been approved in Bulgaria, Hungary,
and South Korea, is being evaluated in Phase II trials in the USA. The formulation
consists of 20-50 nm PEG-PLA micelles loaded with PTX, exhibiting superior
cytotoxic activity against various human cancer cells, e.g., breast, colon, ovarian,
and non-small cell lung cancer compared to Taxol® (Park et al. 2010).

Physical and biological properties of polymeric micelles are of special impor-
tance, which depend on the characters of materials used for micelle preparation. The
selection of polymeric materials influences many important properties of micelles
such as toxicity, bio-distribution, pharmacokinetics, and clinical compatibility.
Many amphiphilic copolymers can be used as the carrier of polymeric micelles,
which is mainly composed of hydrophilic part and hydrophobic part (Pepic et al.
2013; Qiu et al. 2007). A wealth number of hydrophilic polymers with a flexible
nature can be selected as the hydrophilic part of amphiphilic copolymers, such as
PEG, poly (ethylene oxide) (PEO), poly (acryloylmorpholine), and poly (vinylpyr-
rolidone). Sometimes the hydrophilic part is made up of a mixture of polymers like
PEO and polyelectrolyte. Especially, PEG has been widely used in the outer layer
of the polymeric micelles to block interparticle aggregation (Shiraishi et al. 2013).
As for hydrophobic blocks, polyesters, poly (amino acid)s (PAAs), and polyether
derivatives are often used as the hydrophobic segments of the copolymers.
Polyesters, such as PLA and PCL (Poly (e-caprolactone)), are biocompatible and
biodegradable and have been approved by the FDA for biomedical applications in
humans (Janas et al. 2016). PAAs, such as poly (aspartic acid) (P (Asp)) and poly
(glutamic acid) (P (Glu)), are biodegradable, and their multiple carboxyl/amine
functional groups enable in combination with drugs and formation of complexes
with various metals or can be modified to optimize the core-drug compatibility, thus
increasing drug loading and formulation stability (Jones 2015; Qiu et al. 2007).
Polyethers of pharmaceutical interest are copolymers of PEG-block-poly-(propylene
oxide)-block-PEG (PEG-b-PPO-bPEG), known as poloxamers (Pluronic), F68, has
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been approved by the FDA for parenteral use. F68 is nonbiodegradable, but the
individual polymer chains with a size of <50Kda can be excreted by the kidneys
(Akbar et al. 2018).

However, one of the main shortcomings for micelles based on single amphiphilic
copolymer is their inherent instability upon dilution after their administration, lead-
ing to premature release of encapsulated drug before reaching the targeted tissues.
Aimed at efficiently improve micellar stability, tremendous researches have focused
on mixed micelles by combining two or more dissimilar block copolymers to form
micelles. At present, a mixed micelle-based formulation (SP1049C) composed of
Pluronic L61 and F127 has reached clinical phase III studies (Valle et al. 2011).
Pluronic® L61 copolymer was selected, because it induced a 7.2-fold higher drug
uptake in Chinese hamster ovary CHRCS (resistant) cells, while F127 granted phys-
icochemical stability to the formulation, as it prevented liquid phase separation and
preserved the effective size of the micelles below 30 nm, without significantly
affecting cytotoxicity of the micelle system.

13.3.1.3 Nanomaterials as the Carrier of Nanoparticles

Similarly, to overcome several inherent problems of liposomes, such as low encap-
sulation efficiency, rapid leakage of water-soluble drug in the presence of blood
components, and poor storage stability, biodegradable polymeric NPs have attracted
considerable attention in view of their ability to target particular organs/tissues, as
carriers of DNA/siRNA in gene therapy with improved stability. FDA approved the
first “nano” particle-based delivery system, a 130 nm albumin-bound paclitaxel NP
(Abraxane®), in January 2005 for the treatment of breast cancer. Augmented albu-
min uptake in tumors is attributed to the interaction of albumin with albondin, a
60-kda glycoprotein (gp60) receptor and SPARC (Secreted Protein, Acidic and Rich
in Cysteine), an extracellular matrix glycoprotein which is over expressed in cancer
cells (Socinski 2006). Besides, BIND-014, a tumor prostate-specific membrane
antigen (PSMA)-targeted NPs (containing docetaxel) formulation, has also gar-
nered attention in the field of cancer therapy. The results of phase I trial of BIND-
014 support its further investigation in phase II studies, which are currently ongoing
(Autio et al. 2016).

For the design of polymeric NPs, both natural and synthetic polymeric materials
can be used, where polymer-drug compatibility is the main criteria for determining
drug loading amount in the NPs (Shi et al. 2016a). Among the naturally available
materials, CS, HA, gelatin, sodium alginate, and some other biodegradable poly-
mers have gained a lot of attention as nanocarriers (Dong et al. 2018; Guan et al.
2018; Wang et al. 2018). Especially, it was found that CS-based NPs were widely
applied not only in the delivery of anticancer agents, proteins, and peptides but also
as the nanocarrier for gene therapy (Li et al. 2015; Zhang et al. 2018). Moreover,
several CS derivatives, such as trimethyled chitosan (TMC) and hydrophobic groups
modified CS, have also been widely evaluated as nanocarriers with additional func-
tions, such as improved mucoadhesive and intestinal permeation capabilities (Liu
et al. 2019). Commonly used synthesized polymeric nanomaterials include PLA
(poly (D, L-lactide)), PLG (poly (lactide-co-glycolide)), PLGA, and poly
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(cyanoacrylate) (PCA). It has been reported that the distribution of drugs encapsu-
lated into PLGA NPs increased in the tumor site, with reduced systemic adverse
reaction (Xu et al. 2017). However, it should be noted that the acidic nature of
PLGA monomers is not suitable for acid sensitive bioactives. Thus, to overcome
these problems, PLGA-based NPs can be prepared by blending with other materi-
als, such as alginate, CS, pectin, poly (propylenefumarate), and polyvinylacohol
(Bose et al. 2016).

13.3.2 Mucosal Drug Delivery

In addition to the outstanding performance of biomaterial-based nanocarriers in par-
enteral drug delivery, these nanocarriers have also been found to have extensive
applications in mucosal drug delivery, including oral, pulmonary, intranasal, ocular,
vaginal, or rectal drug delivery, with improved dissolution of hydrophobic drugs,
enhanced cellular uptake, or site-directed drug targeting. However, the existence of
the vicious and elastic mucus layer, which covers the gastrointestinal (GI) tract,
lung airways, female reproductive tract, nose, and eye, performs an important role
as a diffusion barrier for various nutrients, foreign particles, and hydrophobic drugs
(das Neves and Sarmento 2018). Typically, the limited permeability of conventional
particle-based drug delivery systems leads to their clearance from the mucosal tis-
sue within seconds to a few hours, thereby limiting the duration of sustained drug
delivery locally. In order to overcome these challenges, mucoadhesive nanoparticu-
late delivery systems can be designed, which are expected to remain at mucosal
membranes for a longer period of time with prolonged and enhanced drug
absorption.

Date back to 1947, mucoadhesive polymers have been developed in order to
prolong drug residence time on mucosal surfaces (Wu et al. 2018; Zhang et al.
2018). With the rapid development of nanotechnology, mucoadhesive biomaterials
from both natural and synthesized sources are extensively explored (Table 13.4) and
used to prepare NPs in order to increase residence time of the particles at the mucus
layer, leading to enhanced drug uptake at the site of absorption. Mucus can poten-
tially bind to NPs via various physicochemical mechanisms, such as hydrophobic
interaction, electrostatic interaction, and hydrogen binding (Zahir-Jouzdani et al.
2018). Figure 13.2 schemically presented the polymers commonly used for muco-
adhesive NPs design and the related mechanism of binding. Anionic nanocarriers
are characterized by the presence of carboxyl and sulfate functional groups that give
rise to a net overall negative charge at pH values exceeding the pKa of the polymer.
Among them, polycarbophil and carbomer, PAA derivatives have been studied
extensively as mucoadhesive nanomaterials for drug delivery (Andrews et al. 2009;
Makhlof et al. 2008). Notably, PAA, generally recognized as safe (GRAS) for oral
use by the FDA, are widely used as mucoadhesive nanomaterials due to their nonir-
ritant, nontoxic properties. Of the cationic polymers, undoubtedly CS is the most
extensively investigated one. Whereas PAAs bind to mucus via hydrogen bonds, CS
has been reported to bind via ionic interactions between primary amino functional
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Table 13.4 Different mucoadhesive nanoparticle systems and their applications

Mucosa

targeting | Carrier Drug Properties

Buccal Thiolated CS/polyvinyl alcohol | Garcinia To maintain oral hygiene by

mucosa | (Samprasit et al. 2015) mangostana reducing the bacterial growth

extract that causes the dental caries

Polyvinyl alcohol (Singh et al. Docetaxel Enhanced local absorption of
2015) anticancer drugs
Gelatin and photoreactive Insulin Significant reduction of
polyethylene glycol diacrylate blood glucose level
(Inoo et al. 2018)

GI Alginate/ wheat germ agglutinin | Insulin Significant reduction of

mucosa | (Dodov et al. 2009) blood glucose level
PAA-cysteine/PVP (Dodov et al. | Insulin Significant reduction of
2009) blood glucose level
P(MAA-EG) (poly(methacrylic | Insulin Significant reduction of
acid-graft-ethylene glycol) blood glucose level
(Schoener and Peppas 2013)

Nasal N-trimethyl-CS (Sayin et al. Albumin Significantly enhanced

mucosa | 2008) uptake of the model protein

by the nasal mucosa
PAA-cysteine/glutathione Human growth | Threefold improvement in
(Jespersen et al. 2014) hormone the relative bioavailability of
(HGH) HGH
Glycol CS (Lee et al. 2016) DNA vaccine Higher mucosal and cellular
immune response

Acrylates,
Carbopol,

Polyvinyl alcohol
(PVA)

Agarose, CS

Gelatin,

carrageenan,

cellulose

derivative

Carbopol,
Polycarbophil,
Polyacrylic acid,

Polycryriates,

PEG,PVA,
acrylic acid

Mechanism
of
bonding

Mucoadhesive

polymers

Aminodextran,
Ccs
carbopol,

Pectin

Hydroxyethylated
starch, PEG,
PVA

Fig. 13.2 An overview of polymeric materials used for mucoadhesive nanoparticles design and
related mechanism of binding
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groups and the sialic acid and sulfonic acid substructure of the mucus (Vanic and
Skalko-Basnet 2014). Besides, enhancement of mucosal delivery may be obtained
through the use of appropriate cytoadhesives nanobiomaterials that can bind to
mucosal surfaces. Such widely used nanobiomaterials are lectins, which belong to a
group of structurally diverse proteins and glycoproteins, and show the potential to
bind reversibly to specific carbohydrate residues (Duennhaupt et al. 2012).

Despite of the advantages of mucoadhesive NPs, its limitation is also quite
apparent. Mucoadhesive nanomaterials can efficiently adhere to the mucus layer
before reaching the mucosa; however, this might prevent the particle from penetrat-
ing across the mucus layer and entering the underlying epithelia (Liu et al. 2018).
Thus, for a more efficient transport of drugs to the tissue, the design of NPs with
mucus penetration capability is crucially important, which can be achieved by using
muco-inert NPs, virus-mimicking NPs, and enzyme-conjugate NPs as schemically
described in (Fig. 13.3). Considering the lipophilic nature of mucus, muco-inert
NPs, which were coated with “stealth” excipients, can be prepared aiming at
decreasing mucous interaction and making the nanomaterials more slippery
(Fig. 13.3a). Several polymers including poloxamers and PEG are widely used for
surface modification of NPs for this objective (Netsomboon and Bernkop-Schnurch

A Muco-inert coating
‘$ NP core
Mucus :
meshwork .
B
Q
C

Enzyme-modified polymer Enzyme-conjugate particles

Fig. 13.3 Schematic representatives of the designed muco-permeation nanoparticles including
muco-inert nanoparticles (a), virus-mimicking nanoparticles (b), and enzyme-conjugate nanopar-
ticles (c). (Reproduced from (Netsomboon and Bernkop-Schnurch 2016) with copyright
permission)
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2016). Pluronic F-127, a type of poloxamer, is extensively used for mucopenetrat-
ing NPs preparation. Moreover, inspired by natural virus, NPs, which present a
highly densely charged surface bearing both positive and negative charges, are for-
mulated with the purpose to increase their mucus permeation ability (Fig. 13.3b).
De Sousa et al. prepared NPs by combining chitosan with chondroitin sulfate with
a slightly positive (4.02 mV) charge. Not surprising, positively charged NPs (high
chitosan content) was found not permeating across the mucus due to the electro-
static interaction with the negatively charged components in the mucus, while nega-
tive (high chondroitin sulfate content) and near neutral particles revealed a higher
permeation (de Sousa et al. 2015). Another strategy that can be used to create
mucous-penetrating NPs is to coat particles with enzymes. Enzyme-conjugate NPs
(Fig. 13.3c) are capable of cleaving certain substructures within the three-
dimensional network of the mucus, without destroying the whole mucus gel layer.
So far, mucolytic enzymes such as bromelain, papain, pronase, and trypsin are
immobilized on the surface of nanomaterials (Shan et al. 2017). These enzymes are
capable of cleaving amide bonds within mucin glycoproteins in a very efficient
manner, which makes coated nanomaterials much easier to penetrate the mucus.
However, the variability of mucosa and their properties challenges the design of
polymeric NP-based systems. Fortunately, the rapid development of natural, syn-
thetic, and semisynthetic polymers commercially available and the fact that many of
them have been approved by regulatory agencies enable the design of polymeric
material-based NPs based on the intrinsic feature of a specific mucosa.

13.4 Challenges and Future Perspectives
on Nanobiomaterials

So far, a series of natural or synthetic material-based nanodrugs are playing an
important role in clinic for disease therapy or in clinical trials. A number of exam-
ples of both FDA-approved products and those under clinical trials are designed by
utilization of nanomaterials as a modifying agent for drug delivery. The versatility
and diversity of potential biomaterials allows for a flexible design of nanocarriers
with tailor-made properties based on the requirement in clinical application. The
fact that some nanosystem, such as liposomes, albumin NPs, and polymeric micelles,
are on the market and several biomaterial-based nanodrug delivery systems are in
clinical trials indicated that potentially more nanobiomaterials can be used as a drug
carrier in the near future. However, the key to transform nanotechnology from basic
research into clinical products involves further understanding of the surface chem-
istry of nanomaterials and the interaction of these nanomaterials with drug and
in vivo environment. To design smarter, functional nanomaterials with maximized
therapeutic efficacy and good safety in drug delivery, several impediments must be
addressed right now, such as ambiguous structure-function relationship of these
nanomaterials in drug delivery system design and varied material characteristics
such as molecular weight, shape, charge, composition, and complex architectures of
nanocarriers. Another challenge posing as a major hindrance for nanomedicine
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design is the large-scale production of nanomaterials for commercialization purpose
under Good Manufacturing Practices (GMP) conditions. And the safety of their
administration must be carefully considered. With recent draft guidelines published
by the FDA on the importance of nanomaterials characterization for different regu-
lated environments, biomaterial-based nanocarriers will show superior capacity in
drug delivery with tunable properties in the near future.
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