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Abstract Nanomedicine has become a hot field of research, as it has the potential
for developing several innovations in healthcare and, in particular, new pharmaceu-
tical formulations. The need of innovative ways for drug transportation and delivery
has accelerated the advances in the field of nanomaterials for pharmaceutical appli-
cations. The ultimate purpose of designing nanomaterials for drug delivery must be
to ensure that the drug to be released exerts its pharmacological effect at the lowest
possible dose, with the least number of side effects and equal benefits to a high dose.
These so-called “nanopharmaceuticals” may possess distinctive features useful to
improve the stability of the drugs, extend their systemic half-lives, enhance effi-
ciency, increase bioavailability, and delay clearance. There is no doubt that nano-
pharmaceuticals are a promising strategy to overcome traditional pharmacokinetic
limitations. Researchers around the world have been making important efforts to
design and test novel nanoformulations, especially in in vitro and in vivo model
studies. Virtually, all routes of drug administration have been investigated at this
level. Compared to the high number of nanoformulations that are currently in the
discovery and preclinical stages of the development pipeline, there are still very few
nanopharmaceuticals in clinical trials and even less already in the market. This cur-
rent scenario points to the need to accelerate nanomedicine endeavors in order to
spur these formulations through the drug discovery pipeline.

In this chapter, we will present some of the several opportunities for the design
and use of nanomaterials (nanoliposomes, micelles, carbon nanostructures, den-
drimers, polymeric, and inorganic nanoparticles) for pharmaceutical formulations.
The experimental challenges, associated with moving from bench to bedside, will
be addressed, as well as concerns about the precise control of drug release, their
biodistribution or fate, and their toxicity, especially when they do not biodegrade.
The need to validate and standardize protocols for early detection of toxicity, as well
as an in depth understanding of the interaction among nanoparticles and tissues,
organs, cells, and biomolecules, will be stated. Finally, the importance of develop-
ing a close interaction between scientists, regulators, institutions, and industry in
order to help accelerate the efforts in the field will be indicated. The application of
several innovative approaches to the design of new nanopharmaceuticals may allow
achieving innovation and disruptive advances, providing safe, convenient, and cost-
effective drug formulations to patients.

Keywords Nanomaterials - Dendrimers - Polymeric nanoparticles - Inorganic
nanoparticles - Micelles - Nanoliposomes - Graphene - Graphene oxide - Carbon
nanotubes - Drug delivery - Controlled release - Theranostics - Pharmaceutical
formulation - Nanotoxicity
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9.1 Introduction

Nanomaterials have dimensional features in the range from 1 to 100 nm
(1 nm = 1 x 10~ m). Their sizes are smaller or comparable to those of common
biologically relevant cells, bacteria, or virus or even of their molecular components
such as proteins, nucleic acids, antibodies, and other important biomolecules. That
characteristic may allow them to cross most physical or biological barriers (Fig. 9.1)
or to generate different kinds of specific interactions. For example, once a nanoma-
terial comes in contact with a biological fluid, a nanoparticle-protein complex is
formed (the process is known as “protein corona” formation). This complex will
determine the fate of the nanomaterial, its systemic circulation, biodistribution, bio-
availability, and even its toxicity. Nanomaterials, on the other hand, can be designed
to be able to selectively recognize certain cell types or tissues by chemical modifica-
tion of their surfaces. By selecting the type of nanomaterial and the specific chemi-
cal modification of their surfaces, different applications such as new tools for
biomedical diagnosis or treatments, fortified foods, water pollution treatment, or
advanced materials for textiles or construction can be achieved. In that way, the
chemical and physical interactions of a nanomaterial can be finely tuned, selectively
controlling how this affects their unique new properties and uses.

Nanotechnology exploits the physical properties of materials in the nanoscale. At
that scale, optical, mechanical, magnetic, electronic, and chemical properties suffer
drastic changes, making these properties highly attractive to be exploited in innova-
tive technological applications (Halappanavar et al. 2018; Mostafalou et al. 2013).
The great interest risen by use of nanomaterials in biomedical applications has
originated a new multidisciplinary field called nanomedicine, where pharmaceutical
nanotechnology is a very recent and attractive branch (Juillerat et al. 2015; Khan
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Fig. 9.1 Relative size comparison among common nanomaterials and biologically relevant
structures
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2012; Chekman 2010). In terms of economic impact, it is expected that nanomedi-
cine will grow in value by about 9% annually; it is a market with a value of nearly
112 billion dollars, as estimated in 2016, and it is predicted to reach nearly 261 bil-
lion dollars by 2023 (Grand View Research 2017). In particular, advanced drug
delivery systems account for nearly 12 billion dollars (11% of the total), with half
of that market consisting of systems for controlled release, liposomal drug delivery,
gene therapy, and polymer-based systems, among others. The development of nano-
structured materials for pharmaceutical applications (‘“nanopharmaceuticals”) such
as controlled drug delivery and release carriers, agents for imaging and diagnosis,
as well as innovative therapeutic vehicles, both as active pharmaceutical ingredients
(API) and components of the pharmaceutical formulation, is currently a very active
field of research (Beyer et al. 2016). Nanopharmaceuticals are a relatively recent
class of therapeutic agents containing nanomaterials with unique physical and
chemical properties because of their small size. They present new opportunities for
the transport and stabilization of poorly soluble or unstable APIs (synthetic drugs,
phytochemicals, proteins, nucleic acids, genes, etc.), as well as targeting them
towards a specific site of the organism. However, the idea of nanopharmaceuticals
must be handled carefully, as there is no consensus in the field. For the purposes of
this chapter, a nanopharmaceutical will be considered as a complex system where
an API is associated with an excipient (usually, the nanomaterial), as previously
indicated. Due to their characteristics, these nanopharmaceuticals may be multi-
functional, having better biological tissue distribution and becoming useful to mobi-
lize drugs more easily through different biological barriers. They are interesting,
versatile, and potent vehicles for the therapeutic treatment of different diseases
(Mendez-Rojas et al. 2014; Sasaki and Akiyoshi 2010). Several of the actual chal-
lenges that current pharmaceutical formulations present may be overcome by the
use of nanomaterials. So far, several advances and studies have been made with
respect to the use of nanotechnology for the treatment and improvement of pharma-
ceutical formulations that may be useful against several diseases, rising very high
expectations concerning positive results and benefits for society. Nanomaterials of
different composition (organic, inorganic and composites) such as polymer-based,
liposomes, quantum dots, iron oxide nanoparticles, or gold nanoparticles have been
developed to provide fast and sensitive detection of disease-related molecular
indicators.

We can safely consider that, in the near future, nanomaterials will be found more
frequently in novel pharmaceutical formulations as they can bring solutions to the
current challenges and limitations found in drug delivery and release systems, offer-
ing advantages and opportunities that will finally benefit both patients and the phar-
maceutical industry. In order to reach a point where nanotechnology and all the
applications mentioned above can be effective and applicable, joint efforts are
needed between scientists, clinicians, the pharmaceutical industry, and legislative
bodies to successfully implement the design and application of nanosystems in the
treatment of several diseases that are currently challenging our health systems
worldwide (Luque-Michel et al. 2017).
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9.2 Current Approaches to Optimize Drug Deliverability

There are several important challenges in drug delivery and release in today’s phar-
maceutical industry (Onoue et al. 2014; Chekman 2010). Nanotechnology offers a
novel approach for solving these problems, advancing the industry from the model
of high sales volume of popular, financially profitable drugs to a more “personalized
medicine” model, where attention is given to the individual and not to a general,
faceless, complex market. The pharmaceutical industry faces several challenges in
order to develop new pharmaceutical formulations. Drug solubility in physiological
conditions needs to be improved, while drug release has to be finely controlled.
Biocompatibility and safety of the formulation has to be increased by avoiding drug
clearance and increasing the plasmatic life of the drug in order to avoid the use of
higher therapeutic doses. Drug transport to specific organs, tissues, or systems needs
to become specific to avoid secondary effects, optimizing the drug pharmacokinet-
ics and developing the co-delivery of multiple therapeutic drugs against different
targets. Finally, real-time monitoring of drug delivery and distribution, as well as
effective post-therapy assessment outcomes, to facilitate a faster development of
improved APIs with minimal safety concerns has to be considered (Onoue et al.
2014; Chekman 2010).

Nanomaterials may help to solve most of these challenges since efficacy, safety,
patient convenience, and compliance are demanding tasks that encourage to seek
continuous optimization of drug delivery systems. Today there are very promising
and highly complex high-tech APIs (e.g., biotech drugs), for which it would be very
disappointing if deficiencies in their formulation and release systems would limit
their bioavailability, their arrival at the target site, and their in vivo performance in
general. Efficient dosage forms depend on a deep understanding of the pathways of
the physiologic disposition of a drug since many physicochemical, biopharmaceu-
tic, and pharmacokinetic factors can result in incomplete bioavailability and in the
need of using a high amount of the drug thus incrementing costs and side effects.

A drug delivery system can be defined as a formulation or a device that enables
the introduction of a pharmaceutical compound in the body and improves its effi-
cacy and safety by controlling the rate, time, and place of its release (Bruschi 2015).
Therefore, the route of administration is intimately related to the concept of drug
delivery. Based on drug solubility and toxicity, drug delivery systems aim to pro-
long residence of a drug in biological fluids, to enhance solubility for improving its
bioavailability and to ensure targeted action (Demina and Skatkov 2013).

The solubility of an API is relevant to select the right formulation approach and
manufacturability and, as mentioned before, is one of the factors governing bio-
availability. Thus, in 1995 the US Food and Drug Administration agency initiated
the Biopharmaceutics Classification System (BCS) to support the waiving of bio-
equivalence studies of certain orally administered generic dosage products. The
BCS classifies APIs in four classes according to their solubility in aqueous medium
and their intestinal permeability properties (WHO 2016). BCS class I drugs (highly
soluble, highly permeable) are readily eligible for biowaivers and class IV (poorly
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Table 9.1 Examples of drugs Class I Class 11
of each BCS class

Enalapril Carbamazepine
Fluvastatin | Ketoprofen

Metoprolol | Levodopa

Valacyclovir | Verapamil
Class III Class IV
Atenolol Acyclovir

Cimetidine | Several cephalosporins
Losartan Furosemide
Ranitidine Hydrochlorothiazide

Source: Drug Delivery Foundation.
Biopharmaceutics Classification System
(BCS) database. Copyright 2015-2019.
The Drug Delivery Foundation. http://
www.ddfint.org/bcs-about.  Accessed
April 18, 2020

soluble, poorly permeable) are not. Class II drugs (poorly soluble, highly perme-
able) and class III drugs (highly soluble, poorly permeable) are eligible for biowaiv-
ers if they dissolve very rapidly either at pH values typical of the small intestine or
under all physiological pH conditions, respectively (Chavda et al. 2010) (See
Table 9.1).

The BCS can be usefully applied as a prognostic tool for designing or selecting
drug delivery technologies (See Table 9.2). Drug release can be modulated using
controlled release technology for class I drugs or increasing dissolution rate for
class II drugs. Class III drugs technologies include manipulating the site or rate of
exposure or incorporating functional agents into the dosage form to modify the
metabolic activity of the enzyme systems. Class IV compounds are generally not
suitable for oral drug delivery and are rarely developed to reach the market because
of their erratic and poor absorption as well as their inter- and intra-subject variabil-
ity (Chavda et al. 2010). Certainly, most of the class IV drugs are substrates for
P-glycoprotein (resulting in low permeability) and substrates for cytochrome P450
3A4 (prompting to extensive pre-systemic metabolism) which further potentiates
the problem of poor therapeutic potential of these drugs (Ghadi and Dand 2017).

The BCS is still evolving since there may be a risk of misclassification of some
drugs because it is based on highest dose and on rigid definitions of solubility and
permeability (Chavda et al. 2010). Moreover, Daousani and Macheras (2016) cor-
related the heterogeneous aspects of oral drug absorption with the biopharmaceutic
classification of drugs. They found that for class I drugs no time dependency is
expected for both absorption and non-absorption processes, while due to the bio-
pharmaceutical properties of class II, III, and IV drugs, these drugs travel through-
out the GI tract, and therefore, both absorption and non-absorption processes will
exhibit time dependency. Therefore, the BCS is a very useful guiding tool primarily
for the development of oral drug delivery formulations and technologies.


http://www.ddfint.org/bcs-about
http://www.ddfint.org/bcs-about

9 Recent Advances on Nanostructured Materials for Drug Delivery and Release 325

Table 9.2 Methods for enhancing deliverability according to BCS class®

BCS Class I systems

BCS Class II systems

Multiporous oral drug absorption system

Prodrug approach

Single composition osmotic tablet system

pH adjustment

Constant surface area drug delivery shuttle

Use of salts, solvates, and hydrates

Diffusion controlled matrix system

Use of selected polymorphic
forms

Delayed pulsatile hydrogel system

Micronization

Dual release drug absorption system

Lyophilized fast-melt systems

Granulated modulating hydrogel system

Surfactants

Intestinal protective drug absorption system

Emulsion or microemulsion
systems,

Microparticle drug delivery technology

Solid dispersion

Pelletized pulsatile delivery system

Complexing agent such as
cyclodextrins

Bioerodible enhanced oral drug absorption system

Softgel (soft gelatin capsule
formulation

Programmable oral drug absorption system

Zer-Os tablet technology (osmotic
system)

Spheroidal oral drug absorption system

Triglas and nanosized carriers
Such as nanoemulsion,
nanosuspension, and nanocrystals

Solubility modulating hydrogel system

BCS Class IV systems

Stabilized pellet delivery system

Lipid-based delivery systems

BCS Class III systems

Self microemulsifying drug
delivery systems (e.g., Cremophor,
Labrafil)

Use of permeation enhancers (e.g., synthetic surfactants,
bile salts, fatty acids, and derivatives, chelators,
cyclodextrins, and derivatives, mucoadhesive polymers)

Polymer-based nanocarriers

Oral vaccine system

Crystal engineering (nanocrystals
and co-crystals)

Gastric retention system

Liquisolid technology

High-frequency capsule

Self-emulsifying solid dispersions

Telemetric capsule

Miscellaneous techniques
addressing the P-gp efflux

Self-nanoemulsifying drug
delivery systems

“With information from Chavda et al. (2010), Sachan et al. (2009) and Ghadi and Dand (2017)

Recently, the Biopharmaceutics Drug Disposition Classification System
(BDDCS) was proposed (Benet 2013). After classifying the drugs of 500 bioequiva-
lence studies according to BCS and BDDCS, Cristofoletti et al. (2013) found that
the final outcome of a bioequivalence study is strongly influenced by the solubility
of the drug, but not by its intestinal permeability or extent of metabolism. Thus,
solubility outweighs any effect of the extent of drug absorption and determines the
need for particular drug delivery and release approaches.
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As for therapeutic peptides and proteins, their biophysical stability, low bioavail-
ability, and metabolic liability comprise the main challenges to overcome and suc-
ceed in oral formulation development and final bioperformance. Particularly, their
oral bioavailability is limited by chemical and enzymatic degradation in the gastro-
intestinal tract, efflux pumps, first-pass gut, and hepatic metabolism, as well as their
inability to cross the epithelial barrier of the gastrointestinal tract (Bak et al. 2015).
Therapeutic peptides and proteins are usually classified as class III or class IV drugs
by the BCS system (e.g., cyclosporine A, an immunosuppressant peptide, as a class
IV compound), which means that low permeability is their main biopharmaceutical
challenge together with the aforementioned limitations concerning oral drug prod-
uct development. Considering that, excipients play a pivotal role in formulation
development. Peptide stabilizers, pH modifiers, antioxidants, or metal chelators to
minimize degradation, peptidase inhibitors, surfactants to better solubilize peptides,
and biocompatible mucoadhesive polymers to promote peptide absorption are care-
fully chosen together with enteric coating approaches and appropriate packaging to
preserve the integrity of the molecules and to overstep the oral delivery barriers
(Bak et al. 2015).

In some cases, direct structural modifications of therapeutic peptides and pro-
teins are needed. The example of success is represented by cyclosporine A, for
which cyclization and therefore its decreased flexibility may confer to this drug a
superior absorption after oral administration (Bruno et al. 2013). In addition, the
covalent conjugation of polyethylene glycol to therapeutic peptides and proteins,
called “pegylation,” improves drug delivery by increasing water solubility, enhanc-
ing stability, and half-life, reducing immunogenicity and limiting antigenic reac-
tions (Milla et al. 2012). Moreover, the introduction on nonnatural amino acids as in
the case of the Hybridtide® technology grants therapeutic peptides and proteins of
proteolytic stability and dramatically enhanced half-life, facilitating oral delivery
and overall improving pharmacokinetics (Horne et al. 2009). Protein lipidization,
vitamin B, conjugation, prodrug synthesis, and locking the conformation of thera-
peutic peptides and proteins by linking some residues to a synthetic hydrocarbon
backbone are other effective strategies to improve stability and oral absorption
(Bruno et al. 2013).

Likewise, carrier systems are rapidly evolving in very interesting ways to advance
oral deliverability. Some interesting examples are the bilosomes, which are bile salt
stabilized delivery nanovesicles that act as very stable penetration enhancers to pro-
mote oral bioavailability of large molecular weight proteins and peptides (Ahmad
et al. 2017). Orally administered bilosome-based vaccine formulations (e.g., influ-
enza, tetanus, and hepatitis B) represent a major step forward in vaccine technology
by preventing antigen degradation and enhancing mucosal penetration (Chilkwar
et al. 2015).

IgG antibodies as nanoscale proteins may also act as drug carriers in the so-
called antibody-directed enzyme prodrug therapy and antibody-targeted drug con-
jugates, allowing for targeted drug delivery. Ibritumomab-tiuxetan-90Yttrium, a
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B-lymphocyte antigen CD20-directed radiotherapeutic IgG1k (mouse monoclonal
aldolase C antibody) indicated for relapsed or refractory, low-grade or follicular
B-cell non-Hodgkin lymphoma, is a leading example of this kind of systems
(Tridente 2014).

Drug delivery has also been evolving to stimuli-responsive systems that improve
bioavailability, reduce the cost of production, and increase patient compliance by
allowing pH, temperature, light, ultrasound energy, magnetic or electric fields,
swelling processes, or specific chemical agents or enzymes to regulate drug release
(Halappanavar et al. 2018; Bajpai et al. 2010). Moreover, according to intended
therapy, drug delivery and release is also classified in the following scenarios: rapid
therapeutic onset (e.g., for drugs for acute pain or insomnia treatment), multiphasic
or fixed-dose combination delivery (e.g., for antihistaminics or antimigraine drugs),
delayed or chronotherapeutic onset (e.g., for oral antidiabetics, proton pump inhibi-
tors, or antihypertensive drugs), and maintenance of target exposure (e.g., for some
antibiotics or Alzheimer’s disease drugs) (Selen et al. 2014). This is known as
therapy-driven drug delivery and is also extremely relevant to design and selection
of excipients and drug delivery systems. Ultimately, linear, pulsed, or delayed
release profiles enabled by the previously mentioned systems and others face always
the challenge of being predictable and reproducible as well as allowing for mini-
mum fluctuation in plasma drug levels.

The ultimate purpose of drug delivery strategies must be to ensure that the drug
to be released exerts its pharmacological effect and, if possible, that it does so at the
lowest possible dose and causing the least amount of adverse effects. Furthermore,
patient compliance and treatment cost are also of the utmost importance because if
the patient does not adhere to treatment or does not have access to it, all the research
behind a medication will be wasted.

9.3 Routes of Administration for Nanopharmaceuticals

Along with the physical-chemical properties of a drug and the dosage form in which
that drug is given, the route of administration plays an important role on the rate and
extent of systemic drug absorption. Nanoformulations currently available for clini-
cal use are typically administered orally or parenterally by the intravenous, subcu-
taneous, and intramuscular routes (Table 9.3). Some other administration routes
have been meagerly explored by approved nanodrugs, either because of their com-
plexity or because there are few active substances that, based on their pharmacody-
namics and indication, require delivery to a very specific site of action. However,
among the nanopharmaceuticals that are currently under investigation, many other
administration routes are now being examined such as the transdermal, vaginal,
pulmonary, and ophthalmic routes.
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Table 9.3 Selected commercially available nanopharmaceuticals and their routes of administration

(Ventola 2017)
Trade

Generic name name Nanoformulation features Route of administration

Morphine sulfate Avinza Nanocrystals, provide greater Oral (extended release
bioavailability capsules)

Aprepitant Emend Nanocrystals, increased aqueous | Oral (capsules)
solubility of the active substance

Megestrol acetate Megace ES | Nanocrystals, lower dosing needed | Oral (suspension)

Liposomal Abelcet Liposome nanoparticles, Intravenous (infusion)

amphotericin B lipid decreased toxicity

complex

Liposomal irinotecan | Onivyde Liposome nanoparticles, protect | Intravenous
irinotecan from early conversion
to its toxic metabolite

Liposomal Visudyne | Liposome nanoparticles, increased | Intravenous (plus

verteporfin delivery to site of action photodynamic therapy

activation)

Glatiramer acetate Copaxone | Polymer nanoparticles, controlled | Subcutaneous
clearance

Leuprolide acetate | Eligard Polymer nanoparticles, continuous | Subcutaneous

and polymer release, longer circulation time

Pegvisomant Somavert | Polymer nanoparticles, greater Subcutaneous
stability

Iron dextran Infed Inorganic nanoparticles, increased | Intramuscular
dose

Paliperidone Invega Nanocrystals, slow release of Intramuscular

palmitate Sustenna | low-solubility drug

Micellar estradiol Estrasorb | Micelle nanoparticles, controlled | Topical (on dry skin of

emulsion delivery both legs)

Triamcinolone Zilretta Polymer nanoparticles, extended | Intra-articular

acetonide release

Pegaptanib Macugen | Polymer nanoparticles, greater Intravitreal
stability

Liposomal morphine | DepoDur | Liposome nanoparticles, extended | Lumbar epidural

sulfate release

Liposomal DepoCyt | Liposome nanoparticles, increased | Intrathecal

cytarabine delivery to tumor site, decreased
toxicity

Poractant alfa Curosurf Liposome nanoparticles, increased | Intratracheal

delivery, decreased toxicity

9.3.1 Oral Administration

The oral route is widely recognized as the most convenient, noninvasive, safe, con-
ventional, cost-effective, and traditional way to administer drugs. However, it offers
many disadvantages that nanocarrier-based formulations may help to solve. Targeted
drug delivery is a big challenge when drugs are administered orally; this route
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usually requires formulating high amounts of the active substance increasing the
production costs. As revised in the previous section, poor water solubility plays a
crucial role when trying to improve the oral bioavailability of an API. The oral route
is also challenging for APIs labile to gastrointestinal pH, bacteria, and enzymes.

To date, an important amount of knowledge has been gathered regarding the
performance of different types of oral nanosystems for drug delivery. It has been
reported that positively charged particles are absorbed more efficiently through the
gastrointestinal tract as well as small nanoparticles (50-100 nm) which are absorbed
in greater proportion than larger ones (500 nm) and distribute better to the kidneys,
liver, spleen, lungs, and even brain. It is also known that particulate carrier systems
administered orally could also undergo paracellular uptake from the digestive tract
into blood circulation as well as the lymphatic system. On the other hand, it has
been described that biodegradable (e.g., poly lactic acid) and lipid-based nanopar-
ticles could suffer a significant degradation in gastric and intestinal fluids due to its
surface composition (Hamidi et al. 2013). Much of this data has been applied to
optimize oral drug delivery.

For example, by reducing the particle size to less than one micron using wet-
milling techniques, the NanoCrystal® technology has overcome the solubility prob-
lem and allowed for various oral nanomedicines to be prepared and marketed, e.g.,
fenofibrate tablets (TRICOR®) and megestrol acetate oral suspension (MEGACE®
ES) (Agarwal et al. 2018).

As far as lipid-based nanosystems are concerned, they are known to mimic food,
improve gut solubilization and mucosal permeation, inhibit intestinal metabolism
and/or P-glycoprotein efflux, and improve lymphatic uptake resulting in oral bio-
availability augmentation (BoriSev et al. 2018). A great challenge is represented by
the hydrophilic low-permeability anticancer drug doxorubicin, which exhibits low
oral bioavailability due to active efflux from intestinal P-glycoprotein. Thus, its oral
administration remains a problem and no oral formulation for doxorubicin is mar-
keted, till date (Ahmad et al. 2018). Attempts to tackle these obstacles were reported
by Daeihamed et al. whose doxorubicin-loaded non-PEGylated, 120-nm-sized posi-
tively charged rigid liposomes attained a fourfold increase in oral bioavailability in
a preclinical study (Daeihamed et al. 2017). Previously, another study in rats dem-
onstrated a 384% enhancement in oral bioavailability compared to solution of a
doxorubicin hydrochloride loaded lipid-based nanocarrier (LIPOMER) (Benival
and Devarajan 2012).

9.3.2 Parenteral Administration (Intravenous,
Intramuscular Subcutaneous)

Low bioavailability can be completely overcome by administering drugs intrave-
nously and to some extent by using the intramuscular or the subcutaneous routes.
Invasiveness, safety, and toxicity issues of injections together with pain and patient
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compliance concerns reduce as a whole the therapeutic value of parenterally admin-
istered drugs for long-term management of certain diseases. Yet, most nanopharma-
ceuticals already on the market are designed for parenteral administration.

Intravenous administration of nanoparticles allows for intracapillary passage fol-
lowed by an efficient cellular uptake, also for macrophage endocytosis and for pas-
sive drug delivery to inflammatory sites with leaky vasculature (Gelperina et al.
2005). Thus, depending on the desired site of action and the nature of the nanofor-
mulation, this route offers clear advantages.

The antimalarial drug artemisinin, for example, has no intravenous formulation
available due to its poor aqueous solubility. Ibrahim et al. reported the preparation
of a promising nanoformulation based on biodegradable albumin-bound artemisinin
suitable for intravenous injection which enabled direct contact of artemisinin with
infected erythrocytes. In in vitro experiments as well as in Plasmodium falciparum-
infected “humanized” mice, the nanoparticles proved to be highly effective (Ibrahim
et al. 2015).

In the case of solubility problems of drugs such as paclitaxel, an interesting
approach to surpass this limiting factor was its binding with albumin, a natural car-
rier of endogenous and exogenous molecules. The high-solubility 130 nm albumin-
bound particle form of paclitaxel contained in Abraxane® increased drug penetration
into the tumor cells after intravenous administration. Unfortunately, P-glycoprotein
mediated resistance affecting the antitumoral activity of paclitaxel could not be
overcome by the nanoparticle formulation (Zhao et al. 2015).

Intramuscular injection offers the advantages of sustained release and long
action; and compared to the intravenous route, it allows relative avoidance of the
reticuloendothelial system (RES), the natural particle-removal system of the body
(Hamidi et al. 2013). Increased bioavailability, bypassing the intestinal metabolism,
and reduced toxic effects are some of the benefits of the intramuscular route that
make it very popular. Moreover, intramuscular long-acting formulations provide
great opportunities for chronic patients who benefit from once monthly administra-
tion or even less frequently by improving adherence, variability in drug exposure
and treatment costs.

Recently, Zhou et al. improved the delivery, biodistribution, and viral clearance
profiles of the antiretroviral drug cabotegravir by creating its myristoylated prodrug
and formulating it into nanoparticles of stable size and shape. The particles exhib-
ited enhanced monocyte-macrophage entry, retention, and RES depot behavior
demonstrated in vitro as well as in animal models by means of viral restriction
evaluations. The nanoformulated prodrug also showed the possibility of extended
dosing intervals towards maximizing patient convenience (Zhou et al. 2018).

The subcutaneous route allows good absorption especially for drugs with a low
oral bioavailability. Long-acting and targeted drug delivery are favorable outcomes
from subcutaneous administration. Depending on size and composition, particles
reach the circulation via the lymphatic system. Size plays also an important role
when sustained release is the major objective since large nanoparticles persist lon-
ger at the injection site (Hamidi et al. 2013). The keratinous subcutaneous layer is
the major barrier the nanoparticles encounter upon administration. It is a
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hydrophobic and rigid structure, which is difficult for particles to cross unless pen-
etration enhancers (e.g., monoolein) are used to promote drug diffusion and solubil-
ity within this layer. Besides, the presence of an immunological barrier made of
Langerhans and dendritic cells below the subcutaneous layer requires the use of
nanocarrier coating (e.g., with polyethylene glycol) in order to prevent macrophage
elimination (Bose et al. 2014). When the drug finally reaches the well-irrigated
dermis layer of skin, it can diffuse into the systemic circulation.

An illustrative example of this administration route comes from the application
of nanocarriers in traditional herbal medicine. Indeed, the nanonization of phyto-
ceuticals seeks to advance phytotherapeutics by improving their pharmacokinetic
and pharmacodynamic profile. Curcumin, a very promising natural anticancer
agent, has very poor aqueous solubility and a very limited systemic bioavailability.
Thus, Ranjan et al. formulated a prolonged subcutaneous delivery nanosystem that
showed improved effectiveness on a non-small cell lung cancer xenograft model
(Ranjan et al. 2016).

9.3.3 Transdermal Administration

Unlike topical formulations, transdermal medications are intended to exert clinical
effects at distant or deeper tissue sites. Transdermal is a route of administration
wherein active ingredients are delivered across the skin in order to reach the dermal
layer by means of transcellular, intercellular, or hair follicles pathways for becom-
ing available for systemic absorption via the dermal microcirculation.

The transdermal route requires sufficient lipophilicity of the active substance to
be administered even when penetration enhancers or fasteners such as limonene
may be added to the formulation to ease the permeation of drugs through the skin
barrier. Transdermal delivery systems are useful to achieve controlled release of the
drug over long periods while avoiding gastrointestinal effects or first-pass metabo-
lism in the liver for certain drugs if they were administered orally. Moreover, they
are noninvasive systems that have better patient compliance and can be easily
removed by the patient when necessary (Goniillii and Saki 2017).

Skin penetration of large and hydrophilic drugs, or even macromolecules, is lim-
ited but nanocarriers have been successful crossing this barrier and even more so
when the skin is disrupted, e.g., in diseases like psoriasis and atopic dermatitis.
Regarding these two skin diseases in particular, in recent years several murine mod-
els have been used to develop and optimize transdermal nanocarrier formulations
loaded with drugs like tretinoin, methotrexate, tacrolimus, cyclosporin A, and keto-
profen showing very promising results (Palmer and DeLouise 2016). Also, the treat-
ment of psychiatric disorders can use nanosystems for transdermal administration;
Igbal et al. produced a solid lipid nanoparticle-based formulation for delivery of
olanzapine whose favorable performance will allow its inclusion in and production
of transdermal patches (Igbal et al. 2017).
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9.3.4 Pulmonary Administration

Pulmonary delivery implies a noninvasive route capable of granting a rapid onset of
action of which most important advantages are its large absorptive surface area, its
large absorptive mucosal membrane, and its high vascularity. To achieve a sustained
therapeutic effect from the pulmonary route of administration, a nanodrug needs to
avoid the pulmonary clearance processes mediated by the mucociliary apparatus
and the alveolar macrophages. Enzyme degradation is also an obstacle, but metabo-
lizing enzyme activities are limited compared to the gastrointestinal tract and liver.
In cases of infections, the delivery systems should resist entrapment and inactiva-
tion of drugs by bacterial biofilms. Moreover, if the pharmacological action is meant
to take place locally, sufficient lung-tissue retention needs to be guaranteed and
systemic absorption minimized in order to avoid rapid elimination of the drug and
undesirable systemic effects (El-Sherbiny et al. 2015; Lee et al. 2015).

Particle size, shape, and orientation allow for deposition at the targeted site in the
respiratory system and influence avoidance of clearance mechanisms. By attaching
or coating the drug with a stealth material, e.g., hyaluronic acid or polyethylene
glycol, it is also possible to evade the pulmonary clearance features. Regarding the
most promising type of nanosystems, the liposomal-based aerosol formulations
have shown to prolong the retention half-life as well as solid lipid nanoparticles,
polymeric micelles, and cyclodextrins (EI-Sherbiny et al. 2015).

Due to their particle size, inhalable pharmaceutical forms using nanocarriers
pose the risk of being exhaled during breathing. Thus, several strategies can help to
solve this limitation: nebulization of nanocarriers as a colloidal suspension; mixing
nanocarriers along with inert carriers, e.g., lactose and mannitol; or embedding the
nanosized system into microparticles (Moreno-Sastre et al. 2015). One example is
the suspension consisting of amikacin sulfate encapsulated in liposomes for inhala-
tion (Arikayce™) which maximizes delivery to the lungs due to particle size as well
as the antimicrobial efficacy, due to the ability to penetrate and diffuse through
sputum into the bacterial biofilm. This formulation also decreases the potential for
systemic toxicity. Presently it is undergoing clinical trials and FDA scrutiny
(ClinicalTrials.gov 2018a). Also, in the final stretch for approval remains the
cisplatin-based formulation named SLIT cisplatin. This formulation was planned
for inhalation by patients with relapsed/progressive osteosarcoma metastatic to the
lung. The acronym SLIT comes from “sustained release lipid inhalation targeting”
and consists of aerosolized cisplatin loaded into lipid vesicles. The goal of this
delivery system is to achieve drug accumulation in lungs while reducing exposure
to other organs and thus the risk of hemotoxicity, nephrotoxicity, ototoxicity, and
neurotoxicity (ClinicalTrials.gov 2018b; Lee et al. 2015).

Certainly, one major disadvantage of nanosystems is their potential toxicity.
Most of the nanoparticles for drug delivery are usually made with well-tolerated
materials, “generally recognized as safe” (GRAS), aimed to avoid toxic effects
(Moreno-Sastre et al. 2015). Nevertheless, it has been reported that nanoparticles
get absorbed from the olfactory mucosa into the central nervous system through the
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olfactory nerve, which can be considered a good approach to crossing the blood—
brain barrier and delivering nanoparticles to the brain but at the same time this could
act as a toxic outcome pathway (Hamidi et al. 2013).

9.3.5 Vaginal Administration

The vaginal route offers a high contact surface and a rich blood supply for drug
absorption to obtain local (i.e., intravaginally delivery), uterine, or systemic effects
(i.e., transvaginally delivery). The vagina is an effective drug administration route
for local delivery of microbicide, contraceptive, and anticancer agents. When it
comes to systemic active compounds, it represents a noninvasive route that allows
for controlled transmucosal delivery. The vaginal route avoids the gastrointestinal
environment and the hepatic first-pass metabolism, but the cervicovaginal mucus,
the menstrual cycle, the vaginal pH, and its fluids (Leyva-Gémez et al. 2018) chal-
lenge the biodistribution and retention of a formulation. Thus, in order to extend
their cervicovaginal residence time, nanosystems aimed to deliver drugs via vaginal
mucosa must possess surface properties capable of interacting with O-glycosylated
macromolecules, the main component of the mucus responsible for mucoadhesion.
Polymer-based nanoparticles have the greatest potential for bioadhesion propensity
and increased penetration capacity. For example, solid lipid nanoparticles based on
polyoxyethylene (40) stearate containing the antifungal drugs ketoconazole and
clotrimazole showed, under pH conditions simulating the pathologic environment,
potential utility against vaginal infections caused by Candida albicans (Cassano
et al. 2016). More recently, clotrimazole loaded into poly (d,l-lactide-co-glycolide)
nanoparticles with chitosan-modified surface showed enhanced antifungal activity
and mucoadhesive properties also for treating vaginal candidiasis (Martinez-Pérez
et al. 2018).

9.3.6 Ophthalmic Administration

Nanoparticles have also shown great potential for ophthalmic formulations. The
eyes have very poor retention of dosage forms and many anatomical and physiologi-
cal barriers that cannot be penetrated easily. Low bioavailability, limited dose and
volume capacity, and the presence of ocular tissue enzymes and efflux proteins are
also concerns when designing ophthalmic products. Improving corneal residence
time is one of the main objectives of pharmaceutical nanoformulations since tears,
blinking and solution drainage result in loss of therapeutic drug levels on the pre-
corneal surface. For treating some ocular diseases, intravitreal, subretinal, or sub-
conjunctival injections could deliver adequate amounts of drug to the posterior
segments of the eye, but this method causes pain and carries bleeding, toxicity, or
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infection risks. Thus, topical instillation remains a more convenient alternative
(Tahara et al. 2017; Xu et al. 2013).

Liposomes are considered the ideal drug delivery systems because of their bio-
compatibility and their capacity of enclosing both hydrophilic and hydrophobic
drugs. In addition, several studies have proved the efficacy of nanosuspensions for
improving the bioavailability of corticosteroids such as dexamethasone and predni-
sone (Wang et al. 2016). Tahara et al. (2017) developed submicron-sized PLGA
nanoparticles loaded with coumarin-6 as a model drug and marker and which sur-
face was modified by chitosan, glycol chitosan, or polysorbate 80. The nanosystem
improved the drug delivery efficiency to the retina after administration as topical
eye drops to mice. Drug eluting contact lenses are also a good alternative for sus-
tained delivery. A preclinical study with dogs showed that silicone hydrogel vitamin
E-loaded contact lenses prolonged the release of the drug timolol and increased its
bioavailability with only one-third of the loaded drug compared to eye drops (Xu
et al. 2013). Lastly, a research group from the University Eye Hospital Tiibingen
(Germany) launched a nanocarrier system based on lipid-modified DNA strands
that self-assemble into micelles with a hydrophobic core and a hydrophilic corona.
The so-called “nano-I-drops” technology can be equipped with different drugs by
hybridization with an aptamer. This DNA nanoparticles show excellent adherence
to the corneal surface for extended periods reducing the need for frequent applica-
tion and thereby minimizing side effects (Willem de Vries et al. 2018).

There is no doubt that nanopharmaceuticals are a promising strategy to over-
come traditional pharmacokinetic limitations. Researchers around the world have
been making countless efforts to design and test novel nanoformulations, especially
in in vitro and in animal model studies. Virtually, all routes of drug administration
have been investigated at this level. However, compared to the high number of nano-
formulations that are currently in the discovery and preclinical stages of the devel-
opment pipeline, there are still very few nanopharmaceuticals in clinical trials and
even less already marketed.

9.4 Nanocarriers: Composition, Structure, and Properties
of Selected Recent Systems

Pharmaceutical technology allows us to select among several materials for design-
ing the most appropriate pharmaceutical form to prepare a medicine, according with
their physical and chemical characteristics and use. Nanocarriers, nanosuspensions,
and nanogels are considered as some of the most common systems for the formula-
tion of potentially useful nanopharmaceuticals. Nanosuspensions and nanogels
chemical and physical characteristics have been reviewed and discussed previously
in the scientific literature (Dhanapal and Ratna 2012; Asadian-Birjand et al. 2012)
and won’t be further discussed here. Nanocarriers, in the other hand, are colloidal
systems with sizes in the range in between 10 and 100 nm; they have been widely
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used for diagnostics, treatment, and tracking of biomarkers. There are several types
of nanocarriers, most of them designed to contain APIs encapsulated into their
structures. Nanocarriers for controlled delivery are usually designed to avoid unin-
tended exposure of the individual to the API, protecting simultaneously from being
detected by the host’s immune and clearance system. Additionally, surface function-
alization of nanocarriers is used to achieve delivery of the drug contents with great
specificity (Halappanavar et al. 2018). Direct delivery of drugs into the site of action
helps to reduce side effects. This approach is limited to skin, ocular, or mucosal
pathologies using drops, creams, lotions, or emulsions. However, tissue or organ
selectivity can be achieved with surface modified nanopharmaceuticals (Fig. 9.2).
During the last 5 years, more than 2000 papers were published containing the
keywords ‘“nanocarrier,” “drug delivery,” and “release.” The majority (90%) are
devoted to micelles, nanoliposomes, niosomes, polymeric nanoparticles, and den-
drimers, while the remaining 10% explore the use of single-walled carbon nano-
tubes (SWCNTs), multi-walled carbon nanotubes (MWCNTSs), lipid-core
nanoparticles, and inorganic nanoparticles. Tekade et al. (2016) presented the state-
of-the-art on the interface of nanotechnology and combination chemotherapy, which
has shown a remarkable promise in the therapy of resistant tumors. Anticancer
drugs in combination with small interfering RNAs (siRNAs), such as VEGF, XLAP,
PGP, MRP-1, BCL-2, and cMyc, are some examples that are mentioned in their
article. The siRNAs have shown an immense promise of eliminating drug resistance
genes, as well as recovering the sensitivity of tumors resistant to cancer therapy.
Following this same line, Jeetah et al. (2014) mentioned different classes of
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Fig. 9.2 Surface modification of nanocarriers for targeted drug delivery. (a) Traditional pharma-
ceuticals without surface modification. (b) Nanopharmaceuticals with surface modification. Diana
cells can be targeted with the drug nanocarrier using ligand and receptor interactions like antibody-
antigen interaction, allowing a specific drug release
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phytochemicals and some of their members that have been encapsulated in nanove-
hicle systems for chemotherapeutic or chemopreventive properties. They focused
mainly on block copolymer nanomicelles, nanoparticles, polymer-drug conjugates,
liposomes, and solid lipid nanocarriers. Nearly 20 different phytochemicals were
reviewed and the advantages of trapping in nanocarriers were evaluated. Petrenko
et al. (2014), also mention that the nanoencapsulation of anticancer drugs improves
their therapeutic indexes by virtue of the improved retention and permeation effect,
which achieves passive targeting of nanoparticles in tumors. Derived from the
aforementioned, we realize that, indeed, the research and use of nanotechnology for
the treatment of cancer is taking a primordial focus at present. The controlled release
of drugs is another crucial point in the use of nanotechnology in medicine. A drug
carrier should ideally be able to deliver drug molecules to the site of action and to
interact specifically with target cells. In 2016, Pastorino’s research group reviewed
different studies where different organic and inorganic nanosystems have been pro-
posed and tested. An interesting technique is the layer-by-layer self-assembly of the
nanoengineering shells onto sacrificial templates. Attention has been focused on the
possibility of synthesizing calcium carbonate nanoparticles in a very controlled
manner, which has opened new perspectives for this type of carrier systems. One
issue related with drug delivery is the transfollicular drug delivery. Hansen et al.
(2014), reported improved needle-free transcutaneous immunization by means of a
more efficient drug supply making use of nanotechnology. Nanotechnology can
facilitate transfollicular delivery because the nanoparticles penetrate deeper and to
a higher extent into hair follicles than solutions. In addition, nanoencapsulation can
stabilize antigens and increase their antigenicity. Therefore, the development of
more efficient adjuvant-coupled nanocarriers with high antigen payload is a solu-
tion to improve the supply of drugs. Naumenko et al. (2014) described the recent
advances in the manufacture and utilization of nanoparticle-labeled cells, showing
that one of the most promising techniques is the layer-by-layer polyelectrolyte
assembly on cells and intracellular and extracellular labelling with magnetic
nanoparticles. Among the applications that stand out include the tissue engineering
and tumor therapy, showing that nanotechnology not only has application in trans-
port of drugs but also in different medical therapies.

Pescina et al. (2015) reviewed the literature on the most recent advances on
blindness and visual impairment treatment using nanopharmaceuticals. They men-
tion that the nanoencapsulation of peptides and proteins presents a series of advan-
tages for their ocular delivery, since it can protect the drug from metabolic activity,
control, and maintain the release and increase the bioavailability of the drug after
topical or intravitreal administration. The nanoparticulate formulations contribute
to improvements in ocular treatments, it is possible to overcome the ocular barriers,
the residence time in the eye is improved, and the local level of the drug is increased.
In this case, proteins are also used for the preparation of nanovehicles for ophthal-
mic administration, so that they have a function as therapeutic agents and in turn as
carriers.

It is worth highlighting the current interest regarding DNA research. DNA is also
emerging as intelligent material to construct nanovehicles for targeted drug
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delivery. Okholm et al. (2016) mention that although the applications of DNA nano-
structures are still in the early stages of research, there are great expectations to
offer solutions for targeted therapy. With the use of these DNA nanostructures, the
selection and crossing of biological barriers will be facilitated. These nanostructures
functionalized with molecules such as polymers, proteins, peptides, small mole-
cules, nucleic acids, or lipids have found applications in the study of subdiffraction
resolution fluorescence imaging, membrane channeling, enzyme cascades, molecu-
lar walkers, plasmonic chirality, and molecular electronics. In addition, the DNA
nano vehicles can be designed to function autonomously in the body. With more
specific knowledge of the molecular characteristics of diseases and the behavior of
nanoparticles in vivo, it would be expected that nanoparticles could be customized
in the future to provide safe and efficient individualized treatment for patients.

Some recent advances on some of the most common nanostructured materials
used as nanocarriers for drug transport and release, such as micelles, nanolipo-
somes, carbon-based nanostructures (nanotubes, graphene, and graphene oxide),
dendrimers, polymeric nanoparticles, and inorganic nanoparticles are discussed in
the following paragraphs in order to better understand their potential impact on the
development of nanopharmaceuticals.

9.4.1 Polymeric Nanoparticles

Polymeric nanoparticles are spherically shaped particles with a large surface to vol-
ume ratio; due to their size, they can biodistribute easily in the organism, making
them of interest for biomedical applications as imaging, therapeutic, or diagnostics
agents. Drug transport and release can be improved when nanoparticles are used as
carriers, as they can cross through biological barriers without problems, decreasing
the needed dose for pharmacological action and potential toxicity. Oncological
applications are among the most promising fields for lipid nanoparticles (Mostafalou
et al. 2013). Usually, polymeric nanoparticles are biocompatible, biodegradable,
and nontoxic. Synthetic or natural polymers, shaped as nanocapsules (empty core)
or nanospheres (porous structures), have been explored. In nanocapsules, the poly-
meric membrane surrounds a central cavity where the API is confined, while in
nanospheres the drug is dispersed in the polymeric matrix (Fig. 9.3). Some common
materials used to prepare them are albumin, chitosan, alginate, poly(lactide-co-
glycolide), polylactide, and polyethylene glycol, among several others. Their sur-
faces can be easily modified and functionalized.

Cancer is one of the health problems that have attracted a larger number of
research groups to find potential solutions. Luque-Michel et al. (2017) have recently
reviewed the use of polymer-based nanocarriers for cancer therapy. Polymer-based
nanocarriers have been used to maximize the effectiveness of cancer treatment and
minimize the adverse effects of standard therapy. As chemotherapy may induce
undesirable side effects, the development of novel therapeutic formulations that are
able to reduce or avoid them is desirable. For example, BH3-mimetic ABT-737 is a
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Fig. 9.3 Schematic representation of a drug loaded (left) and surface modified (right) polymeric
nanoparticle

chemotherapeutic agent for cancer treatment that induces thrombocytopenia.
Schmid et al. (2014) found that this side effect could be reduced through the encap-
sulation of BH3-mimetic ABT-737 in PEGylated poly(lactide-co-glycolide)
nanoparticles. Side effects of camptothecin, another anticancer compound that can
cause leukopenia and gastrointestinal toxicity, were decreased when encapsulated
in the same system, in contrast with the administration of free camptothecin. When
both anticancer compounds, BH3-mimetic ABT-737 and camptothecin, were co-
encapsulated in a single polymeric nanoparticle, synergistic induction of apoptosis
in both in vitro and in vivo colorectal cancer models was found, decreasing substan-
tially the undesired effects in the animal model. This successful strategy to decrease
toxicity and secondary effects, enhancing the clinical efficacy of synergistic drug
combinations may be explored in future nanopharmaceutical formulations in order
to tackle that specific challenge. Another challenge where PNPs may find useful
application is as stabilizing agent of sensitive, easily degradable, biomolecules with
therapeutic action, such as proteins, genes, and nucleic acids. For example, tenfib-
gen, the carboxy-terminal fibrinogen globe domain of tenascin-C, nanocapsules
with sizes under 50 nm were used as nanocarriers to protect DNA/RNA chimeric
oligomers for tumor-directed delivery targeting casein kinase 2 (CK2) a-a xeno-
graft tumors in mice. Systemic delivery of s50-TGB-RNAi-CK2 specifically targets
malignant cells, including tumor cells in the bone, while low doses reduce size and
CK2-related signals in orthopedic primary and metastatic xenograft prostate cancer
tumors (Trembley et al. 2014; Ahmed et al. 2016). This approach may be used one
day for the design of effective and affordable gene therapy.

Several biocompatible and biodegradable biopolymers such as polysaccharides
(chitosan, carboxymethylcellulose, starch), poly(lactide-co-glycolide), polycapro-
lactone, and others have also been explored as building blocks for the design of
polymeric nanoparticles. Some of those biopolymers can be pH- or thermally sensi-
tive, allowing activation of drug releasing under specific chemical or physical envi-
ronments, improving their performance as controlled transport systems and
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protecting, at the same time, sensitive molecules with pharmaceutical activity.
Babhreini et al. (2014) prepared chitosan-tripolyphosphate nanoparticles loaded with
the lyophilized enzyme L-asparaginase II by an ionotropic gelation method; the
immobilized enzyme showed an increased in vitro half-life and good thermal and
pH stability, in comparison to the free enzyme. Loading efficiency was tuned by
changing the chitosan and tripolyphosphate concentrations. In other
approach, poly(lactide-co-glycolide) or polycaprolactone nanoparticles loaded
with a novel antiplatelet N-substituted-phenylamino-5-methyl-1H-1,2,3-triazole-4-
carbohydrazide derivative were prepared as a potential promising therapy for the
treatment of thrombotic disorders. As current commercial antiplatelet treatments
produce undesirable side effects, the use of biocompatible nanocarriers was consid-
ered for the design of better therapeutic agents. Their controlled release profile and
their in vitro and in vivo evaluation in a thromboembolism pulmonary animal model
was analyzed over 21 days, showing promising activity and low toxicity (Sathler
et al. 2014).

Other promising area using polymeric nanoparticles is focused in the treatment
of obesity and overweight. Obesity affects, along with overweight, a third of the
global population. In recent years, Leptin (Lep), an adipocyte-secreted hormone to
control appetite and thermogenesis, has been evaluated combinated with a copoly-
mer Pluronic p85 (Lep@NP85). This conjugate, administered intranasally using the
nose-to-brain (INB) route, has shown higher affinity upon binding with the leptin
receptor. Many cases of obesity are associated to a leptin resistance. The Lep@
Np85 improve not only the accumulation of the leptin as a part of the conjugate in
the animal brain, also is observed a significant weight loose. This modified form of
leptin show the same activity of the alone hormone after intranasal administration.
The LepNP85 with optimized conjugation chemistry is a promising candidate for
treatment of obesity (Yuan et al. 2017).

9.4.2 Micelles, Nanoliposomes, and Lipid-Core Nanocapsules

Micelles are spherical structures with sizes usually under 20-50 nm (liposomes are
regularly range from 100 nm to 3 pm). They are composed by amphiphilic chains self-
assembled in solution as a closed-cage because of polar/nonpolar interactions
(Fig. 9.4a, b). Usually, the internal cavity (core) is hydrophobic while the exterior
(shell) is hydrophilic (direct micelle), but they can also have a hydrophilic core and a
hydrophobic shell (inverse micelle). This duality allows micelles to be applied on the
selective solubilization of polar and nonpolar drugs, depending on the administration
route. At the internal cavity of direct micelles, small molecules, poorly soluble in
water, can be stored, protected, and stabilized by the external layer (Fadeel et al. 2012).
These versatile systems can be used for transportation and release of water-insoluble
drugs and imaging agents. They are highly stable in physiological conditions, being
able to circulate during prolonged times and accumulate in specific target sites when
functionalized with appropriate ligands in their surfaces. Nanoliposomes, on the other
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Fig. 9.4 Schematic representation of a: (a) direct micelle; (b) inverse micelle; (¢) nanoliposome;
(d) lipid-core nanocapsule

hand, are nanometric versions of liposomes. Spherical in shape, they can be produced
from natural phospholipids, cholesterol, and their derivatives (Fig. 9.4c). Most used
systems for encapsulation of APIs and for the design of controlled release systems can
be classified, according to the number and size of bilayers as multilamellar and large
or small unilamellar vesicles. Size, as well as lipid composition, determines properties
such as fluidity, permeability, stability, and structure. There are five types of nanolipo-
somes, in terms of their composition and intracellular internalization mechanism: con-
ventional, pH-sensitive, cationic, long circulating, and immunoliposomes. When a
vesicle is formed from non-ionic surfactants, it is called noisome; although their prop-
erties are close to those of a liposome, they have larger chemical stability but higher
production costs (Chekman 2010). Nanoliposomes have been successfully tested in
Food and Drug Administration clinical tests, and some of them have received authori-
zation for developing cosmetics and therapeutic agents as Daunoxome® and
Ambisome® for cancer treatment. Several amphiphilic molecules have been used for
the formation of stable micelles and nanoliposomes for nanopharmaceutical formula-
tions: polyethylene glycol lipids, pluronic, poly(amino acid)-b-polyethylene glycol
(amino acid = glutamic, aspartic), polycaprolactone-b-methoxy-polyethylene glycol,
methoxy poly(ethylene glycol)-b-poly(d, 1-lactide), chitosan grafted with palmitoyl,
and poly(N-isopropylacrylamide)-poly(vinylpyrrolidone)-poly(acrylic acid), among
several others (Fig. 9.5).

The fact that micelles and nanoliposomes improve solubility of poorly soluble
molecules, as well as protecting encapsulated substances from degradation and
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clearance, among other properties, makes them attractive for their use as nanocarri-
ers in drug delivery. They have also been explored as efficient vehicles for improv-
ing the drug’s pharmacokinetics, biodistribution, and cellular uptake, decreasing
biodegradation, inadequate tissue distribution, and toxicity. Recently, Haratifar
et al. (2014) prepared casein micelles to encapsulate epigallocatechin gallate, the
major catechin found in green tea. Epigallocatechin gallate has antiproliferative
activity on colon cancer cells, and it was shown that epigallocatechin gallate con-
taining micelles decreased the proliferation of HT-29 cancer cells in vitro. These
results indicate that protecting epigallocatechin gallate or other sensitive therapeuti-
cal molecules in a polymeric matrix may be of utility for the stabilization of sensi-
tive APIs and biomolecules, improving their biodistribution and therapeutic
efficiency. For example, the transport and release of antioxidants has an ample mar-
ket of applications, both for pharmaceutical use as well as for food fortification.
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Several potent antioxidants, as well as other useful natural molecules with benefic
therapeutic effects, have poor solubility or are unstable at physiological conditions,
many of them being prone to enzymatic biodegradation. Nanocarriers may become
an alternative to improve both their solubility and stability. Resveratrol and cur-
cumin, two polyphenols well known by their antioxidant properties, were encapsu-
lated in poly(lactide-co-glycolide) lipid-core nanocapsules (Fig. 9.3d). The in vitro
antioxidant activity against hydroxyl radicals, as well as their antioxidant release
profile improved after nanoencapsulation. Co-encapsulation of both antioxidants
was also explored, and it is a promising strategy to enhance performance when
treating diseases associated with oxidative stress (Coradini et al. 2014, 2015).
Docosahexanoic acid, an omega-3 polyunsaturated fatty acid known for its health
benefits in the development of infants, has also protective effects against H. pylori
gastric infection. Docosahexanoic acid was encapsulated in a lipid-core nanocap-
sule (average size of 302 nm) produced by hot homogenization and ultrasonication
using a mixture of commercial surfactants (Precirol ATO5S®, Miglyol-812® and
Tween 60) and showed inhibition of H. pylori growth in vitro (Seabra et al. 2017).
Rice bran oil, a natural extract obtained from the hard outer brown layer of rice (rice
husk) traditionally used to protect skin from UVB radiation damage as well as for
deep-frying cooking. UVB radiation may induce skin damage and cancer, so protec-
tion against it may help to prevent these problems. The extract was encapsulated in
lipid-core nanocapsules (medium size ~200 nm) and its ability to prevent ear edema
induced by UVB irradiation showed a 61% efficiency, reducing at the same time
oxidative stress and carcinogenesis response (Rigo et al. 2015). In a similar work,
Badea et al. (2015) developed an integrative approach against basal cellular carci-
noma. They encapsulated two anticancer drugs (5-fluorouracil, a hydrophilic che-
motherapeutic drug and ethylhexyl salicylate, a lipophilic UVB sunscreen agent) in
nanostructured lipid carriers made of bioactive squalene (50.8% w/w) obtained
from amaranth seed oil, as a chemoprotective agent. The co-loaded nanocapsules
(100 nm in diameter) were able to block UVB light efficiently, as well as to scav-
enge free radicals (70%);in vitro drug release showed sustained release of
5-fluorouracil, suggesting this system may become an effective preventive agent
against photoaging, skin cancer, and skin damage. Finally, N,O-carboxymethy! chi-
tosan nanoparticles were loaded with 5-fluorouracil and curcumin, and their in vivo
pharmacokinetics was evaluated. The loaded nanocarriers were blood compatible,
releasing the drug over a period of 4 days in a pH range from 4.5 to 7.4 and showing
good anticancer effects against colon cancer cells (HT-29) (Anitha et al. 2014).

9.4.3 Carbon Based Nanomaterials

Carbon-based nanomaterials for drug delivery are a rapidly growing field. There are
several types of carbon-based nanomaterials. Figure 9.6 shows some of the most
representative systems, such as fullerenes, graphene, carbon sponges, nanocones,
single-walled carbon nanotubes, and multi-walled carbon nanotubes, among others.
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Fig. 9.6 Some selected common nanostructured carbon allotropes: (a) fullerene, Cy; (b) two lay-
ers of graphene; (¢) carbon sponge; (d) nanocone; (e) single-walled carbon nanotube (SWCNT);
(f) multi-walled carbon nanotube (MWCNT)

Carbon nanotubes are usually formed by hexagonal open or closed networks of
carbon atoms, sometimes presenting different kinds of defects (substitutional or
geometrical) and may have diameters from 1 nm (single-walled carbon nanotubes)
to several hundreds of nanometers (multi-walled carbon nanotubes) and lengths
from 1 nm to several micrometers. Carbon nanotubes have been extensively studied
for clinical use, as they are able to penetrate easily the cell membrane, carrying
APIs. Due to their high aspect ratio, they have a large capacity for storage inside
several small molecules, and their surfaces can be easily modified to improve their
specificity, biodistribution, and biocompatibility. Their low solubility in aqueous
systems is a problem, being prone to agglomeration. Multi-walled carbon nanotubes
are potentially toxic after modifying their solubility, as they become more bioavail-
able (Hilder and Hill 2007).

The use of graphene-based nanocarriers for drug delivery applications has been
recently reviewed and discussed (Liu et al. 2013). The easiness for chemical modi-
fication of their surfaces to tune their biocompatibility and toxicity or controlling
releasing mechanisms (pH-sensitive, thermal, photo- and magnetic induction) opens
numerous possibilities for the development of efficient therapeutic and diagnostic
systems. For example, dopamine conjugated graphene oxide nanoparticles were
recently prepared and used as nanocarriers for cellular delivery of the anticancer
drug methotrexate. The loaded nanocarriers were tested in a human breast adeno-
carcinoma cell line showing significant antitumor activity and improving drug
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delivery. The design of novel nanocarrier conjugates is then a promising field of
research for the development of useful therapeutical agents (Masoudipour et al.
2017). In other work, a conjugated graphene oxide-gallic acid drug-delivering sys-
tem was recently developed by Dorniani et al. (2016) and characterized by several
analytical techniques (X-ray diffraction, Fourier transform infrared spectroscopy,
high-resolution transmission electron microscopy, Raman and Ultraviolet/Visible
spectroscopy). The nano-conjugate was able to release gallic acid in phosphate buf-
fer system at pH 7.4 in a sustainable way; in vitro evaluation against normal fibro-
blast (3 T3) and liver cancer cells (HepG2) showed good inhibitory effect on cancer
cells without affecting normal cell growth.

Carbon nanotubes have emerged as an exciting alternative for transporting thera-
peutical molecules. Functionalization of carbon nanotubes decreases toxicity and
immunogenic response, displaying a promising potential to become platforms for
drug delivery of peptides, proteins, nucleic acids, and drugs. They can be used as
components in multifunctional composites for use as theranostic agents. For exam-
ple, a composite of multi-walled carbon nanotubes and cobalt ferrite nanoparticles
has been designed for use as a MRI contrast agent. Coating the multi-walled carbon
nanotube @CoFe,0, nanocomposite with mesoporous silica resulted in increased
biocompatibility and loading efficiency. When loaded with doxorubicin, the nano-
composite showed good pH-responsive drug release within 48 h (Fan et al. 2017).
Molecules with low solubility such as curcumin, a potent antioxidant that protects
against oxidative stress-related injuries and anticancer activity, have been also
loaded in carbon nanocarriers. Multi-walled carbon nanotubes functionalized with
polyvinyl alcohol and loaded with curcumin were evaluated in vitro showing good
release performance at physiological pH (7.4-5.5); at low pH values, release
increased (25-30%) than at higher pH values (Zawawi et al. 2017).

9.4.4 Inorganic Nanoparticles

Numerous nanomaterials with different chemical compositions (magnetite, Fe;Oy;
silica, SiO,; zinc oxide, ZnO; zerovalent metals such as Ag, Au, Pt; CdS and ZnSe
quantum dots), which may present an ample variety of shapes (rods, wires, tubes,
particles, sheets) and structures (core-shell, multilayered, organically/inorganically
coated, hollow o porous, among others), have been explored as drug delivery sys-
tems (Fig. 9.7). Coupling of APIs on the surface of inorganic nanoparticles (surface
functionalization) changes the stability of the nanomaterial, as well as its biocom-
patibility. Inorganic nanomaterials can be easily chemically modified on their sur-
faces, in order to achieve more stable systems, with increased half-life, to be
exploited as drug delivery and controlled release systems (Vargas-Gonzalez et al.
2016). They are easy to modify in their surfaces and have been explored for drug
delivery, imaging, diagnosis, etc.

Metallic and metal oxide nanoparticles can act as drug nanocarriers or also as
antimicrobial agents themselves. Aside from their microbicide activity, inorganic
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Fig. 9.7 TEM images of (a) mesoporous Au@SiO, nanoparticles, (b) magnetic hollow nanopar-
ticles, (¢) Fe;O, superparamagnetic nanoparticles, (d) SiO, spherical nanoparticles (Source:
author’s laboratory)

nanoparticles may possess interesting physical properties such as magnetism, cata-
lytic activity, redox active behavior, and fluorescence, among others. These proper-
ties make them useful for the design of multifunctional nanocarriers, with great
potential for theranostic applications. The use of metal-based nanomaterials as anti-
microbials, as well as the mechanisms of action, has been discussed by Raghunath
and Perumal (2017). In particular, the toxicity of silver nanoparticles in biological
systems has been explored by several research groups, and it is a very active field;
the antimicrobial activity of silver nanoparticles and its potential use for the design
of novel nano-antibiotics has been recently reviewed (Vazquez-Mufioz et al. 2017).
For example, Marslin et al. (2015) used extracts of Withania somnifera to reduce
AgNO; and prepare a cream formulation containing silver nanoparticles with anti-
microbial activity; the cream was reported to be effective against S. aureus, P. aeru-
ginosa, P. vulgaris, E. coli, and C. albicans. This formulation may be an alternative
to the use of conventional antibiotics or for the treatment of antibiotic-resistant
pathogens (Marslin et al. 2015). Other metal oxides have been used as support for
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silver nanoparticles immobilization. Recently, hollow TiO,-coated CeO, nanocarri-
ers were prepared and loaded with silver nanoparticles and their Ag* ion releasing
performance evaluated. These systems showed excellent antibacterial activity
against E. coli, although they were also cytotoxic against a model epithelial barrier
cell type (A549 cells) (Gagnon et al. 2016). Further research on the use of silver
nanoparticles is necessary in order to avoid toxicological effects that may affect
their antibacterial performance.

Mesoporous materials, such as hollow nanoparticles, have been explored as
alternatives to carry different kind of biologically active molecules in their inner
space, becoming great choices for drug transport and delivery. Further modification
of the surface of nanomaterials, both to enhance molecular recognition of specific
targets or to attach pro-drugs that can be carried until the right conditions (pH, enzy-
matic activity) break the bond, releasing the active principle, is an active field of
research. Recently, the antitumor performance of ZnO hollow nanocarriers contain-
ing the anticancer drug PTX, against breast cancer in an animal model was reported
(Puvvada et al. 2015). The surface of the hollow ZnO nanoparticles was modified
with folate groups, improving their uptake by breast malignant cells; a drug release
efficiency of 75% within 6 h in the characteristic low, acidic, pH of the tumor micro-
environment was determined. Fluorescence of the nanocarrier increased because of
drug release, becoming thus a useful way to evaluate the nanocarrier’s performance.
This dual, pH-sensitive, and fluorescent nanocarrier may be useful for improving
chemotherapy tolerance and anticancer efficiency and to develop flexible theranos-
tic tools for both diagnostics and anticancer therapy. The development of multifunc-
tional inorganic-organic, hybrid, nanocarriers is a very exciting field.
Landarani-Isfahani et al. (2017) reported the development of magnetic nanoparti-
cles conjugated with G2 triazine dendrimers (Fe;0,@ Si0,/G2), loaded with metho-
trexate, that are pH-responsive; the chemotherapeutic hybrid nanocarrier was tested
against in vitro using MCF-7, HeLa, and Caov-4 cell lines, showing good cytotoxic-
ity. These nanocomposites were biocompatible and degradable as indicated by
blood safety analyses and could be used as effective drug carriers for anticancer
applications. In other work where dendrimers and inorganic nanoparticles were
mixed, a system consisting of polyamidoamine dendrimers conjugated with mag-
netic nanoparticles was prepared and characterized; the nanocomposite perfor-
mance as a stimuli-responsive drug carrier for thermally activated chemotherapy of
cancer was evaluated (Nigam and Bahadur 2017). When alternating current mag-
netic fields were applied to the doxorubicin-loaded formulation, a synergistic effect
on the inhibition of cervical cancer cell growth was found. These novel hybrid sys-
tems may be of interest for the development of innovative combinatorial therapeu-
tic agents.

Finally, innovative ideas on the design of inorganic nanocarriers conjugated with
bioactive molecules, such as enzymes or proteins with antiviral or anticancer activ-
ity, have been explored. First, a tyrosine kinase conjugate with gold nanorods was
prepared by Liu et al. (2017) and evaluated as potential platforms for targeted drug
delivery and photothermal tumor ablation. In the absence of laser irradiation, mod-
erate necrosis of human metastatic renal carcinoma cells in a nude mice model was
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observed; however, under irradiation, both with or without gold nanorods, tumor
necrosis improved, although irradiation in the presence of gold nanorods showed a
synergistic complete tumor necrosis. Finally, momodicas anti-HIV protein, a
30 kDa single-stranded, type-I ribosome inactivating protein with antitumor and
anti-HIV activities was encapsulated in zirconium egg- and soy-phosphatidylcho-
lines nanoparticles; the nanocarriers were characterized by transmission electron
microscopy and X-ray diffraction. The obtained nanoformulation showed positive
results in antimicrobial and anti-HIV assays, with low toxicity and good first order
releasing kinetics (Caizhen et al. 2015).

9.4.5 Dendrimers

Dendrimers are hyperbranched, tree-like structured polymers, of large size and
complexity, but with a well-defined chemical structure (Fig. 9.8). Dendrimers grow
branches from a central core. Their usual size does not exceed 15 nm, having a rela-
tively dense surface with an almost empty core, having also very low polydispersity
index, high bio-permeability and biocompatibility. These large molecules present
numerous internal voids and channels that can be used to trap host molecules
(Onoue et al. 2014). They can be used to improve solubility of APIs and have been
explored in the formulation of several controlled release systems. Dendrimers can

Fig. 9.8 Schematic representation of a dendrimeric structure. Inset shows a representative molec-
ular fragment with typical chemical groups
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be designed for multiple drug target-specific controlled release, but there are several
concerns related to their toxicity profile. According to the nature of their chemical
components, there are several types of dendrimers: polyamidoamine, poly(glycerol),
melamine, triazine, polyethylene glycol, carbohydrate, or citric acid derivatives,
among several others.

Sundry reviews on the use of dendrimers as drug carriers have been published
recently (Elkin et al. 2017; Viswanath and Santhakumar 2017; Sheikhpour et al.
2017). Dendrimers containing terminal amine groups are pH-stimuli-responsive,
becoming useful for controlled release of drugs. There are several examples of these
nanosized highly branched fractal-like macromolecules, both as pure dendrimers or
as in combination with other nanomaterials. As dendrimers can be designed to over-
come limitations that most common drugs present such as low solubility, stability,
biodistribution, or specificity, they can be tuned to be able to reach specific targets,
to avoid immune clearance, and to present reduced toxicity. Dendrimers can enter
into the cells through phagocytosis or endocytosis, improving the therapeutic effi-
ciency. The use of dendrimers containing biomolecules, such as amino acids, pep-
tides, or antibodies is an active field of research as these derivatives may be highly
effective to recognize specific targets. For example, Kim et al. (2017) prepared a
four-branched arginine-glycine-aspartic acid tripeptide (RGD) dendrimer, bound to
polyethylenimine-grafted chitosan containing a targeted gene for alpha-beta-
integrin. The dendrimer was capable to inhibit the growth of a solid tumor in vivo in
a mouse xenograft model. When mixed with other nanomaterials, multifunctional
dendrimer-containing nanocarriers can be obtained. A multifunctional dendrimer
conjugated to gold nanoparticles and loaded with doxorubicin was designed as a
novel nano-platform for pH triggered doxorubicin intracellular delivery. Exploiting
the luminescent properties of gold nanoparticles, cell internalization, and doxorubi-
cin release was monitored using confocal laser scanning microscopy, and in vitro
studies showed increased cytotoxic effect. This development could lead to the
design of a promising nanocarrier for imaging the intracellular transport of several
anticancer drugs (Khutale and Casey 2017). In other similar work, the utility of
multifunctional dendrimers to serve as molecular theranostic agents was explored
where an anionic linear globular dendrimer G2 was conjugated with an AS1411
aptamer to target human breast cancer cells (MCF-7) and deliver iohexol. The nano-
conjugated toxicity on nucleolin-positive MCF-7 cells and nucleolin-negative
HEK-293 cells was assessed by the 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide cell viability and apoptosis/necrosis assays, and in
vivo computerized tomography imaging, showing promising effects after reducing
the number of cancer cells (Mohammadzadeh et al. 2017).

The good transfection efficiency and low toxicity of dendrimers make them
promising for gene therapy and as nuclei acids carriers. Askarian et al. (2017)
reported the preparation and characterization of polyamidoamine-pullulan conju-
gate nanoparticles with sizes in the range from 118 to 194 nm. These systems
showed good efficiency as transfection agents in HepG2 (receptor-positive) and
N2A (receptor-negative) cell lines, improving delivery of nucleic acids into the liver
cells expressing asialoglycoprotein receptor with minimal transfection in
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nontargeted cells. In another work, Lee et al. (2017) recently reported a similar
system, based on a G4-polyamidoamine dendrimer containing the cathepsin
B-enzyme-sensitive sequence (glycine-phenylalanine-leucineglycine, GFLG),
which presented excellent transfection efficiency and low cytotoxicity in HelLa
cells. These dendrimer nanocarriers, with controllable sizes and architectures, low
toxicity, and improved targeting properties, may become one day an efficient nano-
carrier for gene therapy, among other applications.

Table 9.4 summarizes some of the selected examples of nanocarriers recently
reported.

In summary, there are several opportunities on the design and use of nanostruc-
tured materials for drug delivery and release. These nanomaterials may help to over-
come several of the already identified challenges associated with traditional
pharmaceutical formulations such as specificity, controlled release under specific
conditions or external stimuli, stabilization of unstable drugs or biomolecules, and
theranostic multifunctionality (e.g., imaging + diagnosis + drug transport), among
several others. Polymeric nanoparticles rise as some of the most studied systems,
but others such as dendrimers, carbon-based, and inorganic nanoparticles are also
becoming prominent and their unique physical properties make them very promising.

9.5 Challenges Associated with the Use of Nanomaterials
in Pharmaceutical Formulations

As previously discussed, the unique physical characteristics of nanostructured
materials make them very attractive for use as components in the development of
new pharmaceutical formulations. However, practical and commercial applications
should consider that chemical composition, including purity, crystallinity, and phys-
ical properties of the components, as well as their reduced dimensions that affect
directly the effective surface area, may affect not only their solubility but also their
chemical reactivity. Furthermore, the role of the surfactant agents (organic, inor-
ganic, or composite) as well as that of the chemical functions present on the nano-
material’s surface may play a decisive role not only in their stability in solution but
also in the biocompatibility and biodistribution (Fig. 9.9). Chemical or physical
interactions among nanostructured carriers and the physiological media compo-
nents (proteins, sugars, ions) will also affect the stability of the nanopharmaceutical,
as well as its drug delivery/release kinetics. In biological systems, these properties
have a big impact on pharmacokinetics and toxicity, as they affect directly the nano-
carriers’ biodistribution and effective internalization in cells and tissues
(Halappanavar et al. 2018; Juillerat et al. 2015; Gracssian 2008).

Chemical modification of the nanocarriers’ surface may be used as a way to
increase stability, solubility, or biocompatibility, decreasing the probability of clear-
ing by the reticuloendothelial system. However, physical and chemical degradation
of the surfactants may generate reactive oxygen species or yield other toxic
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Table 9.4 Selected examples of recently developed nanocarriers

Nanocarrier Challenge Solution References
Polymeric To reduce induced Small molecule B-cell Schmid et al.
nanoparticles thrombocytopenia, lymphoma 2 (Bcl-2) (2014)
leukopenia and homology 3 (BH3-mimetic
gastrointestinal ABT-737) and
toxicity in the camptothecin, with
pharmaceutical potential pro-apoptotic and
formulation antineoplastic activities.
Co-encapsulated in
PEGylated poly(lactide-co-
glycolide) nanocapsules
Polymeric Protection of DNA/ Tenfibgen nanocapsules Trembley et al.
nanocapsules RNA oligomers from | with sizes under 50 nm for | (2014) and Ahmed
degradation direct delivering to CK2 et al. (2016)
a-a’-xenograft tumors in
mice
Polymeric Controlled release of | Poly(lactide-co-glycolide) | Sathler et al.
nanoparticles an API for a long or polycaprolactone (2014)
period nanoparticles loaded with a
antiplatelet N-substituted-
phenylamino-5-methyl-1H-
1,2,3-triazole-4-
carbohydrazide derivative
Polymeric Thermal and pH Chitosan-tripolyphosphate | Bahreini et al.
nanoparticles stabilization of nanoparticles containing (2014)
enzymes for L-asparaginase II
pharmacological use
Micelles Improve solubility of | Casein micelles loaded with | Haratifar et al.
poorly soluble epigallocatechin gallate, a | (2014)
molecules and protect | compound with
from degradation and | antiproliferative activity
clearance against colon cancer cells
Lipid-core Stabilization of Poly(lactide-co-glycolide) | Coradini et al.
Nanocapsules antioxidants for food | nanocapsules containing (2014, 2015)
fortification, resveratrol and curcumin
improving drug
release
Lipid-core Protection and Nanocapsules of Precirol Seabra et al.
Nanocapsules stabilization of drugs | ATO5®, Miglyol-812® and | (2017)
in acidic environments | Tween 60 loaded with
(gastric infections) docosahexaenoic acid for
H. pylori growth inhibition
Lipid-core Encapsulation and Polycaprolactone and Rigo et al. (2015)
Nanocapsules stabilization of UVB | sorbitan monostearate as

radiation protective
agents

solid lipid-core
nanocapsules loaded with
rice bran oil

(continued)



9 Recent Advances on Nanostructured Materials for Drug Delivery and Release

Table 9.4 (continued)

351

Nanocarrier Challenge Solution References
Lipid-core Controlled release of | Squalene nanocapsules Anitha et al.
Nanocapsules lipophilic loaded with 5-fluoroacyl (2014)
chemotherapeutic and ethylhexyl salicylate
drugs and UVB

protective agents

Graphene oxide

Drug transport and
release of anticancer
drugs

Graphene oxide-dopamine
conjugate loaded with MTX
to treat adenocarcinoma
tumors; graphene oxide-
gallic acid delivering
system for growth inhibition
of liver cancer cells
(HepG2) cells.

Masoudipour et al.
(2017) and
Dorniani et al.
(2016)

Multi-walled carbon
nanotube

pH-responsive drug
delivery and imaging
agent

Multi-walled carbon
nanotube/CoFe,0,@Si0O,
nanocomposite loaded with
DOX

Fan et al. (2017)

Multi-walled carbon
nanotube

Transport of poorly
soluble free radical
protective drugs and
pH controlled release

Multi-walled carbon
nanotubes functionalized
with polyvinyl alcohol
loaded with curcumin

Zawawi et al.
(2017)

Silver nanoparticles

Alternatives to
conventional
antibiotics against
antibiotic-resistant
strains

Cream formulation
containing silver
nanoparticles; TiO,-coated
CeO, nanoparticles loaded
with silver nanoparticles

Marslin et al.
(2015) and Gagnon
etal. (2016)

ZnO

Targeted delivering,
imaging and
controlled release of
anticancer drugs

Hollow, fluorescent,
nanoparticles loaded with
paclitaxel

Puvvada et al.
(2015)

Au nanorods

Targeted drug
delivering, and
photothermal tumor
ablation

Gold nanorods conjugated
with tyrosine kinase

Liu et al. (2017)

Zirconium Protection of anti-HIV | Nanocapsules loaded with | Caizhen et al.
phosphatidylcholine | protein from momodicas anti-HIV (2015)
degradation and protein with antimicrobial
lowering of toxicity and anti-HIV activity.
Fe;0,@Si0,/ pH-responsive drug G2 triazine dendrimer Nigam and
dendrimer delivery and imaging | modified with Bahadur (2017)

system

biocompatible magnetic
nanoparticles loaded with
methotrexate

(continued)



352

Table 9.4 (continued)

L. I. Castro-Pastrana et al.

Nanocarrier Challenge Solution References
Dendrimer Targeted drug Four-branched arginine- Kim et al. (2017)
delivering for cancer | glycine-aspartic acid
treatment tripeptide (RGD) dendrimer
functionalized with
polyethylenimine-grafted
chitosan loaded with
o—p-integrin
Dendrimer pH-responsive drug Au nanoparticle dendrimer | Khutale and Casey
delivery and imaging | (Au-polyethyelene (2017)
system glycol-polyamidoamine)
loaded with doxorubicin
Dendrimer Computerized G2 linear globular Mohammadzadeh
tomography imaging | dendrimer conjugated with | et al. (2017)
and anticancer an AS1411 aptamer loaded
targeted drug- with iohexol
delivering system
Dendrimer Gene and nucleic Polyamidoamine-pullulan | Askarian et al.
acids carriers for gene | conjugates loaded with (2017) and Lee
therapy with low DNA and G4-PAMAM et al. (2017)
toxicity dendrimer-containing
cathepsin B-enzyme-
sensitive sequence
(Gly-Phen-Leu-Gly)

Fig. 9.9 Physical and

chemical factors that affect

the stability,
biocompatibility, and

toxicology of nanocarriers

used in pharmaceutical
formulations
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derivatives that may negatively affect the organism. Furthermore, the interaction of
the nanomaterials with biomolecules present in the physiological medium may
result in the formation of a biological corona on its surfaces that may drastically
affect their properties; these properties may be completely different to those of the
original nanomaterial, changing their bioavailability, toxicity, or reactivity
(Halappanavar et al. 2018; Mahmoudi et al. 2011).

Undesirable adverse reactions to some components of nanopharmaceuticals
could become a potential problem, limiting their functionality. Moreover, the large
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reactivity derived from the aspect ratio, may be responsible of some observed
adverse responses. However, as nanopharmaceuticals can be administered in low
doses, these adverse reactions may also decrease. A new discipline called nano-
pharmacovigilance must be aware of these potential hazards in order to be able to
assess the risk of nanotechnology applied to drug development and thus to design
proper risk minimization plans for nanomedicines to intervene in a timely manner
(Salas-Rojas et al. 2017).

Some recent reports on cytotoxicity, DNA damage, inflammatory responses, and
generation of reactive oxygen species, among other adverse reactions have been
observed (Holden et al. 2013; Fadeel et al. 2012). The toxicity of nanomaterials
(also known recently as nanotoxicity) is an active research field that deals with the
possible toxic effects on health of nanomaterials, when they are in contact with
human or other living organisms (Halappanavar et al. 2018; Oberdorster et al.
2005). Although currently there is no consensus on the safety or toxicity of several
commonly used nanomaterials, it is probable that their unique surface properties
derived of their small size may result in adverse effects. However, more research in
this field is required in order to better understand the risks and impacts of the use of
nanomaterials in pharmaceutical formulations (Saiyed et al. 2011).

To date, very few nanopharmaceuticals are reaching the final phases of develop-
ment of new medicines and approval for commercialization. Researchers agree that
in order to move from the bench to the bedside, several experimental challenges
need to be addressed. There is still concern about the precise control of drug release
of nanoformulations, about their biodistribution or their fate, especially when they
do not biodegrade, and, of course, their toxicity. Thus, there is consensus regarding
the need of validated and standardized protocols for early detection of toxicity and
for nanoparticle characterization using in vitro assays and appropriate animal mod-
els of disease (Mendez-Rojas et al. 2016). In vivo studies need to go in depth into
the understanding of how nanoparticles interact with target organs, tissues, cells,
and intracellular molecules, to what extent they remain stable and what is their
potential to accumulate (Hua et al. 2018; Ventola 2017; Min et al. 2015).

A close interaction between regulators, academic institutions, research centers,
and the industry can help accelerate the translation of nanomedicine efforts. In addi-
tion, through the application of the “quality by design” approach, sound science and
quality risk management can merge to achieve innovative and even disruptive
breakthroughs in new nanopharmaceuticals development and at the same time to
provide of safe, convenient, and cost-effective drugs to patients.

9.6 Conclusions

The promises and impacts of nanotechnology are expected to be bigger than the
dimensional scale where it is usually defined. Without any doubt, nanomaterials
will allow the development of novel products that overcome the different obstacles
and challenges currently found in the pharmaceutical industry for targeted drug
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delivery such as limited bioavailability, low stability, limited permeability across
biological barriers, immune surveillance, and target specificity. The development of
intelligent, implantable, and biocompatible devices that can be used for the auto-
matic administration of nanopharmaceuticals directly in the organism is an advance
that may be useful for cancer therapy, vaccination, and gene therapy or for the treat-
ment of neurodegenerative diseases. In addition, the exploration of alternative
administration routes such as pulmonary drug delivery or transdermal application of
drugs will expand the therapeutic choices for the treatment of different diseases.
The use of multifunctional materials with unique magnetic, optical, thermal, or
mechanical properties widen the possibilities for the design of theranostic systems
capable of not only carrying and delivering drugs but also to help with imaging,
diagnostics, and even therapeutic uses. However, the large-scale production of safe,
biocompatible, and economical nanomaterials suitable for pharmaceutical use is
still a limitation that needs to be solved in order to have real applications in human
health. A clear understanding of the interactions between nanoformulations and cell
components is necessary for the success of such applications. In this sense, combin-
ing computational models, bioinformatics tools, and quantitative molecular tech-
niques might allow a deeper understanding of the interaction of nanoformulations
with the cell dynamic and the biological systems. This comprehensive understand-
ing is critical, particularly with respect to potential toxicological effects.

There are still several questions and challenges in the field that need to be solved
in order to understand not only the toxicological effects of nanoformulations in liv-
ing organisms but also the environmental effects of them and the opportunities for
regulatory approval and commercialization. Nanopharmaceuticals are on the rise,
and their impact on the development of a more personalized medicine, with impor-
tant benefits for patients and physicians, is still beyond our imagination.
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