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Preface

The delivery of specific therapeutic agents to targeted cells is a hopeful prospect of
nanotechnology in personalized medicine. This approach not only provides a specific
treatment opportunity but also reduces the toxicity to the neighboring healthy cells.
Nonetheless, nonparenteral routes offer multiple advantages compared to parenteral
routes such as simpler needleless processes, shorter hospitalization, and overall better
patient compliance. In recent years, multiple nanomedicines have been developed and
optimized to bypass various physiological barriers and improve the delivery of poorly
soluble drugs. The nonparenteral delivery of nanomedicine is still in its infancy. Further
advances toward developing reliable nonparenteral nanomedicine will require the
integration of different fields of biomedicine in the near future.

This book will provide a brief introduction to the nonparenteral delivery of nanome-
dicine, the safety, and regulatory implications of the nanoformulations. In further
chapters, we will be discussing the physiology of the biological barriers, the specificity
of the nanocarriers as well as their multiple applications. This book will help the readers
to understand the recent progress in the design and development of nanoformulations
compatibles with nonparenteral applications.

Focusing on the nonparenteral delivery of nanomedicine, this book will be a valuable
resource for graduates, postgraduate, clinical researchers, and anyone working in the
development of various nonparenteral-based nano-drug delivery system. Thus, this book
explores a wide range of promising approaches for nonparenteral nanomedicine delivery.
In totality, this book will prove to be one of the most comprehensive for the nonparent-
eral application of nanomedicine.

We thank all the authors for their valuable and timely contributions. This book brings
pioneers of the field and early career scientists together, which is no doubt an indication
of the commitment toward the advancement of nonparenteral therapeutics, to be con-
tinued across the generations to come to combat the most dreadful disease faced by
humankind.

Prashant Kesharwani
Sebastien Taurin
Khaled Greish
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CHAPTER 1

Introduction: An overview of the
non-parenteral delivery of
nanomedicine

Sara Salatin®, Elham Ahmadian®, Masumeh Mokhtarpour€, Simin Sharifi®,
Aziz Eftekhari®, Maleki Dizaj Solmaz®, and Shahriar Shahi®®

"Research Center for Pharmaceutical Nanotechnology and Faculty of Pharmacy, Tabriz University of Medical Sciences,
Tabriz, Iran

®Dental and Periodontal Research Center, Tabriz University of Medical Sciences, Tabriz, Iran

“Faculty of Chemistry, Tabriz University, Tabriz, Iran

4Pharmacology and Toxicology Department, Maragheh University of Medical Sciences, Maragheh, Iran

“Faculty of Dentistry, Tabriz University of Medical Sciences, Tabriz, Iran

1. Introduction

The path by which a xenobiotic and/or drug reaches into the body is called the route of
administration in the pharmaceutical sciences and is categorized according to the location
at which the chemical is implemented [1]. For instance, intravenous, intramuscular, and
oral administrations could be mentioned. In another classification, the routs are demon-
strated based on the target where the substance acts. Enteral, topical, or parenteral admin-
istrations are considered to be in this category [1, 2]|. Drug delivery is dependent on the
route of administration and dosage. Among the numerous strategies pursued to optimize
the physicochemical and pharmaceutic of drugs, the presence of a mucus layer that coats
the surface of different organs has been capitalized to develop mucoadhesive dosage forms
that remain in the administration site for more prolonged times, increasing the local and/
or systemic bioavailability of the administered drug [3, 4].

As in many other fields, nanotechnology has gained increasing momentum in medical
sciences offering distinctadvantages. In this context, the application of nanoparticles as well
as nanomedicine technology by means of nano-robots has opened new avenues in the field
[5-7]. The groundbreaking progress of nanotechnology has endowed remarkable benefits
to scientists in order to detect and treat a wide range of human diseases. The emergence of
nanotechnologies together with the application of noninvasive and painless administration
routes has altered the pharmaceutical science and the treatment of disease [8, 9].

Parenteral administration has been mainly used to deliver nanotherapeutics in the
market. In addition, non-parenteral routes such as nasal, dermal, ocular, and pulmonary
pathways are the expected target of nanotherapeutics in the near future [10]. It is impor-
tant to select the best delivery route and pass the plausible barrier to have an efficient drug

Theory and Applications of Nonparenteral Nanomedicines © 2021 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-820466-5.00001-6 All rights reserved.
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delivery system. It should be able to protect the drugs against degradation, improve ther-
apeutic effect, extend biological activity, control drug release rate and performance, and
decrease the frequency of administration [11]. Furthermore, an efficient drug delivery
system must provide protection to human body in which it is administered. These fea-
tures could be attained by using a safe material to prepare carriers of drugs like different
types of biodegradable polymers [12]. Chitosan as a cationic polymer of natural origin is
an outstanding instance of an excipient that currently has vast potential for use in phar-
maceutical dosage forms. It is a polyelectrolyte with reactive functional groups with abil-
ity to form gel and include high adsorption volume. Biodegradability, biocompatibility as
well as being nontoxic to living tissues together with its antibacterial, antifungal, and anti-
tumor properties make it to an outstanding biomaterial. These properties ofter suitability
and extensive pharmaceutical applications particularly proposed to be administered via
non-parenteral routes (oral, topical, intranasal, vaginal, rectal, and ocular) [13—15].

This chapter provides a state-of-the-art review on the present non-parenteral delivery
of nanotherapeutics with focus on technologies that have utmost pharmaceutical and
commercial capabilities. Mucoadhesive systems and chitosan-based non-parenteral nano
delivery systems are at the core of attention in this chapter due to their importance in
non-parenteral delivery of nanomedicines.

2. Routes of administration

The exposition location usually determines the route of administration. Pharmacokinetics
is concerned with the path by which the substance is transferred from the application loca-
tion to its target site and involves the uptake, distribution, and elimination processes.
Transdermal or transmucosal routes are considered as exceptions. On the contrary, phys-
iological effects of the active substances at the location of the target effect are called
pharmacodynamics [6, 16—18]. However, topical administration is an exception since both
the application and the target effect location are the same and is occasionally referred to as a
local application location and local pharmacodynamics impact. But, sometimes itis called a
local application location irrespective of the location of the eftects [19-21].

2.1 Enteral/gastrointestinal administration

Enteral or enteric which means through intestines is an administration route through gas-
trointestinal tract which also includes oral and rectal administrations [22]. Although oral
and rectal administrated drugs are uptaken by intestine, orally prescribed drug might also
be received by stomach. Moreover, some application locations such as buccal, sublingual,
and sublabial are considered as enteral administration routes without reaching the intes-
tines. Thus, gastrointestinal is a more comprehensive term and best fits with this route of
administration. There are also particular enteral administrations such as in the contrast
enema, whereby the contrast media is directly infused into the intestines. However,
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the term enteral is utilized for chemicals with systemic effects when the classification is
based on the site of the effects [23, 24].

Some drugs are injected into a gastric tube while tablets, capsules, and drops are taken
thorough mouth. Gastric feeding tubes or gastrostomy methods facilitate direct admin-
istration of medications into the stomach. Also, duodenal feeding tubes and enteral nutri-
tion and approaches as well as enteric-coated tablets deliver the substances into the small
intestine [25].

Many drugs especially aging medications are administrated via the rectal route where
arapid and effective absorption occurs through the walls of the rectum [26]. The absorp-
tion of medications from the distal one-third of the rectum bypasses the first-pass effect
through the liver resulting in a high bioavailability of drugs in comparison with oral
administration [27]|. Moreover, the highly vascularized rectal mucosal provides a quick
and efficient absorption system. The solid dosage form of drug that is used for rectal
administration is called a suppository. Rectal catheters are also available in clinical care
to provide a discreet and simple delivery route [28].

2.2 Topical

When both the application location and the pharmacodynamics effect thereof are local,
the term topical administration is utilized. Also, topical route is defined as delivery of a
substance to the surface of body unrelated to the location of the effect [29]. Transdermal
route by which the drug is administrated onto the skin but induces systemic effects is
considered a topical route. Enteral administration of drugs that are poorly absorbed
through the gastrointestinal tract could also be classified as a topical route [30].

2.3 Parenteral and non-parenteral routes

In parenteral route, drug is administered into the space between gastrointestinal tract and

body surface. This administration method is divided into particular routes such as IV, IM,

SC, ID, IA, IP, etc. Parenteral administration is classified into four categories: intramus-

cular, intravenous, subcutaneous, and intradermal injections. Any route that is not enteral

is considered a parenteral. A needle and a syringe or an indwelling catheter is implanted to

perform a parenteral administration [31, 32]. Parenteral administrations could be injected

into the following locations:

» Eperidural injection in central nervous system and epidural in which the drug is deliv-
ered to the epidural space as in anesthetic agents [33].

* Intracerebral injection which directly delivers the substances into the cerebrum and is
utilized in empirical studies and treatment of brain tumors [34].

¢ Intracerebroventricular injection which delivers the drug into the brain ventricles as in
the delivery of opioids in end-stage cancer patients [35].
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* Epicutaneous injection which delivers the drug into the skin tissue. Allergy tests of
several drugs could be mentioned in this classification [36].

* Buccal and sublingual administration in which the drug is placed between gum and
cheek and under the tongue, respectively. Steroids, cardiovascular drugs, vitamins,
and minerals in different drug forms are prescribed via this route [37].

» Extra-amniotic injection that delivers the drug into the space between fetal membrane
and the uterus [38].

* Nasal administration that delivers topical drugs or insufflations through the nose [39].

* Intra-arterial injection which is particularly used to deliver vasodilators or thrombo-
lytic agents into the arteries [40].

* Intra-articular injection is used to inject drugs into the space of joint which is appro-
priate for osteoarthritis treatment [41].

* Intracardiac injection (directly into the heart muscles or ventricles) is not a commonly
used method for the injection of drugs like adrenaline in cardiopulmonary
resuscitation [42].

* Intracavernous injection or penile injection in the treatment of erectile
dysfunction [43].

* Intradermal injection is suitable for performing skin testing for some allergens and for
the diagnosis of tuberculosis [44].

* Intralesional administration is used for the delivery of drug into skin lesions
locally [45].

* Intramuscular administration which is a common injection method for muscle deliv-
ery of many medications such as vaccines, antibiotics, e.g., Ref. [46].

* Intraocular administration that delivers glaucoma or eye neoplasms medications into
the eye [47].

* Intraosseous infusion is used for the delivery of emergency medicine and pediatrics
into the bone marrow in specific situations that intravenous access is not possible [48].

* Intraperitoneal administration which is particularly used to deliver drug into the peri-
toneum or in peritoneal dialysis [49].

¢ Intrathecal administration which directly delivers the substances into the spinal canal
[50]

* Intravaginal administration that delivers the drug into the vagina [51].

* Intravenous administration is commonly used for the delivery of many drug forms into
a vein [52].

* Intravesical infusion that delivers drugs into the urinary bladder [53].

* Subcutaneous administration is used commonly to deliver specific drugs like insulin
under the skin [54].

* Transdermal administration which is particularly used to diffuse transdermal patches
such as fentanyl (relief of pain), nicotine (treatment of addiction), and nitroglycerine
(for angina pectoris) [30]
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* Perivascular administration that deliver drugs locally around a blood vessel in open

vascular surgery [55].

e Transmucosal administration which is particularly used to diffuse substances via

mucous membrane route; snorting (cocaine), under the tongue (nitroglycerine),

and vaginal suppositories [56].

In non-parenteral administration, drug is given by the mouth or applied to the skin sur-

face (topical administration, inhalation, or aerosol administration) [57]. Table 1 presents

the summary of the characteristics for parenteral route versus non-parenteral routes.

Table 1 The summary of the characteristics for parenteral route vs non-parenteral routes.

Parenteral route

Non-parenteral routes

* Any route that is not enteral is considered as

parenteral
e Parental administrations are classified in
four types: intramuscular, intravenous,
subcutaneous, and intradermal injections
* A needle and a syringe or an indwelling
catheter is implanted to perform a paren-
teral administration

In non-parenteral administration, drug is
given into the mouth or skin surface
(topical administration, Inhalation, or
aerosol administration) [57]

Oral route which is a non-parenteral
administration of drugs into the mouth
Ear drops which is a non-parenteral
administration route directly delivers the
drugs into the war canal in order to pain or
infection treatment [58]

Eye drops which is particularly used to drug
delivery of dilating drugs, glaucoma and
infection medicines [59].

Inhalation is commonly used to direct
delivery of drugs into nose and mouth [60]
Rectal route which is particularly used to
directly deliver suppositories or solution
form of drugs into rectal cavity [61]
Sublingual or buccal as non-parenteral
administration routes are used to delivery of
drugs into lip or tongue or between the
cheek and gums [62]

Topical route which directly deliver the
ointment, cream, or lotion form of
substances into the skin or mucous
membrane [63]

Vaginal route is a common non-parenteral
route in the treatment of yeast infection or
other irritations in vagina [64]
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3. Nanotechnology, nanomaterial, and nanomedicine

Nanotechnology is defined as the design and use of nanosized structures (1-100 nm),
although researchers in different fields have slightly modified it. Nontechnology discusses
about the materials which have one dimension that measures particle sizes less than
100 nm.

Medical application of nanotechnology has brought up unique possibilities. While
some techniques are still a part of human imagination, most of them are at different phases
of testing, or are utilized as the current novel methodologies. Nanotechnology in medical
fields is applied in two forms: the use of nanoparticles and nano-robots, which are utilized
to repair organ dysfunction at cellular level.

Delivery of drugs, light, heat, and other substances to the target cells is the useful
application of nanotechnology in biomedicine. The proper engineering of the nanopar-
ticles enable them to have the ability to enter the diseased cells directly. This approach not
only provides a specific treatment opportunity but also protects the neighboring healthy
cells. In an investigation conducted in North Carolina State University, a novel method
has been developed to deliver cardiac stem cells to the injured heart tissue via the appli-
cation of nano-vesicles that have a high affinity to the damaged heart. This increases the
number of stem cells attracted to the injured tissue. Carbon nanotube-attached antibodies
have been used to detect cancerous cell in peripheral blood. This technique provides a
rapid and simple test system in cancer detection. Gold nono-rods have been implemented
to attach proteins released in kidney damages. This detection platform diagnoses kidney
damages in early stages in a rapid and cost-effective way. The accumulation of the above-
mentioned proteins changes the color of nono-rods. Gold nanoparticles have also been
used to eliminate bacteria together with infrared light which can be beneficial in antisep-
tic aspects in hospital settings. Quantum dots have also been effective in the reduction of
antibiotic-resistant infections.

In the recent years, nanotechnology and nanobiotechnology have gained importance
in medicine and medical technology. Nanomedicine owns the great potentials to mean-
ingfully advance the quality of life of patients or even healthy persons [0, 65, 66]. Fig. 1
shows the research and development zones which received the greatest motivation from
nanomedicine in the recent decades.

4. Mucoadhesive systems in pharmaceutical research and drug
delivery area

The main purpose of pharmaceutical research is to make products with confirmed quality
to capably treat disease. One of the challenges in the pharmaceutical science is the poor
aqueous solubility and permeability of drugs. This physicochemical property is common
to approximately 50% of the active pharmaceutical ingredient (APIs) on the market and
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represents a crucial hurdle during the stages of drug product development. Moreover,
low solubility in biological fluids makes limited absorption in the gastrointestinal tract
(GIT) and imperfect bioavailability, the oral route being the most popular one.

Solubility is an intrinsic property that depends on the nature of the molecule, whereas
dissolution is an extrinsic one that can be modified by different means such as reduction of
drug particle size and encapsulation in a variety of micro and nanocarriers [67, 68].
Among the difterent approaches followed to enhance the physicochemical and pharma-
ceutic platforms of drugs, the presence of a mucus layer that coats the surface of different
organs has been capitalized to develop mucoadhesive dosage forms that remain in the
administration site for more prolonged times, increasing the local and/or systemic bio-
availability of the administered drug [31]. The appearance of nanotechnologies together
with the application of noninvasive and painless administration routes has changed the
pharmaceutical science.

4.1 Molecular structures of mucosae

Mucosae, and in particular mucosal fluids, are an essential part of mucoadhesive phenom-
ena. Mucosal tissues cover natural body cavities, providing an epithelial barrier to the
external environment. One important issue has been to deal with shearing at mucosal
sites [31, 69, 70].

The mucosae is defined by the presence of a protective layer of fluid namely mucus,
which acts as a physical barrier against chemical and biological agents, as well as a natural
lubricant. This fluid also has important homeostatic roles, namely, clearing cellular debris,
regulating water balance and ion transport, mucosal immune-regulation, transporting
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sperm in the cervicovaginal tract, among others. Mucus is produced in mucous glands
and by goblet cells in the airways at the mucosa/submucosa, except in the case of the
stomach (mucus is produced by epithelial cells) and the vagina. Vaginal lubrication is
a naturally produced fluid that lubricates a woman’s vagina, which results from the mix-
ture of different liquids including mucus formed at the cervix. Mucus is a non-
Newtonian viscoelastic fluid, which is secreted in a concentrated form and then
undergoes hydration into a gel-like mesh. The width of the mesh spaces delimited by
mucin fibers has been formerly estimated to be around 20-200nm [31, 69-71].

4.2 Mucoadhesion of nanosystems

Nanoparticle size, shape, surface chemistry, and composition are all key criteria which
influence nanosystem behavior in mucoadhesive systems. These properties of the mate-
rials are tunable over orders of interactions with mucus fluids present at various mucosae
[72]. Since mucoadhesion implies attachment to the buccal mucosa, films can be
achieved by using mucoadhesive polymers as matrix-forming materials, alone or in mix-
tures. However, not all the available mucoadhesive polymers can be easily applied to
produce nanoparticles or, for instance, other nonpolymeric systems may be desirable
(e.g., lipid-based nanosystems). In the last case, the attaching mucoadhesive polymers
on preformed nanosystems (covalently or by simple adsorption) or conjugating polymers
with other matrix-forming materials might be an alternative method for surface modi-
fication. Surface charge of nanocarriers is another important parameter; positively
charged systems are preferred in order to maximize mucoadhesion [31]. Chitosan-based
nanoparticles, in particular, is often cited as an example of the “highly mucoadhesive
nanosystem.” Also, hydrophobicity of nanosystems can also aftect the ability of adhesive
interactions with hydrophobic domains of mucin, namely, by promoting hydrophobic
bonding [31, 69, 73].

4.3 Mucoadhesive systems for non-parenteral delivery of nanomedicines

Three main groups of polymers are used in the preparation of mucoadhesive systems:
natural (alginate, chitosan and its derivatives, guar gum, xanthan gum and pectin, galac-
tomannan and glucomannan, carrageenan K type II 6-hyaluronic acid and other glycos-
aminoglycans, gelatin), synthetic polymers [Poly(ethylene glycol), poly(ethylene oxide),
poly(acrylic acid), poly(methacrylic acid) derivatives, poly(vinyl pyrrolidone), poly(vinyl
amine), boronate containing polymers|, and semisynthetic polymers (cellulose deriva-
tives) [69, 70].

This section introduces each non-parenteral administration route and the main ther-
apeutic advantages of making a system mucoadhesive.
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4.3.1 Oral administration

Oral administration is the most practical approach for drug delivery because of superior
patient compliance, especially in the therapy of chronic maladies because its methodology
included noninvasive and painless procedures and enables self-administration. These
pointsare of special interest for the treatment of pediatric patients [ 70]. The field of mucosal
administration has been led by the development of drug delivery systems for oral admin-
istration. However, to achieve this aim, nanocarriers need to be appropriately caused to
display mucoadhesive features. Nanosuspensions produced by the dispersion of pure drug
nanoparticles of hydrophobic drugs by bottom-up or top-down methods are probably the
simplest nanotechnology applied to pharmaceutical sciences and is included mainly to
enhance dissolution rates and, by doing so, to advance bioavailability [74].

4.3.2 Inhalatory administration

The airways provide for fast absorption and large surface area that can be advantageous in
the treatment of pulmonary obstructive diseases (e.g., asthma) and overcoming local
infectious diseases due to the limit of systemic contact and adverse effects and also for
the systemic delivery of drugs in the so-called transpulmonary route. At the same time,
the potential of this alternative way has promoted the novel aerosol technological devel-
opment that the administered dose and the removal level. Inhalant drugs must have a
number of properties that include aerosol particles with mean aerodynamic diameter
between 0.5 and 5pm to favor deposition in the deep lung, aerosol particles with low
size distribution and high reproducibility, dissolution or adhesion adhesive to the
mucosa, and suitable drug release and permeability |75, 76].

4.3.3 Ocular administration

The eye is a complex organ consisting of several functional and mutually interacting parts.
The sclera is made of fibrous tissues shaped as segments of two spheres, the sclera and the
cornea. From a medical point of view, cornea and conjunctiva represent two major
mucosal barriers so proper drug permeability makes it possible to cross the barrier and
to reach the regions of a drug’s action. The cornea is a dense, avascular connective tissue
constituting 90% of the cornea thickness and providing the mechanical integrity and
transparency to the cornea; nutrients and oxygen are provided to the cornea by the lach-
rymal and aqueous fluids [77]. The most posterior layer of the lid is the conjunctiva, a thin
transparent vascularized mucous membrane that covers the pericorneal surface and the
posterior, which lines the inner surface of the eyelids and is reflected onto the globe [78].

4.3.4 Vaginal administration

The vagina has been traditionally used as an advantageous site for drug delivery and con-
stitutes an interesting route (if not preferential in some cases) for the management of local
gynecological conditions to achieve either local or systemic effects [31]. Moreover,
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owing to the good absorption profile of some compounds through its mucosa, vaginal
administration may be performed to obtain systemic drug levels that have been shown
useful for hormonal contraception or replacement therapy, inducement or prevention
of labor, and pregnancy termination. In the last decade, huge interest has been focused
on the investigation in the field of vaginal drug therapy, mostly because of the develop-
ment of microbicides [31, 79].

4.3.5 Intranasal administration

The nose is a highly complex organ that accomplishes a great variety of functions that
range from olfaction to humidification, warming, and filtering of the inhaled air before
it reaches the trachea and the lungs. The nasal mucosa contains two layers, the underlying
lamina propria that is rich in blood and lymphatic vessels, nerves, glands, and cells of the
immune system and the luminal epithelium containing goblet cells that produce the
mucus that covers the epithelium. The nasal mucosa is a site for local and systemic drug
delivery because of a highly vascularized epithelium mucosa, a relatively large surface
area, the high irrigation, and the presence of lymphocytes and mast cells [80].

4.3.6 Buccal/sublingual administration

Buccal drug delivery includes the administration of the desired drug through the buccal
mucosal membrane lining of the oral cavity. A sublingual tablet formulation with an
enhanced acceptability has been successfully developed where the drug is released and
undergoes fast absorption into the systemic circulation [81]. The rich irrigation flow,
thinner mucosa with respect to other body sites (the sublingual being even thinner than
the buccal) and increased permeability, limited enzymatic activity, and ability to develop
unidirectional release systems that minimize oral absorption are added advantages. Thus,
very high drug concentration levels can be achieved without gastric or hepatic metab-
olism. On the other hand, the drug can be partially swallowed which causes a decrease
in bioavailability and a delayed concentration peak [31].

5. Chitosan-based nanomaterials for drug delivery purposes

An efficient and safe drug carrier must provide protection to human tissues and/or organs
in which it is administered as well as protection to the drugs against degradation, control
drug release rate, prolong biological effect, improve therapeutic activity, and reduce the
frequency of administration.

These benefits could be obtained by the development of drug carriers using natural
polymers like chitosan. Chitosan is an abundant cationic polysaccharide of natural origin
and is derived from the chitin that is found in the cell walls of certain fungi, algae, and
bacteria species, as well as in the shells of mollusks and the exoskeleton of the phylum
Arthropoda [82—84]. Generally, chitosan is obtained by the alkaline deacetylation of
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chitin at different thermochemical conditions or by enzymatic hydrolysis using a chitin
deacetylase [85, 86]. Chitosan is almost the only cationic polymer in nature which cur-
rently holds enormous promise for use in pharmaceutical dosage forms because of its
unique features such as polyelectrolyte containing reactive functional groups, high capac-
ity for adsorption, gel-forming capability, biodegradable and biocompatible to living cells
or tissue as well as having antifungal, antibacterial, and antitumor effects [73, 87]. These
substantial characteristics offer suitability for various pharmaceutical applications such as
regenerative medicine for many components such as growth factors, proteins/peptides,
antibiotics, anti-inflammatory drugs intended for non-parenteral use (intranasal, oral, top-
ical, ocular, etc.) and for the development of drug carriers (drug conjugate, hydrogels,
emulsions, micro/nanoparticles, etc.). The latest development on nanotechnology and
the various functionalization processes of chitosan have improved its functionality as drug
delivery system and developed systems more versatile by using chitosan in combination
with other components in novel systems. Here, we review advantages and limitations
of chitosan-based carrier systems to improve the delivery of drugs through the non-
parenteral routes.

5.1 Chitosan-based nanomaterials for non-parenteral drug delivery

In recent years, a considerable amount of research work has been focused on chitosan-
based vehicles and their potential use for drug delivery through noninvasive routes, such
as mucosal (nasal, oral, ocular, and vaginal) and (trans) dermal. The primary amino groups
of chitosan are responsible for properties such as in situ gelation, mucoadhesion, perme-
ation enhancement, transfection, controlled drug release, and efflux pump inhibitory
effects. The mucoadhesive characteristics are also attributed to its cationic character.
Mucoadhesion can be obtained through the ionic interactions between the cationic
primary amino groups of chitosan and anionic substructures of the mucus gel layer
due to the presence of sialic acid and sulfonic acid substructures. Moreover, hydrophobic
interactions can contribute to its mucoadhesion characteristics. Chitosan has also been
utilized in a wide range of pharmaceutical multipurpose excipients to enhance water
solubility and increase stability of drugs [88].

5.1.1 Nasal delivery systems

Opverall, the absorption of drugs via nasal mucosa is often comparatively poor due to a short
local retention time, low membrane permeability, and high turnover rate of a secretion in
the nasal cavity [89]. Chitosan-based particles or polyelectrolyte complexes have been
widely investigated as promising materials for intranasal delivery of therapeutic proteins
[90, 91]. It was reported that chitosan nanoparticles loaded with insulin promote nasal
absorption of drug to a greater extent as compared with the aqueous chitosan solution.
Additionally, many studies have used chitosan in nasal vaccines as a potent mucosal adju-
vant. In a recent study, nasal drip using chitosan in combination with the matrix protein 1
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was used as adjuvant for immunization (twice at an interval of 3 weeks) of BALB/¢ mice.
According to the results, the adjuvant chitosan effectively improved the vaccine efficacy
and could provide effective protection for mice against the homologous virus (HON2)
[92]. Chitosan-based microparticles and gels with different solubility and molecular
weights have also been shown as adjuvant/delivery system for nasal immunization against
bovine herpes virus 1(BHV-1) [93]. Notably, morphology and appearance were observed
to be similar (spheroids with a smooth surface) in blank microparticles formulated using
base chitosan. It was found that the surface appearance of microparticles changed as the
chitosan molecular weight increased. This might contribute to the entrapment of antigens
within the microparticles, as well as adsorption of antigens on surface of the microparticles
[94]. Therefore, these systems are promising mucosal adjuvant-delivery systems tested for
noninvasive delivery of antigen [95, 96].

5.1.2 Oral delivery systems

In recent decades, chitosan-based formulations have been extensively studied for the
delivery of pharmaceutical agents to specific body sites such as oral cavity, stomach, small
intestine, and large intestine. The site-specific drug delivery to the oral cavity can be uti-
lized to treat mouth diseases such as stomatitis, fungal and viral infections, periodontal
disease, and oral cavity cancers, thereby preventing the first-pass effect. Nevertheless,
salivary flow and buccal motion could reduce the mucosal absorption. Consequently,
the dosage form must show good mucoadhesion capability to maintain the device in
its position for many hours and to have an efficient control of drug delivery. It was
reported that drug release is affected by matrix swelling and erosion, whereas matrix
adhesiveness can be modulated by appropriate selection of the polymers or polymer
mixtures, both adhesive and not. Chitosan has excellent mucoadhesive property and a
significant enhancement effect on the penetration of drugs through the buccal mucosa
[97, 98]. The outstanding characteristics of chitosan microspheres support their wide
applicability for systemic as well as for local therapy. For instance, thermosensitive hydro-
gel containing chlorhexidine-loaded chitosan microparticles demonstrated a potent
antibacterial effect of chitosan or as an activator for the antibacterial process [99]. The
use of antibiotic-loaded microspheres have also been proved to treat gastrointestinal dis-
eases such as peptic ulcer [99], intestinal infections, ulcerative colitis, and carcinomas
[100]. On the other hand, it has been reported that chitosan-based formulations can
be superior in improving absorption of therapeutic peptides and proteins as well as induc-
tion of antibodies following mucosal vaccination [101, 102]. For example, an appropriate
selection of chitosan level in coating thickness could reduce drug release and provide
zero-order release in a medium of simulated intestinal fluid. The microcrystalline cellu-
lose core beads loaded with 5-aminosalicylic acid were coated with Aquacoat ECD and
chitosan mixtures to achieve controlled release of drugs in the small and large intestines.
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These beads were reported to be susceptible to the enzymatic action of rat cecal and
colonic bacteria and exhibited high potential for colonic drug delivery [103].

5.1.3 Ocular delivery systems

Over recent years, various ophthalmic carrier systems such as ointment, suspensions,
aqueous gels, and inserts have been studied to prolong the residence time of the dose
instilled to stay on the surface of the eye and improve the ophthalmic bioavailability.
Among these, in situ forming gels have been demonstrated as good candidates to prolong
the precorneal resident time and to improve ocular drug bioavailability. Therefore,
chitosan-based vehicles have ability to increase the retention and biodistribution of top-
ically applied drugs onto the eye [104, 105]. Mucoadhesive chitosan nanoparticles have
been shown to be a good drug delivery system for ocular mucosa. For example,
fluorescence-labeled chitosan nanoparticles were attached to the cornea and the conjunc-
tiva for at least 24 h [106]. Besides, chitosan-based colloidal systems exhibited promising
results as transmucosal drug vehicles, by mediating drug transport to the inner eye and
increasing their accumulation into the corneal epithelia. The use of chitosan-based
colloidal suspensions in vivo showed a significant increase in ocular drug bioavailability.
According to in vivo results, chitosan-based colloidal suspensions exhibited a significant
improvement in ocular bioavailability of drug [107]. Similarly, bioadhesive chitosan
microspheres were studied for ocular delivery, in which a high concentration of acyclovir
was obtained over a prolonged period of time through in vivo studies on rabbits. In addi-
tion to its mucoadhesive features, authors investigated that chitosan is effective in retard-
ing drug release rate [107]. In another study, in vitro and in vivo biocompatibility and
cytotoxicity data show that chitosan microparticles were effective to achieve long-term
drug or protein delivery systems to the outer segment of the retina. Chitosan micropar-
ticles have a high encapsulation efficiency and a sustained release profile as compared with
the polyethylene glycol-polylactic acid (PEG-PLA) microparticles. However, the con-
centration of chitosan microparticles may be critical for assessing the toxic potential of
particles, and the concentration required will depend on the appropriate amount of
the drug (or protein) required to achieve a therapeutic dose and encapsulation
capacity [108].

5.1.4 Topical/transdermal delivery systems

Transdermal drug delivery systems can transport pharmaceutical agents through skin
layers for systemic effects at a controlled rate (can be interrupted if it is necessary), thereby
avoiding the first-pass effect [109, 110]. For example, transdermal chitosan patches con-
taining lidocaine hydrochloride were shown as a drug reservoir which release drug in a
sustained profile at 95% chitosan degree of deacetylation [111]. In another study, chitosan
nanoparticles loaded with warfarin-p-cyclodextrin were successfully prepared via ionic
gelation technique. They were found to be spherical with a narrow size distribution
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and exhibited a high drug entrapment efficiency. Here, chitosan nanoparticles have an
initial burst effect followed by an extended period of slow continuous release. The results
also demonstrated that nanoparticle formulation elevated the warfarin permeation
through excised rat skin in a constant and continuous manner, offering a promising
system for the transdermal delivery [112].

5.1.5 Regenerative systems

In order to regenerate a damaged or missing organ, in vitro seeding and attachment of
human cells on a scaffold, followed by cell culture to form the new organ must to be
performed [113]. Chitosan is known as one of the most highly exploited polymers for
tissue and organ regeneration because of its biodegradability, biocompatibility, antibac-
terial, and wound-healing activities. Additionally, capacity of chitosan (unmodified or as
a derivative) can help prepare efficient scaffolds having desirable features such as porous
structure, gel forming properties, and high affinity to in vivo macromolecules [114]. On
the other hand, chitosan has a structure quite similar to that of glycosaminoglycans which
constitute the main component of the extracellular matrix. Many studies have addressed
this issue by conjugating chitosan-based materials to cell adhesion moieties, thereby aim-
ing to mimic functions of the extracellular matrix. Biodegradability of the scaffold mate-
rial is also important and it is preferable to use the materials that are absorbed or eliminated
from the body without the need for surgical removal. In this regard, the in vitro assay of
the responsiveness of articular chondrocyte-like cells by a multimembrane chitosan
hydrogel demonstrated that a high concentration of cartilage-type matrix proteins were
produced [115]. Chitosan has been widely utilized in bone tissue engineering because of
its ability to elevate cell growth and mineral-rich matrix deposition when used for oste-
oblast culture [116]. In the field of liver tissue engineering, hepatoma HepG2 cells were
seeded onto microfluidic chitosan microfibers without chemical additives to treat acute
and chronic liver disease. The data showed cells forming spheroids aggregates, with high
liver function that was confirmed by urea synthesis and albumin secretion. This strategy
exhibits a potentially appropriate tool for liver tissue engineering applications [117].
Table 2 presents some of the chitosan based non-parenteral delivery systems.

6. Non-parenteral routes for vaccination delivery

Since the introduction of vaccination centuries ago, it has been one of the most beneficial
strategies to control infectious disease. It has effectively eliminated small pox, almost erad-
icated polio, and decreased the incidence of diphtheria, tetanus, and measles. Despite
these advantages, the application of vaccines is controversial, and much of this debate
is related to the use and safety of adjuvants in vaccines, which are necessary to improve
vaccine efficacy. In the past decade, particularly, the application of nanotechnology in



Table 2 Some of the chitosan based non-parenteral delivery systems.
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Administration

Formulation route Advantage Reference
Chitosan nanoparticle/ | Nasal A potential system for the induction of | [118]
DNA complexes both humoral and mucosal immune
responses
Olanzapine loaded Nasal An appropriate treatment of depressant | [119]
chitosan nanoparticles via olfactory nasal pathway to the brain
Chitosan/Calcium- Oral Desired controlled release of insulin for | [120]
Alginate beads a convenient gastrointestinal tract
delivery system
Alginate-coated chitosan | Oral Protection of BSA from degradation in | [121]
microparticles acidic medium in vitro and suitable for
mucosal vaccine
Alginate-chitosan film | Ocular Improved ocular gatifloxacin [122]
sesquihydrate bioavailability and patient
compliance
Montmorillonite/ Ocular Increased retention time and [123]
chitosan nanoparticles bioavailability
Poloxamer/chitosan in | Ocular Sustained release and high drug [124]
situ forming gel permeability as compared to solutions of
the drug
Lidocaine chitosan gels | Topical An increase in both the rate and extent | [125]
and also in permeability of drug
Minoxidil sulfate-loaded | Topical Sustained release and high drug [126]
chitosan microparticles permeability
Macroporous chitosan | Transdermal Improved efficiency of cell adhesion [127]
patch and bioadhesive property
Rivastigmine-loaded Transdermal Increased retention time and skin [128]
chitosan microparticles permeability
Chitosan/ hydroxy Transdermal Good film forming property [129]

propyl methyl cellulose
polymer Blends

vaccinology has been increasing exponentially, leading to the appearance of “nanovac-

cinology” [130]. In both therapeutic and prophylactic immunization approaches, nano-

particles are utilized as a delivery system to improve processing of antigen and/or as an

immunostimulant adjuvant to induce or increase immunity. Therapeutic nanovaccinol-

ogy is commonly used for the treatment of cancer [131-133], and is progressively

explored for the treatment of other diseases or conditions, such as hypertension [134],
Alzheimer disease [135], and addiction to nicotine [136]. On the other hand, prophylac-
tic nanovaccinology has been used for the inhibition of different diseases [137].
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There are two main delivery methods for the administration of vaccine, parenteral via
intramuscular and subcutaneous, and non-parenteral vaccination via oral, intranasal, rec-
tal, and vaginal routes [138]. To date, the common delivery routes for vaccination are
parenteral routes, and there is much less investigation on non-parenteral vaccination
[138]. Nonetheless, non-parenteral routes have beneficial advantages such as simpler nee-
dleless process and better patient compliance. For systemic and local delivery of vaccines,
intranasal administration route is a favorable choice and has been shown to be effective in
different animal models and humans [139]. Even then, its progress has been hindered by
problems related to the necessity of delivery apparatuses such as nebulizers and showed
neurotoxic side effects such as redirection of live-attenuated organisms or toxin-based
adjuvants to the central nervous system upon intranasal immunization [140, 141]. The
most generally used non-parenteral route is oral administration, which is capable of
stimulating mucosal immune response in gastrointestinal tract, but nevertheless has some
drawbacks such as antigen degradation by gastrointestinal enzymes, necessity of high
doses, and effect of first-pass metabolism [142]. Advances in developing vaccines based
on either oral delivery or intranasal have been hindered due to retraction of their live
weakened vaccines as adverse effects were observed [139].

Seth et al. investigated the efficiency of polycaprolactone (PCL), poly(D, L-lactic-co-
glycolic acid) (PLGA), and silica (Si-OH) nanoparticles (nps) to adjuvant recombinant
capsomere presenting antigenic M2e modular peptide from influenza A virus (CapM2e)
in vivo. Formulation of CapM2e with PLGA or Si-OH nps considerably enhanced
the modular capsomeres immunogenicity, even though CapM?2e was not actively
attached to the nanoparticles prior to injection (i.e., formulation was prepared by simple
mixing method). Nevertheless, PCL nps displayed no momentous adjuvant effect by
means of this simple mixing method. The immune response stimulated by CapM2e alone
or combined with nps was antibody-biased with very high titer of antigen specific anti-
body and less than 20 cells per million splenocytes secreting interferon gamma (IFN-y).
Modification in the properties of silica nanoparticle surface via pegylation and amine
functionalization did not cause significant changes in response of immune system [143].

Khademi et al. reviewed the potential of different polymeric nanoparticles as future
vaccine delivery systems/adjuvants for parenteral and non-parenteral (mucosal) immu-
nization routes against tuberculosis (TB). According on their investigation, since the
entrance site of TB is the respiratory mucosa, mucosal vaccination, particularly the nasal
route, could provide good protection against TB [138, 144]. This could be achieved by
the production of neutralizing antibodies like systemic IgG, secretory IgA (sIgA), and
activation of different CD4+ T lymphocyte such as Th17, Th1, Th2, and CD8+ T cells
(CTLs). These cells could strongly induce both systemic and mucosal immune responses
[145, 146]. Th1-, Th17-, and CTL-mediated immunity is necessary for defense of the
host body against intracellular microorganisms that enter via various mucosal surfaces,
whereas CD4+ Th2 cells are effective against extracellular microorganisms [146—148].
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Antibody responses via opsonization of microorganism and accordingly more efficient
processing by dendritic cells (DCs) have synergistic effects on the immune system
[149]. Moreover, the nasal cavity has other advantages such as better epithelial perme-
ability, patient compliance, self-administration, and does not require needles [138,
150]. Their systematic review results shows that for the development of a better new
TB vaccine, more attention to expressed antigens in early and latency phase of M. tuber-
culosis infection is required. On the other hand, co-delivery of TB vaccines with
polymeric nanoparticles could be helpful for improving the weak immunogenicity of
these antigens and decreasing the limitations in the development of novel and more
efficient TB vaccines. Their study showed that variety of polymeric nanoparticles could
be utilized as carriers for mucosal and parenteral administration of TB vaccine candidates.
Among the polymers studied, PLGA and chitosan polymers are the most excellent nano-
particles that display promising results, after administration via subcutaneous and mucosal
routes, respectively [144].

7. Summary, conclusion, and future perspectives

In this chapter, we have provided an overview of non-parenteral delivery of nanomater-
ials. The main focus was on technologies that have utmost pharmaceutical and commer-
cial capabilities. Mucoadhesive systems and chitosan based non-parenteral nano delivery
systems are at the core of attention in this chapter due to their importance in non-
parenteral delivery of nanomedicines. Non-parenteral routes have beneficial advantages
compared to parenteral routes such as simpler needleless process and better patient
compliance. Delivery of drugs or other biomaterial substances to the target cells is one
of the main features of nanotechnology in medicine (nanomedicine). The appropriate
engineering of the nanomaterials enable them to have the ability to enter the diseased
cells directly which not only provides a specific treatment option but also protects the
neighboring healthy cells. The most important non-parenteral route is oral administra-
tion, which is capable of stimulating mucosal immune response in gastrointestinal tract,
but nevertheless has some drawbacks such as antigen degradation by gastrointestinal
enzymes, necessity of high doses, and eftect of first-pass metabolism.

Mucosal tissues play a significant role in developing novel nano-based drug delivery
systems. Mucoadhesive drug delivery systems have shown the ability to improve the bio-
availability of drugs, diminish systemic exposure, and increase the therapeutic index.
A wide range of natural or synthetic materials (polymers) exists for use in pharmaceutical
areas to prepare mucoadhesive systems. However, owing to a lack of the variety in
mucoadhesive systems, nanotechnology platforms have not been investigated properly.
Therefore, mucoadhesive nano-based drug delivery systems have not been introduced in
the market. Such a state exposes the problems faced to conduct clinical trials.

17
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Our review process also shows that chitosan is almost the most important cationic
polymer in nature which currently plays enormous promising role for use in pharmaceu-
tical dosage forms owing to its unique properties. Its substantial features offer suitability
for various pharmaceutical applications such as regenerative medicine for many compo-
nents such as growth factors, proteins/peptides, antibiotics, anti-inflammatory drugs
intended for non-parenteral use (intranasal, oral, topical, ocular, etc.), and for the devel-
opment of drug carriers (drug conjugate, hydrogels, emulsions, micro-/nanoparticles,
etc.). Numerous therapeutic agents, such as anticancer, anti-inflammatory, antibiotics,
antithrombotic, steroids, proteins, amino acids, antidiabetic, and diuretics, have been
loaded in chitosan-based nanosystems. These systems have shown improved dissolution
rate for poorly soluble drugs together with controlled release performance. The hydroxyl
and amino functional groups of chitosan lead to significant consequences and valuable
physicochemical properties that improve the stability, and the mucoadhesively property
which prolong the drug residence time of the drug delivery systems. Despite the vast
number of reports about non-parenteral nano-based delivery systems of chitosan-based
materials, more studies are needed to improve the mechanical properties of the prepared
system. More toxicity tests also should be directed in order to confirm their safety.

There is much less investigation on non-parenteral vaccine delivery. Non-parenteral
routes have helpful benefits for vaccine delivery such as simpler needleless process and
better patient compliance. For non-parenteral delivery of vaccines, intranasal administra-
tion route using nanomaterials has shown a promising option and has been demonstrated
to be effective in different animal models and humans. Even then, its development has
been delayed by issues related to the necessity of delivery apparatuses such as nebulizers
and presented neurotoxic side effects such as redirection of live-attenuated organisms or
toxin-based adjuvants to the central nervous system upon intranasal immunization.

It can be concluded that advances in developing non-parenteral delivery systems for
nanomedicine applications should be continued by investigators from different fields of
biomedicine to achieve more advanced delivery systems. In this state, the future years will
be vital to combine the arena and to report the novel pharmaceutical products with ideal
features that will support the valuable influence of the nanomedicine (nanosystems) for
treating disease.
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1. Therapeutic and theranostic nanomedicines: Introduction

Nanomedicine and its therapeutic potential are new but evolving science field, where
nanoscale materials are employed as a tool for disease diagnosis or targeted drug delivery
in a very precise manner. Targeted delivery of chemotherapeutic, immunotherapeutic,
and biologic agents in treating numerous diseases is an outstanding application of
nanomedicine. Therapeutics based on nanoparticles have great potential to influence
the treatment of various human diseases, but instability and early release from nanopar-
ticles decrease the bioavailability of drugs, which impedes its clinical translation. All
nanoparticles must rely on control at the nano-size scale, which means small variations
may cause significant changes to the nanoformulation [1]. Drug delivery with nanotech-
nology can offer greater control over the biodistribution of therapeutic agents and thus
improve the overall therapeutic index. Researchers are focusing on customized nanopar-
ticles at sizes and shapes complimentary to the biological entities that may act precisely
during the cargo and on the actuation process. When it is optimized, such a method
should greatly reduce the adversities and side effects, particularly that of
chemotherapy, imparting to a patient’s healthy cells. The goal of most nano-based strat-
egies for drug delivery is to enhance the therapeutic effectiveness of the active pharma-
ceutical ingredient (API) and also to reduce the adverse effects [2]. The specificity of
measuring API that was previously considered unimportant has now gained much
importance due to the understanding of specific pharmacokinetic profiles and dose-
limiting toxicity that are critical efficacy determining factors for viable therapies using
nano-based delivery strategies. The past two decades have witnessed the unprecedented
growth of nanomedicines that are translated into clinics as well. As nanomedicines
evolved, techniques to properly evaluate their safety and efficacy are also evolved. Char-
acterization methods for imaging and analysis of nano-based materials are also evolved in
demand of the nanomedicine developers and regulators. Pharmacokinetic characteristics

Theory and Applications of Nonparenteral Nanomedicines © 2021 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-820466-5.00002-8 All rights reserved.

27


https://doi.org/10.1016/B978-0-12-820466-5.00002-8

28

Theory and applications of nonparenteral nanomedicines

Nanomaterials

</Na notheranostics ‘ Nanotherapeutics >

(™

Bioimaging

- .
|
A,
Macrophages
2 . - ;
Magnetic ® . L N\ § /
Magnetic-targeted ey s
chemophotothermal therapy Endothelial cells

Fig. 1 An illustration of theranostic and therapeutic applications of nanomaterials. (Adapted with
permission from Naila Qamar, et al., Nanomedicine: an emerging era of theranostics and therapeutics
for rheumatoid arthritis, Rheumatology 58 (10) 1715—1721. Copyright 2019 © Oxford University Press).

of various nanomedicines with different formulations are determined by particle size,
shape (chemical structure), and surface chemical characteristics [3]. The aim of regulating
particle size in nanomedicines is to increase their retention in target tissues and to remove
them rapidly when distributed to nontarget tissues. Nanomedicines with particle size less
than 10 nm are removed by kidneys whereas those with particle size more than 10 nm are
sometimes elongated and removed by the liver and/or the mononuclear-phagocyte sys-
tem (MPS). The physicochemical properties of nanoparticles assist the binding of cellular,
blood, and protein components that ease their interactions with immune cells eliciting
the immune response [4]. Some developments were also made to synthesize conjugated
nanomedicines like that are attached to physiological membranes (by the fusing immune
cell membranes to polymeric cores) and thus have immense promise to suppress synovial
inflammation, deactivate pro-inflammatory cytokines and provide strong chondro-
protection against inflamed joints (Fig. 1).

1.1 History and advancement of nano-therapeutics

The first synthesis of therapeutic nanoparticles can be traced back to the 1950s when
polyvinyl-pyrrolidone-mescaline conjugate was developed by incorporating a short
peptide spacer between the drug and the polymer [5]. Another early influential event
occurred in the mid-1960s when liposomes were discovered [6]. These discoveries mark
the birth of the field of nano-therapeutics and during the recent past, relative innovations
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of nanocarriers represent most of the highlighted therapeutics and continue to be inves-
tigated extensively. Nanoparticle targeting based on chemical properties of nanoparticles
and surface coatings comprises active and passive targeting |7]. Passive targeting is defined
as nonspecific accumulation in disease tissue (usually cancer tissue). Specific or active tar-
geting is defined as selective transport of nanomedicines containing protein, antibody, or
small molecule only to specific tissues and/or specific cells [8]. This may occur via hom-
ing to overexpressed cell-surface receptors (Fig. 2).

1.2 History and advancement of nanotheranostics

Theranostics, the coupling of therapeutic products with diagnostic agents, can provide
feedback through imaging results or other diagnostic probes about the efficacy of treat-
ment. This may help in optimization and personalization of treatment more efficiently
than the current standard of care [9]. Theranostics usually refers to a combinatory scheme
of diagnostic therapy for individual patients, testing them for possible reactions when
taking a new medication and tailoring their treatment based on personalized test results.
By adding the prefix nano, the term nanotheranostics appears where the role of nano-
materials in treatment delivery is dominant [10]. Nanotheranostic is a unique and uncon-
ventional treatment approach that carries immense potential to influence our health-care
systems. From the last few years, various theranostic systems have been widely used for
imaging, therapy, and development of targeted drug delivery systems toward various dis-
eases and disorders [1, 11]. Besides imaging and therapy, nanotheranostic systems are
being used to monitor pharmacokinetics, distribution of the particles in the tissue, and
accumulation of drug at the target site, etc. However, a lot of factors limit their applica-
tions especially in the usage of such formulations as contrast agents and drugs because of
not capable of entering the brain due to blood-brain barrier (BBB), which pose a major
challenge in the path of development of an efficacious and safe theranostic system [12].
NPs which exhibit low toxicity profile hold great opportunities to be developed as
nanotheranostic systems. A major challenge, in nanotheranostics, for the 21st century,
is to be able to detect disease biomarkers noninvasively at an early stage of disease pro-
gression and its usage as personalized medicine for genetic and phenotypic disorders [13]

(Fig. 3).

2. Designing nanomedicines for nonparental administration

Nanomedicines have evolved into various forms including dendrimers, nanocrystals,
emulsions, liposomes, solid lipid nanoparticles, micelles, and polymeric nanoparticles
since their first launch in the market [14, 15]. The creation of “smart” nanoparticles is
an emerging trend in nanomedicine. To facilitate pharmacokinetic and biodistribution
analysis, and to thereby improve drug targeting to pathological sites, it would be highly
useful if the circulation time and the organ accumulation of nanomedicine formulations
could be visualized noninvasively in real-time [16]. To achieve this goal, many different
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(Adapted with permission from Lammers, et al., Theranostic nanomedicines and image-guided drug
delivery, Acc. Chem. Res. 44 (2011) (10) 1029—1038).

types of nanomedicines have been coloaded both with drugs and imaging agents. By
delivering pharmacologically active agents more effectively and more selectively to
the pathological site (site-specific drug delivery) and/or by guiding them away from
potentially endangered healthy tissues (site-avoidance drug delivery), nanomedicines
aim to improve the balance between the efficacy and the toxicity of systemic (chemo)
therapeutic interventions [17, 18] (Fig. 4).

Due to the wide range use of polymeric biomaterials, a single, ideal polymer or poly-
meric family does not exist. Instead, a library of materials is available to researchers that
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can be synthesized and engineered to best match the specifications of the material’s
desired biomedical function [19]. Since drug release patterns greatly vary from batch
to batch of nanomedicine formulations, and since there are large differences in the release
patterns, for example, liposomes vs polymers versus micelles, it is of the utmost
importance to visualize and analyze drug release, not only under semiartificial in vitro
conditions but also under physiologically relevant in vivo conditions [20, 21]. In vitro,
drug release can generally be analyzed relatively easily, for example, using HPLC, but in
vivo this is much more complicated: after harvesting the target tissue, for instance, the
material generally needs to be homogenized, and the cells need to be lysed, in order
to release the agents from certain intracellular compartments [22]. During these proces-
sing steps, and especially during cell lysis (using detergents), many types of carrier mate-
rials are destabilized, and, for example, in the case of liposomes, it is then impossible to
discriminate between the amount of drug that was still present within liposomes at the
point of harvesting and the amount that was already released into the extra- and intra-
cellular environment |23, 24]. The opsonization of intravenously administered nanopar-
ticles decreases their circulation time, thus affecting the drug delivery efficacy of
nanomedicine at the inflamed site [25]. The disturbed vasculature in the inflamed joints
is also a limiting factor. The most remarkable quality of nanostructures is the engineered
capability to carry substances of choice; they can be functionalized more biocompatible
by appropriate designing procedures [26]. As a result of this freedom, researchers have
been able to develop more targeted, biocompatible, and biodegradable nanomedicines,
which is a step toward providing a sustainable solution to the long-standing ailments. The
novel nanotheranostic and nanotherapeutic strategies being researched not only retain
the potential to specifically target inflammation sites but could also reduce the dose
and administration frequency of drugs to a minimum. Nanoparticles are composed of
inorganic or organic material and are of diameter 1-100nm; they exhibit novel and
unique properties as compared with bulk materials but also exhibit considerable toxicity
because of their high reactivity with chemicals, increased cell permeability, and their large
surface area, and inner pore dimensions [27]. Liposomes are lipid vesicles that are com-
posed of phospholipids, cholesterol, and other lipid conjugated polymers with an inner
aqueous phase. The liposomes can load hydrophilic drugs in the inner aqueous core and
lipophilic drugs in the lipid bilayers. Polymeric NPs can be engineered to load a high
content of drugs and provide controlled drug release for prolonged periods of time. Den-
drimers are globular, nanostructured polymers with a well-defined shape and narrow
polydispersity (3—20 nm). Drugs could be either entrapped in the dendrimer core or con-
jugated to the dendrimer surface functional groups [28]. The drug-loading capacity and
drug-release profile of dendrimers can be controlled by the dendrimer generation, surface
chemistry and conjugation method. Micelles are self-assembled spherical vesicles consist-
ing of hydrophilic corona and a hydrophobic core, which shows the potential to solu-
bilize and stabilize hydrophobic drugs [29] (Fig. 5).
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2.1 Nanomedicines with natural polymers

Biopolymer nanoparticles can be used efficaciously to provide bioactive molecules for in
vivo and in vitro applications. Nano-biopolymers also find applications in the field of
enzyme replacement therapy (ERT). The emergence of stimuli-responsive polymeric
systems and polymer-drug conjugates has greatly influenced the rational design of poly-
mers tailored for specific cargo and engineered to exert distinct biological functions [30,
31]. Indeed, the possibility of using nanotherapeutic agents constituted by biocompatible
and biodegradable polymers to deliver enzymes in those tissues where they are lacking or
absent represents an enormous advantage by overcoming a series of ERT problems [32].
Natural polymeric nanomedicines are proved to be eftective in stabilizing and protecting
biologically active components, including vaccines, DNA, proteins, etc., from various
environmental hazards and degradation. It was demonstrated that natural polymer-based
nanomedicines have enhanced therapeutic efficacy as a result of the prolonged systemic
circulation, targeted drug delivery, and cellular uptake [33, 34]. For example, alginate
NPs proved to be good delivery vehicles for vaccine adjuvants, such that they stabilize
and protect antigens from the immediate biological environment, slow down antigen
clearance, and enhance delivery to antigen-presenting cells, especially dendritic cells
[35] (Fig. 6).

During the recent years, preparation and processing of natural products-based nano-
medicines are considered as the promising scientific arena because they have interesting
characteristics, such as being biodegradable, biocompatible, being renewable with better
drug availability, and also exhibiting very less toxicity compared to conventional phar-
maceutical candidates [36]. The engineering of new polymeric derivatives that are
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capable of drug release by endogenous or exogenous stimuli has been introduced during
the last 10 years and continue to be investigated [37]. These stimuli-responsive mecha-
nisms are based on pH change, ionic strength change, enzyme-substrate interaction,
magnetic stimuli, thermal change, electrical, and ultrasound stimuli. Stimuli induce
changes in the surrounding environment that affect polymer physical and chemical
proprieties [38] (Fig. 7).

Biodegradable polymers (synthetic, semisynthetic, and natural) used for the develop-
ment of NPs possess unique characteristics including nanoscaled structures, high encap-
sulation capacity, biocompatibility, and controlled-/sustained-release profile for
lipophilic/hydrophilic drugs. Despite the tremendous effort that was made to enhance
natural polymeric nanocarrier properties, still some limitations can be observed, mani-
fested by their poor drug-loading capacity, drug expulsion after polymeric transition
during storage, and the tendency for particle-particle aggregation as a result of their large
surface area [39].

2.2 Nanomedicines with synthetic polymers

There are various synthetic biodegradable polymers such as poly(hydroxylbutyrate), poly
anhydride copolymers, poly(orthoester)s, polyphosphazenes, poly(amidoester)s,
poly(cyano acrylate)s, and PLGA. PLGA is a widely used polymer that has been approved
by the US Food and Drug Administration (FDA) for various therapeutic/diagnostic
applications [40]. Principally, drug release from polymeric nanomedicine involves the
movement of a drug molecule from the initial position in the polymeric matrix to the



36

Theory and applications of nonparenteral nanomedicines

polymer’s outer surface and finally into the surrounding environment. It should be noted
that PLGA undergoes hydrolytic degradation in an aqueous environment where ester
linkages along with the polymer backbone are randomly hydrolyzed. Drug release
may occur via one or a combination of the following mechanisms: diftusion, dissolution,
degradation, or swelling [41]. Generally, if drug diffusion across the polymeric matrix is
faster than matrix degradation, then the mechanism of drug release is driven mainly by
diftusion, otherwise, polymer degradation is the limiting step in drug release. Conse-
quently, drug release normally follows first- (via matrix degradation) rather than zero-
order (via diffusion) kinetics [42]. Particle size also strongly influences drug release
through mediating both diffusion and matrix degradation. Drug release from a synthetic
polymeric nano-formulations is also highly influenced by desorption of the surface-
bound/adsorbed drug by diftusion and erosion [43]. Rapid initial or burst release can
be attributed to the fraction of the drug that is adsorbed or weakly bound to the large
surface of the polymeric nanocarriers (NCs), rather than drug molecules incorporated
in the NCs itself (Fig. 8).

Hence, recent efforts to design and develop biodegradable polymeric nanomedicines
have been focused on custom designing and synthesizing polymers with tailored prop-
erties for specific applications by (i) developing novel synthetic polymers with unique
chemistries to increase the diversity of polymer structure, (i) developing biosynthetic
processes to form biomimetic polymer structures, and (iii) adopting combinatorial and
computational approaches in biomaterial design to accelerate the discovery of novel
resorbable polymers [44].

2.3 Nanomedicines with multifunctional adaptations

The morphological and chemical modifications of natural polymers produce semisyn-
thetic polymers that are better suited for processing and production of materials with
potential of mineralization and conversion to biomass. To improve the applicability of
such semisynthetic polymeric forms and its various derivatives (e.g., carboxylated, thio-
lated, and acylated structures) for pharmaceutical/biomedical applications, they have so
far been decorated with various functional groups such as polyelectrolyte/polyionic
complexes [45]. Biodegradable polymeric micelles composed of PEG and polycarbonate
functionalized with disulfide and carboxylic group can be synthesized as pH and redox
dual responsive drug delivery systems [46]. Hydrophilic thermosensitive biodegradable
polymeric nanocarriers, are another example of smart drug delivery systems that are col-
lapsed at the hyperthermic condition of 42 °C which causes greater drug release and may
lead to a synergistic effect of chemotherapy and hyperthermia for treatment of solid
tumors [47]. Furthermore, the biodegradable polymeric carriers have been modified
by tumor-targeting agents such as specific ligands (e.g., folic acid), antibodies and apta-
mers to enhance the nanomedicine translocation into tumor cells [48] (Fig. 9).
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Fig. 9 Schematic illustration of nanomedicines with multifunctional adaptations. (Adapted with
permission from M. Fathi, et al., Int. J. Polym. Mater. Polym. Biomater. 64 (2015) 541—-549).

Taken all these understandings to the consideration, an ideal biodegradable polymeric
drug delivery system for nonparental routs must be tailored in a way that it provides a
number of imperative characteristics such as (a) suitable permeability and drug release
profile based on physicochemical properties (e.g., lipophilicity and hydrophilicity) of
cargo molecules, (b) biodegradability and biocompatibility, (c) tensile strength, and
(d) possibility for surface modification and decoration.

3. Nonparental nanodrug delivery systems: Overview

Theranostic nanomedicines can be used for different purposes. By enabling a noninvasive
assessment of the pharmacokinetics, the biodistribution and the target site localization of
conjugated or entrapped pharmacologically active agents, nanotheranostics allow for the
optimization of drug delivery systems. In addition, by combining information on overall
target site localization with noninvasive imaging insights on the local distribution of the
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drug and/or the carrier material at the target site, nanotheranostics can also be used for
predicting treatment responses [49] Furthermore, by noninvasively imaging drug release
in vivo, some of the basic properties of drug delivery systems can be visualized and ana-
lyzed, and attempts can be made to correlate the in vitro characteristics of carrier materials
with their in vivo capabilities. Related to this, by using contrast agents to monitor the
release of pharmacologically active agents from stimuli-sensitive nanomedicines, the effi-
cacy of triggerable drug delivery systems can be optimized, as exemplified by several stud-
ies on thermosensitive liposomes. And finally, by providing real-time feedback on the
efficacy of targeted therapeutic interventions, theranostic nanomedicines can also be used
to facilitate (pre) clinical efficacy analysis, to prescreen patients, and to realize the poten-
tial of personalized medicine [50]. During phase I and phase II clinical trials, nanomedi-
cine formulations could be labeled with radioactive compounds, in order to obtain some
initial noninvasive information with regard to target site accumulation. On the basis of
this, rational predictions could then be made with regard to the potential effectiveness of
nanomedicine-based therapeutic interventions.

3.1 Oral nanodrug delivery systems

The site-specific delivery of the drug to the oral cavity can be used to treat a number of
diseases of the mouth, such as stomatitis, periodontal disease, fungal and viral infections,
and oral cavity cancers, thereby avoiding the first pass metabolism eftect [51] (Table 1).

3.2 Colorectal nanodrug delivery systems

Colorectal-specific drug delivery systems are gaining importance for use in the treatment
of chronic diseases, such as irritable bowel syndrome, inflammatory bowel disease, ulcer-
ative colitis, and also for the systemic delivery of protein and peptide drugs. In the frame
of colorectal cancer therapy, the most employed approach is the use of intravenously
administered nanovectors in order to improve the pharmacokinetic behavior of other-
wise problematic drugs [52]. The same concepts of pharmacokinetic improvement
can also be applied to diagnostic nanovectors, in order to deliver a higher amount of
labeling molecules to the site of colorectal cancers (CRCs), avoiding their toxic effects
and improving their sensitivity. Despite the remarkable progresses in the development of
more complex and efficient nanovectors, in the large majority of studies, the biological
testing of nanoparticles still relies on 2D cell cultures and ectopic murine models of CR C.
These preclinical models are well known and validated, but they give only limited insight
into the potential clinical efficacy of the formulations in the study [53]. The 2D cell cul-
tures are characterized by a simple and unrealistic environment in which cancer cell lines
are forced to grow only on a surface. This condition can alter the cells gene expression
and polarization, inducing a phenotype different from the one found in the actual CRC
tissue. Use of these tissue-like environments and drug-loaded nanovectors provides
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Table 1 Examples of commercially available nano-therapeutic products for oral administration.

Brand name
Nanotechnology Drug (manufacturer
approach Drug Major indication Form info)
Nanocrystals Sirolimus Graft rejection Tablet Rapamune
(Pfizer Ireland
Dublin
Kidney
transplantation
Fenofibrate Hypercholesterolemia | Tablet Tricor/
Lipanthyl/Lipidil
(Recipharm,
Fontaine, FR)
Aprepitant Postoperative nausea Capsule Emend (Merck
Sharp and
and vomiting, Cancer Dohme Bv,
Haarlem, NL)
Nanoemulsions Cyclosporine | Prophylaxis of organ Capsules | Neoral (Novartis
rejection following AG, Basel, CH)
organ transplant
Ritonavir HIV infections Capsules | Norvir (Aesica
Queenborough
Led., UK)
Polymeric drugs Sevelamer Hyperphosphatemia Tablet Renagel
(Genzyme Ltd.,
Oxford
Renal dialysis UK)/Renvela
(Genzyme
Ireland)

Adapted with modifications from Hafner, et al., Int. J. Nanomedicine 9 (2014) 1005-1023.

unprecedented opportunities to study and exploit intercellular communication to
achieve more specific targeting and even drug-free therapeutic actions (Fig. 10).

3.3 Nasal nanodrug delivery systems

Owing to nasal obstacles such as low membrane permeability, a short local residence
time, and high turnover rate of secretion in nasal cavities, the bioavailability of nasally
administered drugs is often comparatively poor [54|. The nasal drug delivery systems
are promising adjuvant/delivery systems for nonparenteral delivery of antigens as well
as for other immune-specific molecules. Moreover, the nasal administration of vaccines
can induce specific IgA antibody responses at distant mucosal sites, including the upper
and lower airway mucosa and the small and large intestines, as well as the nasopharynx,
salivary glands, genital tract, and tonsils, because of the dissemination of antigen-specific
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Fig. 10 Advanced nanotheranostic tools and strategies for endoscopic device development for the
treatment of colorectal cancers. (Adapted with permissions from R. Rampado, et al., J. Oncol. (2019)
740923. Copyright © Hindawi).

lymphocytes in the common mucosal immune system [55]. The olfactory region is
located at the top part of the nasal cavity under the cribriform plate in close proximity
to the olfactory bulb, interlocking the nose with the brain. This region consists of three
types of cells, namely the basal epithelial cells, sustentacular cells, and the olfactory neu-
rons with their cilia extending toward the nasal cavity. After administration of the drug
into the nasal cavity, the drug transport may occur through the olfactory epithelium,
either (i) by axonal transport after internalization into the neurons, (i) by paracellular
transport across the spaces between cells and, notably across the channels next to the
olfactory nerves, or (iii) by transcellular transport across the basal epithelial cells (Fig. 11).

3.4 Pulmonary nanodrug delivery system

Due to the complexity of respiratory disorders and lung morphology, it should be kept in
mind that disease severity, age of the patient, breathing pattern, and device design, and
structure decide the actual outcome of aerosol use and the final success of pulmonary
therapy [56]. At the onset of the recent COVID-19 pandemic, enormous interest has
been generated in the development of nonparenteral nanomedicine especially for treating
Pulmonary Fibrosis. There was a recent development made in the formulation of a novel
nanocarrier consisting of Lipoid S100 and chitosan or glycol-chitosan for the systemic
delivery of low molecular weight heparin upon pulmonary administration. These nano-
systems, formed by ionic gelation technique, provided both sufficient entrapment effi-
ciency and mucoadhesive properties. Aerosolization of these formulations indicated
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Fig. 12 Benefits and challenges of nanomedicines for pulmonary drug delivery. (Adapted with
permission from Mehta, et al., New J. Chem. 43 (2019) 8396. Copyright © 2019 Royal Society of Chemistry).

that heparin could be delivered to the lung. Overall, these nanocarriers might have a use
potential for systemic delivery of low molecular weight heparin as compared to the free
drug with a therapeutic potential effect for the treatment of pulmonary embolism and
other thrombo-embolic disorders [57]. Generally, the successtul delivery of any active
compound to the lungs by aerosol depends on four mutually dependent features: the for-
mulation, the aerosol device design, the metering system and, finally, the patient’s under-
standing/responsiveness (Fig. 12).

3.5 Transdermal nanodrug delivery systems

Transdermal drug delivery system refers to a route of drug delivery through the skin to
achieve local or systemic therapeutic action. It is one of the focus areas of research for the
third-generation pharmaceutical preparations, next only to oral medication and injection
[58]. The reasons lie in the administration route of the drug, which is convenient, easy to
use, noninvasive, and also improves patient compliance. It also reduces the fluctuation of
the drug concentration in the blood, provides steady plasma levels and fewer chances of
overdose and easy detection of the drug. At the same time, it evades the gastrointestinal
environment, such as pH, enzymatic activity, and the interference of drug and food inter-
action on the drug efficacy and the “first pass effect” (where active drug molecules can be
converted to inactive molecules or even to molecules responsible for side effects) by the
liver [59]. Although TDDS has many advantages, the use of drugs in TDDS is currently
limited. As mentioned above, the most resistance during the percutaneous permeation of
the drugs comes from the SC of the skin. When many drugs are delivered through the
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skin, adequate permeability rate is difficult to achieve as per therapeutic requirements. To
overcome these difficulties, nanotechnology may be a good choice. Nanotechnology
refers to the technology of using a single atom or molecule to produce or process mac-
romolecular matter into a material with a particle size of 1-100 nm. One of the important
areas of nanotechnology is nano-formulations [60]. Given their small particle size, nano-
formulations have a better effect on drug retention, specificity and targeting, which
makes an ideal TDDS. They have many advantages, such as being painless, minimal skin
injury (does not change the general structure of SC of the skin and does not destroy the
skin barrier function), and promotes permeation of macromolecular drugs, which has
become a very popular field of research on TDDS. Nano-formulations can be divided
into vesicles including liposomes, transfersomes, ethosomes, niosomes, invasomes, and
nanoparticles including lipid nanoparticles, polymeric nanoparticles, and nano-emulsions
[61]. As for active transdermal administration, microneedles are not involved, instead,
ultrasonic, electroporation, hot perforation, and comprehensive application of other
methods enhancing penetration are used.

3.6 Ocular nanodrug delivery systems

Anterior eye diseases are generally treated by eyedrops, but the rapid tear film turnover
(15-30s) will quickly dilute the eyedrops and drain the drugs through the nasolacrimal
duct, and the remained drugs will have to penetrate the cornea to reach the anterior
chamber [62]. Various ophthalmic vehicles, such as inserts, ointment, suspensions, and
aqueous gels, have been developed in order to lengthen the resident time of instilled dose
and enhance the ophthalmic bioavailability and for improving the retention and biodis-
tribution of drugs applied topically onto the eye. The poor corneal penetration and reten-
tion of drugs, resulting in limited ocular bioavailability, require repeated instillations to
achieve therapeutic drug concentrations in the eye. Topical eye drops are still the
preferred dosage form because of convenience and good patient acceptance. The drug
clearance typically occurs within 15-30s owing to the tear film turnover, resulting in
the intraocular bioavailability of topically applied [63]. One of the most investigated
recent pharmaceutical forms is the in situ gels, which have been developed to prolong
the precorneal resident time of the drug and to improve ocular bioavailability. The main
challenge for retinal disease treatment is the ineffective drug delivery to the posterior seg-
ment. Owing to the nonspecific absorption and blood-retinal barrier, the systemic route
delivers drugs to the eye at low rates with a high risk of systemic toxicity to other tissues.
Many other factors also need to be addressed in detail, including the polymer purity; NP
manufacturing technology, solvent residue, and potential local acidic environment dur-
ing polymer degradation, material buildup in the eye after repeated dosing, foreign-body
reactions, and the potential snow globe effects in the vitreous to disturb the visual axis.
Success in the translation of nanomedicine would require a careful risk: benefit analysis,
which is often skewed toward risk when it comes to novel therapeutics.
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3.7 Regenerative nanomedicine systems

Nanotechnology applications to regenerative medicine have all the potential to revolu-
tionize tissue regeneration and repair. However, the development of ideal nanomaterials
capable of sending signals to the diseased or damaged cells and tissues to trigger the regen-
eration process still remains a challenge. In order to regenerate some loss or damaged
tissue and organ, in vitro seeding and attachment of human cells onto a scaffold, followed
by the culturing of the cells to form the new organ or tissue must be performed to avoid
some transplantation of them. Scaffold design is a niche in regenerative medicine that
involves creating a foundation for cell adherence that directs proliferation in an appro-
priate configuration and differentiation scheme. Nanoscale fibers have shown consider-
able success in the reparation and regeneration of soft tissues through tissue scaftfolding in
the skin, blood vessels, nerves, tendons, and cartilage applications [64]. Common design
criteria include biocompatibility, porosity for cell growth and nutrient and waste flow,
natural extracellular matrix (ECM) architecture, biodegradability at a rate consistent with
new tissue growth, and mechanical support. One of the major applications in this field is
the use of nanostructures having native tissue-mimicking ability, which has resulted in
the development of long-lasting and better-performing scaffolds. Extensive research is
being conducted on the use of scaffolds seeded with stem cells to generate bone and car-
tilage. However, the success of this technique is limited by the availability of stem cells
and their efficiency in regeneration. The enhancement of axonal growth using nanofiber
conduits for the treatment of neuronal injuries is also being explored [65]. Efforts are
presently directed toward the development of nanofibers, which help provide properties
similar to those of natural cardiac tissue. The clinical use of growth factors in wound heal-
ing has generated considerable research interest in recent years. Biodegradable scaffolds
integrated with multiple growth factors appear to be the most promising therapeutic
option for skin tissue regeneration. Progress made in molecular and stem cell biology,
material sciences, and tissue engineering has enabled researchers to develop cutting-edge
technology, which has led to the creation of nonmodular tissue constructs such as skin,
bladders, vessels, and upper airways. In all cases, autologous cells were seeded on either
artificial or natural supporting scaffolds. However, such constructs were implanted with-
out reconstruction of the vascular supply, and the nutrients and oxygen were supplied by
diffusion from adjacent tissues (Fig. 13).

4. Toxicity and safety concerns of nanomedicines

Regardless of various advantages, there are also some limitations associated with the usage
of nanomedicine, particularly the possibility of generating toxicity at the cellular level. In
this context, it is important to identify the properties to understand the mechanisms by
which nanomedicines interact with living systems and to understand exposure, hazards,
and their possible risks [66]. The toxicity of nanoparticles is currently a major issue in
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Fig. 13 Commonly used Nanotechnology approaches for regenerative medicine. (Adapted from
Chaudhury, et al., Int. J. Nanomedicine 9 (2014) 4153—4167).

biomedical applicability since it is a multiparameter problem comprising of materials and
morphological parameters such as composition, degradation, oxidation, size, shape, sur-
face area, and structure. Nanomaterials are capable of disrupting the balance of the redox
systems and, consequently, lead to the production of reactive species of oxygen (ROS).
R OS comprise hydroxyl radicals, superoxide anion, and hydrogen peroxide. Under nor-
mal conditions, the cells produce these reactive species as a result of the metabolism [67].
When compared to micron-sized particles, nano-sized particles can be generally more
toxic because they have a larger surface area (hence, more reactive), for a given mass,
to interact with cell membranes and deliver toxicity. They are also retained for longer
periods in the body (more circulation or larger clearance time) and, in principle, can
be delivered deeper into the tissue due to their size. Hence, for understanding their phar-
macokinetics it is important to define the critical parameters such as physicochemical
properties, including size, size distribution, composition, surface characteristics, purity,
and stability because they can directly affect in vivo activity of the nanomedicine. Nano-
materials must be evaluated for their toxic effects to assess their safety, along with the
therapeutic agent itself. Examining how the nanomedicine and its components interact
with blood and immune cells in vitro can help prevent serious and potentially lethal reac-
tions during clinical evaluation. The immune response can directly rely on the adsorption
pattern of body proteins. For example, during inflammation, certain matrix-degrading
enzymes released by endothelial cells are adsorbed and migrate through the basal mem-
brane and lead to angiogenesis; circulating nanomedicine targets this disturbed vascula-
ture to eradicate the angiogenesis or stop its further spread across the endothelium to
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access the joint cavity and other sites of inflammation. An assessment of the in vivo pro-
tein profile is therefore crucial to address these interactions and to establish biocompat-
ibility. The clearance of nanoparticles is also size and surface-dependent. Small
nanoparticles, below 20-30nm, are rapidly cleared by renal excretion, while 200nm
or larger particles are more efficiently taken up by mononuclear phagocytic system
(reticulo-endothelial system) located in the liver, spleen, and bone marrow.

4.1 Immunotoxicity of nanomedicines

Activation of the immune system is the most observed immune response in animal
models, following the administration of nanomedicines. It is completely independent
of the category of the nanomedicines. Moreover, excessive immune stimulation can
result in autoimmune disorders and alternatively cause inflammation in tissues, resulting
in long-term damage [68]. Nanoparticles can be taken up by immune cells, including
monocytes, macrophages, platelets, dendritic cells in the bloodstream as well as within
tissues such as Kupfter cells of the liver, dendritic cells in the lymph nodes and macro-
phages, and B cells in the spleen. Since the introduction of nanomedicines to the clinic,
there have been several cases of acute immune responses to the NMP product in the form
of hypersensitivity reactions, this is often due to the structural similarity of NM to viral
antigens, which can trigger nonspecific humoral immunity and cause the complement
system to produce an immediate eliminatory response. Endotoxin is a major contaminant
in early nanomedicine formulations. If endotoxin levels are above certain thresholds,
many immunotoxicity assays could give false-positive readings. Taking precautions early
in the development process to reduce endotoxin contamination will allow for a more
accurate assessment of the toxicity profile of the nanomedicine and its components.
However, some nanomaterials can interfere with commonly used assays that assess con-
taminants and they may exaggerate the inflammatory properties of endotoxin. Control-
ling bacterial and endotoxin contamination is highly recommended before conducting
toxicity or immunology assays (Table 2).

4.2 Challenges in the safety assessment

In spite of efforts to harmonize the procedures for safety evaluation, nanoscale materials
are still mostly treated as conventional chemicals, thus lacking clear specific guidelines for
establishing regulations and appropriate standard protocols. All nanoparticles rely on con-
trol at the nanoscale, meaning small variations may cause significant changes to the nano-
formulation. However, not all techniques are sensitive enough to detect small changes in
physicochemical properties, so orthogonal techniques are recommended for a more thor-
ough evaluation. Despite the importance of surface evaluation, it remains one of the most
challenging physicochemical tests. There are only a few widely applicable assays for sur-
face characterization. Most assays must be individually tailored for the specific surface
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Table 2 Major toxicity mechanisms identified during nanomedicine administration.

Types of
toxicity Trigger for toxicity Consequences
Oxidative Nanoparticle (reactive surface, ROS toxicity; damage of other
stress dissolution of toxic ions); LMP; organelles; induce inflammation and
mitochondria dysfunctions; geonotoxicity; apoptosis
activation of immune cells
Inflammation Activation of TLRs and NLRs; NLRP3 inflammasome activation;
uptake by immune cells; release of release of cytokines
alarmins
Genotoxicity Nanoparticle interruption; ROS Chromosomal fragmentation, DNA
accumulation; Dissolution of toxic strand breakages, point mutations,
ions; inflammation oxidative DNA adducts and
alterations in gene expression profiles
Lysosome Proton sponges hypothesis; ROS NLRP3 inflammasome activation;
dysfunction toxicity; Increase of lysosomal pH; release of ROS, ions and hydrolytic
(LMP) Disruption of lysosomal trafficking enzymes; induce other organelles
dysfunction; apoptosis
Mitochondria Mitochondria outer membrane NLRP3 inflammasome activation;
dysfunction depolarization; release of ROS autophagy induction; apoptosis
ER stress Unfolded protein accumulation of Activation of ER stress signaling
ER pathway and autophagy to balance
homeostasis; apoptosis
Autophagy Blockage of autophagy reflex caused | Apoptotic and autophagic cell death
dysfunction by particle overloading; excessive
autophagy induction

Adapted with modifications from Wang, et al., J. Mater. Chem. B 3 (2015) 7153-7172.

ligand-nanoparticle combination being evaluated. Among the most important limitations
that can negatively impact the use of natural polymers as nanocarriers are their antigenic-
ity and nonuniformity of properties from batch to batch. Variability in the composition is
also accompanied by variability in trace impurities, cross-linking density, enzymatic deg-
radation rate as compared with hydrolytic degradation [69]. The risk of viral infection in
collagen and gelatin-based materials due to contamination with bovine spongiform
encephalopathy is another drawback. Some of the advanced characterization techniques
like reverse-phase high-performance liquid chromatography (RP-HPLC) and thermo-
gravimetric analysis (TGA) can be used to quantitatively measure various surface coatings
on a variety of nanoplatforms. Imaging by immunoelectron microscopy can also serve as a
qualitative method to illustrate nanoparticle surfaces with the help of appropriate
antibodies. Certain biological surface moieties have additional complexities that need
to be elucidated through specific structural evaluations. For example, the specificity of
targeting ligands can be assessed using immune-specific precipitation or titration assays
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like ELISA, EIA, etc. Therefore, a combination of different surface characterization tech-
niques along with biological assays may be required for molecularly targeted
nanomedicines.

4.3 Strategies for engineering nontoxic nanomedicines

Combinatorial delivery of multiple therapeutic agents, not limited to chemotherapeutic
agents, could potentially provide a strategy to combat drug resistance exhibited in many
aggressive pathological cases. In addition to passively and actively targeted nanoparticles,
targeting the intended disease site can also be achieved with stimuli-responsive drug
delivery nanoparticles. New approaches have arisen from the pharmaceutical innovation
and the concern about the quality and safety of new medicines by regulatory agencies.
Quality-by-design (QbD), supported by process analytical technologies (PAT) is one of
the pharmaceutical development approaches that were recognized for the systematic
evaluation and control of nanomedicines. Responsive nanoparticles can be designed
to deliver their cargo in reaction to some intrinsic or external stimulus. The payload
can thus be released to the site of action upon the specific detection of stimulus and nano-
particles can thus undergo transition trafficking to the therapeutic site. Intrinsic stimuli
can either be one or combinations of parameters like the pH, enzyme concentration, or
temperature of the disease microenvironment [69]. Extrinsic stimuli consist of certain
magnetic or electrical fields, ultrasound, or radiation. The goal of this dynamic design
of particles is for improving drug accumulation at the site of action; however, assessing
drug kinetics in this type of system requires additional understanding of the particle’s
mechanism of physical transition, the level of stimulation required, and drug release pro-
files before and after stimulation. Also, externally stimulated nanoparticles have the added
complexity of potentially being a drug-device combination, which requires additional
know-how and may complicate translation and adoption by physicians. In general, nano-
medicines are designed to increase the half-life of the drug, enabling delivery of the active
pharmaceutical ingredient (API) to its intended site of action. If the drug releases too
quickly, it can produce off-target toxicities. On the other hand, if the formulation is
too stable, the API will not be delivered in appropriate concentrations making it thera-
peutically ineffective. Drug release is, therefore, an important measure of nanoparticle
stability. However, determining drug release in vivo is challenging because drug binding
can equilibrate between the nanoparticle and abundant proteins in the blood.

5. Conclusion and future perspectives

Incorporation of nanomaterials for nonparenteral drug delivery application is an inter-
disciplinary research subject involving aspects of biology, medical science, material
science, and nano-biotechnology innovations. The key focus of the subject is to
achieve and reproduce multicomponent fabrication and designing that control and
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measure property response at the nano-size scale efficacy. Biologists and Physicians
should focus on ways to introduce multifunctionality without sparing enhanced per-
formance and to increase biocompatibility and sustain enhanced multifunctionality in
vivo. The first challenge stems from nanoparticle design and targeting with special
emphasis to fine-tune the surface morphology, particle size, and surface charge deter-
mine pharmacokinetics, toxicity, and biodistribution. The efficiency of site-specific
delivery depends on the profile of cargo-loaded MNPs, field strength, depth of target
tissue, rate of blood flow, and vascular supply. Application-driven functionalization is
a key ingredient for their successful multifunctional implementation in modern ther-
anostics. Importantly, physicochemical properties of the nanoformulation need to be
linked to their performance characteristics such as pharmacokinetics, biodistribution,
efficacy, and toxicity profiles. Because of the demanding characterization needs, a clear
advantage of the nanomedicine over existing formulations should be established early
on in the development stage, along with a feasible manufacturing strategy to prevent
expensive failures later on. Successful translation of research from academia to produc-
tion lines has been identified as one of the major challenges in nanotherapeutic devel-
opment. Strategies to foster and initiate this translation have yet to be developed to
help European research institutions and industries remain competitive in global mar-
kets. A quick and successful translation of emerging nanotherapeutics is expected to
adapt the established quality-by-design approach. The quality-by-design approach,
in the field of nanotherapeutic development, promotes the idea that control over
the quality, efficacy, and safety should be incorporated into the formulation develop-
ment. This approach includes clear definitions of the desired performance (i.e., the
expected specifications of the target formulation), nanoparticle design (i.e., the nano-
particle attributes providing efficacy and safety), manufacturing design (i.e., establish-
ing the process parameters ensuring reproducibility of nanoparticle properties), and
therapy design (i.e., the treatment modalities providing efficacy and safety of the ther-
apeutic application). A process of developing an optimal formulation is influenced by a
complicated matrix of interlinked or independent input and output parameters, which
include critical process parameters, critical product quality attributes, and clinical
properties such as safety and efficacy. For instance, in order to induce hyperthermia,
a major objective is to control the heat distribution using multiple trajectories and also
to enhance the formation of aggregates selectively on malignant cells. For magnetic
resonance imaging, steps should be made for enhanced cellular internalization, slower
clearance from tumor site and size-dependent tissue distribution. In the case of cell
imaging and tracking, triggering should be improved to promote cell membrane
receptor recognition, long-term in vivo monitoring, uptake initiation, and/or
enhancement. Hence, multidisciplinary expertise and testing are essential to grasp a
complete understanding of the design features that contribute to a safer and more
effective therapy.
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1. Introduction

In the past few decades, the demand for better health-care solutions has boosted phar-
maceutical companies to increasingly invest in R&D activities. Nanomedicines have
been highlighted as one of the key enabling technologies, addressing both scientific
and commercial interests [1, 2].

Due to their refined mechanical, chemical, metabolic, pharmacological, and immu-
nological characteristics, nanoparticles are able to increase the therapeutic index of active
substances through several mechanisms, including: (i) enhancement of delivery of mol-
ecules with poor physicochemical profile (e.g., low solubility and/or permeability);
(i) drug targeting; (iii) reduction of toxicological effects, by mitigating bioaccumulation
processes; and (iv) establishment of triggered drug release, among others [3—6].

Nanomedicines biorelevant technological features make them a promising and
strategic technology able to retain competitiveness and capitalize new markets [4, 7].
One of the most widespread clinical applications of nanotechnology concerns oncology
area [8]. The encapsulation of a drug within a nanoparticle enables to modify its phar-
macokinetic and pharmacodynamic properties, thereby enhancing the treatment efficacy
and/or safety [8]. However, there is a need to define specific regulatory requirements in
what concerns nanomedicine development, approval, and commercialization [4].

In the EMA reflection paper on nanotechnology-based medicinal products for
human use, nanomedicines are defined as: “The application of nanotechnology in view
of making a medical diagnosis or treating or preventing diseases. It exploits the improved
and often novel physical, chemical and biological properties of materials at nanometer
scale” [9].

Nevertheless, the ability of these nanosystems to alter pharmacokinetics (absorption,
distribution, metabolism, and excretion) represents a source of significant scientific,
toxicological, technological, and consequently, regulatory challenges [9].

Theory and Applications of Nonparenteral Nanomedicines © 2021 Elsevier Inc.
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In fact, the regulatory agencies often suggest that nanomedicines should be regulated
as “combination products,” since it is not straightforward to establish a boundary that
distinguishes them, from a “common” pharmaceutical, a medical device, or even a
biological agent [7, 9]. Moreover, significant challenges regarding the evaluation of
the quality, safety, and efficacy are also entailed during the development of nanomedi-
cines. These are some of the underlying factors which explain that despite the consider-
able interest gathered by these technologies, the translation of nanomedicines to the
market still continues to witness numerous hindrances [5, 10].

1.1 Academic gap

As of April 2019, PubMed returns 23,238 results to the search term nanomedicine, which
reflects the academic interest on this subject. However, these numbers are significantly
reduced when searching patents (2352) and clinical trials (353).

The identification of new therapeutic targets and the development of new drugs
frequently relies on the literature, therefore, in our perspective, the reduced “bench
to market” translation of nanomedicines can be ascribed to the early phases of technology
conception, which are inextricably linked to academia [1, 11, 12].

Even though there are a plethora of highly promising proof-of-concept studies
addressing nanoparticles, the evaluation of academics is essentially made through the
number of publications, and not on successful technology transfer [10, 11]. As such, there
is still insufficient concern being given to the industrial requirements of R&D activities,
since the main emphasis is on innovation [11]. Often, the existence of robust character-
ization methods, the establishment of batch-to-batch reproducibility, or integrative
understanding of particle biology interactions are not regularly addressed in a significant
number of research papers [12—14]. The absence of such data explains the failure of a large
proportion of nanomedicine findings, in what regards formulation reproducibility [12].
Moreover, when designing nanomedicines which require complex and/or laborious
production procedures, scale-up problems are commonly not equated [3, 15], along with
the toxicological profile of each component and respective metabolites [16].

Close collaboration between academia, industry, governmental institutions, and the
regulatory agencies is thus essential to enable a successful transfer of methodological
know-how during nanomedicines development [10]. Gladly, several initiatives have
been addressing some of the abovementioned “scientific gaps.” One interesting example
concerns the overgrowing number of scientific publications on safe-by-design
approaches to nanomedicines. These especially highlight nanoparticle toxicology and
side effects, and have been a direct result of significant public research funding [10].

1.2 Toxicological restraints

Another important segment that conditions the approval of nanomedicines is biocom-
patibility, in other words “the ability of a material to perform with an appropriate
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response in a specific application” [2]. In order to promote a proper safety evaluation of
nanomaterials, it is imperative to have a sound knowledge on the system physicochemical
characteristics [10]. Besides the properties inherent to the active substance, some of the
most critical features behind toxicity and biodistribution are polydispersity, size, surface
chemistry, and surface charge density [17]. It is essential to understand the influence of
such properties on pharmacokinetics and pharmacodynamics, bioaccumulation, excre-
tion, and toxicology mechanisms [7, 10]. It must also keep in mind that one of the gold
standards behind nanotechnology applied to drug products concerns the enhanced
permeability and retention (EPR) effect [12]. This effect, especially promising with
anticancer drugs, reflects the ability of nanoparticles to accumulate in highly vascularized
organs, such as the spleen or liver. Nevertheless, these occurrences (beneficial in some
pathological scenarios) should be carefully monitored, since they can also be regarded
as a limitation of nanosystems due to prolonged plasma half-life and higher area under
the curve (AUC) levels [12]. For instance, when developing a topical nanomedicine,
its “biopersistent” characteristics should be equated, since the penetration of nondegrad-
able nanoparticles may compromise viable epidermis, and/or lead to accumulation in
secondary organs following distribution [18]. In this context, nanomedicine-specific
issues should be considered while developing a toxicological program [3]. For this,
drug-nanosystem release rate and concentration on the action site, as well as off-sites,
must be presented and compared with those including the free drug [3]. First, the eval-
uation of nanotoxicology is performed by in vitro studies, such as cytotoxicity assays.
These provide some information regarding interaction mechanisms between the nano-
material and the body. However, besides being rapid and cost effective, they fail to repro-
duce human body compensation mechanisms when exposed to toxics (biotransformation
reactions) [2].

Current guidelines indicate that the same regulatory pathways and scientific consid-
erations of conventional drug candidates are also applicable to nanomedicines. This calls
for the use of toxicological testing in predictive rodents and nonrodent species [8, 19]. In
vivo models do complement in vitro results, nevertheless, they present limitations as well
[12]. During preclinical development of anticancer nanomedicines, the use of immuno-
compromised mice models, previously injected with cancer lines, is often performed.
Nevertheless, when data are to be presented, not very often the immune status of the
mice is taken into consideration, even though it could potentially play a role on tumor
rate grow, biodistribution, clearance, and accumulation [12]. These “traditional” toxi-
cological tests are time consuming, expensive, and more importantly the final results
are not enough to establish a reliable comparison to what happens within the human
body, thus hindering nanomedicines translation [2]. New assays that enable a more pre-
cise evaluation of nanomedicines are thus needed [3, 8, 12]. A useful approach is the in
silico nanotechnology method, where toxicology is predicted based on a combination of
computational and biostatistical methods [2]. Moreover, toxicogenomics can also pro-
vide significant insight on gene expression associated to nanomedicines intake [2].
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The nanotoxicological classification system is also a valuable tool when designing a
nanospecific toxicology program. This system enables grouping and targeting testing
of nanomaterials, based on respective size and biodegradability, therefore, ensuring a pre-
dictive risk assessment [20-22]. For more details, the readers are suggested to go through
an article written by Soares et al. [2].

1.3 Scale-up hurdles

As previously mentioned, there are a sheer number of parameters that exert a significant
impact on nanosystems bioactivity (e.g., size, distribution, morphology, charge, purity,
drug encapsulation efficiency, coating efficiency, and density of conjugated ligand/s) |3,
7, 23]. Therefore, it is crucial that these characteristics remain reproducible when pro-
duced at a larger scale. In this context, nanomedicines which do not require numerous
manufacturing steps, such as lipid nanoparticles, can overcome some of the scalability
complexities thus becoming more attractive from an industrial perspective [2, 3, 24].
Nevertheless, nanomedicines manufacturing frequently includes multiple steps, such as
homogenization, sonication, milling, emulsification, and even for specific nanosystems,
addition of organic solvents, proceeded by their evaporation [2]. Moreover, if the nano-
medicine to be developed presents a complex structure (e.g., surface coatings and/or
ligands, more than one drug encapsulated), batch-to-batch uniformity may be difficult
to attain, thus compromising quality assurance and quality control, besides increasing
production costs [3].

Under nonstandard manufacturing conditions, several factors may undermine the
quality and safety of the final product: (i) incomplete purification of contaminants;
(i1) insufficient batch-to-batch reproducibility, consistency, and storage, which may lead
to diminished therapeutic efficacy; and also (iii) chemical instability of the encapsulated
drug (3, 5, 6, 25].

1.4 Regulatory initiatives

As demonstrated in the previous sections, there are scientific, toxicological, and scale-up
hurdles, which are conditioning the translation of nanomedicines to the market. How-
ever, in the past decade, the field of nanomedicine has matured considerably with several
products in clinical trials, as well as some already commercially available [26].

Even though the lack of clear regulatory and safety requirements has affected nano-
medicines development, nowadays, regulatory authorities have been directing efforts to
overcome this situation [4, 26, 27].

Fig. 1 presents a schematic illustration of the main hurdles regarding nanomedicines
translation.

A frequently mentioned regulatory-driven initiative concerns the nanotechnology
characterization laboratory (NCL). This program aims to speed the development of
nanomedicines for cancer patients, through the performance of extensive preclinical
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Fig. 1 Hurdles to clinical translation of nanomedicines.

characterization of nanomaterials [11]. NCL has developed a robust framework for the
sequential testing of toxicology, pharmacology, and safety properties of nanomaterials
[16, 27]. Moreover, the FDA has issued four final and one draft guidances regarding
nanotechnology in the FDA-regulated products. According to the draft guidance for
industry on “Drug Products, Including Biological Products, that Contain
Nanomaterials,” issues such as the safety, effectiveness, public health impact, or regula-
tory status are to be discussed in a case-by-case process, for this reason, manufacturers are
encouraged to take prior consultation with the agency in early phases of product devel-
opment [8, 28].

Similarly, EMA due to the increasing demand from sponsors for scientific advice on
nanomedicines has published in 2006 the first regulatory reflection paper on
nanotechnology-based medicinal products for human use, and a webpage dedicated to
the same topic [4, 9]. From then on, several nanomedicine-specific guidances have been
released.

Table 1 summarizes the main guidances released by both the US-FDA and EMA on
the nanomedicine field.

Furthermore, one of the most fruitful European initiatives in the nanomedicine field
regards the European Technology Platform of Nanomedicines (ETPN). This association
gathers more than 125 members from 25 different member states, and is specially focused
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Table 1 Main guidances on nanomedicines.

US-FDA guidances

* Final Guidance for Industry—Considering Whether an FDA-R egulated Product Involves the
Application of Nanotechnology (2014).

* Final Guidance for Industry—Safety of Nanomaterials in Cosmetic Products (2014).

* Final Guidance for Industry—Assessing the Effects of Significant Manufacturing Process
Changes, Including Emerging Technologies, on the Safety and Regulatory Status of Food
Ingredients and Food Contact Substances, Including Food Ingredients that are Color Additives
(2014).

* Final Guidance for Industry—Use of Nanomaterials in Food for Animals (2015).

* Draft Guidance for Industry—Drug Products, Including Biological Products, that Contain
Nanomaterials (2017).

EMA guidances

* Data requirements for intravenous iron-based nano-colloidal products developed with
reference to an innovator medicinal product (2012).

* Data requirements for intravenous liposomal products developed with reference to an
innovator liposomal product (2011).

* Development of block-copolymer-micelle medicinal products (2013).

* Surface coatings: general issues for consideration regarding parenteral administration of coated
nanomedicine products (2013).

on regenerative medicine and biomaterials, nanotherapeutics, and medical devices [29].
The core research and innovation strategies regard the following diseases: atherosclerosis
and other cardiovascular diseases, cancer, neurodegenerative/neurological disorders,
infectious diseases, diabetes and endocrine disorders, and arthritis/osteoarticular pathol-
ogies. Moreover, nano-based solutions are also being explored for other medical sectors,
including gastroenterology, dermatology, gynecology, and urology [4, 29].

These regulatory initiatives, supported by scientific, public health, and economic
drivers, are a clear indication of multistakeholder efforts to accelerate translation of
nanomedicines.

1.5 Nanomedicines in topical drug delivery

Cancer treatment is one of the main clinical applications of nanomedicines [30]. The
increased complexity, combined with several specific nanomedicines action
mechanisms (such as the EPR effect), are reasons that further justify this prevalence
[31, 32]. However, as suggested by ETPN, other clinical applications are currently being
explored. One of them relies on the dermatology area. Three main medical needs regard-
ing this field can be pointed out: (i) development of reliable and competitive tools for
early screening and diagnosis; (i1) noninvasive treatment of melanoma and nonmelanoma
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cancers; and (iii) regeneration of the skin, grafts for management of chronic wounds and
ulcers induced by aging, vascular disorders, and rare diseases [29].

Even though a plethora of elegant therapeutic options can be equated to address these
medical needs, topical drug products ofter a noninvasive and painless route for drug
administration, which reinforces patient compliance [33—-36]. There are, however,
important physiological barriers that impair skin drug delivery.

Four different layers can be identified in the skin: the outermost—stratum corneum
(SC), viable epidermis, dermis, and subcutaneous tissue. The first layer is composed
by corneocytes, proteinaceous cellular compartments interconnected by desmosomes.
These elongated and nucleus absent cells are embedded within an interstitial lipid path-
way [37]. Due to its highly keratinized structure embedded within lipid bilayers, SC has a
high density and low hydration being, for this reason, the main barrier for percutaneous
absorption [38]. Dermal absorption across the epidermis can occur via three pathways:
the intercellular, transcellular, and the follicular route (less expressive). Since these are
not mutually exclusive, dermal absorption commonly occurs through a pathway combi-
nation. In spite of these routes, topical drug administration is challenging because SC is
practically impermeable to foreign molecules. Moreover, after topical application, drug
losses can occur via desquamation, sebum secretion, components evaporation, and even
by clothing scrub [33, 34, 39, 40].

Even though some drugs present high efficacy toward cutaneous diseases, their use-
fulness is often compromised by poor skin permeation, linked to the abovementioned
biological barriers [41].

From a technological and therapeutic point of view, nanoparticles present several
physicochemical characteristics that enable them to enhance drug permeation and
consequently, augment its local action: (i) small particle size; (i1) high specific surface area;
(iii) high drug loading; (iv) drug protection from degradation; (v) possibility of deforma-
tion (e.g., transferosomes); and (vi) biocompatibility/biodegradability (e.g., lipid nano-
particles), in particular solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLC) share a chemical similarity toward skin lipids. Moreover, their solid nature favors
the formation of a film that leads to an occlusive effect that prompt drug penetration |18,
41, 42].

These reasons further justify the interest in developing nanosystems especially tailored
to deliver therapeutic agents to the stratum corneum, deeper skin layers or even systemically
[18]. Some examples of topical nanomedicines market approved or under clinical
development are listed in Table 2.

2. Pharmaceutical development of a topical nanomedicine

There are several literature reports that identify and explore the main hurdles associated
with nanomedicine translation. However, in this review, the key objective is to establish
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Table 2 Examples of topical nanomedicines in clinical development stages and market approved.

Nanomedicine

Pharmaceutical

Active substance class dosage form Therapeutic indication Status Ref.
Amphotericin B Liposomes Gel Treatment of cutaneous leishmaniasis of Phase II [43]
Leishmania species major and tropica.
Nanosilver Metal-based Cream Infection diseases (fungal and bacterial) Phase I [44]
nanosystems
Nanosilver Metal-based Gel Infection diseases (reduce potential pathogen - [45]
nanosystems microbial loads in mechanical ventilation patients)
Nanosilver Metal-based Gel ‘Wound dressing Market [46]
(SilvaSorb) nanosystems approved
Capsaicin Nanoparticles Cream Diabetic neuropathy Phase 2 [47]
and Phase
3
Paclitaxel Nanoparticles Ointment Cutaneous metastases from nonmelanoma cancer | Phase 1 [48]
in adults and Phase
2
Paclitaxel Uncoated Ointment Psoriasis Phase 1 [49]
nanoparticles
Diclofenac sodium Nanoemulsion | Gel Analgesic and antiinflammatory Market [50]
(Oxalgin NanoGel) approved
Tretinoin (Nioret Nanogel Gel Acne vulgaris Market [51]
nano gel) approved
Thiocolchicoside Nanogel Gel Joint and muscular pain Market [51]
(Zyflex Nano gel) approved
Tetracaine Lipossomes Gel Local anesthetic Market [51]
(Optisome) approved
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Fig. 2 Main regulatory requirements which should be addressed while defining the quality target
product profile of a topical nanomedicine [52]. Key: AP, active pharmaceutical ingredient.

a framework for the pharmaceutical development of topical semisolid nanomedicines,
based on the regulatory requirements of topical dosage forms.

The pharmaceutical development process must be based on a sound scientific basis
and present a clear narrative of each step involved in product development. First, the
quality target product profile (QTPP) should be clearly defined. When defining the
QTPP, it is of outmost importance to balance patient, disease, and technological aspects.
The following scheme presents some of the main issues within each area (Fig. 2).

Based on these assumptions, the pharmaceutical dosage form should be selected. The
three most common semisolid dosage forms for topical products are ointments, creams,
and gels [34].

2.1 Drug and nanosystem selection

One of the primer considerations should be a careful assessment of the physicochemical
and biological properties of the drug to be delivered.

Even though nanoencapsulation can overcome solubility issues, special attention
should be paid to the log P, pKa, molecular weight, stability, solubility, as they are useful
parameters to predict diffusivity and/or partitioning across the stratum corneum [34, 53].
Moreover, sensitivity to light, air, or moisture, degradation pathway, and polymorphism
should be also carefully assessed.

Based on the drug properties and primary therapeutic target, the type of nanosystem
should be selected. Two major classes of nanosystems can be considered: (i) lipid based
and (ii) polymeric nanocarriers. Lipid systems include micelles, liposomes, microemul-
sions, nanoemulsions, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers
(NLCs). Among them, liposomes are the oldest nanotherapeutic platform, being already
clinically approved |25, 53, 54]. These nanovesicular systems are composed by amphi-
pathic phospholipids arranged in one or more concentric bilayers, which enclose an
aqueous core.

Even though several methods have been reported for the production of these
vesicular systems, the most common is film hydration [23]. In this technique, a lipid film
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constituted by superimposed lipid bilayers (e.g., soy lecithin:cholesterol, phosphatidyl-
choline:cholesterol) is obtained after rotary evaporation of an organic solvent or cosol-
vent, wherein the lipids were previously dissolved [55]. Afterwards, the lipid film is
hydrated with an aqueous solution, thus forming liposomes. As previously mentioned,
to avoid scale-up issues, nanoparticle production methods should be as simple as possible.
In this context, there could be potential issues arising from this method. Taking this into
account, the solvent injection method appears to be a more reliable strategy to obtain
higher batch-to-batch reproducibility. Accordingly, phospholipids and other lipophilic
substances are dissolved in ethanol. Afterwards, this phase is rapidly injected into a large
amount of aqueous buffer, resulting spontaneously in vesicle formation. Through this
method, liposomes are prepared under mild conditions and in one single step, thus poten-
tiating a simpler scale-up process [55].

There are, however, other production methods with high scale-up potential, such as
the high-pressure homogenization, or the membrane contact method, which are
commonly employed in the production of lipid nanoparticles (SLN and NLC). For fur-
ther details on the specificities of the available nanosystems and corresponding produc-
tion methods, the readers are suggested to go through an article written by Paliwal [6, 24,
56, 57].

2.2 Excipients

Simplicity is the basis of good formulation design and the shorter the ingredient list, the
better [37, 58]. Nevertheless, a complex combination of excipients is often essential to
meet patient requirements, as well as to achieve dermal drug delivery. For these reasons,
excipients in topical drug products account for more than 90% of the formulation.

During their selection, from a regulatory perspective, it is common practice to choose
excipients with extensive published safety data and already listed in international phar-
macopeias [34, 59]. Moreover, during excipient selection for topical drug products, their
intrinsic batch and source variability (e.g., homolog composition of hydrocarbon chains,
the degree of unsaturation, molecular weight, and polymorphism) should be taken into
account. These factors are directly linked to product variability, which may have a direct
repercussion on the product rheological profile, microstructure/physical properties, crys-
tallization of the active substance or other ingredient, stability, or bioavailability [52].

Therefore, factors such as the source and production method of the selected excip-
ients should be carefully screened and accounted for [60]. Moreover, the following
aspects should be mentioned: (i) excipient function; (ii) batch and source variation;
(i11) quantity of each excipient; (iv) excipient grade and respective critical quality attri-
butes; and even (v) when excipients are presented as a mixture of compounds, detailed
qualitative, quantitative, and rheological data. In addition, if a permeation enhancer is to
be used, detailed information on their action mechanism should be provided, as it impacts
drug permeation and, therefore, bioavailability [52].
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2.3 Formulation development and optimization

Formulation development is based on the previously defined QTPP. Bearing in mind the
ideal features of the product (e.g., organoleptic characteristics, performance attributes,
and therapeutic indication, among others), the critical quality attributes (CQA) of the
formulation can be identified. Afterwards, based on the prior knowledge, a risk assess-
ment analysis is made. In this stage, it is intended to gather up systematically all the pos-
sible variables that could influence or generate a quality failure [23]. These variables may
be further classified into two groups: (1) critical material attributes (CMA) and (i1) critical
process parameters (CPP).

Preformulation studies should be performed to optimize the nanosystem and its
incorporation into the pharmaceutical semisolid dosage form. The main focus of these
preliminary tests is to screen solubility and to assess the compatibility between the com-
ponents of the formulation [34]. Based on this knowledge, a design of experiments
approach should be followed in order to identify the optimal settings of both CMA
and CPP. The application of this approach (also known as quality by design) during
the pharmaceutical development process enables a greater understanding of the product
and its manufacturing process. By doing so, it is possible to establish a design space, which
can then create the basis for a more flexible regulatory assessment [61]. This rationale is
essential to document the reasons which supported the selection of the nanosystems and
the excipients.

2.3.1 Technical challenges

Once selected the dosage form, type of nanosystem, drug, and excipients, it is essential to
provide further information on several factors. According to the draft guideline on qual-
ity and equivalence of topical products, there are specific regulatory requirements that
should be presented. The following sections present an adapted summary of these
requirements aiming the development of a topical nanomedicine.

Formulation microstructure characterization

An adequate characterization of the system is essential to obtain reliable data with high
translation potential [62]. Moreover, as the microstructure impacts both safety and effi-
cacy of the product, the regulatory authorities require a careful description of this
parameter.

Regarding nanoparticle microstructure characterization, the particle size, polydisper-
sity index, and zeta potential represent crucial features of the formulation, being fre-
quently considered as critical quality attributes. Even though these parameters can be
easily obtained by dynamic light scattering (DLS), the FDA in the draft “Guidance for
Industry on Drug Products, Including Biological Products, that Contain Nanomaterials”
recommends the use of complementary methods when measuring critical material attri-
butes [28]. These can include: nanoparticle tracking analysis, atomic force microscopy,
particle size determination by sedimentation, and laser diffraction [62].
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It is important to further discuss the effect of scale-up, excipient interactions, and
batch variation in the product microstructure. As previously mentioned, difficulties dur-
ing scale-up are one of the main limitations of nanomedicines translation, since the
microstructure characteristics of nanoparticles are greatly influenced by the manufactur-
ing processes. Moreover, product microstructure and physical properties are often com-
plex in semisolid products [52]. In this context, a careful assessment of the final product
microstructure is required.

Active substance form and saturation degree in the drug product

Nanoparticle production yields a colloidal system, where the drug, according to its phys-
icochemical characteristics and affinity degree for the lipophilic phase, is solubilized in the
lipophilic or in the hydrophilic component. Factors such as the partition of the drug
between the lipophilic and aqueous phases and its solubility bear a significant impact
on skin permeation [59, 63]. In this context, information regarding drug encapsulation
efficiency (EE), as well as the drug loading (DL) within the nanoparticle system should be
provided. Furthermore, since semisolid dosage forms are generally required for skin
delivery, it is important to determine the specific concentration of drug in each phase
(lipophilic/hydrophilic) in the final product [52].

Formulation components with the ability to modulate the drug permeation profile
should also be described (e.g., permeation enhancers and retarders), since the concentra-
tion gradient of the active substance between the drug product and the site of action will
change with the addition of such components [64]. Their action mechanism should be
discussed.

Risks of precipitation, particle growth, and change in crystal habit
The stability of the encapsulated drug in the final dosage form should be carefully assessed.
Lipid components, present in the colloidal system, are prone to undergo polymorphic
changes arising from storage or temperature variations. These polymorphic changes can
modify the nanoparticle crystalline structure, leading to an “expulsion” of the entrapped
drug. This occurrence alters the dermal bioavailability [59]. In this context, the presen-
tation of the nanoparticle-drug thermal stability is required. This can be achieved through
differential scanning calorimetry (DSC) experiments. Moreover, accelerated stability
studies also represent a valuable source of information. It should be denoted that
DSC experiments can also provide a valuable input in what concerns the evaluation
of the drug solubility status within the nanosystem. If the drugs are solubilized, their
melting transition peaks should be absent in the thermograms [57]. In nanostructured
lipid carriers, DSC also enables the calculation of the drug crystallinity index. If the crys-
tallinity of the drug-nanoparticle sample is lower when compared to the bulk solid lipid,
it means that there is an increased number of lattice defects in the nanoparticles.
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The disorganization of the lipid matrix promotes a higher loading capacity and encap-
sulation efficiency of the drug [65-67].

In addition to thermal stability, information regarding the stability of the formulation
on short-term, real-time, and accelerated conditions should be presented [34]. Analytical
centrifugation allows the rapid measurement of a separation process, through the analysis
of transmission profiles and the respective instability index values. Higher transmission
profiles can be linked to different instability phenomena, such as gravitational separation
(creaming/sedimentation), flocculation, coalescence, Ostwald ripening, or phase
inversion [68].

Patient acceptability and usability

Consumer or patient should always be at the forefront whenever developing a topical
medicine [34]. It is expected that a formulation to be topically applied presents acceptable
organoleptic and usability characteristics in order to reinforce patient compliance. In this
context, the assessment of the product’s texture profile, through a texturometer, should
be performed. This test enables the determination of the spreading properties, such as
hardness and compressibility, as well as other characteristics, including adhesion of the
formulation to the skin (adhesiveness); elasticity, which describes the rate at which the
deformed sample returns to its original condition after the removal of the deforming
force, and finally, cohesiveness, a parameter that provides information on the structural
reformation following formulation application [69—71].

Transformation of the topical product on administration

Another regulatory requirement, which can be considered a challenge, concerns the
evaluation of the product transformation on administration, a concept identified in
the literature as “product metamorphosis” [52].

Upon product application, most of the dermatological vehicles undergo considerable
changes. These are mainly induced by mechanical shear associated to product application,
or to solvent evaporation. As a result, the initial structural matrix of the system is altered,
which may then lead to unwanted drug crystallization phenomenon [72—-74]. Several
reports have shown drug crystallization as a possible cause of poor drug permeation in
the skin. Therefore, a careful assessment of the interactions among the excipients, the
drug and the skin is required by the regulatory authorities [52]. A paper by Goh et al.
presented a rapid and simple approach using ATR-FTIR spectroscopy to identify drug
crystallization in the skin for simple formulations of sodium diclofenac. The authors were
able to apply multivariate data analysis to visualize and differentiate drug crystals in super-
ficial layers of the stratum corneum [73]. In order to assess drug crystal formation in deeper
layers of the skin, the same research group successfully used localized nanothermal anal-
ysis and photothermal microspectroscopy as surrogate methodologies [74].
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Performance attributes

Nanotechnology offers several advantages in topical applications, however, quantitative
studies able to establish a relation between nanoparticle dose and exposure, with skin
penetration and therapeutic efficacy are still lacking [56]. Nevertheless, there are
“standard” product performance tests, regulatory accepted, which can provide further
information on this topic: in vitro release testing (IVRT), in vitro permeation testing
(IVPT), and tape stripping.

a. In vitro release testing

The release profile of a topical semisolid dosage form, acquired through IVRT, enables
the determination of the in vitro release rate IVRR), a kinetic parameter which provides
important information on the microstructure characteristics of the product, such as par-
ticle size, and rheological behavior [75, 76]. As the active pharmaceutical ingredient must
be released before it can diffuse and become bioavailable in the skin, the determination of
the IVRR is considered a CQA of the product [52, 77—79]. One important aspect which
should be taken into account is that IVRT setup includes an artificial membrane, which
does not resemble the skin’s stratum corneum. When selecting a membrane, there are sev-
eral features which need to be considered: (i) the membrane should properly hold the
formulation, but it cannot be a barrier for the active substance. A porous structure with
minimal thickness is, therefore, highly desirable [80, 81]; (ii) no physical or chemical
interaction should exist between the membrane and the formulation and (iii) it is also
of the outmost importance that the membrane does not release any leachables that could
interfere with the assay [81, 82].

An interesting paper by Kaur et at. evaluated the permeation of a novel amphotherin-
B nanogel and nanoethogel. The authors concluded that the prepared nanosystems pre-
sented enhanced skin permeation and deposition effect in several biological and artificial
membranes. Moreover, the authors demonstrated similarity of Strat-M, an artificial
membrane, toward human skin, documenting IVR T as a suitable quality control for top-
ical drug performance [41].

For the development of IVRT methods, several guidelines and reference studies
should be considered: draft guidance on quality and equivalence of topical products
[52], the guideline on quality of transdermal patches [83], the draft guidance on acyclovir
[79], and also the work by Tiffner et al. [78]. Moreover, validation studies of IVRT
should also be performed, and should include: IVRT laboratory qualification studies,
IVR T method validation studies, in which membrane inertness, linearity, precision, sen-
sitivity, discriminatory power, and robustness must be determined.

b. In vitro permeation testing
The permeation profiles obtained from IVPT can be used to assess topical pharmacoki-

netics, providing for this reason one of the most useful and insightful in vitro information
[75, 84].



Development of topical nanomedicines

The usage of biological membranes, especially human, is required since it closely
mimics in vivo conditions [85]. There are, however, important features that should
be considered when developing a discriminative IVPT method:

* Design specific methods for blinding and randomization according to ICH ES8, to
minimize risks of bias.

+ Establish precise criteria in what regards the selection and preparation of the skin.
Factors such as anatomical region, condition, and duration of skin storage should
be considered. Skin with tattoos, scars, or with significant follicular density should
be excluded. Furthermore, evidence should be provided to demonstrate that the prep-
aration technique and storage does not introduce artifacts, nor alters the skin barrier
function [52]. Skin integrity should be evaluated prior and after each permeation
experiment.

 Skin from different donors should be used, at least 12 with at least, two replicates per
donor [52].

c. Tape stripping

The dermatopharmacokinetic method, commonly referred as tape stripping (TS), is a

minimally invasive in vivo procedure in which tape strips are sequentially applied and

removed from the skin surface [34]. Through this technique, stratum corneum layers are
collected in each tape strip, being their content processed by suitable analytical methods

[86, 87]. The principal assumption of this procedure is that the amount of drug collected

in the strips throughout time, represents the rate and extent of the drug penetration in the

skin. In other words, this method enables the determination of the drug dermatophar-
macokinetic profile. In the EMA draft guideline, specific operational requirements of TS
are presented. These are based on the “two-time” approach, developed by Professor

Richard H. Guy and Professor Annete Bunge. This experimental method considers

(i) solely one uptake and one clearance time; (ii) strict cleaning procedures that assure

that the formulation excess is properly removed prior to tape stripping; (iii) removal

of nearly all stratum corneum during the experiment (and, as such, most, if not all of
the drug); and finally, (iv) inclusion of the first tape strips. EMA requires that a minimum

of 12 subjects must be considered [52].

2.3.2 Product characterization
Once the lead candidates of the formulation are defined, it is essential to provide a
detailed characterization of the product. This information will define a provisional drug
product specification list [34].

General guidances on the drug product specifications are given in ICH Q6A, Q3B,
Q3C, and Q3D and the European Pharmacopeia dosage form monographs. Character-
ization data should include a representative number of batches (not less than three), since
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disperse systems usually exhibit variation. Table 3 presents the specification parameters of

topical semisolid dosage forms.

The following flow chart intends to present the key events of a nanomedicine topical

semisolid formulation development program (Fig. 3).

Table 3 Semisolid drug product specifications parameters.

Parameter

General considerations

Organoleptic characteristics

Pharmaceutical dosage form

pH

Assay

Content uniformity

Related substances,
degradation products and
residual solvents

Product visual appearance may include color changes, absence
of aggregates, and/or formulation appearance. Odor is also an
important parameter, since there are components which are
prone to hydrolysis or microbial contamination (e.g.,
triglycerides). The product should also be characterized with
microphotography [52].

The solution state of the active substance, the disperse and
immiscible phases and dosage form type should be presented
(e.g., active substance in solution in the oily phase, two phase
vehicle: o/w cream).

The pH can influence the solubility and stability of a drug, the
preservatives eftectiveness and also the viscosity of the drug
product. However, when designing a product for topical
application it must be considered the skin’s normal pH (5-6). Ifa
product with different pH is used, the potential to cause skin
irritation needs to be evaluated, taking into account the
administration site and dosage regimen.

The specifications for drug content usually range between 95%
and 105%.

Formulation uniformity is especially relevant in biphasic
systems. It is usually determined by the analysis of the drug
content from sampling of the top, middle, and bottom of a bulk
sample or alternatively, using process analytical technologies to
provide a real-time analysis.

Impurities, degradation products, residual solvents are
considered CQA of the drug product, due to their potential to
affect safety and efficacy.

Limits for maximum daily dose of degradation products should
be properly estimated and presented. This may be a challenging
task, since treatment duration and posology can be highly
variable in topical drug products. Moreover, specific
precautions in calculating acceptance limits for impurities
should be made for cutaneous products applied to damaged skin
or products containing penetration enhancers [52].

The ICH guideline on impurities in new drug products should
be followed [88].
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Table 3 Semisolid drug product specifications parameters—cont'd

Parameter General considerations

Microbiological attributes Microbiological aspects should also be a part of the product
specification. The need for a microbial quality test is highly
dependent on the dosage form. Typically, it is used for
nonsterile products with high water content or whenever an
excipient susceptible to microbial contamination is used.
Pharmacopeia microbial limits should be followed.

If the product is intended for deep wounds, severely damaged

skin, administration prior invasive procedures, or for

preparations for irrigation, its sterility is mandatory. In such
cases, the sterilization method should be considered during
preformulation studies and sterility testing should be performed
in the final packaging, in order to assess container closure

integrity [52].

Preservative content For nonsterile products in multiple-use containers, the need to

include a preservative should be addressed and justified. The

concentration should be the lowest possible. For multiphase
formulations, the preservative solubility in the different phases
should be assessed. In addition, preservative effectiveness should
be evaluated during the ongoing product stability program.

To comply with all regulatory requirements, the European

Pharmacopeia 5.1.3., Efficacy of antimicrobial preservation test

should be followed.

Rheology and viscosity Rheological properties should be detailed for semisolid

formulations, as changes in these properties can be indicative of

fluctuations in the product stability or performance (e.g.,

viscosity decrease in gels can be related with possible breakdown

in molecular weight of the polymer due to microbial

contamination) [34].

Semisolid dosage forms usually display non-Newtonian flow

behavior, therefore a complete rheological analysis

encompassing the following parameters should be presented:

* Complete flow curve of shear stress vs shear rate. Multiple
data points across the range of increasing and decreasing shear
rates should be included, in order to identify any linear
portions of the upcurves or downcurves.

* Yield stress and creep testing;

* The linear viscoelastic response (storage and loss modulus vs
frequency);

Rheograms should be provided and the product’s behavior

classified according to shear and time effects (e.g., pseudoplastic,

dilatant, thixotropic).

As the rheological profile is susceptible to scale-up eftects,

it is essential to verify these properties during product

development [52].

Continued
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Table 3 Semisolid drug product specifications parameters—cont'd

Parameter

General considerations

Performance attributes

Container closure system and
package integrity

Stability program

Appropriate tests to characterize product performance, such as
in vitro release, in vitro permeation and tape stripping should be
developed and support formulation stability during storage [52].
The container closure system selection should be discussed and
justified. Aspects such as the choice of materials, protection from
moisture, oxygen and light, drug product compatibility, dosing,
usability, and safety should be carefully considered.

Sterile drug products should be packaged in single-use
containers.

If any device is co-packaged to facilitate administration, it
should be CE-marked and the compatibility between the device
and the product, should be addressed. Moreover, if this device is
intended for measuring or application of the product, the dose
reproducibility and accuracy should be demonstrated [52]. The
suitability of the measurement device shall comply with the test
“Uniformity of mass of the released doses” according to
monograph <0672 > Liquid preparations for oral use of
European Pharmacopeia.

General principles on packaging materials used for human drugs
and biologics can be found in Guidance for Industry, Container
Closure Systems for Packaging Human Drugs and Biologics.
Once characterized, the formulations are placed under stability
long term, and accelerated conditions. The designated shelf life
is then established based on the product characteristics
throughout storage. These should comprise physical, chemical,
microbiological, rheological and performance characteristics.
R equirements for special storage conditions should be addressed
(e.g., do not refrigerate) [52].

3. Conclusions

Nanomedicines claim several advantages regarding conventional drug products (e.g.,

increased drug bioavailability, safety, targeted delivery, and occlusive effect). These

can be of great interest when considering a topical application. There are, however,

several constraints which have been delaying nanomedicine translation to the market:

(1) scale-up hurdles, which limit the industry interest in these systems; (i1) lack of scientific

knowledge on nanotoxicological characterization methods; and (ii1) the absence of clear

regulatory requirements. In spite of these scenarios, there are several initiatives supported

by scientific, health, and economic drivers, which are working collectively to develop

more robust platforms, able to stimulate nanomedicine translation. Reasons which
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Fig. 3 Key events of a nanomedicine topical semisolid formulation development program. Key: CMA,
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loading; Dok, design of experiments; EE, encapsulation efficiency; IVPT, in vitro permeation testing;
IVRT, in vitro release testing; Pdl, polydispersity index; QTPP, quality target product profile; TS, tape
stripping.

reinforce these initiatives are (i) the increased clarity on the therapeutic value of nano-
medicines; (i) the possibility to promote the industrial pharmaceutical development
based on QbD; (iii) multiple efforts regarding a more inclusive assessment of nanotox-
icology; and finally, (iv) the release of several nanomedicine-specific guidelines.

The development of a topical nanomedicine is unique to a particular drug, nanosys-
tem, and dosage form. The recently issued EMA draft guideline on quality and
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equivalence of topical products, even though specially conceived for topical generic
products, can provide a basis for a patient-driven pharmaceutical development process,
easily adapted for a topical nanomedicine. Despite the several challenges concerning
microstructure characterization, active substance presentation, patient acceptability,
product metamorphosis, and performance attributes, this guidance in conjunction with
the current European regulatory framework can provision a general overview of the
development program.
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1. Introduction

Site-specific delivery of therapeutic agents is an utmost necessity to improve the efficacy
of the therapy and to reduce the associated side effects. Delivery of the therapeutics to the
site of action is a great challenge, as the disease site is not exposed to the therapies; several
biological barriers prevent the formulation to deliver the therapeutic agent to the site of
action. Among these barriers, cellular membrane [1], blood-brain-barrier [2], blood-
vessel fenestration [3], gastrointestinal barrier [4], cancer microenvironment, phagocytic
system, and multidrug resistance in cancer cells [5] are limiting the passage of therapeutics
to the desired sites. The basic mechanism of these barriers to prevent any invasion of
foreign particles (e.g., xenogens and pathogens) within the system to protect our body
from them and simultaneously establish homeostasis for physiological functions. These
mechanisms similarly limit the therapeutic agents to reach to the particular disease sites
of the body. Circumvention of these barriers is of utmost important characteristics to
deliver the agents to the desired area, accordingly, formulation scientists are focusing
on delivering the drugs using different novel approaches or developing special devices
to overcome the associated problems [5—7]. Along with circumvention of these barriers,
these novel formulation approaches could help the therapeutics to deliver at targeted sites
to avoid systemic exposure of the therapeutic agents, and thereby reduce associated side
effects [7, 8]. This chapter will include different biological barriers that impede the deliv-
ery of therapeutics as a normal physiological role of protecting the system.

2. Biological barriers

Based on the previous illustrations, it is clear that the pharmacological activity of the ther-
apeutic agents predominantly depends on the stability of the formulation and targetability
in the biological system [9, 10]. Thus, illustration of the major biological barriers would
be furnished in this section.
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2.1 Gastrointestinal barrier

The gastrointestinal tract of the human system is one of the largest mucosal epithelia
forms an important barrier between the internal and external environment. This barrier
composed of glycoproteins mainly secreted from the goblet cells protects the health due
to its prime role in the regulation of the immune system [4, 11]. The mucosa of this
system is an aqueous layer acting as a semipermeable membrane to perform its multifac-
eted task, which allows passage of nutrients and immune sensing, while this 100—150-pm
thick membrane limits the transportation of injurious components, such as microorgan-
isms and antigens [ 12]. Thereby, this mucosa acts as a filter for the larger molecules, with a
weight greater than 600 Da [13]. Following successful penetration of the agents through
this mucosal layer, it reaches to the epithelial cells of enterocytes for further penetration
within the systemic circulation. In order to create such a specific barrier, the orientation
of the structural components and their molecular interactions retain the integrity of the
barrier and immune homeostasis. Thus, if there is any damage to the mucosal barrier in
the intestinal tract, the function of the barrier is also compromised, and thereby there will
be an invasion of external components within the system [14].

The single columnar epithelial cell layer under the mucus are forming a tight barrier
for the penetrated materials from the mucous layer, because of the presence of tight junc-
tions, thus the penetration of orally administered drugs are also hindered [15, 16].
Different cells are present in these layers, which include goblet cells, enterocytes, paneth
cells, and endocrine cells. The number of goblet cells is found to increase from the small
intestine (10%) to the distal colon (24%) [13]. There are four different regions are avail-
able in the gastric epithelium based on the structural configuration, which includes the
pyloric region, the glandular fundic region, the cardiac region, and the nonglandular
stratified squamous, where every region has its own function to serve in the gastrointes-
tinal system. For example, the cardiac region controls mucus and bicarbonate production,
whereas the fundic region secretes hydrochloric acid and pepsinogen and the region of
stratified squamous allows it to resist food abrasion [17]. The epithelial cell layers are lined
with villi and crypts, where the surface of is of the intestine is increased greatly by the
presence of these microvilli for the absorption of nutrients to the systemic circulation,
alternatively, crypts take part in the renewal of the damaged cells [16, 18]. The apical side
of the epithelial layer is exposed to the lumen where the basolateral side 1s attached to the
gastrointestinal tract lumen. Further, the epithelial layer is supported by the presence of
connective lamina propria [19]. This lamina propria composed of several components
within it, such as blood vessels, lymph vessels, nerve cells, and smooth muscle cells. This
section acts as the bridge between the food compartment region that is the lumen side and
systemic passage of the nutrients.

There are four different mechanisms are involved for transportation of drugs or other
foreign materials to transport from the apical side to the basolateral side, i.e., to systemic
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circulation, which includes passive diftusion of molecules from one side to the other side,
transcellular transport, paracellular transport, and carrier-mediated transport and vesicle-
mediated transcytosis. The mechanism of transport of the molecules from one side to the
other is largely depending on the molecular weight and size of the compound, its ability
to act to the plasma membrane of the cells, physicochemical properties including parti-
tion coefficient of the compound, and stability and surface charge of the compound. For
example, the hydrophobic nature of the drug will help to partition the drug to the cell
membranes and follows the transcellular pathway to cross the barrier (Fig. 1). Thus, if a
drug component having optimized balanced on solubility in aqueous and lipid environ-
ment, could be able to cross the barrier via the transcellular pathway [20]. Alternatively,
the lipidic barrier could not be crossed by the hydrophilic components, where these com-
ponents adopt a passive diffusion pathway to transport the drugs from the higher concen-
tration region to the lower concentration region. Additionally, these molecules can also
choose the paracellular pathway to transport, however, limited to molecules with a smal-
ler size (<11 A) [21]. On the other hand, tight junctions at the apical side of the cells limit
the passage of larger molecules from this area, further the presence of adherens junctions
and desmosomes creates strict cell adhesion bonds to support the barrier integrity [4, 22].
These tight junctions are connecting two adjacent cells on their membrane, which are
created by the protein-protein interaction. Mostly, the proteins and peptides follow

Efflux pump
. Transcellular pathways

Apical side

1 Apical transporter
': l ata’

Biisolateral

transporter
Basolateral side

Paracellular pathways

Fig. 1 Different absorption and transportation modes of drugs including the barriers of transportation
from the cells of the intestinal epithelium: efflux pump, paracellular transport, transcellular transport,
and carrier-mediated transport (may be vesicle-mediated transport).
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the paracellular routes of drug transport, where larger proteins do not permeate because
of their size and presence of tight junction [22, 23]. An alternative pathway to transport
drug includes receptor-mediated endocytic pathway, where the drug molecule binds to
the specific receptor on the cell surface, followed by internalization of the complex to
deliver the drug into the cell. Here the ligand, i.e., the drug molecule would be recog-
nized by the receptor of the cell membrane on the apical side of the lumen, thus, peptide
transporters on the cell membranes found to improve the bioavailability of certain drugs
conjugated to specific amino acids [24, 25|. Finally, the presence of P-glycoprotein
(P-gp), an ATP-binding cassette (ABC) transporters, alters the intracellular distribution
of drugs and eftlux out the drug from the cells to the luminal side [26, 27]. Certain specific
features of the molecule are recognized by the efflux pump that expels the absorbed drug
from the membrane of the epithelial cell [26, 27].

2.2 Cellular membrane

It is obvious to get the internal and external compartments of fluid separated in different
organs of a vertebrate animal, and thus predetermination of the penetration characteristics
of the formulation is highly important to fulfill the desired intention.

In the case of skin, the outermost layer, the epidermis comes in contact with the envi-
ronment, where the outermost membrane of the epidermis, i.e., stratum corneum acts as
the rigid barriers to provide protection. Apart from the corneocytes on the stratum
corneum, the other layers of the epidermis are composed of different layers of keratino-
cytes with different characteristics. These multilayers are known to form stratified
epithelium of this biological barrier, where the tight junctions connect the keratinocytes.
There are different expressions of tight junctional proteins observed at different layers of
the epidermis [28].

The cellular membrane of the kidney creates the barrier along the renal tubule that
separates filtrate from the glomerulus, i.e., the urine, and renal parenchyma. The presence
of junctional proteins of different characteristics on the epithelial cells at different segment
of nephron influences the paracellular transport of components in the urine. For example,
claudin-1 is a small transmembrane protein, usually found in distal collecting segments of
the tubule abundantly, which is responsible for sustaining the barrier function; whereas
claudin-2, the channel forming tight junction proteins creates leaky epithelia, usually
found in the proximal segment of renal tubule resulting in higher paracellular permeabil-
ity of small cations and water molecules [29, 30]. Expression of these junction proteins
differ in a different diseased condition, thereby the absorption of different therapeutic
agents differ in renal disease conditions [31].

Similarly, the blood-biliary barrier and bile ducts are maintained by the barrier at the
localized area along the bile canaliculi. Localization of tight proteins is also reflected in
this case, basically found to be expressed within the apical region of the hepatocytes that
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forms the epithelial cells of the bile duct and bile canaliculi. The abundant presence of
tight junctional proteins in the liver revealed its important role in the maintenance of
bile secretion, paracellular permeability, and cell polarity [1]. These tight junction pro-
teins are also involved in facilitating viral (hepatitis C) infection, whereas the change in
tight junction protein expressions has been reported in liver cancer cases [32].

The cellular barrier of the lungs creates an active barricade at the airspace and blood
interface, where the expression of more than 25 types of different claudins create chief
cellular essentials of the barrier. Among the claudins, claudin-18, claudin-4, and
claudin-3 are the most noticeable junctional proteins where alteration of the junctional
proteins weakens the barrier function. This weakening is mostly observed in several dis-
eased conditions, leading to the formation of pulmonary edema [33, 34].

Similarly, we have a rigid biological barrier in the intestine, in testes, and in the brain.
The blood-testes barrier is located between the neighboring Sertoli cells of the seminifer-
ous tubule. Discussion on the intestinal cellular membrane has been made in the previous
section, whereas the rigid blood-brain-barrier of the central nervous system would be dis-
cussed in the next section.

2.3 Blood-brain barrier

The protection of the central nervous system from the external environment is furnished
by the presence of the blood-brain barrier. The blood-brain barrier describes the distinc-
tive characteristics of the microvasculature of the central nervous system. These contin-
uous nonfenestrated barriers are found in the endothelial cells of cerebral capillaries and of
choroid plexus. This barrier regulates the transportation of cells, ions, and other mole-
cules tightly from the circulatory blood to the central nervous system [35, 36]. The endo-
thelial cells of the blood-brain barrier restrict heavily to critically maintain neuronal
function via protecting the central nervous system from disease mediators, injury, inflam-
mation, pathogens, and toxins. The presence of the restrictive barrier creates a major
obstacle for the therapeutics, thus major efforts are furnished to deliver drugs to the
central nervous system through different formulation approaches [37]. Several neurolog-
ical disease states, such as neurodegenerative disorders, brain traumas, multiple sclerosis,
and stroke alter the rigidity of this biological barrier, thereby increasing the permeability
of foreign materials to the central nervous system [35, 36].

The early concept on blood-brain barrier toward its rigidity revealed that the presence
of endothelial cells in the blood capillaries in the brain is responsible for the rigid barrier
characteristics [38]. Later in 1987, the influence of astrocytes on the rigidity of this
biological barrier was explored and they added that the presence of astrocytes in inver-
tebrates augments on true barrier properties of the endothelial cells, however, they do not
add in vertebrates [39]. Two means of such rigidity in the blood-brain barrier have been
demonstrated by the ultrastructural studies, which differentiates the endothelial cells in
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the brain and peripheral capillaries. The presence of limited number endocytotic vesicles
limits the transcellular transportation of components from the circulation, where the
other is due to the presence of tight junctions in the endothelial cells, thereby limiting
the paracellular transportation as well. The pericytes are usually found around the brain
capillaries, where their innervation is not continuous, partially cover the endothelial cells
(Fig. 2). The combination of these two mechanisms protects the central nervous system
from invading microorganisms and chemicals. A distinct perivascular extracellular
matrix, a layer of basal lamina 1 encloses the endothelial cells and pericytes. This extra-
cellular matrix differs in composition to basal lamina 2, which encloses the glial endfeet
bounding the brain parenchyma. Projections from the neuronal axons onto the arteriolar
smooth muscle are responsible for the regulation of cerebral blood flow through the
production of vasoactive neurotransmitters and peptides. The peptides and other agents
produced within the cells may also be responsible to regulate the permeability of the
endothelial cells. Microglia are the resident immunocompetent cells of the brain [41].
Therefore, this rigid barrier in blood capillaries allows us to cross the small lipophilic
molecules, concurrently completely inhibits permeation of other molecules. Smaller or
even larger hydrophilic molecules are usually followed by an active transportation path-
way to cross this rigid barrier [42]. Other than that, a high concentration of some specific
membrane transporters on the epithelial membranes on brain capillaries are constantly
present to transport essential nutrients from the circulatory blood, such as glucose and
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Fig. 2 The cell arrangements at the blood-brain barrier [40].
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certain amino acids or allied molecules. Alternatively, the presence of the number of spe-
cific receptors for certain macromolecules including physiologically relevant peptides,
which when binds to that particular molecule allows passage of the molecule into the
brain. Few examples of such receptors include glucagon-like peptide 1, insulin, angio-
tensin II, interleukin-1, and transferrin. Study outcomes of previous researches revealed
that transportation of specific respective agonists is allowed to enter into the brain [43].
Contrarily, transportation of cytokines and other growth factors are limited to be trans-
ported across the blood-brain barrier [44]. Similar to the gastrointestinal barrier, P-gp
efflux transporters are abundantly available at the brain capillaries, and their role is to
efflux back the absorbed drugs to the circulation. That is exactly the opposite phenom-
enon of drug absorption where the lipophilic molecules, which entered into the epithelial
cells or brain cells, are transported back to the circulation. Knockout animals to this P-gp
protein have shown to improve the permeability of P-gp substrate molecules while tar-
geting therapeutics to the brain [45], at the same time P-gp inhibitors are also found to
block the activities of P-gp transporters at the epithelial cell, thereby preventing the efflux
of the absorbed drug. Subsequently, the concentration of drug at the target site
increases [46].

As mentioned above, the tight junctions of the endothelial cells of the central nervous
system are highly responsible for creating resistance against paracellular transportation of
the ions and molecules. It has been revealed that the homotypic and heterotypic inter-
action between cellular molecules of the endothelial cells creates this tight junction
through the formation of cellular adhesion on the apical side of the capillary membrane
and brain. Depending on the selectivity of each region to permeate unionized molecules
(<4 nm), the composition and strength of the barrier varies [47]. The above discussion
suggests that the molecules larger than 4 nm could penetrate the blood-brain barrier
through the discontinuities in the junctions.

This junction of the transmembrane cells contains different molecules, including
occludins, claudins, and JAMs, where these claudins are tetraspanins available in more
than 25 categories. Evidence are available to support the role of claudins in the formation
of a paracellular barrier [48]. Depending on the amino acid residues in the extracellular
loop of the claudins reflect the charge and size selectivity of the cellular pore, thus
compositions of the claudins play an important role in the determination of barrier
properties of the junction [49]. As discussed earlier, different claudins are responsible
to form resistance to difterent molecules at different regions of the body, thus the expres-
sion of these claudins differs from area to area. The research revealed that the expression
of claudin-5 is higher at the central nervous system. Also the evidence of the presence of
claudin-12 and claudin-13 in the blood-brain barrier is available to support the rigidity of
the barrier [50, 51].

Occludin expressed on the epithelial cells of the central nervous system is also tetra-
spanin, which is responsible to create this tight junction to the brain [52]. Compared to
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claudins, expressions of occludin is much higher in the central nervous system, however,
functional and the high-resistance blood-brain barrier is observed in the animal models
with deficient occludin [53]. Alternatively, the JAMs are members of the immunoglob-
ulin superfamily, which usually responsible to form homotypic interaction at the tight
junction of the blood-brain-barrier. The presence of JAMs has been revealed to regulate
paracellular permeability including leukocyte extravasation [54]|. Among the superfamily
members, Daneman and the team reported the presence of JAM4 in the blood-brain
barrier of mice [51].

2.4 Infrastructure of the blood vessels

Mechanical properties of blood vessel structure play an important role in several disease
condition. Typically, the length of the blood vessels increased to 40%, and simultaneously
the circumference is increased to 30% when a person is in normal blood pressure. Usually,
there are three different layers found in the blood vessels, the tunica intima, i.e., the inner
layer; the tunica media, i.e., the intermediate layer; and the tunica adventitia, i.e., the
outer layer. The outer and the middle layer of the blood vessels are very much developed
in the large arteries, which constitute most of the tissues [55].

The presence of blood supply is essential for the survival of the surrounding cells, as
this circulation provides oxygen and nutrition to the cells, at the same time the metabolic
products are excreted from the site. Cancer cells are not an alternative; these cells are also
in need of nutrients and oxygen, which they usually obtain from the surrounding blood
vessels. However, at the later stage of cancer cell proliferation, the need of growth com-
ponents, which are essential for rapid propagation, is increased. This need for excess
nutrients leads to the stage to create more blood vessels to the affected area, to promote
angiogenesis [56]. This increased blood supply aids in fulfilling the high demand of
growth components, such as fibroblast growth factor (FGF), platelet-derived growth
factors (PDGF), and vascular endothelial growth factor (VEGF), and thus the level of
these growth factors are found to be increased within the cancer cells [57]. Simulta-
neously, overexpression of FGF receptors (FGFR), PDGF receptors (PDGFR), and
VEGF receptors (VEGFR) receptors on the vascular smooth muscle and endothelial cells
in the tumor microenvironment allows increased entrapment of the components to that
area and stimulate to promote angiogenesis of tumor microvessels [57]. In due course of
the process, the presence of growth factors eventually acts on subendothelial layer of the
blood vessel and increases the leakage or porosity of the cancerous microenvironment.
Increased porosity affects the permeability of the area, leading to the enhancement of
macromolecule transportation [58]. This enhanced porosity, and thus permeability facil-
itates enhanced permeability and retention (EPR) of the circulatory macromolecules,
provides a novel approach to target the cancerous microenvironment via entrapment
of therapeutics within a compatible nanocarrier [26]. However, abnormal angiogenesis
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is the consequence of the uneven expression of these growth factors to the cancer site,
which may further influence the EPR. Further exploration of this mechanism has opened
up several research options including the development of antiangiogenic therapies
through targeting these proangiogenic targets, which are in process to treat and cure can-
cer [59]. Further, the application of VEGF to the human colon tumor xenograft animal
models has shown to enhance the porosity of the blood vessels at the cancer site, to allow
the macromolecules more that leaky area [60)].

Targeting to improve permeability thus directly related to increase EPR effect at the
tumor microenvironment and therefore to improve the porosity of the affected area sev-
eral artificial means have been explored. Apart from the application of growth factors, as
discussed earlier, researchers are focusing on increasing fluidity via increasing the temper-
ature of the affected area, or by application of tumor necrosis factors. The local increase in
temperature of the affected area has shown to alter the extracellular matrix of the applied
area, thereby magnetic nanoparticles or light activation hyperthermia had shown to
increase the therapeutic potential of the chemotherapies through the improvement of
permeability by affecting collagen organization [61].

2.5 Phagocytic system

The concept of phagocytic cells was first demonstrated by the activity performed by Rib-
bert during the early 20th century. The research included peripheral injection of lithium
carmine solution where the researcher demonstrated the presence of a group of cells,
which are responsible to capture and clear them from the circulation. Thus, the cells
are being stained because of uptaking the injected molecules [62]. Subsequent analysis
of those cells demonstrated to be mononuclear phagocytosing cells, which were named
differently by different researchers, ‘histiocytes,” ‘polyblasts,” ‘clasmatocytes,” etc. Subse-
quent research on this topic through the incorporation of different dyes, the fibroblasts,
and phagocytes was differentiated, and Karl Albert Ludwig Aschoff has described this
group of cells as ‘reticuloendothelial cell’ (RES) [63]. Two terms, ‘reticulo’ and ‘endo-
thelial are introduced to represent the inner meaning of the system where ‘reticulo’ refers
to the tendency of these particular large phagocytic cells toward various organs and
‘endothelial” states its similarity to the vascular endothelium [62]. The major function
of this RES system was described to capture and clear the unwanted foreign or damaged
internal particulate matters in the circulatory system.

Various novel drug delivery systems are formulated in the nanometric size range to
improve their EPR effect in the circulation. Such the EPR effect of those formulations
allowed the formulation to be delivered to the site of action during their stay in circu-
lation. Further, it has been described that various blood proteins, such as albumin, glob-
ulin, and fibrinogen and other proteins, alter the fate of these nanocarriers in the
circulation [64]. Usually, following the administration of the nanocarriers into the
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circulatory system, these circulatory proteins interact with the nanocarrier structures and
get absorbed onto the surface of the nanocarriers [5]. Adsorption phenomenon of the
proteins on the nanocarrier surface forms the nimbus, called ‘proteins corona.” The quan-
tity and the composition of proteins on the corona are varied in different carriers because
of different interaction between the plasma proteins and nanocarriers, and also protein
and protein [65]. Best on the nature of the corona, they are divided into two categories:
soft corona, and hard corona. A higher affinity of the circulator proteins toward the nano-
carrier forms the hard corona, whereas the lower affinity of the proteins toward the nano-
carrier gives rise of the soft corona. However, the quantity of protein(s) on the surface of
the nanocarrier along with its arrangement onto the nanocarrier surface solely depends on
biological interaction between the proteins and nanocarrier and on the physicochemical
condition [66]. Uncontrolled and unplanned formation of proteins corona leads to an
effect on in vivo stay of the nanocarrier, which possibly may lead to a change in alloca-
tion, targeting, and opsonization characteristics of the nanocarrier and may also lead to
produce unintentional toxicity of the formulation. However, this adsorption phenom-
enon of proteins on the carrier surface can be planned for the known protein to favor
drug delivery system, especially in targeted delivery systems of therapeutics [65].

2.6 Cancer microenvironment

Incurability and relapse of different cancers are the common reasons for drug resistance
in the cancer microenvironment. There are several factors in the tumor microenviron-
ment that are responsible for the creation of such a barrier to the delivery of therapeutics
to reach the cancerous area. If the therapeutic agent crosses the vascular endothelial
barrier, it may reach the cancerous environment. This microenvironment of the can-
cerous area may widely vary in different cancer, location, and stage of progression [67].
The cancerous microenvironment creates an unfavorable environment to the delivery
system, thereby prevent penetration of the therapeutics into the cancer cells to encoun-
ter an essential therapeutic response. The cancer microenvironment comprises of extra-
cellular matrix (ECM) that hampers the therapeutics to cross the microenvironment.
This ECM consists of proteoglycans and matricellular proteins, the cross-linked struc-
ture of fibrillar collagen, and hyaluronic acid to reach the target site in cancer cells. This
ECM provides the structural integrity of the cancer microenvironment, where the
ECM allows the passage of oxygen and nutrients to the cancer cells to regulate progres-
sion and tumorigenesis [68]. As discussed earlier, the complexity of the ECM barriers
differs in different cancers, where the use of collagenase found to disrupt the ECM bar-
rier to assist diffusivity of the formulations to the site of action. The presence of this
ECM barrier has shown to restrict therapeutics to enter into the cancer microenviron-
ment, thus these therapeutic agents are not allowed to reach the target cells to result in
desired efticacy [66, 69].
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Following sufficient growth of the cancer cells in a particular region, to proliferate
more and to obtain sufficient growth factors and nutrients, the cancer cells dislodge from
its origin, enter into the circulator system, and result in metastasis. The cells travel to mul-
tiple areas of the body, colonize to those areas, and start growing individually away from
its original place of origin. Several proteolytic enzymes are responsible for such dislodging
of the cancer cells from its origin and to confiscate the barrier for the metastasis process
[70]. The proteolysis process of the ECM is facilitated by the presence of a family of a
proteolytic enzyme, matrix metalloproteinases (MMP). Thus, the level of this enzyme
in the circulatory system may be acting as a biomarker in cancer conditions to diagnose
the stage of progress [71, 72].

Uncontrolled proliferation of the cancerous cells moves the cells away from its origin
and from the vasculature, thereby the concentration of oxygen was found to decrease
proportionately as the distance increases from its origin, creating a hypoxic condition.
The decrease in oxygen concentration alters the extracellular pH as it moves away.
Therefore, such acidic and hypoxic conditions of the cancer microenvironment favor
prevent them from different radiation and chemotherapeutic agents [73, 74]. Hypoxic
condition in the cancer microenvironment gives rise of chemokine ligand-28 produc-
tion, where this chemokine resists the immune cells to reach that environment and also
assist in the angiogenesis process. The presence of this chemokine is sometimes used in
the detection of late-stage cancer [5]. This chemokine is also targeted to develop targeted
delivery to the cancer microenvironment to obtain an improved efficacy of
chemotherapeutics [75].

2.7 Multidrug resistant system in cancer cell

Multidrug resistance is a state in cancerous cells that creates resistance of the cancer cells
toward cancer chemotherapy. This resistance allowed us to survive the cancer cells
against a wide range of structurally distinct chemotherapeutic agents [76]. This resis-
tance mechanism allows us to efflux out the absorbed chemotherapeutics from the cells,
thereby the drug concentration is decreased within the cell and ultimately resists for its
functionality [77]. Crucial problem is that the cells will not only resist the parent
chemotherapy, it will also develop cross-resistance to additional chemotherapies exert-
ing different mechanism of action [78]. Thus, reaching of therapeutics to the cancer
cell may even become ineffective because of the development of multidrug resistant
barrier. Such resistance of the cancerous cells may be developed due to the mutation
of the cancer cells or may be due to the intrinsic characteristics of the cancer cells.
Among the multidrug resistant genes responsible for the generation of resistant,
include ATP-binding cassette (ABC), a family of more than 50 genes [27, 78-80].
Access of chemotherapeutic agents to the cancer cells is limited by the ABC efflux
transporter overexpression, such as breast cancer resistance proteins (BCRP/ABCG2),
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MDR -associated protein 1 (MRP1/ABCC1), and P-glycoprotein (P-gp/ABCB1)
[81, 82]. The cell membrane of the cancer cells is known to express these ABC bound
efflux proteins that are capable of efflux out the resistance and other chemotherapeutics
against the concentration gradient. Therefore, the development of multidrug resistance
obstructs the delivery of the right therapy at the right time at the right concentration
and in the right position. Thereby, a fraction of the drug at subtherapeutic concentra-
tion remains within the cancer cells, where the rest of the drug effluxes out via these
efflux pump described above [5].

3. Conclusion

Biological barriers of the human body alter the efficacy of therapeutics via preventing
their entrance or by decreasing the cellular concentration of the drug to the subtherapeu-
tic level. Among the biological barriers, the epithelial and endothelial cells are found to be
potentially involved, because cellular membranes of gastrointestinal barriers are com-
posed of epithelial cells whereas the blood-brain barrier is composed of endothelial cells.
The presence of claudins and occludin are mainly responsible to form tight junctions of
the external cells, which are mainly exerting barrier characteristics of the cells. Further,
the barrier features of the tumor microenvironment and multidrug resistance environ-
ment play a crucial role in the formation of the biological barrier.
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1. Introduction

Nanogels are the combination of the favorable properties of hydrogels with colloids. As a
result of this combination, nanogels can be soft, conformable, highly permeable, and
stimuli responsive. Nanogels can also expose a large surface with functional groups aim-
ing the conjugation with a range of small to large molecules including macromolecules.
Nanogels can be used for targeted drug delivery and bioimaging, also having potential for
water purification and catalysis [1]. Hydrogels are composed of three-dimensional net-
works of hydrophilic polymer chains in which drugs, polymers, and dispersed phase of
liquid can be entrapped [2, 3]. These properties allow them to absorb a significant amount
of water. In their composition, the presence of chemical cross-links (i.e., covalent or
ionic), physical cross-links (e.g., van der Waals interactions, crystalline domains, inter-
molecular complexes, hydrogen bonds), or the combination of both, prevents/delays
polymer dissolution in case of exposure to aqueous solutions. According to IUPAC,
nanogels are a particle-gel type of any shape with an equivalent diameter of
1-100 nm. Nanogels are also considered as polymeric networks in the nano-range [4, 5].

Literature reports that different polymeric structures have been classified as nanogels,
such as hydrophilic or hydrophobic cross-linked polymer nanoparticles, core-cross-
linked, or shell-cross-linked micelles of amphiphilic polymers, among others [6]. Nano-
gels can be characterized by a hydrophilic polymer network and by an equilibrium
swelling condition that coordinates the swelling of their macroscopic analogs [7].
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Nanogels present pores that are filled with micro or macromolecules that have swelling
and degradation properties with flexible size, large surface area, and high water content
(8, 9].

Nanogels can be used to modify the release profile of loaded drugs and release them at
the target site. Controlling the particle size of the polymeric network may also be possible
[10]. Due to their robust characteristics, they offer an approach to carry both hydrophilic
and hydrophobic compounds [11], as well as to formulate poorly soluble drugs [12].

Nanogels are biodegradable and exhibit high biocompatibility. Nanogels have a free-
flowing pearlescent network that is easily dispersed in aqueous media [10, 13, 14| and can
be applied to deliver drugs by different administration routes (e.g., oral, pulmonary, nasal,
ophthalmic, and transdermal) [15]. According to Guerrero-Ramirez et al. the greatest
advantage of nanogels is the possibility to reduce premature leakage of the drug from
the solution [16].

Nanogels may, however, be associated with limited drug-loading efficiency [17]. The
major disadvantage, however, is the risk of strong interactions between the polymer and
the drug which may decrease the hydrophilicity of the nanogels and as consequence can
cause the structure collapse. This mechanism may lead to an irreversible entrapment of
the drug molecules and enhance the hydrophilicity of the nanogel matrix [18, 19]. The
presence of surfactants or monomers in the composition of nanogels formulation may also
cause adverse effects [11].

1.1 Classification of polymer nanogels

Nanogels are composed of physically and chemically cross-linked synthetic polymers [20)]
or biopolymers (Fig. 1) [21]. Natural polymer-based nanogels are considered better can-
didates for drug delivery when compared to synthetic polymer-based nanogels [22].
Nanogels have been prepared using polymers of different sources, namely, natural or
synthetic [23]. Chitosan, alginate, gelatin, and albumin are some natural polymers fre-
quently used in the production of nanogels. The most representatives synthetic polymers
for nanogels formation are poly(lactic acid), poly(lactic acid)-poly(glycolic acid) copol-
ymer, poly(methylmethacrylate), poly(methylcyanoacrylate), and poly(e-caprolactone).
Some authors consider that the definition of nanogel is not clear and may, therefore,
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Fig. 1 Basic structure of polymer nanogels.
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include polymer micelles that show a biphasic core-corona structure. However, accord-
ing to these authors, this term should be applied to nanoparticles that have in their
constitution a random network structure formed by both chemical or physical cross-
linking [24].

In these systems, drug molecules are usually entrapped in the inner core of the par-
ticle, however, in some cases, they may be physically adsorbed or chemically linked on
the surface. According to Vauthier et al. in the production of nanogels, the polymer com-
ponents are firstly emulsified, followed by condensation (i.e., including precipitation,
gelation, and polymerization methods). Depending on the polymer, if its molecules con-
densed spontaneously, the emulsification method is not needed [23]. One example of this
case 1is the cholesterol-bearing pullulan that forms nanoparticles only by applying soni-
cation, once self-association of the cholesteryl group occurs [25].

There are some available methods to prepare nanogels in pilot-scale for conducting
clinical trials [23]. Makhlof et al. developed chitosan-hydroxypropyl methylcellulose
phthalate nanoparticles. These particles are for oral insulin delivery and are formed spon-
taneously by ionic cross-linking [26]. Nakano et al. use the nanogel technology for coat-
ing stents, recently developed a drug-eluting stent in which poly(pr-lactide-co-glycolide)
nanoparticles were adsorbed [27]. The hydrophilic drugs can be entrapped in these nano-
gels for achieving prolonged drug release when compared to a conventional stent.

2. Biomedical application
2.1 Drug and gene delivery systems

Gels are widely used in biotechnology and medicine [28]. Nanogels are delivery systems
consisting of swollen cross-linked polymers. Their size is 10-100nm and they keep their
shape after dissolving in water. Polymeric nanogels are formed byphysical cross-linking
and noncovalent interactions, also by using cross-linking agents for the formation of
chemically cross-linked polymer nanogels. Usually, noncovalent self~assembly occurs
under soft conditions. Therefore, it is attractive for encapsulation of proteins, genetic
material, and biological sensitive drugs. However, self-assembled nanogels are flexible
and can be reconstructed when passing through biological barriers and subjecting to var-
ious physical factors (temperature, pH, dilution) under in vivo conditions. Regardless of
the field, nanogels technology uses more and more physicochemical and biological prop-
erties of self-assembled nanostructures for advanced treatments and for reducing side
effects [29]. Recently, multifunctional NanoCliP nanogel was synthesized with a high
porous modulus 10 times higher than that of nonporous cross-linked nanogel [30].
NanoClik gel consists of self-assembling amphiphilic polysaccharides and a chemically
cross-linked network between nanogels. Nanogels are able to biodegradability and sus-
tained release of proteins. NanoClLiP gel is also able to capture proteins, liposomes, and
cells on its surface.
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Synthetic poly(ethylene glycol), poly(lactic acid), and poly(-E-caprolactone), and
natural polymers based on polysaccharides are suitable materials for nanogels. It is known
that an ideal therapeutic drug delivery system should be nontoxic, nonimmunogenic,
biocompatible, with targeting potential to deliver a biologically active molecule and
to reach the maximum of therapeutic efficacy with minimum toxicity. The main prob-
lem of chemically cross-linked polymeric nanogel is the presence of the remaining
amount of cytotoxic cross-linking agents used in the synthesis and also the unavoidable
impact of the harsh conditions of synthesis. Synthesis of these hydrogels is based on
N-isopropylacrylamide, N-hydroxyethyl acrylamide, and 2-acrylamidoethyl carbamate,
cross-linked with N,N-cystaminebisacrylamide or N-methylenebisacrylamide. After
intravenous administration of these hydrogels, no tissue damage, inflammation, or mor-
phological changes in the liver, spleen, and kidney from each treatment group were
detected after analysis of blood and tissues. Synthesized nanohydrogels were biocompat-
ible and nontoxic in vivo in rats. Thus, they can be used as drug carriers in further in vivo
studies [31]. Inverse nanoprecipitation technology was used for preparing zwitterionic
nanogels on the basis of poly(amidoamine)s with a size of 100 nm loaded with rifampicin
as a model drug rifampicin; this showed minimal toxicity to cells [32].

The problems that limit the widespread use of synthetic chemical-linked nanogels and
poor biodegradability are partially overcome if a copolymer conjugated to cleavable
disulfide bond (-S-S-) or metabolic thiol glutathione, free thiols are used. One alternative
way is the use of enzymes capable of making cross-linked polymers under physiological
conditions, thus avoiding undesirable products and toxic agents. This approach, called
“enzymatic nanogelation” to obtain stable particles (200 nm) nanogel under physiological
conditions, is especially attractive in view of encapsulation of biological proteins [33].

Synthetic and natural polymers show that nanogels based on polysaccharides (chito-
san, dextran, hyaluronic acid) may most widely be used as nanogels because of their non-
toxicity, biodegradability, and biocompatibility. Attractive and unique delivery systems
based on self~assembled polysaccharide nanogels have been reviewed by Tahara. Clinical
testing in humans has shown that vaccine based on a nonionic nanogel can be adminis-
tered without serious side effects [34]. The current importance of these systems depends
on bioavailable and biodegradable materials based on hyaluronic acid. This is obviously
related to a high biological activity and receptor-binding properties to cancer cells (CD44
and CD168). To obtain an enzyme-sensitive nanogel, modification of hyaluronic acid by
methacrylate was carried out. In vivo investigations have demonstrated that Doxorubicin
loaded into nanogel accumulates in cancer cells better than free Doxorubicin. Further-
more, nanogels have shown higher antitumor activity against mouse tumors H22 [35].
Another type of natural polymers (gelatin) with gum arabic was used for obtaining nano-
gels. Natural cross-linking agent (gum arabic) is favored slightly over other agents
(glutaraldehyde, diisocyanates, genipin, carbodiimide, and oxidized polysaccharides)
because of its safety. Hemo-compatible nanogels relative to MCF-7 cells in vitro
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conditions were prepared by the technique of water-in-oil (w/0) miniemulsion and gum
arabic as a cross-linking agent [36]. Biocompatible and hemo-compatible cross-linked
nanogels from sodium alginate and gelatin were obtained using inverse mini-emulsion
[37]. Curcumin-loaded nanogels from gelatin and poly(acrylamidoglycolic acid) were
obtained by radical polymerization [38]. Nanogels can be prepared from heparin by
self~assembly of conjugated amphiphiles and self-assembly of thiolated heparin and
poly(ethylene glycol). Cross-linked heparin nanogels made by disulfide bridges and func-
tionalized by methacrylate units display a slow release in neutral solution and a quick release
under acidic conditions. Improved blood circulation ability and antitumor activity of
loaded doxorubicin nanogel were observed in vivo [39]. A new method of producing
hybrid biogels has been advanced for encapsulating a model protein BSA [40]. The
obtained nanogel 1s a mixture of chitosan/polyacrylic acid with hydroxyapatite particles.
The low hemolytic activity and cytotoxicity and the possibility of release allow investigators
to recommend these nanogels for the regeneration and restoration of bone tissue [41].

There are other innovative techniques for producing nano-sized gels intended to the
encapsulation of drugs. Nano gel consisting of pluronic and the inner core based on algi-
nate was obtained using a simple method without chemical synthesis. The obtained
nano-sized gels have shown good stability to load a positively charged protein model,
lysozyme. Sustained release is achieved and the released protein retains its biological
activity [42]. The simple and “green” method for producing nanogel was presented
[43]. Nanogels were formed through molecular self-assembly of lysozyme and carboxy-
methylcellulose by electrostatic interactions. Results of in vitro cytotoxicity show that
obtained nanogel loaded with a model anticancer drug (Methotrexate) has improved
antitumor bioactivity [43]. Another way of obtaining nanogels is an ionomer cross-
linking of complexes. This is turn can lead to the formation of particles with a small size
(10200 nm) and narrow size distribution. For example, self-assembled nanogels were
obtained by cross-linking of Zn-coordinated micellar templates by removing metal
ion. Nanogel loading of drug Methotrexate reduces the viability of HepG2 cells and
causes cell cycle arrest [44].

It is known that cationic nanogels based on polysaccharide and modified with amine
groups are very effective for intracellular delivery of proteins and DINA material, and as an
intranasal vaccine delivery for pneumonia in humans [34]. Self-assembling nanogels
based on cationic cycloamylose modified cholesterol and dimethylaminoethane can form
nano-sized complexes with CpG DNA through electrostatic interactions. Such com-
plexes have demonstrated the most efficient secretion of cytokine and cellular uptake
in macrophage-like cells [45]. Other authors have reported the synthesis of cationic
nanogels with controlled particle size for the transfection of DNA and small interfering
RNA, using reversed micelles of a nonionic detergent Brij-O10 [46]. The way to over-
come the lyso/endosomal barrier was presented by Maximova. It was found that the net-
work structure of nanogel provides the unavailability of the amino group. Thus, nanogels
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behave like a Trojan horse. They were protected from additional protonation and
retained the properties of the buffer. This resulted in improving transfection efficiency
[47]. Another interesting result was to make nanogels by complexation to carboxymeth-
ylcellulose with branched PEI. These nanogels have been used as carriers for gene deliv-
ery. In this case, the cytotoxicity of poly-branched polyethyleneimine was significantly
decreased by complexation with nanogel particles. Intracellular uptake of DNA and
transfection of genes were increased [48].

Combined delivery of two or more therapeutic agents is a current and innovative
approach. In this case, a multiapplication therapy can be realized, and at the same time,
the probability of cell resistance can be minimized. Multimodal therapy is very significant
in the treatment of cancer [49]. For example, physically and chemically cross-linked
nanogels were obtained in injectable form, which can simultaneously deliver IL-2,
[FN-gamma, and doxorubicin to tumor regions for combined chemical and protein ther-
apy [50]. This can best be loaded with plasmid, pVAX1-LacZ and pcDNA3-FLAG-p53,
and antitumor drugs and controlled release from a chemically cross-linked biocompatible
nanovectors based on nanogels [51]. New temperature/pH-sensitive superparamagnetic
nanogels can deliver two different anticancer drugs (doxorubicin and methotrexate)
simultaneously. Superparamagnetic properties of nanogel promoted targeted delivery
to cancer cells by using magnetic field resonance. Cytotoxicity of this nanogel for cell
lines MCF7 and MDA-MB-231 had appropriated to the level of carriers of drugs
[52]. Multifunctional nanogels were developed by copolymerization of zwitterionic
amino acids with fluorescent cross-linking agents (quantum dots). Folic acid was conju-
gated on the surface of nanogel as a targeted ligand [53]. Several drug molecules can be
covalently bonded into the polymer chain in the polymer-drug conjugate system.
A comparison of nanogels in which drugs are physically encapsulated in polymeric sys-
tems with conjugated drug-polymer systems shows that these nanogels can achieve high
drug loading, sustained release, and good stability without drug leakage. All this plays a
vital role in the therapeutic effect [54].

Conjugate nanogels have many important advantages: the ability to form the neces-
sary size, a surface electric charge, the density, and a necessary functionalization. The
authors lead the conjugation of retinol to dextran. These conjugates spontaneously
self~assemble in water solution where they form pH-dependent nanogels. These nanogels
can effectively encapsulate an antigen and achieve maturation of dendritic cells, and
induce a lysosomal gap that provides an effective vaccine against cancer [55]. Conjugated
quercetin to biodegradable polymer (poly (D-amino ester)) has been shown release during
45—48h after ester hydrolysis under physiological conditions [56].

There are different approaches for the immobilization of enzymes and the preparation
of immobilized catalysts. An interesting approach to immobilization nanogels on the sur-
face was presented. This method allows an increase in the density of functional groups,
also the loading of active molecules (as imaging probes, proteins, drugs, or even genes)
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with the further release by various factors [57]. Another approach has been used the sav-
ing of functionality of enzyme activity and binding capacity to cellulose. For this purpose,
the protein was immobilized on cellulose. The use of nanogels prevents denaturation and
enzyme leaching [58].

2.2 Adhesive characteristics

[t is known that the residence time of a drug on the mucosal surface can be increased if the
adhesion between the polymer material and the mucosa can be obtained. As a rule,
mucoadhesive polymeric carriers contain targeted sites for tissue to increase the perme-
ability of the drug (Fig. 2).

Currently, there is considerable interest in nanogel systems as a drug delivery system
for cancer treatment [59—61]. An interesting approach in development is an active plat-
form for cancer therapy. This has been considered by Liang. It is assumed that this plat-
form is a conjugated nanogel (hyaluronic acid-epigallocatechin-3-gallate) containing a
serine protease GzmB. Hyaluronic acid was chosen as a gel component because it is a
receptor of cancer cells, including cancer stem cells. Epigallocatechin-3-gallate exhibits
antioxidant behavior and forms a micellar nanocomplexes with anticancer protein. Poly-
ethyleneimine facilitates the release of GzmB from the endosome to the cytosol [62].

Recently, considerable attention in the field of smart delivery of anticancer drugs has
been devoted to polymeric nanoparticles that are sensitive to various factors (pH, tem-
perature, the concentration of glutathione) [41]. For examples, cross-linked
multisensitive (oxidation, pH, temperature) biodegradable nanogels with galactose func-
tionalization aimed at targeted delivery to liver cancer cells were obtained. The cytotox-
icity of doxorubicin-loaded nanogels was evaluated using human hepatocellular cancer
(HepG2) and cervical cancer (HeLa) cells. It is established that doxorubicin-loaded nano-
gels showed an improved delivery of doxorubicin and inhibition of hepatoma human
cells (HepG2) [63]. The new design of poly(vinylalcohol) nanogels with encapsulated
doxorubicin was presented. Prepared nanogels, sensitive to the extracellular and intracel-
lular endosomal pH, cytoplasmic glutathione of tumor cells, were able to effectively
intracellular release of anticancer drugs [64]. A comparison between the free drug, a synt-
hesized polypeptide nanogels (poly (ethylene glycol) poly (L-phenylalanine-co-L-cystine),
and the loaded doxorubicin showed an increased intratumoral accumulation and

Nanogel

Fig. 2 Nanogels adhesive properties for mucus layers.
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improved antitumor efficacy in hepatoma HepG2. Depressing of tumor cells was addi-
tionally confirmed by histopathological and immunohistochemical analysis [65].

Chitosan is a cationic mucoadhesive polymer widely employed as a carrier for intra-
vesical delivery in connection with the strong interaction between mucin and amino
groups of chitosan. However, it has some drawbacks. For this reason, it is necessary to
use more tolerable mucoadhesive materials [66, 67| or apply promising approaches for
the development of polymers with different ligands, improving mucoadhesive properties
[68]. For example, positively charged nanogels with significant mucoadhesive properties
to easily attach on the surface of the bladder were synthesized by copolymerization of
acrylamide. In vitro and in vivo investigations of mucoadhesives showed that nanogels
bind to UMUCS3 and T24 cells [69].

This is a fact of tremendous importance to use mucoadhesive polymers in ocular ther-
apy. They improve ophthalmic bioavailability and the prolonged effect of the drug in
tissues. These requirements are usually related to the rapid washing out, and low half-life
of eye drops and various barriers to the eyes. For this purpose, the authors synthesized and
characterized new nanogels based on poly (butylene adipate) and N-succinyl chitosan
having mucoadhesive properties for delivery loteprednol etabonate. Nanogels containing
loteprednol etabonate were obtained by O/W emulsion technique; they showed a spher-
ical morphology, excellent biocompatibility, and bioadhesion [70].

But in many cases, RNA-loaded polymer or lipid nanoparticles are not able to over-
come biological barriers in vivo. For this purpose, hybrid (lipid-polymer) nanoparticles
have emerged as a reliable and promising platform for the delivery of siRNA. For exam-
ple, highly effective RNA nanoparticles for inhalation therapy using a pulmonary surfac-
tant (Curosurt) (which plays an important role in cellular uptake due to lung-specific
binding sites) and a cationic biodegradable dextran, were developed. Hybrid nanoparti-
cles consist of a biodegradable cationic dextran nanogel core covered by a surfactant shell.
In this way, it is found that the pulmonary surfactant shell of nanogel improves the sta-
bility and enhances the intracellular delivery of siRINA [71, 72].

It is common knowledge that transdermal drug delivery faces the problem of the skin
barrier [73]. Effective intraepidermal delivery of a protein was achieved by a thermosen-
sitive poly (IN-isopropylacrylamide)-polyglycerol-based nanogels. The authors estab-
lished that transglutaminase-loaded nanogels lead to the remedy of the skin barrier
function [74]. The adhesive properties of a special class of self-assembled hydrogels have
been improved by adding signal peptide derivatives which interact with lens epithelial
cells [75]. These nanomaterials are perspective for preventing capsular opacification.

2.3 Mechanism of release

It is known that key drawbacks for drug injectable administration based on nanogels are
the explosion and release of the therapeutic agent. Polymer “smart” nanoscale hydrogels
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can dissolve, swell, and release therapeutic molecules. Their properties depend on tem-
perature and pH medium. Hybrid systems consist of solid inorganic core coated with a
hydrogel matrix. This can improve the stability of the structure, form a gel, and avoid the
processes of radical polymerization for their preparation. Usually, pH-sensitive gels based
on polyethyleneimine, poly(methacrylic acid), or poly (2-diethylaminoethyl methacry-
late) are used. A simple (one-step) process for producing hydrogel for intracellular deliv-
ery of RNA and its release into the cytoplasm has been proposed [76]. These authors
observed that the hydrogel coating behaves like a switch when passing from neutral
to acidic medium. It is known that encapsulation and release of self-assembled peptides
strongly depend on protein size and viscosity. For example, the kinetics of release of pro-
teins (morphogenetic protein-2 and vascular endothelial growth factor) from polyethyl-
ene glycol nanogels depends on the length of polymer units (lactide and glycolide) but
does not depend on the size of proteins [77]. The authors reported the synthesis of nano-
gel consisting of N-isopropylacrylamide and N-(2,2,6,6-tetramethylpiperidin-4-yl)
methacrylamide. Properties of this nanogel are sensitive to temperature and pH. Stimulus
responsive particles are functionalized using sterically hindered secondary amine and dis-
play a phase transition temperature [78].

Nanogels are frequently used for controlled drug release for several diseases (Fig. 3).
Also, nanogels allow reduced release rate of drugs, provide a constant concentration of
drugs under in vivo conditions for a long time, and prevent drug side effects. The creation
of prolonged forms for isoniazid and rifampin is an actual problem. To solve this problem,
nanogel based on poly(methacrylic acid) was synthesized. This gel shows: (i) controlled
release of isoniazid and rifampin with higher activity; (ii) desired antimicrobial eftect;
(ii1) slow release; and (iv) no cytotoxicity [79].

2.4 Sensor and bioimaging polymer systems

Noninvasive systems for imaging of biomaterial and drugs under in vivo conditions are
very useful now. Nanogels with porphyrin inner core as a fluorescent probe were
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Fig. 3 Most common medical applications of polymer nanogels.
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obtained. Their good biocompatibility and ability to monitor tumor tissue in vivo make
them as potential drug carriers [80]. Another example of new solar nanogels for the deliv-
ery of genetic material into cells and the capabilities of imaging was represented [81]. This
nanogel was a complex of the quantum dot. Gel based on heparin and Pluronic F 127 and
coated with polyethyleneimine to interact with plasmid DNA. Authors described the
creation of nanohydrogel loaded with QD705 and manganese; they are suitable for imag-
ing by fluorescence tomography and magnetic resonance of cancer colon in mouse [82].
Another example of cross-linked Pluronic F127 nanogel containing a fluorescent probe
for imaging of biological tissues was presented by Guo et al. [83]. For the first time, nano-
gels loaded with gold were obtained. It was possible to visualize 2D X-ray images of
patients with lung cancer by using this injectable marker [84]. Bioimaging of protein
and peptide cellular uptake has been performed by means of hybrid nanoparticles nano-
gels. The metals were used as cross-linking agents [85].

Sensory systems for glucose are very important for diabetic patients. Biocompatible
and hemo-compatible dual-layer nanogel based on glycol chitosan/sodium alginate-poly
L-glutamate-co-N-3-L-glutamylphenylboronic with encapsulated insulin and sensitive to
glucose was obtained. The system is capable of controlling the release of insulin at high
levels of glucose [86].

2.5 Drug delivery to CNS and penetration through blood-brain barriers

Chitosan hydrogels for delivery of Methotrexate improving brain penetration were
obtained [87]. Insulin-loaded nanogels crossing the blood-brain barrier (BBB) via intra-
nasal route were obtained for the creation of nasal spray for the treatment of neurode-
generative diseases.

Gel based on poly(N-vinylpyrrolidone) with carboxyl groups and a functionalized by
fluorescent molecules shows improved stability, storage, biocompatibility, and ability to
protect insulin from protease degradation and transport efficiency across BBB. Thus it is
suitable for carrying drugs for the treatment of Alzheimer’s disease [88]. Novel designed
biodegradable cationic cholesterol-e-polylysine nanogel for delivery of triphosphory-
lated nucleoside reverse transcriptase inhibitors with high expression of anti-HIV activity
was obtained. Targeted delivery nanogel was carried out using modified nanogel brain-
peptide vectors [89].

3. Conclusions

We have discussed in this manuscript various facets regarding nanogels and their appli-
cability in the biomedical domain. In the last year, it was demonstrated that the devel-
opment of new methods in the area of nanotechnology when applied to medicine can
provide better ways of investigation and diagnostics with therapeutics of difterent dis-
eases. The most important aspects regarding nanogels for biomedical applications are
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the type of network cross-linking, the main characteristics of nanogel structures that
make them appropriate for a variety of applications, bioconjugation, and encapsulation
of bioactive substances and methods of preparation. In the future, nanogels will be essen-
tial as bioactive delivery carriers to improve the efficiency of drugs and the benefit of the
patients.
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1. Introduction

The main goal of pharmaceutical research is to design products with ensured quality to
effectively treat diseases. Patient and clinician compliance is crucial to successtul bench-
to-bedside translation. Materials of pharmaceutical interest (MPIs) are classified into two
main classes, namely, active pharmaceutical ingredients (API) and nonpharmacologically
active excipients [1]|. The former are entailed to trigger a pharmacological response, while
the latter are incorporated into the formulation to improve its (bio)pharmaceutical prop-
erties and performance. One of the challenges in early and late PR&D pertains to the
poor aqueous solubility and permeability of drugs. This property is common to approx-
imately 50% of the APIs on the market and it represents a crucial hurdle during the stages
of drug product development. Moreover, low solubility in biological fluids leads to lim-
ited absorption in the gastrointestinal tract (GIT) and limited bioavailability, the oral
route is the most popular one, in addition, this route is usually associated with hepatic
first-pass metabolism, chemical and enzymatic degradation in the GIT medium,
basolateral-to-apical efflux by pumps of the ATP-binding cassette superfamily (ABCs),
and reduced bioavailability. The most straightforward strategy to circumvent these dis-
advantages is the parenteral route. However, it provokes tissue damage, pain, and patient
incompliance |2]. Moreover, systemic exposure often leads to adverse effects that cannot
be easily controlled. The oral route is also less feasible when more prolonged release
kinetics is demanded owing to the short gastric emptying and intestinal transit times.
The emergence of micro and nanotechnologies together with the implementation of
noninvasive and painless administration routes has revolutionized the pharmaceutical
market and the treatment of disease. The interest in the capitalization of the mucus layer
that covers the surface of a variety of organs by developing mucoadhesive dosage forms
that remain in the administration site for more prolonged times, increasing the local and/
or systemic bioavailability of the administered drug using nanotechnology is on the rise.

Theory and Applications of Nonparenteral Nanomedicines © 2021 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-820466-5.00006-5 All rights reserved.
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Aiming to overcome the main drawbacks of the oral route and to maintain high patient
compliance, the engineering of innovative drug delivery systems (DDS) administrable by
mucosal routes has come to light and gained the interest of the scientific community due
to the possibility of changing the drug pharmacokinetics dramatically. In addition, to
achieve the goal of mucosal drug administration, the development of biomaterials has
been refined to fit the specific applications. Mucoadhesive materials have a strong affinity
for mucosal surfaces and adhere to the surface of these tissues. Drugs may be physically or
chemically bound to these mucoadhesives to increase their residence time at a specific
location in the body. Additionally, the mucoadhesive eftect allows for site-specific deliv-
ery of drugs to the mucosa. Mucoadhesive materials may take many forms, such as tablets
for buccal delivery in situ gelling systems for ocular drug delivery, microgels for intrave-
sicular administration, or nanoparticles targeting the GI tract |2, 3].

1.1 Mucosal features: Mucosa composition, the structure of mucin,

and chemical moieties of interest

For a good understanding of the Mucoadhesion phenomenon, we must give the features
of the Mucosa, especially the mucosal fluids, a special attention. From a histological point
of view, the mucosa is composed of (from the lumen to the submucosa) an epithelial
layer, which can be of different types and differ in mucosal foldings and roughness, thus
affecting mucoadhesion. Mucus is a viscous gel layer produced from goblet cells, [1]
mucus secretory cells or submucosal glands found on various mucous membranes.
The presence of mucus on the membrane provides protective films for underlying epi-
thelium. The main component of mucus is water (up to 95% by weight) [2]. Mucus is
composed of, regardless the origin, cross-linked and entangled mucin fibers, sloughed
cells, bacteria, lipids, salts, proteins, macromolecules, and cellular debris. Mucus is
non-Newtonian, viscoelastic system comprising a tridimensional network of randomly
entangled mucins (2%—5% of its mass), and presenting typical viscosity values in the range
0f 10-103 at low shear rate but quite variable depending on particular composition, ana-
tomical site, and physiopathological conditions [3].

1.2 Mucus thickness and pH can vary too due to the same factors
affecting viscosity

Entanglement of mucin results in the formation of dense fiber mesh in the mucus gel layer
structure. An average mesh size of 100nm was estimated from the movement of various
sizes of viruses [3]. This mesh size should nevertheless be used for orientating calculations
with caution, as the mucus is a very dynamic and not a static system. Moreover, this mesh
size can be found just in certain microstructure regions of the mucus but not uniformly
throughout the entire mucus gel layer [4]. Therefore, particle size plays an important role
in the movement of particles in the mucus. The dense fiber mesh exhibits significant
steric inhibition of particle movement and immobilizes particles within the mucus gel
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layer. The dense fiber mesh blocks the movement of large size particles, but the enhanced
ability to penetrate mucus is not linear with size reduction [5].

The mucin found within the mucus represents the primary organic component of the
gel. Mucins are a group of glycoproteins coded for by MUC genes, after which the pro-
teins are named [5a]. It is important to note that these mucins can be either membrane-
bound or secreted; the latter make up the viscoelastic, shear-thinning, gel on epithelial
surfaces, while the former is the loose mucus or sloppy mucus found on mucosal mem-
branes. This type of mucus is easy to be removed by suction and shear unlike the
membrane-bound mucus [4-8]|. The presence of firm membrane-bound mucus on
mucosal membranes results in the formation of the unstirred-water layer, the barrier
for poorly soluble drugs.

Structurally, mucins are a family of glycoproteins, with molecular weights from 0.2 to
>50MDa These proteins contain a central region with an abundance of proline, thre-
onine, and serine amino acids (the “PTS region”), of which, threonine and serine are
O-glycosylated, giving the PTS region an extended and stiff, “bottle-brush,” conforma-
tion. Some mucins contain non-PTS regions flanking this core, some of which contain
cysteine residues, and therefore possess thiol groups [8a,8b]. The O-linked oligosaccha-
ride chains adorning the PTS region are from 2 to 12 sugars long and are typically com-
posed of galactose, fucose, acetyl-D-glucosamine, acetyl-D-galactosamine, and sialic acid.
These oligosaccharides dominate the structure of mucin, comprising 50%—80% of the dry
weight. There is also the presence of some N-linked oligosaccharides in the non-PTS
region, though these are less abundant.

From a mucoadhesion standpoint, these oligosaccharides provide the potential
for hydrogen bonding and electrostatic interaction with the carboxylic functionality
of the sialic acid [8c|. The pK, of the acidic groups in mucin is between 1 and 2.6,
and as a result, mucin carries a net negative charge at pHs above this [9]. It is important
to note, therefore, that the degree of ionization of the mucin oligosaccharides will
greatly decrease as the pH approaches pH 1, as in the stomach. This loss of ionization
will likely have a bearing on the interaction of materials with mucin. The presence of
acidic saccharides and sulfate esters in the glycosylated regions of the mucin appear
to have an eftect on the adhesion of polymers to the surface of mucus. As previously
mentioned, approximately above pH2.6 the mucin carries a net negative charge, and
given the strength of electrostatic interactions, positively charged species can interact
with the mucin.

1.3 Mucoadhesion at a molecular level—Basics of mucoadhesion

Mucoadhesion can be defined as the adhesion between two materials; at least one material
is a mucosal membrane. Mucoadhesion is a complex phenomenon, which is governed
by many types of interaction. Thus, there is some variation in the specificity of
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mucoadhesion. Several different theories have been suggested that may explain mucoad-
hesive interactions, but only their combination can provide a satisfactory understanding
of the occurring phenomena. Understanding the essential interactions between mucoad-
hesives and mucosal fluids is vital for the rationale development of mucoadhesive DDS
(drug delivery system). These may be specific chemical interactions, such as hydrogen-
bonding, or rheological effects, as you may expect for any adhesive.

In terms of general adhesive interactions, there have been some key effects identified.
For solid dosage forms, it has been suggested that the movement of water from the
hydrated mucus into the dosage form will assist in its adhesion to mucosal surfaces. Sev-
eral chemical interactions appear to play a part in mucoadhesion. This type of interaction
will play an important role for particulates as there is not the same propensity for swelling
and wetting as in the case of tablets. These chemical interactions are proposed to occur
after a period of physical entanglement of the mucus and polymer. The key interactions
governing the mucoadhesion at the nanoscale, which hold for many liquid dosage forms
based on polymers. These are hydrogen bonding, electrostatic interactions, hydrophobic
interactions, and polymer chain interdiffusion. In addition to these quite general inter-
actions, there have been reports of materials which utilized specific chemical reactions to
form covalent linkages to mucins (like disulfide bonds which are formed between poly-
mers and cystine residues of the mucin).

Hydrogen bonding to mucins is a well-researched area of mucoadhesion. There are
various sites on the mucin which are potentially hydrogen-bonding active, such as the
hydroxyl groups on the oligosaccharides covering the PTS region. The ability to
hydrogen-bond will be screened unless the hydrogen-bonding interaction with a
mucoadhesive is sufficiently strong. It has been suggested that many of these hydrogen
bonding effects are actually ion-dipole interactions between hydrogen bond donors and
ionic species. This is due to the greater strength of this type of interaction, relative to
straightforward hydrogen-bonding.

The presence of acidic saccharides and sulfate esters in the glycosylated regions of the
mucin appear to have an effect on the adhesion of polymers to the surface of mucus. This
takes us to another important aspect, which is the charge at the surface; positively charged
systems are preferred to maximize mucoadhesion. One example is chitosan, which has
shown to be mucoadhesive through a combination of effects, with electrostatics identi-
fied as an important interaction [10]. Chitosan and some other mucoadhesive polymers
will be discussed later in this chapter.

Hydrophobicity plays a role in mucoadhesion. It has been shown that mucins can
adsorb onto hydrophobic surfaces, indicating interaction. The so-called “hydrophobic
effect” has been theorized to play a part in mucoadhesion. This effect is caused by the
loss of entropy of water molecules as they associate to a hydrophobic macromolecule
in solution. Hydrophobic molecules tend to aggregate and exclude water molecules.
In addition to hydrophobic effects between mucin and mucoadhesive, the lyophilicity
of mucoadhesives aftects their affinity for aqueous solutions, so colloids with relatively
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poor colloidal stability may be driven onto the mucosa more readily. Polymer chain
interdiffusion and subsequent entanglement can aid mucoadhesion.

Specific chemical reactions on mucins may also be used to enhance mucoadhesion.
Reaction with the thiol groups found in the cysteine residues of mucin has been utilized
due to the high reactivity of these groups. This sort of covalent attachment has been dem-
onstrated as a very effective method of improving the retention of dosage forms. Most
commonly polymers containing thiol groups, named “thiomers” are used [10a, 10b].

Chemical modifications can be done to the polymers to enhance their mucoadhesive
abilities by targeting a specific chemical reaction. For instance, the thiolated polymer
ocular insert was able to adhere to the human eye through the formation of disulfide link-
ages [10c]. This “thiolation” is applicable to many polymers, using simple amide-
coupling chemistry, which is possible in aqueous solvents [10d]. These materials are very
effective mucoadhesives but are prone to oxidation that has led to the development of
“preactivated” thiomers, which usually use a labile nicotinic acid moiety to protect
the thiol groups from oxidation (Igbal et al., 2012). Deamidation is a chemical process
that can be done to improve mucoadhesion like in the case of pectin, commercially avail-
able pectin can be treated with ammonia thus possessing amide groups; deamination
exposes amine and carboxylic acid groups and makes them available for establishing
mucoadhesive bonding [11].

1.3.1 Mucopenetration at a molecular level

In contrast with the previous, mucus-inert nanosystems that avoid interaction with
mucus may also be desirable. Thus, mucus-penetrating NPs may be generally obtained
by conferring a hydrophilic uncharged surface. These systems are called passive systems,
while active mucopenetrating systems are capable of changing either the properties of the
mucus or their own properties via chemical reactions.

1.3.2 Passive mucopenetrating systems

Several polymers including poloxamers and poly(ethylene glycol) (PEG) are widely
used for coating surface of particles. A type of poloxamer that is extensively used for
MPP preparation is Pluronic F-127. Coating PLGA with Pluronic F-127 showed a
significant improvement in particle diffusion in highly viscoelastic human mucus in
the sinuses compared to uncoated PLGA. In addition, mucus penetration properties
of liposomes were significantly improved when the muco-inert polymer Pluronic
F-127 was incorporated [12, 13]. Modification of the surface of particles with PEG
reduces interactions with both luminal components and mucus in the gut [14]. The
hydrophilic and nonionic nature of PEG avoid the establishment of hydrophobic
and ionic bonding, respectively, while the short chain of the polymer diminishes
mucoadhesive entanglement with mucin fibers [15, 16].
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1.3.3 Virus mimicking passive mucopenetrating systems

In nature, particulate systems that can easily overcome the mucus barrier are viruses. In
fact, certain viruses can diffuse through mucus as fast as in saline [17]. The penetration
ability of these viruses likely correlates with their special surface characteristics. Viruses
exhibit a high-density charged surface of both positively and negatively charged moieties.
Trivially spoken these opposite charges seem to be very busy with each other so that they
do not interact anymore with the mucus. At physiological pH, they exhibit a neutral or
slightly negative zeta-potential [18]. The combination of chitosan and chondroitin sulfate
was used to prepare nanoparticles exhibiting equal density of positive and negative
charges to mimic the virus surface. The designed nanoparticles could penetrate mucus
to a higher extent compared to reference nanoparticles [19].

1.3.4 Active mucopenetrating systems

As previously mentioned, active mucopenetrating systems are capable of changing
either the properties of the mucus or their own properties via chemical reactions.
Mucopenetrating systems can change the properties of the mucus by having a mild
mucolytic action on the mucus but not to the extent that it destroys its barrier function.
Instead, mucolytic particles cleave the mucus just there where they are moving
through it.

So far two different types of mucolytic systems have been developed, one that relies
on breaking up disulfide bonds in the mucin and the other relies on mucolytic enzymes
such as bromelain, papain, pronase, and trypsin |20, 21]. For the former, disulfide break-
ing agents such as N-acetyl-cysteine, N-dodecyl-4-mercapto butanimidamide, and
2-mercapto-N-octylacetamide are incorporated in micro- and nanocarriers [22], while
in the latter the enzymes are immobilized on the surface of micro- and nanocarriers.
As these enzymes are cleaving amide bonds within mucin glycoproteins in a very efficient
manner, particles can much easier move across the mucus. Mucolytic enzymes can be
immobilized on the polymer via amide bond formation [23]|. The modified polymers
are subsequently used to prepare particles. So far tested enzymes are papain and bromelain
[9, 24]. In addition, Pereira de Sousa et al. could provide evidence for a significantly
improved mucin mobility after exposure to enzyme-conjugated nanoparticles [24].
The modified nanoparticles showed a twofold increase in the mobility of mucin. Further-
more, bromelain revealed deeper penetration ability in mucus layer compared to
papain [24].

The particles can change their own properties in order to become more mucopene-
trating. The mucus gel layer exhibits a negative charge due to the presence of sialic acid
and sulfonic acid substructures [9]. On the one hand, negatively charged and uncharged
particles can, therefore, move easily through the mucus whereas positively charged par-
ticles are immobilized within the mucus gel layer due to ionic interactions [9, 25]. On the
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other hand, however, positively charged particles show a comparatively much higher cell
uptake via endocytosis than negatively charged particles [26, 27]. Thus, negatively
charged particles being capable of changing zeta-potential to a positive value once having
permeated the mucus and having reached the epithelium might be a promising strategy.
Particles are immobilized at the absorption site once they have changed their charge into
positive via lonic interactions, which is an extra advantage. The presence of certain
membrane-bound enzymes at mucosal epithelium can accomplish this strategy.
A recent study by Bonengel et al. reported that nanoparticles containing
polyethyleneimine-6-phosphogluconic acid (PEI-6PGA) changed their zeta potential
from 6.4 to +2.8 in the presence of intestinal alkaline phosphatase due to cleavage of neg-
ative charges in the form of phosphate residues [28]. In addition, Perera et al. prepared
chitosan-carboxymethylcellulose nanoparticles exhibiting phosphotyrosine substructures
on their surface [29]. After incubation with intestinal alkaline phosphatase, zeta potential
changed from negative to positive.

Another approach was by utilizing, on the one hand, the mucus permeating proper-
ties of mucin cleaving enzymes and on the other hand, the mucoadhesive properties of
thiolated systems being capable of forming disulfide bonds with cysteine-rich substruc-
tures of the mucus. On various mucosal membranes such as gastric, small intestinal, and
vaginal mucosa a pH gradient from pH <5.5 on the surface to neutral at the epithelium is
maintained. As thiol groups are inactive at an acid pH becoming active and forming disul-
fide bonds with the mucus at higher pH values, such particles can efficiently move into
deeper mucus regions becoming highly mucoadhesive just close to the absorption
membrane where the pH is comparatively higher. The penetration behavior of
papain-conjugated thiolated-PAA nanoparticles through the mucus layer was improved
by twofold higher penetration of the particles into the intestinal mucus layer in compar-
ison with unconjugated thiolated-PAA nanoparticles [23].

1.3.5 Mucoadhesive polymers

As detailed above, the surface chemistry, charge, and size of nanosystems determine their
mucoadhesive behavior. These properties are tunable in order to maximize or minimize
interactions with mucus fluids present at different mucosae. When mucoadhesive systems
are required, this can be simply achieved by using mucoadhesive polymers as matrix-
forming materials, alone or in mixtures. However, not all the available mucoadhesive
polymers can readily or easily be used to produce NPs [30] or, for instance, other non-
polymeric systems may be preferable (e.g., lipid-based nanosystems). Also, surface mod-
ification can be an alternative, either by attaching mucoadhesive polymers on preformed
nanosystems (covalently or by simple adsorption) or by conjugating polymers with other
matrix-forming material.
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Polymers are categorized according to their source; natural, synthetic, and semisyn-
thetic. For some chosen polymers the safety, modifications done to improve their adhe-
siveness, and their applications will be discussed briefly in Table 1.

1.3.6 Applications of mucoadhesives

Since nanomedicine has emerged as a groundbreaking field to prevent, diagnose, and
treat disease, we will discuss the applications of each nonparenteral administration route
and the main therapeutic benefits of making a system mucoadhesive. Nanomedicine that
only works at the crossroads of mucosal administration and nanotechnology will be

addressed.

1.3.7 Oral administration
The oral route is the conventional way of drug administration, being noninvasive, pain-
less, and permits self~administration its the route of choice for therapy of chronic maladies
[60] and pediatrics [61]. In this context, the field of mucosal administration has been led
by the development of DDS for oral administration which needs to be appropriately
engineered to display mucoadhesive features. Nanosuspensions are probably the simplest
nanotechnology applied to pharmaceutical sciences and it is entailed mainly to increase
dissolution rates and, by doing so, to improve bioavailability [62—64] but this can be
further improved by adding a mucoadhesive polymer to the DDS which would prolong
their retention in the GIT tract and to increase the therapeutic efficacy [65] some difter-
ent polymeric and lipidic nanocarriers modified with CS and PAA was designed [66],
taking further one more step forward, but this time not only for physicochemical stable
drugs but also for GIT sensitive drugs such as peptides and proteins [66—68] generally, the
smaller the size, the more intimate the interaction between the DDS and the mucosal
membrane, and the more prolonged the residence time and the drug oral bioavailability.
Pectin/liposome nanocomplexes to improve the oral bioavailability of calcitonin was
produced, pectin modification increased the size of the liposomes and prolonged the res-
idence time of the DDS in the gut over at least 6 h, reducing calcium plasma concentra-
tions to a greater extent than the free protein solution [69] as previously discussed,
positively charged polymers has an advantage over negatively charged ones in mucoad-
hesion. The intragastric administration of calcitonin-loaded liposomes coated or not with
CS or PAA to rats and the monitoring of the calcium concentration in plasma confirmed
the benefit of the positively charged surface [70]. Thus, positively charged liposomes
reduced the calcium concentration to a greater extent than the negatively charged ones,
the effect being more prolonged for CS-coated liposomes. However, this behavior also
depends on the integrity of the intestinal wall and some works indicated that the injury of
the mucosal layer in specific medical conditions such as inflammatory bowel disease
(IBD) might expose proteins of the subjacent layers of the intestine that favor the adhe-
sion of electronegative particles over the electropositive ones [71].
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Table 1 Mucoadvesive polymers for drug delivery applications.
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Polymer

Safety

Applications

Modifications

Alginates (natural
polymer)

Chitosan (natural
polymer): CS is a linear
polysaccharide which
is positively charged
thus its advantageous
in its ability in binding
to negatively charged
mucin

Poly acrylic acid
(synthetic): PAA, also
known as carbomer, is
a high molecular
weight polymer of
acrylic acid

From a regulatory
point of view, the US
FDA recognizes ALG
as “Generally
Referred as Safe”
(GRAS), a
designation that
applies to substances
that are accepted as
safe for alimentary use
by qualified experts
[31]. On the other
hand, there is still
some controversy
regarding specific
adverse effects like
immunogenicity
associated with ALG
[32, 33]

That the toxicity of
CS and its derivatives
depends on the
administration route

Good
biocompatibility [53]

Also, the use of
alginates in depot
DDS is growing [34].
Water-soluble drugs
are mainly released by
diftusion and poorly
water-soluble drugs
by matrix erosion.
The release of small
molecules is fast due to
the fact that ALG
generate nanogels
with a pore diameter
of approximately 5 nm
[32, 35]. An additional
interesting feature of
ALG is that dry
systems are
mucoadhesive
extending the
residence time and the
release in different
mucosal tissues

[36, 37]

Due to the ability to
establish bonds with
the negatively charged
mucin, CS has
emerged as a
fundamental
mucoadhesive
biomaterial [10] for a
variety of
administration routes
such as oral ocular,
nasal, inhalatory and
topical [46—51]

PAA exhibits very
high adhesive bond
strength in contact
with tissues,
enhancing the
mucosal penetration
of drug, due to its

Due to the high
chemical functionality
(two —OH and one —
COOH per repeating
unit), the chemical
modification of the
side chain of ALG has
been extensively
explored to increase
the solubility in
aprotic solvents [38,
39| and modify other
physicochemical
properties [40, 41], to
attain biomimetic [42]
and amphiphilic
features [43] and to
conjugate cell
signaling ligands

[44, 45]

One of the most
popular strategies is
grafting of thiol
moieties to the chain
of CS and other
multifunctional
polymers [52]; the
process has been
coined thiolation

Copolymers of PAA
and PEG. PEG has
been reported to act as
an adhesion promoter
between PAA and
mucin by linear
diffusion of the PEG

Continued
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Table 1 Mucoadvesive polymers for drug delivery applications—cont'd

Polymer Safety Applications Modifications
ability to control the | chains into the acrylic
release of drugs, PAA | networks and the
and, mainly its mucin layer [54]. In
derivatives combining | another work, papain/
several substituted PAA blend NPs were
repeating units (e.g., | used to study the
poly(methyl transport through
acrylate)), have been | intestinal porcine
extensively exploited | mucus compared to
as polymeric unaltered PAA NPs
excipients for the [55]
development of
conventional DDS for
nonparenteral

Poly(vinyl Chemically inert and | Although traditionally | The mild adhesive

pyrrolidone) (PVP)
(synthetic): Usually
referred to as
povidone, is a
nonionic linear
polymer comprising
groups of 1-vinyl-2-
pyrrolidinone

Cellulose
(semisynthetic): The
polysaccharide
cellulose is the most
abundant biopolymer
in nature. Most
commonly used
cellulose ethers
include
methylcellulose
(MC), ethylcellulose
(EC), hydroxyethyl
cellulose (HEC),
HPC, HPMC, and
CMC salts—calcium
(CaCMC) or
NaCMC [53]

essentially nontoxic
for nonparenteral
exposure

The most commonly
used cellulose ethers
and esters for topical
and mucosal drug
delivery are
considered as
nontoxic and
nonirritating
materials, including
some GRAS listed
ones [53]

used for its
mucoadhesive
properties [56], PVP
has been described as
possessing only mild
mucoadhesive
properties

HPC presents high
mucoadhesive
potential. Adhesive
behavior in the solid
state to pig intestinal
mucosa was shown to
be comparable to that
of several
poly(acrylate)s at

pH 6.8 when 300kg/
mol HPC was used
[57]. HEC presents
considerable
mucoadhesive
potential at pH 6.8 but
usually lower than that
of HPC and NaCMC
[57]

properties of PVP
seem to limit its
usefulness to the
development of
mucoadhesive dosage
forms comprising
mixtures of different
polymers

Thiolation of HEC
was done mainly by
substitution of
hydroxyl groups of the
unmodified polymer
via nucleophilic
substition of a bromo-
HEC intermediate
with thiourea moities
58, 59]
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Nano-encapsulated thymopentin has been used in the therapy of the acquired immu-
nodeficiency syndrome (AIDS), cutaneous T-cell lymphoma/cancer immunodeficiency
and rheumatoid arthritis, within poly(butyl-cyanoacrylate) (PBCA) NPs coated with CS
and CS glutathione [72], All the NPs by the oral route showed a beneficial effect on
immunosuppressed rats, suggesting that the absorption of the peptide was improved
by just nanoencapsulation, the benefit was remarkable for systems modified with
mucoadhesive polymers, especially CS-glutathione.

In another work encapsulated insulin/cyclodextrin complex within NPs made of
PMAA, CS, and PEO-PPO copolymers [73] were tested in excised rat intestinal mucosa.
Results showed the retention of more than 84% of the NPs even after several washings
with bufter solution. it is worth stressing that reproducibility is crucial at the time of
bench-to-bedside translation and that the combination of various polymers obtained
from difterent sources added to complex production methods might challenge this task,
if not preclude it. Platform of hydrophilic cyclodextrins (e.g., carboxymethyl-f-
cyclodextrin and sulfobutyl ether-p-cyclodextrin) and CS NPs for the delivery of both
hydrophilic and hydrophobic drug cargos [74] was explored, systems were also made
more complex by the incorporation of additional components. For example, a novel
DDS for the oral administration of insulin that was based on an ALG/dextran sulfate core
complexed with a CS/PEG/albumin shell was developed [75]. Insulin-loaded NPs were
administered to diabetic rats in doses between 25 and 100 IU/kg by the oral route. Find-
ings indicated the sustained decrease of glycemia over 24 h with a maximum eftect of 14 h
after the administration. In addition, after 4 days, a dose of 501U/kg improved the dia-
betic status with a decrease of the water intake, urine excretion, and proteinuria.

Heparin, which is administered by injection within CS NPs has been investigated
[76]. Even though the performance of these systems was worse than the i.v. injection,
it was significantly better than that of free heparin as it augmented and delayed the anti-
factor Xa effect and the plasma clotting time [76]. Other studies assessed the encapsulation
of cyclosporine |77] and efavirenz 78] within polymeric NPs containing commercially
available poly(methyl acrylate)s of the Eudragit series. (These copolymers have been
approved by regulatory agencies for use in medical devices and usually nonparenteral
pharmaceutical products [79].)

Preliminary pharmacokinetics studies showed that Eudragit RS 100 reduced the burst
effect, resulting in more uniform plasma concentrations that were detectable for longer
times [80]. In addition, PK parameters showed that pure Eudragit RS 100 increased the
oral bioavailability of the drug with respect to pure PCL [Poly(epsilon-caprolactone)] and
PCL/Eudragit RS 100 blend NPs due to increased mucoadhesion. While blend NPs
showed a slight nonstatistically significant decrease with respect to PCL counterparts.
While the incorporation of Eudragit increased mucoadhesion, it also decreased the
release rate of the encapsulated drug. These results would indicate that in the case of blend
NPs, the mucoadhesion in vivo was not strong enough to compensate for the decrease in
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the release rate, resulting in a bioavailability drop. Conversely, in pure RS NPs, mucoad-
hesion probably prolonged the residence time and enabled the more complete release of
the encapsulated drug.

Coating significantly increased the oral bioavailability of alendronate (a drug used for
the prevention and/or treatment of postmenopausal osteoporosis), with respect to the
free drug and uncoated liposomes [81].

LLRs are sugar-binding transmembrane proteins that are highly expressed in cells of
the immune system [82] and that have been used to actively target drugs to monocytes/
macrophages by the administration of sugar-modified nanocarriers [83—86]. Due to their
high affinity for glycosylated structures of the mucus, a few works addressed the surface
modification of different nanocarriers with soluble lectins (e.g., wheat germ agglutinin)
to confer mucoadhesiveness [87, 88]. It is worth mentioning that the cost of this mod-
ification is relatively high and the scalability unlikely, what could preclude its implemen-
tation at a larger (e.g., industrial) scale.

Mucosal vaccination by the oral route has become an area that attracted a great deal of
attention during the last years [§89—92]. Due to its unique combination of properties, CS
remains one of the key players in this research topic [93], often combined with ALG. an
immune response was evaluated after oral vaccination with hepatitis B antigen (hepatitis
B surface antigen, HBsAg subtype ADW2) encapsulated within ALG-coated CS NPs
[94]. ALG coating was aimed to stabilize the particles and prevent immediate desorption
of the antigen in the GIT medium and favored the uptake by the M cells of the Peyer’s
patches in the gut [95] A similar interest is found in CS for oral gene delivery [96].

1.3.8 Inhalatory mucoadhesives

Inhalatory administration has few requirements, the mean aerodynamic diameter of aero-
sol particles must be between the 0.5 and 5 pm to favor deposition in the deep lung, aero-
sol particles must have low size distribution and high reproducibility, dissolution or
adhesion to the lining mucosa and appropriate drug release and permeability [97] the air-
ways provide a very large absorption bed that can be advantageous in the treatment of
pulmonary diseases (e.g., asthma) and overcoming local infectious diseases [98] due to
the restriction of systemic exposure and adverse effects but also for the systemic delivery
of drugs in the so-called transpulmonary route. Surprisingly, the research at the interface
of nano-DDS for inhalation and mucoadhesion is elusive [99] and the reports are
countable.

The beneficial effect of lecithin to increase the adhesion of liposomes to alveolar mac-
rophages [100, 101] was shown by the group of Lehr, in two different works. Other
materials were used for coating nanocarriers such as PAA, CS [66], and HPC [102].
In another work the potential of the inhalation route to treat the pulmonary form of
TB was assessed, this was done by using different inhalable dry powders loaded with
first-line anti-TB drugs [87, 103, 104]. This work had also another advantage; it actively
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targeted the intracellular TB reservoir of the mycobacterium, alveolar macrophages
[105]. Another group has successfully nanoencapsulated the anti-TB drug rifampicin
within “flower-like” polymeric micelles [106] and this platform was used to develop a
liquid rifampicin/isoniazid combination that showed increased oral bioavailability of
rifampicin [107]. The coating of these polymeric micelles with CS and hydrolyzed GalM
conferred them recognition and mucoadhesive properties [86]. These novel nano-DDS
showed significantly greater uptake by macrophages in vitro [86] and good aerosolization
ability [108], this approach opens new doors in treatment of this global health threat.

1.3.9 Intranasal administration

As it is the case in the inhalatory administration the nasal administration is also advanta-
geous for having a large surface area for absorption, in addition to the high irrigation and
the presence of lymphocytes and mast cells. The nasal route is advantageous as it has min-
imal invasiveness, painlessness, the ability for self-administration and high patient com-
pliance [109], but on the other hand, the small dimensions and the great sensitivity to
xenobiotics impose limitations to the kind of drug and DDS that can be implemented,;
usually, drugs administered by the nasal route must be very potent to attain therapeutic
concentrations in very small administered volumes, only small volumes could be admin-
istered per nostril at each administration time and only highly concentrated systems could
enable the attainment of therapeutic doses. This disadvantage has most likely precluded
the bench-to-bedside translation of intranasal products [110]. The design of nano-DDS
could expand the applicability of this route to other drugs [111]|. However, reports on
mucoadhesive nano-DDS are almost unavailable. One of the few works was developing
mucoadhesive multivesicular liposomes (26—34 pm) coated with CS and Carbopol for the
transmucosal (systemic) delivery of insulin [112]. The carriers contained high protein
payloads between 58% and 62%. Furthermore, administration of the mucoadhesive lipo-
somes to streptozocin-induced diabetic rats reduced plasma glucose levels in 35% for
2days, a better performance than the uncoated ones achieved, which reduced them to
a similar extent but only for 12 h. It is worth noting that this DDS was also administered
by the ocular route with even more promising results; the hypoglycemic effect was
observed for 72h, ocular delivery will be discussed in the next point.

The nasal route has been capitalized in CNS drug delivery, drug delivery to the brain
was always constrained by the presence of the blood-brain barrier (BBB) and the blood-
cerebrospinal fluid barrier (BCSEB). For decades, these barriers prevented the use of ther-
apeutic agents for the treatment of CNS disorders like Alzheimer’s disease, stroke, brain
tumor, head injury, spinal cord injury, depression, anxiety, and others. Some workers
tried to alter the permeability of the BBB (e.g., with mannitol), but resulted in opening
it to allow the entry of toxins, undesirable molecules, and eventually pathogens to the
CNS, which resulted in potentially significant damage. Direct injection of therapeutic
agents into the brain by stereotaxis is possible though this practice entails serious
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drawbacks associated with the invasiveness of the procedure and the emergence of
immunological side effects that limit its application in clinics. The capitalization of ana-
tomical pathways represents an appealing approach to localize the drug release and min-
imize systemic exposure. It’s interesting to note that the olfactory region is contiguous to
the cerebrospinal fluid (CSF) tracts around the olfactory lobe [113]. Drug transport to the
brain would be possible through delivery into the olfactory CSF, providing that the mol-
ecule is transported across the nasal epithelium and subsequently transported across the
arachnoid membrane that separates the submucosal space of the nose and the olfactory
CSF [114].

The significant increase of the bioavailability of methotrexate in the CSF with respect
to plasma after the intranasal (i.n.) administration [115] was reported. Different mecha-
nisms have been proposed for this direct passage, the paracellular one has been less inves-
tigated. The transcellular one appears as the most relevant, while in the case of
drug-loaded nanocarriers, they would be internalized by the neuronal terminals of the
olfactory nerve system that emerge in the brain and end at the olfactory neuronal epithe-
lium. Thus, the i.n. administration of nano-DDS enhances the bioavailability of the cargo
in the CNS. Initially, the upper limit for efficient transport across the i.n. mucosa was
reported to be 100nm though, though more recently NPs as large as 300 nm were also
shown to reach the CNS [116].

Efavirenz-loaded polymeric micelles developed for oral administration was investi-
gated [117—-121] to target one of the most challenging HIV reservoirs, the CNS, employ-
ing the i.n. route. The relative exposure index in CNS was increased up to 3 times with
respect to plasma [122] while the i.v. administration resulted in CNS concentrations sig-
nificantly smaller than in plasma.

To overcome the disadvantage of i.n. administration regarding the restricted volume
and the usage of only highly concentrated systems or potent drugs more advanced DDS
comprising mucoadhesive nanocarriers as well as repetitive administration regimens could
be implemented. For example, targeting of risperidone to the brain using a mucoadhesive
nanoemulsion and compared it to a nonmucoadhesive one [123] was reported. Mucoad-
hesiveness was attained by the incorporation of CS. The brain/blood uptake ratio
of risperidone was 0.617, 0.754, 0.948, and 0.054 for a solution (i.n.), a nanoemulsion
(i.n.), a mucoadhesive nanoemulsion (i.n.), and i.v. nanoemulsion, respectively, at 0.5h
[123]. Formulations were prepared by spontaneous emulsification method (titration
method). These results indicated the direct nose-to-brain pathway. In addition, mucoad-
hesive systems were more efficient than the nonmucoadhesive ones.

In another work nanoemulsions of antipsychotic drug the ziprasidone hydrochloride
[124] were also developed. To confer mucoadhesiveness, systems were modified
with CS. through encapsulation of thymoquinone within CS NPs prepared by the ionic
gelation method with tripolyphosphate [125]. Based on maximum concentration, time-
to-maximum concentration, area-under-curve over 24h, and elimination rate
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constant, i.n. thymoquinone-loaded NPs proved more effective in brain targeting com-
pared to i.v. and i.n. thymoquinone solution. Following different strategy 32P-siRINA
dendriplexes for transfection in the CNS [126] was developed too, but these nanocarriers
were not mucoadhesive even though they were incorporated into a mucoadhesive gel of
Pluronic F127 and chitosan or Carbopol to sustain the release. These works show the
great potential this way of administration holds and probably opens the doors for the
beginning of a new era in the therapy of diseases of the CNS.

1.3.10 Ocular mucoadhesives

The eye is one of the most complex and sensitive organs of the human body and it consists
of three main layers, the outer coat or the scleraand cornea, amiddle layer or uveal coat, and
the inner coat or retina [127]. The cornea is a clear, transparent, avascular tissue to which
nutrients and oxygen are supplied by the lachrymal fluid and aqueous humor. The corneal
epithelium consists of 5—6 layers of columnar cells squeezed forward by the new cells.
Replacement of the epithelial cells occurs by mitotic division of the basal layer every
4-8days [127]. The conjunctiva is a thin transparent membrane, which lines the inner sur-
face of the eyelids and is reflected onto the globe. At the corneal margin, it is structurally
continuous with the corneal epithelium. The conjunctival epithelium is composed of 57
cell layers connected by tight junctions, which render the conjunctiva relatively imperme-
able. The membrane is vascular and moistened by the tear film [127] the eye is well pro-
tected from foreign materials by several efticient mechanisms forming a physical-biological
barrier, such as blinking, induced lacrimation, tear turnover, nasolacrimal drainage, which
cause rapid removal of drugs from the eye surface and back cornea [128]. Additionally, the
blood-retinal barrier (BRB) and the extraocular epithelia represent the obstacle in the drug
delivery to the choroid, retina, and vitreous. In this context, Topical DDS, especially being
noninvasive way of releasing drugs in a controlled fashion directly to a specific compart-
ment of the eye, is a promising approach, also, because they prolong the residence time of
the drug in the site of action and reduce the amount of drug that is absorbed by alternative
routes [127, 129]. The use of biodegradable nanocarriers has been considered a very prom-
ising system |130], among the possible strategies for ocular drug delivery, which include
biocompatible viscous solutions and film-forming gels [131], liposomes [132], solid lipid
NPs (SLNs) [132], microspheres [133], and medicated-contact lenses [134] though
scarcely capitalized until now. In ophthalmic applications, it is convenient that particulate
systems have an appropriate size, preferably within the nano-range, to prevent irritation,
sensitivity toward foreign bodies, and discomfort to the patients [135]. Other factors
depending on the success of NP systems for ocular drug delivery lays on the optimization
of the lipophilic-hydrophilic properties of the polymer-drug system and optimizing rates
of biodegradation and safety. However, great caution is required for the highly sensitive
corneal/conjunctival tissues in the selection of the carriers toward eye penetration to
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maximize drug transport. Diftferent biomaterials have been used to prepare NPs, such as
poly(acrylates), PLA, PLGA, dextran, ALG, collagen, hyaluronic acid, and CS [129]
and their ocular application evaluated.

The most promising one is the CS, being positively charged it has the ability to
develop molecular attraction forces by electrostatic interactions with the negative
charges present in the eye, as it was the case with mucin as mentioned before. It
was confirmed that CS NPs are up-taken by conjunctival and corneal epithelia in vivo.
CS NPs cross-linked with sulfobutylether-cyclodextrin were developed to encapsu-
late econazole, presenting sustained drug release and better in vivo antifungal effect in
rabbits compared to the free drug for 8 h [136] in different two approaches CS was used
in gene delivery, to determine whether CS NPs would be suitable for intraocular use,
pDNA carrying the ubiquitously expressed CBA-eGFP expression cassette was
administered to adult wild-type albino mice. At day 14 postinjection, substantial green
fluorescent protein expression was observed exclusively in the retinal pigment epithe-
lium in eyes treated with GCS NPs but not in those treated with pDNA or the vehicle
[137]. Moreover, no signs of gross retinal toxicity were observed, and there was no
difference in electroretinogram function between NPs, pDNA, or vehicle-treated
eyes. In the other approach, formulations of CS-DNA NPs were administered to rat
corneas as model animal resulting in luciferase gene expression 5 times greater than fol-
lowing administration of PEI-DINA NPs [138]. These findings open new research ave-
nues toward less invasive ophthalmic therapies even though they were not assessed in
topical administration.

For glaucoma, two different approaches were used using NPs, melatonin, a neuro-
hormone secreted by the pineal gland able to modulate intraocular pressure was en-
capsulated into PLGA and PLGA-PEG NPs [139]. Topical application of melatonin
formulations caused ocular hypotension in rabbit eyes, thus emerging as an alternative
approach to treat glaucoma. The maximum effect (5 mmHg), which was obtained with
the PLGA-PEG formulation, occurred at 2h and persisted up to 8h, with a significant
difference compared to melatonin aqueous solution and PLGA NPs, showing that
mucoadhesion generally prolongs the contact time of a formulation with the eye surface
[139] Recently, polymeric micelles of PEO-PPO [poly(ethylene oxide)-co-poly (pro-
pylene oxide)] have been evaluated for the encapsulation of the antiglaucoma agent
ethoxzolamide [140]. But this delivery system differs in that it is not mucoadhesive,
which represents a limitation for this administration route. On the other hand, the
use of higher concentrations of these thermo-responsive copolymers would enable both
the nanoencapsulation of the drug and the formation of a gel upon contact with the
ocular mucosa. It 1s now well-established that polymeric mucoadhesive NPs can deliver
any drug at the right time in a safe and reproducible manner to a specific anterior and
posterior segment of eye at the required level.
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2. Conclusion

Both mucoadhesives and mucopenetratives have shown great potential, but this potential
must not be overestimated and before going for a mucoadhesive system, various points
must be considered. Apart from drug-dependent aspects such as solubility, membrane
permeability, and mode of action, general delivery aspects such as rapid vs sustained
release properties and the mucosal route of administration have to be taken into account.
Because of this complexity, a decision for a mucoadhesive or mucopenetrating system
being just based on theoretical considerations might be misleading. Studies in a valid ani-
mal model for both particulate delivery systems are recommended. In most of the cases,
the pharmaceutical industry shows limited interest in mucoadhesives as it is usually more
economic to increase the amount of active pharmaceutical ingredient rather than design-
ing such complex DDS. As in most cases, the improvement in bioavailability is just a
fivefold increase, only few DDS show improvement above this value. This chapter
should encourage scientists to further improve this approach.
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CHAPTER 7

Mucus-penetrating nanocarriers
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Department of Chemistry and Pharmaceutical Technology, NANO-VAC Research Group, University of Navarra,
Pamplona, Spain

1. The mucus barrier

Mucus is a semipermeable and complex viscoelastic barrier that is localized in human
body surfaces directly exposed to the external environment, including the respiratory
tract, gut as well as the reproductive and ocular surfaces. From a macroscopic point of
view, mucus is a water-based, complex, and heterogeneous gel the composition of which
varies between species, individuals, and tissues [1]. The mucus barrier is composed of a
secreted mucus layer and membrane-bound glycoproteins (mucins) on the surface of the
cells, called the glycocalyx, which together form the mucosal surface |2, 3]. The secreted
mucus layer is a mucin-based gel, where the mucin fibers are cross-linked and inter-
twined with each other.

Regarding the composition of mucus, mucins are the most important compounds for
the properties of mucus [4], even though they make up only 5% or less of the mucus
composition [5]. The 95% left are mostly water (98%) and other components such as
globular proteins (0.5% w/v), salts (0.5%—1.0% w/w), lipids (1%—2%), electrolytes (1%
w/v), DNA, bacteria, cells, and cellular debris [6, 7].

Mucins are a diverse family of glycoproteins in the MUC gene family, and so far, at least
21 MUC genes have been described [8]. They have an overall high molecular weight,
which can range from 0.5 to 40 MDa [9, 10]. Their structure comprises a protein backbone
that can be naked and hydrophobic in some regions or heavily glycosylated by oligosac-
charides of varying size and grade of branching in other regions |11, 12]. The various types
of mucins differ by the protein backbone [13], but there are some similarities, including the
PTS regions rich in proline (P), threonine (T), and serine (S). These PTS regions make up
about 20%—55% of the total composition of amino acids in the mucin backbone [14]. Thre-
onine and serine residues in the protein backbone contain hydroxyl groups, on which the
glycan side chains are bound through O-glycosylation linkages [7, 11]. These glycans
(about 1-20 monomers) contain N-acetylgalactosamine, N-acetylglucosamine, fructose,
galactose, sialic acid, and mannose [9, 15] and gives the mucins a negative charge, on aver-
age, due to sulfate and carboxylate residues [16]. The mucins are, on average, heavily gly-
cosylated, but in between there are hydrophobic regions with no glycosylation, often
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Fig. 1 Representation of the mucus layer at the intestinal epithelium and general mucin structure
simplified by its protein backbone and PTS region with O-glycosylation linkages.

termed as naked regions [10, 17]. Hydrophobic regions contain many cysteine amino acid
residues [15] that form disulfide bonds contributing to the globular shape of these regions
[10]. The cysteine-rich regions are often found at the terminal ends of the mucin molecules,
and large networks of mucins can therefore be formed by this cross-linkage [18]. Fig. 1
gives a general representation of the mucin structure.

Mucus structure and content directly confer some properties to the mucus. Thus, the
mucus is shear thinning because its viscosity decreases with the shear rate increased [19].
The shear thinning properties of the mucus gives rise to a slippage plane as the entangled
mucins are pulled apart when the mucus is subjected to shearing [17]. A slippage plane
formed between the two layers allows transport of food through the intestine without
damaging the epithelial cells [12]. This makes mucus an excellent lubricant and demon-
strates that mucins are forming a network through low-affinity bonds and weak interac-
tions. Linkages between mucins are being continuously broken and reformed, allowing
the mucus to maintain its structure even under stress conditions [20]. These flickering
weak interactions and bonds also contribute to the adhesive property of the mucus,
meaning that mucus sticks to surfaces and particles [6, 15].

On the other hand, mucus also exhibits viscoelastic properties |3, 21]. In fact, mucus is
simultaneously viscous and elastic. Viscosity is a measure of the resistance of a fluid to
deformation when subjected to shear stress. In common terms, more and less viscous
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fluids are often described as thick and thin, respectively. Elasticity is the property of a solid
to return to its original state after being deformed by an outside force. Applying a small
force to a mucus gel will cause deformation as the interactions within and between mucus
components shift and when the force is removed, the mucus will regain some degree ofits
original form [17]. Since mucus is viscoelastic, it exhibits the properties of both liquid and
solid substances.

2. Nanocarriers for mucosal delivery purposes

One of the greatest challenges that limit the success of nanoparticles, when administered
by a mucosa of the organism, is their ability to penetrate through the mucus layer to reach
the epithelium, in which the cargo should be released for eftective absorption or action.
Mucus represents an essential component of the body’s first line of defense, designed to
limit the penetration of foreign materials [22], trapping pathogens and foreign particles
that are, then, removed and eliminated with the physiological turnover.

The capability of nanocarriers to diffuse through the mucus layer decreases by increas-
ing their size. In fact, the mucus network encloses a heterogeneous mesh spacing, ranging
from 20 to 1800nm across different organs and diseases [23]. Thus, to penetrate the
mucus, nanocarriers must be small enough to avoid steric obstruction and pass through
the heterogeneous mesh network of mucus. As reported by Norris and Sinko, who eval-
uated the diffusion of polystyrene nanoparticles in porcine gastric mucin gel, translocation
permeability would be importantly hampered when particle sizes reach 300 nm [24]. It has
also been reported that when the mean size of particulates approaches 560 nm, they would
be almost completely blocked in cystic fibrosis sputum [25]. Similar evidences about the
importance of size on the capability of particulates to permeate through the mucus have
been observed with self-nanoemulsifying drug delivery system (SNEDDS). SNEDDS can
be defined as nanoemulsion preconcentrates or anhydrous forms of nanoemulsion. These
systems are isotropic mixtures of oil, surfactant (s), and drug, which when poured in an
aqueous phase under conditions of gentle agitation, spontaneously form O/W nanoemul-
sions (usually with a globule size of <200nm) [26, 27]. These lipid systems can also con-
tain cosurfactants and/or solubilizers in order to facilitate nanoemulsification or the drug
incorporation in the SNEDDS. Griesser and coworkers demonstrated that SNEDDS
with a size of 25 nm presented 3 times higher mucus-permeating properties than similar
SNEDDS with a size of 500 nm [28].

Nevertheless, the primary mechanism by which mucus gel efficiently traps foreign par-
ticulates is the formation of polyvalent adhesive bonds [24], including electrostatic links,
hydrogen and Van der Waals forces, and hydrophobic interactions [29]. Electrostatic
interactions are one of the most common forms of mucoadhesion, as exemplified by chit-
osan, a cationic polymer, for a variety of oral and nasal drug delivery applications [30, 31].
On the other hand, using SNEDDS, the highest mucus permeation was obtained with
nanocarriers with the most negative zeta potential, leading to a 2 times improvement
of the mucus permeation properties in comparison with SNEDDS with a positive zeta
potential [32].
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In addition to negative charges imparted by the presence of carboxyl or sulfate groups
on mucin fibers, there exist periodic hydrophobic naked globular regions along the
mucin strands, stabilized by multiple internal disulfide bonds [3]. These hydrophobic
interactions represent an important mechanism by which mucus limits the transport of
bacteria and virus [6, 33]. Similarly, many types of nanocarriers synthesized from com-
mon biomaterials, such as poly (lactide-co-glycolide) [34], poly(anhydrides) [35], and
proteins [36, 37| would be immobilized in the mucus by these hydrophobic adhesive
interactions. Similarly, the composition has also an important influence on SNEDDS
behavior. Thus, incorporation of long-chain lipids decreases the capability of these nano-
carriers to diffuse through the mucus, compared with SNEDDS prepared with medium-
chain lipids [38]. On the contrary, incorporation of Cremophor RH 40 would improve
the diffusivity of the resulting SNEDDS [39]. In any case, it is important to consider that
the formation of adhesive interactions between nanocarriers and the mucus may be of
interest for developing mucoadhesive devices (Fig. 2). Overall, these delivery systems

Mucoadhesive _— - =Y = ey ) ® =)
nanoparticles = [ .

Mucus-penetrating—————""_ Mucus gel
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Intestinal
epithelial
cells
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Fig. 2 Mucoadhesive nanoparticles vs mucus-penetrating nanoparticles: (A) simplified representation
of the behavior of nanoparticle at the intestinal mucosa, (B) photograph of mucoadhesive
nanoparticles (fluorescently labeled with Lumogen red) localized in the intestinal mucus layer,
() photograph of mucus-penetrating nanoparticles (fluorescently labeled with Lumogen red)
localized on the intestinal epithelium. Nuclei of cells was stained with DAPI (4,6-
diamidino-2-phenylindole).
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offer a certain capability to improve the bioavailability of several drugs; particularly lipo-
philic compounds (i.e., those ascribed to Class IT of the Biopharmaceutical Classification
System). On the contrary, for the delivery of biomacromolecules or compounds suffering
from presystemic metabolism, the presence of nanocarriers in the mucus layer, far away
from the epithelium, would facilitate their destruction by digestive enzymes localized in
the glycocalyx. To overcome this drawback and maximize the residence time of nano-
particles in close contact with the absorptive epithelium, the use of mucus-penetrating
nanoparticles (Fig. 2) has been suggested.

3. Strategies to overcome the mucus barrier
3.1 Introduction

Mucus-permeating systems have been classified into active and passive systems [40].
Passive systems are designed to minimize the development of adhesive interactions of
particles with the mucus, facilitating their transit through the epithelium. In contrast,
active systems interact with the mucus and are capable of partially breaking down the
three-dimensional structure of the mucus, improving their capability to permeate and
diffuse into the mucus layer. In the following paragraphs, these strategies are explained
in more detail.

3.2 Slippery surface strategy

The slippery approach consists of minimizing the hydrophobic interactions between the
mucus components, and the generally lipophilic nature of the polymers used for the prep-
aration of nanoparticles, by the hydrophilic coating of nanoparticles in order to produce
an effective shield capable of avoiding these mucoadhesive interactions.

Strategies to avoid entrapment by the interactive mucus barrier have predominantly
been focused on modifying the surface of particles by PEGylation. The presence of PEG
on the surface of particulates is mainly obtained by two different approaches. The first
one, a conventional bottom-up procedure with two consecutive steps, involving the
functionalization of just-formed nanocarriers by physical adsorption or covalent attach-
ment [41, 42]. The second approach is based on the synthesis of a PEG-polymer com-
pound with either self-assembly properties or the capability to be used as material for the
preparation of functionalized nanocarriers [43, 44].

In this context, Wang and coworkers [45] demonstrated that PEGylation of polysty-
rene is an adequate strategy for rapid mucus penetration, although low PEG MW (pref-
erably between 5 and 10kDa) and dense (brush) PEG surface coverage is required for an
improved eftect. These observations were confirmed by Cu and Saltzman, who demon-
strated that for partially pegylated poly (lactide-co-glycolide) (PLGA) nanoparticles, the
larger the PEG chain is, the more the diffusion into the mucus would be. Meanwhile, for
completely coated nanoparticles, the shorter the PEG chain is, the better diffusion occurs
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in the mucus [20]. More recently, Inchaurraga and collaborators described that zein
nanoparticles coated with either PEG 6000 or PEG 2000 displayed improved mucus-
permeating properties than when decorated with PEG 10,000 [46]. In addition, for a
specific PEG, the diftusion of nanoparticles in the mucus enhances by increasing the
PEG-to-zein ratio [46]|. The effect of PEGylation on conferring mucus-permeating
properties to nanocarriers has been also demonstrated with PLGA [45, 46| and
poly(anhydride) nanoparticles [47]. Moreover, Yang et al. also produced mucus-
penetrating particles, based on either PLGA or poly(e-caprolactone), via noncovalent
coating with Pluronic F127 [48].

Other compounds that have been proposed to confer slippery properties to particu-
lates include poly(vinyl alcohol) (PVA) [49] N-(2-hydroxypropyl) methacrylamide
(HPMA) [50], conjugates between poly(acrylic acid) and poly(allylamine) [51], thiamine
[52, 53], or dextrans [52, 53].

3.3 Mucolytic enzyme strategy

Mucolytic enzyme-decorated nanocarriers (MECS) include polymeric nanoparticles as
well as SNEDDS decorated with enzymes with the capability of decreasing the elastic
properties and dynamic viscosity of the mucus by cleaving amide bonds within amino
acid sequences of mucus glycoproteins and, thus, breaking down its internal structure
[54, 55]. As a result of this activity, tiny holes or passages through the mucus are formed
and nanoparticle diffusion is significantly improved. In this context, different proteases
have been proposed, including papain (PAP), bromelain (BRO), pepsin, trypsin
(TRY), or proteinase K. Apart from their mucolytic activity, a further property of some
proteolytic enzymes such as PAP and trypsin is their ability to open tight junctions and
therefore to facilitate the paracellular transport of substances across the epithelium [56].

MECS have been prepared following different approaches. The simplest and more
efficient preparative method would be based on the initial formation of a complex
between the polymer and the enzyme based on either ionic interactions or covalent bind-
ing, followed by the transformation of this polymer-enzyme complex in nanoparticles by
a physicochemical technique (i.e., ionic gelation, coacervation, desolvation, etc.). In this
context, the first study with mucus-permeating nanocarriers was based on the formation
of nanoparticles by ionic complexation at pH4.5 between polyacrylic acid (PAA) and
PAP. The resulting nanoparticles (with a mean size between 160 and 200nm and neg-
ative zeta potential) offered an enzyme load of about 30% with a relative activity of 40%.
These PAP-decorated nanoparticles showed a fivefold improvement in mucus-
permeating behavior compared with unmodified particles [57]. Another strategy using
PAA was the covalent binding of PAP to the polymer backbone by means of a carbo-
diimide derivative [58]. Once the conjugate was formed, nanoparticles were obtained
by the addition of calcium, used as a cross-linker via interaction with two neighboring
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carboxylic acids in PAA. The resulting nanoparticles displayed a relative enzymatic activ-
ity higher than 80%. This superior activity obtained from the covalent attachment, com-
pared with the simple ionic complexation, would be related with an easy arrangement of
the enzyme on the surface orientating toward the aqueous phase during the formation of
nanoparticles with calcium [56, 59]. On the contrary, for the ionic complexation
between the enzyme and PAA, papain would be part of the ionic process for particle
formation yielding a more entangled arrangement with more enzyme inside the core than
on the surface. In another interesting study, PAA was used as a base to immobilize papain
and L-cysteine ethyl ester hydrochloride (Cys) in order to enhance enzymatic activity by
increasing decomposition rates of the enzyme-substrate complex [60]. In this case, the
incorporation of Cys improved by 3.5-fold the mucolytic activity of the enzyme deco-
rated nanoparticles, compared with controls [60]. Another interesting study described the
preparation and evaluation of BR O-decorated nanoparticles [61]. The enzyme content
was 253 pg enzyme/mg for BRO-modified nanoparticles and the maintained enzymatic
activity was calculated to be 76%.

Another possibility to produce MECS would be based on the direct attachment (via
adsorption or covalent bond) of the mucolytic enzyme on the surface of nanocarriers.
This functionalization approach was employed by Samaridou and coworkers, who dec-
orated PLGA nanoparticles with various proteolytic enzymes (i.e., trypsin, papain, bro-
melain) via a two-step carbodiimide-coupling method [62]. Typically, enzyme loading
was calculated to be between 4% and 5% with a significant maintenance of the activity.
Functionalized nanoparticles with papain and bromelain exhibited a threefold higher
permeability in porcine intestinal mucus compared with naked nanoparticles, whereas
those conjugated with trypsin showed almost a twofold higher permeability value.

Regarding SNEDDS, and due to their inherent lipophilic character, the incorpora-
tion of hydrophilic compounds (i.e., mucolytic enzymes) is not easy. In order to solve this
problem, one possible strategy is to improve lipophilicity and, thus, the solubility of the
enzymes in a SNEDDS formulation. For this purpose, different strategies have been
proposed including the formation of ionic complex with oppositely charged surfactants
or the covalent attachment of lipophilic groups to hydrophilic groups of the enzyme in
the form of acylation. In the former, PAP was conjugated with sodium deoxycholate
by ionic interaction prior to its mixture with other components of the formulation
[63]. The resulting SNEDD showed similar improvements in mucus diffusion than
for PAP-decorated nanoparticles [56, 58]. In another study, lipophilicity of the mucolytic
enzyme was increased by hydrophobic ion pairing with anionic surfactants (i.e., sodium
dodecyl sulfate (SDS), sodium taurocholate (ST), and sodium deoxycholate (SDO)). The
enzymatic activity of trypsin complexed with SDO, SDS, and ST in SNEDDS was 52%,
45%, and 41% respectively, of the corresponding activity of free trypsin. Enzyme-
decorated SNEDDS improved mucus permeation 1.6- to 2.6-fold in comparison to
controls [64].
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In the latter, enzyme-palmitate conjugates of PAP, BRO, and TRY were prepared
by acylation of the enzymes using palmitoyl chloride [65]. The enzyme incorporation
efficiency was calculated to be between 27% (for PAP) and 39% (for TRY). On the con-
trary, the highest percentage of permeation in porcine intestinal mucus was achieved by
introducing 5% papain-palmitate into SEDDS [65].

3.4 Combination of nanocarriers with mucolytic agents

Numerous studies have demonstrated the efficacy of mucolytic agents such as
N-acetylcysteine (NAC) in overcoming the mucus gel barrier. NAC, and other sulthy-
dryl compounds, reduces the cross-linking of mucin fibers by cleaving the disulfide bonds
resulting in a decrease in bulk viscosity of mucus [12, 64, 65]. This mucolytic agent has
been proposed as coadjuvant treatment to improve nanoparticle diffusion through the
mucus [66, 67]|. Thus, in a very elegant study, Suk and coworkers demonstrated the
adjuvant effect of NAC to promote the arrival of nanocarriers to the epithelium in
the airways of mice with Pseudomonas aeruginosa lipopolysaccharide-induced mucus
hypersecretion. Intranasal dosing of NAC prior to DNA nanoparticles enhanced gene
expression by up to ~12-fold compared to saline control, reaching levels observed in
the lungs of healthy mice [68].

More recently, the decoration of nanoparticles with NAC has been proposed to
facilitate their diffusion through the protective mucus layer. Thus, Liu and collaborators
described the decoration of nanostructured lipid carriers with a chitosan-N-
acetylcysteine derivative (CS-NAC). After the instillation of these nanoparticles in the
eye of rabbits, CS-NAC-decorated nanoparticles were able to penetrate through the
entire corneal epithelium primarily via a transcellular route and improved by about
16 times the presence of the marker in the aqueous humor, when compared with naked
nanostructures [69]. In another interesting study, a multifunctional conjugate, N-acet-
yl-L-cysteine-polyethylene glycol (100)-monostearate (NAPG) was employed to func-
tionalize curcumin-loaded nanostructured lipid carriers. In situ intestinal perfusion
studies have shown that the absorption of curcumin was directly dependent on the degree
of functionalization. Moreover, in rats, the oral bioavailability of curcumin when formu-
lated in NAPG-coated nanocarriers was up to 5 times higher compared to that of cur-
cumin solution or when encapsulated in naked nanoparticles [70].

Other mucolytic agents that have been proposed to improve mucus-permeating
properties of nanocarriers are 4-mercaptobenzoic acid and thiol derivatives. Therefore,
Bouganis and collaborators demonstrated the feasibility of incorporating
4-mercaptobenzoic acid in PLGA nanoparticles or liposomes [71]. In a similar way,
two novel thiol conjugates (thiobutylamidine-dodecylamine and thioglycolic-acid-octy-
lamine) were synthesized and incorporated into SNEDDS. The resulting nanocarriers
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presented superior mucus-permeating properties than conventional ones. In addition,
rheological studies confirmed the mucolytic activity of thiol conjugates, which differed
only by 3% from dithiothreitol (positive control) [72].

3.5 Zeta potential changing systems

Another interesting strategy to confer mucus-penetrating properties is based on nanocar-
riers designed with the capability of adapting their zeta potential to the environmental
conditions, in order to facilitate their diffusion across the mucus layer and later anchorage
on the epithelium.

As described previously, mucus possesses a negative net charge, due to the presence
of sialic and sulfonic residues localized in the protein fraction of mucins [73]. Because of
this, negatively charged particles can move easily within the mucus, whereas nano-
particles exhibiting a positive zeta potential are immobilized within the mucus
[74]. On the contrary, positively charged nanoparticles exhibit a higher capability
to bind and be taken up by cells than the negatively charged ones [73, 74|. Thus,
nanocarriers capable of changing their surface charge in a controlled manner (from
negative within the mucus layer to positive zeta potential values once reached the
epithelium) might be a promising strategy to avoid back diftusion and to prolong
interactions with cells.

To implement this strategy, certain membrane-bound enzymes of the epithelium
such as alkaline phosphatase (ALP) found in many organs (i.e., intestine, lung, and the
vagina) may be employed. Thus, nanocarriers containing cationic groups shielded by
anionic groups in the form of phosphate esters would be attacked by intestinal ALP cleav-
ing phosphates and by changing the zeta potential from negative toward neutral or
positive [75]. This approach was evidenced by Bonengel et al., who demonstrated the
charge inversion of polyelectrolyte complex nanoparticles consisting of carboxymethyl
cellulose and 6-phosphogluconic acid-conjugated polyethylene imine after phosphatase
treatment |76]. In another study, micelles from phosphorylated chitosan-stearic acid con-
jugates were evaluated [77]. In this case, micelles exhibited 6 times higher mucus
permeation capacity than positively charged micelles, and their association rate to
Caco-2 cells was 2 times higher compared with the association rate in the presence of
phosphatase inhibitors. Similar results have been observed with SNEDDS incorporating
conjugates obtained by the functionalization of lipophilic derivatives with phosphate
residues [76, 77].

In contrast to these new conjugates, the use of nanoparticles based on polyphosphates
has also been proposed. These nanoparticles possess interesting mucus-permeating prop-
erties. However, after enzymatic cleavage with intestinal ALP, cellular uptake increased
by about 3 times, when compared with untreated nanoparticles [78].
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3.6 Microorganism-like nanocarriers

It is well known that several pathogens have evolved an important arsenal of molecular
strategies allowing them to penetrate the mucus layer and adhere to the epithelial, before
host invasion and colonization [79]. Among others, the following mechanisms may be
highlighted: (i) presence of compounds to minimize the interaction with mucus,
(1) alteration of the balance between the production and degradation of mucus, or
(i11) secretion of proteinases and glycosidases [7, 78].

In order to mimic these capabilities of pathogens, one possible outcome can be the
decoration of nanoparticles with biomolecules involved in the strategies developed by
microorganisms for avoiding the mucus protective layer. In general, these ligands may
act as a shield that minimizes the interactions of microorganisms with mucin fibers
and other components of the mucus and, in some cases, may also recognize and specif-
ically bind to receptors localized on the surface of epithelial cells. In addition, some
ligands may also alter the production and/or assembly of mucin, producing mucus
depletion [79-81].

Lypopolysaccharide (LPS) is an immunomodulator that specifically binds and acti-
vates antigen-presenting cells (APCs), through the Toll-like receptor 4 (TLR4) [82].
For this property, LPS and their derivatives (i.e., monophosphoryl lipid A, MPL) have
been tested as adjuvants for both mucosal vaccination against different infectious diseases
(hepatitis, malaria, or herpes simplex virus) and allergen immunotherapy [82, 83].
Recently, LPS from Brucella ovis was used to decorate poly(anhydride) nanoparticles.
When orally administered to rats, the presence of LPS modified the distribution of nano-
particles within the gut displaying an important tropism for the proximal parts of the
intestinal epithelium and minimizing their accumulation in the stomach mucosa. Using
ovalbumin (OVA) as model allergen, these nanoparticles containing LPS elicited impor-
tant Th1 and Th2 immune responses and were able to protect sensitized mice from ana-
phylactic shock [84]. In another work, LPS-poly(anhydride) nanoparticles were used to
encapsulate a Lolium perenne protein extract. Again, in the challenge experiment with sen-
sitized mice, LPS nanocarriers decreased both the levels of mMCP-1 (mouse mast cell
protease-1) and the severity of the anaphylactic symptoms, increasing the survival rate
of animals compared with controls [85].

Another interesting ligand is flagellin. Flagellin is the major subunit protein that forms
the bacterial flagellum, providing motility and increasing adhesion to different microor-
ganisms such as Salmonella [84, 85]. Thus, Salmonella-like nanoparticles were produced
by the functionalization of poly(anhydride) nanoparticles with flagellin of Salmonella
Enteritidis [86]. When administered orally, these nanocarriers displayed an important
capability to reach the surface of the epithelium, mainly in the ileum of laboratory ani-
mals. Interestingly, the distribution profile of these nanoparticles within the gut corre-
lated well with the described colonization profile for Salmonella enteritidis, including
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a broad concentration in Peyer’s patches [87]. Using OVA as the model antigen,
Salmonella-like nanoparticles induced a strong and balanced secretion of both IgG2a
(Th1)- and IgG1 (Th2)-specific antibodies. In addition, these nanoparticles were able
to induce a much stronger mucosal IgA response than control nanoparticles [88].

On the other hand, a biomimetic approach would be also the use of mannose and
certain mannose glycans with the ability to promote the interaction of some microorgan-
isms (e.g., Listeria monocytogenes, Leishmania donovani, Enterobacteriaceae, or Bifidobac-
terium) with cells of different mucosal epithelia [89, 90]. This mechanism of interaction is
related to the high binding affinity of mannose residues to the so-called mannose-binding
lectins (or mannose receptors). In this context, mannosylated nanocarriers have demon-
strated a high capability to reach and remain adhered to the surface of the ileum epithe-
lium of rodents [91]. In mice, these nanoparticles containing an antigenic extract of
Brucella ovis when orally administered offered an important degree of protection against
an infective challenge (2-log reduction in spleen CFU compared with the control) [92].
In a more recent study, mannosylated nanoparticles obtained from a polymer conjugate
between mannosamine and a poly(anhydride) displayed a diffusion coefficient in intes-
tinal pig mucus 35-fold higher than for PLGA nanoparticles. This higher diffusivity in
mucus was evidenced in vivo by an important capability of the nanoparticles to reach,
to a large extent the intestinal epithelium of animals, including Peyer’s patches [93].
When these mannosylated nanoparticles (containing a peanut extract) were administered
to peanut-sensitized animals, they offered both less serious anaphylaxis symptoms and
higher survival rates than controls, confirming the protective eftect of this formulation
against the challenge [93].

On the other hand, another biomimetic approach may be to imitate the behavior of
many viruses such as the Norwalk or polio virus that are capable of diffusing through a
mucus layer as fast as in water [10]. This virus possesses in its surface an important number
of both positively and negatively charged groups leading to an overall net neutral surface
charge and, thus, minimizing the virus entrapment in the mucus layer [10, 94]. This strat-
egy was evidenced by Laffleur and coworkers employing synthetic particles of near-
neutral surface charge (+0.9mV), based on the combination between polyacrylic acid
(PAA) and polyallylamine (PAM). The resulting nanoparticles displayed improved
permeation in the mucus [51].

4. Conclusions

Patients, in general, perceive mucosal routes of administration (i.e., oral, ocular, nasal,
etc.) as more comfortable and convenient than parenteral ones, particularly, for chronic
medication regimens. However, these routes are faced with several hurdles that limit the
absorption and bioavailability of many biologically active compounds.
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The use of nanocarriers has been proposed to promote the bioavailability of drugs. In
principle, some of these delivery systems may be very effective in protecting the payload
against premature inactivation by the action of pH conditions and/or the presence of
enzymes. On the contrary, these nanocarriers are in general not able to pass the protective
mucus layer lining the absorptive epithelium and, then, are eliminated from the gut
mucosa due to the physiological mucus turnover. In order to solve this barrier, the
use of nanoparticles with mucus-permeating properties has been proposed. These devel-
opments include the application of bioinspired procedures mimicking the key features of
microorganisms and a combination of nanocarriers either with agents able to disrupt the
structure of mucus or with hydrophilic compounds in order to minimize the interaction
with the hydrophobic domains of mucus.

There are still relatively few studies on the use of these nanocarriers with enhanced
mucus penetration. In general, these studies cover the preparation and evaluation of their
diffusivity in mucus, although very little information can be found about their real poten-
tial to promote the bioavailability or the efficacy of a drug. Another important point that
sometimes is forgotten during the development of nanocarriers for mucosal delivery is the
evaluation of the influence of the payload on their mucus-permeating properties. The
incorporation of a biologically active molecule may significantly modify the physico-
chemical properties of empty nanocarriers and, hence, negatively affect their ability to
reach the epithelium. In any case, the design of these new generation of transporters
can be an interesting approach to solve some of the problems associated with the mucosal
delivery of biomacromolecules and other sensitive compounds.
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1. Introduction

In the present century, the central nervous system (CNS) disorders are expected to
escalate enormously owing to a projected increase in human life. Among the numerous
CNS disorders, neurodegenerative ailments are the most cambersome and afflict human-
kind globally [1, 2]. Although, the etiology of neurodegenerative diseases is intricate but
it is generally attributed to the decline of neuronal efficacy with increasing age. Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, Prion disease, and spinal muscular atr-
ophy are the major neurodegenerative ailments [3]. The pathophysiology of Alzheimer’s,
Parkinson’s, and Huntington’s disease is not fully understood despite the extensive
research conducted [1]. Numerous obstacles, such as the blood-cerebrospinal fluid barrier
and blood-brain barrier (BBB) must be triumphed for the adequate delivery of drug mol-
ecules to the CNS to ensure an effective treatment of neurodegenerative diseases. Over
the past few decades, nose-to-brain delivery approach for the administration of therapeu-
tic agents to the brain has acquired enormous importance [4]. Numerous studies have
indicated the potential of intranasal delivery for the administration of drugs, peptides,
proteins, gene vectors, and mesenchymal stem cells in successfully bypassing the afore-
mentioned barriers [5, 6]. Intranasal drug delivery has plenty of merits for instance,
bypassing the blood-brain barrier (BBB) [7], avoidance of first-pass metabolism and
systemic dilution, and provision of delivering small doses, which mitigates the drug
toxicity [8]. Nonetheless, nose-to-brain drug delivery has been associated with some
drawbacks as well for instance, the restricted surface area of the olfactory epithelium, nasal
congestion, harm to the nasal mucosa, low epithelial permeability, enzymatic degrada-
tion, and the poor absorption owing to mucociliary clearance [9]. Numerous approaches
such as employment of the absorption enhancers and mucoadhesive polymers to extend
the residence time of in the nasal cavity have been adopted to escalate the penetration of
drugs into the nasal cavity [10]. The emergence of nanotechnology in the drug delivery
field has offered a novel choice in the cure of neurodegenerative diseases because of
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site-specific targeting. The drug delivery to the brain via nasal passage using nanocarriers
allows appropriate brain targeting resulting in improved bioavailability [8, 10]. In this
chapter, we provide comprehensive details of the current treatment of PD, AD, and
HD. In addition, this review also emphasizes on the recent studies aimed at the admi-
nistration of nanomedicine through nose-to-brain delivery to improvise the current
therapies available for CNS disorders.

2. Parkinson’s disease

Parkinson’s disease (PD) is a progressive, chronic, and age-dependent neurodegenerative
disease afflicting approximately seven million human population worldwide [11]. In
1912, Friedrich Heinrich Lewy a German pathologist reported the presence of neuronal
cytoplasmic inclusions in various parts of the brain [12] and was termed as Lewy bodies.
Later on in 1919, Tretiakoff witnessed the depletion of neurons in the substantia nigra
pars compacta of the midbrain in PD patients. In addition, the role of dopamine and
its deficiency in the basal ganglia was known in the 1950s [12]. The chances of PD in
a human population tend to surge with aging [13, 14]; the projected PD incidences
increase from 41 cases per 100,000 individuals in the 40—49-year age group to 1903 inci-
dences per 100,000 persons in elderly people over 80years [14-18]. The prevalence of
PD in males is significantly higher, with an estimated male-to-female ratio of about 1:5
[19]. The possible reasons for this gender-dependent incurrence PD might be a more
pronounced work exposure in men compared with women and second, a cushioning
effect on neurons imparted by estrogens in women, as well as X-linked genetic factors
[19]. Sporadic PD is induced by a combination of genetic as well as environmental factors
indicating a relationship between the rise of PD and the emergence of industrial devel-
opments [20]. The main symptoms of tremor at rest, bradykinesia, and muscle rigidity are
ascribed to the depletion of dopaminergic neurons, which potentially dissipate the quality
of daily activities in PD patients [14, 21-25]. If untreated, the intensifying symptoms of
PD gradually lead to chronic disability and thereby mitigating the quality of life (QoL) in
PD patients [20].

3. Alzheimer’s disease

Alzheimer’s disease (AD) is another prominent neurodegenerative disease associated with
dementia and developing generally with aging. AD is accounted as a primary cause of
dementia and the symptoms appear in three stages namely mild, moderate, and severe.
Usually, AD begins with a loss in short-term memory progressing to cognitive impair-
ment, psychiatric issues, behavioral fluctuations, problems in the coordination, and finally
leading to a premature death [27, 28]. The estimated number of dementia patients
globally is 24 million with a projection to be doubled by the year 2040 [29]. AD is also
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a chief cause of mortality in Europe and is also ranked sixth in the United States [30].
A few of the genes involved the manifestation of familial AD are presenilins-1 and -2,
alpha-2 macroglobulins, and apolipoprotein E (ApoE) [31, 32]. Numerous theories have
been postulated regarding the pathogenesis of AD at the micro-level; primarily based on
the functions of “amyloid, cholinergic, tau, glutamate, and oxidative stress hypotheses”
[33, 34]. In addition, there are also several documented theories on the pathogenesis of
AD pertaining to the formation of neurofibrillary tangles (NFT's) and amyloid-f§ plaques
along with oxidative damage, inflammation, iron dysregulation, and cholesterol
metabolism. The neurodegeneration particularly observed in PD is correlated to two
prominent processes namely the buildup of extracellular senile amyloid plaques and
the formation of intracellular NFTs owing to the hyperphosphorylation of tau proteins
present in neurons.

4. Huntington’s disease

Huntington disease (HD) is an infrequent neurodegenerative disorder of the central
nervous system identified by involuntary choreatic movements, behavioral and psychi-
atric manifestations, and dementia [35]. Incidence in the human population is estimated
at 1/10,000-1/20,000 with an average age of onset is between 30 and 50 years. In rare
scenarios, symptoms appear before entering the 20s coupled with behavioral issues and
cognitive impairment during early education (Juvenile Huntington’s disease (JHD)). The
chorea steadily progresses to all body muscles and thus deteriorating the plight [36].
Majority of psychomotor functions become extensively impaired and patients can expe-
rience psychiatric symptoms and cognitive collapse. HD is considered as an autosomal
dominant hereditary disease induced by an extended CAG repeat (36 repeats or more)
on the short chain of chromosome 4p16.3 in the Huntingtine gene. The widen the CAG
repeat, the rapid would be the onset of disease and repeat often surpasses 55 in case of
JHD. Diagnosis is primarily dependent on the symptoms and is authenticated by
DNA analysis [37]. Differential diagnoses involve other possible means of chorea such
as iatrogenic disorders. Occasionally, phenocopies (clinically identified cases of HD
without any genetic alterations) have also been reported. Prenatal screening is made
possible using chorionic villus sampling or amniocentesis. Preimplantation diagnosis with
in vitro fertilization is offered in several continents and territories [38]. HD cannot be
cured, therefore, the treatment must be multidisciplinary focused on mitigating the
symptoms with an intention to enhance the quality of life. Chorea is usually controlled
using dopamine receptor antagonists or depleting agents and medical as well nonmedical
support would be needed for depression and aggressive behavior. As HD intensifies,
patient becomes entirely dependent on others to lead the daily life thus necessitating
the full-time care until death. The most commonly observed trigger of death is pneumo-
nia succeeded by suicide [39].
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5. Therapeutic targets and treatment

Hitherto, there is no efficacious treatment to impede the advancement of neurodegen-
eration in PD. The present therapy relies primarily on pharmacological replacement of
smear dopamine, and other therapeutic agents [40]. Apart from this, the alternative
therapeutic strategies contain physiotherapy and deep brain stimulation [41].
Substances such as I-DOPA with peripheral DOPA decarboxylase inhibitors are
generally employed to manage PD predominantly by escalating the brain dopamine
content while diminishing peripheral untoward eftects [42]. Nevertheless, -DOPA
is usually prescribed in combination with other complementary therapeutic agents
namely monoamine oxidase-B inhibitors (rasagiline, selegiline), catechol-O-
methyltransferase inhibitors (entacapone, tolcapone), and dopamine agonists (rotigo-
tine, bromocriptine, pergolide, lisuride) [43, 44|. Nonetheless, the prolonged usage
of I-DOPA and other drugs can lead to certain implications for instance involuntary
movements. In addition to dopamine, more neurotransmitters namely acetylcholine,
serotonin, noradrenaline, glutamate, and adenosine are also convoluted in PD and
contribute to its manifestations. Therefore, other therapeutic agents such as adenosine
A2A receptor antagonists (tozadenant, istradefylline), N-methyl-D-aspartate (NMDA)
glutamate receptor antagonists (traxoprodil), metabotropic glutamate receptor 5
(mGluR5) allosteric modulators (mavoglurant, dipraglurant), and serotonergic agents
(eltoprazine, a partial agonist at SHT1A/1B receptors) aiming at the aforementioned
neurotransmitters have been developed to ease the manifestations and untoward effects
emanated amid the management of PD [45, 46]. In addition, novel approaches involv-
ing genomic and cellular methods to revive striatal dopamine levels and innovative
methods such as direct nose-to-brain delivery of existing drug molecules are currently
being investigated [39].

AD management involves either the enhancement of cholinergic transmittance in the
central nervous system (CNS) or to deter the excitotoxic effects introduced by the
hyper-activation of NMDA-glutamate receptors present in some segment of the brain
[47]. Similar to PD, these approaches render interim symptomatic comfort by mitigating
the magnitude of cognitive retardation. The drugs used to treat AD are (a) cholinergic acti-
vators; (b) glutamate (NMDA) antagonists; and (c) miscellaneous drugs [32]. Cholinergic
activators such as tacrine, rivastigmine, donepezil, and galantamine hinder acetylcholine
esterase (AChE) enzyme and provide temporary relief by imparting some disease-
moderating effects [48, 49]. Alternate therapies include antioxidants and vitamin supple-
ments [50, 51], stem cell therapy [33], lipid-lowering drugs, selective phosphodiesterase
(PDE) inhibitors, inhibition of B-secretase and y-secretase and AP aggregation, inhibition
of tau hyperphosphorylation and intracellular NFT hormonal therapy, antihypertensive
therapy, selective phosphodiesterase (PDE) inhibitors, inhibition of P-secretase and
y-secretase and AP aggregation, inhibition of tau hyperphosphorylation and intracellular
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NFT [33, 50, 51], transition metal chelators [33], nonsteroidal antiinflammatory drugs
(NSAIDs) [52], insulin-resistance drugs [52], and brain-derived neurotrophic factor
(BDNF) [53]. Administration of insulin using intranasal route is so far the only treatment
demonstrated a robust restoration of memory and other functions in Alzheimer’s disease
without significantly modifying the blood levels of glucose or insulin [54] along with an
enhancement in brain cell energy (ATP) in humans |55, 56].

6. Obstacles and strategies for brain targeting

As aforementioned, a drug molecule employed in the treatment of a neurodegenerative
disease must cross numerous barriers such as the blood-brain barrier (BBB) and the
blood-cerebrospinal fluid barrier (BCSFB) to initiate an effective therapeutic response
[9]. The anatomy and physiology of the BBB and BCSFB have been thoroughly
documented [3, 54, 55]. The BBB is comprised of a specific system of capillary endothe-
lial cells connected using tight junctions, carrier proteins, and enzymatic barriers that
impede the penetration of noxious entities into the brain tissues to preserve the brain’s
internal environment [54]. Nevertheless, the BBB also possesses several endogenous
carriers, permitting the pivotal nutrients and minerals to enter, while reducing the
permeation of other external entities including drugs [56]. In addition, the BBB also
separates the circulating blood from the brain’s extracellular fluid (ECF). The physico-
chemical characteristics of drugs such as lipophilicity and molecular weight govern the
magnitude of crossing the BBB. Usually, lipophilic drug molecules having low molecular
weight (400Da) not ionized at body pH are the candidates to overcome the BBB via
diffusion [57]. Vital substances namely amino acids, neuropeptides, and hexoses usually
require particular carriers for their penetration into the brain [57], whilst proteins and
peptides can triumph the BBB using saturable transport systems [49]. Despite the crossing
the BBB, the brain has additional protective measures such as protein transporters
(P-glycoprotein (P-gp)) and multidrug efflux pumps to neutralize the possibility for
systemic brain exposure [54, 58, 59]. Location of efflux transporters on the BBB is usually
attributed to the drug expulsion from CSF of brain. The BCSFB consisted of choroid
plexus epithelial cells connected by tight junctions not by the endothelial cells encom-
passing a dormer blood capillary system. The BCSFB serves as a tangible barrier that
minimizes the entrance of molecules and ions in the brain [57]. The presence of brain’s
defensive system has triggered the development of numerous approaches to triumph this
defensive shield in order to escalate the bioavailability and targeting of various therapeu-
tics in the brain [60]. For instance, intrathecal (BBB disruption) delivery, intraparench-
ymal, chemical alterations, usage of prodrugs, and conjugation of a drug molecule with a
ligand or an antibody are important approaches used to cross the BBB [61]. These
approaches to cross the BBB are well documented and elaborated in detail [54, 60].
In the recent times, intranasal (i.n.) drug delivery has been acknowledged as a novel
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noninvasive, commendable substitute to parenteral, and oral delivery drugs to the CNS.
The intranasal (i.n.) drug delivery has the capability to revamp the treatment protocols of
PD, AD, HD, and several other brain disorders [62].

7. Intranasal (nose-to-brain) drug delivery

The intranasal delivery affords a noninvasive method of evading the BBB and thereby
facilitating the prompt delivery of drug molecule to the CNS [10, 56, 63]. The prom-
inent merits and demerits of intranasal drug delivery are depicted in Table 1. Several
authors have well reviewed the anatomy and physiology of the nasal cavity |55,
64—66]. The nasal cavity is comprised of two regions namely the respiratory region
and the olfactory region predominantly accountable for drug assimilation into the blood
and brain. The respiratory region is the primary location for achieving the systemic drug
delivery. Several theories have been described for the absorption of drugs administered
using the nose. Nonetheless, the most prominent are the transcellular and transcytosis
pathways by vesicle carriers and the paracellular passive absorption [67]. Generally, a
low molecular weight and lipophilic drug is promptly and effectively assimilated from
the nasal region and thereby can accumulate in the brain by overcoming the BBB
[68]. The olfactory region and upper segment of the nasal cavity is the principal platform
for the direct penetration of a drug molecule into the brain using the olfactory and
trigeminal neural pathways [55, 69, 70]. Nevertheless, numerous parameters such as a

Table 1 Prominent merits and demerits of nose to brain drug delivery.

Merits Demerits

1. Noninvasive and readily available to 1. The whole dosage should be administered in a
brain small volume range between 25 and 200 uL

2. Probable direct transmittal to CNS by 2. Prompt expulsion of a drug molecule from the
circumventing the BBB nasal mucosa by the mucociliary clearance system
3. Provision of direct delivery of drugs into | 3. Degradation of drugs nasal enzymes

both systemic circulation and the CNS cytochrome P450/peptidases/proteases

4. Avoidance of acidic or enzymatic 4. Limited available surface area for absorption

degradation of drugs in gastrointestinal tract | compared to that of the gastrointestinal tract
5. Evading the hepatic first pass metabolism | 5. Nasal congestion may induce irritability and
obstruction in drug absorption

6. Prompt absorption and rapid start of 6. Limited penetration for lipophobic drugs
action requiring the use of absorption enhancers

7. Enhanced bioavailability thereby lowers | 7. Expulsion of systemically assimilated drugs via
the dose of drugs natural clearance pathways

8. Reduction in the chances of overdose 8. Nose-to-brain route of delivery is not

appropriate for all drugs
9. Provision of self-administration and dose | 9. Individual fluctuations leading to failure
adjustment
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molecular weight above 20kDa [71], enhanced drug hydrophilicity [72] and the extent of
drug ionization 73] may impede the assimilation of drugs into the CNS via the intranasal
route. Apart from these aforementioned factors, enzymatic degradation and active efflux
transporter pumps (P-gp) mounted on the olfactory epithelium can also interfere the
transport of drugs [74]. In addition, several other conditions such as nasal congestion,
injury of nasal mucosa, and mucociliary clearance may also interfere with the nose-to-
brain formulations. Consequently, numerous approaches such as the usage of absorption
enhancers [65, 75] and the use of mucoadhesive polymers [10] have been adopted to
foster the penetration of drugs into the nasal mucosa.

Hitherto, the fundamentals of absorption of drugs via nose-to-brain delivery are not
fully comprehended. However, the assimilation of drugs via this route is primarily
ascribed to two pathways namely systemic and olfactory or trigeminal nerves pathway
(Fig. 1). It is speculated that usually a combination of these two pathways is involved.
Nonetheless, one pathway may outweigh the other based on the composition of
formulation, physiochemical characteristics of drugs, and the type delivery device
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_VF\W Insuliisfg;\iﬂg }_\;‘L‘I AAXI}n
! AN PN

Blodd brain barrier
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|Drug molecules I

Conventional Nose-to-brain
formulations delivery

Fig. 1 lllustration of various pathways to brain following the nose-to-brain drug delivery.
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employed for intranasal administration [55, 63, 66]. The systemic pathway involves the
direct absorption of a drug through the nasal mucosa into the blood followed by
penetration into the brain via the BBB [55]. The olfactory or trigeminal nerve pathway
originates in the brain and abolishes in the nasal cavity at the olfactory neuroepithelium or
respiratory epithelium, respectively [75-77]. The olfactory neuroepithelium or respira-
tory epithelium is the only segments of the CNS and consequently is exploited for the
direct noninvasive entry of drugs into the brain. The possible mechanisms that govern the
direct nose-to-brain drug delivery are namely intracellular transport-mediated route and
extracellular transport-mediated routes |75, 78]. The intracellular transport-mediated
route is a comparatively restricted mechanism and relies on axonal transport and requires
significant time for the intranasally delivered drugs to access the olfactory bulb. The olfac-
tory neurons present in the olfactory epithelium engulf drug molecules via endocytosis
[9, 77, 79]. In the contrary, the extracellular transport-mediated route supports the swift
entry of drugs into the brain within a few to 30min [78, 80, 81]. Apart from these
aforementioned pathways, a drug administered using nose-to-brain route drugs can also
access the CNS using CSF and lymphatics.

8. Nanotechnology tools for delivery of neurotherapeutic agents via
intranasal route

The appellation nanotechnology includes all materials, processes, and the systems
exhibiting a novel physical, chemical, and biological properties or phenomena due
to the size range in the nano-region [82]. Nanotechnology has been employed to
reinforce the performance of the treatment regimen intended for neurodegenerative
diseases via nose to brain [82]. Nanotechnology can render different pharmacokinetics
profiles and improve the delivery of various diagnostic and therapeutic agents [83]. The
chief advantage of nanotechnology-based drug delivery systems includes targeted drug
delivery for specific action in the CNS by triumphing the obstacles in drug permeation
and consequently boosting the bioavailability and therapeutic efficacy of anti-PD, anti-
AD, and anti-HD agents. The nanoparticles (NPs) employed for therapeutic interven-
tions are generally solid colloidal particles with a size range between 1 and 1000 nm [3,
57]. Besides size reduction, NPs can cushion the thermolabile therapeutic molecules
such as DNZ, proteins, and peptides and can exhibit the site-specific drug delivery.
In addition, these NPs ensure the therapeutically effective drug concentrations in
the blood plasma by enhancing the solubility, half-life, and permeability of drugs.
The intensity and incidence of untoward effects are minimized owing to precise and
accurate targeting to induce therapeutic responses even at low drug concentrations
[32, 84]. Lastly, NPs may safeguard the embedded drug from the enzymatic and/or
chemical degradation and from extracellular transport by P-glycoprotein efflux,
thus enhancing their availability in the CNS [10]. Nanoparticulate systems are
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predominantly categorized into polymeric nanoparticles, lipid-based solid lipid nano-
particles (SLNs) and nanostructured lipid carriers (NLCs), micelles, liposomes, carbon
nanotubes, nanospheres, dendrimers, nanocrystals, and nanoemulsions (Fig. 2). Table 2
highlights the documented research work conducted on the fabrication of nanoparti-
culate systems intended for a therapeutic intervention in neurodegenerative disorders
via direct nose-to-brain delivery.

8.1 Polymeric nanoparticles

Polymeric NPs are solid colloidal particles in which drugs can be embedded, entrapped,
dissolved, or chemically adhered to the polymer matrix [110-112]. The diameter of
polymeric NPs is generally larger than those of micelles, with a usual size range between
100 and 200 nm, and possesses an elevated polydispersity index [113]. Polymeric NPs
exhibit marvelous sustained/controlled drug release profiles, biocompatibility, biode-
gradability, and stability. In addition, they also possess negligible toxicity and immu-
nogenicity and are economically feasible to be manufactured [114]. Numerous

Various types of
nano-carriers
employed in the
administration of

nose-to-brain
delivery

Fig. 2 Miscellaneous systems employed for the administration of nanomedicine via direct nose-to-
brain passage.
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Table 2 Nanocarrier formulations fabricated for nose to brain delivery in various neuronal disorders.

Therapeutic

Average size

Nano-tool Composition agent (nm) Remarks Reference
Polymeric NPs fabricated using ionic Bromocriptine 161.3£4.70 Exhibited prominent surge in [10]
nanoparticles gelation of chitosan with the dopamine content.

tripolyphosphate anions Reversed akinesia and reduced

catalepsy, enhanced brain
uptake with targeting efficacy

NPs of chitosan processed Bromocriptine 161.3£4.70 Enhanced brain uptake [85]

using ionic gelation

Chitosan glutamate Rasagiline 151.1+£10.31 | Enhanced brain bioavailability | [86]

nanoparticles (RAS-CG-NPs)

prepared using ionic gelation

of CG with tripolyphosphate

anions

Chitosan-based nanoparticles Levodopa <200 Enhanced residence time [87]

embedded with levodopa leading to better brain uptake,

(CNL) blended with a avoidance of levodopa

thermo-reversible gel of degradation in peripheral

Pluronic PF127 (CNLP gel) circulation

Poly(ethylene glycol)-poly Odorranalectin | 114.8 £5.60 Enhanced brain uptake [88]

(lactic-co-glycolic acid) therapeutic response in

(PEG-PLGA)-based experimental PD

nanoparticles

Lectins altered polyethylene Fibroblast 104.8 Promoted the release of [89]

glycol-polylactide- growth factor choline acetyltransferase

polyglycolide (PEG-PLGA)

nanoparticles

Chitosan-based Donepezil 100-200 Nanoparticles formulation [85]

nanosuspension prepared
using ionic-cross-linking
technique

exhibited higher percentage of
radioactivity per gram in the
brain compared to donepezil
solution




NLCs and
SLNs

Chitosan-based
nanosuspension ionic-
crosslinking method

PLGA nanoparticles (NPs)
prepared using the solvent
emulsification solvent
diftusion technique

Chitosan nanoparticles
prepared using ionic gelation
method

Chitosan nanoparticles using
ionic gelation of chitosan with
tripolyphosphate anions
NLCs prepared using
microemulsion technique

SLN prepared using
stearylamine and Pluronic
F-68

Polymer-lipid hybrid
nanoparticles (PLN) prepared
using emulsification solvent
diffusion technique

Donepezil

Donepezil

Rivastigmine

Estradiol

Curcumin and

Donepezil

Ropinirole

Ropinirole

150-200

89.67+£6.43

163.7+£7.6

269.3+31.6

<50

98.43+£3.3

66.22+£6.2

No mortality, hematological
alterations, body weight
fluctuations, and toxicity in
animals upon the delivery of
nanosuspension in various
doses

Polysorbate 80-coated PLGA
nanoparticles prominently
enhanced permeation of
donepezil to the brain as
compared to the free drug
solution

Enhanced uptake into the
brain and improved
bioavailability

Prolonged retention and
enhanced brain uptake

Higher uptake of both drugs in
the brain leading to better
memory and learning in mice.
Elevated levels of
acetylcholine in brain.
Mitigated oxidative damage
Diminished dosing frequency
and better stability

Prolonged retention with
limited detrimental effects on
nasal cavity along with robust
results in pharmacodynamics

[90]

[91]

[93]

[94]

Continued



Table 2 Nanocarrier formulations fabricated for nose to brain delivery in various neuronal disorders.—cont'd

Therapeutic

Average size

Nano-tool Composition agent (nm) Remarks Reference
Phospholipid-based gelatin Fibroblast 143+1.14 Elevated exogenous fibroblast [97]
nanoparticles growth factor in the olfactory bulb and the

striatum with prominent
therapeutic responses in a
hemiparkinsonian rat model

Liposomes Phosphatidylcholine, Galantamine 112+£8 Liposomes potentially blocked | [98]
cholesterol and propylene acetylcholinesterase following
glycol as edge activator the delivery
Liposome prepared using Rivastigmine - Exhibited better ex vivo [99]
carrier material EPC, diffusion via goat nasal cavity
cholesterol, DSPE-PEG-CPP as compared to rivastigmine

solution
1,2-distearyl-sn- Donepezil 102+3.3 Prominent enhancement in [100]
glycero-3-phosphocholine donepezil concentration in
(DSPC), cholesterol (CHE), brain compared to that of
polyethylene glycol (PEG). conventional formulation
Niosomes were prepared Folic acid 3.05-5.625 Better absorption via nasal [101]
using different nonionic route as compared to drug
surfactants namely span 20, solution used as control
span 60, span 80, tween 20,
tween 80 and cholesterol using
lipid layer hydration technique
Nanoemulsion | Lipidic nanoemulsion Curcumin and 115.24+0.15 Therapeutically effective [102]

containing hyaluronic acid
was prepared using Labrafac
Lipophile and Labrafac PG as
the oily phases, and tween

80 and Cremophor RH 40 as
the surfactants

resveratol

concentrations of both drugs
entered the brain of the rat




Dendrimers

Nanoemulsion coated with
chitosan was prepared using a
blend of Capmul MCM,
Captex 500 (oil phase) Tween
80, cremophor EL (surfactant),
PEG 400 and Transcutol
(cosurfactant)

In situ ion-sensitive gelling
system comprised of Capryol
90, Solutol HS15 and
Transcutol HP
Nanoemulsion prepared using
Sefsol 218, tween 80,
Transcutol and water

Capmul MCM EP (—oil
phase), Labrasol (surfactant),
Transcutol-P as a cosurfactant
Polyamidoamine (PAMAM)
G5.NH,

e-PAM-R,, a biodegradable
PAMAM dendrimer

PAMAM dendrimer (1,4-
diaminobutane core, amine
terminated, Gen 5.0)

Curcumin

Curcumin

Ropinirole

Rivastigmine

Paeonol

siRINA

Haloperidol

14.4-118.9

58.61+£5.18

53.8-55.4

5.414£0.24

188.7£1.9

15.10+£5.4

Curcumin demonstrated
enormous penetration in
sheep nasal mucosa compared
to those of placebo
nanoemulsion and drug
solution

Targeting efficacy of in situ
gelling system was found to be
higher than plain drug solution

Enhanced penetration of
ropinirole from
nanoemulsions as compared to
drug solution and improved
pharmacodynamics
performance

No sign of nasal ciliotoxicity

PAMAM nanocomposite in
situ gel significantly improved
the nasal transport efficiency of
nanocomposites

Intranasal delivery of siRINA
offered an efficient means of
gene knockdown-mediated
therapy in the ischemic brain
Improved brain targeting after
nasal administration, with 6.7
times lower doses haloperidol
formulation administered via
the intranasal route producing
behavioral responses that were
comparable to those induced
by haloperidol formulations
administered via an
intraperitoneal injection

[103]

[104]

[105]

[106]

[107]

[108]

[109]
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polymers namely natural biodegradable and biocompatible materials as well as synthetic
polymers have been employed to fabricate NPs for nose-to-brain delivery using various
preparation approaches based on the drug and polymer characteristics [115]. Synthetic
polymers (polycaprolactones and polyacrylates) render specific advantages over natural
polymers (gelatin, collagen, chitosan, alginate, and albumin) primarily owing to their
suitability to undergo any modification in inducing a wide range of desirable properties
[83]. Chitosan NPs have demonstrated a reduction in mucociliary clearance and capa-
bility to momentarily open the tight junctions present between cells and thereby boost-
ing the drug penetration in the brain from the nasal mucosa by the paracellular pathway
[116]. In addition, chitosan NPs were reported to possess smaller particle size, enor-
mous permeability across the nasal mucosa, and the capability to embed various drug
molecules [92, 117]. The capability of chitosan NP to promote the access of rivastig-
mine to the brain via intranasal delivery has been explored [92]. The authors reported
the drug transport efficacy to be 355 & 13.52% with direct transport of 71.80 £6.71% in
comparison with other formulations used as a control indicating the potential of
rivastigmine-loaded NPs as a novel treatment alternative for AD. Several other studies
reported the capability of chitosan nanoparticles to boost the delivery of donepezil,
thymoquinone, and estradiol to the brain using the nose-to-brain approach [85, 93,
118]. The surge in the drug targeting and bioavailability in the brain of chitosan
NPs was attributed to their better binding and accumulation in the nasal mucosa.
Another study documented a promising diminution in nanoparticle interaction with
opsonins following the coating with polysaccharide polymers [119]. Polyethylene
glycol-poly caprolactone nanoparticles attached with ligand lactoferrin (LF) were
reported as a robust nose-to-brain delivery system for the management of AD [120].
Chitosan NPs incorporated with rivastigmine and coated with polysorbate-80 depicted
approximately 4 times increase in the rivastigmine levels in the mouse brain compared
to the conventional intravenous administration [121]. Chitosan NPs loaded with galan-
tamine hydrobromid were precisely penetrated to the brain within no time following
its intranasal administration [122, 123]. Being economical compared to other biode-
gradable polymers, chitosan has been recommended to employ in the fabrication of
polymeric NPs intended for the therapeutic intervention of neurotherapeutic agents
[123]. Chitosan nanoparticles (CS-NP) were fabricated and evaluated in the brain
delivery of bromocriptine (BRC) in mice with haloperidol-induced Parkinsonism fol-
lowing its nose-to-brain administration [124]. The authors reported a more promising
reduction in akinesia and cataleptic behavior in mice receiving BRC-loaded CS-NP
[124]. In another documented study, surface-engineered odorranalectin (OL) conju-
gated PEG-PLGA NP loaded with urocortin (UCN) were developed [88, 91]. These
authors reported the brain delivery of UCN-loaded NP to be superior to that of
acquired using drug alone.
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8.2 Lipid nanoparticles

Lipid NPs are basically colloidal carriers, which may be alternatives to larger colloidal
carriers such as polymeric NPs, liposomes, and nanoemulsions [125]. Lipid NPs may
protect incorporated drugs against chemical degradation with specific capability of lipo-
philic drugs, controlled drug release characteristics, and limited bio-toxicology [126,
127]. In addition, lipid NPs can be produced easily at a moderate cost using ultrasonica-
tion techniques and high shear homogenization [128, 129]. Furthermore, NPs could
enhance the penetration of drugs via the BBB via endocytosis owing to their lipophilic
nature. Nonetheless, lipid NPs are also associated with some disadvantages for instance
low incorporation of hydrophilic drugs, low in vivo stability, and the risk of surfactants
and metal contamination upon the usage of ultrasound amid preparation [3, 127]. Lipid
NPs consist of first-generation solid lipid nanoparticles (SLNs) and second-generation
nanostructured lipid carriers (NLCs). The SLNs are basically solid lipid matrix in which
the drug is either suspended or dissolved [130]. SLNs are generally perceived as compar-
atively stable colloidal carrier, involving the dispersion of a molten lipid in an aqueous
surfactant by solvent emulsification-diffusion, high-pressure homogenization, solvent
injection, and solvent emulsification-evaporation. SLNs are capable to diftuse through
the tight junctions of the BBB endothelial cells [131] and also can evade the reticuloen-
dothelial system (RES) and liver [131]. Furthermore, the SLNs can accommodate an
elevated drug content compared to polymeric nanoparticles and thereby rendering
controlled release profiles extending up to several weeks [131]. Biocompatible and
physiologically well-tolerated triglycerides, fatty acids, or waxes approved for pharma-
ceutical application in humans are employed in the production of SLNs [132]. SLNs
of rivastigmine were developed using the ultrasonication and homogenization method
and evaluated. The authors reported an elevated ex vivo diffusion via goat nasal mucosa
compared with rivastigmine conventional solution [133], which was ascribed to the
lipophilic nature of the carrier. NLCs comprising of a blend of liquid lipids in solid matrix
were developed to enhance long-term stability via polymorphic transformations of lipids
to more stable forms with elevated drug loading [33]. The NLCs were reported to be
readily assimilated after intranasal administration [60]. Drugs embedded in NLCs are
usually well protected from degradation and efflux in the nasal cavity, which may poten-
tially improvise their bioavailability both in the blood as well as in the brain. Polymer-
lipid hybrid nanoparticles (PLN) loaded with ropinirole and SLNs embedded with ropi-
nirole hydrochloride were fabricated for nose-to-brain administration via intranasal
route. The emulsification-solvent diffusion method was employed for the preparation
and the characterization was performed in terms of in vitro mucoadhesion, in vitro
permeation, mucosal toxicity, and stability [95, 96]. The authors reported appropriate
retention with negligible detriment on the nasal mucosa, along with suitable pharmaco-
dynamic data [95, 96]. Gelatin nanostructured lipid carriers (GNLs) loaded with basic
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fibroblast growth factor (bFGF) were developed using the emulsion and freeze-drying
method [97] and were delivered via the nose-to-brain passage in a hemi-parkinsonian
rat model. The GNLs exhibited and enhancement in exogenous concentration of bFGF
both in striatum as well as in the olfactory bulb without any considerable damage to the
mucous epithelium [97]. The authors suggested the suitability of GNLs as drug carriers
via nose-to-brain route, particularly for bio-macromolecules [97]. Erythropoietin [134]
and glial-derived neurotrophic factor (GDNF) [135] were adequately administered by
adhering these protein therapeutics to mouse anti-TfR antibodies and authors reported
promising neuroprotective responses.

8.3 Liposomes

Liposomes are spheroidal, coordinated bilayered, phospholipid sacs comprised of bio-
compatible biodegradable lipids similar to the lipids occur in human biologic membranes
(cholesterol and phospholipids). Liposomes are capable of self-assembling into scaffolds
consisting of an aqueous core and a lipid bilayer with sizes ranging between 50 nm and
100 pm. Liposomes can easily deliver both hydrophilic and lipophilic drugs because of
their composition having both lipophilic as well hydrophilic segments [136]. Owing
to their lipophilic nature, liposomes are considered as promising brain-targeting carrier
systems [137, 138]. Liposomes are recognized as nontoxic and biocompatible carriers pri-
marily owing to their phospholipid nature and can save the encapsulated drug molecules
from enzymatic degradation and thus can boost their therapeutic efficacy [139]. Lipo-
somes are fabricated using the film hydration methods (such as ethanol injection, ether
injection, and hand shaking), heating and microfluidization, rendering high encapsula-
tion efficiency [140]. The heating method is eftectively scaled-up and is regarded as a
secure method for the industrial-scale manufacturing of liposomes [141]. The pharma-
cokinetic profiles of the brain and plasma following the brain-to-nose delivery of a
liposome formulation of donepizil in healthy male Wistar rats was compared [100].
The liposomes were reported to possess a spherical shape with smooth surface and
maintained their integrity as a single unilamellar vesicle. Furthermore, liposomes did
not show any aggregation with an average particle size of 102+£3.3nm. A significant
enhancement in donepezil content in the brain was found compared with that of the
conventionally used products [100]. Elevated brain content of rivastigmine was measured
following the nose-to-brain administration of cell-penetrating peptide (CPP) modified
liposomes and rivastigmine-containing liposomes compared to the free drug [99]. Similar
results were also reported in some other studies involving the rivastigmine-loaded
liposomal formulations [142, 143], suggesting the potential of liposomes in the manage-
ment of AD. In another study, nose-to-brain delivery of galantamine-loaded liposomes
also emerged as a promising tool primarily because of successfully targeting the brain
tissue [98]. These liposomes successfully inhibited brain acetylcholinesterase enzyme
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shortly after nose-to-brain administration [98]. The average size of galantamine-loaded
liposomes was 112 4= 8 nm with marvelous drug encapsulation efficiency, which predom-
inantly ascribed to the intense hydrophilicity of the lipid bilayer and high lamellarity of
the sac to the core [98].

8.4 Dendrimers

Dendrimers are nano-sized, radially symmetric molecules with well-defined, homoge-
neous, and monodisperse structure consisting of tree-like arms or branches [144]. These
hyperbranched molecules were first discovered by Fritz Vogtle in 1978, by Donald
Tomalia and coworkers in the early 1980s, and at the same time, but independently
by George R. Newkome. The second group called synthesized macromolecules

’

“arborols” means, in Latin, “trees.” Dendrimers might also be called “cascade
molecules,” but this term is not as much established as “dendrimers” [145—-147]. Den-
drimers are nearly monodispersing macromolecules that contain symmetric branching
units built around a small molecule or a linear polymer core [148—150]. “Dendrimer”
is only an architectural motif and not a compound. Polyionic dendrimers do not have
a persistent shape and may undergo changes in size, shape, and flexibility as a function
of increasing generations [151-153]. Dendrimers are hyperbranched macromolecules
with a carefully tailored architecture, the end groups (i.e., the groups reaching the outer
periphery), which can be functionalized, thus modifying their physicochemical or bio-
logical properties [154—159]. Dendrimers have gained a broad range of applications in
supramolecular chemistry, particularly in host-guest reactions and self-assembly pro-
cesses. Dendrimers are characterized by special features that make them promising can-
didates for a lot of applications. Dendrimers are highly defined artificial macromolecules,
which are characterized by a combination of a high number of functional groups and a
compact molecular structure [160]. The emerging role of dendritic macromolecules for
anticancer therapies and diagnostic imaging is remarkable. The advantages of these well-
defined materials make them the newest class of macromolecular nanoscale delivery
devices [161]. Dendritic macromolecules tend to linearly increase in diameter and adopt
a more globular shape with increasing dendrimer generation. Therefore, dendrimers
have become an ideal delivery vehicle candidate for explicit study of the eftects of poly-
mer size, charge, and composition on biologically relevant properties such as lipid bilayer
interactions, cytotoxicity, internalization, blood plasma retention time, biodistribution,
and filtration [162].

The structure of dendrimer molecules begins with a central atom or a group of atoms
labeled as the core. From this central structure, the branches of other atoms called
“dendrons” grow through a variety of chemical reactions. There continues to be a debate
about the exact structure of dendrimers, in particular whether they are fully extended
with maximum density at the surface or whether the end groups fold back into a densely
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packed interior [163, 164]. Dendrimers can be prepared with a level of control not attain-
able with most linear polymers, leading to nearly monodisperse, globular macromole-
cules with a large number of peripheral groups as seen in Fig. 2, the structure of some
dendrimer repeat units, for example, the 1,3-diphenylacetylene unit developed by
Moore [165]. Dendrimers are a new class of polymeric belongings. Their chemistry is
one of the most attractive and hastily growing areas of new chemistry [148, 166,
167]. Dendrimer chemistry, as other specialized research fields, has its own terms and
abbreviations. Furthermore, a briefer structural nomenclature is applied to describe
the different chemical events taking place at the dendrimer surface. Dendrigrafts are a
class of dendritic polymers like dendrimers that can be constructed with a well-defined
molecular structure, i.e., being monodisperse [168]. The unique structure of dendrimers
provides special opportunities for host-guest chemistry (Fig. 2) and is especially well
equipped to engage in multivalent interactions. At the same time, one of the first pro-
posed applications of dendrimers was container compounds, wherein small substrates
are bound within the internal voids of the dendrimer [169]. Experimental evidence
for unimolecular micelle properties was established many years ago both in hyper-
branched polymers [170] and dendrimers [171]. Brain-targeted drug delivery systems
based on polyamidoamine (PAMAM) dendrimers with targeted modification have been
successfully constructed more and more. Paconol (PAE) was selected as a representative
drug to study the drug loading and drug release ability of the PAMAM dendrimers-based
drug delivery system [107]. Nasal administration of PAMAM-loaded small interfering
RNA (siRNA) resulted in florescence-tagged siRINA being found in the cytoplasm
and processes of neurons and of glial cells in many brain regions, including the hypothal-
amus, amygdala, cerebral cortex, and striatum [108]. PAMAM-loaded haloperidol
improved brain targeting after nasal administration, with 6.7 times lower doses of the
dendrimer-haloperidol formulation administered via the intranasal route producing
behavioral responses that were comparable to those induced by haloperidol formulations
administered via an intraperitoneal injection [109].

8.5 Nanoemulsions

Nanoemulsions are nano-sized emulsions with an average particle size smaller than
250 nm. Nanoemulsions can either be O/W emulsions or W/O emulsions and are
transparent, clear, isotropic mixtures of water, oil, surfactant, and cosurfactant. Nanoe-
mulsions are thermodynamically metastable but kinetically stable and their preparation
requires intense energy and are manufactured with appropriate concentrations of
surfactants [32, 136]. Nanoemulsions can mitigate the issues of drug delivery in terms
of low solubility and bioavailability |3, 32]. There are two main techniques employed
for the formulation of nanoemulsions, namely low-energy methods (ultrasound
generators, e.g., spontaneous emulsification) and high-energy emulsification methods



From the nose to the brain, nanomedicine drug delivery

(high-pressure homogenizers) [172, 173]. The type of oil employed amid the prepara-
tion of nanoemulsions can significantly influence their permeation into the brain. Fish
oils and edible vegetative oil containing elevated content of polyunsaturated fatty acids
(PUFA) such as omega-3 and omega-6-fatty acids can promote the brain uptake of
drug-loaded nanoemulsions predominantly owing to identical structure to the natural
fatty acids present in the brain [174—-176|. Nevertheless, nanoemulsions have stability
issues amid storage, phase separation, and burst release phenomenon. In spite of these
demerits, numerous studies have reported the use of nanoemulsions to improve the
drug delivery to the brain [103]. Curcumin incorporated into nanoemulsion was found
to be safe as suggested by in vitro cytotoxicity and nasal cilio-toxicity studies. The
droplet sizes and zeta potentials of curcumin nanoemulsions were reported in the ranges
between 14.4 to 118.9nm and —12.2 to —26.6mV, respectively. The nanoemulsion of
curcumin demonstrated higher influx across the nasal mucosa as compared to solution
and plain nanoemulsions [103]. These results suggested the potential of nanoemulsions
for the delivery of poorly soluble curcumin. In another study, hyaluronic acid-based
lipidic nanoemulsion was reported to be a potential carrier for the delivery of curcumin
and resveratrol for nose to brain [102]. The optimized hyaluronic acid-based nanoe-
mulsion formulation showed a particle size of 115.240.15 and a zeta potential of
—23.911.7. These authors showed significant concentrations of both drugs in the
brain, with therapeutic levels being reached. Although some researchers found that
nanoemulsions had the potential to deliver Centella asiatica plant extracts via the
nose-to-brain route, they failed to measure the pharmacological response of the deliv-
ery system |[177]. Intranasal delivery of chitosan-coated mucoadhesive nanoemulsions
(o/w) loaded with ropinirole was investigated [105]. The optimized formulation
showed a satistactory globule size (58.61£5.18nm) and polydispersity index
(0.201). Ropinirole levels were elevated in the brain, accompanied by a prominent
enhancement in the AUC, half-life, and MR T; on the other hand, negligible amounts
of ropinirole were found in liver, heart, spleen, lungs, and kidney [105]. This formu-
lation showed improved delivery to the brain compared to that achieved using a
ropinirole solution.

9. Conclusion

The BBB serves as an invincible barrier for a large number of drugs including anti-PD
and anti-AD and anti-HD agents, and impede the development of therapies for neu-
rodegenerative diseases. There is a need to develop novel therapeutic strategies to treat
neurodegenerative disorders using noninvasive approaches and biodegradable agents
that can bypass the BBB and deliver the pharmacological agents to specific sites in
the brain. It is also necessary to prolong the release of drugs to ensure sufficient drug
loading in the brain. Intranasal drug delivery to bypass the BBB for direct brain
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targeting is increasingly gaining attention. Nanotechnology via the nose-to-brain route
offers exciting possibilities and possesses the characteristics of an excellent delivery
system. It is now well established that NP targeted to the brain should be very small,
preferably between 100 and 200nm. Nanocarriers such as polymeric nanoparticles,
liposomes, and SLNs have shown satisfactory result in preclinical studies. However,
the rapid entry into the brain of formulation components of nanocarrier systems such
as polymers and preservatives following intranasal administration should be taken into
account in addressing the safety of nanoformulations, this is not a concern following the
systemic administration (IV, SC, IM, and oral) of nanoformulations because of the very
extensive dilution in the blood stream. Consequently, to assure the safety of intranasal
nanoformulations, their components must be simple and in low concentration. More
toxicity, safety, and efficacy studies are required to confirm the preclinical findings to
gain further support for clinical trials. Formulation strategies alone are insufficient to
take advantage of this pathway for human intranasal drug delivery. Novel devices
are being developed in an attempt to overcome the anatomical barriers of the nasal
cavity and target formulation deposition in the olfactory region. Therefore, several
issues such as the complexity of the brain, the mechanisms of drug transport via the
intranasal route, and comprehensive neurotoxicological aspects need to be considered
before nanoneurotherapeutics via the intranasal route become useful in clinical
practice. In conclusion, the application of nano-enabled carriers via the intranasal route
in the treatment of AD, PD, and HD could offer greater benefits if carrier surface is
functionalized and new drugs are used.
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1. Introduction

The purpose of drug delivery is to deliver the drug molecules to the site of action to get
the desired therapeutic action [1]. The drug delivery is influenced by route of adminis-
tration, commonly used administration routes are, parenteral (via injections), enteral
(gastrointestinal tract), transdermal (via skin), inhalation, oral, and topical, etc. Among
these, the oral administration route is the most preferred route due to its nature of being
pain-free, high patient compliance, convenient to handle, noninvasive, and flexibility in
dosage forms. Although oral administration is widely accepted drug delivery system, it
faces numerous physiological and biochemical barriers such as the acidic and enzymatic
environment in the gastrointestinal tract and various basement membrane barriers before
reaching systemic circulation [2]. A detailed explanation of the biology and biological
barriers of the oral drug is presented in the following subsections.

In oral drug delivery systems, the oral cavity serves as the primary port. Then it transits
through the esophagus and reaches the stomach within 10s [3]. In the stomach, the pH of
gastric acid is 1.5-3.5 where most of the carbohydrates get digested [3]. This gastric pH
enhances the decomposition of drugs [4]. The pH variation influences the dissolution of
drugs which serves as a major limitation for the drug absorption [5]. The variation in pH
ranging from 1 to 2 can lead to significant alterations in the drug dissolution and release
kinetics. In Fig. 1, a detailed information has been provided regarding the pH and mucus
average thickness at various sites of the gastrointestinal tract (GIT).

Apart from pH, the gastrointestinal microbiota and gastric emptying rate also play a
crucial role in providing hindrance to drug absorption and degradation. The diversity of
bacterial community inside human GIT, such as concentration gradually increasing
toward jejunum, ileum, and colon hinders the orally administrated drug bioavailability.
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After that, it comes in contact with the intestinal digestive environment consisting of
various digestive and degrading enzymes such as lipases, pepsinogens, pepsins, bile, etc.
which escalates the degradation and digestion process of the drugs [6]. Then the drug
encounters with mucus barrier, which is the primary physical barrier present before
the epithelium layers of GIT. The primary role of the mucus barrier is to protect the
epithelial cells from foreign materials by the means of lubrication, binding of pathogen,
and providing hindrances to these particles [7]. Mucus has a complex composition of car-
bohydrates, proteins, lipids, bacteria, antibodies, salt, cellular debris, etc. [8]. The Goblet
cells are responsible for the intestinal mucus secretion. This mucus consists of mucins as
their principal protein component which serves as a lubricant and aids the colonization of
bacteria for providing protection against pathogens [9]. The protection of epithelium
depends on the adherent mucus layer and Glycocalyx (carbohydrate-enriched coating)
in the GIT [10]. Other functions that are shown by mucus layer apart from protecting
the epithelial tissue are lubrication, colonization of good bacteria against the pathogenic
bacteria, biological trapping of active molecules against inflammation, and healing
process [11].

Fig. 1 provides information regarding the pH and the average mucus thickness in dif-
ferent segments (such as stomach, duodenum, jejunum, colon, and ileum) of the human
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Fig. 1 pH and mucus average thickness values of different segments of the human GIT.
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GIT. These mentioned pH and mucus average thickness serves as a major hindrance
factor in oral drug delivery and the drug absorption [12]. The variation of pH and inter-
action with enzymatic environment provides difficulties in mucus permeation.

In addition, the presence of epithelial lining below the mucus barrier and various
basement membranes serves as physical barriers before the drug absorption. These linings
regulate the transport and transepithelial flux of macromolecules and ions from their api-
cal to basolateral membranes. The adjacent intestinal cells restrict the passage of these
molecules and ions. The tight junction protein complexes, adherens junctions, and des-
mosomes are involved in the restriction of molecular passage into the systemic circulation
[1]. To transfer the drug across the epithelial layer there are mainly four types of delivery
mechanisms such as transcellular, paracellular, carrier-mediated pathway, and facilitated
transport pathways. In Fig. 2, a detailed schematic diagram of all the transport pathways
across epithelial linings has provided. The transcellular pathway is the main mechanism
for drug absorption which is the process of transporting the drug across epithelial cells by
pinocytosis. However, the paracellular pathway is a mechanism of transport of drugs
across the epithelial cells through the tight junction [12]. So the permeability through
these impenetrable junctions of epithelial cells serves as the primary means of transpor-
tation of peptides and nanoparticles into the systemic circulation [14]|. Some rare
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Fig. 2 This figure represents the transportation of drugs across the epithelial layers to get involved in
the systemic circulation. Transport pathways have been represented: (A) transcellular absorption
(primarily by lipid-soluble), (B) absorption of drugs through transport protein, (C) paracellular
transport (primarily by water-soluble drugs), (D) pinocytosis, and (E) endocytosis of drugs by the
means of a drug molecule [13].
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epithelial cells like microfold cells or M-cells are given much attention due to their ability
to show a comparatively very high rate of transcytosis which is very important for
creating a delivery route [15-17].

Furthermore, bioavailability is one of the important pharmacokinetic properties of a
drug, which determines its effectiveness in getting absorbed or reaching the systematic
circulation. Parameters like solubility of drugs at the site of absorption and permeability
through different biological barriers determine the bioavailability of the drugs. The degree
of dissolution is an important parameter that determines the concentration of the drugs in
the systemic circulation. The permeability factor of drugs determines its interaction with
the molecules, membranes that come across during their delivery. The factors like slow
dissolution, poor solubility in an aqueous medium, poor stability across pH variations,
poor permeability affect the bioavailability of the orally delivered drugs. Various
approaches that need to be undertaken to maintain the bioavailability of drugs are
pharmaceutical approaches (modification of drug manufacturing processes and its formu-
lation), alteration of different physiochemical characteristics (without altering the chem-
ical structure), and pharmacokinetic approaches for chemical structure modification. All
these approaches can lead to the enhancement of drug bioavailability [18].

The reduction of particle size will play a crucial role as it will enhance the surface area
which will overcome various mechanical stresses and will increase the dissolution rate [19].
Other pharmaceutic approaches like crystal structure modification, dispersion of drugs in
carriers, complexation, solubilization by surfactants, and chemical modifications can be uti-
lized for the betterment [19]. The use of different kinds of solvents and polymeric states can
lead to the alteration of crystal habit [20]. The drug dissolution can be enhanced by the
complexation between more number of molecules. Such an effect will result in the forma-
tion of a nonbonded entity with well-defined stoichiometry essential for drug dissolution
[14]. Different chemical modifications also required according to various sites of pH and
other harsh environments for enhancement of the drug solubility. Apart from solubility and
dissolution, the drug stability factor also plays a crucial role in the enhancement of bioavail-
ability which is highly dependent on the choice of polymer coating and its thickness. These
coatings delay the drug release event even after getting interacted with various harsh
gastrointestinal environments. The drug delivery system should have the ability to disable
the efflux pump (transport protein responsible for the exclusion of foreign/toxic/drug
substances out of the cell) [21] so that the p-glycoprotein would not be able to pump
out the drugs. Some necessary molecular compounds like vasopressin, corticotropin,
and insulin have highly degradable properties if taken orally [16].

The bioavailability of the drugs via oral routes develops some limitations in terms of
low stability, poor solubility, and poor permeability while coming in contact with some
intestinal membranes and GIT. To perform efficiently, the drug delivery system should
adopt various techniques to overcome difficulties like continuous mucosal secretion and
acidic gastric environments [9].
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The conventional drug delivery system failed to improve the bioavailability of less
soluble and low permeable drugs and biologics; it lacks targeted delivery of drugs which
leads to side effects and utilization of high doses. All these drawbacks can be eliminated by
the use of nanotechnology-based methodologies for the oral delivery of drugs. So, the
priority for a more efficient and protective delivery vehicle which can protect from var-
ious harsh environment became significant which leads to the preference of nanocarriers
as efficient delivery vehicles [22].

2. Nanocarriers in oral drug delivery

Nanocarriers are nanomaterials that are small in size designed to carry the drug through
GIT and to deliver the drug at the site of action [23]. They protect the drug from the
harsh GIT environment and facilitate the delivery of the drug to the site of action (tar-
geted drug delivery). In the nanotechnology-based oral drug delivery system, the drug is
loaded to a nanomaterial by encapsulation or by complexation the resulting entity is
called nanocarrier [23].

2.1 Properties of ideal nanocarriers for oral drug delivery

(1) Protection of the drug from harsh GIT environment, (2) enhances the absorption of
the drug in the intestine, (3) accumulation inside specific cell in the body, (4) controlled
release of the drug inside the specific cells [23], and (5) reduce immunogenicity

Nanocarriers that are used in oral drug delivery are classified into different types
depending on the type of materials used. In this chapter, we explained about the most
widely used nanocarrier systems such as polymeric nanocarriers and lipid-based
nanocarriers.

2.1.1 Polymeric nanocarriers in oral drug delivery

Polymeric nanocarriers can be natural, synthetic, or combination of both. The selection
of polymer-based nanomaterials for oral drug delivery should be based on biocompati-
bility, consistency, desirable interactions with drugs, physicochemical properties, drug
release kinetics, and ease of chemical modification.

Naturally occurring polymers can be classified into proteins, polysaccharides, and
polynucleotides. Natural polymers are highly biocompatible and biodegradable
[24-26]. They are naturally abundant and modification is easy to enhance their therapeu-
tic effect. But natural polymers have some disadvantages, such as uncontrolled water
uptake, variation in the properties depending on source, contamination with microbes,
unpredictable degradation pattern, and poor mechanical strength. To overcome these
disadvantages chemically modified natural polymers are being used, for example, deriv-
atives of chitin, dextran, alginate [27], etc.
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Chitin is a biopolymer mostly found in the cell walls of invertebrates and fungi. Itis a
polymer of N-acetylglucosamine [28]. Chitosan is produced from chitin by partial alka-
line deacetylation. So, chitosan is a copolymer of N-acetyleglucosamine and
D-glucosamine [24, 29]. Itis an excellent FDA approved biopolymer with desirable prop-
erties like biocompatibility, nontoxicity, biodegradability, mucus adhesion, antimicro-
bial properties, and its easy modification due to its reactive functional groups [30-34].
It is cationic and hydrophilic in nature and shows good mucoadhesion and can transiently
open tight junctions between epithelial cells to enhance drug absorption [29, 34-36].

3. Nanocarrier-based drug delivery approaches

The nanocarrier systems face three major biological barriers before getting absorbed into
systemic circulation such as,

1. Movement of nanocarriers across intestinal mucus barrier.

2. Movement of nanocarriers across intestinal epithelial layer.

3. Movement of nanocarriers across the basement membrane.

All these three barriers can be addressed in the following subsections.

3.1 Movement of nanocarriers across intestinal mucus barrier

In order to deal with the mucus barrier, the nanocarrier systems follow two types of
methodologies, that is, mucoadhesive and mucus penetrating. Furthermore, the
mucoadhesive systems can be categorized into four broad systems like polymeric
mucoadhesive system, lipid-based mucoadhesive system, optimized mucoadhesive sys-
tem, and targeted mucoadhesive system. All these characterizations are well presented
in Fig. 3. As the mucosal environment provides harsh difficulties for drugs to reside in
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Fig. 3 Nanoparticle-based drug delivery approaches to deal with mucosal barrier.
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the GI tract, method like mucoadhesion and mucus penetration systems are suggested as a
solution for this to enhance the residing period. The orally delivered drugs by means of
polymeric nanoparticles came out as one of the most significant methods to deal with the
mucosal barrier. Polymers such as poly(sebacic acid) (PSA), poly(lactic acid) (PLA),
poly(acrylic acid) (PAA), and poly(lactic-co-glycolic acid) (PLGA) are commonly pre-
ferred for the synthesis of mucoadhesive polymer systems [37]. Polymeric nanoparticles
provide protection against proteolytic enzymes resulting in delayed residence time and
enhanced bioavailability [38, 39]. Various experimental evidence also suggested direct
uptake of Nanoparticles by the intestinal cells [40].

Lipid-based nanoparticles are important because they improve the solubility of
hydrophobic drugs leading to improved bioavailability. Some lipid-based Nanoparticles
are mixed micelles, liposomes, nanoemulsions, and solid-lipid nanoparticles [41]. It
provides the advantage of solubility and increases in the bioavailability of hydrophobic
drugs [42].

Optimization of the mucoadhesive property of nanoparticles by altering hydropho-
bicity/hydrophilicity, surface charge, and size can lead to desired results [43]. Particles
composed of hydrophobic components show a 100-fold fast absorption than the hydro-
philic cellulose polymer made nanoparticles [44]. Surface charge optimization of
nanoparticles also influences the drug absorption characteristics, as it was proved by
chitosan-based polymeric nanoparticles [45]. The size of polymeric nanoparticles also
plays a pivotal role in the efficient uptake of drugs. Many studies indicated that mucoad-
hesive drugs are more efficient in terms of drug absorption as compared to nonmucoad-
hesive drugs [46, 47].

The targeted mucoadhesive approach generally comprises of coating of the nanopar-
ticle with specific ligands that specifically bind to certain cells of the intestine (M-cells and
goblet cell) which enhances the binding specificity resulting in the particle uptake [9, 48].
Furthermore, the mucus penetrating systems are broadly classified into mucus barrier dis-
rupting and mucus barrier penetrating nanoparticle. As discussed by Ensign, disruption of
the mucosal barrier cannot be compromised to improve the movement of nanoparticles
across the mucosal barrier, because it may lead to the inclusion of foreign particles and
pathogens into systemic circulation through the disrupted mucus [48, 49]. So, nanopar-
ticles with reversible mucus penetrating properties are preferable [50].

3.2 Movement of nanocarriers across intestinal epithelial layer

The nanocarrier systems follow various pathways to surpass the complex obstacles before
getting absorbed by systemic circulations. As the intestinal epithelial barrier remains as the
primary obstacle for oral drug delivery, several methods have been addressed for over-
coming these difficulties. Fig. 4 represents all the probable pathways including endocy-
tosis, transcytosis, M-cell absorption, passive transcellular absorption, persorption, and

187



188

Theory and applications of nonparenteral nanomedicines

)

=

Endocytosis

s Transcytosis

£
L
=
= M-cell absorption
=
I
.t " 'E Passive transcellular
e 8 absorption
G b
- wv
( 2 Persorption

O
. (—ﬁ" Paracellular
. ¢ / absorption

.
. . .
-

=

Fig. 4 Representation of advanced routes of transportation of nanocarrier systems into the systemic
circulation through epithelial cells.

paracellular absorption that a nanocarrier can undertake. The transcellular and paracel-
lular pathways enable the nanocarrier systems to release their payload into the systemic
circulation. Apart from that, they can use the M-cells to reach lymphoid systems [51-53].

Various studies have been discussed in the following subsection regarding the inter-
action between the nanocarrier systems and epithelial layer.

Delivery of nanoparticles via the transferrin transport pathway evolved as a potential
mechanism. Transferrin as a potential ligand facilitates the feasibility in targeting and
delivery of drugs across biological barriers especially the blood-brain barrier [54]. The
GIT comprises of transferrin receptors (TFR) [55]. Despite promising applications in
certain aspects such as the TFR distribution over the basolateral surface of polarized cells,
it faces significant hurdles [56].

In the case of oral drug delivery of biologics, the TFR-mediated transcytosis sug-
gested the approach of TF recombinant fusion protein [57]. In some works based on
nanomedicine, biologics delivery suggested the transepithelial trafficking of vitamin
B12, IgG, and folate performed by adsorption of nanoparticles with the fragment crys-
tallizable (Fc) region of vitamin B12 (airway and intestinal pathway) [58], IgG (at airway
epithelium) [59], and folate (airway epithelium) [60]. The work of Jing M suggests
enhanced uptake speed of nanocarriers and their translocation across monolayers analogs
to the intestinal model [61].
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A study on orally administrable nano-formulation for zika virus suggested the synthe-
sis of optimized synthetic nano-formulation of drug ivermectin (IVM) that can create a
passage into the bloodstream by overcoming the epithelial barrier [62].

The eftlux transport system present in brain capillary enables the removal of undesir-
able substances results in increasing the complicacy for the cure of CNS-based disorders.
Various studies widely suggested the use of nanocarriers for blocking the vesicular traf-
ficking mechanism of the epithelial cells of brain capillary [63]. Then the nanoparticles
can be directed toward specific parts or tumors such as glioblastomas [64] and protein
aggregates like senile plaques [65].

It is well known that the presence of intercellular tight junction complex in intestinal
epithelial cells prevents the delivery of macromolecules. Studies have shown the use of
anionic nanoparticles for inducing tight junction relaxation which enhances the intestinal
permeability. The Nanoparticle properties like size and surface charge decide the
permeation-enhancing eftects [66]. The importance of nanoparticle charge as compared
to the size has also been shown for determining its interaction with intestinal epithelial
cells. The study has also signified higher cellular uptake levels and toxicity due to positive
nanoparticles as compared with the negative ones. But the negative nanoparticles show-
cased an efficient transport effect across the Caco-2 model which resembles the intestinal
epithelial surface [67].

3.3 Movement of nanocarriers across basement membrane

Apart from mucosal and epithelial barriers, the barrier effect caused by basement mem-
branes also provides difficulty in the movement of nanoparticles. Nanoparticles need to
have a nanometer size to get pass through the minute pores of basement membranes.
Most importantly its surface properties will decide its diftusion ratio across basement
membranes. Studies based on nanoparticles diffusion across ECM (a 3D form of basement
membrane) indicate its characteristic properties for disallowing the positively and nega-
tively charged particles through it [66]. It was suggested that the exhibition of electro-
static interactions between nanoparticles and the components of ECM might be
responsible for inhibiting the diffusion of nanoparticles [67].

Oral drug delivery of biologics has also been established as one of the potential
methods for dealing with various diseases. However, oral drug delivery methodologies
faced many biological obstacles during its delivery to the targeted site. Protein and
peptide-based drugs (Biotherapeutics) faces difficulties when delivered orally. They
undergo degradation before reaching the absorption site which decreases their bioavail-
ability. To improve the oral bioavailability of these biopharmaceutics, nanocarrier system
is a good alternative. Some of the strategies to enhance the oral bioavailability of biophar-
maceutics include, enhancement of drug contact time with mucus [68], compounds
(such as chitosan) responsible for promoting the transient opening of the epithelial
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[69, 70], introduction of surfactants for enhancing membrane fluidity and disruption of
membranes [71, 72|, proteolytic enzyme inhibitors for improving drug stability in
gut-lumen |73, 74|, improving the receptor-mediated transcytosis pathways, use of
cyclodextrins for dissociation of protein aggregates [75], and the disintegration of mucus
layer [76, 77]. A proof-of-concept study based on oral insulin delivery suggested a nano-
carrier consisting of insulin and trimethyl chitosan (TMC) composed core and a mucus-
inert hydrophilic coating of N-(2-hydroxypropyl) (a derivative of methacrylamide
copolymer pHPMA). These nanocarriers penetrated the mucus by an illustration of free
Brownian motion resulting in the delivery of the core into the epithelial cell surfaces [78].

4. Applications of nanocarriers in oral drug delivery

The size and surface properties of the nanocarriers determine the efficacy of the oral drug
delivery system. The pore size of the mucous layer approximately suggested to be around
0.2um, hence the preference of nanomedicines is widely suggested [79]. The surface
property of the nanocarriers decides the permeability effect by reducing the mucosal
behavior which enhances the absorption effect of the drugs at epithelium tissue. Various
studies suggested that most of the synthetic nanocarriers are immobilized by mucus layer
resulting in entrapped drug in mucus [11, 80]. The surface decoration of nanocarriers by
polyethylene glycol (PEG) came out to be one of the effective strategies for enhancing the
mobilization of nanocarriers through mucus layers. The permeability factor across mucus
increased by 3- to 10-folds than the unaltered ones [81, 82].

The nanotechnology-based approaches evolved as a boon to chemotherapy in can-
cers, diabetes, psychiatric, etc. In the case of cancer treatment, the nanotechnology-based
chemotherapeutics and imaging agents emerged as leading cancer nanomedicines which
enhanced the pharmacokinetics, drug targeting, and payload release in a more efficient
way [83]. The traditional cancer therapeutic actions faced lots of limitations including
drug stability and solubility, poor bioavailability, chemoresistance, etc. The
nanotechnology-based approaches addressed all these limitations by enhancing the meth-
odologies of multiple targeting levels, smart delivery, and extended-release drug delivery
systems [84]. Advancements in oral chemotherapy techniques will improvise the patients’
quality of life.

Apart from nanomedicine-based oral chemotherapies, the nanomedicine-based oral
insulin delivery also evolved as one of the primary technological advancements in the
therapeutic management of type I and type II diabetes. Oral insulin administration
becomes preferable over injections. Various nanocarriers based on polymeric, lipid, algi-
nate, dextran compounds are widely preferable for oral insulin delivery in a sustained
manner [85].

For psychiatric illnesses like schizophrenia, anxiety, and depression the oral dose for
pharmacological treatment options are highly preferable. With nanomedicine-based
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technological advancements, oral administrations can behave efficiently by the use of tar-
geted nanocarriers. Various studies have been done regarding the challenges of psychi-
atric drugs. Currently, research is focused on designing nanocarriers based on
nanoemulsions, dendrimers, solid lipid nanoparticles, polymeric micelles, and different
biodegradable polymers [86]. A detailed emphasis has given in the next subsection of
our chapter regarding the application of these nanocarriers in oral drug delivery.

Liu et al. demonstrated that the surface nature of the nanoparticles (hydrophilic/
hydrophobic) is important in drug delivery. They showed the eftect of hydrophilic
and hydrophobic surface nature of chitosan nanoparticles on the insulin bioavailability
in diabetes mellitus rats. Diabetes mellitus is a physiological disorder in which our system
cannot control the blood glucose level due to insufficient or lack of production of insulin
[87]. People suffering from diabetes mellitus must take insulin from outside on a daily
basis [88]. Till now hypodermal injection is the way to administer insulin. Oral admin-
istration of insulin is not successful because insulin will undergo degradation due to acidic
milieu of the stomach and enzymatic environment of the intestine [89, 90]. So oral bio-
availability of insulin is relatively low [91]. Nanocarriers are under investigation to
improve the oral bioavailability of insulin. To enhance the oral bioavailability of insulin,
nanocarrier has to protect insulin from degradation from the acidic milieu of the stomach,
enzymes of intestine and it has to cross the mucus layer and epithelial layer of the intestine
to deliver the insulin into the blood. To deliver the insulin into the blood, nanocarriers
should have mucoadhesive and mucus penetrating property [91]. Mucoadhesive prop-
erty increases the retention time of the nanocarrier in the GIT so that it enhances in vivo
absorption [33]. Mucus penetrating property facilitates the penetration of the nanocar-
riers through the mucus layer of the intestine and to reach the epithelial layer. Once they
reach the epithelial layer, they can enter blood either by transcytosis or by paracellular
pathway [33]. These mucoadhesive and mucus penetrating properties are governed by
the surface nature of the nanocarriers. They modified the hydrophilic nature of chitosan
nanoparticles by grafting with different ratios (5%, 10%, and 18%) of polyethylene glycol
monomethyl ether (MPEG) and they tested the insulin delivery capacity of these nano-
complexes in rats. CS-mPEG'*”-insulin nanocarriers showed least mucus adhesion
property than CS-insulin, CS—mPEGS%—insulin, and CS-mPEG'" nanocarriers. Then,
they reduced the hydrophilic nature of CS-mPEG'**-insulin by adding glyceryl mono-
caprylate converting them into hydrophobic. They found that the absorption of insulin
was high (5.2%) with 10% mPEG grafted chitosan nanoparticles (CS-mPEG'"). Their
study indicated that, to improve the absorption of insulin by nanocarrier based oral drug
delivery, the nanocarrier should have optimum hydrophilicity and lower mucoadhesion
property [33] (Fig. 5).

Aqueous solubility of the drug is one of the important properties that determine the
bioavailability of the drug in the body [92]. The other properties include dissolution rate,
permeability of drug, first pass metabolism, susceptibility to efflux mechanisms, and
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presystemic metabolism. Among these, the low aqueous solubility of the drug is the main
reason for the low bioavailability when administered orally [93]. Most of the recently
developed drugs have low aqueous solubility posing a challenge to the formulation scien-
tists [93]. There are different approaches to improve the aqueous solubility of drugs. Some
of them are—particle size reduction, changing the crystal habit like amorphous, poly-
morphs and cocrystallization, solid dispersions, change in pH, use of a bufter, derivatization,
salt formation, etc. Nanomaterials can also be used to modify the solubility and hence the
bioavailability of drugs [94]. For example, Lutein is a hydrophobic xanthophyll carotenoid
found in leafy vegetables, corn, orange fruits, egg yolk, and spinach. It shows antioxidant,
antidiabetic, antiobesity, anticancer, and antiinflammatory properties. Our body cannot
synthesize Lutein so it was suggested to be taken through food. Despite its biological activ-
ities, it is sensitive to light, heat, pH, and oxidative stress. Even through food, it shows very
low bioavailability (10%) because of its low aqueous solubility. Toragall et al. demonstrated
in rats that the solubility and bioavailability of lutein (nutraceutical) can be improved by
using modified chitosan nanocarrier that is chitosan-oleic acid-sodium alginate hybrid
nanocarrier. They chose chitosan and alginate because they are highly biocompatible
and biodegradable. Chitosan is a cationic copolymer of N-acetyleglucosamine and
D-glucosamine. Alginate is an example for anionic polysaccharide. It is composed of
guluronic acid and mannuronic acid. They prepared the nanocarrier by the combination
of chitosan and alginate with a lipid-oleic acid and encapsulated lutein into them. The lipid
core facilitates the binding of the lutein. The lipid core enhances the solubility of lutein.
The polymeric surrounding (chitosan and alginate) protects lutein from the acidic and
enzymatic environment of the GIT. The cationic surface of chitosan facilitates the binding
of the nanoparticles to the mucus layer of the intestine. The biodegradable nature of the
polymers helps in slow and sustained release of lutein. The biopolymer selection for the
encapsulation of nutraceuticals depends on various properties of biopolymer, such as,
density, charge distribution, type of ions on the surface, ionic strength, polydispersibility,
molecular weight, concentration, pH, and inter and intramolecular forces. Selection of two
or more biopolymers imparts synergistic effect in the improvement of functional properties
like stability, solubility, bioavailability, and targeted delivery [95].

4.1 Dendrimers

Dendrimers are spherical polymers with high symmetry. They are characterized by
(1) multifunctional core, (i) repeated branches attached to the core, and
(i11) multifunctional outer shell. Dendrimers are monodisperse polymers. Because of
the high density of functional groups on dendrimers, they are water-soluble and they
can be functionalized with different functional groups. They show high encapsulation
efficiency. Commonly used dendrimers in oral drug delivery application are Polypropyl-
ene imine (PPI) and Polyamidoamine dendrimers [96, 97].

Cardiovascular disease is the main cause of death of over 17.1 million peoples a year.
The main cause of cardiovascular diseases is Hypercholesterolemia which means the pres-
ence of high levels of cholesterol in the blood. Stanins (3-hydroxy-3-methylglutaryl
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coenzyme A [HMG-CoA] reductase inhibitors) are the class of drugs used to control or
decrease the cholesterol content in the blood. Stanins inhibit HMG-CoA reductase
which catalyzes the reduction of HMG-CoA to mevalonate thus blocking the key step
in the synthesis of cholesterol in the liver. Simvastanin is an example of stanin class of
drugs. It belongs to BCS (Biopharmaceutics Classification System) class II. It suffers from
poor aqueous solubility and hence poor oral bioavailability (<5%). Kulhari et al. dem-
onstrated in a rat model that the oral bioavailability of simvastatin can be improved by
encapsulating the drug in dendrimers. The purpose of choosing dendrimer-based nano-
carriers was that they were proved to enhance the solubility of encapsulated drug [98].
Dendrimers have multiple functional groups on the surface which imparts its higher sol-
ubilizing property. Hydrophobic interior enables the encapsulation of hydrophobic
drugs. Thus, dendrimers facilitate the higher aqueous solubility of drugs. Kulhari et al.
used polyethylene glycol (PEG) attached polyamidoamine (PAMAM) dendrimers
(G4-PAMAM-PEQG) to test the oral bioavailability of simvastatin. They showed that
G4-PAMAM-PEG nanoparticles exhibited highest drug encapsulation efficiency, the
solubility of simvastatin was increased in the presence of dendrimers and the drug was
released in a slow and sustained manner which means that efficacy of the drug (reducing
the cholesterol content) was improved [97] (Fig. 6).

Conventionallywater insoluble SMV
particles get precipitated out and
dissolve very slowly

More uniform molecular dispersion
of SMV in the presence of G4
PAMAM dendrimers

Epithelial cell

Blood capillaries

(A) (B)

o Solubilized SMV molecules
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Fig. 6 Improved penetration and delivery of simvastatin by PAMAM dendrimer-based nanocarriers.
(Reproduced with permission from reference H. Kulhari, D.P. Kulhari, S.K. Prajapati, A.S. Chauhan,
Pharmacokinetic and pharmacodynamic studies of poly(amidoamine) dendrimer based simvastatin
oral formulations for the treatment of hypercholesterolemia, Mol. Pharm. 10 (7) (2013) 2528—2533.)
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4.2 Lipid-based formulations

Lipids are long-chain organic molecules. They are hydrophobic or amphiphilic. These
lipid molecules can assemble together to form nano-sized particles which can be used in
drug delivery applications. Mainly three types of lipid-based nanocarriers are in use. They
are liposomes, solid lipid nanoparticles, and lipid emulsions.

Liposome 1is a spherical sac of phospholipid molecules enclosing an aqueous core.
These are useful to carry hydrophilic drugs. Solid lipid nanoparticles contain a solid lipid
core surrounded by surfactant layer. This lipid core is useful in carrying hydrophobic
drugs. Lipid emulsions are mixtures of hydrophilic and hydrophobic components with
the help of surfactants. These emulsions are mainly used for intravenous drug delivery.

Lipid-based nanocarriers are highly biocompatible, biodegradable, highly stable,
exhibits good drug targeting, drug loading capacity is high, nontoxic, facilitates
controlled drug release [99].

Quercetin (QR) is a phytochemical which is proved to have antiangiogenic effect and
induce the apoptosis in cancer cells [100, 101]. But it is poorly water soluble and shows
very low gastrointestinal permeability and hence shows very low bioavailability (1% in
humans) [102]. So, it is not being used as an oral medication. Nanocarriers provided a
good alternative strategy in designing oral formulation for Quercetin. Nagarsenker
et al. demonstrated that phospholipid-based cationic nanocarrier-Leciplex (Soybean lec-
ithin) can be used to enhance the bioavailability of Quercetin in rats. They encapsulated
the quercetin onto Leciplex and the resulting nanocarriers (QR-LeciPlex) size was less
than 200nm. Leciplex is a phospholipid with cationic surfactant. Leciplex is composed of
Soybean lecithin, dimethyldidodecyl ammonium bromide—a cationic surfactant and
diethylene glycol monoethyl ether (Transcutol HP) as a solvent. QR-LeciPlex showed
good antiinflammatory and antitumorigenic activity compared to the Quercetin suspen-
sion [103]. The enhanced efficacy of Quercetin with Leciplex could be of many attri-
butes. Cationic phospholipids (LeciPlex) are known to have good mucoadhesion
property because of electrostatic attraction between cationic surface layer and anionic
mucus layer of the intestine and they show good permeation ability which helps in
the absorption of the drug associated with them. LeciPlex is capable of protecting the
encapsulated drug from the acidic and enzymatic environment of the GIT which min-
imizes the presystemic metabolism of the drug, so that bioavailability of the drug was
improved. Lipids are known to produce nanoparticles in the size range 20-500nm.
The particles of this size range are preferentially taken up by lymphatic circulation so
lipids improve the lymphatic uptake of drugs. This lymphatic uptake circumvents the
first-pass metabolism and hence increases the bioavailability. LexiPlex is also composed
of lipids and form nanocarriers of size ~400 nm which enhances the lymphatic transport
of encapsulated Quercetein. This leads to improved bioavailability [102]. Phospholipids
or lecithin exhibit good biocompatibility and can interact with a wide range of drugs
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Fig. 7 Improved efficacy of Quercetin LeciPlex nanocarriers. (Reproduced with permission from
reference A.A. Date, M.S. Nagarsenker, S. Patere, V. Dhawan, R.P. Gude, P.A. Hassan, V. Aswal, F.
Steiniger, J. Thamm, A. Fahr, Lecithin-based novel cationic nanocarriers (Leciplex) II: improving
therapeutic efficacy of quercetin on oral administration, Mol. Pharm. 8 (3) (2011) 716—726.)

(hydrophobic, hydrophilic, and amphiphilic). Solid-lipid nanoparticles, microemulsions,
and liposomes are examples for phospholipid based nanocarriers. Cationic phospholipid-
based nanocarriers are very important in designing oral drug delivery systems because
they exhibit greater penetration and uptake across the GIT compared to anionic
phospholipid-based nanocarriers [103] (Fig. 7).

4.3 Targeted delivery

Targeted drug delivery is a type of drug delivery system in which the medication is trans-
ported or concentrated selectively at the site of action to localize the interaction of drug
with diseased site and to avoid the harmful effects to healthy tissue due to drug interac-
tions. Chemotherapeutic agents used in cancer treatment are cytotoxic and nonselective
that means they can kill healthy cells along with cancerous cells. If we can deliver these
chemotherapeutic agents to only cancerous tissue then we can reduce the unwanted haz-
ardous side effects of these agents. Advantages of targeted drug delivery systems are—we
can reduce the frequency of dosage of the drug taken by a patient, can achieve the
uniform effect of the drug, can reduce the side effects of the drug, and can reduce the
fluctuations in circulating drug levels [104].

Cabazitaxel is a US FDA approved drug for prostate cancer. Its oral bioavailability is
very less (around 20%). Tang et al. improved the bioavailability of the drug to 32.1% in
rats by using nanocarriers. They encapsulated the drug onto polymer-lipid hybrid [poly
(e-caprolactone), medium-chain triglyceride and soybean lecithin] nanoparticles and
these nanocarriers were loaded onto porous and hollow yeast cell wall microparticles.
Thus, they formed nano-in-micro carriers. The reason for entrapping cabazitaxel loaded
nanocarriers in the yeast cell wall is the yeast cells are porous microspheres with hollow
cavities which can hold chemicals and small particles efficiently and the cell wall is
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composed of B-1,3-p-glucan which can be recognized by apical cell membrane receptors
of phagocytes. Dectin-1 found on the surface of phagocytic cells like macrophages, den-
dritic cells and specifically M cells of the intestine is the primary receptor of f-1,3-p-glucan.
B-1,3-D-Glucan containing yeast cell microparticle with drug-loaded nanoparticles are
easily taken up by M cells of the intestine by dectin-1-mediated endocytosis and then trans-
ported by macrophages to the circulation via the lymphatic system. Thus, yeast cells facil-
itate the selective uptake of the nano in microparticles with cabazitaxel in the intestine and
nanocarriers facilitate the higher aqueous solubility of the drug which leads to high oral
bioavailability. These nano-in-micro carriers showed sustained drug release and high
stability [105] (Fig. 8).

Yuan et al. demonstrated that stearic acid-g-chitosan polymeric micelles increased the
bioavailability of doxorubicin, a chemotherapy medication to treat cancer. Polymeric
micelles have hydrophobic interior and hydrophilic exterior. The reason for choosing
polymeric micelles (stearic acid-g-chitosan) is, polymeric micelles are more stable than
surfactant-based micelles and critical micellar concentration of polymeric micelles is
low compared to surfactant-based micelles imparting more stability to polymeric
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Fig. 8 Delivery of carbazitaxel in GIT by nano-in-micro carriers. (Reproduced with permission from
reference T. Ren, J. Gou, W. Sun, X. Tao, X. Tan, P. Wang, Y. Zhang, H He, T. Yin, X. Tang, Entrapping of
nanopatrticles in yeast cell wall microparticles for macrophage-targeted oral delivery of cabazitaxel,
Mol. Pharm. 15 (7) (2018) 2870—2882.)
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micelles. Hydrophilic exterior facilitates the stability of the micelle in an aqueous envi-
ronment, while the hydrophobic core facilitates the loading of hydrophobic drugs.
Hydrophilic exterior protects the micelle from the gastrointestinal environment and pro-
vides anchoring of the micelle to the GIT. Stearic acid-g-chitosan-based polymeric
micelles loaded with doxorubicin, with different amino-substituted degrees showed
good permeability and bioavailability. This improved permeability and bioavailability
is because of increased pH and concentration-dependent transcytosis process and also
improved the paracellular transport pathway [106] (Fig. 9).

Amphotericin B (AmB) is an excellent drug used to treat systemic fungal infection and
leishmaniasis. But it sufters from poor solubility and poor permeability and instability in
the acid biological milieu. It causes hemolytic toxicity and nephrotoxicity when aggre-
gated in the body. Because of these properties of the drug scientists are struggling to
develop an oral formulation. Sanyogjain et al. demonstrated that by using polymeric-lipid
hybrid nanocarriers the solubility and permeability can be improved and toxicity of the
AmB can be reduced. They used gelatin-coated lipid hybrid nanoparticles to deliver
AmB. They chose gelatin (cationic polymer) because it is highly biocompatible, biode-
gradable, low immunogenic, and low cost. They chose lecithin (anionic lipid) as lipid.
Polymeric nanocarriers show more stability in biological fluids and lipid nanocarriers
show increased gastrointestinal absorption and increased plasma concentration. In their
simulated study, gelatin-coated lipid hybrid nanocarriers were loaded with AmB. AmB
was protected from the acid environment by gelatin. Gelatin retarded the release time of
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Fig. 9 Permeation and delivery of doxorubicin by stearic acid-g-chitosan nanoparticles. (Reproduced
with permission from reference H. Yuan, L.J. Lu, Y.Z. Du, F. Hu, Stearic acid-g-chitosan polymeric micelle for
oral drug delivery: in vitro transport and in vivo absorption, Mol. Pharm. 8 (1) (2011) 225-238.)
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the AmB. Lecithin facilitated the absorption of the AmB. The toxicity of the drug also
reduced by this hybrid nanocarrier drug delivery system [107].

Exenatide is a drug used for type 2 diabetes. It suffers from low bioavailability when
administered orally because of degradation by the acidic gastric environment. Sun et al.
demonstrated that, by encapsulating the exenatide in nanocarriers, the bioavailability of
the drug can be enhanced. They prepared a block copolymer nanoparticle-
CSKSSDY QC-dextran-poly(lactic-co-glycolic acid) (CSK-DEX-PLGA) and encapsu-
lated the zinc salt of exenatide into it. CSK is cell-penetrating protein which has an
affinity for goblet cells of the intestinal epithelium. This protein facilitates the adhesion
and penetration of the intestinal epithelium. Dextran (DEX) and poly(lactic-co-glycolic
acid) are biopolymers which are biocompatible and biodegradable. They provide protec-
tion to the drug and stability of nanoparticles. They prepared nanoparticles having CSK
on the exterior and Dextran and PLGA forms the core of the particle. These nanoparticles
were loaded with zinc salt of exenatide. Oral administration of these nanocarriers in type
2 diabetes mice has proved that exenatide-Zn>"-CSK-DEX-PLGA nanoparticles gave
stable control over blood glucose levels [108] (Fig. 10).

Oral administration of insulin is ideal because it is easy, safe, and more patient com-
pliance. But oral administration of protein-based drugs like insulin has to face many
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Fig. 10 Drug delivery through CSK-DEX-PLGA nanocarriers. (Reproduced with permission from reference

Y. Song, Y. Shi, L. Zhang, H. Hu, C. Zang, M. Yin, L. Chu, X. Yan, M. Zhao, X. Zhang, H. Mu, K. Sun, Synthesis of

CSK-DEX-PLGA nanoparticles for the oral delivery of exenatide to improve its mucus penetration and
intestinal absorption, Mol. Pharm. 16 (2) (2019) 518-532.)
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Fig. 11 Insulin delivery through PC6-coated chitosan nanocarriers. (Reproduced with permission from
reference S. Zhou, H. Deng, Y. Zhang, P. Wu, B. He, W. Dai, H. Zhang, Q. Zhang, R. Zhao, X. Wang, Thiolated
nanopatrticles overcome the mucus barrier and epithelial barrier for oral delivery of insulin, Mol. Pharm.
17 (1) (2020) 239-250.)

biological barriers, such as acid milieu in stomach, proteases in the intestine, mucus layer
of the intestine, and epithelial lining of the intestine. These barriers make the oral bio-
availability of the protein-based drugs almost zero. Wang et al. improved the oral bio-
availability of insulin to 16.2% in the diabetic rat model by using thiolated
nanocarriers. They prepared chitosan (modified chitin) nanoparticles loaded with insulin
and coated these nanoparticles with poly(acrylic acid)-cysteine-6-mercaptonicotinic acid
(PC6) which i1s a type of preactivated thiolated polymer. This thiolated polymer (PC6)
has the ability to interact with mucin in mucus layer by disulfide formation and facilitates
the penetration of nanocarriers through mucus and reversibly opens the tight junction on
epithelial cells making the absorption of nanocarriers via the paracellular pathway. It was
hypothesized that during the penetration of epithelium PC6 coating could be uncoated
making the chitosan nanoparticles with insulin reach the blood. This makes the absorp-
tion of insulin easy to blood [109] (Fig. 11).

4.4 Mesoporous silica nanoparticles as oral drug delivery nanocarriers

Extensive porous structure of mesoporous materials imparts high adsorption ability and
stability to the loaded drugs. Drug delivery kinetics can be controlled by controlling the
pore dimensions. Wang et al. showed that mesoporous silica nanoparticle (MSNs) can
be used as nanocarriers to improve the oral bioavailability and permeation of poorly
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Fig. 12 Improved solubility, permeation, and oral absorption of telmisartan by mesoporous silica
nanoparticles. (Reproduced with permission from reference Y. Zhang, J. Wang, X. Bai, T. Jiang, Q.
Zhang, S. Wang, Mesoporous silica nanopatrticles for increasing the oral bioavailability and permeation
of poorly water soluble drugs, Mol. Pharm. 9 (3) (2012) 505-513.)

water-soluble drugs. They encapsulated a model drug telmisartan (TEL) into MSNs
and tested the solubility and permeability of the drug in comparison to pure TEL and
TEL-loaded Mesoporous Silica Microparticles (MSMs). They found that TEL-loaded
MSNs exhibited better dissolution rate and better permeability and improved oral
absorption. The improved solubility of TEL-loaded MSNs is maybe because the pore
channels of the carriers changed the crystalline state of TEL to amorphous form which
they facilitate the reduction in the particle size of the drug. TEL-MSN nanocarriers also
showed better permeability and exhibited a reduction in the P-glycoprotein mediated
efflux mechanism [110] (Fig. 12).

5. Conclusion

Oral drug delivery is the most preferred drug delivery system owing to its simplicity, cost-
effectiveness, being pain-free, high patient compliance, and flexibility in dosage forms.
The prerequisite for a drug to delivery orally is it should have significant aqueous solu-
bility which leads to enhanced bioavailability. Along with solubility, it should be stable in
the acidic and enzymatic environment of the GIT, should show permeability across the
intestinal wall. Conventional oral dosage forms show low solubility and permeability
which leads to low bioavailability leads to several side effects. There are different alter-
native strategies to overcome the abovementioned problems. Nano-size drug delivery
system offers a promising alternative strategy to improve the oral bioavailability of many
drugs. To design a nanocarrier for oral drug delivery, we need to consider the size, surface
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charge, stability, encapsulating efficiency, surface composition, biocompatibility, tar-
geted delivery, toxicity, immunogenicity of the nanomaterial. Polymer-based nanocar-
riers offer more stability toward biological fluids like acidic and enzymatic environment
of GIT whereas lipid-based nanocarriers offer increased gastrointestinal absorption and
increased plasma concentration. So, hybrid nanocarriers having both lipids-based and
polymer-based components may give desired results in oral drug delivery. We need
to choose suitable surface groups on the nanocarriers to overcome mucus and epithelial
cell barriers of the intestine which enhances the absorption of the drug in the blood.
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1. Introduction

Inflammatory bowel disorder is a disorder of the bowel, which is characterized by a com-
plex, relapsing, and remitting inflammatory condition, associated with Crohn’s disease
and ulcerative colitis. Although the signs and symptoms are distinct in Crohn’s disease
and ulcerative colitis, however, there are different clinical characteristics that are similar
including relapsing and remitting inflammation of bowel [1, 2]. This chronic inflamma-
tory condition affects mostly the intestine of the infected persons worldwide, where these
disorders could be clearly distinguished by the endoscopic and histological appearance,
clinical problems and distribution [3]. In Crohn’s disease, any region of the entire gas-
trointestinal tract may be affected; however, the colon and terminal ileum are affected
mostly. Alternatively, inflammatory conditions in ulcerative colitis are limited to the
colonic environment. These conditions are associated with genetic factors, immune dys-
function, and environmental contributors leading to an alteration in microsomal popu-
lation within the intestine [4—6]. In general, the relapsing conditions of inflammatory
bowel disorder could be controlled by the available therapies; whereas there is no cure
available for this diseased condition. In order to control the acute inflaimmatory condi-
tions, frequently prescribed therapies include steroids; however, chronic treatments of
steroids are restricted for their unfavorable adverse effects |7]. Alternate therapies to tem-
porarily control this inflammatory bowel disorder include amino-salicylates, antibiotics,
and immuno-suppressive agents, whereas a minimum of one surgical interventions are
common in approximately 70% of the inflammatory bowel disorder patients within their
lifetime [8, 9]. Different treatments on this inflammatory bowel condition control in a
variable manner depending on the severity, stage, location, and phenotype of the disease.

Treatment of this diseased condition appeals delivery of the therapeutics directly to
the site of action, i.e., colon, to avoid undesirable systemic exposure and associated
adverse effects of the medications. Therefore, conventional treatments are usually
restricted for their systemic exposure and associated adverse effects and toxicities. And
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thus, therapies are not found genuinely effective in the control of the disease from its root,
and thus the disease has become chronic even with the application of therapeutic inter-
ventions. On the other hand, delivery of the drugs directly to the colon is also a challeng-
ing platform for the formulation scientists where the therapy has to travel a long way from
the oral cavity to the large intestine through oral administration of the medicament.
Alternatively, delivery can also be projected through rectal administration; however, that
route is not convenient to the patient. Thus, specific delivery of the therapies to the colon
through oral administration of the formulation is projected to achieve sufficient concen-
tration of the drug at the colon to obtain desired therapeutic efficacy [10, 11].

The physiological environment favors to release certain medication at the particular
site of the colon [12]. For example, amino-salicylate prodrugs (olsalazine or sulfasalazine)
activated by the metabolic activity of the microbiomes present in the colonic environ-
ment [13]. Delivering therapeutics through controlled release mechanism could be pro-
jected to deliver the entrapped therapeutics to the site of action, exposing the systemic
circulation minimally. Thus, the use of matrix system for prednisolone sodium metasul-
fobenzoate with polysaccharide coatings has shown to release the entrapped drug within
the colon due to enzymatic degradation of the polymer by the bacteria present in that
environment |[14]. Recent formulation researches are focusing on the use of natural
gums, which will release the therapeutic agents preferentially to the site of action
[12]. Other approaches also include solubilization of coated polymer of the formulation
at the specific pH of the colon, or a time-dependent release of the formulation to allow
the release of the drug to obtain therapeutic efficacy [1]. This chapter has focused to sum-
marize the published literature to provide a platform to the readers on colon-specific
delivery of therapeutics in the effective control of inflammatory bowel disorder.

2. Physiological considerations in colonic drug delivery

In continuation to the previous discussion, it could be clearly understood that delivery of

the drugs specifically to the colon needs to cross various physiological barriers to ensure

effective delivery to obtain optimal efficacy of the therapeutic following oral administra-

tion. The physiological factors in colon-specific delivery have been depicted in Fig. 1,

which could provide a guide to design a formulation for the improvement of residence

time [1]. Therefore, the following factors must be considered when a formulation is

designed to target colonic delivery:

i. location of the colon at the distal part of the gastrointestinal tract is the major

challenge;

ii. residence time of the formulated delivery system within the gastrointestinal
environment;

iii. impact of gastrointestinal environment on the delivery system;
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Fig. 1 Physiological and microbial changes to the gastrointestinal tract in inflammatory bowel
disease [1].

iv. dissolution pattern of the formulation to release the incorporated drug at the site of
action;

v. the volume of the gastrointestinal tract and the presence of food particles; and

vi. metabolism probability of the incorporated drug or the formulation within the gas-
trointestinal environment due to the effect of microbial degradation or enzymatic
effect [1, 15].

Therefore, the transit time of the formulation is an important consideration to ensure

effective delivery of the formulation to the site of action [15]. To elaborate, transit time

for the gastrointestinal content within the small intestine is about 4 h, where the individ-

ual variability may range from 2 to 6h [16]. Alternatively, the transit time of the content

in the colon varies greatly, ranging from 6 to 70h as reported in the literature [1, 17].

Further, this transit time is also influenced by the gender, where longer transit time in

the colon has been evidenced in females [18] and on the other hand, individual’s bowel

movements also evidenced this transit time and thus affected by the time of dosing [19].
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It is important to bring into the discussion that the pH of the gastrointestinal envi-
ronment is altered during Crohn’s disease or ulcerative colitis, as this condition affects
the pH minimally to the small intestinal environment, however, the pH of the colon
is known to decrease significantly [20]. Such alteration in pH and motility of the gastro-
intestinal tract affect negatively the small intestinal bacterial overgrowth; however, the
large intestine is highly affected [21].

3. Alteration of gastrointestinal physiology in inflammatory bowel
disorder

In this section of the chapter, we will elaborate on the consideration of changes in the
physiological state of the patient with inflammatory bowel disorder. Based on the pre-
vious discussion, it is obvious to consider the changes in transit time and gastrointestinal
motility, because alteration of motility and diarrhea consequently affects the pH, mucosal
integrity, microbiome environment, and intestinal volume (Fig. 1). Overall, the gastro-
intestinal physiology is altered in inflammatory condition, which ultimately affects the
targeting approach of the contemporary formulation approaches.

3.1 Transit time

The time to reach the chyme following absorption in the small intestine to the caecum is
called orocecal transit time. This orocecal transit time varies greatly in inflammatory
bowel conditions, where it is known to be delayed in Crohn’s disease or ulcerative colitis
as compared to transit time in healthy volunteers [22]. Concurrently, change in the
microbiome environment of the small intestine (small intestinal bacterial overgrowth)
in the inflaimmatory bowel disease patients leads to the increase in orocecal transit
time [23].

Alternatively, transit time in the colon was observed to be faster in inflammatory
bowel condition, leading to the common diarrheal complaints by the patients [24].
And thus, recurring diarrhea along with bloody diarrhea are the debilitating and the most
predominant symptoms in inflaimmatory bowel disorder condition. This multifactorial
pathogenesis of inflammatory bowel disorder may lead to the mucosal impairment of
the intestine, resulting in impairment of barrier function with persistent inflammatory
response of