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Foreword: Nanobiotechnology Convergence  
for Drug Delivery

Convergence of knowledge offers a new universe of discovery, innovation, and 
applications. Nanoscale science and engineering field has emerged at the conflu-
ence of many disciplines and now is converging with biotechnology, medicine, digi-
tal revolution, cognitive sciences, and artificial intelligence. “Converging 
technologies for improving human performance” (http://www.wtec.org/
ConvergingTechnologies/Report/NBIC_report.pdf, 2003) and “Nanotechnology 
convergence with modern biology and medicine” (Current Opinion in Biotechnology, 
2003) have been recognized as most challenging and promising domains in the field 
from the first years of National Nanotechnology Initiative (www.nano.gov). Now, in 
2018, nanobiotechnology and nanomedicine are leading research areas of nanotech-
nology with large economic and societal implications worldwide.

Targeted drug delivery using nanoparticles has attracted a broad interest from the 
scientists as well as clinicians as an effective treatment with limited secondary 
effects. Surface of nanoparticles is key in the recognition of the target and efficient 
delivery of the drug. Nanoparticulate drug delivery systems are especially promis-
ing when using natural and synthetic polymers. Despite significant advances, there 
are still a lot of open questions and barriers in the safe and efficient implementation 
of such drug carriers.

The surface characteristics of the nanoparticles play an important in developing 
efficient delivery systems, in many cases even more important than the nanoparticle 
core of itself. Nanoparticles for therapeutic applications should be biocompatible, 
nontoxic, and non-detective by immune systems and induce few side effects. 
Typically, the size of nanoparticles is defined between 1 and 100 nm, domain that 
may be extended as a function of the presence of nanoscale properties and phenom-
ena. It was found that if the surface of the nanoparticles is modified by hydrophilic 
polymer or other means, the respective particles remain in the circulation for longer 
time and can avoid uptake by reticuloendothelial system. They finally can reach the 
site of action of specific target organs, tissues, or cells. Many scientists have found 
that the functionalized nanoparticles with specific ligands which have high affinity 
to the disease site can be used as site-specific or targeted drug delivery systems. 
The functional ligand attached to the surface of the nanoparticles can guide the drug 

http://www.wtec.org/ConvergingTechnologies/Report/NBIC_report.pdf
http://www.wtec.org/ConvergingTechnologies/Report/NBIC_report.pdf
http://www.nano.gov
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 carrier to the desired site such as specific tumor in relation to cancer. The impor-
tance of surface modification of nanoparticles for better therapeutic efficacy has 
been demonstrated in increasing the particle interaction with the targeted tissues 
and has become a highly promising strategy.

The editor of this volume, Yashwant Pathak, has selected a diverse and represen-
tative collection of 25 contributions written by leading authors and scientists in the 
field of surface modification of nanoparticles. It covers understanding of the surface 
modification of nanoparticles and its use in the targeted drug delivery, as well as 
functionalization of lipid nanoparticles for site-specific drug delivery systems. 
Several chapters are focused on disease-specific targeting such cancer, lung cancer, 
intracellular infections, and surface modification of liposomes and brain targeting.

The volume presents a diverse collection of opinions and ideas expressed by 
leading scientists, engineers, medical researchers, and educators in the field. The 
contributions integrate various perspectives and underline the importance of nano- 
biomedical convergence. I encourage the readers to explore the interesting points of 
view, methods, and trends assembled in this well-documented collection of research 
works.

Mihail C. RocoNational Science Foundation, Alexandria, VA, USA

National Nanotechnology Initiative, Alexandria, VA, USA

Foreword: Nanobiotechnology Convergence for Drug Delivery 



ix

Preface

Nanotechnology is a very broad interdisciplinary area of science leading to vast 
areas of research and applications, thousands of new product development and 
improvement of existing products, and a significant intellectual property develop-
ment and industrial activity. Nanoparticles are the end product of a wide range of 
chemical, physical, or magnetic interactions and biological processes leading to 
very small particles mostly in submicron range and with new definitions by FDA 
within the range of 1–100 nm.

Nanoparticles provide many advantages especially when used for medical appli-
cations. Particle size and surface characteristics can be easily changed to suit the 
requirements for the delivery of the drugs. The drug release can be controlled and 
localized and can be easily transported to the site of action. Drugs which are highly 
hydrophobic in nature can be modified to hydrophilic properties and hydrophilic 
drug can be made hydrophobic as per the needs and applications. Site-specific tar-
geting can be achieved using appropriate antibodies and targeting ligands to the 
surface of the nanoparticles. Best part of the nanoparticle application is it can be 
used for a variety of routes of administration such as intravenous, nasal, oral, and 
transdermal and so on.

There are limitations in the applications of nano-materials because of their 
restricted interactions with different solvents and body constituents and compart-
ments when delivered in the living body. Surface modification of nanoparticles can 
improve the interactive properties of the nano-materials to suit their applications in 
different scenario.

Surface properties of the nano-materials decide how it will interact with other 
materials as well as in body systems when delivered in vivo. The main purpose of 
surface modification of nanoparticles based on its application is to offer hydro-
philic, hydrophobic, conductive, or anticorrosive properties to the nanoparticles for 
specific applications.

Another possibility is to develop multifunctional hybrid coating to the nanopar-
ticles so that these can be used as targeted drug delivery systems. Functionalized 
nanoparticles have applications in many different areas including engineering, 
biomedical, nanomedicine, and so on.



x

Functionalization of nanoparticles also helps in stabilizing the nanoparticles and 
provides specific size and shape and receptor affinity. It can also prevent the aggre-
gation of colloidal nanocrystals and create many sites on the nano-surface to attach 
necessary ligands to target the nanoparticles.

This book consists of several chapters addressing various aspects of surface 
modification of nanoparticles. Chapters 1–4 discuss about understanding the sur-
face characteristics of nanoparticles, surface modification for targeted drug delivery, 
surface modification of PLGA nanoparticles, and functionalized lipid nanoparticles. 
Chapters 5–8 discuss various ways of surface modifications for cancer application 
of nanoparticles using appropriate techniques. Remaining chapters cover various 
aspects of nanoparticle surface modification for versatile application in targeting the 
drug to the site of action.

Overall, I expect that this book will be a very good reference source for academi-
cians, industry experts, and more importantly the students of nanomedicine. This 
book can also be used as a resource for teaching the graduate classes where nano-
technology applications in medicine are discussed.

This book was an effort of many scientists and chapter authors who have submit-
ted the quality work in record time so we could get the book out in very short time. 
My sincere thanks to all the authors who have contributed to this book.

The Springer group has always been supportive of new projects especially Ms. 
Carolyn Spenser who has been very appreciative of my efforts to come up with new 
ideas and book projects. Many people from Springer have worked very hard to 
make this project happen, and I have no words to express my feelings for their hard 
work to get the book out.

My university and our Dean Kevin Sneed of the College of Pharmacy, at the 
University of South Florida, and my colleagues here are very supportive of my 
adventures in book publishing.

Without the support of my family nothing can happen, as this work is in a way 
an encroachment on their time, but they have been always very considerate toward 
my academic activities.

I think we tried our level best to make this a very good resource, but inadver-
tently if any mistakes left unattended, kindly do inform me immediately so I will be 
able to update in the second edition.

Tampa, FL, USA Yashwant V Pathak 

Preface
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Chapter 1
Understanding Surface Characteristics 
of Nanoparticles

Ashley Oake, Priyanka Bhatt, and Yashwant V Pathak

Abstract Nanoparticles are widely used in many fields of research due to their 
versatile nature. They can be defined as a particle that is microscopic in size, around 
1–100 nanometers and due to their size possess a set of quantum properties unlike 
bulk material. Individual spherical nanoparticles would be considered zero 
dimensional, while nanowires, nanotubes, and nanobelts are categorized as one 
dimensional. Thin filaments (nanodiscs, nanosheets, nanomembranes, and 
nanoplates) are composed of nanomaterial and larger compounds, so it is categorized 
as two dimensional. These particles can be classified through structure analysis 
(electron microscopes and X-ray diffraction) and property management (X-ray 
spectroscopy and photoluminescence/fluorescence). Two methods of preparation of 
nanoparticles include “top-down” and “bottom-up” approaches, which can be 
further divided into gas, liquid, and solid phase synthesis. Nanoparticles are mainly 
used in biological applications which include nanosensors, drug delivery, and tissue 
engineering, but also can be found in cosmetics, electronics, and automotive 
industry.

Keywords Nanocarrier · Targeted drug delivery · Drug delivery · Surface 
modification
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1  Introduction

The use of nanoparticles in the field of pharmaceutical research has vastly grown 
due to their versatile nature. Nanoparticles can be defined as a particle that is 
microscopic in size, around one nanometer, and can be found naturally or 
manufactured to be used in research. Because they are larger than an atom, but small 
enough to not be affected by the physical laws they can be manipulated to specifically 
target unique structures [1]. Examples of particles having size in nano range and 
found in nature can be metals, proteins, polysaccharides, and viruses that can be 
formed by natural disasters and environmental events including wildfires and 
erosion [2]. The use of nanoparticles can be tracked back thousands of years with 
the use of clay in ceramics or metal nanoparticles for color pigments [2]. Gold and 
silver nanoparticles were used to make different forms of glass, including the 
Lycurgus Cup, in Rome as early as the fourth century. Depending on the direction 
and the angle of the light, the glass produces different optical properties due to the 
size of the nanoparticles. The gold nanoparticles gave it more of a red tint and silver 
resulted in a yellow color.

Nanoparticles were first discovered by Richard Feynman where he presented his 
findings on December 29, 1959, in a lecture titled “There’s plenty of room at the 
bottom.” He discussed the possibility of manipulating molecules and atoms at a 
molecular level. At this scale, gravity would no longer be a factor, but Van der Waals 
attraction would be of importance. Feynman wanted to create “molecular machines” 
that could build new molecules at an atomic level. Although this discovery influenced 
many fields of science, the term nanotechnology was not used or strongly studied 
until the 1977 when Eric Drexler brought the concept to MIT. The Foresight Institute 
was established in 1986 to focus on studying transformative technology, specifically 
nanotechnology. They gave away the “Feynman Prize in Nanotechnology” 1993 to 
Charles Musgrave of Caltech for his study with hydrogen abstraction tools. This 
award is now given away every year to individuals who show advancements in 
nanotechnology towards the creation of these “molecular machines” [3].

Nanoparticles can be very easy to manipulate due to their very high surface area 
to volume ratio and within this range of size, particles tend to have more atoms on 
their surface than in their interior. This ratio changes the way they interact with 
other materials and gives them quantum properties. Diffusion of these particles is 
very high, especially at higher temperatures, and they tend to have lower melting 
points. The size of these particles are one nanometer to one thousand nanometers so 
they are anywhere from the size of an antibody to the size of a virus [3]. Nanoparticles 
can be classified as hard or soft depending on the material that is used. Hard 
nanoparticles are composed of materials including titania or silica and soft 
nanoparticles are composed of lipids. More research has been focused on the use of 
these particles in medicine due to their ability to improve the efficiency of a drug 
delivery. Even though less material may be used, the particles tend to be more 
reactive [4].

A. Oake et al.
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Advances in medicine have promoted the use of nanoparticles because of this 
manipulative ability. Nanocarriers are nanoparticles, usually of polymeric materials, 
used to carry a drug or a target agent. When these nanocarriers are able to carry 
multiple agents or drugs they are referred to as a nanovector [3]. Adding different 
layers can create a multifunctional nanoparticle to target different functions of the 
body [5]. With the discovery of any new molecular substance that could be used in 
medicine, there is a long new drug development that must take place to get it 
approved. First it is evaluated on all of the physical and chemical properties it 
exhibits to determine its direct absorption in the body. This process can take 
anywhere from 1 to 2 years where everything from solubility to protein binding are 
tested and recorded. The toxicity and safety of the drug are both tested in the 
preclinical evaluation with comparable animals which could take 2 to 3 years to 
complete. After this process is completed, the investigational new drug application 
is submitted for approval. With the approval, it is legal to start preforming clinical 
trials on humans which could take up to 8 years to complete. A new drug application 
can be submitted so it will officially be on the pharmaceutical market [3].

Depending on the size of the nanoparticles, applications involving medicine or 
biology are but not limited to: tissue engineering, drug and gene delivery fluorescent 
biological labels etc.. In order for these actions to happen, a bioinorganic interface 
needs to be added to the nanoparticle to act as a coating [5]. The distribution of the 
nanoparticles throughout the body is determined by the size because only 
nanoparticles with a diameter smaller than 200 nm can pass through blood vessels. 
With intravenous injections and subcutaneous, different tumors and cancers can be 
passively targeted. Imparting charge to a particle will also affect the uptake and 
distribution [2]. Nanoparticles also have many different applications other than 
medicine including electronics, laser technology, solar energy conversion, and 
everyday objects including tires. Nanowires are used in molecular electronics to 
create an improved coating in order to enhance the quantum effects. They also act 
as inorganic fillers in tires to reinforce the rubber structure [4].

Nanoparticles can be divided into three categories: zero, one, and two dimen-
sional. Individual spherical nanoparticles would be considered zero dimensional 
and nanowires, nanotubes, and nanobelts are one dimensional. Zero dimensional 
structures can be a variety of shapes from spheres to cubes and are under 100 
nanometers in every measurement. One dimensional structure are long hollow 
structures with a diameter under 100 nanometers. Thin filaments (nanodiscs, 
nanosheets, nanomembranes, and nanoplates) are composed of nanomaterial and 
larger compounds, so it is categorized as two dimensional. Two dimensional 
structures are flat along a polygon shaped surface with thickness in the nanoscale 
measurement of 1 to 100 nanometers. Due to the size of every dimension, every 
category of material has a variation of abilities. The specific properties of the 
nanomaterial, which could be conductivity, are determined by many aspects of the 
materials including chemical composition, measurements of the particle, and crystal 
structure. The electrical activity of these particles can be affected by minuscule 
changes, which allows the production of single electron devices. Removing or 

1 Understanding Surface Characteristics of Nanoparticles



4

adding atoms to a nanoparticle can directly impact the amount of conductance 
channels which change the electrical ability of nanowires. This advancement has led 
to the applications of nanocrystal biotags, nanocrystal solar cells, and quantum dot 
lasers [6].

2  Characterization of Nanoparticles

Nanoparticles possess what is referred to as quantum properties due to their very 
high ratio of atoms on the surface compared to the interior of the particle. They are 
not governed by the same laws as larger matter, so they are not influenced by gravity, 
but forces like Van der Waals. Their unique chemical and physical properties cause 
them to exhibit much lower melting points and have a higher level of reactivity. 
Smaller nanoparticles tend to produce much lower wavelengths compared to those 
of greater size. The strength, color, and size of the particle will depend predomi-
nantly on the material used during synthesis. Nanoparticles are directly character-
ized by the physical and chemical properties and this characterization is especially 
important when dealing with nanomedicine and the classification of a newly formu-
lated drug [3].

Structure analysis is a method of classifying nanoparticles with the use of micro-
scopic techniques to observe surface characteristics. X-ray diffraction, transmission 
electron microscopes, scanning electron microscopes, and atomic force microscopy 
can all be used to determine the structures of a nanomaterial being studied. Property 
measurement is another method that concentrates on analyzing the exact composition 
and properties of the material through the use of X-ray spectroscopy and photolumi-
nescence/fluorescence. X-Ray spectroscopy can help determine the binding energy, 
properties of core electrons, bonding information, and oxidation states in metals. 
Another form of analysis is electron paramagnetic resonance spectroscopy, which 
study compounds with unpaired electrons and by manipulating the alignment of these 
electrons a g-factor will give information on the properties of the compound [6].

2.1  Electron Microscope

The first microscope invented that gave scientists the ability to view these particles 
was the electron microscope, which was developed by physicist Ernst Ruska in 
1931. Instead of light beams, the microscope manipulates electrons to create a high- 
resolution image on a fluorescent screen of their path. Transmission electron 
microscopes are widely used for many forms of research in this field. The cathode- 
ray device that was experimented with by Joseph John Thomson in 1897 greatly 
influenced this discovery. These rays were focused using multiple electron lenses in 
a vacuum to increase magnification [7]. An illumination system generates a wide 
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parallel beam of electrons using a thermionic or field emission source. The 
thermionic emission source heats either tungsten or lanthanum hexaboride compared 
to the field emission source that uses high voltage to create a beam of electrons. 
Field emission sources create a much higher density beam due to the voltage and 
may produce a higher resolution image [3]. Electron microscopes now have a spatial 
resolution of 50 picometer, which is one trillionth of a meter, compared to the 
distance between atoms which is 200 picometer [8].

An electromagnetic condenser lens focuses the beam with a very small focal 
length to bend the path and then it travels into a chamber that is sealed by O-rings. 
The beam strikes the object by passing through it and then arrives at an objective 
lens that diffracts the beam to be captured by a projector lens. The projector lens 
creates an image on a fluorescent screen that is black and white [7]. Multiple 
projector lenses can be used to magnify an image up to 1.5 million times with a 
TEM [3]. The lighter areas indicate higher exposure to electrons in a less dense area 
of the specimen and the darker areas indicate a denser area of the specimen that 
electrons had a more difficult time passing through [7]. A high degree of resolution 
in these images is due to the fact that electron waves are 100,000 times smaller than 
light waves used in compound light microscopes. When preparing a sample to be 
observed it is important that the electrons have the ability to pass through the object. 
The material needs to be exceptionally thin for the voltage that is used, which is 
around 120 and 300  kV with a TEM.  To obtain the basic information from the 
sample, staining agents need to be used to observe many optical properties [3]. 
Heavy metal salts, including phosphor-tungstic acid and uranyl acetate, are the most 
efficient agents to use on a carbon support film [9].

Scanning electron microscopes are very similar to transmission electron micro-
scopes but have a much finer beam maintained in a vacuum. The object being mag-
nified gives off secondary electron currents from the surface layer due to the 
excitation of electrons [7]. Emitted secondary electrons or backscattered electrons 
are then used to construct an image of the object [8]. Scanning coils allow the micro-
scope to scan the entire image horizontally along an x- or y-axis or vertically along 
the z-axis, whereas in TEM that is not possibly due to the stationary set up. The 
beam also has the ability to rotate 360° or be tilted at an angle. The material used, 
energy of the beam, and incident angle all will determine the depth of the beam in 
the material [3]. This microscope was not invented until 1965 due to the complexity 
of transforming these electron currents into a three-dimensional image [7].

2.2  X-Ray Diffraction

X-ray diffraction is mainly used to observe the crystalline structure and atomic 
arrangements of nanomaterials. They have no contact with the specimen and their 
wavelength is about 1  Å, which is about 10−10  m, so they are nondestructive. A 
collection of materials is compared to the diffraction pattern produced to determine 
the specific compounds present in the specimen. Information recorded about time, 
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pressure, and temperature can be used to calculate properties including phase 
transitions and solid-state reactions [6]. When observing the material, the back focal 
plane of the objective lens will show spots or rings referred to as electron diffraction 
patterns. These patterns are a result of parallel and coherent beams having 
interference by refracted electron waves from surrounding sources. This pattern can 
be viewed on a magnified screen or CCD camera with the addition of a selected area 
electron diffraction aperture to differentiate different regions. Atomic scale order 
can be determined from the pattern, such as if it is polycrystalline or single- 
crystalline and the grain morphology. Convergent beam electron diffraction creates 
wider spots that include a variation bright and dark spots to analyze the thickness of 
the specimen and chemical bonding [8]. Electrons emitted from the specimen after 
the initial beam can retain all of their energy and return to the vacuum in a process 
called back scattering or elastic scattering. Inelastic scattering occurs when these 
electrons lose their energy and it is transferred to a group of secondary electrons 
which transport to the vacuum or are absorbed into the specimen [3].

2.3  Infrared/Visible Spectroscopy and Photoluminescence

Spectroscopy is a property measurement method that specifically measures the 
absorption levels of different nanomaterials. Infrared spectroscopy used infrared 
light to identify chemical bonds and functional groups, which can indicate structural 
behavior and properties. This method can be used to measure the amount of CO2, 
water, and hydrocarbon contamination due to the formation of carbonate by metal 
oxides. Visible spectroscopy is also referred to ultraviolet visible spectroscopy due 
to the fact that it uses a range of visible light on the electromagnetic spectrum. 
Absorption measures the change in electronic transitions when pi or nonbonding 
electrons absorb energy, mostly from ground state to excited state. This method can 
help determine the presence of semiconductor nanostructured materials, the 
concentration of organic molecules, and protein stability/activity in the solution. 
Spectroscopy only requires a small amount of sample mixed into a liquid solution, 
which can be recovered after testing [6]. Quantitative analysis of the concentration 
of the solution is directly related to the Beer–Lambert law that states that change in 
light absorption is directly proportional to the change in concentration. If the initial 
concentration and wavelength of a solution are known before a reaction, the 
wavelength after the reaction can be used to calculate the final concentration [10].

After the excited electrons from the absorption techniques undergo relaxation, 
they return to a stable ground state and instead of absorbing energy, they release light 
energy. These relaxation times vary depending on material used and may last any-
where from fractions of a second to hours. In most cases, the energy that is emitted 
during this relation is less than the energy that was absorbed during the excitation 
process. Where this light falls on the spectrum and its intensity indicate the properties 
exhibited and the quality of the material/impurities can be determined by the emis-
sion transitions. This technique is mainly used for determining the exact composition 
of the material, but also gives some information on energy level coupling [6].
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3  Synthesis of Nanoparticles

In order to synthesize nanoparticles with specific functions, they are required to be 
composed of multiple layers including a surface and internal structure. Unlike most 
bulk materials, the surface layer of the nanoparticles is most active and can be modi-
fied by different compounds to exhibit specific properties. The internal structure is 
made up of a monolithic matrix and core, which can be made of a multitude of com-
pounds and layers held together by covalent and hydrogen bonding. In certain condi-
tions, these layers can be hollow or just a medium. When the core of the nanoparticle 
is unfilled it is referred as a hollow particle, but if one of the layers in the matrix is 
unfilled it is referred to porous. Liposomes are usually filled with an aqueous phase 
in order to help dissolve drugs in certain pharmaceutical applications [11]. Other 
hollow materials may be used for catalytic support, thermal insulators, and micro 
vessels. Core–shell nanoparticles are made up of separate materials, which can be 
organic or inorganic. These materials may have different properties and can produce 
multifunctional nanoparticle. Coating specific cores with a shell made of a different 
material aids in creating a more functional and stable particle [12]. Depending on the 
application, the nanoparticles have to be permanently connected or may have the 
ability to be deconstructed to reassemble for a different use [11].

Organic nanoparticles need to be synthesized in a moderate temperature, pres-
sure, and pH compared to inorganic nanoparticles which can be synthesized in 
harsher conditions if needed [3]. Inorganic particles with inorganic shells mostly 
contain either metal oxides or silica and are the most widely used form used due to 
the multiple applications. This category can be used for bio-imaging, biological 
labeling, information storage, and catalysis. Adding silica to these particles reduces 
conductivity, increases stability, and does not affect the surface reactions so 
inorganic material is not difficult to study. This silica coating is usually paired with 
a silver or gold core through the Stöber method synthesis. A precursor and water are 
added to an alcohol solution to create a precipitate, which then bonds together to 
create these particles. Particles with gold metal oxides instead of silica exhibit 
magnetic properties, have increased stability, increased biocompatibility, and optical 
properties. Inorganic particles with organic shells mainly use a polymer shell that 
increase biocompatibility and oxidation stability. With this organic shell, the forces 
between particles can be controlled to prevent too much clustering. Organic particles 
are very similar to the former, but the organic center creates a more flexible and 
strong particle for applications involving paints or microelectronics. This 
combination can also be used to make hollow particles [12].

Organic particles with organic shells are mainly used for drug delivery, biomate-
rials, catalysis, bio sensing, and many other biological applications. These particles 
have a special property referred to as glass transition temperature, which is the 
temperature at which these particles are stable. When particles fall under this they 
reach a state where they are too brittle and lack a tough coating, but they acquire a 
film-forming ability. Specific polymers can be used in drug delivery due to their 
biodegradable nature and also can determine how fast the drug is released. Inorganic 
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materials can be placed on these outer coatings for more efficient bonding with 
adjacent particles [12].

Two methods of preparation of nanoparticles have been presented to the public 
over the years which include “top-down” and “bottom-up” approaches. The top 
down approach follows the theory of molecular machines that manipulate smaller 
amounts of matter to build these nanoparticles, which is just reducing larger 
particles. These methods are mainly used to make inorganic nanoparticles due to the 
fact that the product may not be 100% pure [3]. Lithography and ion beams are two 
of the mainly used application in this category [13]. Bottom up synthesis involves 
the atoms and molecules coming together to form the particles in a medium. Most 
of the methods used today to produce such materials follow the bottom up approach 
and can include chemical synthesis, chemical vapor deposition, microemulsion, 
hydrolysis, and thermal decomposition [3]. This approach has proven not only to be 
more cost effective, but also produces smaller, more precise nanoparticles. 
Depending on the desired product, the top down approach can be used to produce 
the core and the bottom up approach can be used to coat the particle in a separate 
material [12]. Synthesis can take place in a liquid, gas, or vapor phase but the gas 
and vapor phases will produce smaller nanoparticles. The liquid phase will contain 
milder conditions for the nanoparticles, but the size will depend on the chemical 
reaction or phase separation of the solution used [3].

3.1  Gas-Phase Synthesis

Gas phase synthesis usually occurs when a gas or solid that has been evaporated 
reforms on substrate through condensation and then the formation of a solid or 
semisolid. This vapor is required to be super saturation for the synthesis of these 
particles, which can be accomplished through many applications. Methods in this 
category usually happen in very high temperatures and a controlled pressure 
environment [6].

Physical vapor deposition (PVD) can be categorized into either thermal evapora-
tion, Rf sputtering, and pulsed laser deposition. During thermal evaporation, a 
source material is heated in an ultra-high vacuum until it starts to evaporate and 
settles onto a substrate. Rf magnetron sputtering uses capacitive plates and magnetic 
coils to remove atoms at a lower pressure [6]. This is done by manipulating high 
energy ions to target the source material and remove the neutral particles and 
redeposit them on the substrate [14]. There are four categories of this which include: 
ion-beam sputtering, direct current, radio-frequency, and magnetron [6]. Pulsed 
laser deposition uses a laser beam to disrupt a target material until it evaporates to 
form a vapor plume and reforms onto the desired substrate [15]. When this plume 
interacts with the substrate, it creates a crystalline film [6]. This method has the 
ability to synthesize films with multiple compounds and create metastable materials, 
which are materials that are able to transform over time [16].
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Chemical vapor deposition (CVD) is very similar to the PVD method with the 
addition of a gaseous reactant. Compared to other methods it is extremely versatile 
and precise, so it can be used to make semiconductors and microelectronics [15]. 
This method can be classified into many types which include thermal CVD, low 
pressure CVD, plasma enhanced CVD, metal-organic CVD, molecular beam epi-
taxy, and atomistic deposition [6]. Atomistic deposition provides a high level of 
control with the material which can lead to create pure materials for coating and 
nanodevices [15]. It has the ability to create thin films due to the splitting of the reac-
tion into halves [6]. Molecular beam epitaxy uses thermal molecular beams with an 
ultra-high vacuum to evaporate a source material and deposit it on a substrate to 
create epitaxial growth [17]. The pure elements being used in this are kept in quasi-
Knudsen cells due to their temperature control. The most common materials used in 
this method are gallium and arsenide. Thermal, low pressure, plasma- enhanced, and 
metal organic methods are all very similar as they all happen at low pressure and 
include evaporation. Thermal and low pressure both occur at high temperatures 
about 900  °C compared to plasma-enhanced which occurs at lower temperatures 
around 300 °C with the addition of plasma for thick films. Metal- organic precursors 
can be added to create thin films and one-dimensional nanomaterials [6].

Specialized furnaces can be used to vaporize a source material in the presence of 
an inert gas. The temperature for this method can reach 1700 °C but may be limited 
by the containment unit used to hold the material. After reaching such high 
temperatures, the vapor is condensed with a cooling process to form the desired 
nanoparticles. Adding the source material to a flame can be used to produce these 
particles, but this method is not as precise and does not produce pure particles. It is 
performed at high temperatures up to 2000 °C and leads to oxygenation of most 
materials used. Coating these particles in different elemental compounds can help 
prevent this oxygenation and produce pure particles [18].

3.2  Liquid-Phase Synthesis

Liquid-phase routes are a useful method to develop inorganic nanoparticles, which 
include products like gold. A citrate route was discovered by Turkevich which uses 
gold chloride, sodium citrate, and water. It produces spherical gold nanoparticles as 
the sodium citrate acts as a reducing and stabilizing agent in a water solvent [2]. The 
hot injection method produces instantaneous nucleation by injecting an 
organometallic cold precursor into a hot solvent, which in turn produces CdSe, CdS, 
and CdTe quantum dots. This method was developed in 1993 by Murray, Norris, 
and Bawendi in order to produce smaller particles of higher quality that are kept 
under isothermal conditions. The specific temperature used for this method does not 
greatly affect the nanocrystal’s size due to the short reaction time [19].

A colloidal solution occurs when a substance is dispersed in a solution but is 
unable to dissolve in that solution [20]. This method is generally used to make 
inorganic particles with an organic coating or outer shell on them. Versatility is a 
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main factor on the considerable use of this method as it can be used to synthesize 
particles for many applications including biomedicine and optoelectronics [6]. A 
precursor that is primarily organometallic or inorganic salts is added to stabilizing 
molecules, which are then heated to higher temperatures to dissociate the precursor. 
This leads to nucleation of the products which are then injected into a separate 
solution to control the reaction. Surfactants bind to these newly formed nanocrystals 
and determine the surface characteristic, size and shape. Compared to other methods, 
colloidal synthesis is not expensive and easy to carry out to produce optically active 
particles that have the ability to form thin films and other two-dimensional 
nanomaterial [20].

Sol–gel methods involve the process of my steps to form a cell that can be dehy-
drated to form metal oxide nanoparticles. Metal precursors are hydrolyzed to form 
a colloidal solution similar to the method above, but then form wet porous gel. This 
product is left out until the solvent has completely separated from solid product 
which is converted to Xerogel or Aerogel. Aqueous sol–gel methods involve the 
addition of water and are primarily used to create bulk materials. Due to the high 
reactivity of the metal oxides and water, this method has shown some difficulties 
with controlling the procedure. Nonaqueous sol–gel methods involve organic 
solvents instead of water and are more precise in their nature, so this method is 
favored in the synthesis of smaller nanomaterials and powders [21]. This gel product 
can undergo high temperatures to be transformed into glass products, ceramic fibers, 
thin film coatings, and other gel like materials [6].

Water-in-oil microemulsions are synthesized using a hydrocarbon fluid colloidal 
solution and water, which with the use of surfactant, creates small aggregates of 
molecules. These micelles are in a reverse form than the ones usually formed in 
water with their polar groups pointed inwards because they are formed in oil. When 
these particles are formed, the surfactant polar molecules are pulled towards the 
core while the hydrocarbon nonpolar chains are on the outside [22]. According to 
the Brownian motion theory, these particles are constantly moving and colliding in 
a random fashion. These particles mix and exchange material to form new particles 
and then dissociate again [23]. The energy triggering method involves creating a 
reaction though the involvement of reactant precursors which triggers the reaction. 
A second method is referred to as one microemulsion plus reactant, which instead 
of a precursor, a reactant itself is just added to the solution with a second reactant. 
After this, a precipitating agent is added to create the final product [22].

Supercritical hydrothermal synthesis is a method that uses water at the super 
critical temperature to create nanoparticles [24]. This could also be categorized as a 
solvothermal synthesis but is more precise in the material it produces [6]. 
Nanocatalysts are added to solution with a precursor and a reagent to synthesis 
crystals that undergo a nucleation process. Along with the catalysts already added, 
water can also act as a catalyst. At this temperature, because water is close to 
evaporating, the components are more likely to evenly dissolve in the solution [24]. 
This process is performed in an enclosed unit, like an autoclave, with a stable 
pressure which determines the density of the product. Most of the products 
synthesized with this method are one-dimensional structures or further used for 
ceramics [6].
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3.3  Solid-Phase Synthesis

The solid-phase method focuses the grinding and milling of larger matter into 
smaller particles, which is referred to as ball milling. This matter is placed in a 
cylindrical vessel that rotates with the help of steel ball grinding mediums. Impact 
from the balls, vessel, and other particles break the material up into smaller 
nanoparticles [25]. Materials like metals with a face centered cubic crystal structure 
are not stable enough to undergo this method under normal conditions, so they must 
be synthesized with the use of hydrogen to prevent softness [6]. This method 
produces metallic particles in bulk but does not have the same high quality as other 
methods do [25]. In mechanical attrition, energy is added to coarse grained powder 
to reduce the grain size by a factor of 103 [26]. The main devices used are attrition 
mills which spin on a vertical axis, a horizontal mill which spin on a horizontal axis, 
1D vibratory mill that shakes up and down with a large steel ball, a planetary mill 
that includes a spinning plate with small containers that are also spinning in the 
opposite direction, and a 3D vibratory mill that shakes in all directions [27]. These 
particles exhibit higher atomic internal strains, enthalpy, and specific heat due to 
high-angle grain boundaries [26].

4  Applications of Nanoparticles

Due to the versatility of inorganic and organic nanoparticles, there are many appli-
cations that these materials are involved in. In medicine, nanoparticles can be 
involved in protein detection, gene delivery, and biological labels. Nanoparticles are 
similar size to most protein and have a biological layer that makes them suitable for 
biological tags. The many biological tags can have functions including fluorescent 
signaling, shape recognition, biocompatibility, linkers, protective layers, or antigen 
detection [5]. Ligands including peptides and antibodies are covalently bonded to 
nanoparticles, so they can actively target cells. This can lead to higher concentrations 
of the drug being delivered and easier detection of the targeted cells [28]. Tumors 
can be passively targeted with polymeric micelle nanoparticles that are specifically 
synthesized for the increased vascular density of the tissue [29].

Nanoparticles can also be used as sensors in the body to detect change in cellular 
functions. Magnetic biosensors, which are magnetic nanoparticles that contain anti-
bodies, can be used to detect specific pathogens in the body and trigger the body’s 
immune system to react. Using a microfluidic device, these detected molecules can 
be removed from the body and could be utilized for drug-resistant bacteria [30]. The 
Weissleder group at MGH Center for Systems Biology has developed a system that 
uses nucleic acid probes to specifically detect 16S rRNA in bacteria. This is only 
found in bacteria, so this system is very precise in detecting even trace amounts in a 
small portion of blood [31]. These sensors can not only detect nucleic acid but dif-
ferentiate in peptidoglycan walls as well. With the addition of quantum dots, these 
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metallic sensor nanoparticles can exhibit optical bio-sensing, which is just an ampli-
fication of the sensing activity. Quantum dots are small semiconductor particles with 
high efficiency and optical properties. These nanoparticles can differentiate between 
two bacteria with thick peptidoglycan walls and double-stranded DNA, which they 
could not do without the use of quantum dots [30].

4.1  Drug Delivery

Most of the drug delivery research is currently focused on the detection and treat-
ment of cancer cells [30]. Cancer cells can be identified using an immune- magnetic 
technique which targets a positive epithelial cell adhesion molecule. This cell search 
system uses iron nanoparticles that are coated with biotin and anti- epithelial cell 
adhesion molecule to locate the cells. These molecules are coated with a polymer 
layer to help initiate detection and capture the cells targeted [32, 33]. Nanoparticles 
used for this treatment are synthesized from many materials including polymers and 
lipids that carry a drug. Tumors can either be passively or actively targeted through 
a combination of multiple drugs. During passive transport, the nanoparticles are not 
carried along and do contain ligands, so they reach the tumor through leaky vessels 
and intraorgan pressures. Active transport nanoparticles do contain ligands that spe-
cifically search and bond to the targeted mass [34].

Through receptor-mediated endocytosis, ligands can increase the concentration 
of the drug in the tumor and enhance the desired activity. This method can be utilized 
to attempt to treat multidrug resistance strains. If further treatment is needed in 
cases, the option of creating a combination therapy drug is a possibility. The only 
issue faced with this method is the adverse effects the drugs might unknowingly 
have on each other [30]. Enhanced permeability and retention effect cause 
nanoparticles of greater size to passively target tumor cells over average tissue cells 
in the body. Tumors cells proliferate at a much higher rate than normal cells which 
leads them to release more vascular endothelial growth factors. Blood vessels in 
tumors are larger, which provides a preferred pathway for larger molecules, similar 
to nanoparticles, causing them to accumulate in this area. Nanoparticles can also be 
manipulated to target and release drugs at a higher pH levels or higher temperature, 
which are usually conditions around tumor cells and tissues [34].

Methods to combat this disease through the use of nanoparticles include mag-
netic therapy, photodynamic therapy, photothermal therapy, radiotherapy, and ultra-
sound. Magnetic therapy involves the use of metal nanoparticles that penetrate deep 
into the targeted tissue and are heated by an electric field to release a desired drug. 
Perfluorohexane nanoparticles are used in photodynamic therapy to carry 
photosensitizers to the tumor cells to convert oxygen to cytotoxic reactive singlet 
oxygen. Photothermal therapy uses gold nanoparticles that convert light energy in 
order to increase temperature to kill tumor cells and tissues. Nanoparticles with 
antineoplastic drugs can be combined with radiation therapy or ultrasound tech-
niques to damage the DNA in these cancer cells [34].

A. Oake et al.



13

Issues that are faced during these applications involve the instability of the carriers 
and poor oral availability. A study done in 2016 resulted in only 0.7% of the adminis-
tered dose actually reached the targeted solid tumor [35]. An attempt to overcome the 
drug resistance is to envelop nanoparticles in endosomes to avoid the P-glycoprotein 
recognition. Research pertaining to these issues is still an ongoing battle for scientists 
due to the safety and regulatory requirements they have to follow [34].

4.2  Tissue Engineering

Recent advancements in medicine have incorporated nanoparticles in the process of 
tissue engineering. These nanoparticles create a surface layer across the bone 
implant to prevent the body from rejecting the unfamiliar surface. It also reduces 
inflammation while healing and stimulate the production of osteoblasts. Ceramic 
and other materials have been used for these procedures and more than 90% of 
implants heal without complications. The only material that shows complications 
with proper film development is metal due to its nonreactivity with biological fea-
tures [5]. When targeting tissue development, the one factor that needs to be consid-
ered is the relationship with the extracellular matrix. Nanotopographic surfaces have 
been created to control the release and activation of biological drugs and factors in 
the body [36]. Nanogratings and nanopits have been synthesized to mimic the layer 
of tissues specifically for cell interactions through the process of anodization and 
micelle lithography [34]. This structure directly affects the morphology and differ-
entiation of the cell and has allowed researchers to manipulate these properties [36].

Nanofabricated scaffolds have been designed for the reconstruction of these tis-
sues, including bone, nerve, muscle, and cardiac, due to their similarities to protein 
nanofibers. Porous PLGA scaffolds are patterns created to increase the roughness of 
the surface to improve adhesion and growth. Polymeric nanoparticles with growth 
factors are loaded into these scaffolds to control the release of biological drugs from 
the extracellular matrix [36]. These nanoparticles are made from biocompatible poly-
mers which form a core–shell micelle to carry a vast array of macromolecules. The 
use of these particles can also improve the efficacy and safety of the materials leading 
to improved outcomes for the target. Dendrimers are branched polymeric nanoparti-
cles that can be sensors or carriers. The increased size of these molecules allows them 
to carry many molecules that are attached to the cores through chemical linkages [30].

4.3  Nonbiological Applications

Many of the uses of nanoparticles have a strong involvement in medicine, but these 
particles may also be used in cosmetics. Silver nanoparticles makes up 12% of all 
the nanomaterial used in cosmetics and can be found in makeup, hair care products, 
toothpaste, shampoo, and even sunscreen. There are many claims that the use of 
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nanoparticles may cause issues with toxicity in the body, but studies show that silver 
is naturally removed from the blood stream making it very safe to use in these 
products. Its main use is to protect against certain skin diseases due to its antibacterial 
properties as it attacks the respiratory chain in bacteria to cause cell death. These 
particles can help with wound recovery by targeting the dermis cells and prevent 
scarring [37]. Along with cosmetics, nanomaterial is widely used in the electronics 
industry with computers, batteries, and circuits and in the automotive industry with 
tires and fuel [11].

5  Conclusion

The manipulation of nanoparticles can be used in many applications including the 
pharmaceutical industry. Zero-dimensional nanomaterials are individual spherical 
nanoparticles or powders, one-dimensional nanomaterial are nanowires, nanotubes, 
and nanobelts, and two-dimensional materials are nanomembranes or nanosheets 
used for larger applications. Due to their size, which is much smaller than bulk 
material but larger than atoms, they exhibit quantum properties specific to their 
overall structure. They have a high surface area-to-volume ratio which makes them 
extremely reactive and easy to manipulate. Electron microscopes use high energy 
beams of electrons to produce a high-quality magnified image of these particles. 
X-Ray diffraction is used to view the crystalline structure of materials and can help 
determine specific properties including phase transitions and solid-state reactions. 
Infrared–visible spectroscopy uses a liquid solution to measure absorbance of the 
material, which helps determine chemical bonding, functional groups, concentration 
of organic molecules, and protein stability/activity in the solution.

Two methods of preparation of nanoparticles “top-down” and “bottom-up” 
approaches. The top down approach involves mainly solid phase synthesis that 
breaks larger matter down to synthesize new microscopic particles. Bottom up syn-
thesis involves the atoms and molecules coming together to form the particles in a 
liquid or gas medium. Physical and chemical vapor deposition methods are catego-
rized as gas-phase synthesis because they use high temperature and pressure to 
evaporate a source matter in a vacuum. These evaporated molecules are then trans-
ported to a substrate to create new microscopic materials and films. Colloidal solu-
tions are used in liquid phase synthesis with a precursor and stabilizing molecules, 
which are then heated to higher temperatures to dissociate. This solution is injected 
into another medium to bind to surfactants and create nanocrystals. Sol–gel methods 
are similar to colloidal solutions with metal precursors to create a gel leading to 
nanoparticles used for glass products, ceramic fibers, and thin film coatings. Ball 
milling and mechanical attrition are solid phase synthesis that involve a cylindrical 
vessel with steel balls to grind up matter into smaller microscopic particles.

There are many applications that nanoparticles are involved in including nano-
sensors, drug delivery, tissue engineering, cancer treatment, cosmetics, and elec-
tronics. Nanosensors can detect changes in biological functions and can be 

A. Oake et al.



15

manipulated to target specific mechanisms. Biological tags and ligands can be 
added to nanoparticles to control fluorescent signaling, shape recognition, 
biocompatibility, linkers, protective layers, or antigen detection. Tumor cells can be 
targeted actively or passively by the use of drug delivery methods. Magnetic therapy, 
photodynamic therapy, photothermal therapy, radiotherapy, and ultrasound are the 
main methods being applied to treat this disease. Nanofabricated scaffolds can be 
used to help reconstruct bone and tissue by manipulating the surface layer and 
extracellular matrix. Nanoparticles can also be found in many other nonbiological 
applications including cosmetics, automotive, and electronics.

6  Future Trends

The main focus of current research is drug delivery in cancer treatments and genetic 
applications. Nanoparticles provide a more efficient, safer method for gene therapy 
and RNA interference [36–45]. Many of the drugs are difficult to practice with due 
to their issues involving enzymatic degradation and intracellular entry, so different 
combinations of polymers and lipids are being tested to create a carrier. Overuse of 
these nanoparticles has exhibited high toxicity levels, immune response, and 
instability. Cyclodextrin-containing polymers are currently being researched on its 
safety and efficiency [46]. Gold particles are now being researched on their 
possibility of destroying tumor cells. They are very optically active and do not 
degrade easily over time, so will the addition of light waves they can be heated to 
high temperatures. This would help destroy tumors using the photothermia method 
and is completely biocompatible with humans and thus a huge degree of risk or 
toxicity is avoided [47].
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Abstract Over the course of recent years, nanoparticles have been the center of 
attention used to treat many health related diseases. Nanoparticles are used due to it 
being efficient and having the ability to overcome certain biological barrier such as 
tumor, malignant melanoma, and treating HIV. Nanoparticles are known to have 
many different manipulating structures and characteristics which gives these parti-
cles a huge advantage in treating cancer. Nanoparticles are also used in tumor sup-
pression due to their extraordinary ability of modifying their cell surface. One of the 
other great advantages of nanoparticles is to treat malignant melanoma. Two of the 
main components used in malignant melanoma therapy is poly(ε-caprolactone) 
(PCL) and poly(ethylene glycol) (PEG). Both components being FDA approved, 
have extraordinary effects in drug delivery through nanotechnology if used in a 
conjugated manner. One of the barriers faced in malignant melanoma therapy is los-
ing the ability to encapsulate and retain a drug if ligands on the surface adjust the 
chemical properties of the polymer, which can be overcome by the use of dopamine. 
Nanoparticles have been greatly advantageous in breaking through barrier of suc-
cessful HIV therapy. To treat this retroviral disease, the use of solid lipid nanopar-
ticles is made due to it being able to improve the long-term stability of colloidal 
nanoparticles.
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1  Introduction

The utilization of nanoparticles with multifaceted properties is done in a wide array 
of biological applications. This encompasses gene and drug delivery for diagnostic 
and therapeutic purposes. Nanoparticles have shown to be very promising in the 
field of advanced drug delivery to specifically and rapidly target cells. Folic acid 
conjugated drugs target folate receptors-positive cancer cells. Research indicates 
that folate receptors upregulate 90% of ovarian carcinomas, also high to moderate 
levels in the brain, lung, kidney, and breast carcinomas. Folic acid is classified as a 
vitamin B which makes it imperative for cell survival as it has a role in the biosyn-
thesis of nucleic acids. Folic acid has a high affinity ligand which complements 
conjugated anticancer drugs’ differential specificity for folate receptors [1].

The extracellular matrix of tumors poses a biological barrier to the diffusion of 
advanced drug delivery systems and therapeutics. To overcome this obstacle, the 
surface of bromelain can be modified to increase the diffusion of silica nanoparticles 
across the tumor extracellular matrix. This is an ideal delivery method for cancer 
therapy as it is able to travel through the bloodstream and target the tumor site [2].

Therapeutic effects of chemotherapy on malignant melanoma can be enhanced 
using paclitaxel (PTX)-loaded methoxy poly(ethylene glycol)-b-poly(ε- 
caprolactone) nanoparticles (MPEG-b-PCL NPs) with modified surfaces contain 
polydopamine as a drug delivery carrier. This is a new therapy for treating malig-
nant melanomas with anticancer drug loaded nanocarriers. This strategy has 
attracted much interest due to its high permeability to drugs, biocompatibility, non-
cytotoxicity, and thermal products [3]. Similarly, PEGylated liposomes of PTX has 
also been developed with potential efficacy for treatment of ovarian cancer [4].

The preparation, characterization, and modification of lipid nanoparticles is 
essential for targeted cellular delivery methods. Previous research indicates that 
uncoated lipid nanoparticles of stavudine are effective in the treatment of 
HIV. Stavudine lipid nanoparticles with surface modification can serve as a drug 
delivery system for anti-HIV chemotherapy. This can be done both in  vivo and 
in vitro [5]. This selective surface coating of lipid nanoparticles has proven to be 
very effective for specific targeting of infectious diseases. This technique helps 
overcome obstacles to HIV therapy at specific targets in the human body such the 
brain, spleen, bone marrow, etc. [6].

2  Surface Modification Using Cobalt Oxide Nanoparticles 
for Targeted Drug Delivery in Anticancer Treatments

Nanoparticles are solid and ranges in size from 1 to 100 nm. Manipulating the struc-
ture and characteristics of nanoparticles can affect their function introducing new 
techniques and technologies [7–9]. Nanoparticles (Table 2.1) vary to a great extent 
based on the properties of shapes, spatial arrangement, electronic configuration, 
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energetics, chemical reactivity, phase changes, catalytic capabilities, and assembly. 
Modifying the surface of nanoparticles for advanced drug delivery methods can alter 
its properties to target specific receptors in molecules on various types of cells [10, 
11]. Nanoparticles are successful in biomedical and biopharmaceutical applications 
when their surface is synthesized and modified properly. In the solid phase, nanopar-
ticles can be semicrystalline, amorphous, grain, or a mixture of the three. They can 
also be inorganic, organic, or a combination of the two. Additionally, the nanopar-
ticles’ structure can be comprised of multiple layers of different materials and when 
combined the structure is termed as nanocomposites. The creation of these nano-
composites can create a large number of nanoparticles that previously did not exist 
in nature. There are three types of nanoparticles that are created; nanoparticle com-
posites, nanoparticle bulk composites, and composite nanofilms. These composite 
materials have a very successful track record in aerospace, sports, transportation, 
and defense. Nanocomposites are even used by developed nations to generate raw 
materials. There are even nanocomposites that are nanopolymers, inorganic–organic, 
or inorganic–inorganic. This variety allows for so many combinations to be made. 
The nanoparticles’ method of preparation can be determined by its function, either 
chemical or physical. These methods can be further divided into liquid phase, gas 
phase, and solid phase methods based on the mechanism of the reaction.

Table 2.1 Nanocarriers, constituents, and applications [12]

Nanoparticles Definition

Liposomes Spherical vesicles containing bilayered structure that can reassemble itself in 
aqueous systems. Few advantages of this nanoparticle is its ability to protect 
biomolecules along with their biodegradability and biocompatibility

Albumin- 
bound

Nanoparticle known for carrying hydrophobic molecules into the bloodstream. 
An advantage of using these nanoparticles include its ability to avoid solvent- 
based toxicities for therapeutics due to it naturally binding to hydrophobic 
molecules

Polymeric Nanoparticles made from biodegradable and biocompatible polymers. In an 
aqueous solution, it has the ability to assemble itself into a core–shell micelle 
formation. The wide use of these nanoparticles is due to it having the ability to 
improve the safety and efficacy of the drugs they carry

Iron oxide Nanoparticles known for being superparamagnetic. These molecules are very 
stable because they have an iron oxide core with hydrophilic coat of dextran. 
These nanoparticles are greatly advantageous because of its decreased toxicity 
and increased imaging sensitivity and specificity

Quantum dot Nanoparticles that display optical and size dependent electronic properties. 
Quantum dots are known to be stable against photobleaching, have high 
efficiency, long lifetime, and emit bright colors. They have different biochemical 
specificities which can be excited and detected

Gold Nanoparticles known to offer facile surface modification, biocompatibility, and 
many size and shape dependent optical and chemical properties. Due to these 
nanoparticles free electrons having the ability to interact with light, it enhances 
their light absorption, fluorescence, scattering, and surface-enhanced Raman 
scattering. It has great potential for infrared phototherapy because it can transfer 
absorbed light into heat

2 Surface Modification of Nanoparticles for Targeted Drug Delivery



22

Cobalt nanoparticles have catalytic, magnetic, and optical properties [13]. Cobalt 
oxide is mainly used as a biopolymer or organometal. These cobalt oxide nanopar-
ticles have anticancer properties after surface modification. The cobalt oxide 
nanoparticles have great solubility in aqueous solutions and a decent hydrodynamic 
size. These nanoparticles have excellent uptake by cancer cells when combined with 
amide. Cobalt oxide nanoparticles are prepared by a thermal decomposition method 
after which surface modification of phosphonomethyl iminodiacetic acid (PMIDA) 
takes place [14]. These PMIDA-coated cobalt oxide nanoparticles can be coupled 
with folic acid. Methotrexate and doxorubicin are anticancer drugs that have been 
attached to folic acid nanoparticles that induce apoptosis in cancer cells. The above- 
mentioned drugs fall in class of chemotherapeutics. Other therapeutic classes used 
in cancer are hormones and biological therapies (Table 2.2).

Folate receptors are researched for tumor specific drug delivery. This research 
encourages preclinical and in vitro studies of tumors and therapeutic approaches on 
them. Myelogenous leukemia is a cancer that is now being treated using targeted 
folate receptor therapy [15]. Folic acid, which is an essential vitamin B, plays a vital 
role in anticancer drug targeting for folate receptors. Folic acid-conjugated drugs 
internalize folate conjugated compounds and bound folates through receptor medi-
ated endocytosis. Folate receptor density increases indicate cancer. A variety of 
anticancer drugs have been evaluated based on their biological activity. In-spite of 
cobalt’s role as a cofactor of vitamin B12, it can be used for anticancer treatment 
through surface modification. Research indicates that folate receptors appear to 
have important aspects of human medicine and physiology [16].

3  Use of Bromelain for Surface Modification of Silica 
Nanoparticles for Drug Delivery in the Tumor 
Extracellular Matrix

Bromelain is a digestive protein obtained from the stem or fruit of pineapple. The 
stem, fruit, and ananain–bromelain extracts are prepared differently and contain dif-
ferent compositions [17]. Bromelain has been used for ancient and modern 

Table 2.2 Anticancer treatments [6]

Anticancer drugs Description

Chemotherapies Known to kill cancer cells during their initial periods of division. This 
therapy is given through tablets or intravenous drip. Use of this therapy has 
many side effects, biggest being hair loss

Hormone 
therapies

Therapy used to stop the growth of cancer cells that are sensitive to 
hormones. Examples of this drug are: Tamoxifen and aromatase inhibitor. 
Few side effects related to this drug include: Bone pain, headaches, thinner 
hair, and nausea

Biological 
therapies

Known to target and kill specific types of cancer cells. Trastuzumab is known 
to be the biggest class of drugs in this category known to prevent breast 
cancer. Many side effects to this therapy are loss of appetite, hot flashes, skin 
changes, etc
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medicinal purposes to create various botanical preparations. Bromelain is mainly 
extracted from the stem. Its composition is a mixture of different components like 
phosphatase, peroxidase, glucosidase, cellulase, thiol endopeptidase, escharase, and 
other protease inhibitors. In vivo and in  vitro research indicates that bromelain 
exhibits a multitude of antithrombotic, antiedematous, fibrinolytic, and anti-inflam-
matory activities. Bromelain is absorbable by the human body without losing pro-
teolytic activity and major side effects. Bromelain has many therapeutic benefits 
and can be used in treatments to diagnose bronchitis, angina, sinusitis, pectoris, 
surgical trauma, wound debridement, thrombophlebitis, and increased absorption of 
antibiotics. Bromelain additionally possesses anticancer properties influences apop-
totic cell death [18]. Even though the mechanism of bromelain is not known com-
pletely, bromelain has been accepted universally as a therapeutic agent because it is 
safe to use has minimal side effects. Bromelain has a high therapeutic value due to 
its pharmacological and biochemical properties. Bromelain has also been used for 
the treatment of a variety of health issues and is also a nutritional supplement. The 
human body is able to absorb a massive 12 g per day of bromelain without any 
major side effects. Bromelain is absorbed through gastrointestinal tract of humans 
and has a half-life of 6–9 hours. Bromelain produces side effects of a variety of 
antibiotics and increases bioavailability. These properties of bromelain show prom-
ising capabilities for anticancer drugs and therapeutic strategies [19]. Bromelain 
contains a mixture of cysteine proteases which proteolytically blocks activation of 
extracellular regulated kinase-2 in T cells of intracellular signal transduction path-
ways [20]. The product that is extracted from stem bromelain is taken from the 
pineapple juice and cooled using ultrafiltration, centrifugation, and lyophilization. 
The rest of the extract is available commercially to the public as a cream, capsule, 
powder, and tablet. The extract is available in its purest form or through multi 
enzyme combinations such as Phlogenzym, traumanase, and debridase [21]. In 
recent research it has been shown that bromelain is able to modulate key pathways 
that aid in malignancy. New research also indicates that anticancer activity of bro-
melain has a direct impact on cancer cells and their microenvironment. Properties of 
bromelain are mainly due to its protease components. Bromelain extracts have pro-
teolytic enzymes which are called glycoprotein along with many minerals, protease 
inhibitors, organic solvents, colored pigments, and organic acids. Proteinases are 
the most active components from the bromelain extract and account for about 2% of 
the proteins. The pH range of these extracts spans from 4.5 to 9.5. During the vari-
ous stages of cancer development, it has been discovered that inflammation is a 
common side effect. Research shows that when the inflammation from cancer pro-
gression is reduced, then the cancer itself is reduced and inhibited from progressing 
further. Bromelain has also been shown to downregulate PGE-2 and COX-2 expres-
sion in murine microglial cells along with leukemia cells. Bromelain is also found 
to enhance the function of cells that are responsible for inflammation suppression in 
the body. They do this by upregulating beta interleukins, alpha tumor necrosis fac-
tors, and gamma interferons of the peripheral blood mononuclear cells in humans. 
These results show that bromelain intensifies the immune response and helps with 
cellular stress during cancer formation. CD44 expression is greatly enhanced during 
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cancer cell spreading however bromelain usage has shown to reduce CD44 on tumor 
cells in humans. It also further benefits humans as it stops inflammation from 
migrating to other parts of the body. Bromelain also activates natural killer cells to 
further reduce inflammation caused by cancerous cells. Bromelain treatments 
greatly reduce the growth of carcinoma in the gastrointestinal tract and reduce can-
cer cell survival. The human body is able to absorb a massive 12 g per day of bro-
melain without any major side effects. Bromelain is absorbed in a highly potent 
form in the gastrointestinal tract and is around 40% of the total bromelain con-
sumed. Research also indicates that bromelain is stable in the highly acidic stomach 
juice of humans even after 4 full hours. There are pathways that bromelain activates 
for malignant tumors. The bromelain targets inflammatory, immune, and hemostatic 
systems during cancer formation and progression stages. Bromelain extracts used 
for treatment on adenocarcinoma, lung carcinoma, and tumor cells are extremely 
efficient because they tumors showed signs of regression in just 24 hours. Bromelain 
overall has much potential and has already proven effective for cancer prevention 
and cancer regression.

In contrast to other nanocarriers, silica particles possess their own properties to 
deliver drugs to a range of organic systems, specific organs, and target sites. Silica 
particles offer a more stable, stealthy, and biocompatible alternative. A range of 
drugs can be readily encapsulated within the silica particle by a method of fusing 
sol-gel polymerization through emulsion chemistry or spray-drying. Sol-gel emul-
sions allow for the synthesis of nanocarriers that are necessary for handling biologi-
cal material, allow ample temperature processing, and distribution of homogenous 
drugs. In contrast spray-drying poses challenges including size limitations, low 
yields, and segregation of the carriers’ surface [22]. Silica nanoparticles can be 
synthesized and tailored to accommodate anticancer drugs. Silica nanoparticles are 
a popular form of nanoparticles used for targeted cancer therapy due to their simple 
surface modification through bromelain. Surface ligands similar to antibodies, 
folate acid, and polypeptides can selectively recognize tumor cell surface markers 
differentiating them from normal cells [23]. In an experiment, folate was used to 
deliver albumin with tamoxifen to a tumor target site through an in vivo method 
with a silica nanocarrier. The results indicated a significant reduction in the tumors 
volume compared to an uncoated particle [24]. Silica nanoparticles have been 
proven to have higher penetration within the tumoural tissues [25].

The preferred drug delivery for cancer treatment is prepared to efficiently circu-
late through the bloodstream, target the tumor site, and release into the subendothe-
lial space [26]. This is a fundamental technique to achieve effective diffusion of the 
therapeutic drug to the internal matrix of the tumor and maximize efficiency of 
treatment. Aside from tumor vascularity there are other biological barriers which 
prolong the diffusion of nanocarriers that induce therapeutic effects. The tumor 
extracellular matrix (ECM) consists of laminin, collagen, proteoglycans, elastin, 
hyaluronic acid, and other structural proteins that inhibit effective diffusion of drugs 
to a great extent. However, particles with unique properties have shown to successfully 
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navigate through the tumor ECM with the assistance of surface modification. Taking 
into account that the tumor ECM is susceptible to protease action, research has led 
to the development of surface coating a synthetic nanocarrier with proteolytic prop-
erties. The effective nanocarrier is a mesoporous silica nanoparticle coated with 
bromelain, cysteine, and sulfhydryl proteases. This concoction enhanced diffusion 
ability upon contact with the tumor ECM and increased the therapeutic efficiency of 
the nanoparticle.

4  Surface Modification of MPEG-B-PCL Nanoparticles 
for Malignant Melanoma Therapy

There are two major issues when discussing the construction of drug delivery 
devices from amphiphilic block copolymers: biodegradability and biocompatibility. 
These two factors must be considered when developing these drug carriers. Two 
components used in the development of polymeric carriers are poly(ε-caprolactone) 
(PCL) and poly(ethylene glycol) (PEG). Hydrophobic PCL has been approved by 
the United States Food and Drug Administration (FDA) for medical uses is highly 
useful in biomedical research because of its high permeability to many drugs, non-
toxicity, and biodegradability. On the other hand, PEG is a nontoxic, hydrophilic 
polymer, which has also been approved by the FDA for medical uses. This compo-
nent is known for its low cell adhesion, low protein absorption, and other biomedi-
cal properties, most of which lead to the prevention of premature elimination of 
carriers from the bloodstream and increased systemic circulation times. These 
copolymers, when used together, have remarkable effects in drug delivery through 
nanotechnology [27].

Modifying the surface of a membrane is very effective in a way which improves 
antifouling performance. By increasing the hydrophilicity of a surface, we are able 
to observe improvement in the antifouling ability of the membrane especially 
because many natural substances have hydrophobic properties. Essentially, the 
increasingly hydrophilic surface acts as a buffer layer to prevent substances from 
disrupting the membrane. There have been a number of experiments to find a proper 
hydrophilic polymer, but recently a new one has surfaced. Polydopamine coating 
has drawn attention from a large number of scientists because of its extensive prop-
erties. It’s self-polymerization, special recognition, and high anchoring ability add 
to the surface hydrophilicity while also keeping a thin layer on the membrane [28]. 
This polydopamine-mediated surface modification is highly important because the 
versatility and effectiveness of the coat allow for chemically functional substrates to 
be used in clinical applications [29].

Polymerization is incredibly efficient at functionalizing the NP surfaces but 
using dopamine has its added advantages compared to others. Most processes 
include coupling agents, reactive linkers, or prefunctionalization of the polymer, all 
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of which can lower the efficiency of the NP. Prefunctionalized polymers run the risk 
of losing the ability to encapsulate and retain a drug if ligands on the surface adjust 
the chemical properties of the polymer itself. Dopamine alleviates this issue because 
it is a relatively simple surface modification method and can be applied to a multi-
tude of drug carriers [30].

Oxidative self-polymerization is a useful method that can be used to form thin 
polymer films, especially when modifying surfaces with dopamine. This specific 
method can be used to create a variety of polydopamine-coated planar 
substrates.

Oxidative self-polymerization of silicon with dopamine to form the PDA capsule 
was shown by Postma et al. ([31], Fig. 1 of this reference); they showed the oxida-
tive self-polymerization of silicon with dopamine to form the PDA capsule. PDA 
capsules that surround chemical surfaces are vital to the application of NPs in medi-
cine because they help decrease toxicity toward cells in the body. The fact that the 
PDA coated capsules benefitted the cells makes the method a promising one for 
drug delivery applications in medicine. As a result of its directness, efficiency, and 
generalizability, the PDA method can be expected to become common in applica-
tion of nanoparticle delivery systems [31].

Malignant melanoma is a combative type of skin cancer that has been found 
to be more prevalent today than ever before. Throughout the past two decades 
alone, the occurrence and mortality rate have risen dramatically, well above other 
types of cancer. Interestingly, this skin cancer can be treated surgically when it is 
in its primary form but once metastasis occurs, it becomes much more difficult 
for surgery to have its full therapeutic effect. For this reason, there is an increased 
demand for higher efficiency in chemotherapy methods for malignant 
melanoma.

Cancer nanotherapeutics are advancing in the right direction in order to solve 
severe problems such as nonspecific biodistribution and targeting, lack of water 
solubility, poor oral bioavailability, and low therapeutic indices. These nanoparti-
cles (NPs) are able to distribute their respective drugs directly to cancer cells by 
using the unique pathophysiology of tumors (Table. Along with this passive system, 
there is an active targeting system in place which includes antibodies directed at 
specific tumor targets in order to increase the selectivity of the NPs [32]. The use of 
NPs is very advantageous because they have high encapsulation efficiency, high 
drug loading capacity, minor drug leakage, and sustained release. Some drugs that 
can be delivered using NPs are docetaxel, puerarin, PTX, and doxorubicin. Although 
PTX is said to have significant effects in the treatment of malignant melanoma on 
paper, its extremely poor water-soluble property, low bioavailability, and high toxic-
ity have drastically lowered its use in clinical settings. The drug Taxol® is a formu-
lation of PTX that is prescribed in malignant melanoma therapy but there are many 
negative side effects that come with its use as a result of the drug vehicle 
Cremophor-EL. There are detrimental increases in cardiotoxicity, nephrotoxicity, 
and hypersensitivity in patients who take this drug. In order to reduce side effects, 
efforts have been escalated to replace this carrier for PTX delivery.
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5  Nanoparticles for Cellular-Based Applications 
of Stavudine

Nanoparticles helped a major barrier to successful HIV therapy but also poses a 
challenge of delivering the drug at target sites such as the spleen, brain, and bone 
marrow. Nanoparticles that are based on solid lipids have shown to greatly improve 
solubility and bioavailability of therapeutic molecules by penetrating through to 
cellular viral reservoirs. Although surface characteristics and sizes may be the major 
determinants of the clearance kinetics and bio distribution of colloidal lipid parti-
cles; chemical coupling of such ligands is usually difficult, due to the absence of 
reactive groups at the surface of carriers. Nanoparticles that have selective retention 
are (10–250  nm) in size. In lipophilic composition, feasibility of production of 
ultrafine size nanoparticles, solid lipid nanoparticles (SLNs) can be used as carriers 
for delivering antiretroviral drugs. There is a variety of nanocarriers such as biocon-
jugates, dendrimers, liposomes, and nanoparticles have been evaluated as potential 
targeted drug delivery systems by numerous scientist [33]. The size-flow-filtration 
phenomenon that is usually limited to only tumors, the reticuloendothelial system, 
and possibly lymph nodes like mentioned early is a passive target of nanoscale car-
riers. Certain HIV receptors such as CD4, coreceptors (CCR5 and CXCR4), and 
other receptors are relatively specific for macrophages that provide potential valu-
able surface targets for drug delivery to all susceptible cells in patients that are 
diagnosed with HIV [34].

In previous research it has already been demonstrated that lectins play an impor-
tant role in biological recognition events and can bind to intestinal mucosa and 
facilitate as well as transport across cellular barriers. In other findings, polysaccha-
ride coatings have been considered an alternative to the other coatings. To be added, 
they have specific receptors in certain cells or tissues that are involved in tissues 
addressing and transport mechanism. Research on drug delivery systems that help 
enhance drug bioavailability by prolonged residence at the site of absorption owing 
to increase epithelial contact [34]. Bioadhesive that have been found to date are 
synthetic macromolecules, in the form of micronanoparticles or macronanoparticles 
that interact with mucosal surface and are hence referred to as mucoadhesive. The 
adhesion for this reason of a mucoadhesive polymer to some mucosal tissue will 
therefore be limited, by the time of turnover by the mucus gel layer to only a few 
hours. To solve this problem, polymeric drug carriers can be attached to certain 
cytoadhesive ligands that then bind to epithelial surfaces through only specific 
receptor mediated interactions. To help comprise a structurally diverse class of pro-
teins that are found in organism ranging from all types of viruses and plants to 
humans are comprised from lectins [35]. Solid lipid nanoparticles (SLN) are an 
alternative colloidal drug delivery system to polymer nanoparticles. SLNs are usu-
ally produced by high-pressure melt emulsification. If a formula contains shear and 
temperature sensitive compounds, then the harsh productions process is not appli-
cable. For this reason, subsequent adsorptive SLN loading might be a promising 
alternative. To improve the long-term stability of colloidal nanoparticles, scientists 
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have been using a method called free-drying that has been considered an advanced 
and reliable technique. SLNs that are found suitable for parental administration are 
then converted into dry products.

Stavudine falls in a class of medications called nuclear reverse transcriptase 
inhibitors. This works by decreasing the amount of HIV in blood. While this medi-
cation is used for HIV, it still can cause serious or life threatening lactic acidosis 
meaning that a build-up of acid in the blood that needs to be treated in a hospital. 
This is seen more commonly in women, or if a woman is pregnant the risk of taking 
this medication is higher. Interactions with other HIV treatments require dosage 
modifications but are relatively rate with NRTIs. On the flip side, concomitant use 
of either didanosine or lamivudine with stavudine can exacerbate mitochondrial 
toxicities or otherwise result in diminished antiviral activity. Combinations of stavu-
dine and zidovudine have shown to be antagonistic in previous clinical studies.

6  Toxicopharmacological Aspects

Stavudine, which is a thymidine nucleoside analog, in which vitro exhibits an anti-
retroviral activity against both HIV-1 and HIV-2 (Table 2.3). Stavudine triphosphate 
exerts antiviral activity when stavudine is phosphorylated by cellular kinases. HIV 
replication that is inhibited by stavudine triphosphate takes place by the two follow-
ing mechanisms:

 1. Inhibition of HIV reverse transcriptase by competing with the natural substrate, 
thymidine triphosphate.

 2. It is inhibited by viral DNA synthesis that causes DNA chain termination. In 
addition, stavudine triphosphate may inhibit cellular DNA polymerases, particu-
larly mitochondrial DNA polymerase γ.

Table 2.3 Aspects of stavudine

Stavudine 
applications

Stavudine is an oral medication, used for the treatment of infections with 
HIV. It belongs to the class of drugs called reverse transcriptase inhibitors

Dosage of 
stavudine

Recommended dose for adults is 40 mg every 12 hours for those weighing 
60 kg
Newborns up to 13 years of age should take 0.5 mg/kg every 12 hours

Side effects of 
stavudine

A decrease in blood cells
Muscle pain (myopathy)
Pancreatitis
Liver failure
Metabolic disturbance (lactic acidosis)
Also damages nerves and can cause a severe peripheral neuropathy

Generic name for 
stavudine

Zerit
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As far as toxicology is concerned, most doses are given orally. A single oral dose 
of stavudine that is up to approximately 500 times the recommended human dose 
did not show severe toxicities in animal studies. Rather, there are some long-term 
effects of stavudine administration which includes decreased red blood cell count, 
sometimes accompanied by decreased hemoglobin and hematocrit and hepatic 
alterations (liver enlargement with centrilobular hepatocellular hypertrophy), are 
clearly indicated in these studies. Although there may be liver enlargement seen in 
the studies, stavudine does not have any inducing effect on cytochrome P450, and 
thus the increase in liver weight is likely due to induction of some other protein or 
enzyme system. Carcinogenicity studies conducted over 24 months that were per-
formed in mice and rats. On the basis of the results from both studies that were 
conducted, the liver was identified as the main target organ for the development of 
neoplasm lesions.

7  Conclusion

The use of nanoparticles in applications of drug delivery has become widespread 
because of various types of surface modifications. As seen in malignant melanoma 
therapy, surface-modified PTX-loaded NPs are capable of giving off less side effects 
and a higher therapeutic efficiency. The same can be said of NPs modified with 
stavudine or bromelain as well. These surface modifications lower the toxicity of 
the NP, increase the permeability of a membrane to drugs, and increase biodegrad-
ability. Moreover, drug delivery methods are looking more promising as we develop 
stronger methods to increase nanotechnology and its uses in the world of 
medicine.
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Chapter 3
Surface-Modified PLGA Nanoparticles 
for Targeted Drug Delivery to Neurons

Tejal A. Mehta, Neha Shah, Khushali Parekh, Namdev Dhas, 
and Jayvadan K. Patel

Abstract The major challenge for the treatment of neuronal diseases is the inability 
of therapeutic moieties to cross the blood–brain barrier (BBB) and nasal mucosal bar-
rier. The therapeutic moieties for the treatment of brain diseases lack targeting due to 
its non-specificity toward receptors located at BBB and Pgp efflux mechanism. This 
results in impeding its ability to reach to maximum effective concentration. Many of 
these therapeutic moieties possess dose-limiting systemic side effects which along 
with complex dosage regimens hinder patient compliance and result in discontinua-
tion of treatment. A number of drug delivery and drug-targeting systems have been 
investigated to increase drug bioavailability and the fraction of the drug accumulated 
in the targeted area, in order to minimize drug degradation and loss, as well as to 
reduce harmful side effects. Among all, PLGA NPs have been achieved fascinating 
properties as a carrier system owing to its biodegradable, biocompatible, and easy 
functionalization properties. Most importantly PLGA is available in various ratios 
which can be helpful for tuning the entrapment/loading of therapeutic moieties in NPs. 
Intranasal delivery has come to the forefront as a method that can bypass the BBB and 
target drugs directly to the brain as an alternative to invasive methods. The objective 
of this chapter is to provide a broad overview on current strategies for brain drug deliv-
ery and its applications. It is hoped that this chapter could inspire readers to discover 
possible approaches to deliver drugs into the brain. After an initial overview of the 
BBB and intranasal route in both healthy and pathological conditions, this chapter 
revisits, according to recent publications, some questions that are controversial, such 
as whether nanoparticles by themselves could cross the BBB and whether drugs are 
specifically transferred to the brain by actively targeted nanoparticles. Furthermore, in 
this chapter, various conjugation strategies for attaching targeting moieties to the sur-
face of nanocarrier have been included. Current non-nanoparticle strategies are also 
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reviewed, such as delivery of drugs through the permeable BBB under pathological 
conditions and using noninvasive techniques to enhance brain drug uptake.

Keywords Surface-modified nanoparticles · Neurons · CNS diseases · Nasal drug 
delivery · Targeting strategies

1  Introduction

Despite the tremendous advancement in the field of medicine and pharmacology, 
there is rise in the prevalence of several central nervous system (CNS) diseases. In 
the recent years, the treatments available for the CNS diseases are symptomatic and 
are usually unable to generate quality of life and alter or repair damage. Recently, a 
vast amount of research took place in the development of drugs for CNS diseases. 
The progress in the various brain disease treatments have developed new avenues in 
the form of targeted delivery of the prepared formulation for the specific delivery to 
the neurons. The average time utilized to develop an innovative therapeutic moiety 
ranges from 12 to 16 years.

1.1  Neuronal Diseases

The brain, spinal cord, and nerves make up the nervous system. Together they con-
trol all the workings of the body. When something goes wrong with a part of this 
system, symptoms are observed like trouble moving, speaking, swallowing, breath-
ing, or learning. There are more than 600 neurologic diseases. Major types include 
[1] the following.

Etiology Examples of disease

Diseases caused by faulty genes Huntington’s disease, muscular 
dystrophy

Faulty development of nervous system Spina bifida
Neuro degenerative diseases (nerve cells are damaged 
or die)

Parkinson’s disease, Alzheimer’s 
disease

Diseases of the blood vessels that supply the brain Stroke
Seizure disorders Epilepsy
Cancer Brain tumors
Infections Meningitis

Neurological disorders affect millions of people worldwide. Statistics says that 
there are more than six million people who die due to brain stroke each year; approx. 
80% of these deaths take place in low- and middle-income countries. It is estimated 
that >50 million people have epilepsy worldwide. Globally, there are more than 47.5 
million people with dementia. With 7.7 million new cases every year, Alzheimer’s 
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disease stands on the top among the most common causes of dementia and may 
contribute to 60–70% of cases [2].

1.2  Introduction to Various Neuronal Diseases

1.2.1  Alzheimer’s Disease (AD)

AD is one of the most common forms of dementia, with more than 24 million cases 
worldwide [3]. The main characteristics of this disease are memory loss, decreased 
cognitive functions, and thereby physical functions also. It eventually leads to the 
death of patient due to loss of neuronal cells. The disease can manifest itself in two 
forms: (1) familial AD, which is caused by genetic causes usually, and (2) sporadic 
AD which is caused by environmental factors. The major areas of the brain affected 
by AD are the neocortex, which is principally involved in the processing of sensory 
information, and limbic system, which plays a key role in the control of emotions, 
instinctive behavior, learning, and short-term memory (Fig. 3.1).

The basis of disease is still unclear, but its main assurance is accumulation of beta-
amyloid (Aβ peptide) plaque [4]. Over the years, studies on various animal models 
have provided valuable information in understating the pathogenic mechanism of 
AD. The pathology of AD is better explained by dividing it into three major segments, 
viz., positive lesions (lesions related to accumulation), negative lesions (due to losses), 
and inflammatory lesions (the ones due to the reactive processes). Other important 
histopathological characteristic of AD covers neurofibrillary tangles (NFTs). NFTs are 
found inside neurons and are made up of paired helical filaments of hyperphosphory-
lated microtubule-associated protein tau (MAPT). Intracellular accumulation of NFTs 
may cause dysfunction of the normal cytoskeletal structure of neurons with consequent 
death. Distribution of plaques (Aβ) and neurofibrillary tangles (NFTs) is not even 
across the brain during AD but are confined to disposed neural systems [4].
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Fig. 3.1 Structure of brain 
in normal and Alzheimer’s 
disease condition (Source: 
mybrainx.com)
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The roles of important protein and its precursor peptide, amyloid-β protein pre-
cursor, have been widely investigated because of the presence of beta-amyloid in 
the senile plaques [5]. Currently, all the treatments for AD are only able to improve 
symptoms but cannot lead to the regression of the disease or to its complete cure. 
Many new treatment regimens for AD have been proposed, but the development of 
specific drug delivery system which can target the brain and also inhibit the neuro-
degeneration is still required.

1.2.2  Parkinson’s Disease (PD)

PD is one of the neurodegenerative diseases of CNS which weakens motor skills, 
cognitive processes, and other functions too. Clinical symptoms of PD include bra-
dykinesia, hypokinesia, and rigidity kind of motor and non-motor symptoms. These 
symptoms are known as Parkinsonism, which is essential for clinical diagnosis in 
PD. Various studies reflect that major PD symptoms are due to nigral dopamine 
deficiency-related dysfunction of the basal ganglia [6]. The exact cause of the dis-
ease is unknown. Great reduction in the activity of dopamine-secreting cells in pars- 
compacta region of substantia nigra (Fig. 3.2) is observed which is responsible for 
the symptoms of PD [7].

Pathologically, the disease is characterized by the accumulation of alpha- 
synuclein protein forming inclusions called Lewy bodies [8]. Braak’s group had 
proposed “pathogen theory” which is reasonable somewhat for considering the 
major gastrointestinal (GI) dysfunctions during PD and prevalence of the same in 
vegetarians [9]. According to this theory, assumption was made that an “unknown 

Fig. 3.2 Substantia nigra 
during normal and 
Parkinson’s disease 
condition (Source: 
shutterstock.
com—1049278997)
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pathogen” pierces the gut wall and enters the central nervous system (CNS) by ret-
rograde transport through the vagus nerve to cause PD [10]. Use of levodopa 
(L-DOPA) has made current treatments effective for management of motor symp-
toms. Dopamine agonists and monoamine oxidase B (MAO-B) inhibitors are also 
useful as dopamine cannot cross blood–brain barrier (BBB) [11]. Drug delivery to 
the brain remains limited because of the blood–brain barrier (BBB). For example, 
out of the total L-DOPA administered, only 5–10% is able to cross the blood–brain 
barrier. Various enzymes metabolize the remaining dopamine, causing side effects, 
such as nausea, dyskinesias, and stiffness [12].

1.2.3  Brain Cancer/Brain Tumors

Brain tumors can be divided into two major groups: (a) primary brain tumors, which 
originated from brain tissues, and (b) secondary brain tumors, which result from the 
metastatic spreading of cancer cells and originated in other regions. Examples of pri-
mary brain tumors are gliomas, central nervous system lymphomas (both of which 
originate from brain parenchyma), meningiomas, and pituitary adenomas (extraparen-
chymal tumors) [13]. Gliomas can originate from neural stem cells, progenitor cells, or 
dedifferentiated mature neural cells transformed into cancer stem cells. This classifica-
tion is based on both their origins in astrocytomas, oligodendroglioma, and mixed oli-
goastrocytoma. It is also based on their aggressiveness in grades ranging from 2 to 4.

Currently, the use of surgical approaches and/or radiotherapy is most common 
for brain tumors that not only present a large amount of risk for the patient but are 
also unable to competently treat more hostile form of gliomas [14]. Such pharmaco-
logical treatments should be developed which are able to target cancer cells and 
destroy brain tumor stem cells as well, in order to prevent a repopulation effect. This 
will help in preventing all the processes involved in tumor metastatic spreading, 
including angiogenesis and cell extravasation (Fig. 3.3).

Fig. 3.3 Various types of 
brain tumors (Source: 
drugs.com)
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Accomplishing successful treatment for CNS diseases remains a vast avenue for 
research. Till date, a variety of clinical medications for CNS diseases give just con-
strained change in results and are regularly joined by extreme symptoms. For exam-
ple, patients determined to have glioblastoma just have a middle survival time of 
14 months following surgical resection, radiation, or associative chemotherapy. The 
trouble in accomplishing enhanced result for CNS disorders originates from the 
failure to convey therapeutically relevant doses of the therapeutic to diseased cells 
or regions. The blood–brain barrier (BBB) and nasal mucosa act like the main 
impediment that keeps most deliberately administrated drugs from entering the 
CNS.  Therefore, before starting with various approaches for targeting drugs to 
CNS, we need to discuss various obstacles which may hinder the drug to reach CNS 
to specific sites.

1.3  Blood–Brain Barrier (BBB)

The term “histohematic barrier” was first introduced by LS Stern in 1929. The term 
“blood–brain barrier” (“Blut-Hirn-Schranke”) was coined by Lewandowsky in 
1900 [15]. BBB is the subtle network of blood vessels having tightly packed endo-
thelial cells which separates the brain from the circulatory system. BBB is also 
pericytes, vascular smooth muscle cells (VSMC), neurons, astrocytes, and perivas-
cular macrophages [16]. It is an extremely selective obstacle between blood flow 
and CNS which plays a crucial role in the homeostasis of the brain by regulating the 
way of various substances [17]. By virtue of its ability to exclude the passage of 
certain compounds, the BBB defines compounds as either centrally or peripherally 
acting [18]. This barrier has less affinity for hydrophilic substances, charged mole-
cules, proteins, and peptides; hence, they are unable to cross the barrier, whereas 
lipophilic drugs like antidepressants, anxiolytics, and many hormones can cross the 
barrier with ease.

Besides the brain capillaries, peripheral capillaries also exist. The main differ-
ence is the lack of fenestration and intercellular pores, due to the presence of inter- 
endothelial tight and adherens junctions, limiting the transport via paracellular 
pathways [16]. The physical barrier is because of the presence of adherens junctions 
(AJs) and tight junctions (TJs) between neighboring endothelial cells. TJs comprise 
of transmembrane proteins located within the paracellular space, preventing para-
cellular transport by virtually filling the space. Cytoplasmic proteins (zonula 
occludens [ZO] 1, 2, and 3 and cingulin) are also present which are bound to the 
actin cytoskeleton [19, 20].

Molecules like proteins, enzymes, and nutrients can travel in and out of the CNS 
through various pathways. Patients suffering from neurological disorders required 
prolonged dosing, leading to side effects in nontargeted organs. Majority of drugs 
which are useful in the treatment of neurological disorders cannot cross the BBB,  
and hence their potential is reduced as effective therapeutic agent. This left the soci-
ety with limited treatment options for the patients. Therefore, the development of 
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noninvasive transport of drug to the brain is highly needed for neurological disor-
ders and brain tumors requiring chronic therapy.

The rate-limiting factors of BBB include the presence of reticuloendothelial sys-
tem across the BBB which causes protein opsonization. Several approaches have 
been engaged to improve the drug delivery across the BBB. Nanoparticles (NPs), 
being of the range from 1 to 1000 nm, are the solid colloidal particles utilized as 
carrier for drug delivery. Currently NPs are found to have a tremendous advantage 
over the other methods available for drug delivery across the BBB. Because of its 
size and functionalization characteristics, nanoparticles are able to penetrate and 
facilitate the drug delivery through the barrier. Nanomaterials in combination with 
therapeutic agent can be modified using various mechanisms and strategies for tar-
geted use. Examples of delivery systems are liposomes, polymeric nanoparticles, 
non-viral vectors, etc. [21]. Nanomaterials are efficacious enough to improve the 
safety and efficacy of drug delivery devices in brain targeting. Nano-engineered 
devices are found to be delivering the drugs at cellular levels through nano-fluidic 
canals. Use of nanotechnology may reduce the need of invasive procedures for 
delivery of therapeutics to the CNS.

1.4  Nasal Drug Delivery to Brain

Nasal route is an alternative route for those drugs which are difficult to administer 
orally. This route is being explored by various researchers and proven promising for 
brain targeting. This route has gained potential attraction for delivering the neuro-
therapeutics by evading the blood circulation through IN route. Delivering drug by 
IN route reduces the systemic exposure and hepatic/renal clearance [22, 23]. 
Olfactory and trigeminal nerves are involved in this pathway, and it has achieved an 
importance as it can deliver a large range of therapeutic agents [23, 24].

The probable mechanism by which drugs are transported from the nose to the 
brain is not yet clear, but olfactory pathway plays a vital role. This pathway consists 
of olfactory epithelium, lamina propria, and olfactory bulb. Entry of drugs to caudal 
and rostral parts of the brain is promoted in IN delivery as trigeminal nerve enters to 
the brainstem through pons by innervating the nasal cavity, whereas it enters to the 
forebrain through the cribriform plate. Drug is delivered to the rostral area of the brain 
by olfactory pathway where in case of trigeminal pathway, rostral but caudal, both 
areas of the brain are targeted. Hence, it is difficult to differentiate that intranasally 
administered drug is translocated to rostral area by olfactory or trigeminal pathway.

Olfactory pathway is a reliable alternative to achieve desired therapeutic effects 
at lower doses for treating chronic diseases while minimizing the side effects. Direct 
IN drug transportation to the brain is referred by transmucosal delivery of drug via 
olfactory or trigeminal pathway. The only route by which the brain is connected 
with the outside environment is intranasal route. This neural connection has gained 
consideration for delivery of wide variety of drug molecules by the nanoformula-
tions. Such formulation systems for nucleotides, peptides, and proteins can be 
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developed to deliver them to the brain by preventing enzymatic degradation and 
augmenting the pharmacological properties without systemic absorption and toxic-
ity. It was investigated in animal and human studies that different nose to brain drug 
delivery systems resulted successful by enhancing the nasal permeability, improv-
ing adhesion to mucous membrane, providing continuous or measured release of 
drug, or increasing deposition at olfactory epithelium.

Nanotechnology is a more promising drug delivery system among the advanced 
technologies of targeting and controlled release systems [25].

There are various strategies to target the brain which includes invasive as well as 
noninvasive techniques.

2  Nanoparticles as Drug Delivery Vehicles

Merits of nanoparticles as drug delivery system are controlled release of drug, 
reduced toxicity, improved bioavailability, and enhanced therapeutic efficacy and 
bio-distribution [26]. Structure of nanoparticles enables them to protect the drugs 
from environmental degradation due to factors like stomach acid and enzymes [27]. 
Size range for polymeric nanoparticles is about 10–1000 nm [28] and can be modi-
fied with different ligands such as antibodies to create a smart targeting delivery 
system. To cross the BBB,  surfactant-coated polymeric nanoparticles of drug 
should be of ≤300 nm [29].

Food and Drug Administration (FDA)-approved therapeutic devices use 
poly(lactic-co-glycolic acid) (PLGA). Random ring-opening and copolymerization 
of two different monomers form PLGA polymer. It is a biodegradable polymer, and 
its hydrolysis of PLGA produces original monomers, lactic acid and glycolic acid, 
in the body.

PLGA shows controlled degradation by the altering the ratio of the two mono-
mers: the lower the content of glycolide units, the more time is required. 50:50 
monomer ratio in the copolymer exhibits the fastest degradation. Minimal toxicity 
and ability of controlling the drug release make PLGA the most suitable for drug 
delivery [30]. Biocompatibility for targeting drug at cellular level shows versatility 
of PLGA nanoparticles among various nanoparticulate systems [31]. The degrada-
tion of polymer matrix of PLGA nanoparticles releases encapsulated 
L-DOPA. Hence, undesirable effects observed with the conventional oral adminis-
tration can be reduced [32]. Despite having various advantages of PLGA as a drug 
carrier, it has been found that nontargeted PLGA NPs could not possibly target to 
specific site in the brain as compared to targeted PLGA NPs. Taking into consider-
ation aforementioned statement, there are various targeting ligands and various 
approaches of targeting to specific receptors which get overexpressed in a specific 
disease. In the following section, we will discuss various targeting strategies and 
different types of ligands which help to target specific receptors to show significant 
therapeutic response. Furthermore, we have also discussed various types of surface 
modification/conjugation strategies of ligands to PLGA NPs.
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3  Dual-/Multi-targeting Strategies

Intranasal mucosa and BBB are still a barrier in the treatment of brain diseases. The 
vast research has been carried out for the development of targeting delivery system 
for brain diseases (Fig.  3.4). Nevertheless, the developed formulations were not 
capable enough for the treatment of diseases of the brain due to several reasons: (1) 
brain diseases usually occur in a particular area of the brain; thus, the conveyance of 
the therapeutic moiety into the brain is a critical matter when it penetrates the BBB 
and nasal mucosa and enters the brain. The poor targeting efficiency to the particu-
lar diseased area leads to low concentration of drug in the particular diseased area 
[33, 34]. (2) The dissemination of therapeutic moiety in healthy neuronal cells, 
which may eventually lead to neurotoxicity [35]. To reduce this difficulty, dual-/
multi-targeting nanocarrier system strategies were proposed. Initially, dual-/multi- 
targeting strategy was employed to overcome two or more barriers present in the 
brain which may retard the delivery system to reach the specific diseased area. It is 
generalized that dual-targeting nanocarrier systems should be able to help to pass 
via nasal mucosa and/or BBB and then precisely bind to cells of the diseased brain. 
However, certain nanocarriers were also termed as “dual-targeting system” when 
nanocarriers were formulated for targeting two different locations (i.e., two distinct 
cells namely neo-vasculature and tumor cells) and in another case targeting the 
same cell type but at different receptors (i.e., transferrin and folate receptor on can-
cer cells) [35, 36]. Depending on the target site, one can particularly classify nano-
carriers into various applications:

Fig. 3.4 Various approaches to target neurons
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 1. Targeting nasal mucosa/BBB and diseased cells utilizing unlike targeting moi-
eties: as stated above, the earlier perception of dual-targeting delivery was pass-
ing nanocarrier via nasal mucosa/BBB and then specifically targeting to the 
diseased cells. To overcome this constraint, two targeting moieties were often 
used for constructing targeting delivery systems, one for penetration of the nasal 
mucosa/BBB and the other for targeting diseased cells. In the above context, Yin 
et  al. developed sialic acid-modified selenium NPs coated with B6 peptide 
(B6-SA-SeNPs). Peptide B6 is known for its BBB permeability, and sialic acid 
has showed significance in the development of cognition and enhancement in 
learning and memory performance, whereas selenium NPs show synergistic 
action in AD in the form of antioxidants. In vitro BBB model (bEnd.3 cells) 
study demonstrated that B6-SA-SeNPs were efficiently crossing the BBB and 
were getting absorbed by PC12 cells. Furthermore, B6-SA-SeNPs not only 
inhibited Aβ aggregation but also disaggregated preformed Aβ fibrils into non-
toxic amorphous oligomers [37]. In a similar manner, Zhang et  al. developed 
TGN/QSH dual-conjugated H102-loaded PEG-PLA NPs (TGN/QSH-H102- 
PEG-PLA NPs) as a dual-targeting platform in the treatment of AD. Two target-
ing peptides, QSH and TGN, were conjugated to the surface of NPs for Aβ 
targeting and BBB transport, respectively. The maximum concentration of H102 
was obtained in the hippocampi of the TGN/QSH-H102-PEG-PLA group mice 
1 h after administration, which were 1.86 and 2.62 times the level of TGN-H102- 
PEG-PLA NPs and non-modified H102-PEG-PLA NPs, respectively [38].

 2. Targeting two cell types in the diseased cells: as there can be many targeting sites 
for specific diseased neuronal cells, which may be responsible for pathological 
conditions, for example, AD has various targeting sites such as Aβ plaques, mito-
chondrial targeting, and tau aggregates. This indicates a researcher can target Aβ 
which can avoid Aβ agglomeration or disaggregate the form; Aβ plaques and 
other targeting moieties can be attached to target mitochondria which will help 
in reducing oxidative stress. As a result, the synergistic action may ameliorate 
the cognitive deficit. Furthermore, in case of brain tumor, there can be various 
sites for targeting such as blood vessels (angiogenesis) which are present in 
tumor and receptors present on tumor cells. In this context, targeting moiety 
which reduces the growth of blood vessel (anti-angiogenesis) treatment can be 
simultaneously be delivered with another targeting moiety which targets tumor 
cells which reduces tumor growth [39]. To address the abovementioned require-
ment, Gao et al. developed dual-functional interleukin-13 peptide (IL-13)/RGD- 
conjugated PEG-PCL NPs. The selection of the targeting was done with the aim 
of dual targeting to brain tumor. In this context, RGD would target avβ3 on 
neovasculature, and IL-13 would target IL13Rα2 on glioblastoma cells. The 
receptor labeling study demonstrated that IL13Rα2 could mediate the internal-
ization of IL-13-modified NPs, and avβ3 could mediate the internalization of 
RGD-modified NPs. Furthermore, in  vivo study displayed that IL-13/RGD- 
PEG- PLA NPs also showed high penetration ability than monomodified NPs. 
Additionally, CD-31 staining study demonstrated that IL-13/RGD-PEG-PLA 
NPs could target both neovasculature and glioblastoma cells [40].
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 3. Dual targeting with one ligand: there are some ligands that could directly target 
both nasal mucosa/BBB and diseased neuronal cells due to their receptors or 
transporters that are overexpressed on both nasal mucosa/BBB and diseased neu-
ronal cell. In the above context, Ruan et al. developed DOX-loaded antigiopep- 
2- conjugated gold NPs as a dual-targeting nanoplatform in the treatment of brain 
disease. Angiopep-2 is the member of peptide family named angiopep, which are 
derived from the Kunitz domain of aprotinin. Additionally, angiopep-2 has high 
LRP binding affinity; thus, it was candidate for the dual-targeting ligand for NPs 
to penetrate the BBB and target the brain tumor. It was found that the release of 
DOX was pH sensitive owing to the hydrazine bonding between the gold NPs 
and DOX. Furthermore the release study demonstrated that at pH 7.4, the 48 h 
cumulative release was found to be 21.9%, while at pH 5 it was elevated to 
88.3%. Above study revealed that the combination of therapeutic activity and 
dual-targeting property of angiopep-2 peptide can efficiently enhance the sur-
vival time of brain tumor-bearing mice from 19 days to 55 days [41].

3.1  Lectins

Lectins are sugar-binding proteins that are exceptionally particular for attachment 
to the sugar moiety. Lectins are found all through nature, in plants, i.e., seeds, and 
different nourishments, for example, dairy substance, and the human body [42–44]. 
On the cell surface of tissues, starches going about as basic parts of the human body 
are broadly appropriated. They are engaged with different organic procedures, for 
example, cell bond, irritation, and cell actuation [42, 43]. Different kinds of lectins 
are being bound by specific sugar moieties present of these carbohydrates. Lectins 
are robust proteins; they are resistant to gastric acid and digestive enzymes. They 
have ability to bind to stomach wall, change permeability, damage the epithelial 
cells, pass through the gut, and enter the blood with other proteins, which may lead 
to certain adverse immunological responses [45]. Taking into consideration the 
above statement, lectins originated from plants and animals may cause several 
adverse reactions to the human body. Lectins have particular targeting capability 
which marks them as safe and appropriate to be utilized as a prodrug agent. Recently, 
researchers are utilizing lectin as a targeting moiety to be targeted to specific region 
of disease, for example, neurological diseases. Furthermore, lectins can be conju-
gated to the therapeutic moiety, or it can be conjugated to nanocarrier in the form of 
surface functionalization. So, considering the targeting approach to the brain, lec-
tins can overcome the BBB as well as intranasal route barrier and subsequently 
increase the efficiency of nanocarrier platform loaded with therapeutic moiety [43]. 
Wen et al. developed odorranalectin (OL)-conjugated PLGA-PEG NPs to enhance 
the intranasal delivery of the therapeutic moiety in the treatment of CNS diseases 
[46]. Recently various lectins have been approved in pharmaceutical world which 
includes wheat germ agglutinin (WGA) and peanut agglutinin. Among them WGA 
has been widely utilized in research, more specifically as a targeting moiety for nose 
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to brain delivery. WGA is obtained from Triticum vulgaris, and which has particular 
affinity toward sialic acid and N-Acetyl-glucosamine (GlcNAc). Most of the study 
concluded that WGA can be safely used for intranasal delivery as it does not pro-
duce any toxicity to the normal cells.

3.2  Cell-Penetrating Peptides (CPPs)

As of late, cell-penetrating peptides (CPPs) have been broadly contemplated regard-
ing their utility in drug delivery. This makes it difficult to have a general definition 
covering the attributes of the distinctive CPPs found. Up until now, one can state 
that CPPs are short peptides (generally not surpassing 30 amino acids) that have the 
ability to pervasively cross cell membranes with extremely constrained toxicity, by 
means of energy-independent (direct membrane translocation) and/or energy- 
dependent (endocytosis pathways such as clathrin-mediated endocytosis, caveolae/
lipid raft-mediated endocytosis and macropinocytosis) mechanisms, without the 
need of a chiral recognition by particular receptors [47, 48]. Albeit a few unique 
criteria have been proposed for the classification of CPPs, in view of their sequences, 
origin, function, or mechanism of uptake, no unified scientific classification of these 
peptides directly exists. Depending on the origin, CPPs can be categorized as natu-
ral and artificial peptides. Additionally, based on the bonding between CPP and 
cargoes/nanomaterial, CPPs can be classified as non-covalent (may consist of elec-
trostatic interactions/hydrophobic interactions) and covalent (may consist of disul-
fide or thioester bond). Furthermore, as per their physicochemical properties, they 
can be simply sorted into three fundamental classes, that is, amphiphilic, hydropho-
bic, and cationic peptides [49]. Cellular uptake of CPP can be affected by various 
factors such as concentration of CPP/cargo/nanomaterial-CPP conjugates and size. 
Additionally CPPs can be decorated over the nanocarriers to achieve target-specific 
delivery. In this context, vast amount of research has been carried out on CPP as a 
brain-targeting agent following intranasal route. Additionally, as far as intranasal 
route is concerned, CPPs, when decorated over the NPs, can efficiently transfer the 
therapeutic moiety across nasal mucosa followed by brain targeting. They endorse 
transport of therapeutic moiety via olfactory pathway to the brain [50–52]. Among 
CPPs, low molecular weight protamine (LMWP), Tat protein, and penetratin are 
therapeutically important in transmucosal delivery of loaded therapeutic agent. 
LMWP is considered to be safer as compared to protamine as it is nonantigenic and 
has low toxicity [53, 54]. The LMWP-CPPs could be used to improve IN transport 
of therapeutic moiety to CNS.  It was considered that conjugates of LMWP-NPs 
were successfully transported to the brain by noninvasive IN administration. In this 
context, Xia et  al. developed a coumarin-6-loaded LMWP-conjugated PEG-PLA 
NPs. The in vivo results revealed that intranasally administered LMWP-PEG NPs 
were detected in the rat olfactory tract, cerebrum, cerebellum, and olfactory bulb 
and were found to be 2.68-, 2.03-, 2.55-, and 2.82-fold, respectively, as compared to 
that of PEG-PLA NPs. Biodistribution study also revealed that LMWP-PEG-PLA 
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NPs after intranasal administration could be delivered to the CNS along both tri-
geminal nerve and olfactory nerve pathways [55]. Furthermore, Yan et al. developed 
insulin-loaded Tat-conjugated PLGA NPs to overcome the barriers like nasal 
mucosa penetration, intracellular transport along the olfactory neurons, and diffu-
sion across the heterogeneous brain compartments. The results demonstrated that 
Tat-conjugated PLGA NPs can efficiently deliver the insulin to the brain following 
intranasal route, showing the total brain delivery efficiency of 6% [56]. Additionally, 
Yang et al. developed rivastigmine-loaded CPP-conjugated liposomes for intranasal 
administration for brain targeting. It was found that the concentration of rivastig-
mine loaded with liposomes was higher as compared to free rivastigmine [57]. 
Kamei et al. hypothesized that CPP could be used to enhance the drug delivery to 
the brain. For the same, the researcher developed an insulin solution co- administered 
with penetratin and was intranasally administered to mice. The results demonstrated 
that insulin co-administered with d- and l-penetratin reached the distal region of the 
brain from the nasal cavity, including the cerebellum, cerebral cortex, and brain-
stem. In particular, d-penetratin could intranasally deliver insulin to the brain with 
a reduced risk of systemic insulin exposure [58]. In addition to intranasal route, CPP 
can be used as a targeting moiety to cross blood–brain barrier (BBB)  and bypass 
effectively the Pgp in the BBB. For example, they have enhanced doxorubicin trans-
port into the rat brain up to 30-fold. This approach is efficient on the grounds that 
CPPs use adsorptive-mediated endocytosis to enter the brain. It is triggered by elec-
trostatic interactions between the negatively charged cell membranes of brain endo-
thelial cells and positively charged moieties of the protein. In this context, Lu et al. 
developed CPP-conjugated BSA NPs to evaluate brain-targeting efficiency. It was 
found that the permeability of CPP-BSA NPs was 7.76-fold higher than that of BSA 
NPs [59]. Additionally, Qin et  al. developed doxorubicin-loaded Tat-conjugated 
liposomes for glioma therapy [60].

3.2.1  Glutathione (GSH)

GSH is a natural, hydrophilic, tripeptide molecule which performs antioxidant func-
tion against reactive oxygen species and toxic metabolites of the cell [61]. The idea 
of glutathione-coupled nanoparticles rose up out of the way that the glutathione is 
the most abundant antioxidant agent existing in the human body; apart from that it 
additionally acts as an endogenous ligand for glutamate receptors, i.e., N-methyl-d- 
aspartate (NMDA) and 2-amino-3-hydroxy-5-methyl-4-isoxazolepropionate 
(AMPA) receptors which are abundantly expressed in the brain, and consequently it 
experiences receptor-mediated endocytosis [62]. Additionally, GSH has the ability 
to interact with transmembrane proteins located in the brain that are involved in the 
active transport of various materials across BBB [63]. Additionally, glutathione also 
regulates the permeability of BBB through its action on tight junction proteins 
(occludin and claudin) of BBB [64, 65]. Among these, Pgp is involved in ATP- 
coupled reactions in transporting materials conjugated to GSH across membranes. 
Henceforth, glutathione-coupled nanocarriers establish a promising drug delivery 
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system for transport of various neurotherapeutics to the brain by surpassing BBB 
[66]. In this context, Gaillard et  al. developed methylprednisolone-loaded GSH- 
conjugated liposomes for enhanced brain delivery [67]. Results demonstrated that 
treatment with GSH-PEG liposomes was significantly more effective compared to 
PEG liposomes. Furthermore, DOX-GSH-PEG liposomes are in clinical trials for 
the pharmacokinetics, tolerability, and safety in the treatment of brain metastasis or 
recurrent malignant glioma and solid tumors, which clearly demonstrated clinical 
significance of GSH-PEG liposomes as a nanocarrier for brain-targeted drug deliv-
ery. Furthermore, Patel et  al. developed hydrophilic fluorescent marker-loaded 
GSH-conjugated BSA NPs for brain-specific drug delivery. The study revealed that 
the permeability of GSH-BSA NPs across the monolayer of MDCK-MDR1 endo-
thelial tight junction was shown significantly higher as compared to BSA NPs and 
fluorescein sodium solution. Additionally, GSH-BSA NPs exhibited higher uptake 
by neuroglial cells as compared to BSA NPs and fluorescein sodium solution. 
Intravenously administered GSH-BSA NPs showed threefold higher fluorescein 
sodium carried to the brain as compared to BSA NPs [62].

4  Strategies for Targeted Nanoparticles

Various methods/chemistries have been employed to link ligands with reactive 
groups of the surface of the nanocarriers, and the methods can be classified into 
covalent and non-covalent conjugations. Common covalent coupling among the 
other methods involve chemistries such as (1) carbodiimide chemistry, (2) Michael 
addition, and (3) “click” chemistry.

4.1  Carbodiimide Chemistry

This technique is the most utilized for the conjugation of nanocarrier with the tar-
geting moiety. The merit of this chemistry depends on its simplicity, and the required 
functional groups present on the targeting moiety and nanocarrier (e.g., amine 
group, carboxylic acid, and so on), to accomplish the coupling. This results in low 
possibility to lose ligand-specific activity [68]. Nevertheless, the presence of mul-
tiple functional groups in the targeting moiety can put forth a drawback trying to 
confine multi-site attachment or to control the targeting moiety alignment at the 
surface of the nanocarrier [69]. The amide bond formation takes place in two subse-
quent steps. Amid the first, the activation of carboxylic acid groups present on the 
surface of nanocarrier is carried out by 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC). This reagent is generally referred as carbodiimide which can shape 
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diverse chemical structures. EDC has great solubility in water which empowers 
direct utilization of EDC in aqueous solutions without addition of any organic com-
pounds. These conditions are appropriate for the attachment of bioactive particles to 
the carrier surface. The o-acylisourea intermediate formed during the actuation of 
the carboxylic acid is vulnerable to quick hydrolysis [70]. Thusly, an excess amount 
of carbodiimide must be utilized to finish the reaction, which can modify the col-
loidal stability of the subsequent nanocarriers because of the poor solubility of the 
o-acylisourea. This can be fathomed utilizing N-hydroxysuccinimide (NHS) or 
N-hydroxysulfosuccinimide (sulfo-NHS). The ester intermediate of the latter has a 
better solubility. Albeit still susceptible to hydrolysis (which is anyway slower than 
o-acylisourea middle of the road), NHS esters as a rule prompt higher coupling 
efficiency [69].

The above-described information was connected with the activation of the car-
boxylic group on the surface of nanocarrier. Alternative method is associated with 
the activation of primary amine of nanocarrier. This process takes place when 
homo-bifunctional dithio-bis(succinimidyl propionate) (DSP) is used [71]. The 
DSP was used in the synthesis of drug carrier which was applied in the targeted 
breast cancer therapy [72]. The DSP activates the amine groups of nanocarriers. 
Additionally, application of NHS allows the formation of ester during the reaction 
with monoclonal antibody (trastuzumab). This methodology was very efficient and 
selective throughout cancer gene therapy [73].

4.2  Michael Addition

Michael addition is the second widely applied approach for conjugating targeting 
moiety and nanocarrier which involves in particular thiol-maleimide coupling strat-
egy. Maleimides used in Michael addition exhibit slower hydrolysis rate than 
o-acylisourea intermediates in carbodiimide chemistry. Besides, at near neutral pH, 
maleimides react with thiols in a highly selective and efficient way resulting into 
stable thioether bond [68, 69]. The reaction runs quickly and under mild conditions, 
at the room temperature, and in aqueous solution. Formed thioether bond is stable 
within 24 h in human serum even in the presence of reducing agent, for example, 
DTT. To circumvent this limitation, thiol group can be obtained either by reducing 
existing disulfide bonds (which can be however detrimental for ternary structures of 
certain peptides/proteins) or by using hetero-bifunctional cross-linking agents such 
as N-succinimidyl-S-acetylthioacetate (SATA) or N-succinimidyl-3-(2-
pyridyldithio) propionate (SPDP) [74]. Application of the system containing the 
thioether bond guarantees the high selectivity of delivery and the long time of 
distribution.

3 Surface-Modified PLGA Nanoparticles for Targeted Drug Delivery to Neurons
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4.3  The “Click Chemistry”

The term click chemistry (CC) was developed by Kolb’s group and describes the 
coupling of small molecules and heteroatoms in the form of R-X-R [75]. Reactions 
belonging to “click chemistry” group share several very important features: (1) a 
very high efficiency in terms of both conversion and selectivity; (2) mild experimen-
tal conditions; (3) a simple workup; (4) little or no by-products; (5) readily available 
reagents; and (6) easily removed solvent, for example, water [71]. The main method 
of the purification of final product is crystallization or distillation [75]. Within CC, 
one can find four different types [75, 76]: (1) cycloaddition, for example, Huisgen 
catalytic cycloaddition; (2) nucleophilic substitution chemistry, for example, ring 
opening of heterocyclic electrophiles; (3) carbonyl chemistry of the “nonaldol” 
type, for example, formation of ureas, thioureas, and hydrazones; and (4) addition 
to carbon–carbon multiple bonds, for example, epoxilation and dihydroxylation. 
The major type of “click chemistry” reaction is the cycloaddition which has received 
remarkable attention in many fields such as bioconjugations and polymer function-
alization. This process creates 1,2,3-triazole by the Huisgen 1,3-dipolar cycloaddi-
tion reaction between an azides and terminal alkynes (CuAAC) in the presence of 
the catalyst, copper (I) [71, 77, 78]. The principle drawback of the CuAAC reaction 
is the necessary removal of the Cu-based catalyst after the coupling. The use of Cu 
ligands and organic scavengers is however possible to remove most of the catalyst.

5  Work Explored by Various Researchers for Targeting 
of PLGA NPs to Brain in Different Neuronal Diseases

Various researchers have worked on PLGA nanoparticles for brain targeting. The 
details are compiled in the Table 3.1.

6  Patents and Clinical Trial Status

Nanotechnology is being explored and has shown very promising results these days. 
Many nano-based products like curcumin, EGFR, ferumoxytol, etc. are under clini-
cal trials, and initial phase studies are already completed. PLGA nanoparticles are 
also very well explored in research for neuronal targeting, and it is expected that 
they too will pass the clinical trial phase and products will be there in the market in 
the near future. With the enhancement in targeted NP-related research, a lot of atten-
tion has been given for commercialization of such nanoparticles which led to the 
filing of patents related to these NPs. Various types of patents have been filed related 
to these NPs by different agencies including independent researchers and pharma-
ceutical companies. The filed patents have been summarized in Table 3.2.

T. A. Mehta et al.
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Table 3.2 Patents on nanoparticles for neuronal cell targeting

Application 
number Title Applicant Status

JP2018065862 Drug-loaded polymeric 
nanoparticles and methods of 
making and using the same

Pfizer Pending

WO2018146599 
(A1)

Polymeric nanoparticles 
encapsulating a combination 
of natural bioactive 
trans-resveratrol (rsv) and 
celastrol (cl), a process for 
the preparation and use 
thereof in the treatment of 
prostate cancer

Univ DEGLI STUDI DI 
SASSARI

Pending

WO2018073740 
(A1)

Therapeutic polymeric 
nanoparticles comprising 
lipids and methods of 
making and using same

Pfizer Pending

US2017326085 
(A1)

Glycolic acid and/or D-lactic 
acid for the treatment of 
neurodegenerative diseases

De max-planck-gesellschaft zur 
foerderung der wss e v

Pending

RU2009148718 
(A)

Pharmaceutical composition 
for neurodegenerative 
diseases of hydrogenated 
pyrido(4,3-b)indole, method 
for preparing and based drug

Pending

US2014234402 
(A1)

Intravenous infusion of 
curcumin and a calcium 
channel blocker

Signpath PHARMA INC. Pending

5,955,506 Benzamides for 
neurodegenerative disorder 
treatment

Centaur PHARMACEUTICALS, 
INC.

September 
21, 1999

7,081,345 Use of a polypeptide for 
detecting, preventing, or 
treating a pathological 
condition associated with a 
degenerative, neurological, 
or autoimmune disease

Biomerieux STEHLYS July 25, 
2006

7,255,874 Biocompatible polymers and 
adhesives: compositions, 
methods of making, and uses 
related thereto

Closure MEDICAL 
CORPORATION

August 14, 
2007

7,262,189 Benzothiazine and 
benzothiadiazine derivatives, 
method for preparing same 
and pharmaceutical 
compositions containing 
same

Les LABORATOIRES SERVIER August 28, 
2007

(continued)
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Table 3.2 (continued)

Application 
number Title Applicant Status

7,273,618 Method for administering 
agents to the central nervous 
system

Chiron CORPORATION September 
25, 2007

7,445,931 Compositions and methods 
for enrichment of neural 
stem cells using ceramide 
analogs

Medical COLLEGE OF 
GEORGIA RESEARCH 
INSTITUTE

November 
4, 2008

7,888,066 Methods for identifying 
substances for the treatment 
of Alzheimer’s disease

Mount SINAI SCHOOL OF 
MEDICINE

February 
15, 2011

8,288,444 Iontophoretic delivery of 
curcumin and curcumin 
analogs for the treatment of 
Alzheimer’s disease

Codman & SHURTLEFF, INC. October 
16, 2012

8,329,719 Neuroprotective agents for 
the prevention and treatment 
of neurodegenerative 
diseases

Lixte BIOTECHNOLOGY, INC. December 
11, 2012

8,609,652 Method of administering a 
methylene blue-curcumin 
analog for the treatment of 
Alzheimer’s disease

DePuy SYNTHES PRODUCTS, 
LLC

December 
17, 2013

8,758,778 Polymeric nanocarriers with 
a linear dual-response 
mechanism and uses thereof

The REGENTS OF THE 
UNIVERSITY OF 
CALIFORNIA

June 24, 
2014

8,778,904 Methods and compositions 
for treating diseases, 
disorders, or injuries of the 
CNS

Quark PHARMACEUTICALS, 
INC

July 15, 
2014

8,835,387 Histidyl-tRNA synthetases 
for treating autoimmune and 
inflammatory diseases

Pangu BioPharma LIMITED September 
16, 2014

8,871,212 Amyloid-beta polypeptide 
vaccine

H. Lundbeck a/s October 
28, 2014

8,999,927 Glial cell line-derived 
neurotrophic factor (GDNF) 
compositions and use thereof

The UNITED STATES OF 
AMERICA, AS REPRESENTED 
BY THE SECRETARY, 
DEPARTMENT OF HEALTH 
AND HUMAN SERVICES 
(WASHINGTON, DC)

April 7, 
2015

9,295,689 Formulation and delivery of 
plga microspheres

Moderna THERAPEUTICS, 
INC.

March 29, 
2016

9,486,559 Methods of treatment with a 
bioresorbable scaffold for 
neurologic drug delivery

Abbott CARDIOVASCULAR 
SYSTEMS INC

November 
8, 2016

(continued)
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7  Concluding Remarks and Future Perspectives

In summary, therapeutic formulations fabricated owing to nanotechnology develop-
ment have been extensively used in the treatment of CNS diseases. Although vari-
ous formulations such as liposomes, micelles, nanostructured lipid carrier, 
dendrimers, nanotubes, and others are used in the treatment of various CNS dis-
eases, PLGA-based polymeric-based nanostructures have been extensively studied. 
The literature of various studies demonstrated that despite BBB, intranasal route 
can be an effective route for brain targeting. PLGA NPs exhibits various advantages 
like better drug entrapment, ease in surface functionalization of ligands. PLGA NPs 
also has application in simultaneous diagnosis and therapy (theranostic). Surface 
functionalization of PLGA NPs and the attachment of the targeting moiety incorpo-
rate useful information and progress in this field. Additionally, the type of chemis-
try/conjugation of the nanocarrier with the ligands depends on the type of functional 
group present on both, i.e., ligand and nanocarrier. Dual-/multi-targeting strategy 
was employed to overcome two or more barriers present in the brain which may 
retard the delivery system to reach specific diseased area. It is generalized that dual- 
targeting delivery systems should function to penetration through nasal mucosa and/

Table 3.2 (continued)

Application 
number Title Applicant Status

9,555,071 Methods and compositions 
for the treatment of axonal 
and neuronal degeneration

Nguyen; THIEN Potomac January 
31, 2017

9,579,300 Nanoparticle and polymer 
formulations for thyroid 
hormone analogs, 
antagonists, and formulations 
thereof

NanoPharmaceuticals LLC February 
28, 2017

9,687,553 Polymeric nanocarriers with 
linear dual response 
mechanism

The REGENTS OF THE 
UNIVERSITY OF 
CALIFORNIA

June 27, 
2017

9,827,353 Cross-linked fatty acid-based 
biomaterials

Atrium MEDICAL 
CORPORATION

November 
28, 2017

9,913,877 Methods and compositions 
for the treatment of axonal 
and neuronal degeneration

Ewaleifoh; OSEFAME
NGUYEN; THIEN

March 13, 
2018

10,028,971 Compositions and methods 
for treating psychiatric 
disorders

Gosforth CENTRE 
(HOLDINGS) PTY LTD

July 24, 
2018

10,034,918 Therapeutic use of a growth 
factor, metrnl

Hoba THERAPEUTICS APS July 31, 
2018

10,040,783 Prostaglandin receptor ep2 
antagonists, derivatives, 
compositions, and uses 
related thereto

Emory UNIVERSITY August 7, 
2018

T. A. Mehta et al.
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or BBB and then specifically binds to cells of diseased brain. Until now, none of the 
ligand-targeted nanomedicines have been approved probably due to two major 
aspects: ambiguous active-targeting effect in CNS diseases and the difficulties 
encountered in large-scale and reproducible production while maintaining the activ-
ity of targeting ligands. Therefore, future studies should focus more on human CNS 
biology (e.g., by establishing models that are more close to CNS-specific disease). 
Besides, more attention should be paid to the design, production, and control aspects 
of dual-targeted nanomedicines to facilitate possible clinical translation.
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Chapter 4
Surface-Functionalized Lipid 
Nanoparticles for Site-Specific Drug 
Delivery

Diana P. Gaspar and António J. Almeida

Abstract Nanoparticles have been sought as drug carriers to increase bioavailability 
at the target site of action, improving drug therapeutic index. Among the several 
nanoparticulate systems proposed in the field of pharmaceutical technology, lipid-
based nanoparticles (NPs) have attracted increasing attention due to their unique 
size-dependent properties, use of common well-tolerated, pharmaceutically accepted 
excipients, thus allowing for developing new delivery systems that could hold great 
promise for attaining the bioavailability enhancement along with controlled and site 
specific drug delivery. In the last years, passive and active modification approaches 
have been proposed to surface functionalization of lipid NPs intended for specific 
targeting. Internalizable ligands, specific targeted peptides, saccharide ligands, or 
even therapeutic molecules (e.g. antibodies or enzymes) are used for this purpose. 
Physicochemical properties of NPs can also be adjusted to improve drug targeting. 
The present chapter describes the recent advances in surface functionalization of 
lipid NPs, either solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC), 
lipid–drug conjugate nanoparticles (LDC), or lipid nanocapsules (LNC) with spe-
cific ligands to enhance drug targeting performance as well as its therapeutic effect.

Keywords Lipid nanoparticles · Active targeting · Passive targeting · Surface 
functionalization · Cell/receptor-specific ligands · Target site

1  Introduction

For the last 30 years particulate systems have been extensively investigated as drug 
delivery carriers to prevent or treat diseases. After administration, many active sub-
stances might suffer premature degradation, or elimination resulting in rapid clear-
ance from the target site, reducing the therapeutic effect [1]. In this context, 
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nanoformulations are extremely useful to overcome the challenges created not only 
by many active substances, such as poor drug solubility, physicochemical stability, 
permeability, and good access to the site of action, but also by extending their thera-
peutic and commercial value of existing drugs [2, 3]. Therefore, microencapsulation 
or nanoencapsulation into particulate systems emerged as an alternative to over-
come those physicochemical and biological barriers [4–6].

Development of nanoparticles (NPs, most commonly referred as solid colloidal 
particles ranging in size from 1 to 1000 nm) for drug delivery began in the 1960s 
with the works of Peter Paul Speiser [7]. Due to their small size, they exhibit unique 
physicochemical and biological characteristics (e.g., an enhanced reactive area as 
well as an ability to overcome cell and tissue barriers) that make them a favorable 
material for biomedical applications, while promoting uptake by the cells [8]. They 
are able to carrying the therapeutic molecule to the site of action, thus minimizing 
unwanted side effects. In addition, they also protect the drug from rapid degradation 
or clearance and enhance drug concentration in target tissues, therefore reducing 
therapeutic doses [8]. In theory, a perfect nanoparticulate drug delivery system 
should (1) target the molecule to the site of action sites and keep it there for the 
desired time; (2) guarantee minimum drug degradation during transportation to tar-
get; (3) enable drug transport into the cell (if the target site is intracellular); (4) be 
biocompatible, biodegradable, and nonantigenic; and (5) be easily formulated at an 
industrial scale [6].

Many nanoparticulate systems have been reported to carry hydrophilic and 
hydrophobic drugs, proteins, biological macromolecules, and nucleic acids for tar-
geted delivery, or made for long-term systemic circulation [9]. Several strategies 
have also been proposed to associate and release the drug, manipulating the materi-
als used to formulate NPs, as well as with their structural design. Drugs can be 
entrapped in the carrier matrix, encapsulated in a core or surrounded by a shell, 
chemically conjugated to the NP matrix (covalent bonds, electrostatic interactions, 
etc.) or bound to the particle’s surface by adsorption [8–10]. Thus, numerous meth-
ods exist for synthesizing NPs based on the type of drug used and the desired deliv-
ery route. Once a protocol is chosen, the parameters must be tailored to create the 
best possible characteristics for the NPs. The most important characteristics of NPs 
include particle size and distribution, encapsulation efficiency, surface charge, 
hydrophobicity, and release characteristics [9].

NPs exist in a wide variety of nature, size, shape, and composition, including 
metals and inorganic particles, such as gold, silver, metal oxides, polysaccharides 
(alginate and chitosan), proteins (gelatin and albumin), synthetic polymers (poly-
lactide-co-glycolide and poly-ε-caprolactone), lipid-based particles (liposomes, 
solid lipid nanoparticles, and nanoemulsions). Each material presents its own inher-
ent physicochemical characteristics that can be engineered to trigger different bio-
logical responses [11].

As stated above, the ability to provide specific drug delivery to target sites is 
among the characteristics of an ideal drug delivery system. In this context, NPs 
functionalization, resulting in a stealth surface avoiding opsonization, is necessary 
to increase circulation times by escaping the mononuclear phagocyte system (MPS). 
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For that purpose, NPs may be conjugated, grafted, or coated with hydrophilic poly-
mers (e.g. polyethylene glycol (PEG), affording steric stabilization, conferring 
stealth properties, and being the most frequent and successful approach to delay the 
circulation time of nanoparticulate systems and protein drugs in the blood flow) [12, 
13]. Moreover, with the aim to improve targeting, the NPs surface can also be func-
tionalized using specific ligands (aptamers, peptides, antibodies/antibody fragments, 
and small molecules, among others) [6]. Functionalization can also be performed to 
avoid some bioactivity problems that, according to several authors [14], may be 
caused by (1) poor drug loading (DL) capacity, which causes a pharmacologically 
deficient drug concentration at the target site; (2) premature or burst release of the 
drug after administration before reaching the action site; and (3) cytotoxicity after 
internalization into cells. Hence, improved, multifunctional particulate carriers with 
targeting properties are urgently needed [14]. In this context, functionalization of 
NPs has been investigated for passive or active drug targeting, using a variety of 
ligands that may be functionally attached to nanoparticulate carriers, offering bind-
ing and catalytic capacity, including various ligands, specific targeted peptides, sac-
charide ligands, and therapeutic molecules (e.g., antibodies or enzymes).

The present chapter focuses on the surface modification of lipid nanoparticles, 
either solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC), lipid–
drug conjugate nanoparticles (LDC), or lipid nanocapsules (LNC) with specific 
molecules with the aim of improving its therapeutic performance.

2  Lipid-Based NPs

Among the pioneer works of Peter Paul Speiser is the first description of NPs based 
on solid lipids, proposed for oral administration and called lipid nanopellets [15]. 
Using a similar approach Abraham Domb reported in 1993 the so-called lipospheres 
[16]. In the 1990s, Rainer Müller described the solid lipid nanoparticles (SLN) 
made of solid physiological lipids, stabilized by surfactants [17] and produced by 
high-pressure homogenization [18], while Maria Rosa Gasco proposed the micro-
emulsion-based technique [19]. At the same time, the group of Kristen Westesen 
was also working in the field [20]. Both preparation methods are easily scalable, 
which is an obvious advantage [21–25]. Another interesting advantage is the fact 
that of SLN preparation does not require organic solvents, thus minimizing the tox-
icity. Produced using different solid monoacylglycerols, diacylglycerols, and triac-
ylglycerols (e.g., glyceryl distearate and stearate, tripalmitin and trimyristin, cetyl 
palmitate and stearic acid), SLN have received increasing attention over the last 
years because, depending on the incorporation model, they provide drug protection, 
suitable physicochemical stability, and biocompatibility, allowing for modified and 
targeted drug release [21, 23, 25–28]. In fact, three drug incorporation models have 
been established: (1) homogenous matrix, (2) drug-enriched shell, and (3) drug-
enriched core [29], as represented in Fig. 4.1. The type of model and, consequently, 
the nanoparticle inner structure, will depend basically on the formulation 
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components and production conditions [23, 30, 31]. In the Type I model the drug is 
molecularly and homogeneously dispersed in the lipid matrix of the particles. 
Hence, drug release occurs via diffusion from the solid lipid matrix and/or by deg-
radation of lipid matrix. This type of structure can provide controlled release prop-
erties. In the Type II model the drug is concentrated on the outer shell of the 
nanoparticles [23, 26, 32], since during preparation the lipid precipitates first form-
ing a practically compound-free lipid core [23, 32]. This model is not suitable for 
prolonged drug release; nonetheless, it may be used to obtain a burst release of the 
drug [23, 26]. In contrast to drug-enriched shell model, the drug-enriched core 
model (Type III) is formed when precipitation of the drug is faster than lipid. 
Generally, prolonged drug release is observed from these SLN [23, 26, 32, 33].

However, some disadvantages of SLN have been pointed out, such as low DL 
capacity, drug expulsion after lipid polymorphic transition during storage and rela-
tively high water content of the dispersions [17, 34–37]. To overcome some of these 
limitations, particularly to increase DL, modifications of the lipid structure have 
been introduced resulting in the so-called nanostructured lipid carriers (NLC) and 
lipid–drug conjugate (LDC) [38, 39] (Fig. 4.2). The NLC are composed of blends 
of solid and liquid lipids, improving DL and drug retention during storage [23]. 
In this case, the DL increased, while the drug loss during storage reduced by pre-
venting the formation of perfect crystals [31].

In addition, SLN also present a reduced ability to encapsulate hydrophilic drugs, 
which will favorably partition to the outer aqueous phase during the formulation 
process [17, 29, 40]. Some authors have tried to increase the DL of hydrophilic 
drugs through solid lipid nanocapsules produced using a double emulsion (w/o/w) 
solvent evaporation method [41], which involves the use of organic solvents, bring-
ing back the toxicological risk. For this reason, LDC were developed aiming at 
increasing the loading capacity for hydrophilic drugs [29, 39, 42]. LDC are based 
on a drug–lipid conjugation, which is then handled with an aqueous surfactant 
through a suitable preparation method [29, 42]. Overall, these three lipid-based 
nanosystems (SLN, NLC, and LDC) have been described for drug encapsulation 
with applications in diagnosis, prevention and treatment of diseases, as well as drug 
delivery by different administration routes (oral, rectal, topical, pulmonary, ocular, 
nasal, nose-to-brain, and parenteral) [43, 44].

Fig. 4.1 Incorporation models of drugs (green) into SLN: (a) Type I—homogeneous matrix; (b) 
Type II—drug-enriched outer shell; (c) Type III—drug-enriched core with lipid shell
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3  Parameters Affecting the In Vivo Fate of Lipid NPs

Drug targeting is still one of the most complex tasks in pharmaceutical develop-
ment. The involved phenomena depend on the nature of the drug and the carrier, the 
mode and duration desired for the delivery, and the methods used to prepare the 
NPs. In particular, the body recognizes hydrophobic particles as foreign and thus 
they are rapidly taken up by the MPS [9]. If the goal were to treat a condition in a 
MPS organ, the proper choice would be a hydrophobic NP system, which will be 
rapidly taken up by macrophages, ending in the liver or the spleen. However, if 
prolonged systemic circulation is required, the hydrophobic surface of NPs must be 
modified to prevent phagocytosis. Surface modification protects NPs from clear-
ance from the blood, increasing both circulation time and drug uptake by target cells 
[45]. In addition, NPs surface may be functionalized with multivalent targeting moi-
eties allowing not only to increase drug efficacy but also to decrease the dose [45]. 
The last 20 years have witnessed relevant advances in the strategies to enhancing 
NPs circulation time, reaching specific therapeutic targets through surface function-
alization [6, 9] (Fig. 4.3). In general, active targeting means the directed homing of 
NPs to diseased sites by modifying particle surface with specific ligands, e.g. to 
biomarkers overexpressed in target cells. On the other hand, the passive targeting is 
related with the enhancement of permeability and retention (EPR) effect and refers 
the NPs ability to reach the target site only influenced by their physicochemical 
characteristics [45].

Fig. 4.2 SLN versus NLC. The main difference between SLN and NLC is the fact that the concept 
of the latter is performed by nanostructuring the lipid matrix, in order to increase DL and to prevent 
leakage, conferring more flexibility for drug release modulation. This goal is achieved by mixing 
solid lipids with liquid lipids (in NLC) instead of highly purified lipids with relatively similar 
molecules (as in SLN). The result is a less-ordered lipid matrix, with many imperfections, which 
can accommodate higher amounts of drug
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Almost any physical modification made in NPs may have important repercussions 
in cellular uptake, biodistribution, and pharmacokinetics [12, 45–47]. These may be 
improved using passive targeting, providing a longer circulation by evading scav-
enging by the MPS. Passive targeting is closely related with the EPR which refers 
to the fact that some cells or organs (e.g., tumor cells) have the ability to concentrate 
more nanocarriers than other tissues [45]. This type of modification is also associ-
ated on both the nano-size of nanocarriers and the leaky tissue vasculature. Passively 
targeted NPs have been demonstrated to non-specifically enter the organ, tissue or 
cells as a mere consequence of their size and/or shape [48]. These are also influ-
enced by the lymphatic system, which retains some particles, delaying their biodis-
tribution and consequently their clearance. Overall, drug targeting occurs as a 
natural response to physicochemical characteristics of the molecules or drug carrier 
system and, in this aspect, lipid-based NPs are not different from other nanoparticu-
late carriers.

3.1  Influence of Particle Size

One of the major benefit of the NPs applicability is related with their submicron 
size, allowing for deep penetration into tissues through fine capillaries, crossing the 
fenestrations present in the epithelial lining (e.g., liver) [49]. Despite their reduced 
dimensions NPs size must be large enough to remain into blood capillaries [6]. 
If bloodstream accumulation is the goal, NPs must have a size between 20 and 200 nm 

Fig. 4.3 Surface functionalization of NPs aiming at increasing circulation time, reducing nonspe-
cific distribution and targeting specific tissues or cells. The chemistry at surface and bulk levels, as 
well as physical features such as size, porosity, surface topography, shape, and compartmentaliza-
tion, should be carefully considered during the design/optimization and targeting of NPs for bio-
medical applications
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[50]. Nevertheless, particles larger than 2 nm cannot cross the tight junctions in 
normal vasculature. However, at a tumor condition, the tight junctions are dysfunc-
tional, allowing particles from 10 to 500 nm to accumulate within the tumor inter-
stitium [45]. This also occurs in inflammatory sites [51]. Other size-related 
advantages of NPs, over larger microparticles, include their better ability to cross 
the blood–brain barrier (BBB) [6, 12].

After intravenous injection actarit-loaded SLN of 241 ± 23 nm presented plasma 
concentrations 1.88-fold greater than those of actarit dissolved in 50% propylene 
glycol solution [52]. It was recently shown that NLC improved saquinavir permea-
bility across the intestinal barrier up to 3.5-fold, through a particle size-dependent 
mechanism [53].

3.2  Influence of Surface Charge

The surface charge is one of the crucial physical properties of NPs. In general, sur-
face charge is mostly affected by particle composition, particularly the surfactants, 
with positively charged NPs being preferentially taken up by cells when compared 
to neutral or negatively charged ones [22, 54, 55]. So coating lipid nanoparticles 
with chitosan (CS) has become a common strategy to create a positively charged 
NPs. Chitosan is a natural biocompatible, biodegradable, and positively charged 
polysaccharide, presenting mucoadhesion and permeation-enhancing characteristics, 
thus becoming one of the most studied ligands for mucosal drug delivery [9, 56]. 
It also regulates the opening of tight junctions between adjacent epithelial cells, 
enabling drug paracellular transport, thus improving bioavailability at the target site 
[57]. In fact, after coating with CS, SLN containing ferulic acid and acetylsalicylic 
acid, presented a positive surface charge that improved mucoadhesion and NPs resi-
dence time in the negatively charged intestinal epithelium, thus increasing the drug 
concentration at the site of absorption [57]. Likewise, CS-coated Witepsol 85E SLN 
developed for intestinal delivery of insulin showed increased insulin retention time 
and permeation [58].

In a different study using the intravenous route, the biodistribution and hepatic 
accumulation of SLN with different surface charges was compared, revealing that 
anionic SLN achieved higher uptake and longer retention in the liver than cationic 
SLN, although these results may have been influenced by particle size (260 nm for 
anionic particles and 170 nm for cationic particles) [59]. The same type of compari-
son had already been performed to improve the oral absorption of salmon calcitonin 
[60]. Briefly, after oral administration in a murine model CS-coated lipid NPs pro-
duced a substantial decrease in serum calcium levels, whereas the PEG-coated NPs 
induced a response similar to that of the calcitonin solution. CS- and PEG-coated 
SLN intended for oral delivery of lipophilic drugs were also compared in vitro with 
similarly coated PLGA nanoparticles. The two coating materials were used to 
modify NPs surface in order to increase adhesion to the oral mucosa and, consequently, 
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improve drug absorption. Coating with the polycationic CS led to a higher interaction 
with Caco-2 cells and a limited uptake in THP1 cells, while coating with PEG led 
to a reduced uptake in Caco-2 cells and avoided uptake by THP1 cells [61]. 
Interestingly, both formulations contained retinol, which may have acted as a targeting 
ligand to the liver through the retinol binding protein.

3.3  Influence of Hydrophobicity

Biodistribution of intravenously injected lipid NPs is intimately related with their 
interaction with blood components. When in circulation, lipid NPs are quickly 
opsonized and cleared from the blood circulation by the MPS, ending mostly in the 
liver and spleen [6, 12, 62]. This phenomenon is related to surface hydrophobicity, 
which plays a role on the amount and type of opsonins adsorbed at the NPs surface, 
thus enhancing uptake by macrophages [6, 12, 51, 63]. If drug targeting for a spe-
cific site is required, opsonization must be reduced, and several strategies have 
been described to diminish capture by macrophages and increase the bloodstream 
circulation, such as formulating or functionalizing NPs with hydrophilic polymers 
and/or surfactants or even coating with biodegradable hydrophilic polymers, such 
as PEG (discussed in the next section), polysorbate 80, polyethylene oxide (PEO), 
and poloxamers [6, 9]. Among these excipients, polysorbate 80 and poloxamer 188 
have also been studied as coating materials for SLN formulations intended for 
brain targeting, to promote particle translocation across the blood–brain barrier 
(BBB) through the adsorption of apolipoproteins [62]. Apolipoprotein E (ApoE) 
simulates low density lipoprotein promoting NPs translocation into the brain [9]. 
Polysorbate 80-coated SLN had a higher ability to cross the BBB due to specific 
binding to ApoE, while poloxamer 188-NPs interacted with many apolipoproteins 
as well, but not with ApoE [62, 64–67]. Subsequently, the same authors correlated 
the ApoE amount bound to SLN with the PEO monomer chain length on the polox-
amer coated-lipid NPs, concluding that there was a higher ApoE adsorption when 
small PEO chains were attached to the SLN [68]. The effect of coating lipid nano-
capsules with poloxamer, CS and PEG on the immune responses was also reported 
[69]. Poloxamer-coated lipid nanocapsules modulated the innate immunity by 
inducing monocyte activation, while CS-coated lipid nanocapsules stimulated 
monocytes and T-lymphocytes, and PEG-coated particles seemed to be inert for the 
immune system. In the same way, the encapsulation of a neuroactive drug 
(URB597) polysorbate 80-coated SLN improved blood circulation time and brain 
targeting [70]. Recently, polymer–lipid hybrid NPs were developed to enhance 
intestinal absorption of cabazitaxel. The particles’ surface was modified (1) with 
octadecylamine and poloxamer 188 to produce positively charged particles and (2) 
with PEO to increase hydrophilicity. This construct improved drug oral adsorption 
by rapidly linking to and accumulating at the intestinal mucus surface, facilitating 
enterocyte uptake [71].
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4  Passive Targeting Based on Pegylation

PEGylation is a physicochemical approach where PEG chains are conjugated at the 
NPs surface with the aim to prolong residence time in the bloodstream [51, 72]. This 
is achieved due to the fact that PEG chains have the ability to decrease proteins 
adsorption on the NPs surface providing opsonization resistance. Moreover, attach-
ing PEG molecules to NPs surface allows for circumventing capture by the MPS, 
making PEGylation the most common strategy for NPs surface functionalization 
[50, 73, 74]. PEG is a biocompatible hydrophilic nonionic polymer that can be asso-
ciated to the NPs using a several approaches, such as covalent bonding during NPs 
formulation or by surface adsorption/coating in a post-production step [9, 62].

At the NPs surface PEG chains may acquire a low-density configuration (mush-
room configuration) and a high-density configuration (brush-type configuration), 
which highly influence the efficacy of PEGylation. According to some authors, 
mushroom-like structures elicit complement activation and phagocytosis by MPS 
while brush-like configurations decreased those processes [12, 51, 75].

PEGylation is also a useful specific-targeting tool for cancer treatment using 
lipid nanoparticles, since it enhances EPR effect minimizing the non-specific uptake 
by normal cells [76, 77]. Thus, it is frequently used in treatment of tumors, since 
PEG chains are naturally cleaved by matrix metalloproteinases (MMP), whose con-
centration is increased at tumor’s surrounding areas [78]. In fact, docetaxel-loaded 
LNC coated with PEG-distearoylphosphatidylethanolamine (DSPE) enhanced NPs 
accumulation at tumors in a murine model of colon adenocarcinoma, when com-
pared to the free drug [79]. In addition, the longer the PEG chains, the greater was 
NPs accumulation at the target sites, due to increased particles residence time in the 
bloodstream. Different research groups have corroborated these observations 
[80–83]. Remarkably, Zheng et  al. developed paclitaxel (PTX)-loaded SLN for 
tumor targeting, with reversibly associated PEG chains, confirming the strategy 
increased the circulation time and, after reaching the tumor site, PEG chains were 
cleaved by tumor-secreted MMPs, promoting drug uptake [84] (Fig. 4.4).

PEGylation is also an important approach for oral administration, since it improves 
the traffic of biomolecules across gastrointestinal mucus [85]. In a comparative study 
between PEG2000-stearic-modified SLN and unmodified ones, the functionalized NPs 
showed a reduced permeation through Caco-2 cell monolayers while an increment 
was observed in a mucus-secreting Caco-2/HT29 coculture cell monolayer. 
Furthermore, PEGylated SLN could easily cross the mucus layer, while the unmodi-
fied NPs were entrapped in the intestinal mucus [85]. Recently, PEG monostearate 
(PEG-SA) surface-modified SLN provided improved permeability of poorly 
absorbed drugs across epithelial cells, with a 70-fold increase in bioavailability when 
compared to drug solution [86].

Despite being a most useful targeting tool due to inhibition of nonspecific 
connections with serum components, PEGylation may hinder the interaction of siRNA-
loaded nanocarriers with endosomal membranes, leading to a poor cytosolic delivery. 
Hashiba et al. optimized a nanosystem composed by PEGylated siRNA-loaded SLN, 
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aiming at overpassing this limitation. The functionalization was made with PEG 
chains through maleic anhydride, a pH-sensitive linker. In vivo studies demonstrated 
a pH-labile detachment of PEG chains from SLN that increased the efficiency of 
siRNA delivery to hepatocytes [87].

In order to improve tumor permeability and reduce nonspecific uptake by the 
MPS, hybrid nanosystems composed of pH-sensitive cationic PEG-modified SLN 
have been proposed [88]. In vivo experiments carried out with these nanoparticles 
demonstrated high nanocarrier concentration in various types of tumors, as well as 
a clear improvement in therapeutic efficiency of the encapsulated drug [88].

5  Active Targeting

However, passive targeting has some associated problems, such as deficient biodis-
tribution since lipid NPs are mostly retained in the main MPS organs (i.e., liver and 
spleen), reducing site specific drug delivery [45, 89]. Therefore, novel targeting 
strategies are needed, mainly for extending blood circulation, while allowing intra-
cellular drug delivery [45]. Several approaches are currently used to take advantage 
of the stealth effect of PEGylation, by adding other targeting moieties through cova-
lent linking of PEG chains to reactive carboxylic acids, amines, or sulfhydryl groups 
present in different targeting ligands [6]. This type of functionalization increases 
selectivity, facilitates site-specific delivery, and results in less adverse effects with 
enhanced therapeutic efficacy [6, 45].

Active targeting emerged as a strategy to deliver active substances specifically to 
a certain organ, tissue, cell or intracellular compartment by binding these specific 

Fig. 4.4 Diagram representing the drug targeting process occurring when PEG-modified lipid 
NPs reach the tumor target site, as described in [84]. PEG chains suffered specific-cleavage by 
MMPs produced in situ, favoring drug release and then NPs uptake by tumor cells
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moieties to particular ligands expressed on, or around, the target local due to highly 
specific interactions between the targeting ligand and biomolecules [90, 91]. These 
targeting molecules can also facilitate the translocation of NPs across the cellular 
membranes of the diseased tissue [50]. The potential of a lectin-functionalized SLN 
formulation containing insulin was evaluated in vivo, following oral administration 
to rats, and showed to promote the absorption of insulin, thus providing higher phar-
macological bioavailability than the unmodified formulation [92, 93].

Many targeting moieties have been described, such as vitamins, glycoproteins, 
antibodies and fragments, peptides, and aptamers [6, 50]. A variety of ligands may 
be functionally linked to lipid NPs, including various therapeutic molecules (anti-
bodies or enzymes), specific targeted peptides, saccharide ligands, and internalizing 
ligands (biotin, folic acid, transferrin) (Table 4.1).

5.1  Functionalization with Antibody Ligands

Due to their small size and low immunogenicity, decorating lipid NPs with antibody 
ligands has been proposed to improve site-specific delivery in cancer therapy [13]. 
Modification can be directly made at NPs surface or through linker ligands, such as 
PEG, using either a random or a site-specific ligation, using simple formulation 
processes that are easy to scale up [13, 104]. As antibodies are able to identify spe-
cific sites of a precise target, they provide the opportunity to distinguish a diversity 
of antigens, or binding sites [105].

For example, several attempts have been made to use this strategy to overcome 
the BBB. Surface-functionalized SLN with 83-14 monoclonal antibody presented 
reduced phagocytosis by the MPS and lymphatic NPs uptake, with enhanced drug 
bioavailability through brain endothelia [106]. Remarkably, PEG-SLN functional-
ized with antibody Fas ligand that is specifically expressed on ischemic brain effi-
ciently delivered the neuroprotective drug butylphthalide to ischemic brain regions 
in a murine model [107]. Also with the purpose of overcoming the BBB, PEGylated 
SLN were functionalized with anti-contactin-2 or anti-neurofascin, using the car-
bodiimide reaction (Fig. 4.5). Contactin-2 and anti-neurofascin are two axo-glial 
glycoprotein antigens considered as the main targets of autoimmune reaction in 
multiple sclerosis. Functionalization anti-contactin-2 or anti-neurofascin improved 
NPs uptake by U87MG cells by 4- and 8-fold, respectively, when compared to 
controls. Moreover, these modified nanocarriers are also able to cross the BBB, 
being a promising strategy for multiple sclerosis treatment [108].

Some studies demonstrate the versatility of antibody surface functionalization of 
lipid NPs. As T lymphocyte transfection is usually difficult to achieve, lipid NPs 
functionalized with anti-CD4 monoclonal antibody were developed to enable 
siRNA delivery to murine CD4+ T cells, thus allowing manipulating T cell function-
ality and treat leukocyte-associated diseases. The so-produced nanoformulation 
specifically bound to and was taken up only by primary CD4+ T lymphocytes in 
different organs without reaching the other cell types [109]. Delivery of siRNA was 
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also achieved using a nanosystem based on ionisable cationic lipids, functionalized 
with coating NPs with a single-chain antibody, specific to murine endocytic recep-
tor DEC205, which is expressed at high levels by dendritic cells, which are major 
antigen presenting cells. This resulted in a clear gene knockdown leading to a con-
siderable inhibition of some immune responses [110].

Association with lipid NPs may avoid the rapid blood clearance of antitumor 
single chain antibody fragments as shown by Wong et al. [111], who modified lipid 
NPs with an anti-prostate membrane antigen single chain through the copolymer 
DSPE-PEG-maleimide that self assembles into nanoparticles. These showed a sig-
nificant increase in tumor uptake and tumor targeting over the blank NPs. In another 
study, an anti-epidermal growth factor receptor variant III (anti-EGFRvIII) mono-
clonal antibody was linked to doxorubicin (Dox)-NLC improving targeting speci-
ficity to EGFRvIII-overexpressing tumor cells [112].

5.2  Functionalization with Saccharide ligands

Saccharide moieties have gained increased attention as surface-modification ligands 
since they are present in all type of cells mediating many biological processes, such 
as cell-cell communication, proliferation and differentiation, tumor metastasis, 
inflammatory or viral response [113].

Mannosylation is a most studied active functionalization strategy based on sac-
charide ligands, since mannose receptors are highly expressed on macrophages. 
Thus, it is suitable for specific delivery of antimycobacterial drugs to alveolar mac-
rophages. In preliminary experiments, internalization studies revealed higher inter-
nalization rates of mannosylated SLN presented when compared to blank SLN 
[114]. Actually, while pulmonary applications of mannosylated SLN were also 
investigated for drug targeting in lung cancer treatment [115], their main purpose is 
still antimycobacterial drug delivery by promoting internalization by alveolar 
macrophages. Investigators have proposed pH dependent mannosylated NLC, 
which favored rifabutin release under the acidic environment of phagosomes and 

Fig. 4.5 Representation of PEGylated NPs with modified surface using antibodies. Based on the 
construct described in [108]
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phagolysosomes, where Mycobacterium tuberculosis usually persists [116]. Similar 
studies have been carried out using mannosylated NLC containing rifampicin, 
which were easily and specifically internalized by NR8383 cells and alveolar mac-
rophages [117]. Recently, isoniazid-loaded mannosylated SLN, presenting a posi-
tive surface charge, were more efficiently internalized by macrophages than 
unmodified SLN. Previous incubation of macrophages with mannose reduced par-
ticle uptake, suggesting the saturation of receptors and that phagocytosis could be 
mediated by mannose receptors [118]. The same approach was adopted for targeted 
gene delivery to alveolar macrophages. These authors modified SLN surface with 
mannan-based PE-grafted ligands. The resulting functionalized NPs provided 
higher gene expression, making this nanosystem suitable for specific uptake as well 
as active targeting to precise cell lines, such as alveolar macrophages [96].

Surface NPs modification with hyaluronic acid (HA) has also become an inter-
esting platform due to its selectivity for cell binding and uptake, since HA is a nega-
tive hydrophilic linear polysaccharide, preventing unspecific adsorption, thus 
reducing MPS internalization. HA is the major extracellular matrix component, 
binding specifically to CD44 cell membrane receptor, which are overexpressed in 
tumor diseases [105, 119, 120]. Therefore, HA-modified SLN have been engineered 
for tumor targeting, being easily internalized by CD44 overexpressing cells. 
Furthermore, the presence of HA in lipid NPs provided longer blood circulation and 
improved the bioavailability of vorinostat [120]. Similarly, HA-coated SLN con-
taining PTX were efficiently internalized in CD44+ lung tumor model, leading a 
high in vitro cell death [121].

5.3  Functionalization with Transferrins

Transferrins (Tf) are serum non-heme iron-binding glycoproteins that are internal-
ized by cells via receptor-mediated endocytosis after binding to their specific cell 
surface receptors. As tumoral and drug-resistant cells have a high amount of Tf 
receptors at the surface compared to healthy cells, functionalization of NPs through 
surface adsorption with Tf has emerged as a valuable strategy for specific cell tar-
geting [13, 45, 51, 105, 122]. Tf surface-modified-NLC for PTX delivery were effi-
ciently and specifically taken up in relevant cell lines, presenting high antitumor 
activity both in vitro and in vivo [123]. Lipid NPs functionalized with Tf, containing 
siRNA LOR-1284 for tumor treatment not only protected the siRNA from serum 
nuclease degradation, but also had a longer circulation time, enhanced accumula-
tion at the tumor, and specific internalization by MV4-11 cells, with high reduction 
levels of the R2 mRNA in a murine xenograft model [124].

Within the Tf family lactoferrin (Lf), also called lactotransferrin, is an interesting 
mammalian cationic iron-binding glycoprotein, whose receptors are mainly 
restricted to the BBB and the surface of gliobastoma cells [105, 125]. Docetaxel-
loaded SLN targeted with Lf were developed with the goal to cross the BBB, 
enhancing brain uptake and improving drug efficacy [125]. Similar results were 
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obtained by other investigators who reported a tenfold increase in drug BBB perme-
ability using Lf-modified SLN [126], and a 5.6-fold increase using catanionic SLN 
functionalized with Lf and a lectin (wheat germ agglutinin) [127].

5.4  Functionalization with Cell-Penetrating Peptides

Surface modification based on cell-penetrating peptides (CPP) is one of the most 
used platform to promote the uptake of lipid NPs by target cells since they have the 
ability to bind with high specificity to many targets. CPP are membrane permeable 
short sequences of 5–30 cationic and/or amphiphilic peptides, like as arginine, 
lysine, and leucine [50, 128–130]. Modification of lipid NPs with CPP promotes 
drug delivery by endocytosis or direct penetration associated to the positive charge 
of CPP [50, 130–133]. CPP derived from protamine were used to modify lipid NPs 
intended for siRNA delivery, confirming that nanoencapsulation led to high siRNA 
stability in vivo, and high uptake into B16F10 murine melanoma cells, followed by 
release in the cytoplasm, while nontargeted NPs were poorly internalized by the 
same cells. Functionalized NPs were mostly internalized via macropinocytosis and 
heparan sulfate-mediated endocytosis promoting an enhanced gene silencing [134]. 
Folic acid and a tumor microenvironment-sensitive polypeptide were used to mod-
ify NLC with the goal to target the folate receptor and the up regulation of matrix 
metalloproteinase-2 (MMP-2) in tumor microenvironment. The nanosystem reached 
the tumor via the EPR effect, allowing for specific binding to folate receptors, fol-
lowed by CPP action triggered by MMP-2 protease oversecretion, leading to 
enhanced tumor cell recognition and internalization, as well as tumor cell apoptosis 
[133]. This interaction between CPP and MMP, is particularly important due to the 
MMP-2 overexpression in the tumor microenvironment [135]. Thus, functionaliza-
tion of NPs with MMP-2 specific sequences is becoming an encouraging approach 
to cancer treatment. As PEGylation enables prolonged blood circulation, a com-
bined platform involving PEGylated NPs modified with MMP-substrate peptide has 
been proposed [84]. Briefly, CPP was conjugated with PEG chains to take advantage 
of a stealth effect, allowing for increased uptake by tumor cells, without side effects. 
Based on this approach, LNC were loaded by adsorption with the neurofilament-
derived peptide NFL-TBS.40-63 (NFL) for neural stem cell targeting. It was found 
that NFL-LNC were not taken up by spinal cord neural stem cells but were specifi-
cally internalized by neural stem cells from the brain [136]. Another interesting CPP 
used in drug delivery is the HIV-1 derived transactivator of transcription (TAT), 
which presents a high fraction of positively charged amino acids [50]. It enhances 
biomolecule internalization, decreasing the adverse effects while overpassing drug 
resistance. When conjugated with SLN containing PTX and α-tocopherol succinate-
cisplatin prodrug, it resulted in increased antitumor activity against cervical cancer, 
showing a synergistic outcome in the reduction of cervical tumor cell development 
in comparison with nontailored [137]. In a different study, NLC were functionalized 
with chitosan-linked CPP and their ability to penetrate in  vitro olfactory cell 
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monolayers was assessed as an alternative nose-to-brain drug delivery system [138]. 
Finally, the potential of SLN loaded with a CPP (octaarginine) for oral administra-
tion of insulin was evaluated in vivo with promising results [139].

5.5  Functionalization Based on Avidin–Biotin Affinity

The avidin–biotin affinity strategy is considered one of the most used strategies for 
NPs functionalization because it is a stable noncovalent interaction that is resistant 
to proteolytic enzymes, harsh temperatures and organic solvents, pH and other 
denaturing agents, being far more stable than antigen–antibody interactions. It is 
based on the specific molecular recognition of biotin (vitamin B7) by the four sub-
units of its specific receptor, the globular protein avidin. As biotin is a low-molecu-
lar-weight molecule, with a free carboxylic group accessible for chemical 
modification (e.g., –NH2 or –NHS), NPs modification with avidin–biotin system is 
a relatively easy and stable process (Fig. 4.6) [140, 141].

Based on this approach, a novel SLN formulation has been proposed for brain 
targeting, with the goal to enhance the permeability through the BBB. The SLN 
were modified with biotinylated ApoE, without compromising their activity, through 
the conjugation of active avidins at the surface NPs using DSPE-PEG-avidin or a 
palmitate-avidin conjugate, originating two different ApoE-functionalized SLN: 
SLN-DSPE-ApoE and SLN-palmitate-ApoE [142]. In a similar study, the same 
authors developed a novel system based on resveratrol-encapsulated SLN modified 

Fig. 4.6 Surface functionalization based on avidin conjugation with subsequent biotinylated 
molecule attachment
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with ApoE. This nanocarrier had the ability to specifically identify the low-density 
lipoprotein receptors, which overexpressed on the BBB. The authors concluded that 
targeted SLN were protected from degradation in circulation and increased their 
permeability in relevant cell lines [143]. DOX-containing SLN were surface-func-
tionalized with epidermal growth factor (EGF) for liver tumor treatment since its 
receptor (EGFR) is also overexpressed in many tumor cells. The strategy consisted 
of adsorbing avidin molecules at the NPs surface, followed by coupling with bioti-
nylated EGF and resulted in a significant tumor reduction comparing to unmodified 
NPs [144].

5.6  The Antiangiogenic Strategy

Endothelial cells express a large number of integrins at their surface with ability to 
change cell proliferation, differentiation and migration at some point in angiogene-
sis step. This allows an antiangiogenic active drug targeting approach for the upreg-
ulated cell surface receptors mainly on tumor neovasculature [145]. The majority of 
tumors and tumor vascular endothelium present an overexpression of αvβ3, an inte-
grin that is a receptor for extracellular matrix that contains the tripeptide Arg-Gly-
Asp sequence [145]. A αvβ3-targeted SLN formulation through conjugation to the 
αvβ3 integrin-specific ligand cyclic Arg-Gly-Asp (cRGD) was suggested for over-
coming the poor hepatic accumulation of nonfunctionalized SLN [146]. Targeted 
RGD-SLN presented high distribution in the liver, spleen, and kidneys, as well as 
higher tumor accumulation and tumor residence time. Another research group con-
structed Tyr-3-octreotide-modified PEGylated SLN loaded with PTX to promote 
recognition by the subtype 2 somatostatin receptors that are overexpressed in tumor 
neovasculature, mainly in endothelial and glioma cells [147]. The so modified SLN 
promoted, both in vitro and in vivo, the PTX-induced apoptosis and the PTX anti-
angiogenic capacity. Moreover, the modified SLN also had a greater specific reten-
tion at the glioma site with an improved anti-glioma performance over unmodified 
nanocarriers.

6  Conclusions

The physicochemical properties of lipid NPs play a major role in the in vitro and 
in vivo behavior of lipid NPs, influencing mainly their biodistribution. Passive tar-
geting is highly affected by particle size, since NPs with size <7 nm are mainly 
retained by renal filtration and then excreted by urine, while NPs higher than 100 nm 
are usually withdrawn from the bloodstream by the MPS. Surface charge also 
affects NPs’ performance. For example, positively charged NPs are favorably inter-
nalized by cells. Surface modification of lipid NPs with hydrophilic polymers 
allows higher circulation half-lives and reduced clearance by the MPS, thus enabling 
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NPs accumulation at the target site, as in the specific case of PEGylation. Many 
other hydrophilic polymers or surfactants, such as chitosan, hyaluronic acid, dex-
tran, polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA), poloxamines, and 
poloxamers, have been used for stealth coating of NPs. However, passive targeting 
can have a negative effect on NPs internalization into relevant cell lines. Thus, sur-
face functionalization with specific moieties emerges as an alternative to overpass 
this limitation, resulting in active drug targeting. This strategy involves surface tai-
loring of NPs with cell/receptor-specific ligands, enhancing NP interactions with 
the cells through ligand recognition by receptors present on the cell’s surface and 
leading to NPs uptake via receptor-mediated mechanisms. Such is the case of Tf, 
antibodies and their fragments, and biotin, which are frequently used as NP func-
tionalization ligands because their receptors are overexpressed on many diseased 
cells, enhancing NP uptake and improving the therapeutic performance. Recently, 
dual-targeting NPs have been described as an alternative to single-targeting nano-
carriers since they have a synergetic effect by binding two different target sites. This 
strategy, in addition to increasing NPs’ affinity towards their target site, promotes 
the reduction the off-target binding to cells.
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Chapter 5
Stealth Properties of Nanoparticles Against 
Cancer: Surface Modification of NPs 
for Passive Targeting to Human Cancer 
Tissue in Zebrafish Embryos

Samson A. Adeyemi, Pradeep Kumar, Yahya E. Choonara, and Viness Pillay

Abstract Cancer as a noncommunicable disease remains the major cause of death 
globally. A major drawback for cancer therapeutics is the lack of specific delivery to 
disease sites which in turn accounts for adverse effects on healthy cells. Incorporation 
into nanoparticle (NP) and subsequent surface functionalization remain a preferred 
strategy to circumvent this limitation and to achieve optimal delivery of anticancer 
drugs. NPs can be coated with hydrophilic and positively charged surfaces that con-
fer on them stealth characteristics that enhance long circulation times and internal-
ization through receptor-mediated endocytosis within the biological systems. One 
way of achieving this is the coating of poly ethylene glycol onto the surfaces of NPs. 
In this way, opsonization is reduced and engulfment through reticuloendothelial sys-
tem is avoided. Central to the concept of passive targeting of NPs is the unique 
microvasculature of tumor. Various regulatory factors that control the blood pressure 
as well as maneuvering of the vasculature may shift the equilibrium towards the 
more captivating tumor environment for NPs. Highlighted in this chapter is how 
PEGylation of NPs and exploration of the EPR effect could increase the circulation 
times of NPs while escaping immediate elimination by the immune systems and 
rapid renal clearance in vivo. Similarly, the stealth properties of NPs can be explored 
for enhance therapeutic effects through surface modification with other nonfouling 
hydrophilic polymers in order to cover for the PEG dilemma. Meanwhile, the zebraf-
ish model provides a more promising alternative to detect, view, monitor, image and 
characterize the interactions between NPs and neoplastic tissues in real time.
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1  Cancer: Introduction, History, Geographical Distribution, 
and Causes

Cancer as a noncommunicable disease remains the major cause of death globally 
after cardiovascular disease [1]. The global burden of cancer as reported by the 
International Agency for Research on Cancer (IARC) showed that cancer incidence 
has occurred at a rate that is twice its previous occurrence over the past 30 years. 
Current prediction has it that by the end of year 2030, there will be an additional 
21.4 million people living with cancer. With 17 million deaths yearly due to cancer, 
there will be an average of 75 million cancer patients within 5 years of diagnosis. 
The World Health Organization report showed that 8.2 million new cases of deaths 
were recorded globally in 2012 due to cancer, 60% of which were from Africa, Asia, 
Central and South America and only 30% of cancers could be prevented [2]. In the 
year 2014, a total of 4500 new cases of cancer were projected to be diagnosed daily 
in the United States amounting to an average of 1,665,540 of which 585,720 deaths 
was recorded yearly [3].

The term cancer originates from the word “karkinos,” which was used by a Greek 
doctor called Hippocrates to mean carcinoma between 460 and 370 BC. Meanwhile, 
prior to his discovery, records of human bone cancer discovered in mummies in 
ancient Egypt were documented as far back as 1600  BC.  Egyptian scientists in 
1500 BC were the first group of researchers that discovered and recorded the first 
breast cancer case without any treatment but palliative option. Through surgical 
procedures, tumors on the body surface were excised in the same way it is carried 
out today [4]. Generically, the word cancer is used to describe a large group of dis-
eases. This disease group has the potential to affect any part of the body and is 
defined by abnormal cell growth both in the organ or part of the body it resides in 
and beyond their usual boundaries. Many types of cancer have their origin in cells 
and natural mutations of the DNA. However external factors are also reported to 
facilitate the development of cancer, including environmental toxins, radiation, 
exposure to certain chemicals, and more.

2  Employing the Enhanced Permeability and Retention 
Effect in Cancer Nanomedicines

Passive and active targeting are the two principal alternatives by which nanoparticles 
(NPs) can be delivered to the tumor sites. Tumor microenvironments possess unique 
characteristic features within the tumor cells and vasculatures that are different from 
that of healthy cells. Passive targeting employs this unique feature inherent within 
cancer cells to facilitate the deposition of NPs into the tumor milieu [5]. The charac-
teristic features of the tumor vasculature as well as the stealth property of the NP 
including its shape, size and surface charge are the principal determining parameters 
for the delivery of NPs to cancer [6]. Meanwhile, in active targeting, various 
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mechanisms have been employed to facilitate the selective delivery and uptake of NPs 
into the tumor cells. Tumor cells overexpress some biomolecules on their surfaces as 
opposed to healthy cells that could serve as molecular signatures. Thus, molecular 
biomarkers such as ligands and short homing peptides are attached to the surface of 
nanovectors to target these overexpressed biomolecules on the neoplastic cells [7].

3  Passive Targeting of NPs in Cancer Nanomedicines

A unique phenomenon in passive targeting is the preferential accumulation of bio-
molecules including NPs into tumor tissues due to the enhanced permeability and 
retention (EPR) effect as first reported by Meada and Matsumura [8]. Two intrinsic 
properties of the tumor tissues, that is, the leaky vascular and impaired lymphatic 
drainage and the nanometer size distribution of the NPs are principal factors that 
influence the EPR phenomenon [6].

During tumor growth, the rate of diffusion of NPs across neoplastic tissues becomes 
limited at a volume of 2 mm3 or above [9]. The movement of nutritional intake, the 
delivery of oxygen and excretion of waste are all impaired by the diffusion limitation 
effect. Meanwhile, through the process of angiogenesis, increased microenvironment 
of the tumour vasculature assists to overcome the diffusion limitation [10]. In angio-
genesis, the basement membrane is abnormal and the pericytes, which underline the 
endothelial cells, are absent [10]. As such, compromised tumor vasculature becomes 
leaky with gap sizes ranging between 100 nm to 2 μm based on the tumor type [11]. 
Also, the interstitial pressure at the circumference of tumors is less compared to the 
pressure at their centres due to the absence of a finely defined lymphatic system. Thus, 
increased pressure within the tumor results in an outflow of convective interstitial 
fluid, which limits the diffusion of drug to the center of the tumor. Howbeit, drug-
loaded NPs that penetrated into the tumor possessed high retention times compared to 
normal tissues [12]. The combinatory effects of a leaky vasculature as well as a poor 
lymphatic drainage are termed as the Enhanced Permeation and Retention (EPR) 
effect. The overall surface charge of the NPs can also influence their passive targeting 
to the tumour. Positively charged liposomes were reported to bind preferentially 
through electrostatic interactions, to the negatively charged phospholipid surfaces 
expressed on endothelial cells of tumor [13, 14].

4  Factors Influencing the Enhanced Permeability 
and Retention Effect

Aberrant Structural Tumor Vessels and Blood Pressure The normal blood ves-
sels have a smooth muscle layer that is used to facilitate a vasogenic response to 
vascular mediators and maintain a steady blood supply to the organs. Conversely, 
smooth muscle cells are absent in the tumor tissues’ microvasculature. As such, 
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tumor microvessels are in permanently vasodilated and do not respond to physio-
logical stimulus regulating blood circulation [15]. These abnormalities in tumor 
vasculatures account for the irregular transport dynamics of fluid and solutes across 
its vessels, an option that can be maximized to further enhance the EPR effects [16]. 
Report has shown that increasing the mean arterial blood pressure by infusing 
angiotensin II yields a ~5.7-fold preferential increase in blood flow in neoplastic 
tissues as opposed to normal tissues. More so, tumor tissue selectively accumulate 
drugs having molecular weight of ~80 kDa while a reduction of about 60–80% drug 
accumulation was recorded in healthy organs including kidney and bone marrow 
[17]. The open endothelial gap interphase with abnormal neoplastic blood vessels 
allow for an increased intratumoral blood flow in response to raise the blood pres-
sure [18]. Similarly, aberrant leaky vasculature and increased blood supply result in 
the enhanced accumulation of macromolecular drugs in tissues of diverse solid 
tumors when angiotensin II was administered to induce hypertension [19]. In con-
trast to the low toxicity effects of macromolecular anticancer drugs, macromolecu-
lar drugs under hypertensive state showed a greater concentration of higher than a 
five-fold increase in the neoplastic tissue while the hypertension was monitored for 
approximately 20 min [20].

Vasogenic Mediators Several internal mediating factors regulate the tumor micro-
vasculature. Notably among these are the vascular endothelial growth factor 
(VEGF), Matrix metalloproteinases (MMPs), bradykinin, prostaglandins (PGs), 
nitric oxide (NO), and peroxynitrite. Several studies have documented the influence 
of these mediators for the potential application of the EPR effect for enhanced drug 
targeting and delivery to neoplastic tissue [21]. A brief listing of their influence will 
be discussed in this section.

VEGF Previously referred to as vascular permeability factor (VPF), the role of 
VEGF in enhancing the EPR effect has been well documented [22]. Increased 
VEGF concentration up to 30-fold high has been reported in tumor tissues as 
opposed to that recorded in healthy tissues [23]. Meanwhile, an exception was 
observed in the lung. Increased vascular permeability and mitogenic property of 
VEGF [19] are central for endothelial cells extravasation of Evans blue dye in a 
dose-dependent rate through intradermal administration. In this way, the role of 
VEGF is pivotal for enhancing the EPR effect.

MMPs The growth and spread of solid tumor depends the degradation of their 
extracellular matrix thereby increasing angiogenesis. Meanwhile, MMPs are known 
to enhance cancer metastasis in this regard [24]. In an in vivo experiment using 
mice, MMPs increased the permeability of solid tumors vasculature while this effect 
was reduced by MMP inhibitors [25]. A number of factors have been itemized limit-
ing the application of various MMP inhibitors that have been developed over the 
decades. Since neoplastic cells remain viable, they easily resume growth when 
treatment with anticancer chemotherapeutics are stopped vis-à-vis MMP inhibitors. 
Also, since MMPs are proteases, they are pivotal for cellular metabolism and a 
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higher dosage of MMP inhibitors results in toxicity. Owing to these negative conse-
quences, the development of several anti-MMP based drugs has been terminated 
and clinically not applicable [19].

Bradykinin The kallikrein–kinin system is made up of a couple of proteases 
such as the Hageman factor XII of the coagulation cascade. Prior to the conver-
sion of prekallikrein to kallikrein is the activation of the Hageman factor 
XII. Bradykinin is produced directly from kininogen through the activity of kal-
likrein [23]. Several research reports have identified bradykinin receptors in dif-
ferent types of animal and human tumors [26]. The bradykinin-producing cascade 
has been shown to be activated in cancer tissues [27]. Bradykinin is upregulated 
is both the pleural and peritoneal fluids of animals and human neoplastic tissues. 
Studies have also shown that bradykinin inhibits kallikrein in the extravasation of 
plasma components into either the pleural or peritoneal cavity [28]. As such, bra-
dykinin plays a pivotal role as a mediator in regulating the EPR effect in tumor 
tissues [27]. Meanwhile, bradykinin also activates endothelial NO synthase 
(eNOS), which in turn triggers the production of NO [25]. The angiogenic char-
acteristics of VEGF in human endothelial cells is enhanced by NO production 
[29]. The inhibition of angiotensin- converting enzyme (ACE), among other pep-
tidases that degrade bradykinin [30], results in higher concentration of bradykinin 
thereby increases the permeability of neoplastic vasculature. Inhibitors of ACE 
including temocapril and enalapril, have been reported to enhance the EPR effect 
[31, 32]. Interestingly, ACE inhibitors enhance the delivery of macromolecular 
drugs to cancers at normal blood pressure [33]. Thus, ACE inhibitors may act 
preferentially at tumor sites in individuals with normal blood pressure as ACE 
inhibitors are only active in patients with high blood pressure, a condition that 
enhances the EPR effect [34].

NO The reaction between l-arginine and oxygen by three isoforms of NOS 
results in the production of NO the most active form of NOS is produced in mac-
rophages and neutrophils which are readily present in neoplastic tissues [34]. NO 
is an established mediator of vasodilation, angiogenesis and extravasation [23]. 
It has been shown that NO mediates increased vascular permeability in solid 
tumours, a phenomenon that is hindered by NO scavengers and NO synthase 
inhibitors [28]. Due to its role in mediating the permeability of tumor vascula-
ture, NO contributes immensely in facilitating the EPR effect in neoplastic tis-
sues [30]. In addition to its direct influence on the EPR, the interaction between 
NO and the superoxide anion, mainly produced by leukocytes, results in the pro-
duction of peroxynitrite. Peroxynitrite converts MMP precursors (proMMPs) 
into MMPs [35] which also play a vital role in the EPR effect [35]. Simultaneous 
systemic infusion of both isosorbide dinitrate—an NO-releasing agent and 
angiotensin II into the artery of a localized tumor resulted in an enhanced site-
specific delivery of poly(styrene-co- maleic acid/anhydride) neocarzinostatin 
(SMANCS)-Lipiodol, corroborating the postulation that NO influences the EPR 
effect [36].
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Prostaglandins (PGs) Among the PGs, PGE2 is a unique mediator of vascular 
permeability. It is produced through the activation of cyclooxygenase (COX) iso-
zymes, like COX-2, which is highly expressed in tumors. Reports have shown that 
the vascular permeability in sarcoma 180 and other solid tumors are suppressed by 
COX inhibitors including indomethacin and salicylic acid [37]. This in turn further 
validates PGs as potent enhancers of vascular permeability and their subsequent role 
in the EPR effect. In another related report by Tanaka and colleagues [38], the sys-
temic circulation half-life of a PG12 derivative, beraprost sodium, is significantly 
longer (>1 h) compared to PG12 which only lasts for a few seconds. Their finding 
showed that the EPR effect was increased up to about two- to three-fold by PG12 
analogs which may provide an efficient delivery alternative for macromolecules.

5  Types of Nanoparticulate Systems Employed in Cancer 
Therapy

Various types of nanoparticulate systems are presently under investigation for the 
delivery of cancer drugs [12] including polymeric NPs [39], protein NPs [40], 
ceramic NPs [41], viral NPs [42], metallic NPs [43], carbon nanotubes [44], micelles 
[45], dendrimers [46] and liposomes [47]. The design and fabrication of each NP 
system is tailored towards its intrinsic material characteristics in order to facilitate 
efficient delivery to the tumor sites. NPs can be coated with hydrophilic and posi-
tively charged surfaces that confer on them stealth characteristics that enhance long 
circulation times and internalization through receptor-mediated endocytosis within 
the biological systems [48]. Quite often, serum proteins adhered to the surfaces of 
NPs through a process called opsonization [49]. This is turn exposes the NPs to 
resistance through the reticuloendothelial systems (RES) and thereby limits their 
circulation times within the biological systems [50]. A major way to circumvent this 
anomaly is to functionalize the surfaces of NPs in order to create a stealth surface 
from opsonization. As such, their circulation times are increased and the resistance 
through RES is avoided [51]. One way of achieving this is the incorporation of poly 
(ethylene glycol) (PEG) onto the surfaces of NPs. In this way, opsonization is 
reduced and engulfment through RES is avoided.

Advances in nanotechnology have given a major boost to research in the design 
and development of various nanoparticulate systems for cancer therapeutics [52]. 
Meanwhile, only few NP drug delivery systems have been approved till date by the 
US Federal Drug Administration and the European Agency for the treatment of 
cancer. Notable among those approved includes liposome–PEG doxorubicin 
(Doxil®, Ortho Biotech, and Caelyx®, Schering Plough), methoxy-PEG–poly(d,l- 
lactide) taxol (Genexol-PM®, Samyang), albumin-bound paclitaxel NPs 
(Abraxane®, Abraxis BioScience) [12]. Zhang and colleagues have reported a com-
prehensive review of the NP systems in preclinical and clinical developmental 
stages [53].
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6  Stealth Properties of NPs and Their Possible Application 
in Cancer Nanomedicine

The stealth property of NP refers to the ability of a NP, through diverse modification 
processes, to by-pass detection and destruction by the immune systems thereby hav-
ing a prolonged circulation time within the biological system and enhanced target-
ing potential to its site of action. This phenomenon is termed “stealth coating.”

Study has shown that opsonization of NPs remained a major factor the influ-
enced the clearance of NPs by RES within few minutes upon their intravenous 
administration into the blood [49]. The intrinsic chemical composition of the NP 
matrix [54], its shape/modulus [55], surface architecture [56], surface charge [57], 
and size [58] determine its circulation half-life within the biological system 
(Fig.  5.1). Research has shown that both hydrophobic and charged NPs possess 
shorter circulation times as a result of their ability to evade the opsonization process 
[60]. As such, coating the surfaces of NPs intended for systemic application with 
neutrally charged hydrophilic surface layer is a preferred alternative. Thereby, the 
circulation half-life of surface modified NPs is prolonged to more than 40 h by the 
stealth process [61].

The intrinsic material composition of NPs is directly linked to their ability to 
interact with their environment [62]. The rate at which NPs deliver their payloads 
at the site of interest can be engineered based on material degradation, or the dif-
fusion through the NP matrix or pores [63]. To facilitate the level of control, 
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materials can either be designed to release their payload at the action site or adopt 
new physical characteristics in response to internal stimuli in tumor microenvi-
ronments including changes in pH condition or enzymatic activities [64, 65]. 
External stimuli such as magnetic, sound or light waves can also be employed to 
activate materials which are responsive to energy for theranostics applications 
[66, 67].

The size effect on the circulation time, extravasation, internalization and diffu-
sion into the cellular compartment has been widely reported [58]. NPs with smaller 
size below 5 nm possessed lower circulation half-life and gain rapid entrance into 
neoplastic cells and tissues [68]. Meanwhile, their disappearance from the tumor 
cells is rapid due to enhanced filtration by the kidney and rapid renal clearance from 
the urine. Conversely, NPs with larger size ranging between 5 nm and 500 nm have 
a higher circulatory retention time and accumulate in neoplastic tissues by exploit-
ing the enhanced permeability and retention (EPR) effect [69]. Also, the size of NP 
influences its cellular internalization since different NP sizes are transported through 
diverse endocytic channels [70].

The shape of a NP also has a direct effect on its cellular uptake. Spherically 
shaped NPs showed increased cellular uptake into the tumor microenvironments. 
NPs that possessed high aspect ratios and have rigid shape were reported to accu-
mulate more slowly in macrophages than those that have small and flexible mor-
phology. This in turn enhances their retention time within the system and ultimately 
minimize their clearance time from the circulation [71].

The surface charge of NP influences its circulation time. Charged NPs are highly 
opsonized and are rapidly engulfed by the immune [72]. Meanwhile, positively 
charged NPs bind and are preferentially internalized by tumor cells than their 
uncharged pairs once they are in a tumor environment [73]. Hence, studies to shield 
NPs once they enter the tumor environment, and release their charged interiors and 
encapsulated payloads, as a result of the changes in pH or enzymatic activity within 
the tumor microenvironment, are the paradigm in cancer nanomedicines [74]. 
Therefore, passive coating, by using polyethylene glycol to confer neutral surface 
architecture, has been well documented to shield the charged surfaces of NPs, 
enhance their circulation time, and accumulation in tumor tissues [75]. Similarly, 
the threat faced by the phagocytes that engulf NPs are being eliminated by shielding 
NPs with “self-peptides” derived from the human CD47 receptor as later amplified 
in this review [52, 76].

In all, the potential of NPs to detect, navigate, and deliver their payloads in the 
body is influenced by their fabrication and interactions with their 
macro/microenvironments. Maneuvering the properties and subsequent behavior of 
NPs has become increasingly possible vis-à-vis the deepening knowledge  expansion 
and understanding of molecular biology and NP transport. More important is the 
impressive nanotechnological techniques and toolbox available to bioengineers to 
modify NPs and biological systems.
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7  Surface Modification and Optimization of NPs for Passive 
Targeting to Human Cancer Tissues

7.1  PEGylation Chemistry: Stealth Coating of NPs 
for Biological Application in Cancer Nanomedicines

The covalent attachment of the polyethylene glycol (PEG) chain unto specific given 
molecule for an enhanced systemic delivery is termed PEGylation. The stealth char-
acteristics conferred on PEGylated molecules allow for their long circulation within 
the biological system as well as provide a “shield effect” from the RES systems and 
other blood phagocytes [77]. The first attempt by Abuchowski and colleagues using 
PEG coating on bovine serum albumin and bovine liver catalase significantly altered 
both their immunological properties and stability by covalently linking them to 
methoxy PEG (mPEG) using cyanuric chloride activation [78, 79]. Several other 
biomolecules including peptides, enzymes, liposomes, carbohydrates, nucleotides, 
antibody fragments, as well as small organic molecules and various nanoparticulate 
systems have all been modified using PEGylation chemistry [80–82]. While mPEG 
is mainly employed for the modification of polypeptides, several PEG variants hav-
ing different molecular weights and structures including linear, branched, PEG den-
drimers and of recent, multiarm PEGs are now being used in PEGylation chemistry 
[83]. The first approach in the PEGylation process is the activation of native PEG 
molecule through conjugation of its functional derivative at either one or both termi-
nals of the PEG chain. The PEGylation conjugation process can either be by the first 
generation randomized technique or the second generation site-specific procedure 
[84]. Meanwhile, the focused has been given to second generation site-specific 
PEGylation because it produces well-defined conjugated products having improved 
product profiles more than those obtained using the randomized technique [77]. 
Similarly, both reversible and irreversible mechanisms are employed in PEGylation 
conjugation. However, irreversible PEG conjugation technique showed some nega-
tive effects on the biological activity of some therapeutics. As such, the reversible 
PGylation strategy has been adopted in order to reduce the loss of biological activity 
of potent therapeutics. In reversible PEGylation technique, drugs are attached to PEG 
variants through cleavable linkages. Thereafter, the drug is release through various 
cleaving agents including enzyme and hydrolytic cleavage, or degradation within the 
biological system at a predetermined release rate over a period of time (Fig. 5.2) [85].

A critical aim of most PEGylation conjugation process is to improve the circula-
tion half-life of therapeutic biomolecules without affecting their activity. The unique 
advancement in PEG conjugation chemistry and the difference in both structural 
and molecular architectures of PEGs employed for the conjugation contribute 
immensely to the increasing demand for PEgylated products in the pharmaceutical 
industry. Surface modification of drugs and biomolecules enhance their therapeutic 
efficacy with several advantages over non-PEGylated products. Noteworthy among 
these systemic modifications are presented in Fig. 5.3. Increased circulation half- 
life of the PEGylated conjugated product in the blood is the major way to enhance 
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its therapeutic effect. PEGylation increases the circulation time of the PEG-modified 
therapeutics by reducing its renal clearance with increasing hydrophilicity [86]. 
PEGylation confers on the PEG-modified product protection from reticuloendothe-
lial cells, degradation by proteolytic enzymes, reduced formation of neutralizing 
antibodies against the protein by hiding antigenic sites through the formation of a 
protective hydrophilic shield [87]. This in essence improves the pharmacokinetic 
profile of the PEGylated conjugates. Previous reports showed that the absorption 
half-life of therapeutics administered subcutaneously increased when PEGylated 
and showed reduced distribution volume [86].

As a nonbiodegradable polymer, the use of PEG is limited in its application. 
Previous reports showed that PEGs having molecular weight of about 20 kDa are 
easily cleared by the renal system while those with higher molecular weight were 
eliminated by fecal excretion [88]. Though PEGylation confers stealth property on 
conjugated therapeutics and biomolecules with prolong serum half-life, some hurdles 
were recorded on liposomes particular for the delivery of genes and nucleic acids in 
anticancer nanomedicines. The surface modification of lipoconjugates by PEG due to 
its hydrophilic shield decrease their cellular uptake with increasing stability of the 
lipid envelop, thereby results in lysosomal degradation of the conjugated vector due 
to poor endosomal escape through membrane fusion [89]. As such, PEG application 

Fig. 5.2 Schematic diagram showing PEGylation and its influence on NP delivery (a) Surface 
modification using PEG on either preformed NPs loaded with drugs or attaching the PEG chain to 
drug through a linker (b) The stealth effect of PEGylation against blood barriers thereby enhancing 
prolonged systemic circulation of PEGylated drug-loaded NPs or PEG-prodrug as the case may be
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in gene and nucleic acid delivery to tumor cells is termed “the PEG dilemma” [90]. 
Meanwhile, this limitation in “lipo-PEGylation” can be successively tackled by fab-
ricating tumor-specific and pH-sensitive targeted PEG conjugated therapeutics [91, 
92]. Nonsystemic delivery approach has also been shown to be efficient for the deliv-
ery of PEGylated NPs. In this way, PEGylated therapeutics is delivered locally rather 
than into the systemic circulation, thereby improving their efficacy while minimizing 
nontargeted side effects. A detail listing of various local administration strategies 
including vaginal delivery, pulmonary administration, gastrointestinal tract delivery, 
ocular and vaccine based delivery systems, of PEGylated NPs for improved delivery 
of their payloads has been well documented by Jung and coworkers [93].

Fig. 5.3 Importance of 
PEGylated therapeutics
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8  Surface Modification of Nanoparticles Using PEG Chains

The surface characteristics of NPs play a principal role as a determining factor that 
regulates the extent of their cellular internalization. Meanwhile, NPs surfaces can be 
engineered by the composition of the polymer to regulates either their hydrophobic 
or hydrophilic surface composition. The use of Polyethylene Glycol (PEG) is fore-
most in surface medication of these polymers in order to shield these nanosystems 
from opsonization and clearance by the RES as previously discussed [94]. Also, 
increased PEG molecular chains has been shown to enhance NPs circulation time as 
PEG chains provide a shielding effect particularly for negatively charged particles 
to protect them from immediate clearance in vivo [95].

Two major techniques that are employed in formulating PEGylated NPs includ-
ing polymeric formulation, lipid-based NPs or micelle type NPs are the self- 
assembly of PEG-containing biomolecules, or surface modification of preformed 
NPs with PEG.  It should be noted that the density of PEG on the surface of 
PEGylated NPs is a major factor that enhances their delivery in vivo [93]. In this 
chapter, effort will be focused on the surface modification of polymeric formula-
tions using PEG chain.

A more assuring way to ascertain that a vast amount of the PEG molecules coated 
on NPs remained on their surfaces is to modify preformed NPs with PEG. One way 
to achieve this is through the adsorption technique. Using this method, PEG deriva-
tives are dissolved in an aqueous phase and binds to the NP surface through hydro-
phobic and electrostatic interactions or ligand-binding. In polyethylene 
oxide–b-polypropylene oxide–b-polyethylene oxide (PEO-PPO-PEO) triblock 
copolymer popularly known as pluronics, the hydrophobic PPO component is sur-
rounded by two molecules of PEO chains which are hydrophilic (PEO is a variant 
form of PEG) [96]. Using their hydrophobic PPO segment, pluronic molecules can 
interact with and adsorb on NP hydrophobic surfaces. In a report by Yang et al., PPO 
chain length was observed to contribute immensely in the interaction with NP sur-
face. At a PPO chain length of ~3 kDa molecular weight (MW) pluronic molecules, 
a densely coated PEG surface that could enhance the diffusion of NP in human 
mucus was achieved [96]. In other developments, PEGylated phospholipids [97], 
fatty acid-PEG-esters [98], Vitamin-E-TPGS-PEG [99] among others can be engi-
neered to absorb on polymeric NPs as well as inorganic NPs to form a PEG corona. 
Through electrostatic interactions, NPs with charged outer surfaces can coated with 
PEG-containing molecules having opposite charge. For instance, positively charged 
PEG-PLL and PEG-PEI block polymers can bind to negatively charged PLGA NPs 
[100]. This noncovalent adsorption technique is a weak interaction that allows for 
easy desorption of the PEG molecules from the NP surface. Furthermore, using 
ligand-interactions, a more stable biotinylated PEGylated avidin-functionalized 
NPs are formed as biotin–avidin interactions can be employed in attaching either 
ligands or drugs to NP surface for targeted delivery. Meanwhile, it is harder to sepa-
rate and remove the nonadsorbed PEG molecules from the adsorbed ones using this 
procedure. Such unintended aftermaths on both delivery and translational mecha-
nisms should be considered prior to preparation [101].
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Chemical conjugation is another technique employed to PEGylate preformed 
NPs. This procedure is also termed grafting. PEGylated polystyrene (PS) NPs [102], 
PEGYlated gold NPs [103] as well as PEGylated dendrimers [104] have all been 
produced using this strategy. Meanwhile, a major setback using this approach is the 
steric hindrance that can limit the amount of PEG that can be coated (grafted) onto 
the surface of NP. In a comparison research, Nance et al. found that the amount of 
sufficiently dense mPEG-amine coating on PS NPs required to penetrate the human 
mucus is less as opposed to that required to penetrate the extracellular matrix of the 
brain tissue [105]. A limitation to this approach is the possible leakage of the encap-
sulated drug from the preformed NPs and variation from one batch to another.

The lipid bilayer of preformed liposomes can be explored in PEG-lipid conju-
gation. PEGylated lipid conjugates can be grafted preferentially to preformed 
liposomes using their hydrophobic lipid tail for interaction with the lipid bilayer. 
Attention must be given to the temperature and concentration of the lipids in the 
PEG-lipid solutions. While the temperature should be closer to the melting tem-
perature of the lipid components and added at a slower rate, formation of micelles 
must be avoided by keeping the concentration of the PEG-lipid below the critical 
micellar concentration [106]. An interesting advantage of post-insertion tech-
nique as opposed to the self-assembly process is the allowance to modify the 
outer surface of liposome bilayer rather than the nonspecific insertion of PEG 
into the interior of liposome using the self-assembly strategy. As such, the post-
insertion technique provides for the use of lesser PEG-lipid conjugate to achieve 
the same surface PEGylation compared to preinsertion method and provides for 
prolonged blood circulation half-life [107]. Another application using postinser-
tion conjugation technique is in the preparation of PEGylated liposomes when 
their surfaces are to be functionalized with targeting ligands. Tendered reaction 
conditions that underline the reactions between amino and carboxylic groups, 
pyridyldithiols and thiols, maleimide and thiols are fundamental for lipid 
PEGylation due to the fragile nature of liposomes [108]. A novel approach termed 
“click chemistry” has also been employed for PEG post-conjugation including 
interactions between the azide- modified PEG and the alkynyl groups on the sur-
face of liposome [109, 110].

9  Alternative Polymers Used to Coat Nanoparticles

The paradigm in surface modification strategy employs PEGYlation—modifying 
the NPs’ surfaces with PEG to reduce abrupt clearance of NPs from the systemic 
circulation. Notwithstanding, several reports have shown the some undesired nega-
tive influence PEGylation may presents on the performance of NPs as a vector in 
drug delivery. Meanwhile, alternative surface modification techniques, using other 
polymers to coat and provide stealth property on NPs, may offer possible solutions 
to the PEG dilemma [61]. Some of these alternative polymers for surface modifica-
tion of NPs are highlighted below:
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Polyoxazolines (POXs) POXs are group of potential alternative stealth polymers 
that have been explored in amphiphilic block copolymer as the hydrophilic com-
ponents. POXs are generated through living cationic ring-opening polymerization 
(LCROP) of 2-oxazolines. They are versatile with a number of available variants 
with end-group and side-chains that could be functionalized [111]. POX has been 
used to coat proteins, micelle-based and liposomal formulations and have shown 
good nonbiofouling characteristics comparable to PEG in stealth effects [112]. 
More so, POXylated therapeutics have shown increased bioavailability compared 
to PEGylated formulations [113, 114] with more stability under physiological 
conditions [115]. For instance, poly(2-methyl-2-oxazoline) is more hydrophilic 
than PEG without amphiphilicity [116], having high biocompatibility with no 
cytotoxicity recorded at concentrations up to 20 g/L in cell culture [117] and up to 
2  g/kg upon its intravenous administration in rats [113]. Poly(2-methyl-2-
oxazoline) was coupled to poly(l-lysine) in exchange for PEG for nonviral gene 
delivery [118]. Poly(2- ethyl- 2-oxazoline) was grafted to poly(caprolactone) [119], 
poly(1,3-trimethylene carbonate) [120], and poly(aspartic acid) [121], to produce 
polymeric micelles.

Polyglycerols Either in their linear of branched forms, polyglycerols which are 
also referred to as polyglycidols, are flexible and biocompatible hydrophilic ali-
phatic polyether polyols [122]. Highly branched polyglycerols possess antifouling 
properties with reduced susceptibility to oxidation or thermal stress that is compa-
rable to PEG [123]. Also, the presence of multiple hydroxyl groups in polyglycerols 
allow for easy functionalization with other moieties [123]. The enhanced circulation 
half-life of hyper branched polyglycerols showed their potential as stealth polymer 
for surface modification of NPs [124]. Surface coated nanoliposomes were reported 
to show prolonged plasma circulation [125] and prevent opsonization to gold sur-
face [123]. Recently, a multifactorial strategy in which both hyper branched polyg-
lycerol and PEG were used as a block-copolymer to coat liposome was reported 
[126]. In this liposomal system, the polyglycerol moieties allowed for the multiva-
lent functionalization of the liposome.

Poly (Amino Acids) Previous studies have reported the potential stealth character-
istics of poly (amino acids) such as the poly hydroxyethyls of both l-asparagine and 
l-glutamine. Because poly (amino acids) are susceptible to protease degradation, 
there are limited chances that they will be accumulated in the biosystem [127]. 
Prolonged plasma circulation of NPs was observed using poly (amino acids) surface 
coating comparable to PEGylation [127]. Particularly, poly(hydroxyethyl-l- 
asparagine)-coated liposomes showed enhanced ABC resistance with higher stealth 
property than PEGylated liposomes after repeated low dose lipid administrations 
[128].

Polybetaines Zwitterionic molecules including sulfobetaine and carboxybetain as 
betaine derivatives interact with water molecules through electrostatic bonds [129] 
with stronger binding force as opposed to weak interaction via hydrogen bonding 
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[130]. Betaine-based polymers have been shown to decrease nontargeted protein 
adsorption [131], formation of biofilm [132], and bacterial adhesion on diverse sur-
faces. Interestingly, the carboxyl derivative of betaine (polycarboxybetaine) possess 
multiple functional groups which are responsive to multivalent conjugations thereby 
allows for multiple surface functionalization that could be explored in nanomedi-
cines [133]. Based on these unique qualities, the use of polybetaines as alternative 
nonfouling materials for the surface medication of NPs has gained a lot of recogni-
tion. For instance, various nanomaterials including iron oxide [134], silica [135], 
gold [136], PLGA [137], and hydrogels have been modified using 
poly(carboxybetaine). These polybetaine-modified NPs exhibited enhanced size 
stability in protein solutions such as serum, which showed their potent resistance to 
nonspecific protein adsorption [134, 136].

Polysaccharides Another class of polymers that could provide excellent stealth 
property employed in surface medication of NPs are the polysaccharides. Surface 
engineered polysaccharide-coated NPs, having hydrophilic surfaces conferred on 
their surfaces, by polysaccharide derivatives such as chitosan [138], hyaluronic acid 
[139], dextran [140], and heparin [141] are well documented. The biodegradable, 
low immunogenic and less toxic properties of polysaccharides make them advanta-
geous in surface medication chemistry [142]. Also, the presence of multiple func-
tional groups that could be implored for conjugation with drugs molecules as well 
as cell-penetrating ligands allows for their application for surface modification. 
Reports have shown that polysaccharide-based NPs increase circulation half-lives 
of loaded therapeutics with enhanced accumulation in neoplastic tissues. For exam-
ple, at lower acidic pH, chitosan molecules become positively charged and can 
facilitate cellular binding of coated NPs. This unique characteristic can be explored 
for direct targeting and delivery of anticancer drugs to the negatively charged sur-
faces of tumor tissues [143]. In another development, Papisov and colleagues 
employed acyclic hydrophilic polyacetals, a derivative of polycarbohydrates, 
instead of PEG for surface modification [144]. The high hydrophilicity and multiple 
modifiable functional groups of polyacetals make it more advantageous compared 
to PEG [144]. More importantly, the conjugation of polylysine to polyacetal pro-
duced a prolonged circulation time than a polylysine grafted dextran—a polysac-
charide precursor for polyacetal. This was however attributed to changes in the rigid 
stereochemical structure of dextran [144].

10  The Rationale for Zebrafish as a Vertebrate Model 
for Human Disease

The completion of the human genome project as well as the complete sequencing of 
the zebrafish (ZF) genome allow for their comparative analyses in scientific research. 
Overall, ZF possess several unique features as a model organism in human disease 
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including their high fecundity, fast growth rate, easy and cost-effective mainte-
nance, relatively small morphology having embryos and larvae that are optically 
translucent [145, 146]. Most importantly, a comparison between the ZF genome and 
that of human showed that over 70% of the human genes have their orthologs in the 
ZF genome [146]. ZF are readily available as transgenic lines having specialized 
marker genes for fluorescent macrophages, endothelial and the lymphatic systems. 
Meanwhile, diverse genetic tools have been developed for ZF mutation including 
zinc finger nucleases and knockdown using morpholino antisense oligonucleotides 
[147, 148]. These unique characteristics have popularized the increasing use of ZF 
as a model in scientific research of human disease including cancer over the past 
two decades [149].

11  Zebrafish as a Model for the Characterization of Human 
Cancer

Over the years, the ZF model has gained recognition as a diverse model for human 
diseases including cancer. Through transgenic techniques and gene-specific muta-
tions in ZF cell lines, different models including that for melanomas, rhabdomyo-
sarcoma and several other solid tumors are available [150]. There exists a large 
similarities between the growth of human cancer cell lines in ZF to the behavior 
of tumor xenografts in mammalian models like mice [151, 152]. Interestingly, 
tumors are developed in almost all the organs with similar histology to those 
found in human when carcinogens are used to induce tumor in ZF [153]. This is 
probably because many of the genes in human have at least an ortholog gene in 
ZF genome having the same cellular and molecular components which are 
involved in the disease initiation and development [146]. More importantly, the 
absence of any functional adaptive immune system during the early developmen-
tal stage in ZF until ~4 to 6 weeks old [154], allows for easy the formation of 
tumor within the model using either mouse or human cancer cells as there is noth-
ing to actively suppress the immune system to avoid the rejection of injected 
human cells [154–156]. The transplanted tumors are established within 2 days 
post inoculation of the cancer cells. These properties make the ZF viable for can-
cer studies in vivo.

A more treasured and unique characteristic feature of the ZF model is the optical 
transparency of the embryo which allows for tissue imaging and monitoring down 
to the single cell level as a vertebrate research animal [151]. As such, the growth of 
tumors can be characterized by microscopic imaging at high resolution at time 
intervals in vivo in living organisms [149] which is a major advantage in cancer 
research. In time way, the growth of human cancer cells and the formation of solid 
tumor can be monitored as live phenomenon in real time with high spatial and tran-
sient resolution. Similarly, other fluorescent therapeutics such as NPs can be stud-
ied in vivo due to this optical transparency observed in ZF as further detailed in the 
next section.
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12  NPs and the Zebrafish Model in Human Cancer 
Nanomedicines

Having highlighted the unique features of ZF as a model system for human dis-
eases and tumor transplantation of human cancer cells into the ZF, the exceptional 
qualities of the ZF which allow for in vivo fluorescent microscopy coupled with 
its reduced immune system at the embryonic stage can be explored to study the 
mechanisms of action of cancer as well as to understand the possible treatment 
alternatives for cancer and other human diseases [157]. The importance of NPs 
both for diagnostic and drug delivery purposes is not easily understood in cancer 
nanomedicines. It is not readily easy to understand the dynamics of NP-host or 
NP-disease interactions within the biological system of most models after injec-
tion or other forms of delivery. Similarly, NPs’ biodistribution and cellular inter-
nalization cannot be monitored easily in higher order vertebrate models such as 
mice and rats which require more complex and rigorous methods. Conversely, the 
ZF allows for an excellent view, monitoring and characterization of the interac-
tions between NPs with the host as well as the disease in question [157]. In this 
way, both the benefits and potential complications of using NPs can be monitored. 
For instance, the undesirable characteristics exhibited by some NPs binding to the 
endothelial cells have been reported. Meanwhile, with very few exceptions, not 
many analyses have been done to understand the in vivo interactions of NPs with 
endothelial cells [158–160].

Usually, many of the studies that explored the use of nanotechnology and ZF 
mainly concentrate on the evaluation of the potential toxic effects of the NPs, with 
varied chemical makeup, have on normal systems [161, 162]. The report of Wagner 
and colleagues showed that prelabeled gold NPs with antibody specifically target 
and killed cancer cells when administered into the ZF embryo. Upon the application 
of heat through the laser pulse, the functionalized gold NPs generated a plasmonic 
nanobubble which killed the cancer cells preferentially [163]. However, in another 
development, previous report showed that NPs do not exhibit any toxic effect on the 
growth of cancer cells injected the ZF embryos [164]. Meanwhile, their reports do 
not validate the accumulation of NPs in the cancer tissues while the NPs were 
administered through bath-treatment.

13  Concluding Remarks

The increasing emergence of novel nanoparticulate systems has orchestrated the 
dire need of direct and accurate delivery of chemotherapeutics to tumor cells with-
out harming the normal tissues. Central to the concept of passive targeting of NPs is 
the unique microvasculature of tumor. Various regulatory factors that control the 
blood pressure as well as maneuver the vasculature may shift the equilibrium 
towards the more captivating tumor environment for NPs. Based on the initial 
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success of an improved systemic delivery of proteins upon PEGylation, surface 
modification of NPs using PEG has also yield promising results for enhanced sys-
temic delivery of therapeutic vectors. More importantly, we highlighted in this 
chapter how PEGylation of NPs and exploration of the EPR effect could increase 
the circulation times of NPs while escaping immediate elimination by the immune 
systems and rapid renal clearance in vivo. Similarly, the stealth properties of NPs 
can be explored for enhance therapeutic effects through surface modification with 
other nonfouling hydrophilic polymers in order to cover for the PEG dilemma. 
Furthermore, the zebrafish model presents a promising platform to monitor and 
characterize “magic” engineered nanocargoes for theranostic interventions. Overall, 
a matter of debate among the scientific community is that while passive targeting 
enhances the efficient accumulation of NPs in the neoplastic interstitium, it cannot 
facilitates their cellular uptake thereby requires the more promising and specific 
active targeting of NPs to overexpressed receptors on cancer cells. It is therefore our 
proposition that these two strategies be harnessed simultaneously in order to achieve 
an optimum therapeutic efficacy from prospective nanoengineered systems in can-
cer nanomedicines.
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Chapter 6
Passive Targeting of Nanoparticles 
to Cancer

Jayvadan K. Patel and Anita P. Patel

Abstract Cancer is a leading cause of death globally. For the effectual treatment of 
cancer, it is crucial to advance our knowledge of the pathophysiology of cancer, dis-
cover novel anti-cancer agents, and expand new biomedical technology. A large num-
ber of possible barriers exist in the efficient delivery of small-sized drugs to solid 
tumors. After intravenous administration, many small-sized chemotherapeutic medi-
cines have a larger volume of distribution, which is usually related to a narrow thera-
peutic index that is attributable to their elevated level of toxic effects in healthy tissues. 
A nanoparticle-based drug for targeting cancer is one of the auspicious advances to 
conquer the lack of tissue specificity associated with common chemotherapeutic 
drugs. Accordingly, the overall objectives are to lengthen a patient’s lifespan, avoid 
recurrence of a cancer episode, and concurrently lessen the toxic effects of chemo-
therapeutic drugs. A range of approaches have been investigated for the nanoparticle-
mediated targeting of drugs. Among them, a passive drug targeting approach has been 
the most commonly explored, and much preclinical learning has provided insight into 
its soundness. This approach is in accordance with the abnormality of tumor vascula-
tures, allowing nanoparticles the right of entry to tumors while avoiding distribution 
into healthy tissues. Thus, a passive drug targeting approach facilitates the advance-
ment of a targeted nano-carrier structure loaded with chemotherapeutic agents for an 
improved effective profile with negligible toxic effects.

Keywords Cancer · Nanoparticles · Passive targeting · Tissue specificity

1  Introduction

Cancer is a leading cause of fatality worldwide, and the number of cancer- diagnosed 
patients is quickly rising [1]. According to estimates from the World Health 
Organization, approximately 84 million people died from cancer between 2005 and 
2015 [2]; in 2012, approximately 14.1 million patients were diagnosed with cancer, 
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of which 8.2 million cases were incurable. This figure is predicted to increase to 
19.3 million new cases of cancer by 2025 [3]. At present, the management of cancer 
is a very important aim of research [4]. For the effectual treatment of cancer, it is 
crucial to advance our understanding of cancer pathophysiology. Traditional che-
motherapeutic drugs are tremendously inadequate in their treatment profiles because 
of their very poor solubility, inauspicious pharmacokinetic profiles, and unfocused 
distribution within the body, which eventually results in serious toxic effects [5].

Currently, the treatment of cancer is a multidisciplinary effort that necessitates a 
close relationship between doctors, biological researchers, and biomedical engi-
neers to form a delivery method that is strong enough to resist the fair number of 
challenges in a multifaceted microenvironment. There are many possible barriers to 
the effectual release of an active-form drug in solid tumors. After intravenous 
administration, most small-sized chemotherapeutic medicines have a larger volume 
of distribution, specifically related to a narrow therapeutic index attributable to their 
elevated level of toxic effects in healthy tissues [6, 7]. Accordingly, the overall 
objectives are to lengthen a patient’s lifespan, improve a patient’s quality of living, 
avoid recurrence of a cancer episode, and concurrently lessen the toxic effects of 
chemotherapeutic drugs. The vasculature of a tumor has to be altered to counterbal-
ance the negative effects of chemotherapeutic drugs. A drug-loaded nanocarrier sys-
tem has been used to conquer the lack of specificity that is generally associated with 
chemotherapeutic agents [8].

The tissue selectivity of current anticancer medicines is of an amplitude that 
allows effective and harmless cancer chemotherapy. Against this background, 
nanoparticle-based medicine that targets the tumor has been developed as an excit-
ing advance to overcome the inadequacy of tissue specificity of traditional chemo-
therapeutic agents. Nanoparticles can be used for submicron-sized drug delivery 
systems that can predictably enhance the bio-distribution of systemically delivered 
chemotherapeutic agents. By transporting pharmacologically active drugs more 
specifically to tumor tissues and/or directing them far away from healthy tissues, 
nanoparticulate-based medicines can strike a balance between efficacy and the toxic 
effects of systemically administered chemotherapeutic interventions.

A variety of approaches have been investigated for nanoparticle-mediated target-
ing of drugs. Among them, a passive drug targeting approach has been the most 
commonly explored, with preclinical learning providing insight into the soundness 
of the approach [9–11]. A drug delivery system with passive targeting is burdened 
by several challenges as well as restrictions [12]. The major challenge is to accu-
rately recognize and then guide the chemotherapeutic agent to a specific target. 
This is generally caused by the very limited solubility of the majority of these che-
motherapeutic drugs, which have a deprived pharmacokinetic profile along with a 
high toxicity potential. These limits can be overcome by loading these drugs into 
nanocarriers and permitting passive targeting to occur as a result of the compro-
mised vasculature. Although the nanosystem is intended for active targeting, mostly 
passive targeting occurs initially, with subsequent active targeting [13]. This 
approach is rooted in the irregularities of tumor vasculatures, which permit 
 nanoparticles to access tumors while circumventing distribution in normal healthy 
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tissues. At present, targeted anti-cancer drugs alone have established successes, 
with well- known examples that include Gleevec® (imatinib mesylate), Herceptin® 
(trastuzumab), and Iressa® (gefitinib) [14]. Thus, this approach facilitates the 
advancement of a targeted nano-carrier structure loaded with chemotherapeutic 
agents for an improved effective profile with negligible toxic effects.

2  Passive Targeting

Passive targeting deposits a drug or drug-carrier structure at a specific site as a result 
of physico-chemical or pharmacological factors [15, 16]. Solid tumors present more 
favorable situations for the gathering of macromolecular drugs as well as colloidal- 
size drug delivery systems resembling micellar systems, liposomes, polymeric-drug 
conjugates, and polymeric nanoparticles. The enlarged vascular permeability 
together with the defective lymphatic drainage of fast-growing tumors provides for 
an enhanced permeability and retention (EPR) effect of the nano-systems in the 
tumor [17, 18].

There are a small number of commonly used techniques for targeting tumors and 
tumor cells due to the large phenotypic variety of cancerous cells and tumors. Many 
tumors and vascularized solid tumors, in addition to a few vascularized metastatic 
tumor lumps, show signs of an EPR effect that can be used for the passive targeting 
of anti-tumor drugs [19]. This effect happens because many solid tumors have a 
permeable vasculature along with missing or damaged lymphatic drainage, which 
induces the buildup of higher molecular-weight compounds in addition to smaller 
particles (~20–500 nm diameter) inside the tumor tissue.

3  Passive Targeting by Nanoparticles

Passive targeting by nanoparticles occurs because of the uniqueness of solid tumors 
(i.e., leaky vasculature and defective lymphatic drainage), which permits nanopar-
ticles to build up in the tumor. This observable fact, which was first reported in 1986 
by Matsumura and Maeda, is called the EPR effect [20, 21].

3.1  Enhanced Permeability and Retention Effect

A nanoparticle that fulfills the size and surface requirements for evading reticulo- 
endothelial system capture has a greater ability to travel in the bloodstream, as well 
as a higher possibility of arriving at the targeted tumor tissues. In particularly, mac-
romolecules comprising nanoparticles build up in tumor tissues as a result of the 
distinctive pathophysiologic individuality of tumor vessels [22]. The rapidly 
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expanding cancerous cells require new vessels (neovascularization) or otherwise the 
diversion of existing vessels close to the tumor mass to provide them with oxygen 
and nutrients [23]. The resultant disparity of angiogenic regulators, such as growth 
factors, along with matrix metalloproteinases creates tumor vessels that are 
extremely disordered and enlarged, with abundant pores displaying expanded gap 
junctions among endothelial cells and compromised lymphatic drainage [23]. The 
EPR effect is an essential means through which macromolecules, together with 
nanoparticles, of a molecular weight greater than 50 kDa, are able to specifically 
build up in the tumor interstitium. A schematic drawing of the EPR effect is pre-
sented in Fig. 6.1, which illustrates the mechanism behind passive targeting [21].

The EPR effect can be used to overcome a dilemma affecting nearly every kind 
of cancer therapy currently in use: deficiency in tumor selectivity. However, the use 
of “selectivity” could be deceptive. Although nanoparticles are administered into 
the circulation, there is no “selectivity” with reference to the EPR effect. The 
nanoparticles are distributed all over the body, with the aim of “passive targeting” 
through the EPR effect to attain an inconsistent distribution of the nanoparticles by 
concentrating on the tumors.

The EPR effect is an effect of tumor vasculature irregularity, similar to the 
increased vascular permeability and hypervascularization [24]. Along with other 
growth factors, vascular endothelial growth factor (VEGF) causes the development 
of neo-vasculature and angiogenesis. This recently created tumor vasculature is 
irregular in structure and structural design, imparting fenestrations in the vessels 
that are induced by inadequately aligned endothelial cells, a deficit in smooth mus-
cle, and raised levels of vascular permeability [25, 26]. In addition, the hyperpro-
duction of vascular mediators plus VEGF, similar to nitric oxide, peroxynitrite, 
prostaglandins, and matrix metalloproteinases, result in better vascular permeability 
of the vasculature in tumor tissue [27, 28].

Fig. 6.1 Schematic 
drawing of the EPR effect
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It is also feasible that a reduction in the boundary of the tumor-affected vascula-
ture, which is a result of the tumor naturally pushing otherwise confining vessels, 
may possibly produce high hydrostatic pressure nearby. Researchers also revealed 
that an increase in fluid pressure in the vasculature increases the particle deposition 
on the endothelial cells ex vivo [29]. With this pressure-deposition system, it is pos-
sible that nanoparticles would comprise a high level of linkage to the tumor vascu-
lature. As a result, nanoparticles may stick more regularly to endothelial cells in 
tumor-affected regions, which makes co-localization of the nanoparticle with 
tumors possible.

The therapeutic effectiveness of passively targeted nanoparticles is influenced by 
the heterogeneity of the EPR effect inside as well as among dissimilar tumors. An 
inconsistent endothelial gap (ranging from 1 to 100 nm) give rise to non-uniform 
extravasations of nanoparticles into the tumor [30]. The outside edge of the tumor is 
not as leaky as the hypoxic core, which suggests that nanoparticles extravasate more 
regularly at the core than the margin. However, numerous investigations have 
pointed out the opposite—that nanoparticles administered intravenously extravasate 
more often in the tumor margin [31, 32]. In addition, apart from the permeability, 
nanoparticle extravasation is also directed by perfusion, which has both spatial and 
temporal heterogeneity inside a tumor; this adds another point of complication to 
the scheme for nanoparticle extravasation [33]. Nanoparticle characteristics such as 
particle size, shape, and surface charge have an influence on the EPR effect, which 
in turn affects circulation time, penetration speed, and intracellular internalization 
[34, 35]. Furthermore, physiochemical properties such as size and shape also affect 
nanoparticle extravasation and accumulation [36, 37].

Nanoparticles that cross the vasculature and then extravasate into the tumor are 
hindered by the interstitial tumor milieu, which serves as an obstacle to their pro-
found infiltration into tumor tissue. The diffusional obstruction can be considerably 
decreased by reducing the particle size, thus enhancing its diffusion into the inter-
stitial milieu. Wong and co-workers suggested a multistage technique in which a 
100-nm gelatin particle is condensed to 10 nm in size after its extravasation into the 
tumor tissue through degradation by tumor-associated matrix metalloproteinases 
(MMPs) [38]. Other groups have also reported comparable advances by diverse 
nanocarriers [39–41]. Passive targeting is mostly achievable during diffusion- 
mediated transport, in which size is the main factor. A size range of 40–200 nm is 
considered to be most favorable for an extended circulation time, augmented buildup 
inside the tumor mass, and decreased renal clearance [42].

Other physicochemical characteristics of nanoparticles, including elasticity, 
shape, and surface charge, can also influence the contact of nanoparticles with phys-
iological barriers and the microenvironment of a tumor; as a result, they can be criti-
cal factors in the design of nanoparticles and the maximization of their biological 
function. Such as, a nanoparticle’s shape is a vital feature in determining their blood 
circulation, ability to marginate in blood vessels, and their ability to intake through 
tumor cells and macrophages [43–46]. For microparticles with elliptical shapes, the 
macrophage may first contact these particles beside the major axis; the particles are 
then quickly internalized in less than 6 min. However, if the initial contact is beside 
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the minor axis, then the particles are not internalized for an extended time, up to 
10 h. It is simply a result of their symmetry that these spherical particles are speed-
ily internalized. In such cases, this effect of shape was separate from the size of 
particle. The only difference in response to the size of the particles was the degree 
of uptake, which was experiences only in particles having volumes that were con-
siderably more than the volume of the cell [47]. In another investigation, it was 
reported that sphere-shaped particles were taken up at a rate that was approximately 
5 times greater than that of rod-shaped particles, therefore indicating the importance 
of a nanoparticle’s shape on the mechanism of uptake [48].

The elasticity of nanoparticles can also influence their biological effects, com-
prising blood circulation as well as tumor uptake. Softer nanoparticles (10  kPa) 
were associated with extended blood circulation in comparison with harder nanopar-
ticles (3000 kPa) in an in vivo demonstration by Anselmo and co-workers [49].

In measurements of the magnitude of internalization of nanoparticles into cells, 
surface properties also have played an incredibly significant role. The surface char-
acteristics can be somewhat customized by the polymer composition, which results 
in an additional degree of hydrophobicity or hydrophilicity for these particles. The 
surface modification of these polymers with the addition of polyethylene glycol 
(PEG) has been identified to defend the nanosystems from opsonization along with 
clearance by the reticulo-endothelial (RES) system [50]. Moreover, the circulation 
time of nanoparticles was extended by increasing the molecular weight of PEG 
chains. This PEG protection can provide greater defense against negatively charged 
nanoparticles and also put off instantaneous clearance of these particles. By modify-
ing the nanoparticles’ size, shape, or (in a few cases) surface dimensions, one can 
regulate the passive targeting.

Nanoparticles can remain in circulation for a long period of time, while not being 
able to infiltrate the tight endothelial junctions that exist in healthy vasculature and 
avoiding clearance via the mononuclear phagocyte system (MPS). This allows the 
EPR effect to bring similar passive targeting to solid tumors for anticancer drug- 
loaded nanoparticles. The tumor vasculature is therefore an important goal in cancer 
management by means of nanoparticles. Through tumor vasculature targeting, the 
tumor itself is targeted circuitously; otherwise, the tumors supply a line of nutrients 
and routes for metastasis that are able to be affected. In general, the physiochemical 
characteristics of nanoparticles can to a large extent affect their accretion, preserva-
tion, and permeation in tumors. Conversely, the optimization of physiochemical 
characteristics of nanoparticles is explicit to the target tumor’s pathophysiology, as 
demonstrated by Sykes et al.; as a result, they should be customized to every type of 
tumor to exploit therapeutic efficacy [51].

3.2  Tumor Microenvironment

Another passive targeting approach uses the distinctive tumor environment in a sys-
tem referred to as the tumor-activated therapy of prodrugs. Rapidly growing, hyper-
proliferative cancerous cells exhibit a higher metabolic rate; however, the delivery 
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of oxygen plus nutrients is generally not enough to support this. Consequently, 
tumor cells make use of glycolysis to obtain additional energy, resulting in an acidic 
milieu [52]. Furthermore, cancerous cells articulate and discharge distinctive 
enzymes, such as matrix metalloproteinases, which are involved in their motion as 
well as endurance mechanisms [53]. The drug is coupled to a tumor-specific particle 
and stays inert, waiting to arrive at the target (Fig.  6.2). The anticancer drug is 
coupled with a biocompatible polymer through an ester link. The association is 
hydrolyzed by a cancer-specific enzyme or through higher or lower pH at the site of 
tumor, at which point the nanoparticle delivers the drug [54].

For example, an albumin-bound structure of doxorubicin that integrated a matrix 
metalloproteinase-2-specific octapeptide series between the anticancer drug and the 
carrier was reported to be proficiently and specially cleaved by matrix metallopro-
teinase- 2 in an in vitro examination [55].

3.3  Direct Local Delivery

Another passive targeting technique is the straight local release of anticancer agents 
to the tumor cells. This technique has the understandable benefit of excluding the 
drug from systemic circulation. However, administration can be extremely intrusive 

Fig. 6.2 Tumor-targeted delivery of a prodrug
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because it entails injections or otherwise surgical procedures. For a few tumors that 
are not easy to access, such as lung cancers, this approach is almost impossible to 
employ [56].

4  Nanoparticle Delivery System for Cancer Through Passive 
Targeting

At present, numerous passively targeted nanoparticles are in clinical use, such as 
Genexol-PM™ in Korea and ProLindac™ and Opaxio™ in United States [57, 58]. 
Furthermore, a number of additional nanocarriers, including AZD2811, CPX-1, and 
NK911, have confirmed safety and/or therapeutic effectiveness in clinical investiga-
tions [59–61]. From a great number of nanosystems, only a small number of nano-
medicines are accepted for use in cancer treatment, as depicted in Table 6.1 [58].

Even if most of these nanosystems change the pharmacokinetics, toxicological 
profile, or drug solubility, some have also demonstrated noteworthy endurance 
advantages and improved therapeutic effectiveness compared with the parent medi-
cine in clinical investigations. Abraxane™ (nanoparticle albumin-bound paclitaxel) 
is one example that established considerably high response rates in comparison with 
standard paclitaxel in a phase III clinical trial of patients with metastatic breast can-
cer [62]. Likewise, the U.S. Food and Drug Administration (FDA)-approved CPX- 
351 (Vyxeos™) a liposomal preparation of cytarabine-daunorubicin combination, 
has demonstrated better endurance of 9.56 months compared with 5.95 months for 
cytarabine and daunorubicin delivered in their free forms in patients with recently 
identified vulnerable acute myeloid leukemia [63].

Our knowledge of EPR efficiency is restricted by the limited information gained 
from pre-clinical tumor models to precisely classify solid tumors in individuals. In 
reality, the most frequently used subcutaneous tumor xenografts are rapidly 
expanding, resulting in extremely high-EPR tumors that might provide an inaccu-

Table 6.1 Examples of passively-targeted nanosystems approved for anticancer therapy

Name
Type of 
formulation Bioactive compound Indication

DaunoXome® Non-PEGylated 
liposomes

Daunorubicin Kaposi sarcoma

Myocet® Non-PEGylated 
liposomes

Doxorubicin Breast cancer

Onco TCS® Non-PEGylated 
liposomes

Vincristine Non-Hodgkin lymphoma

Doxil®/
Caelyx®

PEGylated 
liposomes

Doxorubicin Breast cancer, ovarian cancer, 
multiple myeloma, Kaposi sarcoma

Abraxane® Albumin-based Paclitaxel Breast cancer
Oncaspar® PEG-l- 

asparaginase
Asparagine specific 
enzyme

Acute lymphoblastic leukemia
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rate assessment of the therapeutic advantages of nanocarriers in treatments that 
depend on EPR-based passive targeting [64]. Moreover, there is restricted patient-
based investigational information on the EPR phenomenon itself in addition to its 
effects on the buildup of a drug in the tumor site, which can be interpreted as clini-
cal effectiveness [64]. Additional research on the EPR effect in different human 
tumors as well as the progress of advanced preclinical models are therefore neces-
sary for the design of nanoparticles with improved tumor penetration and therapeu-
tic effects [8, 50].

The link between tumor vascularization and EPR-based passive targeting has 
been explored by Theek and co-workers in a subcutaneous tumor model [65]. 
Through the use of both contrast-enhanced ultrasound and computed tomography- 
fluorescence molecular systems, the authors established heterogeneous buildup of 
10-nm near infrared-labeled polymeric nanocarriers (pHPMA-Dy750) inside and 
among the tumors (5–12%). In the same way, copper-64-loaded PEGylated lipo-
somes were investigated by Hansen and his group. Moreover, the EPR effect of 
PEGylated liposomes was evaluated with a micro-positron emission tomography/
computed tomography (PET/CT) imaging technique [66]. Evaluation of eleven 
dogs bearing spontaneous solid tumors revealed that the EPR effect is a predomi-
nant feature in a few solid tumors (e.g., carcinoma), resulting in a higher accumula-
tion of liposomes; however, this might not be widespread to every solid tumor.

An FDA-approved 30-nm carboxymethyl dextran-coated magnetic nanoparticle  
(ferumoxytol) could be used as a substitute or companion element for intratumoral 
transfer, pharmacokinetics, and distribution of a therapeutic nanocarrier rooted in 
poly(d,l-lactic-co-glycolic acid)-b-poly(ethylene glycol) (PLGA-PEG), as demon-
strated by Miller et al. [67]. Lee et al. developed 64Cu-labeled human epidermal 
growth factor receptor-2 (HER2) targeted liposomes along with PET/CT to measure 
the accumulation of s drug in 19 patients with HER2-positive metastatic breast can-
cer [68]. The maximum accumulation of liposomes was found at 24–48 h; patients 
were categorized in accordance with 64Cu-liposomal abrasion deposition by a cut- 
point that was similar to a response threshold as determined in preclinical investiga-
tions. Patients with elevated 64Cu-liposomal abrasion deposition were associated 
with additional positive therapy results. These investigations reveal that the use of 
imaging systems for the assessment and characterization of EPR may ultimately 
allow clinicians to preselect patients with higher-EPR tumors who are expected to 
respond to passively targeted nanosystems with enhanced therapeutic effects.

A meta-analysis of pre-clinical data based on a nano-carrier delivery system for 
tumors reported during the past 10 years found that a mean of approximately 0.7% 
of the injected dose of nanocarriers arrives at the target tumors [69]. This figure 
appears to be very small on the surface, elevating concerns about the competence of 
the EPR effect and the management of low-EPR tumors. However, a delivery effec-
tiveness of approximately 0.7% for nanocarriers is considerably better than the 
delivery effectiveness of most chemotherapeutic preparations that are commonly 
used in hospitals, including docetaxel, doxorubicin, and paclitaxel [70–73]. In a pre- 
clinical investigation, van Vlerken et  al. established the delivery effectiveness of 
0.6% of the injected dose for paclitaxel-loaded nanocarriers in comparison with 
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0.2% of the injected dose for free paclitaxel [70]. This outcome is hopeful and indi-
cates the benefits of nanocarrier systems for the tumor-targeted delivery of drugs.

Nevertheless, the delivery effectiveness of nanocarrier systems can be addition-
ally enhanced to make the best use of their therapeutic advantages. Enhancing EPR 
effects with angiotensin II-induced hypertension or heat-based vasodilation might 
be an answer; however, such a system could make the clinical transformation of 
nanocarriers difficult. One more possible and comparatively adaptable solution, 
particularly for low-EPR tumors, is are the gracefully engineered delivery methods 
that make use of non-EPR advances for tumor targets. For example, injectable 
nanoparticle generators (iNPGs) that tackle the many physiological barriers were 
developed by Xu and co-workers [74]. An iNPG is a discoidal micrometer-sized 
nanoporous silicon particle that can be laden with drug polymer conjugates, control-
ling tumor growth because of normal tropism along with improved vascular dynam-
ics. The iNPG delivers the drug polymer conjugate by self-assembling to make 
nanoparticles that are transferred to the perinuclear area, thus bypassing the drug 
efflux pump. Superior efficiency was observed with iNPG in MDA-MB-231 and 4 
T1 mouse models of metastatic breast cancer compared with its individual compo-
nents as well as other existing therapeutic dosage forms. The delivery effectiveness 
of nanocarriers can be appreciably enhanced by such realistically engineered 
systems.

The cell-mediated delivery of nanocarriers may be an additional EPR-free 
advance to improve tumor targeting in low-EPR tumors or certain metastatic tumor 
sites that are inaccessible to passive targeting. This method uses the aptitude of defi-
nite cell types to house or travel to such tumors [75]. Huang et al. bridled the innate 
capability of T-cells to travel throughout the lymphatic system via conjugating 
nanocapsules by encapsulating the topoisomerase I drug SN-38 to the surface of the 
cell [76]. The authors reported an approximately 90-fold increase in the concentra-
tion of SN-38 in lymph nodes found by cell-mediated delivery compared with the 
free drug when injected systemically at 10-fold high doses, as well as an extended 
median endurance by 35 days without toxic effects. In addition to targeting low- 
EPR tumors, the immune cell-mediated delivery of nanocarriers can also result in 
better tumor accumulation in dispersed tumors as well as metastases. This may pos-
sibly unlock novel opportunities for more secure targeted delivery of immune- 
modulating compounds, such as IFN-γ, which can encourage the segregation of 
tumor-promoting M2 macrophages to antitumor M1 macrophages. In addition, the 
use of tumor-infiltrating lymphocytes or chimeric antigen receptor T-cells for tar-
geted delivery of immune-modulating agent-loaded nanocarriers may facilitate a 
synergetic dual-arm therapy, thus boosting anti-tumor immune responses by tumor 
targeting and/or intonation of immunosuppressive cells. However, this advance is 
restricted to medications with few toxic effects to common carrier cells.

The coating of nanoparticles can help to manage the interaction of nanoparticles 
with proteins in the bloodstream [77, 78]. Targeting approaches are being used to 
ensure that an adequate quantity of nanoparticles reach tumor cells. In a passive 
targeting approach, the individual receives the benefit of the elevated endocytic 
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uptake of cancer cells as well as the permeable vasculature in the region of tumors, 
which allows for high uptake of nanoparticles compared with healthy tissues [79].

As soon as the organism detects a foreign body in the bloodstream, specific 
serum proteins (opsonins) will adsorb on the surface of the body, tagging it for dis-
charge from the body [80]. By attaching suitable molecules, such as PEG, on the 
surface of the nanoparticles, this response has been avoided [50, 81]. The PEG- 
coating of nanoparticles repulses the opsonins, un-labeling them to coat the surface 
as a result [82]. Although nanoparticles have a propensity to focus on tumor tissue 
as a result of the irregular blood vessel wall configuration around tumor tissues, in 
addition to a weakly urbanized lymphatic system that restricts discharge of macro-
molecules from tumor tissue [83], the EPR effect is useful in such cases. Coating a 
nanoparticle with PEG increases its blood circulation time, therefore resulting in 
high passive uptake because of the EPR effect. The ability of the coating layer to 
offer passive targeting circumstances is influenced by a number of factors, such as 
nanoparticle core size, length, and surface density of capping molecules, which has 
been previously studied both computationally and experimentally [84, 85]. Non- 
targeted strategies take advantage of passive targeting on the basis of the patho- 
physiological circumstances of the myeloma microenvironment for precise release 
of the medicine. Most nanoparticle delivery systems explored for myeloma have 
used non-targeted nanoparticles.

Liposomal bortezomib nanoparticles have 100-nm size ranges with great repro-
ducibility and 80% encapsulation efficiency. For investigation of proteasome inhibi-
tion, apoptosis, and cell viability, in  vitro studies have been performed. It was 
observed that liposomal bortezomib nanoparticle systems restrained proteasome 
action, encouraged apoptosis, and enhanced cytotoxicity on manifold myeloma 
cells. In the in vivo investigations, multiple myeloma cells were injected subcutane-
ously in the severe combined immune-deficient mice, processed by free drug or 
liposomal bortezomib nanoparticles intravenously on the first and fourth days at 
1 mg/kg bortezomib equivalent dose, and examined for the succession of the tumor 
and systemic toxicities. The outcomes showed that liposomal bortezomib nanopar-
ticles were effective in the suppression of tumor growth, in addition to lessening the 
systemic side effects, including body weight loss. The free drug group exhibited 
>20% weight loss and moribundity on the seventh day, which required sacrifice of 
the mice, whereas the liposomal bortezomib nanoparticle group exhibited <10% 
weight loss for the duration of the 2 weeks [86].

PEGylated liposomal doxorubicin was the initial nanoparticle delivery method 
approved by the FDA for medical use in multiple myeloma. It has been used with 
additional anti-myeloma agents, such as bortezomib or vincristine and dexametha-
sone. Patients with regression or refractory multiple myeloma received PEGylated 
liposomal doxorubicin (Tibotec Therapeutics) delivered on the fourth day at 30 mg/
m2 as well as bortezomib administered on days 1, 4, 8, and 11 at 0.90–1.50 mg/m2. 
The time to progression (TTP) was considerably extended in the combining arm 
(median TTP  =  9.3  months) in relation to bortezomib monotherapy (median 
TTP = 6.5 months) [87, 88].
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Thymoquinone-encapsulated PLGA-PEG nanoparticles exhibited a size of 
approximately 200 nm with uniform distribution and 94% encapsulation efficiency. 
PLGA-PEG based thymoquinone nanoparticles had anti-proliferative effects on 
multiple myeloma cells; these nanoparticles were more effective than free drug- 
sensitizing leukemic cells to TNF-α as well as paclitaxel-induced apoptosis [89]. 
However, this investigation is very preliminary, with only in vitro studies reported. 
In vivo examinations are required to confirm the effectiveness and delivery for thy-
moquinone nanoparticles in myeloma. Other polymeric nanoparticles that are nano- 
colloids derived from N,N,N-trimethyl chitosan have been formulated to encapsulate 
camptothecin, a powerful anticancer drug with a plant source. There was no statisti-
cal dissimilarity observed between loaded nanocolloids and the free drug in the 
in  vitro cytotoxicity study. Conversely, loaded nanocolloids more efficiently 
restrained growth of the tumor and extended survival time compared with the free 
drug in vivo [90].

Silica nanoparticles have been conjugated with snake venom derived from 
Walterinnesia aegyptia, a natural toxin that exhibits antitumor activity [91]. The 
obtained nanoparticles had 300-nm particle size. Silica nanoparticles containing 
snake venom were examined in the cells of five patients with myeloma, as well as a 
XG2 cell line. It was observed that this combination had the ability to decrease 
viability and encourage apoptosis [92]. Furthermore, iron oxide-based nanoparti-
cles have been studied for multiple myeloma. Paclitaxel is an effectual anticancer 
medicine with poor aqueous solubility. However, Abraxane® (Celgene, Summit, NJ, 
USA), an albumin-bound paclitaxel-loaded iron oxide nanoparticle, is a water- 
soluble commercially available nanoparticle approved by the FDA for the manage-
ment of metastatic breast cancer [93]. In myeloma-bearing mice, 7-nm paclitaxel 
iron oxide nanoparticles were used to treat CD138-CD34-tumor stem-like cells. The 
inhibition of tumor growth was greater with paclitaxel iron oxide nanoparticles 
(0.6–2 mg/kg once a week for 2 weeks) in comparison with nanoparticles only or 
paclitaxel only; in addition, they were found to encourage the apoptosis of cancer 
cells in treated mice [94].

In most passive targeting nanosystems, surface coating with PEG is performed 
for biocompatibility and “stealth” purposes [50, 95, 96]. Significantly, improved 
hydrophilicity on the surface of the nanoparticle can obstruct its uptake by cancer-
ous cells, thus hindering the competent delivery of a drug to tumors with passive 
targeting nanoparticles [50, 97, 98]. Nevertheless, PEG-based block copolymers 
have been used in many passive targeting polymeric nanoparticles, including 
Genexol-PM, SP1049C and NK911. Among them, SP1049C is a pluronic-based 
polymeric micelle nanoparticle of doxorubicin. At present, it is being investigated 
in Phase II clinical trials for metastatic cancer of the esophagus versus the usual 
chemotherapeutic protocols [99]. Another polymeric micellar nanoparticle that acts 
through a passive targeting mechanism is NK911 containing PEG, doxorubicin, and 
poly(aspartic acid), which is currently being investigated in Phase II clinical trials 
for a variety of cancers [100]. Likewise, Opaxio™ and passively targeted paclitaxel/
poly(l-glutamic acid) nano-construct are established as effectual in ovarian cancers 
[101, 102]. CRLX101 (previously IT-101), a camptothecin-cyclodextrin polymeric 
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conjugate, has shown better pharmacokinetic effectiveness in preclinical and clini-
cal investigations [103]. NC-6004 is a cisplatin-incorporated PEG-poly(glutamic 
acid) block copolymer micellar nanotherapeutics, whereas ProLindac™ is a 
diaminocyclohexane- platinum hydroxypropylmethacrylamide prodrug, which are 
both in the final stage of clinical investigation [104].

A passive targeting lipid nanoparticle system is also moving to the progressive 
stages of clinical trials, and profound attempts are being made to put these methods 
into medical practice. Promising liposomal nanoparticles in clinical trials include 
Thermodox®, a thermosensitive liposomal doxorubicin nanoparticle that delivers 
the drug at approximately 39 °C; it is presently being examined in Phase III clinical 
investigations in addition to radiofrequency excision in hepatocellular carcinoma 
patients [105]. SPI-77 is a PEGylated liposomal cisplatin nanoparticle, which is 
currently in Phase II clinical investigations for patients with recurring epithelial 
ovarian tumors [106]. CPT-11, a nanosized liposomal irinotecan formulation, is in 
Phase I clinical investigations for patients with glial cell tumors [107]. A number of 
liposomal nanoformulations containing two dissimilar categories of anticancer 
drugs, such as cytarabine and daunorubicin, are also being investigated [108].

5  Conclusion

The recent advancements in novel nanoparticulate strategies have necessitated 
greater accuracy in delivering medicine to cancerous cells, while also sparing 
nearby healthy tissues. The tumor microvasculature is the focus of theories on the 
passive targeting of nanoparticles. Despite the widespread investigations and prog-
ress in nanotechnology, only a small number of nanoparticle-based drug delivery 
approaches have been approved and are in practice for cancer management. This is 
because the pathophysiological characteristics of the tumor microenvironment and 
the molecular mechanisms inherent in tumor angiogenesis are fairly diverse and are 
reliant on the nature of cancers. Hence, further investigations and greater knowledge 
on these features of tumor tissues are essential to ensure a successful future for EPR 
effect-based chemotherapy of cancer with a passive drug-targeting strategy.
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Chapter 7
Surface Modification of Magnetic 
Nanoparticles in Biomedicine

Viroj Wiwanitkit

Abstract Nanobiotechnology is proven for its advantage in several applications 
including applied biomedicine. The application of nanobiotechnology is possible in 
many aims such as drug and diagnostic test developments. Many new nanoparticles 
are developed and applied at present to serve those purposes. In this specific chapter, 
the author will focus on the surface modification of magnetic nanoparticles which 
pose specific properties of nanoparticle and magnetic property.

The application of surface modification of magnetic nanoparticles for pharma-
ceutical process as well as diagnostic test development will be summarized and 
presented in this article. Summary on important reports on the mentioned specific 
topics is also given in this article.

Keywords Nanobiotechnology · Surface · Modification · Magnetic · Nanoparticle

1  Introduction

Nano means the very small level at 10−9. At this level, the substance will have many 
interesting nanoproperties, which can be useful for usage. At present, nanobiotech-
nology is proven for its advantage in several applications including applied bio-
medicine. In general, nanomaterials that are very small will have significant 
increased surface area compared to the same material in big size. Also, the nanoma-
terials have specific change of electric and biochemical properties. In addition, the 
extremely small size lets the particles to be able to freely cross the cellular barrier 
into intracellular environment and further affect the cell. It is proven that the 
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nanoparticle can successfully enter in several cells including white blood cell [1], 
lymphocyte [2], or renal cells [3]. The change of the cells after getting nanomateri-
als inside is the important physiological change, and this is the principle of applica-
tion of nanomaterials in nanomedicine. In biomedicine, the application of 
nanobiotechnology is possible in many aims such as drug and diagnostic test devel-
opments. For pharmaceutical purpose, the nanomaterials can help in drug transfer 
and targeting the pathological site. In diagnostic medicine, the nanoparticles can 
help stimulate diagnostic reaction and help analytical process.

Many new nanoparticles are developed and applied at present to serve those pur-
poses. Of several presently available nanoparticles, magnetic nanoparticles are spe-
cific nanoparticles which have specific dual properties of nanoparticle and magnetic 
property. This dual property is very interesting and becomes very useful for applica-
tion in biomedicine. The application of surface modification of magnetic nanopar-
ticles for pharmaceutical process and well as diagnostic test development will be 
summarized and presented in this chapter. Summary on important reports on the 
mentioned specific topics is also given in this article.

2  What Is a Magnetic Nanoparticle?

Before a further discussion on using magnetic nanoparticle in biomedicine, the 
details about this kind of nanomaterial should be mentioned. Generally, a magnetic 
substance means a substance that can present magnetic property. Due to the intrinsic 
electric current and magnetic moment, the ferromagnetism is the basic characteris-
tic of a magnetic substance. Basic interaction test for magnetic property can be done 
and helps confirm the magnetic property of a substance. The examples of magnetic 
materials are iron, nickel, and cobalt. It is no doubt that there are some extremely 
small magnetic substances and if the substance is at nanolevel, it will be called a 
nanomagnetic substance or magnetic nanoparticle.

Magnetic nanoparticle is a specific group of nanoparticle that has magnetic prop-
erty and can be manipulated by magnetic fields. There are usually two main compo-
nents of a magnetic nanosubstance, the magnetic part and nonmagnetic part. Hence, 
the magnetic nanosubstance is usually a nanomaterial complex. In that complex, the 
magnetic parts might be a magnetic material such as iron or cobalt or other specifi-
cally designed chemical component with magnetic property. Since the magnetic 
nanoparticles are usually complex, the size of the complex is usually larger than a 
simple nanoparticle. The average size of the magnetic nanoparticle is usually 
50–100 nm. The nanomagnetic complex is sometimes presented in the form of mag-
netic nanobead that is an important nanosubstance in the present day. The magnetic 
nanobeads become widely used in several purposes such as catalysts in industry or 
applications in biomedicine. For biomedical application, the magnetic nanosub-
stance can be used for both diagnostic and therapeutic purpose. Similar to other 
nanosubstances, the usefulness of application of magnetic nanosubstance is usually 
for the disease that is very hard to manage in clinical practice such as cancer [4].
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3  How Can a Magnetic Nanoparticle Be Applied 
in Biomedicine?

An important basic question in nanomedicine is “How can a magnetic nanoparticle 
be applied?” This question can be easily answered in the following. First, there must 
be a magnetic nanoparticle that is appropriate for application. For using in pharma-
ceutical process, the specific magnetic nanoparticle must have specific biochemical 
property that can be useful in disease management. The developed magnetic 
nanoparticle will be conjugated with drug to form the nanodrug. That finalized mag-
netic nanoparticle is hereby called a nanodrug. The nanodrug usually has a very 
small size to allow its biochemical reaction on cells when it is applied for pharma-
cological purpose. The second step that requires for completing the usage of mag-
netic nanoparticle as drug is the nanoparticle administration. Generally, there are 
many ways for nanoparticle administrations of drug such as oral intake, inhalation, 
dermatological application, or direct injection into blood vascular or body space. 
This is a requirement for using any nanodrug. If the administration of the nanodrug 
into the body is not possible, it will be useless. Hence, there must be a good prepara-
tion of the magnetic nanoparticle in order to allow feasibility of administration. 
Similar to any drugs, the next concern is on the bioavailability of the magnetic 
nanosubstance. There must be a trial to confirm that the newly developed magnetic 
nanosubstance-based drug can be effectively absorbed, distributed, and targeted at 
the drug target (Fig. 7.1).

For using in diagnostic medicine, the similar first step is there must be the appro-
priate magnetic nanoparticle. The nanoparticle must be adaptable to be used in the 
diagnostic tool formation. The next concern is the durability of nanoparticle. The 
good nanoparticle should last long, and there should be no decreasing of properties 
after usage. In addition, there must be no or very little interference on using the 
nanoparticle. These are basic concerns in development of any diagnostic tools in 
investigative medicine. The next step for consideration is the actual application of 
the nanosubstance to be a composition of the newly developed nanodiagnostic tool. 
The attachment of the nanoparticle must be easy, and there should be very little loss 
during the process. The standard method for evaluation of the new medical diagnos-
tic test is needed for verifying the acceptability of any new nanodiagnostic tool [5–
6]. The standard evaluation for diagnostic properties (threshold sensitivity, accuracy, 

Surface modification

External magnetic field

Non-magnetic
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Fig. 7.1 Figure showing a 
magnetic nanoparticle 
complex (graphic drawing 
by Wiwanitkit V, 2018)

7 Surface Modification of Magnetic Nanoparticles in Biomedicine



148

precision,  interference, reproducibility, etc.) and clinical application properties 
(diagnostic sensitivity, specificity, false positive, false negative, etc.) is needed.

4  Preparation of Magnetic Nanomaterials for Use 
as Nanodrug

As already mentioned, magnetic nanomaterials are considered as useful nanoparti-
cles for application of the clinical therapy [7, 8]. The main required pharmacologi-
cal reaction of a magnetic nanosubstance is its magnetic property. This action is 
aimed at the target cell. The effect of external magnetic field is used as important 
part in therapeutic process [7]. The remote control of the nanoparticles accumula-
tion by mean of an external magnetic field is the basic concept [7]. For targeting the 
pathological cell for treatment, the magnetic drug targeting (MDT) by effect of an 
external magnetic field to target is the main process [7]. Additional technology can 
also be used to help increase effectiveness in drug targeting. The good example is 
the controlled-release technology for allowing the magnetic nanodrug to have its 
pharmacological action at the diseased site. Nevertheless, there is still an important 
precaution on the unwanted adverse effect of the newly designed nanoparticle. 
There are some toxicological concerns including unpredictable cellular responses 
and induction of signaling pathways, induction of unwanted oxidative stress, aber-
rant gene expression profiles, and disturbance in biometal homeostasis [9]. Hence, 
there must be the good modification of the developed particle to get the final non-
toxic magnetic nanosubstance for nanodrug development. For modifying, the sur-
face modification is proven effective. The surface modification might be by several 
techniques. However, there are only three main processes, increasing the surface 
structure by adding additional parts (such as antibody conjugation, surfactant coat-
ing, polymer coating, ligand anchoring, adsorption), decreasing the surface struc-
ture by removing some parts, and substitution of the old structure with the new one. 
Nevertheless, the most widely used approach is the increasing structure parts. The 
modification might be by chemical, biological, or physical reaction. The advantages 
from modification include decreased unwanted side effect and increased stability or 
addition of new desired property of the molecule (such as ligand binding or immu-
nological linkage).

With surface modification, the adverse effect due to magnetic property of non- 
modified magnetic nanoparticle can be managed. For example, Strehl et al. recently 
proposed for a cross-linkage to reduce the unwanted cytokine induction due to mag-
netic nanoparticles [10]. The hybrid polymeric-magnetic nanoparticles resulting 
from surface modification is proposed as the present safe generation of magnetic 
nanoparticle [11] (Table 7.1).

The good examples of magnetic nanoparticles that are used in therapeutic pro-
cess are metal oxide nanoparticles. A widely used nanoparticle includes superpara-
magnetic iron oxide nanoparticle (SPION). Structurally, a SPION has an iron oxide 
core, which is usually coated with organic materials such as polysaccharides, fatty 

V. Wiwanitkit



149

acids, or polymers. The coating is aimed at increasing colloidal stability and reduc-
ing separation between particle and carrier medium [7].

Some important reports in development of SPION are presented in Table 7.2.
There are many interesting reports on preparation of magnetic nanomaterials for 

using nanodrugs. The important application in several fields of clinical medicine 
will be hereby summarized.

 (a) Reports in oncology
The development of new magnetic nanodrug usually aims at management of 

presently untreatable diseases, especially for cancers. The development of the 
magnetic nanomaterial for management of cancer is widely done at present. For 
example, Klein et al. reported the use of magnetite and cobalt ferrite nanopar-
ticles for enhancing reactive oxidative stress formation in radiation cancer ther-
apy [18]. Zhang and Song reported the use of combination therapy using an 
injectable, biodegradable, and thermosensitive polymeric hydrogel. In this sys-
tem, a complex based on positively charged tumor necrosis factor-related 
apoptosis- inducing ligand and hydrophobic SPIONs complexed with negatively 
charged poly(organophosphazene) polymers via ionic and hydrophobic interac-
tions is used in hyperthermia cancer therapy [19]. Based on the given examples, 
it might conclude that the magnetic nanomaterials are effective option for 
 cancer management. The good design of magnetic nanodrug is the important 
determinant to achieve safe and effective magnetic anticancer nanodrug.

Table 7.1 Some important hybrid polymeric-magnetic nanoparticles

Hybrids Details

Dendrimer-based magnetic 
iron oxide nanoparticle [12]

Dendrimer-based magnetic iron oxide nanoparticle is a 
nanohybrid that has both functional organic and inorganic 
properties. It can be used in several biomedical applications, such 
as magnetic resonance (MR) imaging, drug and gene delivery, 
and protein immobilization [12]

Multifunctional magnetic 
iron oxide nanoparticles/
mitoxantrone-loaded 
liposome [13]

The multifunctional magnetic iron oxide nanoparticles/
mitoxantrone-loaded liposome is a new hybrid that is used for 
both diagnosis and treatment (such as for both MR imaging and 
targeted cancer therapy). This hybrid can serve the need in 
present new concept of theranostics [13]

Table 7.2 Some recent publication on development of superparamagnetic iron oxide nanoparticle

Authors Details

Singh et al. 
[14]

Singh et al. reported on development of SPIONs via direct conjugation with 
ginsenosides [14]

Miranda 
et al. [15]

Miranda et al. reported on development of inhalable SPIONs in microparticulate 
system for antituberculosis drug delivery [15]

Silva et al. 
[16]

Silva et al. reported on development of a new antitumor compound based on 
rhodium(II) succinate associated with SPIONs coated with lauric acid/albumin 
hybrid [16]

Muzio et al. 
[17]

Muzio et al. reported on development of a new SPIONs coated with silica and 
conjugated with linoleic acid which has an antitumor property [17]
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 (b) Reports in neurology
There are also some interesting reports on preparation of magnetic nanoma-

terials as new nanodrugs in neurology. Most applications are also the same as 
the already mentioned one in the topic of clinical oncology, the treatment of 
brain malignancy. For example, Babincová et  al. reported on application of 
albumin-embedded magnetic nanoheaters for release of etoposide in combined 
hyperthermia and chemotherapy of glioma [20].

In non-oncological neurological disorder, the magnetic nanoparticles are 
also applicable for management of degenerative diseases such as Alzheimer’s 
disease. For example, Do et al. reported on using magnetic nanocontainers for 
treatment of Alzheimer’s disease with use of electromagnetic, targeted drug- 
delivery actuator [21]. Nevertheless, most present applications for neurodegen-
erative disease are usually on imaging diagnosis.

 (c) Reports in infectious medicine
There are also some interesting reports on the preparation of magnetic 

nanomaterials as new nanodrugs in infectious medicine. The good example is 
the use in management of tuberculosis. As earlier mentioned, Miranda et al. 
developed a new inhalable SPIONs in microparticulate system for antituber-
culosis drug delivery [15]. Another good example is the use in HIV manage-
ment. Williams et  al. recently proposed a new approach for radication of 
latently infected HIV- positive cells by using magnetic field hyperthermia and 
SPIONs [22].

The efficacy of magnetic nanomaterials in treatment of microbial infection is 
proposed to be due to the similar process as that seen in malignant cell 
management.

The main actions of the nanoparticles are damaging the cell wall or by gener-
ating reactive oxygen species [23].

Based on the mentioned application in clinical medicine, it can be summarized 
that the present trend of using magnetic nanomaterial preparation is for the manage-
ment of pathology at deep hard-to-access organs or of the disease that can be pres-
ently cured by classical therapy. The magnetic nanocomplex is usually designed and 
prepared to serve the different specific needs in treatment of different clinical prob-
lems. Several attempts on clinical trials have been done for many years, and it is 
aimed at finding new nanodrugs based on magnetic nanomaterials. Although there 
is still no commercially available magnetic nanodrug, it might be available within 
the next few years.

5  Preparation of Magnetic Nanomaterials for Use 
as Nanodrug and Theranostics

As already mentioned, the application of magnetic nanomaterials in diagnostic 
process is possible. The interesting concept is the combined diagnosis and treat-
ment. This is called theranostics. For single use in diagnosis, the application in 
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imaging investigation is well described. The magnetic nanoparticle is widely 
applied for MR imaging at present [24]. In addition to basic MR imaging, the 
advanced technology also allows the use of magnetic nanoparticles as tools for 
helping molecular imaging. The imaging of cells is presently possible with use of 
magnetic nanoparticles [25].

As a substance with magnetic property, it is no doubt that manipulation of mag-
netic nanoparticle during MR imaging is possible. Also, if the magnetic nanodrug is 
well prepared (including ligands design for targeted delivery and fluorescent or 
other chemical tagging) and used, the final theranostic property can be achieved 
[26].

6  Conclusion

The magnetic nanomaterials can be served as important basic materials for devel-
opments of new nanodrugs and nanodiagnostic tools. The application of magnetic 
nanomaterials is proven useful for management of several medical problems. The 
design of magnetic nanomaterials is an important step for further application. This 
process must be carefully performed, and there must be specific consideration dur-
ing formation to focus on the desired final product and prevent possible unwanted 
toxicity. The effective nanoformulation can be useful in both pharmaceutical and 
laboratory diagnostic developments. For formation of an effective nanodrug, the 
well-designed magnetic nanomaterials can support nanodrug administration, 
nanodrug delivery, targeting, and pharmacological acting. The magnetic 
nanomaterial- based nanodrug becomes the present hope for management of uncur-
able disease (such as malignancies) and effective approach to hard-to-access path-
ological sites (such as central nervous system, ocular and joint spaces). The good 
magnetic nanomaterials are stable in extracellular environment and have the pref-
erable pharmacological reaction in the targeted cells. There are many composi-
tions of the new magnetic nanomaterial complexes that are proven for different 
advantages. Some newly developed magnetic nanomaterials are already registered 
and used as the main composition of the new commercially available drug for 
clinical usage. Similarly, the application of the magnetic nanomaterials in the 
development of new medical diagnostic analyzer is based on good design and for-
mation of the nanomaterials. The good magnetic nanomaterials are stable and give 
accurate diagnostic result when applied for diagnostic purpose. Some newly devel-
oped magnetic nanomaterials are already registered and used as the main composi-
tion of the new commercially available medical diagnostic tool. Although there are 
many reports on the development and use of magnetic nanomaterials in clinical 
medicine, further researches and developments in this area are still necessary.Conflict 
of InterestNone.
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Chapter 8
A Novel Strategy for the Surface 
Modification of Superparamagnetic 
(Fe3O4) Iron Oxide Nanoparticle for Lung 
Cancer Imaging

Mayank Bhushan and Yogesh Kumar

Abstract Superparamagnetic iron oxide nanoparticles (SPIONs) have recently 
gained interest due to their low toxicity, biocompatibility, magnetic potential, and 
catalytic nature. Their biocompatible nature makes them suitable candidate for bio-
medical applications. SPIONs are considered as inert and used in different areas 
such as imaging, targeted drug delivery and biosensors. Their surfaces can be modi-
fied using different coating and labeling agents which has broaden their role in 
diagnosis and nanomedicine applications. SPIONs have got wide range of applica-
tions in biomedical and healthcare industry such as drug-delivery vehicle for che-
motherapeutic drugs, an agent to induce heat mediated killing of cancer cells 
(hyperthermia) and as contrast agent in magnetic resonance imaging (MRI). More 
often SPIONs are used for simultaneous image guided delivery of chemotherapeu-
tic drugs to the tumor cells and hyperthermia is used synergistically to enhance the 
overall lethal effect of the whole treatment process toward tumor cells. In this chap-
ter, we discuss different strategies for surface modification of SPIONs and their 
applications for diagnosis and treatment of lung cancer.
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1  Introduction: Superparamagnetic (Fe3O4) Iron Oxide 
Nanoparticle

Iron oxide nanoparticles (IONPs) are well known for their potential application in 
biomedicine, imaging, drug delivery, hyperthermia, magnetic separation, and cell 
proliferation activity. The superparamagnetic nanoparticles aggregate when mag-
netic field is applied but again forms stable suspension on removal of magnetic 
field. The most studied IONPs are magnetite (Fe3O4), hematite (α-Fe2O3), and 
maghemite (γ-Fe2O3). The presence of both Fe2+ and Fe3+ ions in Fe3O4 NPs differ-
entiate them from hematite and maghemite. In Fe3O4, Fe2+ ions occupy the octahe-
dral sites and Fe3+ ions are divided between tetrahedral and octahedral sites. The 
α-Fe2O3 contains only Fe2+ ions which are located at octahedral sites. The γ-Fe2O3 
contains only Fe3+ ions which are distributed among octahedral sites and tetrahedral 
sites. The presence of electron hopping nature in these IONPs make them suitable 
candidate for the biological and technical applications. The surfaces of these 
nanoparticles can further be functionalized by coating them with suitable surface 
coating agents like polymers, bioactive molecules and metal oxides to increase the 
application specific functionality of the nanoparticles.

The major challenge in using IONPs for biomedical applications is to keep them 
suspended in water at pH 7.0. Several methods are used to synthesize IONPs like 
thermal decomposition, coprecipitation, sol–gel, microemulsion, hydrothermal, 
sonochemical, microwave, electrochemical, and biosynthesis. But the most com-
mon method is coprecipitation method. In traditional way SPIONs were prepared 
by long-term grinding of magnetite in the presence of stabilizing agent [1]. However 
most of the properties of these NPs depend on their shape and size. To use IONPs 
in vivo they must comply with features such as low toxicity, biocompatibility, long 
retention time and magnetism to make their application in site directed delivery. 
IONPs are used as a probe in magnetic resonance imaging (MRI), positron emission 
tomography (PET), near-infrared fluorescence (NIRF) imaging and in biosensors 
for detection of biomolecules like glucose, proteins, urea, and uric acid. Surface 
modification of superoxide nanoparticles with markers for tumor receptor such as 
transferrin, folate, and Her-2/neu has enabled them to specifically bind with the 
tumor cells. Tagging with contrasting agents can make the SPIONs suitable for the 
following: early detection of the disease, personalized treatment with more accu-
racy, effective monitoring the treatment, and the understanding of cellular interac-
tion with the environment in the living beings. This could improve imaging in 
laboratory and clinic.

The presence of aligned unpaired spin of electrons in ferromagnetic materials 
gives rise to their magnetic properties which are not dependent on external filed. 
However, the magnetic properties of nonmagnetized ferromagnetic materials are 
dependent on the presence of external field. This happens due to presence of aligned 
unpaired electrons at short distance but, at long distance it is antialigned. The short 
distance alignment in nonferromagnetic material is also called Weiss domains. The 
transition between these two aligned and antialigned domain forms Bloch wall; this 
gives rise to single domain crystals which are thermodynamically unstable. This is 
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characteristic of nanoparticles with vary small size range and their characteristic 
magnetic behavior is known as superparamagnetism. The magnetic resonance (MR) 
is not the intrinsic properties of the SPIONs. This is generated by rapid dephasing 
of surrounding protons in the surrounding nuclei that leads to detectable MR signal. 
In fact, when the SPIONs are subjected under magnetic field; their momentums 
align in the direction of the magnetic field. This leads to increase in magnetic flux 
that causes dephasing of surrounding protons. The SPIONs under magnetic field 
relax the longitudinal and transverse field. The ability of SPIONs to generate the 
MR contrast is based on reduction in spin–spin relaxation (T2) of surrounding 
nuclei. The SPIONs are also able to generate the T1 contrast for biomedical applica-
tions. They possess both R1 and R2 relaxivities. A schematic of drug loaded and 
functionalized core-shell SPION is given in Fig. 8.1.

2  Synthesis of SPIONs

The most popular methods for synthesizing SPIONs are coprecipitation and micro-
emulsion. However, other approaches are also used to synthesize SPIONs with uni-
form diameter with desirable properties.

Coprecipitation Method This is the most common method to prepare magnetic 
nanoparticles. This involves the coprecipitation of ferrous and ferric salts in an alka-
line medium. The surface complexing agent such as dextran, polyethylene glycol 
(PEG), or polyvinyl alcohol (PVA) is often used to provide stability and biocompat-
ibility to the nanoparticles. Some of the surface complexing agents are listed in 
Table 8.1. The SPIONs are synthesized by adding concentrated base to a divalent 
and trivalent ferrous salt solution. The precipitate formed is isolated by magnetic 

Fig. 8.1 Schematic of drug loaded and functionalized core-shell SPION
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decantation or centrifugation process. To prepare bare nanoparticles by acidic 
method, the precipitate is treated with nitric or perchloric acid followed by centrifu-
gation and then dispersion in water. For alkaline method, tetra methyl ammonium 
can be used. The obtained nanoparticles will be polydispersed, having size distribu-
tion below 10 nm and will have nearly spherical shape. The formed SPIONs can be 
coated with monomers and polymers through nonspecific adsorption. Many factors 
such as pH, heat, magnetite ratio, and polymer ratio can be used to control the size, 
stability, biocompatibility, and magnetic properties to make SPIONs more useful. 
Silica is one of the coating agents which are inert and biocompatible that can be 
further doped with other agent. This procedure is simple and therefore widely used 
at industrial level, but the nanoparticles formed are of polydispersed.

Microemulsion Method This method is adopted over coprecipitation method in 
order to adjust size and shape of the nanoparticles. In this method, the nanoparticles 
are synthesized in microemulsions which are oil in water and water in oil. This 
approach is generally used for the synthesis of biocompatible nanoparticle. This is 
an efficient way to synthesize nanoparticles of size range between 2 and 12 nm. The 
dispersion affinity of the nanoparticles in water or organic solvents can be finely 
tuned by adopting this synthesis approach. The coatings are suitable to make 
SPIONs dispersed in water can be used to prevent agglomeration.

3  Biocompatibility

In order to use the nanoparticles in-vivo they must be able to get cleared from the 
excretory system of body. Ideally, nanoparticles should have cell response with no 
or less cytotoxicity. Spleen and liver is most important organ to sequester the large 
particles. Generally particles of size 200  nm in diameter get sequestered by the 
spleen and liver. So, the particles like SPIONs which are of size around 10 nm easily 
get removed through extravasation and renal clearance. Amphipathic coatings are 
used to increase the half-life of SPIONs in plasma. Thus, extending their circulation 
time and hence effectiveness. Polymer coated SPIONs have not shown any cytotox-
icity or alteration in cell adhesion behavior. PEG-coated SPIONs and dextran- 
coated SPIONs labeled with the Tat-internalizing peptide have not shown any effect 
on cell viability. Some studies have shown increase in SPIONs uptake by macro-
phage cells but there was no evidence of its activation because there was no inter-
leukin- 1 release.

Tumor metastasis results in leaky vasculature. It is also evident that SPIONs get 
accumulated at the tumor site due to the leaky vasculature and increased macro-
phage uptake at tumor sites. Targeted delivery of SPIONs to tumor site has been 
studied. The conjugation of SPIONs with specific antibodies/proteins enables them 
to bind directly to the cancer cells expressing that particular marker. This also facili-
tates the receptor-mediated internalization of SPIONs. Transferrin and Hep 2 tumor 
markers are most common cell surface markers expressed in cancer cells.
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4  SPIONs in Cancer Diagnosis and Treatment

The strategy for cancer diagnosis and treatment using nanoparticles should follow 
the following points: high uptake by cancer cells; no or less side effect; targeted 
delivery; contrast between cancer and healthy cells [13].

The SPIONs are composed of an iron oxide nanoparticle core, linked with an 
amine-functionalized PEG silane and a small peptide, chlorotoxin (CTX) for tumor 
cell-specific binding of the nanoparticle. The cellular uptake of CTX bound nanopar-
ticle was higher (98%) than the CTX unbound nanoparticle (45%). The study 
showed deactivation of membrane bound matrix metalloproteinase 2 (MMP-2) and 
increased internalization of lipid rafts containing surface-expressed MMP-2. 
Increased activity of MMP-2 is associated with cancer of breast, colon, skin, lung, 
prostate, and ovaries; the use of CTX bound nanoparticle can be for noninvasive 
diagnosis and treatment [10]. SPIONs and doxorubicin were encapsulated into poly 
(d, l-lactic-co-glycolic acid) poly (ethylene glycol) (PLGA-PEG) for local treat-
ment. The drug loading capacity was maximum for PLGA:PEG 4000 triblock copo-
lymer in comparison to PLGA:PEG 2000 and PLGA:PEG 3000 triblock copolymers 
[11]. SPIONs as MR contrasting agent were used in targeted delivery to cancer 
cells. KB cells (a human nasopharyngeal epidermal carcinoma cell line expressing 
surface receptors for folic acid) were used as positive control and A549 cells (a 
human lung carcinoma cell line which lacks folate receptors) were used as negative 
control. Dextran-coated maghemite nanoparticles prepared through precipitation 
method was coated with N-hydroxysuccinimide-folate and fluorescence isothiocya-
nate (FITC). The study showed that 97.5% uptake of SPION by KB cells within 1 h. 
And in vivo study it was delivered to the tumor site with three time efficiency than 
nontumor site [12].

SPIONs linked with dextran and conjugated with bisphosphonate have been syn-
thesized for osteoporosis treatment. Osteoporosis results due to higher rate of bone 
resorption by osteoclast than its formation by osteoblast. The idea is to reduce the 
activity of osteoclast cells by incorporating nanoparticles to it and their lysis by 
inducing heat [14]. It has been found that, Fe3O4 nanoparticles alter the intracellular 
ice formation that helps to improve freezing capability. This increases the efficiency 
to destroy the cancer tissues. This is very helpful in cryosurgery to destroy the capil-
laries at the tumor edges [15].

SPIONs coated with PEG and PEI polymers and conjugated with folic acid (FA) 
via EDC/NHS method to target doxorubicin loaded FA-SPION at cancer site is 
reported. The rate of doxorubicin release was high in low pH. In vivo and in vitro 
treatment with DOX@FA-SPIONs to MCF-7 cancer showed tumor inhibiting 
effect. Aggregation of nanoparticles was monitored by magnetic resonance imaging 
(MRI). The nanoparticle did not show any significant toxicity on liver, lung, kidney, 
and heart in mice as indicated by histological examinations [8]. The SPIONs were 
linked with glutamic acid and conjugated with hyaluronic acid (HA). The process 
includes oxidation of nanoparticle surface with H2O2, followed by activation of 
hydroxyl group and reacting with glutamic acid as intermediate group. This is fol-
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lowed by linking of HA.  The study showed high survival of cancer cells and 
increased uptake of HA-SPIONs compared to noninteracting agarose-coated 
SPIONs (AgA-SPIONs) [9].

5  SPIONs in Lung Cancer Imaging

Lung cancer is prevalent type of cancer in developed countries like the USA. Its 
survival rate is less than 15%. Cancer patient survival can be increased if it is 
detected and diagnosed early. Currently, surgical removal of localized cancer, radia-
tion therapy, and chemotherapy are in use. Computed tomography (CT) and posi-
tron emission tomography (PET) are also used for the lung cancer diagnosis. But, 
CT is associated with false positive rates and PET has low spatial resolution. 
SPIONs have been used to increase the spatial resolution of MRI and as T2 contrast-
ing agent. Several formulations are already used for the liver and gastrointestinal 
tract imaging. An approach has been developed to combat cancer by targeting a 
peptide, H2009. It was successfully attached with the SPIONs with the help of 
PEG-cysteine moiety. The developed SPIONs have shown specificity toward α v β 
6 of human H2009 lung cancer cells. But, they did not show specificity to α v β 
6-negative H460 control as indicated by Prussian blue staining and T 2-weighted 
MR imaging. The SPIONs coated with hydrophobic surfactants resulted into stable 
single monodispersed particles [16]. The use of bidentate chelation and disulfide 
cross-linking stabilizes the surface attachment of biological molecules.

Folate conjugated poly(ethylene glycol) (FA-PEG) was linked with aminosilane- 
immobilized SPIONs to form FA-PEG-SPIONs. Then it was labeled with Cy5.5 to 
form FA-PEG-SPIONs-Cy5.5. The study carried out in KB cells and lung cancer 
model showed receptor-mediated endocytosis in KB cells and strong optical imag-
ing in lung cancer model mice [17]. EGFR-targeted, inhalable SPION nanoparticles 
were developed for non-small cell lung tumor ablation. The principle lies in the 
hyperthermia to generate heat by magnetic SPIONs. The result showed retention of 
SPION nanoparticles in the tumor which significantly inhibited in vivo lung tumor 
growth [18]. Cis-diamminedichloroplatinum (II) is a chemotherapeutic agent that 
has some side effects specially affecting kidney and its distribution is nonspecific. A 
magnetic CDDP-encapsulated nanocapsule (CDDP-PAA-NC) with CDDP- 
polyacrylic acid (PAA) core in amphiphilic polyvinyl alcohol/superparamagnetic 
iron oxide nanoparticles shell was developed which significantly reduce toxicity 
and exhibit anticancer activity in A549-tumor bearing mice with negligible side 
effects [19]. Endothelial progenitor cells (EPCs) can be utilized for cancer ablation 
and to repair vascular injury. EPCs were labeled with N-alkyl-polyethylenimine 
2 kDa (PEI2k)-stabilized superparamagnetic iron oxide (SPIO) to facilitate mag-
netic resonance imaging (MRI) of EPCs in a mouse lung carcinoma xenograft 
model. It was injected intravenously and subcutaneously (mixed with A549 cells). 
The extension of labeled EPCs was found inside tumor cells, as identified by 
MRI. This showed excellent biocompatibility and MRI sensitivity [20]. A folate 
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receptor-targeting multifunctional dual drug-loaded nanoparticle (MDNP) has been 
developed that contains a poly(N-isopropylacrylamide)-carboxymethyl chitosan 
shell and poly(lactic-co-glycolic) acid (PLGA) core for enhancing localized chemo-
radiotherapy to effectively treat lung cancers. This showed controlled release of 
encapsulated therapeutic compounds (NU7441—a potent radiosensitizer, and gem-
citabine). The study showed the use of nanovesicle in dual-mode simultaneous che-
motherapy and radiation sensitization for lung cancer treatment [21]. EGFR targeted 
anticancer gene, plasmid-survivin/shRNA (pshRNA) albumin SPION complex 
were designed for the monoclonal antibody-dependent gene targeting in lung cancer 
therapy [22]. A schematic of targeted delivery of SPIONs in mice cancerous lung 
and their subsequent accumulation in liver and kidney is given in Fig. 8.2.

6  Conclusions

Magnetic resonance imaging plays a vital role in diagnosis of internal disease and 
injury. Because of their good contrast agent characteristics, SPIONs have become a 
means for MR imaging of tissues, cells and even of intracellular structures/mole-
cules. The bioconjugation chemistry has pushed the boundaries of usability of 
SPIONs beyond molecular imaging for detection and quantification of genes, cell 
tracking, molecular and enzymatic interactions, etc. Effective imaging approaches 
such as MR, optical imaging using semiconductor quantum dots and nuclear are in 

Fig. 8.2 Schematic of targeted delivery of SPIONs at lung cancer site and their subsequent accu-
mulation in liver and kidney in mice
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large demand because of the ongoing discovery of new class of genes and proteins 
in oncology. This requires study of ever-increasing genes, protein molecules and 
associated molecular pathways in order to provide diagnosis and treatment of can-
cer. However, the lack of techniques for effective, accurate, and noninvasive imag-
ing of molecular interactions in biological systems prevents us to exploit the 
biological knowledge at full potential for the treatment of disease. With persistent 
advancement in SPIONs as molecular imaging probes in the areas like cost reduc-
tion, non-complex conjugation chemistry, enhanced target affinity, and as a means 
for MRS to minimize sequestration in lysosomes, the magnetite nanoparticles con-
tinue to display their significant potential as a means to probe further into biological 
systems.
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Chapter 9
Biodegradable Nanoparticles for Drug 
Delivery and Targeting

Viroj Wiwanitkit

Abstract The application of nano-biotechnology in pharmacology is very interest-
ing. The nano-biotechnology can be applied in many steps including drug delivery 
and targeting. Several new nanoparticles are developed to serve those purposes. In 
this specific chapter, the author will focus on the biodegradable nanoparticles which 
can be automatic degraded. The application of biodegradable nanoparticles for drug 
delivery and targeting will be summarized and presented in this article. Summary on 
important reports on this topic is also provided in this article.

Keywords Nano-biotechnology · Pharmacology · Biodegradable nanoparticle  
Drug · Delivery · Targeting

1  Introduction

Nano-biotechnology is the novel biotechnology dealing with extremely small scale 
at nano-level (10−9). The application of nano-biotechnology in pharmacology is 
very interesting. The basic concept is based on the biophysical property of the nano-
materials. In general, nanomaterials are usually very small. The extremely small 
size, at nanoscale, results in several specific properties of nanoparticles. The 
increased interaction surface and change in biophysical properties (such as electri-
cal charge) can be observed. In addition, the extremely small size also implies the 
increased chance for passing to the passage. It is no doubt that the nanoparticles can 
pass or penetrate thorough many cellular pores and enter into the intracellular envi-
ronment. There are many early evidences in nano-medicine studies confirming that 
nanoparticle can enter into several human cells such as leukocyte [1], lymphocyte 
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[2], or renal cells [3]. As a consequence, the change of the mentioned cells after the 
invasion of the nanoparticle is also observable [1–3].

This means the nanoparticles can have effect within cells. Hence, if the nanopar-
ticle is a kind of drug having pharmacological properties, it can be used as a very 
effective drug for management of illness in medicine. To achieve this purpose, the 
construction of the drug at the nano-level is the important step. This becomes the 
new area for pharmacological research and development. In general, the nano- 
biotechnology can be applied in many steps including drug delivery and targeting. 
Several new nanoparticles are developed to serve those purposes. In this specific 
chapter, the author will focus on the biodegradable nanoparticles which can be auto-
matic degraded. The application of biodegradable nanoparticles for drug delivery 
and targeting will be summarized and presented in this article. Summary on impor-
tant reports on this topic is also provided in this article.

2  How Can a Biodegradable Nanoparticle Act as Drug 
and Has Pharmacological Effect?

An important basic question in nano-medicine is “How can a nanoparticle be used 
as drug?” This question might be answered according to the already mentioned 
concept. First, there must be the drug molecule. This means there must be a specific 
nanoparticle that posed specific biochemical property that can be useful in disorder 
prevention or management. Then that specific nanoparticle will be called a nano-
drug. The nanodrug usually has a very small size, and this very small molecular 
usually has more effectiveness in acting on cells. The second step that requires for 
completing the usage of nanoparticle as drug is the administration of the drug into 
the body. In general pharmacology, drug will not be useful if it is not administered 
into the body. For usage in human, there are many ways for administrations of drug 
such as intake by ingestion, inhalation, absorption via skin after dermatological 
application, absorption after dropping into the eye or ear, suppository into anal or 
vaginal canals, implantation, or injection (into blood vessel, subcutaneous fat, mus-
cle, vertebral canal, or ocular cavity). This is also the necessary steps for using 
nanodrug. Nanodrug will be useless if it is not administered into the body. Hence, 
an important consideration of any newly developed nanodrug is the feasibility of 
administration. The specific method of administration of different drug is usually 
different. Focusing on nanodrug, the administration is usually not problematic. Due 
to the fact that nanodrug is very small, it can naturally be absorbed via normal skin 
barrier or directly inhaled and passed thorough lung alveoli.

The next step is similar to other drugs. The concern is usually on the bioavail-
ability, pharmacostatics, pharmacokinetics, and pharmacodynamics. The general 
considerations on the newly available nanodrugs are on drug distribution and drug 
entering into the target cells. This is according to standard concept in pharmacology. 
A good nanodrug must be easily administered, absorbed, delivered into the target 
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cell, and induced desired pharmacological reaction. The described simple principles 
are applicable for any nanodrug including the specific nanodrug that is produced 
from biodegradable nanomaterial.

3  What Is a Biodegradable Nanomaterial?

Before, a further discussion on using biodegradable nanodrug, the details about 
degradable nanomaterial should be mentioned. Generally, degradable substance 
means a substance that can be degraded. The degrading can result in change of mol-
ecule. Erosion of the molecular structure during degradation and change of molecu-
lar property occur. Change in size, change and strength occur during degradation 
process. Finally, the complete disappearance of the molecule might be expected. A 
nanomaterial that can be degraded will be called a degradable nanomaterial. 
Automatic degradation is the expected property in using any degradable substance 
including to degradable nanosubstance. As already mentioned, the degradable pro-
cess is similar to the catabolism in metabolic pathway. It will result in downing of 
the molecule and can finally result in ending of existence. Hence, the degradable 
nanomaterial will disappear without leftover; hence, it might be considered 
environmental- friendly substance.

There are many ways that a substance can undergo degradation. The mechanical 
degradation, the chemical degradation, or the biological degradation are the com-
mon types of degradation. The nanomaterials might be degraded by one the men-
tioned type of degradation. Nevertheless, in biological condition in the body, the 
spontaneous biological degradation is the most preferable type of degradation. This 
process is termed biodegradation. In biomedicine, biodegradation is a useful pro-
cess that helps biotransform, recycle, and detoxify; hence, the substance with biode-
gradable property is more preferable than that one without this property. The 
biodegradation might be generated by enzymatic system within the body or by the 
microbial (such as bacteria and fungi) reaction. The proper might be aerobic and 
anaerobic condition, and it might occur intracellularly or extracellularly. In pharma-
cological use of nanomaterial, the autobiodegradation by the intracellular enzymatic 
process is the most preferable biodegradation. In cellular level, the interference of 
external factors such as temperature, water, or oxygen level is usually controlled, 
and the smooth biodegradation bioprocess can occur. This specific degradation is 
considered safe and does usually not induce any unwanted adverse effect.

The important consideration of biological degradation of a nanodrug is the time 
and place that the biodegradation occurs. A too early or tool late biodegradation is 
not preferable. In addition, the biodegradation must occur at the mot proper place, 
the target pathological site for allowing pharmacological reaction against the medi-
cal problem.

The degradability of the nanomaterial might be helpful in controlling of the 
releasing of the nanomaterial. In case that the nanodrug is designed in shell form, 
the degradability of the external shell core can be useful in controlling of the 
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 releasing of the druggable part inside [4]. This is a very useful concept for new 
nanodrug design. The use of degradable nanocarrier is proven helpful in pharma-
ceutical process. How to prepare a good biodegradable nanomaterial is a basic ques-
tion in nano- biotechnology. There are many factors that affect the preparation of 
degradable nanomaterials. Those factors include size of desired resulted nanoparti-
cle, functionality and surface properties, releasing property of the outcome product, 
biocompatibility and degradability degree, and delivery material property [5].

4  Preparation of Biodegradable Nanomaterials for Use 
as Nanodrug

In preparation of degradable nanomaterials should focus on absorption, pharmaco-
kinetics, and disposition [5–8]. The good absorption is usually the target. The prepa-
ration should result in the outcome with a favorable pharmacokinetics properties 
[5–8]. A less mentioned consideration in biodegradable nanomaterial preparation is 
on the toxicity. Jian et  al. noted that biodegradable nanoscale preparations were 
commonly done at present, and there should be the concern on the toxicity [9]. The 
toxicity in nanoscale preparations is possible and strongly related to the preparation 
methodology [9]. Jian et al. concluded that there very many factors determining the 
toxicity of the biodegradable nanoscale preparations including to the particle size, 
shape, and surface structure [9]. The examples of the presently widely prepared 
degradable nanomaterials are liposome, micelle, and solid lipid nanoparticle (SLN) 
(Table 9.1).

Table 9.1 Some widely prepared degradable nanomaterials and details regarding preparation

Nanomaterials Details

Liposome Liposome is widely used nanomaterial at present. A liposome molecule has 
spherical shape and appears as a vesicle with at least one lipid bilayer. A 
liposome has a hydrophilic head group and hydrophobic hydrocarbon tail, 
hence, presents both hydrophobic and hydrophilic properties [10]. This 
bi-property helps ease distribution of liposome. It is considered as a useful soft 
nanocarrier. Barani and Montazer noted that the best character of liposomes was 
energy saving due to reduction in temperature of process [10]. Also, I 
considered the liposome environmental friendly since it is a degradable 
nanomaterial

SLN SLN has a sufficient affinity with the biomembranes that can improve 
absorption by several administration routes (oral, transdermal, pulmonary, nasal, 
ocular, rectal, etc.) [8]. Qi et al. concluded that SLN was food for colloidal drug 
delivery systems due to the fact that SLN posed the nature of both the “soft” 
carriers (such as emulsions and liposomes) and non-soft polymeric 
nanoparticles [8]. Qi et al. noted that an oral SLN could enhance lymphatic 
absorption by either the chylomicron-association pathway or the M cell 
uptaking pathway [8]
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As earlier mentioned, the preparation of biodegradable is complex and has many 
considerations during preparation. Due to the desired property, degradability, sev-
eral biodegradable nanomaterials are produced and used in pharmacology at pres-
ent. Dhiman et  al. noted that different preparation techniques for biodegradable 
nanomaterials have different advantages and disadvantages [11]. Dhiman et  al. 
found that biodegradable polymer usually had uncertainty in the absorption path-
way in gastrointestinal tract [11]. Dhiman et al. also noted that there might be some 
harmful toxic by-products after metabolism occurred [11]. Dhiman et al. suggested 
that the use of synthetic or semisynthetic polymeric nanoparticles which had a 
defined structure might resolve the problem due to the molecule that was still in 
intact form till absorption in gastrointestinal tract [11]. Concerning the toxicity, the 
preparation of degradable nanomaterials with lipid composition might help decrease 
then problem [12]. The lipid nanoparticle is usually considered bioacceptable, and 
the high biodegradable nature results in little toxicity [12].

There are many interesting reports on preparation of biodegradable nanomateri-
als for using as nanodrugs. The important reports will be hereby summarized.

 (a) Reports on in Oncology
The development of new nanodrug usually aims at management of presently 

untreatable diseases. The common focus is usually malignancy. The develop-
ment of the degradable nanomaterial for management of cancer is widely done 
at present. Several newly developed biodegradables for use as new nanodrugs 
in oncology are proposed. For example, Cerqueira et al. developed biodegrad-
able poly-lactic-co-glycolic acid (PLGA) nanoparticles surface engineered with 
hyaluronic acid for targeted delivery of paclitaxel to triple negative breast can-
cer cells [13]. Cerqueira et  al. found that HA–PLGA nanoparticles could 
increase cellular uptake, when compared to non-coated PLGA nanoparticles, 
due to interaction of HA with CD44 receptors that result in a receptor-mediated 
endocytosis [13]. In another report by Zhang et  al., the effect of autophagy 
inhibitors on drug delivery using biodegradable polymer nanoparticles in can-
cer treatment was investigated [14]. Zhang et al. found a new a new biological 
mechanism of malignant cells to have PLGA NPs captured and degraded by 
auto-lysosomes [14]. In another study, Kapoor et  al. studied on intracellular 
delivery of peptide cargos using polyhydroxybutyrate-based biodegradable 
nanoparticles [15]. In this work, antitumor efficacy of BCL-2 converting pep-
tide, NuBCP-9 was assessed, and it was concluded that this formulation might 
be a good alternative for tumor management [15]. In another recent publication, 
Aluri and Jayakannan reported on development of l-tyrosine-based enzyme- 
responsive amphiphilic poly(ester-urethane) nanocarriers for multiple drug 
delivery to neoplastic cells [16]. Aluri and Jayakannan mentioned for the spe-
cific advantage of this formulation that the drug-loaded l-tyrosine nanoparticles 
were stable extracellularly but enzymatic-biodegradable intracellular, which 
results in specific targeting on intracellular releasing of the drugs [16].

Based on the given examples, it might conclude that the biodegradable 
nanomaterials are effective option for cancer management. As concluded by 
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Zhao et al. [17], the biodegradable polymeric nanoparticles could be effectively 
used as a nanodrug delivery carrier [17]. The art on design of nanopolymer is 
the important determinant for the efficacy of the antitumor nanomolecule.

 (b) Reports on in Ophthalmology
There are also some interesting reports on preparation of biodegradable 

nanomaterials as new nanodrugs in ophthalmology. For example, Bisht et al. 
reported on using nanoparticle-loaded biodegradable light-responsive in situ 
forming injectable implants for effective drug delivery to the posterior segment 
of the eye [18]. This study can confirm the usefulness of the degradable nano-
substance for help access to the hard-to-access part within the body. In another 
article, Salama et al. reported on success in using PLGA nanoparticles as sub-
conjunctival injection for management of glaucoma in rabbit model [19]. In 
another report, Prakash and Dhesingh reported the success in using nanoparticle- 
modified drug-loaded biodegradable polymeric contact lenses for sustainable 
ocular drug delivery [20]. Finally, Salehi et al. recently reported the use of poly 
(glycerol sebacate)-poly (ε-caprolactone) (PEG–PCL) blend nanofibrous scaf-
fold as intrinsic bio- and immunocompatible system for corneal repair [21]. 
These reports also confirm the usefulness of biodegradable nanomaterials in 
ocular disease management. Similar to the case of oncology, designing of a 
good nanopolymer is the important determinant for the success.

 (c) Reports on in Neurology
There are also some interesting reports on preparation of biodegradable 

nanomaterials as new nanodrugs in neurology. For example, Mastorakos et al. 
reported on treatment of malignant brain tumor by biodegradable brain- 
penetrating DNA nanocomplexes [22]. This application is the same as the 
already mentioned one in the topic of clinical oncology. Ruan et al. reported 
another development on matrix metalloproteinase triggered size-shrinkable 
gelatin-gold fabricated nanoparticles for tumor microenvironment-sensitive 
penetration and diagnosis of glioma [23]. Similarly, this application is also the 
same as the already mentioned one in the topic of clinical oncology.

In fact, the application in non-oncology neurology is also reported in the 
medical literature. The good example is the report by Bi et al. on intranasal deliv-
ery of rotigotine to the brain with lactoferrin-modified PEG–PLGA nanoparti-
cles for Parkinson’s disease treatment [24]. The success use of same degradable 
nanomaterials in management of Parkinson’s disease is also reported in another 
study by Hu et al. [25]. Focusing on another important neurodegenerative disor-
der, Alzheimer’s disease, the role of degradable nanomaterials as nanodrugs is 
also reported [26–28]. A recent report by Sánchez-López et al. is the good exam-
ple [26]. Sánchez-López et al. proposed for using pegylated biodegradable dexi-
buprofen nanospheres administration to APPswe/PS1dE9 as new potential 
strategies for Alzheimer’s disease prevention [26]. Herran et al. also reported the 
observation on enhanced hippocampal neurogenesis in APP/Ps1 mouse model of 
Alzheimer’s disease after implantation of VEGF-loaded PLGA nanospheres 
which implies the possible role of the mentioned nanomaterial in treatment of 
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Alzheimer’s disease [27]. Finally, the development of PLGA-functionalized 
quercetin nanoparticles as possible effective nanomaterials for management of 
Alzheimer’s disease is also reported by Sun et al. [28].

In fact, the use of degradable nanomaterials for management of degenerative 
neurological disorder is the new concept in clinical neurology. It is also the new 
hope to use degradable nanomaterials combining with gene therapy as an effec-
tive novel treatment of the previously untreatable neurodegenerative disorder 
[29, 30].

 (d) Reports on in HIV Medicine
Human immunodeficiency virus (HIV) infection is still the global public 

health problem at present. There is still no effective treatment that can cure HIV 
infection. The use of nanomedical technology is the new hope for management 
of HIV. There are some interesting reports on using degradable nanomaterials 
in HIV medicine. For example, Mohideen et  al. reported on development of 
degradable bioadhesive nanoparticles for prolonged intravaginal delivery and 
retention of elvitegravir [31]. In another study, Caizhen et al. reported on using 
zirconium phosphatidylcholine-based nanocapsules as an in  vivo degradable 
drug delivery system of a momordica anti-HIV protein, MAP 30 [32].

 (e) Reports on in Obstetrics and Gynecology
There are also some interesting reports on preparation of biodegradable 

nanomaterials as new nanodrugs in obstetrics and gynecology. For example, 
Luo et  al. observed the efficient inhibition of ovarian cancer by degradable 
nanoparticle-delivered survivin T34A gene [33]. This application is also the 
same as the already mentioned one in the topic of clinical oncology. For non- 
oncology problem, the use of degradable nanomaterials to promote the efficacy 
of anti-HIV drug in HIV-infected mother as earlier mentioned is a good 
example.

(f) Reports on Infectious Medicine
There are also some interesting reports on preparation of biodegradable 

nanomaterials as new nanodrugs in infectious medicine. Apart from the already 
mentioned reports in HIV infection, the good example is the report by Zhang 
et al. Zhang et al. reported on the use of degradable polyphosphoester-based 
silver-loaded nanoparticles as therapeutics for bacterial lung infections in com-
plicated case with underlying cystic fibrosis [34]. In another study, Wang et al. 
reported the development of an anti-infection nano-hydroxyapatite drug deliv-
ery microsphere and its drug release in vitro [35]. Wang et al. found favorable 
drug release and observed good efficacy of the nanoformulation in management 
of osteomyelitis, the deep bone infection [35].

Based on the mentioned application in clinical medicine, it can summarize that 
the present trend of using degradable nanomaterial preparation is for the manage-
ment of the disease that is non-curable by presently available method or manage-
ment of the pathology sit at hard-to-access position. The complex biodegradable is 
usually designed and prepared to serve the different specific needs in treatment of 
different clinical problems. This is the specific property of polymeric nanocomplex 
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that is superior to moneric nanocomplex in using as nanodrugs for management of 
clinical disorder in medicine. The use of advance nanotechnology for preparation or 
nanoformation of the drug is widely studied in the present day. Several new tech-
niques are developed. The good example is the nanoprecipitation and nanoencapsu-
lation techniques that help assemble the hydrophobic and hydrophilic compartments 
within molecule to form the final biodegradable nanomaterial product [36].

5  Drug Delivery by Biodegradable Nanoparticles

Drug delivery is an important step that determines the success of pharmacotherapy. 
The effective drug delivery is required for any treatment. Delivery of the drug 
should be focused since it is administered into the body until it reaches the target 
site. The issue on drug delivery by biodegradable nanomaterial substance is very 
interesting. The smooth delivery without any loss on the way transporting to the 
target site is the ideal concept. To achieve the successful delivery, the design of good 
nanodrug complex is very important. The good designed nanodrug should be small, 
easily transported in vivo, resistant to external insult during transportation, and non-
toxic to the in vivo environment during the in vivo biotransportation process to the 
pharmacological target. The confirmation for these desirable properties of any 
newly developed nanomaterials is required.

The nanoformulation that is widely used for drug delivery includes the use of 
nanodisks, high-density lipoprotein (HDL) nanostructures, liposomes, and gold 
nanoparticles [37]. With the advancement in nanomaterial complex design, the next 
important step of modification in drug delivery is the integrating of other therapeu-
tic stimulation systems such as such as triggered release, multicomponent therapies, 
theranostics, or gene delivery system [38]. The apparent advantages of nanoparti-
cles for drug delivery are ability to carry delivery of water-insoluble substances, 
ability to target the pathological site, ability to co-deliver more than one drug for 
pharmacological combination therapy, and visualization of the drug delivery site by 
combining nanoimaging system [36]. Hence, the use of the nanodrug delivery sys-
tem technology can increase the effectiveness of drug transportation to the pharma-
cological target with reduction on the loss of drug during the transportation pathway 
and can help solve the problem of multidrug resistance and increase drug targeting, 
which means increased efficacy and effectiveness of pharmacological treatment 
[37]. The research and development of the new nanocompositions and nanoformu-
lation technology is useful for further development of new modalities for manage-
ment of several untreatable medical disorders such as cancerous diseases, 
neurodegenerative disease, and HIV infection (Table 9.2).
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6  Targeting by Biodegradable Nanoparticles

The important step that determines the success of pharmacotherapy is the attacking 
to the problematic site. The ideal aim is the specific correctly hit to the pathological 
site. This means there must be both precision and accuracy in treatment. The target-
ing becomes the new concept in modern pharmacotherapy. Using the nanomedical 
technology, increasing accuracy and specificity of drug management can be 
expected.

Table 9.2 Some widely used compositions of nanomaterial polymer for drug delivery

Compositions Details

PEG–PCL [38] PEG–PCL can help increase drug accumulation at the site of 
therapeutic action; therefore, PEG–PCL use results in decreased 
off-target effects [38]. The example of drug delivery that this 
system is used is the delivery of doxorubicin [39]

PCL–PEG–PCL [40] PCL–PEG–PCL is an important composition for forming core 
cross-linked micelle for drug delivery [40]. The example of drug 
delivery that this system is used is the delivery of doxorubicin [40] 
and honokiol [41]

PEG–PCL–PEG [40] PEG–PCL–PEG or PECE is another important composition for 
forming core cross-linked micelle for drug delivery [40]. PECE is 
proven safe and can be used intravenously [40]. The PECE 
becomes the new composition for the new anticancerous drug 
development at present [40]

PEG-block-poly(d,l-lactic 
acid) (PEG-b-PLA) [42]

PEG-block-poly(d,l-lactic acid) (PEG-b-PLA) is another 
important composition for forming core cross-linked micelle for 
drug delivery aiming at transportation of poorly water-soluble drug 
[42]. It is presently used for development of anticancerous drug 
[42]

Poly(d,l-lactic-co-glycolic 
acid)-block-PEG-block- 
poly(d,l-lactic-co-glycolic 
acid) (PLGA-b-PEG-b-
PLGA) [42]

PLGA-b-PEG-b-PLGA is another important composition for 
forming core cross-linked micelle for drug delivery aiming at 
transportation of both poorly water-soluble and water-soluble 
drugs [42]. The ability to deliver both water-soluble and water- 
non- soluble drug makes PLGA-b-PEG-b-PLGA superior to 
PEG-b-PLA [42, 43]. It is presently used for development of 
anticancerous drug [42]

Poly-lactic acid–PEG 
(PLA–PEG) [44]

Similar to PEG–PLC, PLA-PEG is another important composition 
that can help increase drug accumulation at the site of therapeutic 
action; therefore, PLA–PCL use results in decreased off-target 
effects [44]

PLA-d-α-tocopheryl 
polyethylene glycol 1000 
succinate (PLA–TPGS) 
[44]

PLA–TPGS or PLA–vitamin E is another important composition 
that can help increase drug accumulation at the site of therapeutic 
action; therefore, PLA–TPGS use results in decreased off-target 
effects [44]

PCL–TPGS [45] PCL–TPGS is another important composition that is under study 
regarding its efficacy in increased cytotoxic effect to the target 
malignant cells [45]
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The last step for finalizing the overall process is the biodegradation of the nanodrug 
within the target cell. The good nanodrug must be auto-degraded when it reaches the 
final destination in the pathological site. The favorable environmental- friendly degra-
dation process is the biological process. This is usually a simple biochemical enzy-
matic reaction that occurs intracellularly. The biodegradation process should be 
simple, easily to occur and cause no toxic by-product or problematic adverse conse-
quence. With the use of the new technology, the success for approach to hard-to-
access areas such as central nervous system [12] and intraarticular area [46] is possible. 
The feasibility of approach of those mentioned site is usually due to the lipid composi-
tion of the newly designed biodegradable nanomaterials [12, 46]. The technology can 
help target and manage of difficult-to-treat medical diseases such as malignancies [47] 
and intracellular infections (e.g., toxoplasmosis [48]).

7  Presently Available Degradable Nanodrugs in Clinical 
Medicine

As already mentioned, the development of biodegradable nanomaterials as nano-
drugs is useful in clinical medicine. Several attempts on clinical trials have been 
done for a few years, and there are already some success and available nanodrugs.

 (a) Liposomal Amphotericin B
Liposomal amphotericin B is presently available antiparasitic drug that is 

indicated for treatment of leishmaniasis [49]. This drug is based on liposomal 
nanoformulation, which is a well-known technique for construction of biode-
gradable nanomaterials [50]. Carrillo-Muñoz et  al. performed a comparative 
study and found that the liposomal amphotericin B was more effective than 
classical drug and increased the success in drug targeting [51].

 (b) Liposomal Doxorubicin
Liposomal doxorubicin is presently available anticancerous drug that was 

recently developed based on liposomal technology [52]. Similar to liposomal 
amphotericin B, liposomal doxorubicin is based on liposomal nanoformulation, 
which is a well-known technique for construction of biodegradable nanomateri-
als [52]. This drug is presently available and commercially known as Caelyx(®)/
Doxil(®). In clinical trial, it was proven and found that the liposomal doxorubi-
cin was more effective than classical drug and increased the success in drug 
targeting [53].

(c) Liposomal Bupivacaine
Liposomal bupivacaine is presently available drug for anesthesiology pur-

pose that was recently developed based on liposomal technology [54]. Similar 
to liposomal amphotericin B and liposomal doxorubicin, liposomal bupivacaine 
is based on liposomal nanoformulation, which is a well-known technique for 
construction of biodegradable nanomaterials. This drug is presently available 
and  commercially known as Exparel(®). In clinical trial, it was proven that 
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found that the liposomal doxorubicin was more effective than classical drug and 
increased the success in drug targeting [54, 55]. However, the clinical trial 
showed an important adverse effect, cardiac side effect, of the new liposomal 
bupivacaine [55]. Viscusi et al. found that the side effect was observable in less 
than 1% and usually mild [55]. Nevertheless, this finding indicates the need for 
further improvement of the presently available bupivacaine drug.

8  Conclusion

The biodegradable nanomaterials can be used as nanodrugs for management of sev-
eral medical problems. The design of biodegradable nanomaterials has to be care-
fully done, and there must be the concern on the desired product and possible 
toxicity. The effectivity of the nanoformulation starts from the nanodrug design 
thorough the nanodrug administration, nanodrug delivery, targeting, and pharmaco-
logical acting. The nanodrug becomes the hope for management of incurable dis-
ease (such as cancers) and effective approach to hard-to-access pathological sites 
(such as the brain, intraocular space, intraarticular space). The good biodegradable 
nanomaterials should be stable extracellular before reaching the final target and eas-
ily biologically degraded intracellularly at the target site. Several nanoformulations 
can be used for preparation of biodegradable nanomaterials. Different compositions 
of the new nanopolymer complexes are developed and proven differences in advan-
tages. Some newly developed biodegradable nanomaterials are already registered as 
new commercially available drug for use in clinical practice [56]. Although there 
are many reports on the development and use of biodegradable nanomaterials in 
clinical medicine, further researches and developments in this area are still required. 
Finally, the diagram presenting biodegradable nanomaterials as nanodrugs for man-
agement of medical disorder in clinical medicine is shown in Fig. 9.1.

Fig. 9.1 The diagram 
presenting biodegradable 
nanomaterials as 
nanodrugs for management 
of medical disorder in 
clinical medicine (graphic 
drawing by Wiwanitkit V, 
2018)
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Chapter 10
Functionalized Antibacterial Nanoparticles 
for Controlling Biofilm and Intracellular 
Infections

Aparna Viswanathan, Jayakumar Rangasamy, and Raja Biswas

Abstract The intracellular and biofilm associated bacterial infections are difficult 
to treat due to the resistance potential of the organisms toward commonly used anti-
microbial agents. Nanoparticles have promising future in the development of new 
therapeutics because of their easy functionalization and unique mode of action. This 
book chapter consists of three parts. The first two parts explain the limitations in the 
treatment of intracellular and biofilm infections in the current scenario. The last part 
describes how nanoparticles can be employed to tackle the problems of drug resis-
tance and the latest research studies conducted regarding the same.

Keywords Nanoparticles · Functionalization · Biofilm · Intracellular · Antibiotics 
· Drug delivery

1  Introduction

The discovery of penicillin by Alexander Fleming in 1928 is the greatest advance-
ment in the medical field, which reduced mortality due to bacterial diseases all over 
the world. Soon after the discovery of penicillin, other antibiotics such as bacitracin, 
cephalosporin, chloramphenicol, streptomycin, and clindamycin provided further 
therapeutic options. However, extensive use of antibiotics to treat ailments and their 
unchecked release into the environment resulted in the development of resistance in 
microbial population. The timeline in Fig. 10.1 depicts the discovery of antibiotics 
and the development of resistance toward these antibiotics. Large numbers of infec-
tions are now difficult to cure using single antibiotic and require combination thera-
pies of different antibiotics. The treatment is more challenging when the pathogen 
adopts an intracellular lifestyle or resides within a biofilm. Treatment of these types 
of infections requires high dose administration of antibacterial drugs, which is often 
difficult due to drug toxicity, and this impedes effective treatment.
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Intracellular bacteria evade both from the host defense system and from antibiot-
ics. The classical examples of intracellular bacteria are Mycobacterium tuberculo-
sis, Legionella pneumophila, Chlamydia trachomatis, Salmonella enterica and 
Listeria monocytogenes. Similar to intracellular infections, bacterial catheters or 
prosthetic joints and wound associated biofilm infections (e.g., Staphylococccus 
aureus, Pseudomonas aeruginosa) are also resistant to antibiotic treatment due to 
multiple phenotypic tolerance mechanisms. This calls for the need of smart systems 
that can deliver the drugs to the microbial niche, that is, inside the infected host cell 
(mainly macrophages) and into the biofilms. Intracellular and biofilm infections 
have significantly contributed to the death toll and the morbidity. Nanodrug delivery 
has got attention in the recent years due to its efficacy in targeting drug to specific 
cells and microenvironments [1–3].

This article summarizes the information regarding intracellular and biofilm 
infections, their treatment challenges and recent advances in nanoparticles mediated 
drug delivery systems to tackle intracellular and biofilm infections.

2  Intracellular Infections and Difficulties Associated 
with Their Treatment

2.1  Intracellular Bacterial Infections

Some species of bacteria are capable of residing/localizing inside the intracellular 
compartment of the host cells, where they multiply and grow by modulating the 
host immune defense mechanism. These groups of bacteria are known as 

Fig. 10.1 Timeline showing the discovery of different antibiotics and the resistance reported
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intracellular bacteria. The classical examples of intracellular bacteria are 
Mycobacterium tuberculosis, Listeria monocytogenes, Salmonella enterica, and 
Chlamydia trachomatis. These bacteria manipulate the intracellular environment of 
macrophages to survive. Once inside the macrophages, these intracellular bacteria 
use a number of strategies to evade host immune response which include interfering 
with phagosomal maturation, hindering of phagolysosomal fusion, neutralization 
of the phagosomal pH and evasion into the cytoplasm from the phagosome. 
Examples of intracellular bacteria which escape from the phagosomal compartment 
to the cytoplasm are Listeria monocytogenes, Shigella flexneri, Francisella tularen-
sis, and Burkholderia pseudomallei [4–7]. Bacteria those maneuver and survive 
inside vacuolar compartments within macrophages are Salmonella enterica serovar 
Typhimurium [8], Mycobacterium tuberculosis [9], and Coxiella burnetii [10]. The 
obligate intracellular bacteria, Chlamydia trachomatis, resides inside the vacuolar 
compartments of epithelial cells during infection [11]. Additionally, some of the 
classical extracellular bacteria, such as Escherichia coli, Pseudomonas aeruginosa, 
and Staphylococcus aureus also has the ability to invade and survive inside specific 
host cells. For example, uropathogenic Escherichia coli, which causes urinary tract 
infections, invades and survives inside urothelial cells [12]. P. aeruginosa can sur-
vive inside epithelial cells [13, 14]; and S. aureus can survive in epithelial cells, 
endothelial cells and keratinocytes [15–17]. Table 10.1 shows different intracellular 
pathogens, associated diseases and their surviving cells.

2.2  Limitations in Intracellular Bacterial Infections Treatment 
Methods

Current treatment of intracellular bacterial infections requires antibiotic treatment 
for an extended period, as short term treatments are not effective. Under in vitro 
conditions, antibiotic exposure can effectively eradicate M. tuberculosis in the first 
2 weeks. However, tuberculosis treatment requires combination antibiotic therapy 
for 6 months (rifampicin, pyrazinamide, isoniazid, and ethambutol for the first 2 
months; and isoniazid and rifampicin for additional 4 months). Infections caused by 
drug resistant tuberculosis are even more difficult to treat and often requires longer 
duration of antibiotics treatment. Intracellular bacteria can alter their surface mor-
phology and become more resistant to antibiotics. Ellington et al. demonstrated that 
once S. aureus is established intracellularly for 12 h within osteoblast, this bacteria 
alters its surface morphology and become resistant to certain antibiotics [27].
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3  Biofilm Infections and Limitations in Current Treatment 
Methods

3.1  Biofilm Infections

Biofilms are structured consortia of bacterial colonies attached on biotic or abiotic 
surfaces where bacteria stick to each other and get surrounded by the self-produced 
extracellular polymeric matrix. Biofilm formation is reported to be the most domi-
nant approach of bacterial growth and survival [28–30]. The biofilm lifestyle not 
only helps the pathogen to persist in the environment but also helps in its 
pathogenesis.

Biofilm formation is a multistep complex process which involves (1) reversible 
attachment of the bacteria to the surface or nearby microbe already attached to the 

Table 10.1 Intracellular pathogens and their respective host cells

Intracellular 
bacteria Residing cells Disease References

L. 
monocytogenes

Macrophages Listeriosis [18]

S. flexneri Macrophages, neutrophils, and 
dendritic cells

Shigellosis [19]

B. pseudomallei Polymorphonuclear leukocytes, 
macrophages, epithelial cells

Melioidosis [7]

F. tularensis Macrophages, dendritic cells, 
hepatocytes, endothelial cells, 
polymorphonuclear neutrophils, 
and type II alveolar lung epithelial 
cells

Tularemia [20]

Rickettsia 
rickettsii

Endothelial cells, smooth muscle 
cells

Rocky Mountain spotted 
fever

[18, 21]

S. enterica 
serovar 
Typhimurium

Macrophages Salmonellosis [22]

M. tuberculosis Macrophages Tuberculosis [23]
L. pneumophila Macrophages and monocytes Pneumonia [24]
C. burnetii Monocytes, macrophages, 

epithelial cells and endothelial 
cells

Q fever [25]

C. trachomatis Epithelial cells Genital tract infections [26]
E. coli Urothelial cells Urinary tract infections [12]
P. aeruginosa Epithelial cells Urinary tract infections, 

respiratory system 
infections, soft tissue 
infections, dermatitis, 
bacteremia, joint and bone 
infections

[13, 14]
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surface; (2) exopolysaccharide synthesis and multicellular aggregation; (3) forma-
tion of three-dimensional mature biofilm comprising extracellular matrix contain-
ing transport channels for the circulation of nutrients within the biofilm; and (4) 
detachment and regrowth of the colonies as they mature.

Examples of Biofilm in Clinical Scenarios

• P. aeruginosa form well-structured biofilms in the lower respiratory tract. The 
collective action of bacteria and inflammation results in tissue damage and resul-
tant death of the infected patient [31, 32]. They are also found to form biofilm on 
burn wounds [33]. P. aeruginosa also attach and form biofilm on contact lens. 
Frequent contact of the eye to the infected lens can cause to ocular diseases like 
keratitis [34].

• The coincidence of Burkholderia cepacia with P. aeruginosa biofilm in cystic 
fibrosis have shown to contribute significantly toward disease progression [35]

• Biofilm formation on kidney stones by Proteus mirabilis sometimes can cause 
urinary infections [36]

• Bone necrosis during osteomyelitis is a favorable niche for biofilm development 
in S. aureus, S. epidermidis, Streptococcus pyogenes, and P. aeruginosa [37]. S. 
aureus and S. epidermidis form biofilm on prosthetic knee and hip joints [38], 
pacemakers (leading to endocarditis) [39], surface of cerebrospinal fluid shunts 
[40], palatal obturator prostheses [41], vascular prosthetic grafts [42], and cath-
eters and chronic wounds [43].

• Studies have found biofilm formation of Propionibacterium acnes on breast 
implants [44].

• Porphyromonas gingivalis forms biofilm on the soft tissues surrounding the teeth 
and causes periodontitis [45].

• Biofilm formation by Serratia marcescens is responsible for keratitis and other 
eye infections [46].

• Pathogenic E. coli forms biofilms and cause site specific diseases in host. For 
instance, enteropathogenic and enterohemorrhagic E. coli are common causative 
agents of gastroenteritis whereas extraintestinal E. coli causes sepsis, neonatal 
meningitis and urinary tract infections [47].

• Biofilms of P. mirabilis were observed on polystyrene and polyvinyl chloride 
catheters [48].

3.2  Current Treatment Methods Against Biofilm Infections

Biofilms are impenetrable to antibiotics which make the treatment of biofilm infec-
tions difficult. The minimum bactericidal concentration (MBC) and minimum 
inhibitory concentration (MIC) of biofilm pathogens are 10–10,000-folds higher 
than the non-biofilm-forming bacterial cells. The effective concentration of antibi-
otics for the eradication of biofilm cannot be reached in clinical scenarios because 
of its toxicity. Generally, in these situations, the infected catheters or biomedical 
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devices are replaced with new ones, followed by empirical antibiotic therapy [49], 
in order to prevent biofilm regrowth on the implant. Antibiotics coated catheters and 
antibiotic impregnated catheters are available in the markets, which can slowly 
release drug and prevent biofilm formation, however use of antibiotics coated cath-
eters always will increase the chances for the development of new drug resistant 
bacteria.

4  Nanoparticles for the Treatment of Intracellular 
and Biofilm Infections

Advances in drug delivery have led to the development of various antibiotics incor-
porated nanoformulations such as polymeric particles, liposomes, mesoporous sil-
ica particles, metallic and particulate suspensions which can be designed to deliver 
drugs to specific cells especially phagocytic cells.

Better surface area, tuned biodegradability, controlled release and distribution, 
stability and easy Functionalization make nanoparticles a better drug delivery agent. 
Table 10.2 describes the advantages and disadvantages of different nanoformula-
tions used in drug delivery. Nanomedicine can triumph over the limitations of con-
ventional drugs by altering its pharmacokinetics without changing the drug 
molecular structure. The small size and structure of nanoparticles enable them to 
easily penetrate physiological barriers, prevents the degradation of the drugs in 
unfavorable environment.

The objective of antibiotic nanoformulation is to attain better drug distribution to 
the subcellular organelles (for intracellular bacteria) and to the pathogenic microen-
vironment (for biofilm).

4.1  Current Development in Nanoparticle-Mediated 
Intracellular Antibiotic Delivery Systems

The drug-incorporated nanoparticles are easily internalized/endocytosed, which in 
turn favors delivery of the drugs into specific tissues and organs of interest. Chithrani 
et al. showed that the uptake of nanoparticles is highly dependent on size and shape 
[100]. Another advantage of these nanoparticles over the free drugs is their rela-
tively better stability and improved bioavailability. Nanoparticles can enter the cell 
by the mechanism of endocytosis, which can be clathrin mediated or simple phago-
cytosis [6]. Once entered, nanoparticles can deliver drugs into intracellular compart-
ments (Fig. 10.2a). Several preclinical studies were carried out in the last few years, 
which showed that drug-entrapped nanoparticles can be used for delivering antibiot-
ics into intracellular compartments of various cell types. Nanoparticles can be func-
tionalized so as to improve their binding affinity to different cell receptors. For 
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Table 10.2 Advantages and disadvantages of different nanoparticle systems used in drug delivery

Nanoparticles Advantages Disadvantages References

Liposomes • Enhanced cellular uptake
• Flexibility in formulation 
for controlled release
• Biocompatibility
• Easy fictionalisation for 
targeting

• Rapid clearance
• Low solubility
• High production cost
• Poor entrapment of 
hydrophilic drugs

[50–57]

Polymers
(e.g., Chitosan, 
Gelatin, PLA, PVA, 
PLGA)

• Low cost of production
• Fine tailoring of 
properties
• Less toxicity

• Rapid clearance
• Limited solubility
• Synthetic polymers are 
reported to induce necrosis and 
apoptosis

[58–63]

Carbon Nanotubes • Large surface area
• Better conductivity and 
penetration capacity
• High loading capacities
• Chemical and thermal 
stability

• Toxicity
• Nonbiodegradability

[64–70]

Magnetic 
Nanoparticles

• Controlled targeting
• Easy penetration
• Large surface area
• Employed for diagnostic 
purposes

• Nonbiodegradability
• Cytotoxicity

[71–76]

Dendrimers • Tunable size and shape
• Easy surface modification
• Enhanced bioavailability 
and solubility of 
hydrophobic drugs
• Apt for nucleic acid 
delivery

• Limited hemolysis and 
toxicity

[77–82]

Quantum dots • High quantum yield
• Good chemical and photo 
stability
• Applied in sensors and for 
bioimaging

• Composition related toxicity [83–87]

Cyclodextrin • Better solubility and 
bioavailability
• High stability
• Biocompatible

• High production cost [88–90]

Mesoporous silica 
nanoparticles

• Controlled and sustained 
release of drug
• Good thermal and 
chemical stability
• High drug loading 
efficiency
• Biocompatible

• Toxicity [91–95]

Gold nanoparticles • Large surface area
• Easy surface 
Functionalization
• Applied in sensors and 
bioimaging

• Size and shape dependent 
toxicity

[96–99]
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Fig. 10.2 (a) Schematic diagram depicting better intracellular pathogen killing when nanoparti-
cles are used instead of bare drug. Reprinted from Biological macromolecules based targeted 
nanodrug delivery systems for the treatment of intracellular infections,110, V. Aparna, M. Shiva, 
Raja Biswas, R. Jayakumar, Biological macromolecules based targeted nanodrug delivery systems 
for the treatment of intracellular infections, 2–6, Copyright (2018), with permission from Elsevier 
[9] and (b) various mechanisms of biofilm formation inhibition by nanoparticles. Reprinted from 
2016 Mohankandhasamy Ramasamy and Jintae Lee [101].
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example, nanoparticles on conjugation with sulphated polymers like carrageenan or 
fucoidan showed better intracellular uptake as compared to the unconjugated ones 
[102, 103].

Liposomes, polymeric nanoparticles, such as poly d, l-lactide-co-glycolide 
(PLGA), glucan, chitosan, alginate and a mixture of alginate and chitosan; solid 
lipid nanoparticles (SLNs) such as fatty acids, steroids, triglycerides, partial glycer-
ides and waxes; and micelles encapsulated antibiotics showed enhanced internaliza-
tion by human macrophages, and release high concentrations of drugs into the cell 
which leads to efficient killing of bacteria. For example, chitosan nanoparticles 
loaded with ceftriaxone have shown enhanced intracellular antibacterial activity 
against Salmonella in macrophage cells [104]. Gentamicin-loaded gold nanoparti-
cles and chloramphenicol loaded dextran sulfate nanoparticles showed better intra-
cellular killing of intracellular Salmonella [2, 106]. Table 10.3 provides a list of 
nanoparticles, their particle size and antimicrobial action that were developed 
recently.

4.2  Current Development of Nanoparticles to Tackle Biofilm 
Infections

4.2.1  Nanoparticles for Prevention of Biofilm

Different types of nanoparticles are designed that have diverse properties to inhibit 
pathogens and control biofilm formation (Fig. 10.2b) which include the following:

 1. Antiadhesive nanoparticles: Nanoparticles can be modified to make their surface 
superhydrophobic and smooth in order to prevent bacterial adhesion/
attachment.

 2. Polymer-grafted biocide nanoparticles: Biocides are conjugated/coated to 
nanoparticle surfaces which ensure pathogen death as soon as the pathogen 
comes in contact with the nanoparticles.

 3. Bioactive nanoparticles: Bioactive nanoparticles are synthesized that can disrupt 
bacterial colonization and biofilm formation.

 4. Reactive oxygen species (ROS)- and nitric oxide (NO)-releasing nanoparticles: 
Nanoparticles are developed to release NO and ROS which can lyse the exopoly-
saccharides of pathogens

 5. Stimuli responsive nanoparticles: Nanoparticles can be designed to release drugs 
at specific conditions (pH) or a particular microniche.
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Table 10.3 Nanoparticles against intracellular infections and respective pathogens

Nanoparticles Size (nm) Pathogen inhibited
Antimicrobial 
activity References

Ceftriaxone sodium-loaded 
chitosan nanoparticles

210 S. enterica serovar 
Typhimurium

Improved 
intracellular 
nanoparticles 
uptake by 
Salmonella 
enterica serovar 
Typhimurium 
infected J774.2 
macrophage cells

[1]

Gentamicin-loaded gold 
nanoparticles

180 L. monocytogenes, 
S. aureus, E. coli, 
P. aeruginosa, and 
S. enterica serovar 
Typhimurium

Enhanced killing of 
bacteria in infected 
macrophages

[2]

Enrofloxacin-loaded 
docosanoic acid solid lipid 
nanoparticles

605 S. enterica serovar 
Typhimurium

30-fold increased 
accumulation of 
nanoparticles in 
infected 
macrophages

[3]

Azithromycin and rifampin 
encapsulated PLGA 
nanoparticles

100 Chlamydia 
trachomatis and 
C. pneumoniae

Enhanced 
accumulation of 
nanoparticles in 
intracellular 
compartments and 
inclusion bodies

[107]

Tetracycline-loaded 
O-carboxymethyl chitosan 
nanoparticles

200 S. aureus Sixfold enhanced 
killing of S. aureus 
in human 
embryonic kidney 
HEK-293 cells and 
in differentiated 
macrophage 
THP1cells 
compared to bare 
drug

[105]

Isoniazid, streptomycin, and 
rifampicin encapsulated 
poly-n-butylcyanoacrylate 
and 
polyisobutylcyanoacrylate 
nanoparticles

250 M. tuberculosis Improved 
intracellular 
accumulation and 
three to fourfold 
increased 
antimicrobial 
activity of drugs 
against intracellular 
M. tuberculosis

[108]

(continued)
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Table 10.3 (continued)

Nanoparticles Size (nm) Pathogen inhibited
Antimicrobial 
activity References

Moxifloxacin encapsulated 
poly(butyl cyanoacrylate) 
nanoparticles

587 ± 130 M. tuberculosis Tenfold enhanced 
antimicrobial 
activity against 
intracellular M. 
tuberculosis than 
free drug

[109]

rifampicin entrapped gelatin 
nanoparticles

264 M. tuberculosis Sustained drug 
release for 72 h, 
permitting 
less-frequent 
administration to 
accomplish 
therapeutic 
outcome in animal 
models.

[110]

Rifampin-loaded mesoporous 
silica nanoparticle coated 
with polyethyleneimine

100 M. tuberculosis High intracellular 
accumulation of 
nanoparticles in 
endosomes

[111]

Isoniazid encapsulated 
mesoporous silica 
nanoparticles with 
cyclodextrin-based 
pH-operated valves

50–100 M. tuberculosis Effective 
intracellular 
pathogen killing 
compared to the 
bare drug

[112]

Penicillin G-conjugated 
geranyl–farnesyl 
nanoparticles

280 ± 17 S. aureus 99.9% reduced 
intracellular 
pathogen 
replication

[113]

Chloramphenicol-loaded 
dextran sulfate nanoparticles

100–200 S. enterica serovar 
Paratyphi A

Enhanced 
antimicrobial 
activity of drug 
encapsulated 
nanoparticles in 
ex vivo chicken 
intestine infection 
model

[106]

Rifampicin-loaded 
amorphous chitin 
nanoparticles

350 ± 50 E. coli, S. aureus Five to sixfold 
increased delivery 
of rifampicin to 
intracellular niche

[114]
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4.2.2  Nanoparticles to Treat Biofilm Infections

Inorganic nanoparticles especially silver nanoparticles and titanium dioxide 
nanoparticles are widely studied to prevent and eradicate biofilm in medical devices. 
Literature shows that silver ions released from nanoparticles interact with sulfhy-
dryl molecules in pathogens affecting the membrane integrity, replication, enzyme 
kinetics, etc. and the cationic charge of the metallic nanoparticles disrupts exopoly-
saccharide structures [115–117].

Gold nanoparticles alone are rarely considered as effective biofilm inhibitory 
agent but on conjugation with active compounds and biomolecules they showed 
active anti-biofilm activity [118–120]. A pilot study by Lackner et  al. suggested 
external ventricular drainage catheters impregnated with silver nanoparticles can be 
a used to prevent catheter-associated ventriculitis in patients [121].

Liposomes and other polymeric nanoparticles are incorporated into dental and 
bone cements to prevent biofilm formation in the later stages after the surgical pro-
cedures. The cationic molecules (gold, silver, etc.) in the polymer are shown to 
penetrate the cell membrane or produced free radicals to disrupt the biofilm. Shi 
et al. showed that incorporation of chitosan and its derivative nanoparticles enhanced 
the antibacterial and mechanical activity in poly(methyl methacrylate) bone cement 
[122]. Some examples of nanoparticles used for management of biofilms are given 
in Table 10.4.

5  Perspective

This chapter summarizes the use of nanoparticles to overcome/manage bacterial 
infections due to biofilms or intracellular survival. Nanoparticles can be formulated 
by fine tuning their properties like composition and drug release kinetics for better 
delivery of antibiotics to the delivery site, especially to intracellular components 
and biofilm niche. In case of intracellular targeting, the size of nanoformulations 
matters, as very small particles (<250 nm) will not get phagocytosed by the macro-
phages and very large particles can clog the capillaries.

Efficient delivery of a drug to a specific location by the nanoparticles enables low 
drug volume and low frequency of drug administration, which in turn ensures 
increased patient compliance and better clinical outcomes. Even with all these 
advantages, the effectual application of nanoparticles in human disease treatment is 
still limited.

More studies are needed to know the long-term toxic effects of nanoparticles. 
The researchers have not completely understood all the pharmacodynamics proper-
ties of the nanoformulations. The chances of nanoparticles aggregating and block-
ing the capillaries cannot be neglected. Investigations are to be conducted to fully 
recognize the interactions of the nanosystems with immune cells. Controlling the 
type of immune response elicited by specific nanocarriers can pave pathways for 
discovery of vaccines for chronic ailments [144].
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Table 10.4 Nanoparticles with anti-biofilm activities

Nanoparticles
Size 
(nm) Pathogen inhibited Anti-biofilm activity References

Nickel nanoparticles 100 S. epidermidis Concentration ranging 
from 0.05 to 1.0 mg/
mL of nickel 
nanoparticles inhibited 
the biofilm formation

[123]

Tenorite (CuO) 
nanoparticles

<50 Burkholderia mallei, 
S. aureus, Klebsiella 
pneumoniae, E. coli, 
and P. fluorescens

Nanoparticles with 32 
μM concentration 
showed biofilm 
inhibition

[124]

Silver nanoparticles 50–60 S. aureus Silver nanoparticle- 
coated catheters 
inhibited biofilm 
formation

[125]

Rifampicin-loaded 
solid lipid 
nanoparticles

101 ± 4.7 S. epidermidis Time and concentration 
dependent biofilm 
reduction

[126]

Nitric oxide (NO) 
releasing silica 
nanoparticles

<150 P. aeruginosa, E. coli The released NO 
caused effective 
inhibition of bacterial 
biofilm

[127]

Selenium 
nanoparticles

80–220 S. aureus, P. mirabilis, 
and P. aeruginosa

42%, 53.4%, 34.3%, 
biofilm inhibition of S. 
aureus, P. mirabilis, 
and P. aeruginosa 
respectively

[128]

Gentamicin-loaded 
gold nanoparticles

180 L. monocytogenes, 
S. aureus, E. coli, 
P. aeruginosa, and 
S. enteric serovar 
Typhimurium

The biofilm formation 
was inhibited on 
treatment with 
nanoparticles

[2]

Baicalein-decorated 
gold nanoparticles

26.5 P. aeruginosa Around 58–76% 
biofilm reduction

[129]

Silver nanoparticles 50 P. aeruginosa and 
S. epidermidis

>95% reduction in 
biofilm

[130]

zinc oxide 
nanoparticles

20 P. aeruginosa Inhibition of biofilm 
formation, less 
effective in removing 
preformed biofilm

[131]

Ciprofloxacin-loaded 
PLGA nanoparticles

200 E. coli Time-dependent 
anti-biofilm activity on 
introduction of 
nanoparticles

[132]

(continued)

10 Functionalized Antibacterial Nanoparticles for Controlling Biofilm…



196

Table 10.4 (continued)

Nanoparticles
Size 
(nm) Pathogen inhibited Anti-biofilm activity References

Cinnamaldehyde- 
conjugated gold 
nanoparticles

326 ± 48 Methicillin-resistant S. 
aureus

Distorted biofilm 
morphology in SEM 
and attenuation of 
bacterial virulence on 
treatment with 
nanoparticles

[133]

Levofloxacin-loaded 
PLGA-PVA- 
phosphatidyl choline 
nanoparticles

240 ± 50 P. aeruginosa 99.9% killing of 
pathogens and biofilm 
inhibition when 
nanoparticles are 
employed

[134]

Chitosan-coated iron 
oxide nanoparticles

15–25 S. aureus 500 μg/mL of 
nanoparticles treatment 
reduced biomass 
formation

[135]

Silver nanoparticles 20–100 S. enteric serovar 
Typhimurium and P. 
aeruginosa

25–50 ppm of 
nanoparticles removed 
bacterial biofilm

[136]

Zinc oxide 
nanoparticles

20 P. aeruginosa Biofilm inhibition at 
350 μg/ml of NPs

[137]

Rose bengal- 
functionalized 
chitosan nanoparticles

60 ± 20 E. faecalis, 
Streptococcus oralis, 
Prevotella intermedia, 
and Actinomyces 
naeslundii

Deeper penetration of 
nanoparticles into 
biofilm, complete 
disruption of biofilm

[138]

TiO2 nanoparticle 201 ± 5 Shewanella oneidensis Slower rate of biofilm 
development

[139]

CuO nanoparticles 40 Oral bacteria 50 μg/ml of 
nanoparticles inhibited 
extracellular 
polysaccharide 
production and biofilm 
formation

[140]

Zinc oxide (ZnO) 
nanoparticles

35 Oral bacteria 50 μg/ml of 
nanoparticles inhibited 
extracellular 
polysaccharide 
production and biofilm 
formation

[140]

ZnO nanoparticles 15 S. pneumoniae 12 μg/ml of 
nanoparticles 
attenuated biofilm

[141]

Super paramagnetic 
iron oxide 
nanoparticles

18 S. epidermidis 50 μg/ml of NPs 
prevented colony 
assembly

[142]

(continued)
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Most studies using nanoparticle mediated drug delivery are in vitro results and 
require further in vivo experimental validations. More studies are to be done to 
understand the mechanism by which the endocytosed drug is reaching the pathogen 
microniche. Also, the changes in the drug bioactivity once it reaches the microniche 
should also be considered.

We might still be far from the ultimate goal of the nanodrug approach to treat 
intracellular and biofilm infections. So far nanodrugs are approved only for clinical 
as nanosilver bandage/cream for wound healing and zinc oxide nanoparticles are 
currently under clinical trial to use for oral cavity disinfection (ClinicalTrials.gov 
Identifier: NCT03478150). Further research is necessary to develop suitable nano-
formulations for the treatment of intracellular and biofilm infections.
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Chapter 11
Surface Modifications of Liposomes 
for Drug Targeting

Doniya Milani, Umi Athiyah, Dewi Melani Hariyadi, and Yashwant V Pathak

Abstract Medical treatment through the use of pharmaceuticals is dependent on 
the ability of therapeutic agents to reach their intended targets while evading unin-
tended interactions, endosomal sequestration, and degradation. By developing tar-
geted therapies, our treatments of different diseases can be tremendously improved 
in ways that not only enhance the functionality of relevant drugs, but also improve 
the patients’ experiences. Liposomes are nanocarriers that encapsulate their pay-
loads, protecting active ingredients from biological environments and degradation. 
Their use in nanomedicine has the ability to reshape drug administration, from 
improved specificity and prolonged circulation to decreased cytotoxicity and fewer 
negative side effects. The efficacy and functionality of liposomes can be further 
refined and enhanced through surface modification. By conjugating liposomes with 
various moieties, drug delivery can become a much more targeted process.

Keywords Surface modification · Nanocarriers · Nanotechnology · Cell targeting 
· Drug targeting · Drug delivery · Liposomes · Stealth · Targeted therapy · PEG

1  Introduction

Nanocarriers have introduced a unique and promising method of drug delivery. One 
significant challenge of drug administration is ensuring that the drug not only 
reaches the correct destination but also does so without damaging or affecting the 
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surrounding organs, cells, and/or tissues. Nanocarriers can maneuver around the 
problems typically associated with conventional drug delivery. One of their most 
exciting capabilities is specifically targeting diseased organs or cells while circum-
venting healthy, nondiseased organs and cells in the body [1]. Drug delivery through 
nanoparticles and nanocarriers allows higher efficacy with fewer side effects [1]. 
Nanocarriers, which range from 1 to 1000 nm, offer several advantageous proper-
ties, including high surface to volume ratio, increased tissue and membrane penetra-
tion, targeted and controlled drug release, and biological mobility [2].

Liposomes are nanocarriers that protect the active ingredient they are carrying 
from degradation [3]. They are currently considered to be the most successful drug- 
carrier system [4]. Liposomes’ lipid compositions determine their chemical proper-
ties [3]. The efficacy of liposomes can be altered by tweaking their physiochemical 
properties, such as their size, surface charge, and lipid organization [4]. Much of the 
research on nanocarriers now focuses on surface modifications that can improve the 
efficacy of drug targeting. Surface modifications and functionalization with moi-
eties, which alter the range of stimuli recognized, can further fine-tune the lipo-
somes are nanocarriers [1]. Different surface modifications present different 
benefits. For example, polyethylene glycol (PEG) modification of liposomes can 
potentially improve blood circulation and reduce nonspecific interactions while 
avoiding the reticuloendothelial system (RES) that usually poses a significant chal-
lenge in intravenous administration [5].

Surface modifications and functionalization of liposomes can tremendously 
improve the treatment of solid tumors and cancer by presenting ways to overcome 
the current physiological and biological barriers [6]. Altering these liposomes opens 
the door for finding new and efficient methods of delivery for anticancer agents [6]. 
Treating malignant tumors through conventional treatment approaches is a particu-
lar obstacle due to their unique physiology. Uncontrollable growth of mutated cells 
that initiate within an organism’s own cells contributes to the difficulty of selective 
treatment of cancer [6]. However, with the use of nanocarriers and nanoparticles, 
site-specific delivery of anticancer drugs is a possibility. Considering the tremen-
dous number of deaths per year that cancer is responsible for, improving anticancer 
drug delivery is vital. This review will explore the current barriers in selective drug 
targeting, examples of surface modifications of liposomes, the limitations of func-
tionalized and modified liposomes, and how these alterations aid in overcoming the 
present barriers.

2  Liposomes

Liposomes are spherical artificial vesicles that contain at least one phospholipid 
bilayer between aqueous phases [7]. These favorable drug delivery systems vary 
considerably in terms of properties and compositions. Liposomes have contributed 
significantly to the advancement of drug delivery due to their biocompatibility, 
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ability to encapsulate hydrophilic and hydrophobic compounds, low toxicity, size, 
surface charge, improved penetrability, and site-specific targeting [7]. However, 
liposomes must overcome certain limitations and barriers as well, such as their 
short half-life, low solubility, and their tendency to occasionally undergo oxidation 
and hydrolysis-like reactions [7]. By overcoming these barriers, advantages such as 
biocompatibility and site-specific drug delivery to tumors can be utilized [8].

2.1  Liposome Circulation Time Obstacles

Typical liposomes are taken up by the reticuloendothelial system (RES), which con-
tributes to their shorter half-life [5]. The RES is a crucial defense mechanism of the 
body [9]. Upon intravenous administration, a liposome is absorbed by Opsonin, a 
serum protein which recognizes the liposome as a foreign substance [5, 9]. Once a 
liposome is opsonized, it is demolished by phagocytes that are a part of the RES [9]. 
The interaction of the RES and liposomes affects organs such as the liver, spleen, 
and bone marrow [10]. Another challenge that typically faces liposomes is their 
tendency to release their contents during circulation. This problem can be circum-
vented through surface modification; as an effort to increase the circulation time of 
a liposome, it can be modified with a hydrophilic polymer, polyethyleneglycol 
(PEG) [5, 9]. These liposomes are referred to as PEGylated or stealth liposomes [9]. 
Once a liposome’s surface is PEGylated, it becomes more stable and evasive, hence 
the name “stealth” liposome.

3  PEGylated Liposomes

3.1  Advantages of PEGylated Liposomes

PEGylated liposomes have several advantages. These modified nanocarriers have 
increased circulation time in systemic circulation and a decreased uptake by the 
phagocytes in the RES [11]. As opposed to non-PEGylated liposomes, stealth lipo-
somes have a much greater ease of entry due to the enhanced permeability and 
retention (EPR) effect, and improved riddance of tumors due to the increased accu-
mulation in the tumor tissue [11]. PEGylated molecules have a heavier weight, 
which lessens its clearance through glomerular filtration [12]. This in turn augments 
the drug efficacy [12]. Additionally, PEGylation modifies and disguises the protein 
surface, which minimizes the body’s immune response [12].

Following the discovery of stealth liposomes, site-specific liposomes came 
into existence. By conjugating the open ends of PEG polymers with different 
moieties, such as antibodies and peptides, the liposomes can engage in more spe-
cific targeting [13]. This surface functionalization allows the liposomes to interact 
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with particular overexpressed receptors that are located on the cell surface [13]. 
Neutral PEGylated liposomes can be easily modified and have multifunctional 
proteins on their surface [14].

In addition to their stability and increased circulation time, PEGylated liposomes 
can also avoid enzymatic degradation [12]. The PEG-liposomes are eliminated from 
the body in a different way that is related to molecular mass, which is heavier than 
a normal liposome due to its increased water solubility [12]. The increased weight 
also allows for reduction in clearance via glomerular filtration [15, 16]. PEGylated 
liposomes with a weight below 20  kDa are eradicated through renal filtration, 
whereas the heavier ones are primarily eliminated by the liver [16].

3.2  Targeted Therapy Through PEGylation

Because of the EPR effect that PEGylation brings about, stealth liposomes have the 
ability to specifically target tumors [17]. In a study done by Matsumura and cowork-
ers, the EPR effect was first introduced. The study characterized tumors as having 
leaky vasculature and poor lymphatic systems [18]. While fenestrated endothelium 
gaps normally range in size from 200 to 900 nm, the openings within tumor vascu-
lature are even larger [19]. This allows nanoparticles to favorably accumulate in 
tumors [19]. This preferential accumulation improves the efficacy of drug delivery 
by allowing more targeted delivery.

The creation of nanoparticles that can target virtually anything in the body is an 
exciting feat for pharmaceuticals. However, this poses its own challenges as well, 
including the issue of systemic toxicity [17]. During circulation, nanoparticles may 
encounter erythrocytes. Their interactions can lead to erythrocyte aggregation and/
or hemolysis [17]. This is of particular significance with cationic nanoparticles that 
are attracted to negatively charged cell surfaces due to electrostatic interactions 
between the two [17]. However, PEGylation can decrease hemolysis and erythro-
cyte aggregation through conjugation [20]. When conjugated to PEG, polymers 
such as polylysine (PLL) and poly(ethyleneimine) (PEI) showed decreased cytotox-
icity [21].

3.3  PEGylation and Surface Modification as a Method 
of Penetrating Mucus

PEGylation is also useful for increasing penetration efficacy through mucus [22]. 
Mucus is a barrier that protects the human body from a plethora of foreign invaders, 
including viruses and bacteria [22]. Its mesh-like structure and intricate composition 
make mucus a challenging barrier for pharmaceutical advancement [22]. For issues 
such as mucus permeation, several alternative polymers (in addition to PEG) have 
been researched. Polymers such as poly(2-alkyl-2-oxazolines), polysarcosine, 
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poly(vinyl alcohol), zwitterionic polymers, and mucolytic enzymes are some of the 
alternatives that have been considered as methods of improving and enabling mucus 
permeation of nanoparticles [22]. Certain polymers are able to adhere to the surfaces 
of mucosal membranes, thus improving the drug’s bioavailability [23]. This is of 
particular relevance when dealing with drug delivery to the airways; overcoming the 
dilemma of efficient drug delivery through mucus in the airways could open the door 
to new treatments for serious conditions such as cystic fibrosis [24]. In a series of 
studies conducted by Hanes et al., a method of enhancing mucosal penetration of 
nanoparticles was discovered [25, 26]. Nanoparticles with poor diffusion abilities in 
mucus were functionalized using PEG and the result was superior penetration and 
diffusion [25, 26]. This improvement is due to the reduction of mucoadhesion, pre-
venting hydrophobic or electrostatic interactions, thus allowing the nanoparticles to 
permeate the mucus [22].

4  The Effects of Surface Functionalization on Liposomes

4.1  Interactions in the Body

A disadvantage of a nanoparticle is its interactions with biological fluids, which 
have high ionic strengths [27]. Due to the nature of nanoparticles and the interac-
tions in biological fluids, colloidal stability may be weakened, leading to aggrega-
tion of nanoparticles [27]. Colloidal stability is especially weakened in the presence 
of aggregation. The two primary approaches used when addressing colloidal stabi-
lization are stabilization through electrostatic repulsion and steric stabilization [27]. 
Functionalization is achieved by attaching polymers to the surface of the liposome. 
Attaching polymers such as PEG or poly(vinyl pyrrolidone) (PVP) can increase the 
stability of nanoparticles in biological fluid [28].

4.2  Liposomal Surface Chemistry

Surface functionalization of a liposome also requires considering surface chemistry. 
Incorporation of a given ligand onto the surface of a nanoparticle requires consider-
ing the nanoparticle composition and surface affinity [27]. There are three general 
classes of chemical groups when dealing with surface functionalization. The first 
class is noble metals, such as Au and Ag, that are typically functionalized with thi-
ols, amines, and cyanides [27]. The second class is oxides, which are primarily used 
with magnetic nanoparticles and can be coated with acidic or hydroxyl groups using 
oxygen bonding [27]. Lastly, there are binary compounds (elements from Groups 
12–16 on the Periodic Table), which have high affinities toward thiols and hydroxyl 
groups, but also may use amino groups [27].
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PEG head groups can be modified in a variety of ways, making these mole-
cules extremely versatile and advantageous. This presents several opportunities 
and  possibilities for further bio-functionalization of liposomal surfaces [29]. 
Examples of terminal functional moieties that are used to modify PEG head 
groups include carboxylic (–COOH) and amine (–NH2) due to the fact that they 
can be introduced into PEG molecules without compromising the PEGylated 
nanoparticle’s colloidal stability in blood and plasma [29, 30]. The ease of PEG 
head group modification combined with the hydrophilic nature of PEG that 
enables steric stabilization is why PEG is the preferred, and most widely used, 
ligand [31].

4.3  PEG Coating

PEG coating is done in different ways, depending on the class of the nanoparticle. 
As mentioned, the first class is plasmonic nanoparticles (the noble metals). 
Plasmonic nanoparticles’ surfaces are commonly coated with thiol-terminated 
derivatives (PEG-SH) through covalent bonding [27]. For citrate-stabilized nanopar-
ticles, this is simply accomplished by adding a solution of PEG-SH to the nanopar-
ticles, which eventually leads to ligand exchange with PEG-SH, creating solutions 
that are extremely stable in solutions with high ionic strengths and also in biological 
fluids [27, 32].

4.4  Alternative Ligands to PEG

Although PEG is the most widely used ligand, alternative ligands are also used to 
increase the stability of nanoparticles in biological fluids. Zwitterionic ligands, 
ligands that have mixed charge functional groups that contribute to a net charge of 
zero, have also been used with nanoparticles. In fact, nanoparticles with zwitter-
ionic ligands show even lower levels of opsonization than PEGylated liposomes 
[33]. In a study conducted by Bawendi et  al., the importance of surface charge 
arrangement was considered [34]. The study demonstrated that zwitterionic 
nanoparticles with positive charges on their outermost surface displayed nonspe-
cific accumulation and absorption, whereas zwitterionic nanoparticles with negative 
surface charges showed minimal nonspecific absorptions and fewer protein interac-
tions [34]. There were also differences between the in vivo behavior of zwitterionic 
nanoparticles and nonionic nanoparticles. The study elucidated that exposed charged 
groups enhanced the interactions between zwitterionic nanoparticles and the envi-
ronment [34]. This study highlighted the importance of considering spatial arrange-
ment of charge when creating nanoparticles to be used in vivo. In order to minimize 
nonspecific interactions, specific attention to the spatial arrangement of positive 
charges needs to be considered [34].
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5  Variables Affecting PEG Liposomes

5.1  PEG Molecular Weight

The circulation time of PEGylated liposomes is dependent on several different vari-
ables, such as PEG molecular weight, content, conformation, and surface density 
[17]. The molecular weight of a PEG chain is proportional to the length of its polymer 
chain, thus making the molecular weight a pertinent element of surface shielding abil-
ity [17]. In a study performed by Duvall et al. using 50D mixed micelles administered 
intravenously in vivo, results indicated that increasing the PEG molecular weight in 
the corona significantly increased its half-life for blood circulation [35]. In a different 
study, PEGylated liposomes were coated with 750 kDa PEG and compared to non-
PEGylated liposomes [36]. Although the two were initially comparable, increasing 
the PEG molecular weight to 5 kDa resulted in extended circulation time and decreased 
uptake by the mononuclear phagocyte system [36]. Since opsonin proteins in the 
blood serum easily bind to non-PEGylated nanoparticles, they can be quickly recog-
nized and eliminated by the mononuclear phagocytic system, preventing the nanopar-
ticles to effectively do their jobs [37, 38]. By modifying the surface of a nanoparticle 
with the addition of a PEG polymer, a hydrophilic layer is formed around the nanopar-
ticle that creates steric repulsion forces, protecting the nanoparticle from opsonin pro-
teins [38]. Generally, the minimum PEG molecular weight required to effectively 
shield nanoparticle surfaces from opsonin proteins and opsonization by the mononu-
clear phagocyte system is 2 kDa or greater [38]. However, this number is subject to 
change in certain circumstances. For example, according to a different study, human 
monocytic leukemia cell line-derived macrophages (THP-1) require a PEG molecular 
weight of at least 10 kDa in order to achieve effective shielding of nanoparticles [39]. 
However, PEG molecular weight may alter the molecule’s density, thus creating a 
possible confounding factor that can influence results.

5.2  PEG Surface Density and Conformation

In addition to PEG molecular weight, PEG surface density and conformation are 
important factors influencing circulation time and varying interactions with compo-
nents of the blood. In a study conducted by Yang et  al., it was discovered that a 
“dense brush” conformation was necessary in order to avoid uptake by human mono-
cytic THP-1 cells in vitro [40]. Brush conformations are assumed by the PEG chains 
at higher grafting densities when the Flory radius (RF) of the PEG coils divided by 
the grafting distance (D) equals greater than 1 [40]. The “dense brush” conformation 
required for evasion of THP-1 cells is adopted when the PEG layer thickness is 
greater than the Flory radius by at least twofold (RF/D > 2.8) [40]. The authors of the 
study also discovered that increases in PEG surface density were necessary for 
increased blood circulation time in vivo [40]. Yang and coworkers concluded that 
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nanoparticle interactions with the mononuclear phagocyte system cells significantly 
depend on PEG chain conformations and that a highly dense brush conformation is 
critical for increasing circulation time [40].

6  Liposome Drug Entrapment

Another challenge with liposomes is drug entrapment efficiency. Liposomes entrap 
lipophilic drugs in the lipid film and hydrophilic drugs in the aqueous part [4]. 
While entrapment of lipophilic drugs is typically easily accomplished, hydrophilic 
drugs exhibit encapsulation efficiency with liposomes [41]. A promising method of 
accomplishing entrapment of hydrophilic drugs into liposomes is the microencap-
sulation vesicle (MCV) method, which uses “water-in-oil-in-water” emulsion [42]. 
In a study conducted by Kaimoto and coworkers, the MCV method was used to 
prepare surface-modified liposomes with PEG and a site-directed ligand [42]. In the 
last phase of the experiment, a peptide ligand with an affinity to adipose tissue vas-
culature was utilized [42]. After injecting mice with the fluorescent-labeled lipo-
somes, there was considerable liposomal accumulation in the adipose tissue vessels, 
indicating that the MCV method with solvent optimization may be a very useful 
technique for achieving high drug entrapment efficiency and targeting delivery in 
surface-modified liposomes [42].

7  Disadvantages of Surface Modification of Liposomes

7.1  The Effects of PEGylation on Liposomal Stability

Although surface modification via PEGylation is advantageous and offers several 
improvements in nanoparticle drug delivery systems, some drawbacks do exist. 
PEG chains have both hydrophobic and hydrophilic tendencies [43]. Because of the 
hydrophobic characteristics PEG exhibits, the hydration of membrane phospholipid 
head groups cannot occur [43, 44]. In a study performed by Tirosh et al., it was 
concluded that hydration in part contributes to the thermodynamic stability of PEG 
liposomes [44]. Thus, these hydrophobic restraints can lead to destabilization of the 
liposomes and problems regarding drug entrapment and loading [43, 44]. Following 
a study that evaluated the effect cholesterol has on preventing the PEG-induced 
phase separation of lipid 1-palmitoyl-2[6-(pyren-1-yl)]decanoyl-sn-glycero- 3-
phosphocholine (PPDPC), it was suggested that excess cholesterol be used in 
PEGylated liposomes due to its ability to lessen PEG chain–chain interactions [45]. 
PEGylation can also negatively affect the stability of liposome preparation in rela-
tion to storage conditions [43]. However, long-term stability is possible through 
freezing and freeze-drying in conjunction with the use of a cryoprotective agent 
[46]. Cryoprotective agents aid in the prevention of liposomal fusion or degradation 
during the freezing process [46].
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7.2  Immunogenic Responses of PEGylated Liposomes

In addition to these drawbacks of using PEGylated liposomes, it has been shown 
that they can also prompt adverse immunogenic responses, such as acute immune 
toxicity, that arise not through IgE like immediate type I hypersensitivity reactions, 
but rather the activation of the complement system [47, 48]. These responses pres-
ent themselves through hypersensitivity reactions [47]. These infusion reactions 
that may be induced by PEGylated liposomes are referred to as complement 
activation- related pseudoallergy (CARPA) [47, 48]. There are a multitude of factors 
that play a role in a PEG-liposome’s ability to activate the complement system, 
including hydrophobicity, the inclusion of cholesterol, and particle size [47–49]. In 
addition to these, the presence of preexisting PEG antibodies in people have been 
considered and implicated in the manifestation of infusion reactions [48, 50]. The 
presence of these anti-PEG antibodies can affect the targeting, efficacy, and clear-
ance rate of a liposome-encapsulated drug [51], thus making it an important area for 
research. The consideration of the possible limitations, disadvantages, and conse-
quences of PEG liposomes has increased interest in the discovery and utilization of 
different lipopolymers as PEG substitutes.

7.3  In Vivo Effects of Surface-Modified Liposomes

The goal of surface modification of liposomes is to improve their overall functional-
ity by overcoming some of the properties of regular liposomes while avoiding or 
minimizing the effects to the clearance mechanisms of the body [43]. However, this 
has not been entirely perfected yet. Although PEG liposomes exhibit higher circula-
tion times, the PEG-induced stealth properties of liposomes have finite extents [52]. 
As the stealth properties of these polymer coatings diminish, these surface-modified 
liposomes are eventually recognized and cleared by the mononuclear phagocyte 
system [52], thus limiting the in vivo stabilization effects of PEGylation.

Another in vivo consequence of extended system circulation is an increase in the 
possibility of drug interaction and exposure of the other nontargeted tissues, poten-
tially leading to toxicity [53]. In some cases, this potential for toxicity challenges 
the very use of PEGylated liposomes in certain treatments [54].

To improve the in vivo efficacy of PEGylated liposomes, targeting strategies can 
be utilized. For example, the addition of a ligand to a PEG liposome can improve its 
activity in comparison to a PEG liposome that is without a ligand. This has been 
demonstrated in a variety of ways, using a variety of ligands. One example is a study 
conducted by Yamada et al. in which in vivo antitumor efficacy was assessed through 
PEGylation and targeting [55]. As a result of PEGylated-induced steric hindrance, 
the association between a liposome-bound ligand with its receptor can be hampered 
[55]. This was tested by Yamada and group using three types of folate-linked 
PEGylated liposomal doxorubicin: untargeted PEGylated doxorubicin-loaded lipo-
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somes, non-PEGylated liposomes concealing folate, and PEGylated liposomes with 
surface exposure to folate [55]. Their research found that the PEGylated, folate- 
linked, doxorubicin-loaded liposomes exhibited the greatest antitumor efficacy.

8  Conclusion

The use of liposomes in drug delivery is a developing and promising field of nano-
technology that offers a plethora of advancements. As research grows, ways of cir-
cumventing the restrictions, limitations, and disadvantages of traditional liposomes 
appear. A major method of fine-tuning these nanocarriers is surface modification. 
The most commonly seen routine for this is the addition of a PEG molecule to a 
liposome. PEGylated liposomes are generally seen as safe, effective, and extremely 
useful. With their proper usage, drug delivery systems can be redefined to include 
enhancements such as site-specific delivery of drugs, improved biocompatibility, 
greater drug efficacy, increased permeation, decreased contact with nontargeted tis-
sues and organs, and decreased toxicity. PEGylated liposomes are currently being 
used to treat a variety of diseases and ailments. PEG liposomes are being more 
intensely studied, leading to the discovery of the benefits of ligand attachment. 
Surface modification of liposomes has facilitated further refinement of these small 
drug delivery vesicles. The introduction of ligands to PEG liposomes has further 
expanded the uses and advantages of liposomes, leading to new discoveries in meth-
ods of drug delivery and therapeutic treatments.

Although liposomes are generally effective vesicles for drug delivery on a 
nanoscale, PEG liposomes have some drawbacks that must be considered and con-
tinuously researched as an effort to improve the safety and efficacy of surface- 
modified liposomes as drug delivery systems. However, the benefits of stealth 
liposomes cannot and should not be ignored. For improving issues such as circula-
tion time, PEGylation is considered to be the gold standard [43]. Despite this, the 
increase in research on PEG substitutes has led to the discovery of several alterna-
tives that provide a whole gamut of refinements and improvements to surface- 
modified liposomes.

9  Future Trends

Surface-modified liposomes have proven to be effective and useful vesicles for sys-
temic delivery of drugs. By altering traditional liposomes via PEGylation, these 
nanoparticles have managed to overcome several of the limitations and barriers that 
liposomes have faced. PEGylation is one of the primary methods of modification 
being studied. PEG coatings on liposomes have increased overall function, safety, 
and efficacy of drug agents. These nanocarriers are certainly going to continue 
being applied in clinical settings.
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The expansion of research on ligand additions to PEGylated liposomes will lead 
to the discovery of safer, more specific, and more efficacious systems of drug deliv-
ery. Surface-modified liposomes offer several advantages over traditional liposomes, 
such as prolonged circulation, preferential accumulation, subcellular targeting, 
decreased toxicity, enhanced cellular uptake, and new treatment strategies for count-
less diseases, including cancer. This may fundamentally change the outcomes and 
overall experiences of afflicted individuals. In addition, more efficacious vaccines 
can be delivered, improving general public health, leading to a decrease in healthcare 
costs. Lower concentrations of therapeutic agents required to achieve intended 
effects, new methods of disease prevention, and early detection and diagnostic abili-
ties can significantly lower the costs of medical treatment for patients, practitioners, 
and pharmaceutical companies. However, more research is required before nanocar-
riers become widespread. In the future, there will most likely be an increase in the 
versatility of and demand for surface-modified nanocarriers and particles in medical, 
agricultural, electronic, and environmental fields. Nanocarriers, albeit small, offer 
huge incentives and possibilities that may reshape our approach to life entirely. Thus, 
it is in the interest of both economics and innovation to continue researching and 
improving nanocarriers.
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Chapter 12
Surface Modification of Nanoparticles 
to Oppose Uptake by the Mononuclear 
Phagocyte System

Komal Parmar and Jayvadan K. Patel

Abstract Drug delivery has become an important aspect of medicine field with 
invention of specific potent molecules. New possibilities by understanding the dis-
ease pathways are emerging for its treatment and prevention at early basis. This 
provides development of customized systems that are designed to achieve specific 
control. This chapter provides an overview of recent advances in surface modifica-
tion of nanoparticles to oppose uptake by mononuclear phagocytic system in order 
to achieve targeted drug delivery.

Keywords Targeted nanotechnology · Surface modification · MPS

1  Introduction

A successful drug delivery depends on the release of an optimal dose of the drug at 
the required site over a given time period without any side effects. Over the years 
researchers have investigated novel drug delivery approaches in order to develop 
ideal drug delivery systems. Genetic mutations and intracellular infections are 
major challenges of intracellular diseases. Targeted drug delivery provides accumu-
lation of drug concentration into specific regions of interest in the body after suc-
cessful delivery. It is also referred to as smart drug delivery sometimes, with an 
ability to bind specifically to the desired site of action. However, the task of target-
ing a desirable site in vivo is challenging. Here, the challenge is on three fronts: first 
to find the target for the disease; second to find the appropriate drug molecule to 
bind to that target and treat the disease; and thirdly to find an appropriate means to 
carry the drug to the specific site in a stable form.
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Efficient treatment of intracellular disease relies on the development of small 
drug molecules or development of nanoparticulate drug delivery system which can 
diffuse through the intracellular compartment via cell membrane. Limitations asso-
ciated with development of new small drug molecules persists which increases the 
gap between understanding of disease mechanism and development of new drug 
molecules. Nanoparticles with size in nano range have attended much attraction in 
various fields of medicine [1]. These nanoparticles with specialized functions have 
opened up the doors for development of more advanced technologies. Nanoparticles 
offer advantages such as good colloidal stability, effective encapsulation, protection 
of drug molecules against enzymes and hydrolysis, and ease of preparation method 
[2]. Thus, nanomedicine (application of nanotechnology in medicine) industry is 
flourishing day after day where in the medicine works at nanoscale in cellular struc-
tures of body. Nanoparticles with their functional chemistry can overcome biologi-
cal barriers and target even single cell entities for treatment. However, one needs to 
investigate and understand the clinical interaction of nanoparticles with body sys-
tem for better efficacy.

Nanocarriers as targeted drug delivery were firstly proposed by Paul Ehrlich in 
the nineteenth century. In 1960s, firstly nanoparticles were investigated for vaccina-
tion processes and then till date various nanotechnology based pharmaceutical 
products have flourished the market and still many are under investigation [3]. Over 
the years, many versatile nanocarriers has been investigated successfully with vari-
ous active molecules for targeted drug delivery including liposomes [4], solid lipid 
nanoparticles [5], gold nanoparticles [6], silica nanoparticles [7], carbon nanotubes 
[8], micelles [9, 10], dendrimers [11], nanogels [12], nanoemulsion [13], and nano-
crystals [14]. Figure  12.1 demonstrates a schematic representation of various 
nanoparticles with efficiency to target various organs.

Recent advancement in nanotechnology has influenced diagnosis and treatment 
procedures of complex diseases like cancer and HIV to a great extent [15–19]. 
Along with such complex diseases, promising efforts are made in development of 
novel therapies for the treatment of cardiac and other diseases intended for site- 
specific administration of drug molecules with minimal side effects [20–24].

Clearance kinetics and biodistribution of nanoparticles are governed by their sur-
face properties and particle size. Small size nanoparticles with size less than 5 μm 
will be taken up by mononuclear phagocytic system (MPS) in liver and spleen. 
Surface modification of nanoparticles has received much attention as promising 
approach in recent years for efficient drug delivery [25–27]. Smart nanocarriers 
modified to have surfaced positive charge will interact with surface negative charge 
of cells rapidly and efficiently, which helps endocytosis to occur easily, thereby sup-
porting targeted drug delivery. The choice of polymeric materials plays a major role 
in preparation of such specific modified nanoparticles. Unique property of nanopar-
ticle is attributed to the polymeric properties utilized in preparation. Thus, here the 
nanoparticles are modified for specific objectives to be fulfilled while intended for 
targeted drug delivery. Surface modification of nanoparticles renders specific char-
acteristics on the surface such that it will orient itself toward specific site in the 
body. Surface modification of nanoparticles is done by simply coating of core with 
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hydrophilic polymers intended for long circulation in body, and/or coupled with 
specific ligands or proteins for targeted drug delivery in specific site [28–31]. In 
general, smart use of nanoparticles has revolutionized formulation and delivery of 
drugs. This chapter focuses on the application of various nanocarriers in targeted 
drug delivery systems. Emphasis is given to surface modification by using func-
tional agents which enables nanoparticles to oppose the mononuclear phagocytic 
system and circulate for prolonged time in blood, recognize the environmental 
properties of the body, communicate and respond appropriately, and also deliver the 
active molecule to the intended site of action.

2  Surface Modification for Functionalised Nanoparticles

Polymeric nanoparticles are widely utilized in targeted drug delivery. Most syn-
thetic polymers used in the preparation of modified nanoparticles are hydrophobic. 
Our body recognizes such hydrophobic systems as a foreign material and coats 
them with blood components, mainly opsonins. Such opsonized modified nanopar-
ticles are readily taken up by the mononuclear phagocytic system (MPS) or reticular 
endothelial system (RES), peculiarly in the liver [32]. However, when phagocytic 
system is not targeted, the goal of surface modification turns to protection from 
MPS/RES. To overcome this problem, new strategies are worked out directing the 
nanoparticles with targeting capabilities. Mirshafiee et  al. (2016) investigated 
impact of precoating of protein on nanoparticles. They utilized precoating of 
gamma-globulin which impeded the binding of opsonins on their target cell surface 
receptors of macrophages, thereby making the nanoparticles available for site- 
specific delivery [33].

2.1  Prolonged Circulation of Nanoparticles

Long circulating nanoparticles can be obtained by coating the surface with hydro-
philic polymers. Such coating prevents opsonization of nanoparticles and thereby 
protect from MPS/RES uptake [34–36]. Coating with polyethylene glycols (PEGs) 
is well known for preparing stealth nanoparticles. Such PEG coating provides a pro-
tective layer on the surface of nanoparticles which has ability to repel the absorption 
of opsonin proteins. Steric forces play an important role in such repulsion phenom-
ena which leads to steric stabilization, reducing surface–surface interaction and 
thereby blocking the initiation of opsonization process [37]. Surface charge density, 
chain length, and shape of polymers are found to influence the macrophage uptake 
and surface hydrophilicity of nanoparticles thereby leading to their long circulation 
in body [38]. Figure 12.2 demonstrates effect of surface charge density of hydro-
philic polymer on opsonization. Gref et al. (2000) described advantages of PEGylation 
of nanoparticles. Nanoparticles without surface modification showed presence of 
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apolipoproteins. Further, they reported effect of chain length of PEG on opsonization 
process on nanoparticles. The results suggested an optimal range of molecular mass 
of polymer between 2 and 5 kDa which reduced plasma protein adsorption [39]. Dos 
Santos et  al. (2007) reported PEG-Lipid conjugates with prolonged circulation. 
Further effect of various molecular weights was analyzed on circulation lifetimes to 
protein binding. The results demonstrated that as little as 0.5 mol% of 1,2-distearoyl-
sn-glycero-3-phosphatidylethanolamine (DSPE) modified with PEG having a mean 
molecular weight of 2000 (DSPE-PEG2000) substantially increased plasma circula-
tion of liposomes [40]. Particle size of nanoparticles also determines the protein 
corona and thereby influences phagocytic uptake [41, 42]. Biopolymers especially 
proteins forms a protein corona that is colligated with the nanoparticles. Larger 
nanoparticles incline to adsorb more protein as compared to lower sizes and thus 
were found to be readily taken up by the phagocytic system [43, 44].

Poloxamers are another class of polymers which have gained much attention in 
surface modification and preparation of nanoparticles. These triblock copolymers 
composed of hydrophilic polyethylene oxide (PEO) chains linked to hydrophobic 
backbone of polypropylene oxide (PPO), that is, PEO-PPO-PEO when used for the 
stabilization of nanoparticles, the PEO segment forms an entangled structure which 
helps the nanoparticles to remain masked from the phagocytic system [45]. Here, 
PEO shows affinity toward the particle surface, whereas PPO remains on the outer 
side forming a polymeric star like conformation. At bulk polymer concentrations 
the polymer concentration reaches to a plateau. The thickness of the adsorption of 
polymer depends on the hydrophobicity of the particle surface and hydrophilic–
lipophilic balance of the poloxamer type. For instance, poloxamer 188 forms a 
20-nm thick layer on PLGA (poly (lactic-co-glycolic acid)) nanoparticles. At con-
centrations equal or more than CMC, growth in thickness of the layer is observed 

Fig. 12.2 Opsonization prevented due to surface charge density of hydrophilic polymer
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which is attributed to hemimicelle adsorption [46]. Stolnik et  al. (2001) demon-
strated the effect of surface coverage of poloxamer 407 on biological fate of 
nanoparticles. Increase in the surface coverage resulted in increase in volume frac-
tion of PEO chains in the adsorbed layer. This in turn ensued into reduced protein 
interaction with the nanoparticle surface leading to prolonged in vivo circulation 
[47]. Poloxamine-coated nanoparticles are reported to have increase in vivo circula-
tion and reduction in uptake by liver [48].

Thus coating or surface modification via hydrophilic polymers effectively pre-
vent uptake of nanoparticles by preventing opsonization and thereby increasing the 
circulation time. However, control of physiological processes of the body is difficult 
which in turn limits these applications.

2.2  Localization of Nanoparticles

Surface modification of nanoparticles for site-specific drug delivery can be divided 
into two groups, passive targeting and active targeting. In passive targeting the drug 
entry is based on enhanced permeation rate in the tumor tissue. It is widely known 
that because of several abnormalities resulting into healthy tissue, the resulting 
tumor tissue comprises a leaky blood vessel network. The tumor blood vessels lack 
pericytes and comprise highly multiplying endothelial cells. Enhanced permeation 
in the tumor tissue facilitates an opportunity for tumor targeted drug delivery [49]. 
Enhanced permeation rate can be mediated by several mediators including bradyki-
nins, nitric oxide, vascular endothelial growth factor, cytokines, prostaglandins, and 
matrix metalloproteinases [50]. From various studies it has found that tumor pos-
sess pore size ranging between 380 and 780 nm [51–53]. Greish and coresearchers 
reported high tumor targeting efficiency of pirarubicin micelles made up of 
copoly(styrene-maleic acid) with little toxicity. The conjugate showed higher accu-
mulation in tumor tissue by enhanced permeation rate effect [54]. Yang et al. (2011) 
reported antitumor efficacy of PEG-liposomal oxaliplatin in xenograft tumor bear-
ing mouse model for colorectal cancer. The results demonstrated that following 
intravenous administration liposomal conjugate was found to accumulate in the 
tumor via leaky tumor vasculature [55].

In context with other organs, after intravenous administration nanoparticles are 
rapidly cleared by MPS/RES and then accumulated in liver and spleen [56]. This 
natural process can be utilized as site-specific drug delivery for both organs/a single 
organ. Tammam et al. (2012) reported tacrolimus biodegradable nanoparticles for 
liver and spleen targeting. The results of the study concluded that poly(lactic) acid 
(PLA) nanoparticles (NP) of tacrolimus was successfully targeted to liver and 
spleen via RES which proved beneficial in graft survival with reduced side effects. 
Release pattern of tacrolimus from PLA-NP determined by the dialysis bag method 
demonstrated 77 ± 45.72% drug release within 4 days [57]. But when MPS/RES is 
to be avoided so as to target the tumor other than liver or spleen, other approaches 
are investigated.
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Gu and coresearchers investigated PEGylated mesoporous silica nanoparticles 
(PEG-MSN) to target doxorubicin to liver. From the study it was observed that 
uptake of PEG-MSN of doxorubicin was significantly higher than that of MSN of 
doxorubicin benefited from the galactose receptor-mediated endocytosis phenome-
non [58]. The amphiphilic property of PEGs with good solubility is responsible for 
better biocompatibility for cell membranes. Therefore, PEG-coated nanoparticles 
show higher efficiency to penetrate compared to unmodified nanoparticles [59].

Drug delivery by passive targeting undergoes non selective uptake by organs 
which may lead to unnecessary accumulation of drugs resulting into severe adverse 
effects. Therefore, active targeting becomes indispensable for delivery drug to right 
cells. Active targeting is based on positive interactions between antibody/ligand and 
antigen/receptor molecules. Thus, the drug delivery system is manipulated to 
improve its distribution pattern and target to the specific biosite. The attachment of 
specific ligand on nanoparticles facilitates site-specific drug delivery. Ligands are 
conjugated on the surface of nanoparticles with chemical strategies which can find 
the tumor cells as a target at the same time excluding the healthy cells, leading to 
minimal adverse effects of chemotherapy [60].

Many researchers have demonstrated that attachment of folate groups as ligands 
on the surface of nanoparticles results into enhancement cellular uptake by tumor 
tissues, as a function of surface density balance against PEG steric resistance [61, 
62]. Quintana et  al. 2002 developed a therapeutic nanodevice intended to target 
tumor cells through the folate receptor. Folic acid and methotrexate were covalently 
linked to the surface of ethylenediamine core polyamidoamine dendrimer. The 
results demonstrated improved targeting to 100-fold by successful surface 
 modification using ligand based approach [63]. Quadir et al. (2017) reported folate- 
targeted nanoparticles loaded with doxorubicin that target the folate receptor-over-
expressing tumor cells. The system comprised pH-responsive polymeric part which 
drives the nanocarrier and ligand conjugated PEG unit which targets the folate 
receptor. The results demonstrated suppression of tumor growth due to successive 
accumulation of drug in tumor cells [64].

Drug delivery to brain is a challenging task for researchers due to complex struc-
ture of blood–brain barrier (BBB). Poly (lactic-co-glycolic acid) (PLGA)/polylactic 
acid (PLA) is widely utilized to prepare nanoparticles to target brain. However from 
the studies it is demonstrated that modified nanoparticles show enhanced brain 
uptake as compared to unmodified PLGA/PLA nanoparticles [65, 66]. Song and 
coworkers demonstrated brain drug delivery system by attaching lactoferrin (a mul-
tifunctional protein) on silica nanoparticles. Nanoparticles were further modified 
with PEG to reduce protein absorption. The results suggested enhanced transport 
efficacy of the nanoparticles across BBB. Maximum efficacy was found with 
nanoparticles less than 25 nm in diameter [67]. Wang et al. (2010) reported trimeth-
ylated chitosan (TMC) surface-modified PLGA nanoparticles for brain delivery. 
TMC was covalently linked to the surface of nanoparticles via carbodiimide medi-
ated linkage. Average diameter of nanoparticles were of 150 nm and were found to 
accumulate in the cortex, paracoel, third ventricle, and choroid plexus epithelium, 
while no brain uptake was observed with unmodified PLGA nanoparticles [68].
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2.3  Some Other Examples of Nanocarriers for Targeted Drug 
Delivery by Surface Modification

The types of nanocarriers mentioned here are the most challenging and frequently 
used surface-modified nanopharmaceuticals for targeted drug delivery. Table 12.1 
enlists marketed surface-modified targeted nanopharmaceuticals.

Carbon based nanoparticles such as carbon nanotubes have exhibited a promi-
nent application in site-specific drug delivery. Carbon nanotubes are low dimen-
sional carbon nanoparticles having unique physical and chemical properties. Lu 
et al. (2012) developed conjugates of multiwalled carbon nanotubes and iron oxide 
magnetic nanoparticles as dual targeting nanocarrier of doxorubicin. Further, the 
nanoparticles were functionalized with poly(acrylic acid) through free radical 
polymerization conjugated with folic acid ligand. Site-specific drug delivery was 
achieved under the guidance of magnetic field and through ligand receptor interac-
tions. The results showed enhanced cytotoxicity toward U87 human glioblastoma 
cells as compared to free doxorubicin [78]. Hou et  al. (2016) reported graphene 
oxide loaded with mitoxantrone with aim to reduce drug resistance in cancer. The 
nanoparticles were functionalized using hyaluronic acid and pluronics. The results 
suggested enhanced uptake of nanosheets by MCF-7/ADR cells via receptor medi-
ated endocytosis [79].

Gold nanoparticles with size ranging between 1 and 100  nm are extensively 
studied for drug and gene delivery. In a recent study, PEGylated doxorubicin gold 
nanoparticles were prepared to target glioma cells. Ligand-based functionalization 
was carried out to mediate the system to penetrate blood–brain barrier. Angiopep-2, 
low density lipoprotein receptor related protein-1 enabled the system to target to the 
glioma cells in brain [80]. Another research utilized peptide TAT modified gold 
nanoparticle of an anticancer molecule in order to assess multi drug resistance and 
thereby its antiproliferative activity [81]. Locatelli et al. (2014) reported multifunc-
tional polymeric nanocomposites containing two cytotoxic agents, alisertib and sil-
ver nanoparticles. Further the nanocarrier was conjugated with chlorotoxin, an 
active targeting 36-amino acid-long peptide that specifically binds to MMP-2, a 
receptor overexpressed by brain cancer cells. The results suggested reduction in the 
tumor area when studied using cell line U87MG [82]. Figure 12.3 describes surface- 
modified gold nanoparticle formation for targeted drug delivery.

In contrast to conventional nanoparticles, mesoporous nanoparticles are porous 
in interior region. They are nontoxic in nature, easily modified, have large loading 
capacity and are biocompatible. Polydopamine-based surface modification method 
was employed to prepare doxorubicin loaded mesoporous silica nanoparticles. 
Peptide CSNRDARRC conjugation was carried out to enhance the therapeutic 
effects on bladder cancer. The results suggested recognition of human bladder 
 cancer cell line HT-1376 by the modified nanoparticles and thereby highest cellular 
uptake due to receptor ligand interaction [83]. Figure 12.4 describes schematic dia-
gram of surface modification of mesoporous nanoparticles.
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Table 12.1 demonstrates few examples of marketed/under research surface-modified targeted 
nanopharmaceuticals

Product Drug Formulation Mechanism Application References

Doxil® Doxorubicin PEGylated 
nanoliposomes

Passive target 
to tumors by 
EPR effect

Ovarian 
cancer, 
Kaposi’s 
sarcoma, 
multiple 
myeloma

[69]

Abraxane® Paclitaxel Albumin-bound 
paclitaxel 
nanoparticles

Albumin 
receptor 
(gp60)-
mediated 
transcytosis 
across 
endothelial 
cells

Various 
cancers like 
breast cancer, 
pancreatic 
cancer, and 
lung cancer

[70]

Myocet® Doxorubicin Liposome 
encapsulated

Passive target 
to tumors by 
EPR effect

Breast cancer [71]

DaunoXome® Daunorubicin Liposome 
encapsulated

Passive target 
to tumors by 
EPR effect

HIV-related 
Kaposi’s 
sarcoma

[72]

EndoTAG-I Paclitaxel Cationic liposome Targets 
activated 
tumor 
endothelial 
cells with 
negative 
charge

Breast cancer/
pancreatic 
cancer

[73]

Aurimmune 
(CYT-6091)

TNF-α (Tissue 
necrosis 
factor)

TNF-α and PEG 
bound to colloidal 
gold nanoparticles

TNF-α plus 
EPR

Advanced 
cancer

[74]

CRLX101 Camptothecin Polymeric 
nanoparticles 
made up of 
cyclodextrin and 
PEG

Linkage 
hydrolysis

Various 
cancers

[75]

BIND-014 Docetaxel Polymeric 
nanoparticles of 
PLA coated with 
PEG attached with 
ligands targeted to 
PSMA (prostrate- 
specific membrane 
antigen)

Ligand 
mediated

Various solid 
malignancies

[76]

Genexol® Paclitaxel Micelles 
composed of block 
copolymer 
poly(ethylene 
glycol)-poly(d,l-
lactide)

Passive 
targeting via 
EPR effect

Metastatic 
breast cancer, 
lung cancer

[77]
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Lipid nanoparticles have emerged as new possible carrier systems to deliver 
drugs. Choice of lipids can alter the biopharmaceutical characteristics of the drug 
molecule taken and thus changes its circulation. Paclitaxel loaded solid lipid 
nanoparticles were prepared to target lung cancer. Surface functionalization of 
nanocarriers was carried out using lectin conjugation. Nanoconjugates were found 
to be rapidly taken up by A549 cells through receptor-mediated endocytosis [84]. 
Neves et  al. (2016) reported loaded solid lipid nanoparticles of resveratrol, a 
 neuroprotective compound. Further the nanocomposites were functionalized by 

Fig. 12.4 Mesoporous 
nanoparticle for site- 
specific drug delivery after 
surface functionalization

Fig. 12.3 Gold nanoparticles, surface modification by PEG and ligand attachment for site-specific 
drug delivery
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apolipoprotein E which are recognized by LDL receptors over expressed on the 
blood–brain barrier. The results demonstrated permeability of resveratrol-loaded 
solid lipid nanoparticles functionalized with apolipoprotein E through hCMEC/D3 
monolayers with a significant increase (1.8-fold higher) [85].

Dendritic molecules have played an emerging role in targeted drug delivery strat-
egies. With capacity of the peripheral molecules to under surface modification with 
antibody, or proteins, dendrimers are capable to host several molecules. Zong et al. 
(2012) reported multifunctional generation 5 polyamidoamine dendrimers of meth-
otrexate. Folic acid conjugation was done for the complex to get bind selectively to 
the over expressed folate receptor on tumor cells [86].

Liposomal drug delivery system has been implied as another promising nanocar-
rier system for site-specific drug delivery. The aqueous core and the lipidic shell 
enable the system to encapsulate both hydrophilic and hydrophobic molecules. 
Antibody-modified liposomes were evaluated for in vivo antitumor activity of timo-
saponin AIII. The results suggested higher selectivity of CD44 liposomes toward 
CD44 tumor positive cells and thereby exhibited stronger tumor inhibition [87]. 
Figure  12.5 describes a diagrammatic sketch of the liposomal targeted drug 
delivery.

Novel nanocarriers like micelles have emerged as an important class of targeted 
drug delivery systems for delivery of various chemotherapeutics. One such work 
reported comprises a polymeric micelle system of paclitaxel to tumor targeting 

Fig. 12.5 Diagrammatic representation of surface-modified liposome. Statement: The authors 
hereby declare that all the figures in the chapter are not taken from any source and are self-drawn 
or modified
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delivery. Micellar formulation consist of sodium cholate and monomethoxy poly 
(ethylene glycol)-block-poly (d,l-lactide). Significant antitumor efficacy of pacli-
taxel micellar formulation was observed in mice bearing BEL-7402 hepatocellular 
carcinoma and A549 lung carcinoma [88].

3  Future Perspectives

Over the past few years, nanomedicine has emerged as a versatile tool for the tar-
geted drug delivery system. Various nanocarriers have been investigated for sus-
tained, controlled, and targeted effects. However, surface functionalization of 
nanocarriers has provided an extra merit in the targeted delivery system approaches. 
Such modification enables the unit to direct toward the specific site by avoiding 
MPS/RES uptake (to the level of receptors in the cells). Thus, target to specific cells 
is now possible approach via surface modification of nanocarriers. Looking forward 
on this, surface modification of nanocarriers represents the future of nanotechnol-
ogy in the area of targeted drug delivery systems.
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Chapter 13
Surface Modification of Metallic 
Nanoparticles

Vignesh Nagarajan, Tafadzwa Justin Chiome, and Sanjay Sudan

Abstract Nanomaterials are particles with various characteristic shapes, dimen-
sions ranging from zero-dimensional to three-dimensional structures, and sizes 
ranging between 1 nm and 100 nm. The properties of nanomaterials are due to this 
small size, which thereby increases their surface area and reactivity. This nanoscale 
size of particles results in different properties than those of the corresponding bulk 
material, such as mechanical strength, optical properties, magnetic susceptibility, 
and electrical conductivity. The specific surface area of a spherical nanoparticle 
increases by 1/10; modest-size nanoparticles have a high surface-to-mass ratio and 
hence a high interfacial energy. The high reactive surface area of the nanomaterial 
can be modified by the choice of application for a certain industry. The most widely 
used nanomaterials in various industries are metals and metal oxides due to their 
unique changes in properties and characteristic features compared with their respec-
tive bulk materials. Because of their high reactivity and high available surface area, 
nanoparticles usually tend to be unstable. To avoid aggregation, it is often recom-
mended to stabilize or functionalize such nanoparticles to improve the shelf life of 
a nanomaterial. Thus, modification of the surface of nanoparticles is an important 
chemical step that adds value to the final product. This chapter discusses various 
methods of surface modification, how metals and metal nanoparticles can be pro-
tected by using surfactants, and how the biocompatibility of these ligands can be 
used to introduce novel functionalities that broaden the range of application.
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1  Introduction to Surface Modification

Surface modification is the scientific technique of depositing a well-controlled coating 
or material on the surface of a nanomaterial to broaden the scope of the nanomaterial’s 
applications based on its physical and chemical properties. Surface modification is a 
rapidly growing area of focus in the fields of nanoscience and technology, along with 
the design and development of nanomaterials. Surface modification is necessary to 
stabilize a nanoparticle and prevent agglomeration. Agglomeration occurs when a 
bulk material is made into a nanomaterial. However, the increased surface area also 
increases its reactivity, making it more unstable at its desired state. Therefore, the 
surface is usually stabilized at its desired size using suitable organic groups. This 
practice is also carried out to increase the shelf life of the material.

Another reason to modify the surface of a nanomaterial is to alter its compatibility 
in various phases, as compatibility is the key factor in the choice of applications for 
nanomaterials [1–3]. A nanomaterial may exhibit a desired property but could be 
incompatible because of its existing surface morphology, ionic properties, and phobic-
ity. Therefore, the surface is designed in such a way to be compatible with the phase of 
application without changing its actual properties. The addition of an extra layer 
allows the nanomaterial to remain intact at the core as desired. Another interesting 
example of modification for phase compatibility is the use of biocompatible modified 
inorganic nanomaterials (usually metals and metal oxides) as (nano)fillers between 
organic polymer chains; this is known as functionalization of the polymer chain.

The purpose of modification is to create homogeneity and avoid compatibility 
problems between two phases, thus improving the availability and utility of the 
properties of the material in the desired application. The recent interest in surface 
modification is to allow nanomaterials to stabilize and self-organize within a chemi-
cal reaction, forming an equilibrium in the structural process [2–4]. Typically, sim-
ple organic groups are adequate to prevent the agglomeration of nanoparticles. 
However, the use of complex functional organic groups as capping agents on the 
particle surface may increase the interaction of the nanoparticles with various sur-
faces and materials in a phase of application [5, 6]. The most common surface- 
modified nanomaterials are metals and metal oxides due to their wide range of 
applications in various industries. This chapter discusses the surface modification of 
some commonly used nanomaterials in a top-down approach using the most 
advanced and purest method of nanomaterial synthesis of induction-coupled plasma, 
which results in an average particle size ranging from 20 to 100 nm [7, 8].

2  Modification of Metal Nanoparticles

The literature on metal nanoparticles is already well established in the application 
of noble metals such as silver and gold. Through the process of evolution in nano-
technology, various applications for these nanomaterials have been discovered, with 
key roles as catalysts and in chemical sensing, bio-labelling, and photonics in 
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various bio-chemical processes. The bio-applications of gold and silver nanoparti-
cles have broadened because of their anti-oxidant properties, ease of synthesis by 
both by chemical and green methods, and optical properties. Gold and silver 
nanoparticles that are surface modified with suitable ligands can be biocompatible. 
Gold nanoparticles can act as biotransporters for tracers, which has recently 
expanded to the use of magnetic iron nanoparticles. Silver nanoparticles are known 
to have efficient absorbance [4, 9, 10] and light scattering when a certain wave-
length of light is used on it. The surface modification of noble metals is typically 
carried out by adherence, mainly with a thiol group, disulphide ligands, amines, 
nitriles, carboxylic acids, and phosphines. The following sections provide 
examples.

2.1  Thiols and Disulphides

The chemical feasibility of forming strong covalent bonds with various noble met-
als, such as Ag, Cu, Pt, Hg, and Fe, has led to the development and use of organo- 
sulphur in the surface modification of noble metals. The key factor that facilitates 
the strong coordinate bond between the metal surface organo-sulphur is the higher 
affinity of sulphur to metal surfaces, thus making the organo-sulphur compounds 
readily absorbable. The strong coordinate bond between the metal surface and sul-
phur anchors and immobilizes the thiol group from the metal surface of the metal 
nanoparticles. The oxidation of the thiol functional group to form sulphate or sul-
fionate reduces the affinity of the interaction with the metal surface.

Thiol- or disulphide-capped nanoparticles can be prepared by two approaches. 
First, the pre-synthesized noble metal nanoparticle can be used graft sulphur com-
pounds on the surface by replacing the pre-existing capping agent with the new 
Sulphur-containing ligands. In this case of synthesis of a noble metal nanoparticle 
by induction-coupled plasma, the metal nanoparticle is a capping agent that is free 
synthesized in an inert environment with a residual surface charge, allowing for 
easy grafting of Sulphur-containing ligands, The alternate approach available is the 
synthesis of an organo-sulphur capped nanoparticle in a one-step process by wet 
chemistry, in which the metal precursor nucleates and is capped by a protective 
ligand simultaneously in a single-step reaction [10, 11].

3  Surface Modification of Oxides

Nanoparticles are widely used in a variety of potential applications, primarily in 
energy storage, conversion, and biomedicine catalysis. Oxide nanoparticles are 
often used due to their diverse properties and wide variety of possible structures 
[10–12]. Frequently used oxide nanoparticles include silica (SiO2), titanium dioxide 
(TiO2), and iron oxide.
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3.1  Silicon Dioxide and Silica Nanoparticles

Improvements in mechanical strength and increased chemical stability have been 
the keys to the success of silica nanoparticles. In addition, they are commercially 
cheaper, which makes them common in a variety of fields based on the properties of 
application, such as in fabrics, paper, electronics, coatings, and cements [2, 3, 5]. 
They are often used as chemical/catalytic bridges to control rheology and improve 
the mechanical properties of material composites, such as in rubber and paint-based 
industries.

SiO2 nanoparticles can be broadly synthesized into two forms based on the appli-
cation: free-flowing powders and colloidal solutions. The widely preferred forms 
for industrial and commercial applications are the powders, which are mostly syn-
thesized by precipitation, vapour deposition, or flame processes. Currently, the 
highly pure uniform powders use induction-coupled plasma. Induction-coupled 
plasma is a high-temperature method with increased time of flight in a vacuum-inert 
environment, which can synthesize a consistent powder with an average particle 
size of 50–100 nm.

Silicon dioxide (SiO2) nanoparticles are hydrophobic by nature. To make them 
biocompatible and hydrophilic, they can be surface-modified by binding the surface 
with a water-soluble polymer, such as nonionic poly(oxyethylene methacrylate) or 
ionic poly(styrene sulfonic acid), via a three-step synthetic approach:

 1. Surface activation of the silanol groups (–OH) in SiO2 nanoparticles.
 2. Surface modification by grafting a chlorine (–Cl) group.
 3. Grafting polymers onto the nanoparticle surface using atom transfer radical 

polymerization [3, 9, 11].

4  Surface Modification of Polymer Nanocomposites

Nanostructures have properties that are defined by the same factors as traditional 
composites but more complicated structures. They are multiphase materials with 
repeated distances between the phases, which results in a complex material having 
at least one dimension that is less than 100 nm. With the high compatibility of poly-
mers to perform certain tasks, their performance is increased by dispersing nanoma-
terials into an inorganic polymer matrix to form a material known as a polymer 
nanocomposite.

As the new generation of composites, polymer nanocomposites provide a better 
alternative with excellent properties including modulus, strength, barriers, solvent 
and heat resistance, and lower flammability. Under optimum conditions, polymer 
chains can grow and separate the nanoparticle, intertwining within the interlayer 
space to create a polymer nanocomposite. The surface modification of alumina- 
coated silica nanoparticles can be performed using phosphonic acids while dis-
persed in water, thereby creating a variation in the dispersion of the aqueous solution 
by altering the modification parameters.
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4.1  Nanocomposites

Nanocomposites are characterized by phases that have different physical and chem-
ical properties, with the capability of being separated by an interface that is distinct. 
The matrix is the material found in greater quantity; the smaller embedded amount 
is known as the reinforcement, which is there to improve the mechanical properties 
of the matrix. The presence of a reinforcement in the matrix results in distinct aniso-
tropic properties in the hybrid material. Based on this upgrade, the new material has 
several advantages compared with conventional composites, including the 
following:

 1. Improved matrix properties due to the presence of a reinforcement material.
 2. Reduced weight of the composite due to the addition of a nanofiller.
 3. Enhanced electrical, mechanical, thermal, magnetic, and optical properties of the 

material.

As a good alternative to conventional composites, nanocomposites are now in 
greater demand due to their improved and more efficient properties that have appli-
cations in both the industrial and medical sectors. The advancement of nanocom-
posites to include polymers has increased the demand for materials such as polymer/
clay nanocomposites in academic and industrial research. This has allowed for the 
development of several pathways by which the nanoclay can be incorporated into 
the matrix through methods such as polymerization, solution mixing, in situ polym-
erization, and other latex methods.

4.2  Polymer Matrix Nanocomposites

To create such complex structures, the polymer has a matrix with reinforcements 
that can be one-dimensional (nanofibers and nanotubes), two-dimensional (stacked 
materials), or three-dimensional (nanospheres). This type of composite has tremen-
dous advantages due to the fact that a small addition of filler results in great improve-
ment of the composite’s properties, giving it better properties such as barrier and 
wear resistance [13].

These new composites have gained popularity and attracted the attention of the 
aerospace industry. A thermoplastic polymer known as polyamide, which has glass 
and carbon as fillers, can be used to make reinforcement materials. Weak intermo-
lecular forces create bonds between the matrix and the filler; however, these bonds 
can be made stronger by creating chemical bonds at an atomic level, which results 
in remarkable property improvements.

The modification of nanomaterials using polymers provides great advantages 
because polymers are lightweight with easy processing, high durability, corro-
sion resistance, low cost, and ductility, although they also have poor heat resis-
tance and gas barriers. Recent work has demonstrated that a small amount of 
nanoclay (as little as 0.03%) in Pulseless Electrical Activity (PEA) of rubber 
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results in a 450% increase in epoxy, thus showing that the nano-effect has great 
synergistic advantages. The high surface area and high surface energy of the 
nanoparticles creates a much stronger matrix–nanoparticle interaction while 
decreasing the intermolecular distance.

4.3  Synthesis

The fabrication of polymer matrix nanocomposites can be achieved by the follow-
ing methods:

 1. Intercalation of a polymer from solution.
 2. In-situ polymerization.
 3. Direct mixing of polymer and fillers.
 4. Template synthesis.
 5. Melting intercalation.
 6. Sol–gel process.

With several methods available for the synthesis of polymer matrix nanocom-
posites, a simple one that can be easily followed step by step is to thoroughly mix 
the matrix and the filler material while maintaining the filler material at 25%. To 
allow for proper mixing to occur, the polymer first should be dissolved in a polar 
solvent, the filler should be added (in this case, nanoclay/alumina beads), and then 
homogenous mixing should be performed using a magnetic stirrer for several 
hours. After proper mixing, the solvent is then evaporated by pouring it into a 
container with a large surface area, which allows for equal and quick evaporation. 
To ensure complete removal, the material is further dried in a vacuum at 
100 °C. After this, a solution of pure polymer is added to meet the required par-
ticle volume fraction.

4.4  Properties of Polymer Matrix Nanocomposites

Regardless of the advantages exhibited by the matrix and the filler individually, the 
properties shown by their combination in the polymer matrix nanocomposite are 
based on other external control parameters, including the following:

• Method of synthesis.
• Type of nanoparticle used.
• Method and degree at which the two phases were mixed.
• Type of interaction observed in the interface.
• Filler volume used.
• Size and shape of filler.
• System morphology.
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The surface modification of these composites relies on the proper dispersion and 
distribution of the filler material inside the matrix; otherwise, defects in the form of 
agglomeration occur and result in the deterioration of the composite. Modification 
of the material is also achieved by the nature of the interaction between the two 
phases: the stronger the interaction, the more profound the properties. The interfa-
cial surface should be modified and optimized because most of the interphase prop-
erties depend on it. The high surface area of the nanoparticle determines the extent 
to which the phase interface will contribute to the properties of the nanocompound. 
Based on this principle, nanoparticles can be further modified to increase their sur-
face area by attaching ligands and other functional groups to their surfaces.

Polymers are also used for the modification of the nanoparticles through meth-
ods such as polymer grating and saline grating. The interaction between the nanopar-
ticle and the polymer forms sequences that have adsorbed and unadsorbed segments; 
the point of contact with the particles forms anchors, whereas the free segments 
form loops as they become entangled with polymer chains of neighboring segments. 
The modification of the material plays a major role because the thickness of the 
interphase region greatly affects factors such as stress; this outcome can be influ-
enced by parameters such as flexibility, the extent of entanglement, and the energy 
of polymer adsorption. For an outstanding polymer matrix nanocomposite, this 
modification should create a good interaction between the polymer and the nano-
filler. By meeting this criterion, the composite will have outstanding shear strength, 
fatigue, thermal stability, and corrosion resistance with minimum reinforcement 
volume.

Surface modification with strong interactions between the two phases produces a 
flat dense layer on the filler surface, whereas weak interactions cause the loosely 
attached chains to extend into the matrix as tails and entangle together. As a filler’s 
size is reduced and approaches the nano range, recent R&D at our lab reported that 
the phase boundary interactions improve to a greater extent, giving the material 
enhanced properties. Research has demonstrated the advantages of polymer matrix 
nanocomposites over traditional composites, thereby increasing their demand in all 
industrial sectors due to their improved properties from just a small volume of rein-
forcement material.

5  Conclusion

Nanomaterials (1–100  nm) display rare and unusual properties that have great 
advantages in various industrial sectors. Due to these exotic properties, nanotech-
nology is on the leading edge of technological innovations. Nanoparticles provide a 
wide range of unique mechanical, optical, and physical properties, amongst other 
things. However, nanomaterials also tend to be highly reactive; furthermore, due to 
their inorganic nature, they tend to be rejected by the body when applied to biologi-
cal entities. To make nanoparticles compatible for a desired task, surface modifica-
tion can be performed to create a more efficient and reliable material. Several 
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modification methods may be used, including tagging the particle with materials 
such as ligands, polymers, and other functional groups. This allows the modified 
material to bind to specific sites or segments of different materials in its proximity 
to induce a desired effect. Surface modification allows for a predetermined reaction 
of the material at the target, thereby increasing the nanomaterial’s efficiency.
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Successful Delivery of Zidovudine-Loaded 
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Abstract The major challenges to the clinical application of zidovudine are its 
moderate aqueous solubility, relative short half-life, and incapability to go across 
BBB after systemic administration makes the brain one of the dominant HIV reser-
voirs. We investigated the development of zidovudine-loaded NLCs based on doco-
sanol and oleic acid which were further surface modified with PEG4000 and 
HAS. The drug content and entrapment efficiencies were assessed by UV analysis. 
The mean diameter of the SyLN was found to be at 54.7 ± 1.4 nm with a zeta poten-
tial of −21.6 ± 0.2 mV and relatively low polydispersity. The NLCs showed excel-
lent stability in the refrigerated condition, in blood serum and were safe for IV 
administration. In vitro release studies showed a sustained release profile of zidovu-
dine in aCSF.  In vivo plasma and brain pharmacokinetics investigation in a rat 
model showed that SyLN and SyLN-Peg NLCs rapidly reached the brain and 
yielded higher MRT, Cmax, and AUC. The rat brain pharmacokinetic data confirm 
the brain localization and accumulation of the developed NLCs delivering AZT in a 
sustained manner for a prolonged period of time, which is further confirmed by 
CLSM images of brain cryosections labeled with SyLN-C6 NLCs. Our results sug-
gest that the developed docosanol NLCs could be a promising drug delivery system 
for long-term brain delivery of zidovudine in the treatment of Neuro-AIDS.
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1  Introduction

Acquired immunodeficiency syndrome (AIDS) is one of the deadliest diseases 
known to humankind. According to WHO reports, AIDS has killed an estimated 39 
million people until the year 2014. Today, about 37.3 million people are living with 
HIV, which results in 1.2 million deaths every year. Destroying the human body 
defense system by infecting the macrophages and CD4 T-cells are the primary 
hematopoietic targets of HIV. In the brain, the perivascular and parenchymal mac-
rophages/microglia, oligodendrocytes, endothelial cells, neurons, and astrocytes are 
the targets of HIV. The process of neuroinvasion by HIV occurs via the HIV-infected 
circulating monocytes entering the brain during the course of routine immune sur-
veillance and replacement of the perivascular macrophages. The HIV then repli-
cates within the central nervous system (CNS), causing adverse neurological 
dysfunctions like the AIDS–dementia complex, which includes motor, cognitive, 
and behavioral impairments that culminate in morbidity at advanced stages of the 
infection [1, 2]. Zidovudine (AZT) was the first drug approved by the US FDA to 
treat HIV and AIDS in the year 1986. AZT shows its activity by inhibiting the HIV-
encoded reverse transcriptase (RT) enzyme after conversion to AZT-5′-triphosphate 
by host cell kinases. AZT prevents the mother-to- child spread of HIV during birth 
or after a needle stick injury or other potential exposure. The oral and intravenous 
AZT induces immunologic, virologic, and neurologic improvements in HIV-1 
infected patients [3]. On administering with other antiretroviral drugs, AZT reduces 
the blood level of the viruses below detectable ranges. While untreated AIDS 
patients have an average lifespan of 11 years after infections, AZT-treated patients 
can live a rather normal life [4]. The half-life of AZT in plasma is approximately 
1 h, which necessitates frequent doses to maintain effective therapeutic AZT levels 
[5]. Although AZT enters cerebrospinal fluid readily, its ability to cross the blood–
brain barrier (BBB) is less than optimal. The concentration ration of the CSF and 
plasma is about 0.06 [3, 5]. AZT is a high water-soluble drug belonging to the class 
III of the Biopharmaceutics Classification System (BCS). For adults, the recom-
mended oral dose of AZT is 600 mg per day in divided doses (300 mg every 12 h or 
200 mg orally every 8 h). The oral bioavailability of administered AZT is about 
64 ± 10%. The IC50 and IC90 values (50% and 90% inhibitory concentrations) of 
AZT are 3–13  ng/mL and 30–130  ng/mL, respectively. The LD50 of AZT is 
3084 mg/kg B.W [6].

Literature survey showed that AZT-loaded solid lipid nanoparticles [7–9], solidi-
fied lipid microparticles [10], liposomes [11], and polymeric nanoparticles have 
already been developed for effective brain delivery of AZT [12]. The major draw-
backs of these formulations are larger particle size, poor brain target ability, toxicity, 
instability, drug loss on storage, expensive, no sustained release properties inside 
the brain, and lack of commercial viability.

NLCs are one of the latest drug delivery systems designed to deliver drugs to 
various tissues and organs. It is the next generation of the solid lipid nanoparticles 
(SLNs) which eliminates the drugs leakage on standing from SLN particles, the 
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main disadvantage of SLNs. It has several advantages over other polymeric drug 
delivery systems. NLC can be utilized to target a wide range of body areas like 
tumors, brain, blood cells, and body cavities. It can be administered through differ-
ent routes like oral, intravenous, and topical. The NLC is a suitable carrier for both 
lipophilic and hydrophilic drugs and has higher drug loading capability over SLNs 
and liposomes. NLCs are less or nontoxic, easily eliminable, biocompatible, and 
biodegradable [13, 14]. The main advantage of NLC is that it can be very easily 
scaled up for industrial production. Therefore, zidovudine loaded docosanol NLCs 
could eliminate all disadvantages of all the previously reported novel nanocarrier 
systems. Until date, no brain targeted NLC formulation of zidovudine has been 
reported. However, human brain cell line (C6) compatible nano lipid carriers 
(NLCs) of azidothymidine had been reported [15] with no in vivo efficacy.

1-Docosanol, also known as behenyl alcohol, is a saturated fatty alcohol used 
traditionally as an emollient, emulsifier and thickener in cosmetics and nutritional 
supplement, either alone or with other constituents of policosanol, which is effec-
tive as a lipid-lowering agent [16–19]. Docosanol is easily metabolized by oxidation 
to n-docosanoic acid and then incorporated as an acyl group on polar lipids and 
internalized by cells [20, 21]. Studies have shown that docosanol is nontoxic to rats, 
rabbits, and dogs [22, 23]. Docosanol has been approved by the US FDA as a 10% 
over-the-counter cream for the treatment of recurrent orolabial herpes. NLC formu-
lations have been developed and reported with behenyl alcohol as well as glyceryl 
behenate (Compritol 888 ATO) [24] for topical application. No brain targeting NLC 
formulation have yet been developed using docosanol [24].

Oleic acid is the most widely utilized liquid lipid in the development of NLC 
formulations due to its great stability, easy availability, and nontoxic nature [25–27]. 
Brain-targeted SLN and NLC formulations have also been developed and reported 
with oleic acid [28].

The reticuloendothelial system (RE system) recognized NLC formulations as 
xenobiotics. Hence, RE system tends to eliminate the carrier system from blood as 
soon as possible. The surface coating of the NLC formulation with the hydrophilic 
material (e.g., PEG), or with other material that is indigenous to the human body, 
like human serum albumin (HAS), the carrier systems can be protected from the RE 
system. The surface modification increases the chances of reaching the delivery 
systems to its target site before being eliminated by the RE system [29–31]. 
Moreover, the nanocarrier surface coating changes the way the particles interact 
with the biological membranes. An altered zeta potential or altered lipophilicity 
changes the affinity by which the particles bind to the membranes and moves 
through them.

In our current study, we investigated the development of zidovudine-loaded 
NLCs based on docosanol and oleic acid which were further surface-modified with 
PEG4000 and HAS for effective brain delivery of zidovudine. The brain targeting 
efficiency of the developed NLCs was investigated in rat model via intravenous 
administration.

14 Successful Delivery of Zidovudine-Loaded Docosanol Nanostructured Lipid…



248

2  Materials and Methods

2.1  Materials

AZT was gifted by Macleods Pharmaceuticals, Mumbai, India. Ethanol was pur-
chased from Merck Millipore, Mumbai, India. 1-Docosanol (Behenyl alcohol) and 
Oleic acid were purchased from Tokyo Chemicals Industry Co., Ltd. Tokyo, Japan. 
Tween 80 and Polyethylene glycol 4000 (PEG4000) was purchased from Sisco 
Research Laboratories Pvt. Ltd., Mumbai, India. Human serum albumin (HAS) was 
purchased from Sigma-Aldrich Co., USA. Urethane, adult bovine serum, coumarin 
6 (C6), and phosphate buffer saline, pH 7.4 were purchased from HiMedia, Mumbai, 
India. All other chemicals and reagents used were of analytical grade.

2.2  Preparation of Docosanol NLCs

The Docosanol NLC was prepared using previously reported ‘modified emulsion 
method’ with slight modifications [14, 32]. Briefly, 10 mg of docosanol, 7.5 mg of oleic 
acid, and 5 mg of AZT were dissolved in 2 mL of absolute ethanol in a beaker. This 
mixture was heated to 55 °C over a hot plate-cum-magnetic stirrer (IKA® RCT basic, 
IKA, Germany). In another beaker, 10 mL aqueous solution of 1% w/v Tween 80 was 
heated to 55 °C on a hot plate-cum-magnetic stirrer with continuous stirring at 500 rpm. 
The optimum amount of solid lipid, liquid lipid, drug, and surfactant was determined by 
trial formulations in different ratios of the excipients. The ethanol mixture was taken in 
a 2-mL syringe fitted with a 24-gauge needle and gradually injected into the stirring 
Tween 80 solution in the beaker. The mixture was stirred for 5 min at the same tempera-
ture before ultrasonication for 20 min in a bath sonicator (UCB 30, Spectra Lab, Navi 
Mumbai, India). The NLC formulation was then magnetically stirred until the smell of 
ethanol disappears indicating complete evaporation of the solvent.

To remove the unentrapped drug and excess amounts of surfactant from the for-
mulation suspension, it was filtered through PD-10 Desalting Columns (GE 
Healthcare Bio-Sciences AB, Sweden) containing Sephadex™ G-25 resin. The elu-
ent fractions containing the NLC formulations were then concentrated back to its 
initial volume using Vivaspin6® (Sartorius Stedim Biotech, Germany, MWCO 100). 
Formulations were finally kept in airtight polypropylene centrifuge tubes at 4–8 °C 
protected from light [4, 32].

2.3  Coating of Docosanol NLCs

Freshly prepared NLC formulation (SyLN) was separately coated with polyethyl-
ene glycol 4000 (PEG4000) and human serum albumin (HAS). The weighted 
amount of coating material was added to the NLC suspension to make 1% w/v 
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solution of the coating material. The optimum concentration of the coating material 
was finalized by trial-and-error method based on particle size. This mixture was 
then stirred for 1 h on a magnetic stirrer at room temperature. The coated formula-
tion was stored in polypropylene centrifuge tubes at 4–8 °C for future applications 
[30, 33].

2.4  Particle Size and Zeta Potential

A 1:100 dilution of newly formulated SyLN, SyLN-Peg, and SyLN-HSA in double- 
distilled water was used for the measurements. The average particle size and poly-
dispersity index (PDI) of the formulations were measured by particle size analyzer 
(NanoBrook 90Plus, Brookhaven Instruments Corporation, New York; USA). The 
zeta potential of the formulations was measured by Zetasizer (Nano ZS90, Malvern, 
Worcestershire; UK). The particle size of the NLCs was measured at a 90° scatter-
ing angle using Dynamic Light Scattering. The zeta potential of the NLCs was 
measured by using laser Doppler micro-electrophoresis [34].

2.5  Entrapment Efficiency (EE) and Drug Loading

The entrapment efficiency (EE) was determined using the size exclusion chroma-
tography. The amount of entrapped drug was determined by subtracting the amount 
of free drug from the total drug added during the formulation process [5, 35]. The 
EE was calculated based on the equation below:

 
%Entrapment efficiency

Weight of AZTadded Free AZT

Weight of A
=

−
ZZTadded

×100%
 
(14.1)

To determine drug loading, 1 mL of the NLC formulation was lyophilized in a 
lyophilizer (SS1-LYO, Southern Scientific Lab Instruments, Chennai, India). The 
weight of the dried sample was determined from the tare weight of the vessel and 
the final weight of the vessel. To the dried formulation, 10 mL of ethanol was added 
and mixed well to a vortex mixture (Swirlex-Vortex Shaker, Abdos Labtech Private 
Limited, New Delhi, India). The mixture was then centrifuged at 13,000 rpm for 
15 min. The amount of AZT was determined spectrophotometrically by measuring 
the absorbance of the clear supernatant at λmax of 265 nm. Each experiment was 
performed in triplicate. Placebo formulation treated like that of the sample was used 
as blank for UV absorbance [25, 36]. The percentage drug loading was calculated 
based on the equation below:

 
%Drug loading

Amount of entrapped drug

Weight of the NLCform
=

uulation
×100%

 
(14.2)
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2.6  Transmission Electron Microscopy (TEM)

The shape and size of the uncoated and coated NLC formulations were studied 
using a transmission electron microscope (JEM-2100, 200 kV, Jeol Ltd., Tokyo, 
Japan). Each sample was diluted 100 times with deionized water and one drop 
was deposited on a carbon film-covered copper grid to form a thin-film speci-
men. The solvent was then evaporated by heating the grids in a hot-air oven at 
45 °C. The sample was then examined and photographed under the microscope 
[37].

2.7  Compatibility Study of NLC Formulation

To determine any incompatibility between the components of the NLC formulation, 
differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy 
(FT-IR) study, and powder X-ray diffraction (XRD) studies were performed. For 
that, NLC formulation was lyophilized with 5% mannitol in a lyophilizer. In all the 
studies, the spectrum of the individual components, the physical mixture of the 
components and the lyophilized formulation were obtained [27, 38].

For IR study, powder samples were analyzed by the FT-IR instrument (Bruker, 
ALPHA, Billerica, Massachusetts, USA) over a wave number region of 400–
4000 cm−1 (wavelength of 2.5–25 μ) and spectra were recorded.

DSC study was done with a differential scanning calorimeter (PerkinElmer, DSC 
4000, Waltham, Massachusetts, USA) using a closed aluminum crucible. Indium 
was used to calibrate the DSC apparatus. 5–10 mg of the sample powder was placed 
in the alumina crucible and heated from 30 to 445 °C with nitrogen flow at 50 mL/
min at a heating rate of 10 °C/min and a thermogram was recorded [39].

The X-ray diffraction (XRD) patterns were analyzed using an X-ray diffractom-
eter (D8 Focus, Bruker AXS, Germany.). Scanning for the powder samples was 
conducted over 2θ, ranging from 10° to 80°, at a voltage of 45 kV and a current of 
40 mA [38].

2.8  Stability Study of NLC Formulation

To determine the stability of the formulated NLC in its aqueous suspension form, 
the uncoated, PEG4000 and HSA coated formulations were put in 1 mL Eppendorf 
tubes and stored at cold temperature (4–8 °C) and at room temperature for 6 months. 
A 100-μL sample was withdrawn at 1, 2, 3, and 6 months and analyzed for particle 
size and entrapment efficiency. After 6 months of study, zeta potential and in vitro 
drug release pattern of the samples were studied and compared with the initial data 
[40, 41].
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2.9  In Vitro Drug Release Study

The in vitro drug release study was performed using dialysis tubes having a molecu-
lar weight cut-off 12,000 Da in artificial cerebrospinal fluid (aCSF). The aCSF was 
prepared by dissolving sodium chloride (8.66 g), potassium chloride (0.224 g), cal-
cium chloride dihydrate (0.206 g), and magnesium chloride hexahydrate (0.163 g) 
in 500 mL of pyrogen-free, sterile water. NLC formulation containing a specific 
amount of encapsulated AZT was loaded into a dialysis bag and both the ends were 
tied with thread. The bag was then immersed in 100 mL of the dissolution medium 
(aCSF) kept in a beaker under continuous stirring (100 rpm) over a hot plate-cum- 
magnetic stirrer. The temperature of the medium was maintained at 37 °C. A 1-mL 
sample was withdrawn at time intervals of 1, 2, 4, 8, 24, and 48  h, which was 
replaced with 1 mL of fresh medium. The same study was conducted with AZT 
solution also. Samples were analyzed using a UV spectrophotometer at 266  nm 
against the blank medium [42].

The estimation of AZT in the samples collected from in vitro studies was per-
formed by UV spectrophotometric method. An accurately weight amount of AZT 
was solubilized in artificial cerebrospinal fluid (aCSF) and adult bovine serum with 
saline (50% v/v) to obtain primary standards in the concentration range of 0.5–
100 μg/mL. The calibration curve was obtained by measuring their absorbance at 
predetermined λmax of 266  nm with a UV–Vis spectrophotometer (UV 1800, 
Shimadzu, Japan). The concentration of AZT in test samples was calculated using 
the linear regression equation of the calibration curve in aCSF (Absorbance = 0.00
71 + 0.3457 × Concentration, R2 = 0.9999) and 50% v/v adult bovine serum with 
saline (Absorbance = 0.0001 + 0.9955 × Concentration, R2 = 0.9997). The high 
value of correlation coefficient (R2) indicates the linearity of the calibration curve 
and the curve did not deviate significantly from the origin as indicated by its very 
low value of intercept. The method was validated for accuracy and precision. When 
a standard drug solution was assayed repeatedly (n = 3), mean standard error (accu-
racy) and RSD (precision) were found to be 0.27% and 0.49%, respectively, in 
aCSF and 0.13% and 0.36%, respectively in 50% v/v adult bovine serum with 
saline. The purity of AZT in in vitro samples was validated recording UV spectrum 
using a UV–VIS Spectrophotometer. The spectrum was found comparable with the 
UV spectrum of pure AZT in the respective medium. The λmax of AZT was appeared 
at 266.27 nm in the UV spectrum of in vitro samples, which indicated the drug had 
not been deteriorated and there was no interference from the components of in vitro 
release medium.

To study the drug release behavior of the NLC formulations in blood serum, a 
50% v/v mixture of adult bovine serum and saline was used as dissolution medium. 
NLC formulation containing a specific amount of encapsulated AZT was mixed 
with equal volume of the bovine serum–saline mixture and loaded into a dialysis 
bag. Both ends of the dialysis bag were tied with thread and then immersed into 
100 mL of the above serum–saline mixture kept in a beaker and was stirred (100 rpm) 
continuously on a hot plate-cum-magnetic stirrer. The temperature of the medium 
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was maintained at 37 °C. 100 μL of the sample was withdrawn at time intervals of 
1, 2, 4, 8, and 24 h, which was replaced with fresh medium. The sample was mixed 
with 1 mL acetonitrile followed by centrifugation at 10,000 rpm for 10 min. The 
supernatant was collected. This process was repeated three times. Finally, collected 
acetonitrile was combined in an Eppendorf tube and was evaporated completely by 
heating it in a hot-air oven at 45 °C. Four milliliters of double distilled water was 
added to the dried residue and analyzed UV spectrophotometrically at 266  nm 
against blank formulation sample [5, 43].

The data obtained from serum stability study was fitted in different mathematical 
models of the kinetics of drug release to find the best fit depending on the regression 
analysis. The type of formulation (matrix or reservoir type) and the mechanism of drug 
release (diffusion controlled or erosion controlled) were determined from the observed 
mathematical models of the kinetics of drug release data [44, 45].

2.10  In Vitro Safety Evaluation of NLC Formulation

In vitro hemolysis: To test hemolysis, blood was drawn from the vein of the healthy 
human volunteer. The collected blood was put in an ice-cooled heparin tube and 
centrifuged (4000 rpm for 5 min) to separate the RBCs. After discarding the super-
natant, the residue was resuspended in normal saline solution (pH 7.4). The washing 
steps were repeated three times and finally, RBCs were resuspended in phosphate- 
buffered saline, and volume was made up to 10 mL. The erythrocyte suspension 
(0.5 mL) was mixed with SyLn to obtain concentrations of 10, 100, and 500 μg/mL 
and the mixture was incubated at 37 °C for 1 h in a shaker under gentle agitation. 
After incubation, the reaction mixture was centrifuged at 4000 rpm for 5 min and 
the absorbance of the supernatant was read in a spectrophotometer at 540 nm. As a 
negative hemolysis control (0% hemolysis), erythrocytes were incubated in 
phosphate- buffered saline in the same condition as the samples. As a positive con-
trol to determine the value of 100% hemolysis, erythrocytes were incubated with 
distilled water, also in the same experimental condition. All the tests were performed 
in triplicate [46–48]. The percentage of hemolysis was calculated from the mea-
sured absorbance values by using Eq. (14.3):

 

Hemolsis
sample negative sample

positive control
%( ) = ( ) − ( )

(
A A

A )) − ( )
×

A negative control
100%

 

(14.3)

2.11  In Vivo Pharmacokinetic and Brain Distribution Study

The animal study was approved by the Institutional Animal Ethical Committee 
(IAEC) of Dibrugarh University, Dibrugarh, Assam, India (Approval No. IAEC/
DU/120 dated 18/02/2016). For the study, 60 healthy young adult male and female 
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Wistar rats, nulliparous, nonpregnant and weighing 80–150  g were selected. 
Animals were acclimatized for 15 days before using them for the study. Rats were 
divided into four major groups (A, B, C, and D) each containing 15 rats. They were 
then again divided into five subgroups (1, 2, 4, 8, and 24 h) each containing three 
animals. Identification of the rats was done by putting marker pen marks on the tail. 
The animals of subgroups were kept in polypropylene cages (55 × 32.7 × 19 cm), 
bottom covered with paddy husk in an air and temperature controlled room 
(23 ± 2 °C). Rats were fed with laboratory animal food pellets (Oxbow Regal Rat 
Food, Rhinelander, Wisconsin, USA) with water ad libitum.

One hour before the experiment, animals were anesthetized by injecting ure-
thane (1.2  g/kg B.W.) intraperitoneally. Group-A animals were injected with 
5 mg/kg B.W. AZT solution in water for injection through the tail vein. Group-B 
animals were injected with SyLN, group-C received SyLN-Peg and group-D 
received SyLN-HSA with formulation amount equivalent to 5  mg/kg B.W. of 
AZT. Blood was collected from the hearts of the animals at predefined time inter-
vals after dosing (1, 2, 4, 8, and 24 h.) and was kept in ice-cooled heparinized 
blood collection tubes. Rats were then sacrificed by cervical dislocation and the 
chest area was cut open. The brain of the rats was perfused by pumping 0.9% w/v 
sterile physiological saline solution through the common carotid artery to remove 
blood from the blood vessels of the brain [49, 50]. Perfusing the brains assures 
that no AZT is remained in the blood vessels of the brain as free drug or in the 
NLC formulation and the drug concentration in the brain shown by the analytical 
procedures is only the amount of AZT that has actually crossed the BBB. The rat 
brains were then collected by opening the cranium and kept in 15 mL centrifuge 
tubes after thorough wash of the brain with 0.9% w/v sterile physiological saline 
solution. Soon after collecting, blood samples were centrifuged at 5000 rpm for 
15 min at 20 °C to separate plasma from blood cells. Separated plasma was col-
lected in Eppendorf tubes and kept in −20 °C until further use. The brains were 
also kept in −20 °C until further use.

Brain Sample Preparation Collected brains were homogenized with 10 mL deion-
ized water in a tissue homogenizer and 100 μL of homogenate was taken in 2 mL 
Eppendorf tube. Tissue proteins were precipitated by mixing with 1 mL of acetoni-
trile followed by centrifugation at 13,000 rpm for 15 min. The supernatant was col-
lected. This process was repeated thrice with the residue and the supernatants were 
finally combined and evaporated at 45 °C in a hot-air oven. It was reconstituted with 
100 μL of HPLC mobile phase and 20 μL was injected into the column for the 
detection of AZT (𝜆max 265 nm).

Plasma Sample Preparation Plasma samples were deproteinized by mixing 1 mL 
Acetonitrile with 100 μL of plasma sample followed by centrifugation at 13,000 rpm 
for 15 min. The supernatant was collected in a tube. This procedure was repeated 
thrice with the residue. The supernatants were combined and evaporated to dryness 
at 45 °C in a hot-air oven. It was reconstituted in 100 μL of HPLC mobile phase and 
20  μL was injected into the HPLC column for the detection of the AZT (𝜆max 
265 nm) [8].
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2.12  Instruments and Chromatographic Conditions

An RP-HPLC system (Agilent Technologies, 1260 Infinity HPLC, California; USA) 
was used to quantify AZT in plasma and brain samples. The HPLC system was 
equipped with photodiode array detector set at 265 nm and Agilent Technologies 
mRP-C18 column (250 mm × 4.60 mm, ID; 5 μm particle size) associated with 
guard column (50 mm × 4.60 mm, ID; 5 μm particle size). AZT was eluted by iso-
cratic flow at a rate of 1 mL/min at ambient temperature, with a mobile phase com-
prising a mixture of aqueous Ortho-phosphoric acid solution (0.1% w/v) and 
Methanol at a ratio of 60:40.

Standard Solutions The AZT was weighed and dissolved in HPLC mobile phase at 
room temperature to obtain a stock solution of 2.0 mg/mL. Serial dilutions of the 
stock solutions were made, and 20 μL was injected into the HPLC column to pre-
pare the calibration standards. The calibration curve for AZT was prepared with 
seven concentrations: 500, 750, 1000, 2500, 5000, 10,000, and 100,000  ng/
mL. Stock and working standard solutions were protected from light and stored at 
−20 °C until used [51].

Assay Validation To validate the assay in rat plasma, the following parameters were 
investigated: selectivity, linearity, precision and accuracy, limit of quantification, 
limit of detection and recovery.

Selectivity Selectivity indicates the lack of interfering peaks at the retention times 
of the assayed drug. The specificity of the method was determined by comparing the 
chromatograms obtained from the samples containing AZT with those obtained 
from blank plasma and brain samples.

Recovery and Linearity In the analysis of AZT in rat plasma, the analytical recov-
ery of AZT was determined at concentrations of 500, 2500, and 100,000 ng/mL 
(n  =  3). Samples of the plasma and brain tissue without drug were spiked with 
known amounts of the drug to achieve the specified concentration. These samples 
were processed by the analytical method described above and peak areas were com-
pared to that obtained by direct injection of the drug with the mobile phase, that is, 
the standard curve data. To calculate linearity, calibration curves were constructed 
by linear regression within the range of 500–100,000 ng/mL of AZT, using seven 
standard solutions.

The limit of quantification (LOQ) was determined as the lower value in the cali-
bration curve. For the LOD, three samples at concentrations near to the smallest 
concentration of the standard curve (triplicate) were analyzed in order to obtain the 
standard deviations.

Precision and Accuracy Precision was determined by the coefficient of variation 
(CV) and accuracy as the percent relative error (RE). Intraday precision and accu-
racy data were obtained by analyzing aliquots of plasma samples at low (500 ng/

T. Chakraborty et al.



255

mL), medium (2500 ng/mL), and high (100,000 ng/mL) levels of the AZT concen-
tration (n = 3). Inter-day reproducibility was determined over 3 days.

2.13  Pharmacokinetic Study

Pharmacokinetic analysis was carried out by using the Kinetica Professional soft-
ware (Version 5.0; Copyright 2017; Adept Scientific, Manchester; UK). Two com-
partmental intravascular bolus dose analysis methods were employed for the 
pharmacokinetic parameter analysis.

2.14  The Drug-Targeting Index (DTI)

DTI is considered an important parameter for tissue targeting efficiency. It is basi-
cally a comparison between the tissue-targeting efficiency of the developed carrier 
system and the free drug solution. DTI gives an idea of the performance of the car-
rier system in delivering the drug to an organ in comparison to the free drug solu-
tion. The DTI to the brain can be calculated using the following formula [Eq. 
(14.4)]:
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2.15  Rat Brain Localization and Accumulation of NLCs

In order to confirm and visualize that the intact NLCs had crossed the BBB and 
localized in the rat brain tissues, ex vivo imaging of rat brain cryosections were 
performed using the confocal laser scanning microscope (CLSM). Coumarin 6 
(C6)-labeled docosanol NLCs (SyLN-C6) were prepared using the same method as 
described earlier in the section ‘Preparation of Docosanol NLCs’ with minor modi-
fication. C6 was first dissolved in absolute ethanol (1 mg/mL) added to the lipid–
ethanol mixture and mixed well. The rest of the formulation process was unaltered. 
After labeled with C6, the physicochemical properties of SyLN NLCs did not show 
any significant change in particle size and zeta potential (data not reported). The 
SyLN-C6 NLCs were injected intravenously in healthy rats through tail vein 
(Fig. 14.8a). Then, rats were sacrificed by perfusion at 1, 2, 4, 8, and 24 h and brains 
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were collected (Fig. 14.8b), washed thoroughly with PBS and were stored at −80 °C 
until further processing. The brain tissues were sliced into sections (6–10 μm in 
thickness) using a Shandon Cryotome E (Thermo Electron Corporation, USA) and 
further stained with DAPI (1 μg/mL) for 2 min, washed three times with PBS pH 
7.4. The stained tissues were mounted on microscopy slides before analysis by 
CLSM. The brain tissues were imaged under a confocal laser scanning microscope 
(TCS SP8, Leica, Germany) using the wavelengths for DAPI (Ex./Em. = 358/461 nm) 
and C6 (Ex./Em. = 465/505 nm). The images obtained from excitation with both the 
wavelengths were finally merged using the microscope software [52, 53].

2.16  Statistical Analysis

All pharmacokinetic parameters of AZT solution and NLC formulations were 
expressed as the mean  ±  standard deviation (SD). The data were analyzed with 
Graph Pad Prism (Version 5.03, Copyright 2017, GraphPad Software, Inc.; USA). 
One-way ANOVA study was done to determine the significant difference between 
the formulations and AZT solution. The significance of the difference between AZT 
solution and NLC formulation data was determined with Student’s t-test. A statisti-
cal difference p > 0.05 was considered significant.

3  Results and Discussion

3.1  Particle Size and Zeta Potential

The particle size of the optimized NLCs was found to be 54.5 ± 1.3 nm with a PDI 
of 0.287. The particle size of the PEG4000 and HSA coated formulations were 
57.8 ± 2.2 nm (PDI 0.293) and 59.6 ± 1.7 nm (PDI 0.295), respectively. The devel-
oped NLCs, both uncoated and coated, were small enough to cross the BBB. 
Previous literature shows that nanocarriers having a particle size below 100  nm 
cross the BBB and get into the brain very easily [54]. The uncoated and coated 
Docosanol NLCs had a small PDI value indicating that the particles are very close 
to monodispersity, that is, the particle size variation is very small. The reports of the 
particle size analysis of SyLN, SyLN-Peg, and SyLN-HSA have been given in 
Fig. 14.1b. The increase in particle size of coated NLCs indicated that the coating 
materials had been deposited on the surface of the NLC particles.

The zeta potential of the optimized SyLN formulation was found to be 
−21.6 ± 0.2 mV (Fig. 14.1c). Coating increased the zeta potential by a great margin. 
The particle size and Zeta potential of SyLN, SyLN-Peg, and SyLN-HSA have been 
given in Table 14.1. The difference between the zeta potentials of SyLN, SyLN-Peg, 
and SyLN-HAS was statistically significant (t-test, p > 0.05).
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Fig. 14.1 Characterization of Docosanol NLCs: (a) Coating of Docosanol NLC with PEG4000/
HSA. Freshly prepared Docosanol NLCs were coated with 1%w/v solution of PEG4000 and HSA 
for 1 h at room temperature by continuous stirring. The coating changes the particle size and zeta 
potentials of the NLCs confirming that the coating was successful; (b) Size distribution of SyLN 
from DLS measurement. The uncoated formulation shows the nanometric dimension of 54.5 nm 
with low PDI of 0.287. Coating with PEG4000 and HSA slightly increases the particle size 
(57.5 nm and 59.6 nm, respectively); (c) Zeta potential of SyLN from Zetasizer. The uncoated 
NLC formulation has a Zeta potential of −21.6 mV. Coating the NLC with PEG4000 and HSA 
makes the particles more electronegative (−26 mV and −38.5 mV, respectively)

Table 14.1 Particle size, zeta potential, %EE, and %DL of SyLN, SyLN-Peg, and SyLN-HSA

Size (nm) Zeta potential (mV) %EE %DL

SyLN 54.5 ± 1.3 −21.6 ± 0.2 84.4 ± 0.56 11.32 ± 0.12

SyLN-Peg 57.5 ± 2.2 −26 ± 0.7
SyLN-HSA 59.6 ± 1.7 −38.5 ± 0.9

The coating of NLCs involves the physical adsorption of coating materials on 
NLC surface. The coating might have taken place due to the charge differences 
between the NLC surface and the coating material. As zeta potential suggests in 
Table 14.1, the surface of the NLC formulation was negative in nature (i.e., anionic). 
The freshly prepared NLC formulations have an acidic pH due to the presence of 
Tween 80 in the medium (the pH of 1% w/v Tween 80 solution is approximately 
5.5). Hence, the amine group of HSA ionizes and gives positive ions. These positive 
ions have a great affinity to interact with the negative ions of the hydroxyl group of 
Tween 80, present on the surfaces of NLC particles. This interaction of positive and 
negative ions leads to the coating of the NLC surface [7]. The carboxylic acid group 
present in the structure of HSA makes the coated NLCs more negative (zeta poten-
tial = −38.5). The coating process has been discussed schematically in Fig. 14.1a. 
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The hydroxyl groups present in the chemical structures of the PEG4000 remain 
unionized in the acidic medium of the freshly prepared NLCs. PEG4000 has a 
higher viscosity, which facilitates it to forms a flexible layer on the surface of NLCs 
leading to the formation of the coating and make them more negative (zeta 
potential = −26).

The hydrophilic coating on the surface of the NLCs would prevent the adsorption 
of opsonins via steric hindrance and their subsequent uptake by phagocytic cells 
[55, 56]. Hence, the surface modified NLCs would remain in the blood for a longer 
duration of time as compared to an uncoated formulation which may or may not 
increase the targeting efficacy of the formulation as several reports point out that 
PEGylation may negatively influence the performance of nanocarriers as a drug car-
rier [57].

3.2  EE and Drug Loading

The EE and drug loading of AZT in SyLN were found to be 84.4 ± 0.56% and 
11.32%, respectively. Higher EE signifies that most of the drug added in the 
formulation process has entrapped and hence the loss of valuable API is very 
less. The removal of ingredients that are used in excess quantities to ease the 
formulation process by gel filtration, like surfactant (Tween 80), led to a higher 
drug loading.

3.3  Transmission Electron Microscopy (TEM)

The transmission electron microscopy image as shown in Fig. 14.2(I) reveals that 
the NLC particles are spherical in shape. In the TEM images of SyLN-Peg and 
SyLN-HSA, a shell-like structure can be seen over the surface of the lipid core. This 
confirms the coating of the NLC formulations. On higher magnifications, droplet- 
like spherical structures can be seen inside the NLC particles. These droplets are of 
the liquid lipid entrapped inside the solid lipid matrix. On further magnification, 
some patches of nonhomogeneous amorphous substances could be seen inside those 
droplets. These patches can be of the entrapped AZT inside the liquid lipid droplets. 
The internal structures of SyLN have been visualized with the help of highly magni-
fied TEM images in Fig. 14.2 (II).

3.4  Compatibility Study of NLC Formulation

The IR spectra of AZT, lyophilized SyLN, and the physical mixture were compared 
(Fig. 14.3a). The spectra of the formulation and the physical mixture have the same 
major peak. No additional peak appeared in the IR spectrum of the formulation or 
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the physical mixture. This explains that all the components are compatible, as if 
there was any incompatibility, some additional peaks might have appeared. The 
interpretation of peaks appearing in the spectra is given in Table 14.2.

On comparing the DSC thermograms of AZT, lyophilized SyLN, and the physi-
cal mixture (Fig. 14.3b) it was observed that thermograms of lyophilized SyLN and 
its physical mixture contain the same endothermic peaks. The peak for AZT was 
clearly visible in both thermograms. The absence of any unusual peak in the ther-
mograms shows that the components don’t react to each other [58].

On comparing the powder X-ray diffractograms of AZT, lyophilized SyLN and 
the physical mixture (Fig. 14.3c), it was observed that the peak of AZT was absent 
in the diffractogram of lyophilized SyLN, though it was clearly visible in the dif-
fractogram of the physical mixture. This confirms that AZT might have undergone 
a state change, from crystalline to amorphous [38], but no new substance has devel-
oped during the formulation process of NLCs.

All the above study results confirm that there is no incompatibility between the 
excipients used in the NLC formulation [59].

Fig. 14.2 (I) TEM micrographs of (A) SyLN, (B) SyLN-Peg, (C) SyLN-HSA. An increased par-
ticle size of the coated particles and a shell-like structure on the surface of the NLC particles con-
firms the coating of the particles. Scale Bar: 100 nm (A, C) and 200 nm (B); (II) TEM images of 
SyLN in higher magnifications. The higher magnifications of NLCs show that the solid lipid cores 
contain droplets of liquid lipids containing amorphous AZT entrapped in them. Scale Bar: 0.2 μm 
(D), 50 nm (E) and 10 nm (F)
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3.5  Stability Study of NLC Formulation

The NLC samples kept at 4–8 °C showed no significant change in the particle size, 
zeta potential, %EE of all the formulations even after 6 months of stability study. 
However, for the NLC samples kept at room temperature, particle size starts increas-
ing from the very first month and goes on increasing until the end of the study. 
Entrapment efficiency reduced with time indicating that the formulation was losing 
the entrapped drug on standing at room temperature. In vitro release studies of sta-
bility samples after 6 months of storage shows that the drug release pattern of the 
NLC samples kept at 4–8 °C remains almost same as the freshly prepared NLCs. 
The NLC samples kept at room temperature released its drug content much faster 
than initial. The detailed observation of particle size, %EE and Zeta potential for 
stability samples has been presented in Table 14.3.

Table 14.2 Interpretation of 
FT-IR spectra of AZT, a 
physical mixture of AZT and 
NLC formulation components 
and docosanol NLC 
formulation

Observed peaks in all 
spectra (cm−1)

Standard 
(cm−1)

O–H 3230.94 3600–3200
CH3 or CH2 2891.87 2960–2850
RCOH 1669.37 1750–1660
CH3 or CH2 1439.19 1470–1430
O–H 1268.56 1410–1260
C–OH 1076.51 1150–1040

Fig. 14.3 (continued) mixture and the NLC formulation shows the same peaks. Peaks of AZT are 
present in the spectra of NLC formulation and physical mixture. This indicates that AZT has not 
undergone any chemical modification during formulation process and is compatible with other 
components of the NLC formulation; (b) DSC thermograms of AZT, NLC formulation and physi-
cal mixture of AZT with the NLC formulation components. The thermograms of physical mixture 
and the NLC formulation show same endothermic peaks at 60, 72, 102 and 345 °C. The peak of 
AZT at 102 °C is clearly visible in both thermograms. Flattening of the peaks in the NLC formula-
tion thermogram as compared to the physical mixture means that the drug becomes amorphous in 
the NLC formulation; (c) XRD spectra of AZT, NLC formulation and physical mixture of AZT 
with the NLC formulation components. The spectra of physical mixture and the NLC formulation 
show same peaks except one. The missing peak in NLC formulation spectrum is of AZT, indicating 
AZT was converted to amorphous form during the formulation process
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Fig. 14.3 Compatibility studies of NLC formulation: (a) FT-IR spectra of AZT, NLC formulation 
and physical mixture of AZT with the NLC formulation components. The spectrum of physical
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3.6  In Vitro Drug Release Study

The in vitro drug release study of the developed NLCs in aCSF showed slow release 
profile of AZT. The percentage of drug released from the different NLC formula-
tions (SyLN, SyLN-Peg, and SyLN-HSA) was between 10.18% and 10.57% at 48 h 
(Fig. 14.4A). The release of free drug through the dialysis membrane was rapid and 
nearly 84.88% at 48 h. The observed drug release profile of the docosanol NLCs is 
significantly different from the previously reported lipid nanocarriers with different 
drugs (AZT loaded NLC has not been reported yet). The previous studies reported 
that more than 80% of the entrapped drug get released in vitro within 24 h [37, 38, 
60, 61]. In our study, TEM images of SyLN (Fig. 14.2 (II)) confirm that AZT was 
evenly internalized in the liquid lipid core, which was further entrapped within the 
solid lipid matrix of NLCs and showed very slow drug release in vitro. Thus, the 
developed docosanol NLCs in the present study showed better sustained release 
profile of AZT.  However, this does not confirm that the developed nanocarriers 
would equally perform in vivo, as the environment in vivo is different from in vitro. 
The different lipolytic enzymes may breakdown the NLCs as soon as it reaches the 
blood stream making the carrier system short living. To determine how the docosa-
nol NLCs may performs in vivo, stability and drug release properties of the formu-
lations were studied ex vivo in bovine serum saline.

The data obtained from the drug release study with the 50% v/v mixture of 
bovine serum and saline solution shows that a great amount of drug (83.79%) was 
released within 24 h from the SyLN formulation. SyLN-Peg and SyLN-HSA show 
similar types of release properties in this medium (Fig. 14.4B). These drug release 
data were fit in different mathematical models of the kinetics of drug release 
(Fig. 14.5). The mathematical models of the kinetics of drug release with the highest 
R2 value were the best-fitted model. The R2 values of all the formulations have been 
shown in Table 14.4.

R2 values show that all the formulations are best fitted to zero-order and 
Korsmeyer–Peppas model. Fitting to zero-order model indicates that the formula-
tions are of matrix type in nature, that is, the drug is evenly distributed in the lipid 
core. When the data is well fitted to Korsmeyer–Peppas model and the ‘n’ value is 
>0.89, the drug release follows the super case II transport and drug release is 
erosion- controlled [45]. In our study, the observed “n” value is much higher than 
0.89 (Table 14.4), indicating AZT release from NLCs is based on erosion of the 
lipid matrix in blood serum.

3.7  In Vitro Safety Evaluation of NLC Formulation

Assessment of the hemolytic potential against a suspension of erythrocytes illus-
trated the security of the NLC formulation in vivo. The hemolysis of erythrocytes of 
NLC formulation having a concentration of 500 μg/mL was 3.98% after incubating 
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Fig. 14.4 In vitro drug release study of SyLN, SyLN-Peg, and SyLN-HSA in (A) aCSF (b–d). As 
compared to the AZT solution (a), the drug release from the NLC formulations is very less even 
after 48 h of study. This shows the sustained release properties of the NLC formulations. The coat-
ing does not alter the in vitro drug release properties of the NLC formulation to a great extent; (B) 
50% v/v adult bovine serum with the saline medium (e–g). Both coated and uncoated formulations 
show similar drug release properties. Though most of the entrapped drugs are released within 24 h 
from the formulations, some drugs are remained to be released. This shows that the formulation is 
stable in blood serum for more than 24 h and can release drug for an extended period of time
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Fig. 14.5 Fitting the drug release data of SyNL in adult bovine serum in the mathematical models 
of the kinetics of drug release. The respective R2 of all the models are being shown in the graphs. 
Data show that the formulation is best fitted in zero order and Korsmeyer–Peppas models. 
Similarly, the kinetic analysis of drug release data of SyLN-Peg and SyLN-HAS (Figure not 
shown) confirm that the coated NLCs are also best fitted in Zero order and Korsmeyer–Peppas 
models

Table 14.4 Kinetic modeling of release data from different NLC formulations

Formulation(s)

R2 values from different kinetic models “n” value in 
Korsmeyer–Peppas 
model

Zero- 
order

First 
order

Korsmeyer–
Peppas

Hixon–
Crowell Higuchi

SyLN 0.9997 0.9739 0.9989 0.7751 0.9006 0.9988
SyLN-Peg 0.9996 0.9721 0.9961 0.7602 0.9042 0.9372
SyLN-HSA 0.9995 0.9702 0.997 0.7696 0.9002 0.9644

R2 values show that all the formulations best fit in Zero order and Korsmeyer–Peppas models. “n” 
value shows that the drug release from all the formulations follows the super case II transport 
mechanism

14 Successful Delivery of Zidovudine-Loaded Docosanol Nanostructured Lipid…
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at 37 °C for 1 h. The small hemolytic effect of SyLN in such a higher concentration 
suggested that the formulation was safe for intravenous administration.

3.8  In Vivo Pharmacokinetic and Brain Distribution Study

The reversed-phase HPLC-UV method described, validated, and used for AZT 
quantification, provides great sensitivity and specificity, and high sample through-
put required for pharmacokinetic studies. The chromatograms showed a good base-
line separation and the mobile phase used resulted in optimal separation. The 
method was selective for AZT since it shows that no interfering peaks appeared near 
the retention time of the compound of interest (Fig. 14.6, I–III) The LOQ and LOD 
values were low, indicating the good sensitivity of this HPLC method.

The precision of the applied analytical method was very accurate. The observed 
value of precision for different concentrations ranged from 0.09 to 0.95%. The coef-
ficient of variation did not exceed 15% in the analyses. Accuracy and recovery were 
also in good agreement with acceptable values for the validation of an analytical 
procedure (i.e., 100 ± 20%). The observed accuracy value varied from 100.29 to 
102.52%. The accuracy of intra and inter day analysis varied between 100.29–
103.77% and 100.30–105.23%, respectively. The precision of intra and inter day 
analysis varied between 0.07–1.31% and 0.07–0.55%, respectively.

The sample preparation used in this study involved only a single step (i.e., depro-
teinization with acetonitrile). This condition was optimal for sample preparation as 
it resulted in clean chromatograms.

The mean plasma concentration-time profiles of the AZT solution, SyLN, SyLN- 
Peg, and SyLN-HSA are presented in Fig. 14.7b. Pharmacokinetic parameters of 
AZT solution, SyLN, SyLN-Peg, and SyLN-HSA were determined using 
 two- compartmental analysis, and the data are presented in Table 14.5. As shown at 
all points in Fig. 14.7b, the AZT plasma concentration was higher in rats adminis-
tered with SyLN-Peg and SyLN-HSA than those administered with AZT solution 
and SyLN (p < 0.05) except the first sampling point. There was no difference in 𝑇max 
of AZT when it was given as NLC formulation. The AUC0−𝑡 and AUC0−∞ value of 
SyLN-HSA have been found to be 1.73 and 1.61 times higher than AZT solution 
(p < 0.05), respectively. But AUC0−𝑡 and AUC0−∞ values of SyLN and SyLN-Peg 
was lesser than that of AZT solution. The half-life of AZT in plasma was decreased 
with the NLC formulations (p < 0.05). Compared with AZT solution, the mean resi-
dent time (MRT) was also shortened with NLC formulations (p < 0.001). These 
observations indicated that the AZT is more rapidly removed from the plasma com-
partment when incorporated in NLC formulations. This may happen in two ways 
(viz., rapid elimination of AZT loaded NLCs from blood through the excretory 
routes, or a rapid tissue distribution to the peripheral compartments). In both cases 
the concentration of AZT in plasma reduces rapidly [62].

The mean concentration versus time profile of AZT solution, SyLN, SyLN-Peg, 
and SyLN-HSA in the brain have been presented in Fig. 14.7a. The pharmacoki-

T. Chakraborty et al.
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Fig. 14.6 (I) HPLC chromatogram of an aqueous solution of AZT. The chromatogram shows a 
single peak without any interfering peaks; (II) HPLC chromatograms demonstrating selectivity 
with plasma samples (A) Blank rat plasma; (B) Rat plasma spiked with AZT (2000 ng/mL); (III) 
HPLC Chromatograms demonstrating selectivity with rat brain samples (A) Blank rat brain; (B) 
Rat brain spiked with AZT (2000 ng/mL)

14 Successful Delivery of Zidovudine-Loaded Docosanol Nanostructured Lipid…
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Fig. 14.7 (a) Brain pharmacokinetic profile of AZT solution, SyLN, SyLN-Peg, and SyLN- 
HSA. Uncoated AZT loaded docosanol NLCs (SyLN) increases the brain AZT concentration sig-
nificantly (p  >  0.05). Coating the NLC decreases the brain delivering efficiency of the NLC 
formulation; (b) Plasma pharmacokinetic profile of AZT solution, SyLN, SyLN-Peg, and SyLN- 
HSA. SyLN-HSA shows similar plasma concentration–time profile as AZT solution after intrave-
nous injection and attains Cmax after 1 h of I.V. injection. SyLN and SyLN-Peg attain Cmax after 2 h 
of administration

Table 14.5 Rat plasma pharmacokinetic parameters for intravenous bolus AZT solution, SyLN, 
SyLN-Peg, and SyLN-HSA

AZT solution SyLN SyLN-Peg SyLN-HSA

Cmax (ng/mL) 2287.30 ± 1.47 954.46 ± 11.93 2641.72 ± 11.93 3339.50 ± 11.93
Tmax (h) 1 2 2 1
AUC0−t ng-h/mL 8715.19 ± 33.98 5293.75 ± 314.23 6996.59 ± 744.62 15,051 ± 169
AUC0−∞ ng-h/
mL

10,402.50 ± 56.15 5664.81 ± 478.40 7112.86 ± 866.49 16,701.60 ± 308.19

t1/2 (h) 9.31 ± 0.04 6.99 ± 0.98 5.62 ± 1.89 8.20 ± 0.16
MRT (h) 11.51 ± 0.07 7.23 ± 1.17 3.41 ± 0.87 8.02 ± 0.38
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Table 14.6 Rat brain pharmacokinetic parameters for intravenous bolus AZT solution, SyLN, 
SyLN-Peg, and SyLN-HSA

AZT solution SyLN SyLN-Peg SyLN-HSA

Cmax (ng/mL) AZT nondetectable in 
brain

467.12 ± 9.76 206.44 ± 9.76 173.95 ± 9.76
Tmax (h) 8 8 4
AUC0−t ng-h/
mL

9564.03 ± 235.29 4265.14 ± 213.35 173.95 ± 9.76

MRT (h) 11.8832 ± 0.0037 13.0881 ± 0.0061 4

netic parameters of AZT solution, SyLN, SyLN-Peg, and SyLN-HSA in the brain 
were determined using two-compartmental analysis and the pharmacokinetic 
parameters are tabulated in Table  14.6. Some previous studies have shown that 
AZT enters the brain when administered in solution form [8]. However, in our 
study, no AZT was detected in the rat brain with intravenous AZT solution in water. 
This may be due to various reasons like the difference in route of administration, 
the dose of AZT administered, improper or no brain perfusion, animal’s physiolog-
ical conditions, and application of the different analytical method [63, 64]. In pre-
vious studies, the oral AZT solution was administered in rat at 10 mg/kg B.W. The 
brain was not perfused to remove any traces of AZT from the brain blood vessels. 
These may be the reasons for detection of AZT in the brain samples [8]. In our 
study, intravenous AZT solution was administered at 5 mg/kg B.W of rat and the 
brain was harvested after complete perfusion by pumping 0.9% w/v sterile physi-
ological saline solution through the common carotid artery to remove blood with 
any traces of AZT from the blood vessels of the brain. The Cmax for SyLN and 
SyLN-Peg in collected brain tissue appeared to be 8 h after injection in rats, which 
is 4 h for SyLN- HSA. Both SyLN and SyLN-Peg enter the brain very rapidly and 
maintains a constant concentration of AZT in the brain for the entire duration of 
treatment (Table 14.6). SyLN shows a tendency of decreasing AZT concentration 
after 24 h. However, for SyLN-Peg, the concentration is almost constant. SyLN-
HSA does not enter brain immediately after injection. It enters brain after 2 h of 
injection and is eliminated from brain very rapidly, as no AZT was detected after 
8 h of treatment in the brain. Reduced brain permeability of PEG4000 coated NLC 
formulation as compared to uncoated formulation may be due to its increased par-
ticle size (57.5 ± 2.2 nm) or more negative zeta potential (−26 ± 0.7 mV). The 
same thing has also happened for the HSA coated formulation. HSA coating 
increases the particle size (59.6 ± 1.7 nm) and makes the particles drastically more 
electronegative in nature (−38.5 ± 0.9 mV). It is well known that physiological 
membranes like BBB are electronegative in nature. Hence, the more electronega-
tive NLCs are repulsed by the BBB [64, 65]. Therefore, more electronegative 
PEG4000 and HSA coated NLC formulations are poorly permeated through the 
BBB into rat brain.

Lower plasma concentration of AZT for NLC formulation as compared to AZT 
solution can be explained using the brain AZT concentration data. The NLC formu-
lations are indeed rapidly distributed to the peripheral tissues including brain, ulti-
mately reducing the AZT plasma concentration. The pharmacokinetic parameters 
for SyLN, SyLN-Peg, and SyLN-HSA in the brain have been shown in Table 14.6. 
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The Cmax for SyLN is higher as compared to the other two coated formulations. AUC 
value clearly shows that the SyLN is the best among all the formulations in deliver-
ing AZT to the brain for a prolonged duration of time.

3.9  The Drug-Targeting Index (DTI)

For SyLN, SyLN-Peg, and SyLN-HSA, the calculated value for brain DTI is “α” 
(infinity) as the free drug solution was unable to deliver AZT to the brain. Hence the 
denominator of the Eq. 14.4 becomes zero and making the result of the calculation 
a “α.” This shows that the NLC formulations are much better in delivering AZT to 
the brain than the free drug solution.

3.10  Rat Brain Localization and Accumulation of NLCs

For a clear assessment of the trafficking and accumulation of NLCs in rat brain 
in vivo, we took advantage of the CLSM imaging of brain tissues (brain cryosec-
tions) from a qualitative point of view after intravenous administration of fluorescent- 
labeled NLCs. C6, a green fluorescent marker, was incorporated in SyLN NLCs to 
detect their biodistribution in vivo in rat brain. SyLN-C6 NLCs did not show any 
significant changes in the physicochemical properties as compared to SyLN NLCs. 
The selection of SyLN NLCs in brain localization and accumulation study was 
based on its satisfactory brain pharmacokinetics as shown in Table 14.6. The intra-
venous injection of SyLN-C6 resulted in a significant increase of SyLN NLCs in the 
rat brain at each time point. At 1 h post injection, SyLN NLCs were widely distrib-
uted in the rat brain (Fig.  14.8c F-2). The quantity of SyLN NLCs in the brain 
increased as time progressed and maximum brain localization of NLCs was observed 
at 4 h (Fig. 14.8c H-2). The intensity of fluorescence signals in the brain decreased 
as the time progressed past 4 h. Moreover, fluorescence signals were still detected 
in the brain at 24 h post injection (Fig. 14.8c J-2). As shown in the images (Fig. 14.8c, 
first column), the brain tissues/cells are readily identified by nuclei staining (DAPI, 
blue color) and the cells in the brain tissues were of less density because of their 
slow proliferation rate in the normal healthy rat brain. The merged images 
(Fig. 14.8c, third column) showed that SyLN NLCs were accumulated in the brain 
tissues and likely internalized into the cells including nucleus. Combining these 
results, the SyLN NLCs could cross the BBB, accumulated in brain tissues giving 
controlled delivery of AZT until 24 h.

T. Chakraborty et al.



DAPI
(Ex. =358; Em.=461 nm)

SyLn-C6 NLCs
(Ex. =465; Em.=505 nm) Merged

A B

C

1 h

2 h

4 h

8 h

24 h

1 h            2 h            4 h           8 h            24 h

Fig. 14.8 Brain delivery of docosanol NLCs in rat model. (a) Wistar albino rat treated with intra-
venous SyLn-C6 NLCs through tail vein; (b) Rat brain collected at 1, 2, 4, 8, and 24 h; (c) CLSM 
images of brain cryosections labeled with DAPI (blue), SyLn-C6 NLCs (green) at 1, 2, 4, 8, and 
24 h. Scale Bar: 100 μm
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4  Conclusion

The docosanol NLCs were successfully developed by modified emulsion method 
for effective brain delivery of AZT. The developed NLCs were the best stable in 
refrigerated condition, in blood serum and safe for intravenous administration. The 
NLCs showed sustained release profile of AZT in aCSF and in vivo in rat brain. The 
in vivo plasma and brain pharmacokinetic investigation in rat model revealed that 
SyLN and SyLN-Peg NLCs rapidly reached the brain and yielded higher MRT, 
Cmax, and AUC in rat brain compared to those data with AZT solution. The free drug 
solution was unable to deliver AZT to the brain. The rat brain pharmacokinetic data 
and CLSM imaging of rat brain cryosections confirm that the developed NLCs had 
effectively crossed the BBB delivering AZT in a sustained manner for a prolonged 
period of time and the SyLN is the best among all the formulations investigated in 
delivering AZT to the brain. This may provide an effective therapeutic strategy to 
combat the challenges of HIV infection in the brain. Further, preclinical and clinical 
development studies are warranted.
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Chapter 15
Brain-Targeted Drug Delivery 
with Surface-Modified Nanoparticles

Sunita Lahkar and Malay K. Das

Abstract Medical treatment of CNS disorders remains unsuccessful as most of the 
drugs could not penetrate through the blood brain barrier (BBB). Although several 
strategies were developed to overcome these problems, still the treatment remains 
ineffective. To overcome these problems, nanomedicines which are based on nonin-
vasive strategies are an emerging trend for brain-targeted drug delivery. The advan-
tages of nanoparticles such as small size, lipophilicity, target specificity, and 
controlled delivery of drug satisfy the requisites for brain targeting. However, it 
suffers from opsonization and phagocytosis, which can be bypassed by surface 
modification of nanoparticles. The carrier/transporter-mediated transcytosis, 
adsorptive-mediated transcytosis, receptor-mediated transcytosis are the different 
mechanism followed by surface-modified nanoparticles to cross the BBB. However, 
nanoparticles may cause neurotoxicity due to its accumulation, oxidative stress and 
protein aggregation. Still nanoparticles are a promising carrier for drug targeting to 
the brain. The present chapter highlights the significance and recent development of 
drug targeting to the brain with surface-modified nanoparticles, the mechanism of 
transport and nanotoxicity.
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1  Introduction

According to World Health Organization (WHO) report, neurological disorders 
ranging from epilepsy, Alzheimer disease, brain tumor, HIV encephalopathy, cere-
brovascular diseases, and neurodegenerative disorders affect up to one billion peo-
ple worldwide. About 6.8 million people die of neurological disorders every year. It 
signifies an inefficient delivery of CNS drugs to the brain. In the nineteenth century, 
a German physician Paul Ehrlich found out the existence of a physical barrier 
between brain and blood, and then it was not until 1960s that the researcher could 
find out the existence of BBB [1]. BBB provides the most distressing fact about the 
drug delivery to the brain. The other barrier present is the blood–cerebrospinal fluid 
barrier (BCSFB) and CSF–brain barrier (CSFB). The BBB is considered to be the 
major barrier due to its large surface area which is considered to be the main site for 
crossing of endogenous substances into the CNS [2]. BBB have a tendency to impair 
the drug distribution and refers to the major challenge for the development of CNS 
drugs. In spite of the complexity of the BBB, the lack of efficient technologies also 
limits the development of CNS drugs [3]. Although conventional therapies are avail-
able, yet the treatment fails. Briefly, BBB located at the choroid plexus epithelium 
controls the exchange of molecules between the blood and the cerebrospinal fluid. 
It is composed of tight junctions of protein complexes of endothelial cells, the capil-
lary basement membrane, astrocytes end feet present over the basal lamina and 
pericytes present in the abluminal side of the endothelial cells, in the perivascular 
space, between the capillary wall and astrocytes end feet. The tight junctions of the 
endothelial cells are nonfenestrated, contains low number of endocytic vesicles, 
high electrical resistance, higher mitochondrial volume and specialized transport 
system. BBB restricts the entry of 98% of small molecules and 100% of macromol-
ecules. Only lipophilic molecules, small molecular size (<500 Da) could penetrate 
through the BBB [4]. BBB restricts the penetration of most of the large-sized, 
hydrophilic drugs such as oligonucleotides, peptides, and antibiotics. The presence 
of the tight junctions between the endothelial cells at the BBB promotes a very high 
electrical resistance of around 1500–2000 Ω cm2 in the brain compared with 3.33 
Ω cm2 in other body tissues. Still BBB allows the transport of chemical and biologi-
cal endogenous substances to cross the membrane [5]. However, several endoge-
nous substances are transported to the brain and toxic compounds are excreted from 
the cerebral and vascular compartment by the influx transport system in the endo-
thelial cell membrane [6]. The passive transport is responsible for the influx of mol-
ecules having low molecular weight, good lipophilicity and low protein binding 
through the BBB. The small molecules such as hormones, O2, and CO2 are trans-
ported by passive transport mechanism [7], whereas active transport comprises 
transporter-mediated transcytosis and receptor-mediated endocytosis. The 
transporter- mediated transcytosis is for the influx of small hydrophilic molecules 
through the carriers present on the endothelial cell membranes. As such, glucose 
carrier GLUT1 and amino acid carrier LAT1 are responsible for the transport of 
glucose and amino acids through the BBB, whereas the membrane receptors present 
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on the endothelial cells are responsible for the transport of transferrin, insulin, and 
lipoprotein through the BBB by receptor-mediated endocytosis [8]. The drug deliv-
ery through the BBB remains the most challenging area of research, which attracts 
researchers to investigate on several strategies for an efficient CNS drug delivery. 
Basically, two strategies are studied—invasive and noninvasive. Invasive strategies 
involve either disruption of the BBB to allow drug delivery or direct injection of the 
drug into the brain. The disruption of the BBB involves an intra-arterial injection of 
hyperosmotic solution of mannitol which causes shrinkage of endothelial cells, 
resulting in opening the tight junctions for few hours, and thus facilitating delivery 
of the drug to the brain. Other substances such as high-dose ethanol, DMSO, alkyl-
ating agents like etoposide and melphalan, immune adjuvants, and cytokines have 
all been used to disrupt the BBB. No doubt such techniques can deliver drug to the 
brain, but as invasive strategies, they suffer from side effects such as seizures, bra-
dycardia, and hypotension [9]. Recently, focused ultrasound with microbubbles is 
reported to be nondestructive delivery of drug to the brain. In this technique, micro-
bubbles, 1–10 μm sized diameter, are introduced into the blood circulation prior to 
ultrasound administration. The microbubbles disrupt targeted areas of BBB without 
causing any neural damage, which reduces the intensity of the ultrasound needed to 
open the tight junctions. The second invasive CNS drug delivery based on injecting 
the drug through injection or catheter requires opening of the skull [10]. The major 
drawback is the penetration to the nontarget brain tissue, brain tissue damage, bleed-
ing, and chance of infection. Alternatively, wafers such as Gliadel wafers which are 
biodegradable impregnated with chemotherapeutics can be implanted. Reliable on 
the diffusion of the drug from the injection and implant sites, the concentration of 
drug distribution at the site of action cannot be controlled due to an exponential 
decrease in the concentration of the drug with distance from the injection or implan-
tation site [11]. On the other hand, convection-enhanced delivery developed with 
positive hydrostatic pressure to deliver drug at farther distances from the site of 
administration did not show a significant result with Gliadel wafers, as reported 
[12]. The invasive technique facilitates an increase in permeability of the BBB 
which is reported to be harmful. As reported, similar permeability enhancement and 
disruption of the BBB occurs during cerebral ischemia and hypoxia. It leads to the 
leakage of the serum proteins into the brain which triggers the activation of astro-
cytes and brain immune system, leading to neuronal hyperexcitability and neurode-
generation. Similar results may be observed with multiple sclerosis and encephalitis 
where the disruption of the BBB leads to the leakage of plasma components into the 
blood vessels and surrounding tissues results neuronal damage and other disabling 
cerebrovascular conditions—lacunar stroke, leukoaraiosis, and dementia [13]. The 
drawbacks associated with the invasive techniques are based on high cost and che-
motherapy either by osmotic agents or direct injection or Gliadel wafers or convec-
tion enhanced delivery may lead to BBB dysfunctioning and multiple brain diseases 
[14]. Alternatively, noninvasive strategies were developed to overcome the potential 
disadvantages of invasive strategies. In addition to the passive transport of small- 
sized lipophilic molecules, other transport mechanism constitutes paracellular 
aqueous pathway for water-soluble agents, carrier or transporter-mediated 
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transcytosis that relies on the transport mechanism of glucose and amino acid, 
receptor-mediated transcytosis that mimics the endogenous molecules such as insu-
lin and lipoproteins to act on the specific receptor in the endothelial cell membrane 
and adsorptive-mediated transport that allows polycationic substances such as cat-
ionized albumin to attach to the negatively charged plasma membrane [3]. Another 
noninvasive strategy follows the conversion of water-soluble/polar drugs into lipid 
soluble ones by linking with some lipid/nonpolar moiety. Esterification or amida-
tion of the hydroxyl, amino, and carboxylic groups of the drug enhances the lipid 
solubility and membrane permeability of the drug. This concept is known as pro-
drug. Prodrug as such is pharmacologically inactive compounds which crosses the 
BBB and metabolizes into the parent drug. The receptor-mediated transport or 
carrier- mediated transport have been exploited significantly in delivering the pro-
drug across the BBB. One example is the antiparkinsonism drug, l-DOPA acting on 
the l-amino acid transporter system. The prodrug suffers from the drawback of 
adverse pharmacokinetics, increase molecular weight of the drug [15]. Another 
noninvasive strategy, nanomedicine has gained lots of attention in the development 
of CNS-targeted drug delivery due to its ability for targeted drug delivery and sus-
tained release of drug [16]. This chapter highlights the significance and recent 
development of drug targeting to the brain with surface-modified nanoparticles, the 
mechanism of transport and nanotoxicity.

2  Nanoparticles for Brain Drug Delivery

2.1  Nanoparticles Technology

Nanoparticles can be defined as colloidal particles of size range 1–100 nm which 
adsorb the drug to their surface or entrap the drug within their matrix. Other nonin-
vasive techniques could deliver an inadequate drug to the brain and also affect the 
nontarget sites causing toxicity, whereas nanoparticles are target specific and deliver 
only the required quantity of the drug to the site of action without affecting the non-
target sites and thus reduces toxicity like other noninvasive techniques. In order to 
target drugs to the brain, nanoparticles should be nontoxic, should be biodegrad-
able, have small particle size (<100 nm), have prolonged blood circulation without 
agglomeration, target specificity, and good drug loading [17]. A prolonged blood 
circulation is essential to recognize the therapeutic site of action so as to have an 
efficient drug release. However, the opsonization or removal of nanoparticulate 
drug carriers from the body by the mononuclear phagocytic system (MPS), also 
known as the reticuloendothelial system (RES), obstructs the efficient drug delivery 
at the site. When nanoparticles enter systemic circulation after intravenous admin-
istration, they undergo opsonization and phagocytosis, leading to an inadequate dis-
tribution in the brain and poor drug availability in the brain, thus making the therapy 
inefficient.
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As such opsonization can be described as the process of attachment of opsonin 
to the surface of undesirable particles during systemic circulation, thereby making 
it visible to phagocytic cells. Without the presence of opsonin on their surface, 
phagocytes may not be able to recognize the foreign particles. Thus, opsonization 
and phagocytosis are the two methods of clearance of foreign particles from the 
bloodstream. The common opsonin present in the blood serum constitutes immuno-
globulins and components of the complement system such as C3, C4, and C5 [18]. 
Other blood serum protein includes laminin, fibronectin, C-reactive protein, type I 
collagen, and many others. As such, opsonins are inactive proteins, but when it 
comes in contact with foreign particles, it undergoes conformational changes from 
inactive protein to active proteins which in turn are easily identified by phagocytes. 
Phagocytes’ surface contains receptors which can easily identify the modified con-
formation of the opsonin and thus can easily alter the functioning of foreign bodies. 
The ingestion of nanoparticles by phagocytes takes place. The breakdown of the 
phagocytosed materials takes place due to the secretion of enzymes and other 
oxidative- reactive chemical factors, such as superoxides, oxyhalide molecules, 
nitric oxide, and hydrogen peroxide. Nanoparticles are taken rapidly by RES pres-
ent in liver, spleen, bone marrow and distributed rapidly into liver (60–90)% and 
spleen (2–10)% and to a minor degree into bone marrow [19]. A low concentration 
of nanoparticles can enter the brain due to their uptake by RES following intrave-
nous administration. In order to avoid opsonization and phagocytosis, several tech-
niques are hypothesized to modify the surface of nanoparticles such as coated 
nanotechnology and ligand-based nanotechnology [19]. Surface-modified or -func-
tionalized nanoparticles could not adsorb opsonin on the surface and may not be 
recognized by phagocytes. Thus, avoidance of opsonization and phagocytosis by 
the RES or MPS prevents its clearance from the bloodstream, leading to the pro-
longed circulation of nanoparticles in the blood, adequate delivery of the drug to the 
brain and maintaining the therapeutic concentration of the drug in the brain. Thus, 
nanocarriers as a noninvasive strategy are significant for brain-targeted delivery of 
drugs [20].

3  Types and Significance of Surface-Functionalized 
Nanocarriers

3.1  Liposomes

Liposomes are small vesicles composed of one or more phospholipid bilayers sur-
rounding an aqueous space. Both hydrophilic and hydrophobic drugs can be incor-
porated in liposomes and their physicochemical characteristics can be manipulated 
to control drug delivery and tissue uptake of the drug. Zhao et al. reported that RDP 
peptide-conjugated liposome (RCL) could deliver curcumin to the intracranial gli-
oma mice model transplanted with U251MG cells. RCL could enter the cells by 
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acetylcholine (Ach) receptor-mediated, energy-dependent endocytosis [21]. In 
another study, transferrin-conjugated PEGylated-liposome could internalize anti-
cancerous drug, resveratrol to the U-87 glioblastoma cells by the receptor-mediated 
endocytosis through the transferrin receptor present on the endothelial cell [22] as 
reported by Jhaveri et al. In another study, Kim et al. followed transferrin mediated 
transcytosis pathway for successful targeting of temozolomide using transferrin 
grafted nanoliposomes in glioblastoma multiform tumor model in mice [23].Qu 
et  al. reported that rabies virus glycoprotein (RVG29)-functionalized liposomes 
efficiently enhanced the entrapment efficiency of dopamine-derived N-3,4- 
bis(pivaloyloxy)-dopamine (BPD) in murine brain endothelial cells and dopaminer-
gic cells and high penetration efficiency across the blood brain barrier (BBB) 
in vitro. RVG acts on the Ach receptor present on the brain endothelial cells and 
dopaminergic cells to facilitate the transport of BPD across the BBB [24]. Sonali 
et al. developed transferrin-conjugated theranostic d-alpha-tocopheryl polyethylene 
glycol 1000 succinate monoester (TPGS) liposomes which successfully targeted 
docetaxel and quantum into brain cancer cells [25]. T7 (a seven-peptide ligand of 
transferrin receptors) and DA7R (a d-peptide ligand of vascular endothelial growth 
factor receptor 2) dual peptides-modified PEGylated liposomes were able to code-
liver doxorubicin (DOX) and vincristine (VCR) to C6 tumor mice model by 
receptor- mediated endocytosis as reported by Zhang et al. [26]. However, liposomes 
suffer from drawbacks such as low solubility, oxidation and hydrolysis of the phos-
pholipids, leakage of the encapsulated drugs, and instability which limits its use in 
targeted drug delivery.

3.2  Polymeric Nanoparticles

Polymeric nanoparticles, made from biodegradable and nonbiodegradable poly-
mers, are spherical, branched, or shell structure colloidal solid particles with a size 
range of 10–1000 nm in which drugs are incorporated by dissolution, entrapment, 
adsorption, and attachment or by encapsulation. The polymeric nanoparticles are an 
ideal platform for targeted and controlled drug delivery. Biodegradable polymeric 
nanoparticles have got a wide application in brain-targeted delivery of drugs, as it 
can be manipulated to fulfill the criteria needed for brain-targeted delivery due to 
small size, nontoxicity, biodegradability, etc. Poly(lactic acid) (PLA), poly(ε- 
caprolactone) (PCL), poly(aspartic acid), poly(butylcyanoacrylate) (PBCA), 
poly(glycolic acid) (PGA), poly(d,l-lactide-co-glycolide) (PLGA), and poly(amino 
acids) are the most commonly used polymers in CNS delivery [27]. As such surface 
modification is essential to avoid opsonization and phagocytosis by macrophages. 
Till now, several research works have been carried out which successfully target 
different drugs across the BBB using biodegradable polymeric nanoparticles. In 
1995, Kreuter et al. were the first to develop dalargin-loaded PBCA nanoparticles 
coated with polysorbate 80 that successfully targeted dalargin to the brain and also 
enhanced the penetration by threefold than the nanoparticles without surface 

S. Lahkar and M. K. Das



283

coating [28]. Later on, polysorbate 80 was further used to enhance drug transport of 
several drugs like loperamide and doxorubicin. Later PEGylated poly(hexa-decyl 
cyanoacrylate) (PHDCA) nanoparticles were found to penetrate the brain to a 
greater extent than the P80 formulation which might be due to passive diffusion or 
intake by macrophages [29]. PLA, PGA, and their copolymer, PLGA are exten-
sively used in brain-targeted delivery of different drugs. In a study, H102 peptide, an 
antialzheimeric drugs was targeted successfully. Α tocopherol PEGylated PLGA 
nanoparticles targeted oxcarbazepine, an antiepileptic drug, across in vitro models 
of the blood–brain barrier (hCMEC/D3 cells) and human placental trophoblast cells 
(BeWo b30 cells) [30]. Glutathione–PEG conjugate-coated PLGA nanoparticles 
showed higher permeation through the coculture of rat brain endothelial (RBE4) 
and C6 astrocytoma cells. The glutathione on the surface of the nanoparticles are 
found to bind to the glutathione transporters present on the BBB and deliver the 
drug by carrier or transporters mediated transcytosis [31]. Another report, by Ahmed 
et al., showed the efficient targeting of Rutin in rat model, an antioxidant, to the 
brain using chitosan nanoparticles through intranasal administration [32]. Although, 
FDA approved polymers are recommended for nanoparticulate drug delivery, yet 
some drawbacks exist during nanoformulation which are to be considered for fur-
ther modification. Other than these, polymeric nanoparticles suffer from other dis-
advantages such as high cost, inability of autoclave sterilization, low-scale 
production, and presence of organic solvent residue. But, despite its drawbacks, it is 
still a potential drug delivery vector for targeting drugs to the brain [33].

3.3  Solid Lipid Nanoparticles (SLNs)

Later on, SLNs came into play for drug targeted delivery system. It has a size range 
of 1–100 nm, composed of a monolayer of phospholipid surrounding a solid hydro-
phobic core of lipids, such as monoglycerides, diglycerides, and triglycerides or 
fatty acids. They are stable and biodegradable under physiological conditions with 
high encapsulation efficiency both for hydrophilic and hydrophobic drugs [33]. 
Solid lipid nanoparticles can be applied for targeted drug delivery, controlled drug 
delivery and also can be surface-functionalized with polymeric coating or ligand 
grating for targeting drugs significantly. Other advantages include large-scale pro-
duction, long-term stability, avoidance of organic solvents, easy scale-up and steril-
ization, less cost than polymeric/surfactant-based carriers, and easy validation and 
regulatory approval [34]. These make solid lipid nanoparticles an attractive approach 
for targeted drug delivery. The anticancer drug, camptothecin was the first drug 
delivered using solid lipid nanoparticles which showed stronger inhibition of mela-
noma cell proliferation than the free drug after a 24 h incubation period. It was 
hypothesized that solid lipid nanoparticles endocytosed by the cancer cells, leading 
to greater drug uptake and thus presenting SLNs as an attractive option for cancer 
therapy [35]. Later surface coating by polysorbate 80 on solid lipid nanoparticles 
carried out by Kreuter et al. [36] also showed satisfactory results. Several lipophilic 
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drugs, peptides, or proteins were delivered using solid lipid nanoparticles. Other 
antiepileptic drugs successfully brain-targeted include rizatriptan benzoate. An anti-
cancer drug, carmustine (BCNU), loaded in transferrin (Tx) and lactoferrin (Lf)-
functionalized PEGylated solid lipid nanoparticles could penetrate human 
microvascular endothelial cells (BMECs) ten times more than that of PEGylated 
solid lipid nanoparticles. Transferrin (Tx) prevents the efflux transporter system, 
while lactoferrin (Lf) undergoes receptor-mediated endocytosis (Kou et al. [37]). 
Another drug, resveratrol, a neuroprotective compound could penetrate in the 
hcmec/D3 monolayers 1.8-fold higher when incorporated in apolipoprotein 
E-conjugated solid lipid nanoparticles by endocytosis (Neves et al. [38]). Similarly, 
the concentration of drugs in multiple sclerosis-induced mice was 4–8 times higher 
when loaded in PEGylated solid lipid nanoparticles surface-modified with anti- 
contactin 2 or antineurofascin than that of unmodified solid lipid nanoparticles [39]. 
Bruun et  al. encapsulated siRNA in cationic angiopep-functionalized SLNs with 
>95% efficiency for delivery to glioma cells [40]. However, several limitations of 
SLNs due to poor drug loading capacity, drug expulsion after polymeric transition 
during storage, relatively high water content of the dispersions, the low capacity to 
load hydrophilic drugs due to partitioning effects during the production process 
does not limits its use as a drug delivery system [34]. In spite of these drawbacks, 
SLNs have got good potential for CNS-targeted drug delivery.

3.4  Magnetic Nanoparticles

In the recent years, magnetic nanoparticles (MNPs) gained special interest in brain- 
targeted delivery, since brain cells are quite sensitive to MNPs, compared to, liver 
and heart cells. At present magnetic nanoparticles have lots of applications: as a 
contrast agent for magnetic resonance imaging (MRI), to induce hyperthermia in 
cancer therapy, for cell labeling and cell separation, in targeted therapeutics, in mag-
netofection, etc. As a contrast agent in MRI and targeted therapeutics, superpara-
magnetic iron oxide nanoparticles (SPIONs) have been focused on with a wide 
range of applications. Magnetic nanoparticles under the influence of an externally 
applied low frequency magnetic field can elevate the physiological temperature, 
38–39 °C, which facilitates the penetration into the blood–brain barrier. SPIONs 
degrade to Fe3+in the body, which undergoes cell metabolism and ultimately elimi-
nated from the body and also the particles due to very small size <30 nm, will not 
be attracted to each other, and so the risk of agglomeration in a medical setting is 
minimized. SPIONs can diagnose and directed to the diseased cell under magnetic 
field, can also generate radiation to treat the cells [41]. Anti-IL-1β monoclonal anti-
body (mAb)-functionalized SPIONs were used to render MRI diagnoses and simul-
taneously provide targeted therapy with the neutralization of IL-1β overexpressed in 
epileptogenic zone of an acute rat model of temporal lobe epilepsy. Similarly, they 
are also used to target metastases cells in human [42]. The dual application of MNPs 
as a diagnostics and treatment agent can be called a theranostics. A wide range of 
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applications of magnetic nanoparticles with their mechanism of drug delivery are 
discussed in the next section.

4  Mechanism of Surface-Functionalized Nanoparticle Drug 
Delivery

Surface-functionalized nanoparticles can noninvasively deliver neurotherapeutics to 
the CNS by modifying the endogenous molecules transport mechanism. Basically, 
three types of transport mechanisms for CNS drug delivery exist—adsorptive- 
mediated transcytosis, receptor-mediated transcytosis, and transport or carrier- 
mediated transcytosis. These transport mechanisms can be manipulated by the 
nanoparticles with surface modification either by coating with polymers or attach-
ment of ligands to deliver drug to the brain [19].

4.1  Carrier/Transporter-Mediated Transcytosis (CMT)

Carrier-mediated transcytosis is based on the conformational change of membrane 
transport proteins add direct energy conversion such as ATP hydrolysis to move 
endogenous solutes such as glucose and amino acids along their concentration gra-
dient. These transport proteins are present on the luminal and abluminal side of the 
brain endothelial cell membrane in the BBB. GLUT1and GLUT3 are the trans-
porter protein for the intake of d-glucose and glucose analogs from the blood into 
the brain while LAT1 is the neutral amino acid transported protein in the membrane. 
There are two drug transport mechanism in CMT, either by chemical modification 
of the drug into a “pseudonutrient” to resemble these endogenous substances as in 
the transport of l-DOPA or the conjugation of the nanocarriers with a natural sub-
strate to allow endogenous transport mechanism for the drug [43].

Glucose Transporter-Mediated Transcytosis The glucose transport to the brain 
involves the interaction of solutes, transporters, enzymes and cell signaling pro-
cesses in the brain. The GLUT1 and GLUT3 are the sodium independent facilitative 
glucose transporters which are involved in the catabolism of the glucose to create a 
concentration gradient for the transport of glucose by GLUT1 from the blood toward 
the brain interstitial fluid [44]. Other glucose transporter (GLUT) and sodium- 
dependent transporters (SGLTs) also contribute in the transportation of glucose 
across the BBB [45]. It is found that the endothelial cells at the blood-brain barrier 
could transport around ten times their weight of glucose per minute to support the 
glucose requirements of the brain [46]. This provides good potential to mediate 
glucose transporter mechanism in drug delivery system. Till now, several neuroac-
tive drugs conjugated with glucose to target GLUT1 are efficiently transported 
across the BBB. These drugs include neuroactive enkephalin peptides,  antidepressant 
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drug—7-chlorokynurenic acid, and anti-inflammatory drugs (NSAIDs) —ketopro-
fen and indomethacin. Also, glucose conjugated to nanocarriers could deliver sev-
eral drugs to the brain [47]. In one study, biodistribution of the fluorescent model 
drug, coumarin-6 loaded liposomes composed of phospholipids and glucose-derived 
cholesterols with different linker lengths (GLU200-LIP, GLU400- LIP, GLU1000-
LIP, and GLU2000-LIP) were evaluated in vivo in mice brain. The liposomes exhib-
ited the strongest brain delivery potential with GLU1000-LIP [48]. Another drug, 
docetaxel was delivered significantly when loaded in glucose- modified liposomes 
than control liposomes as observed in mice brain [49]. Another reported that GLUT1 
and GLUT3 responsible for the cellular uptake of liposomes modified with 
p-aminophenyl-α-d-mannopyranoside by transporter-mediated transcytosis [50]. 
Similarly, dehydroascorbic acid-derivatized micelles have been developed for treat-
ing the highly aggressive cancer malignant glioma and have shown accumulation 
within tumor cells and therefore potential for delivering drugs to cancer sites in the 
brain and central nervous system via GLUT1 [47]. Similarly, doxorubicin, an anti-
cancerous drug, was brain-targeted to GLUT1 and accumulated in glioma cells 
when loaded in Pluronic P105 polymeric micelles [51]. Nanoparticles of 
poly(ethylene glycol)-co-poly(trimethylene carbonate) functionalized with 
2-deoxy-d-glucose were dual targeted to GLUT1 for drug delivery in glioma treat-
ment [52].

Large Neutral Amino Acids Transporters Large neutral amino acid transporters 
(LAT1) are an endogenous nutrient transporter present in the luminal and abluminal 
cell membrane of the brain capillary endothelial cells (BCECs). The brain uptake of 
neutral amino acids such as phenylalanine, leucine, and tyrosine are regulated by 
LAT1. LAT1 has gained popularity for brain-targeted drug delivery either as “pro-
drug” or substrate conjugated to the drug delivery system resembling the endoge-
nous neutral amino acids [43]. One example of “prodrug concept” is the delivery of 
l-DOPA. Dopamine as such cannot cross the BBB, but when delivered in the form 
of l-DOPA, LAT1 facilitates the uptake of l-DOPA, where dopamine is released by 
decarboxylation. Drugs such as baclofen, α-methyl-DOPA, and gabapentin are also 
transported by this technique [53]. Technique based on Trojan horse is used to 
deliver drug through LAT1. LAT1 substrate such as l-cysteine conjugate 
6- mercaptopurine increases the lipophilicity of the drug, otherwise a polar molecule 
could not target to the LAT1 into the brain [54]. Similarly, LAT1 substrate tyrosine 
is coupled with the NSAID ketoprofen to form a zwitterionic prodrug which facili-
tates the release of conjugate drug by the action of esterase enzyme present in the 
brain parenchyma [47]. In another study, phenylalanine-coupled solid lipid nanopar-
ticles were found to be capable for increased accumulation of efavirenz in the brain 
and cerebrospinal fluid to inhibit viral loads in neurodegenerative disorders which 
could be attributed to the presence of LAT1 transporters which facilitate transport of 
phenylalanine to the brain via carrier or transporter-mediated transcytosis [55]. 
Fernandez et al. reported that saxagliptin (SAX), a dipeptidyl peptidase-4 enzyme 
inhibitor molecule used in the therapy of Alzheimer disease is hydrophilic and not 
permeable across the BBB. An attempt of incorporating the drug in chitosan 
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nanoparticles, conjugated with l-valine showed a higher accumulation of 53 ng/mL 
SAX from the nanoparticles than the pure SAX after 24 h, as obtained after in vivo 
study in rat [56].

SMVT/SLC5A6 (Sodium-Dependent Multivitamin Transporter) Sodium-dependent 
multivitamin transporter (SMVT/SLC5A6) is a significant transporter requisite for 
the uptake of the vitamins—biotin and pantothenate, which are highly expressed in 
placenta, intestine, brain, liver, lung, kidney, and heart [57]. Thus exploiting the 
SMVT mechanism may transport several drugs to the brain. Biotin-labeled solid 
lipid nanoparticles penetration in an in vitro blood–brain barrier model hCMEC/D3 
brain endothelial cell was compared to biotinylated glutathione-labeled nanoparti-
cles. Biotin as a ligand increased the uptake and the transfer of nanoparticles across 
brain endothelial cells by SMVT supporting its use as a brain targeting vector [58].

Thiamine Transporter Thiamine (a water-soluble vitamin B1), a micronutrient 
essential for normal cell growth and development is reported to transport to the 
brain by thiamine transporter-mediated transcytosis. Thiamine was used as a sur-
face ligand conjugated with solid lipid nanoparticles, composed of emulsifying wax 
and Brij 78, were reported to transport to the brain as tested in situ by rat perfusion 
technique [33]. The mechanism involves an interaction with the thiamine trans-
porter, which is responsible for a facilitated transport or an increased passive diffu-
sion of the nanoparticles toward the BBB.

ChT/SLC5A7 (Choline Transporter) Choline is an endogenous compound required 
in the synthesis of the neurotransmitter acetylcholine and the membrane phospho-
lipid phosphatidylcholine. Choline transporters (ChT) are responsible for the cel-
lular uptake of acetylcholine and the membrane phospholipid phosphatidylcholine 
[59]. Based on the sodium dependence and the affinity for choline, there are two 
choline transporter systems. The sodium-dependent and choline low-affinity trans-
porter is expressed widely in the body, whereas the sodium-independent and choline 
high affinity transporter is expressed in the presynaptic cholinergic nerve ending. 
The sodium independent transporter is needed for the choline transfer across BBB 
[60]. Herein, a choline derivative was used as a ligand in the formulation of doxoru-
bicin and gene complexed nanoscale codelivery system showed higher cellular 
uptake efficiency and cytotoxicity than unmodified codelivery system in U87 MG 
cells [61].

SVCT2/SLC23A2 (Sodium-Coupled Vitamin C Transporter 2) Sodium-dependent 
transporter for vitamin C (SVCT2), expressed by neuroepithelial cells of the cho-
roid plexus are involved in the transport of the reduced form of ascorbic acid or 
vitamin C. Modification of the drugs in a form to target SVCT2 may facilitate the 
drug delivery to the brain. Recently, the anticholinesterase galantamine used for the 
treatment of neurodegenerative disorder, Alzheimer disease was incorporated in 
ascorbic acid grafted PLGA-b-PEG nanoparticles to increase the cellular uptake of 
nanoparticles in SVCT2 expressing NIH/3  T3 cells. A significantly higher 
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 therapeutic and sustained action by drug-loaded PLGA-b-PEG-Asc NPs than free 
drugs and drug-loaded plain PLGA as well as PLGA-b-mPEG NPs was observed in 
an in vivo pharmacodynamic study [62]. The result also showed a higher biodistri-
bution of the drug to the brain than other formulations.

MCT1/SLC16A1 (Monocarboxylate Transporter 1) MCT1 is a proton-coupled 
transporter expressed in endothelial cells in the BBB responsible for the transport of 
monocarboxylates lactate as well as the ketone body β-hydroxybutyrate across the 
BBB [63]. Venishetty et al. [64] studied the β-hydroxybutyrate-grafted docetaxel- 
loaded solid lipid nanoparticles to increase the drug distribution to brain. The result 
showed an increased uptake and cytotoxicity of β-hydroxybutyrate-grafted nanopar-
ticles in brain endothelial cells as compared to unmodified nanoparticles as 
β-Hydroxybutyrate-grafted nanoparticles could effectively increase docetaxel dis-
tribution across the BBB by Monocarboxylate Transporter 1 (MCT1).

OCTN2/SLC22A5 (Novel Organic Cation Transporter 2) Another transporter 
OCTN2 is highly expressed in blood–brain barrier capillary endothelial cells. This 
transporter is overexpressed in glioblastoma multiforme T98G cells. Therefore, 
nanocarriers modified to target OCTN2 offers a potential platform for the brain- 
targeted delivery of chemotherapeutics. Kou et al. reported that the conjugation of 
l-carnitine significantly increased the uptake of paclitaxel loaded nanoparticles in 
BBB endothelial cell line hCMEC/D3 and glioma cell line T98G improving its 
antigliomic activity [65].

4.1.1  Inhibition of Efflux Transporter System

P-Gp/ABCB1 (P-Glycoprotein/ATP-Binding Cassette Transporter Family, Member 
B1 ATP-binding cassette (ABC) transporters are membrane transporters, which 
bind and hydrolyze ATP to drive the efflux of various compounds out of cells. 
Several drugs are moved out of the cells by efflux transport such as paclitaxel, 
docetaxel and doxorubicin. One of the ABC membrane transporters is P-glycoprotein 
(P-gp/ABCB1/MDR1). As involved in efflux transport, P-gp is doubtful in facilitat-
ing drug transport to the brain [66]. However, investigation is being done using P-gp 
as a substrate coupling with nanoparticles which reported to increase significantly 
the uptake of nanoparticles by brain. Such substrates are azithromycin, clarithromy-
cin [67]. An increase in drug delivery to the brain can be obtained by using P-gp 
inhibitors, which inhibits P-gp overexpressed cells. Based on this strategy, doxoru-
bicin uptake and transfection efficiency were significantly enhanced in rat brain 
endothelial by using siRNA-chitosan nanoparticles. It may be due to the siRNA- 
mediated silencing of the P-gp gene to improve the delivery of drug to the brain 
[68]. Another report showed that amisulpride when coadministered with 
A-cyclosporine showed an increase and prolonged antipsychotic effect as observed 
in vivo, which is due to the inhibition of P-gp efflux transport. Several polymers 
which are P-gp inhibitors are used for surface modification of nanocarriers. Natural 
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polymers such as xanthan and gellan gum, as well as alginates, could inhibit the 
action of the P-gp efflux pump at concentrations of 0.05% and 0.5 mg/mL, respec-
tively. An increased concentration of P-gp substrates such as vinblastine and doxo-
rubicin was shown in the presence of xanthan gum, whereas an increased intracellular 
concentration of doxorubicin was obtained in everted gut sac cells. Other synthetic 
polymers inhibitors of P-gp efflux transporter such as PEG 400, g-Pluronic P85, and 
d-𝛼-tocopheryl polyethylene glycol 1000 succinate could enhance the digoxin con-
centration in the brain, whereas Pluronic P85 inhibits the P-gp transporter, causing 
reduction in ATP and inhibition of ATPase enzymes as well as lipid membrane flu-
idization. Another polymer, poloxamer 188 reported to transport doxorubicin across 
the BBB when coated on PBCA nanoparticles against intracranial glioblastoma in 
rat. Other drug transported was acyclovir [69]. Glutathione, an antioxidant, when 
used as a coating material of PLGA nanoparticles could efficiently delivered pacli-
taxel across the brain due to the inhibition of P-gp as observed by ATPase assay. 
Similarly, doxorubicin was also transported by the same mechanism using glutathi-
one-coated PLGA PEG nanoparticles [19].The carrier or transporter- mediated 
transport system can deliver several therapeutics or neuroactive agents to the brain 
by manipulating the endogenous transport. However, this strategy suffers from 
drawbacks due to an increase molecular size of the moiety as the required criteria is 
that the drug/ligand must be very small and similar in structure to the nutrient [70].

4.2  Adsorptive-Mediated Transcytosis (AMT)

The adsorptive-mediated transcytosis relies on the electrostatic interaction between 
a positively charged molecule and the negatively charged brain endothelial cell 
membrane. Originally, Pardridge et  al. demonstrated the capability of cationized 
albumin nanoparticles in delivering drugs and peptides to the cerebral parenchyma 
[71]. Later, the cell-penetrating peptides (CPPs) developed as positively charged 
peptides were developed, which could penetrate the brain endothelial cell mem-
branes by adsorptive-mediated transcytosis [72]. Another example is the HIV-1 
trans-activating transcriptor (TAT) peptide. TAT-derived CPPs bind to the surface of 
the cell, induce macropinocytosis, allow large molecules such as large chained pep-
tides to transport across the BBB [73]. In another study, Liu et  al. incorporated 
ciprofloxacin–HCl in the PEGylated nanoparticles conjugated with TAT peptides 
was found to cross the BBB [74].The application of AMT in drug delivery is limited 
due to its lack of tissue or site specificity which lead to an accumulation of unde-
sired drug in the nonspecific or nontargeted tissue causing toxicity as well as low 
therapeutic concentration of the drug in the brain. Overall, it makes the treatment 
ineffective [75].
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4.3  Receptor-Mediated Transcytosis (RMT)

Receptor-mediated transcytosis mainly responsible for the transport of large mole-
cules such as insulin, lipoproteins, and transferrin to the brain. Surface-modified 
nanoparticles by coating or natural ligand conjugation mimic the normal endoge-
nous substances, which acts on the specific receptor to deliver drugs to the brain. 
Nanoparticles surface-functionalized with polymers are based on RMT to deliver 
several therapeutics to the brain.

Low-Density Lipoproteins (LDL) Receptor Widely distributed in the brain endo-
thelial cell membrane, LDL receptors (LDLr) are proven to be an effective tool for 
the delivery of several drugs. As such, coated nanotechnology based polysorbate 
80-coated nanoparticles are proven to be efficiently acted on LDLr to deliver drugs 
to the brain. Polysorbate 80 coating covalently couple with apolipoprotein E, A-I, or 
B-100 in the bloodstream, which mimics the endogenous lipoprotein and act on the 
LDLr present in the brain endothelial cell membrane and deliver the drug by 
receptor- mediated transcytosis. Polysorbate 80-coated nanoparticles are able to 
deliver several drugs to the brain such as dalargin, gemcitabine, nerve growth factor, 
gallic acid, doxorubicin, and rivastigmine [19]. As a part of our research, based on 
the receptor-mediated transcytosis technique, an attempt has been made to investi-
gate the ability of polysorbate 80-coated 6-carboxyflourescein (6CF) tagged kokum 
butter solid lipid nanoparticles (P806CFNvKLNs) in delivering Nevirapine (Nv), an 
antiretroviral drug to the brain in Swiss Wistar rat model. Conventionally, 
Nevirapine, a nonnucleoside reverse transcription inhibitor, suffers from the draw-
backs of poor aqueous solubility, hepatotoxicity, and patient incompliance on fre-
quent dosing, and also undergoes first pass metabolism and enzymatic degradation 
when orally administered in highly active antiretroviral therapy (HAART). The 
P806CFNvKLNs was administered in the tail vein of the rat, which were sacrificed 
by cervical dislocation and the cryosection of rat brain was taken to check the dis-
tribution of the P806CFNvKLNs at different time intervals of 1 h, 2 h, 4 h, 6 h, and 
24  h under confocal laser scanning microscopy (CLSM) as shown in Fig.  15.1. 
Initially, at 1 h, the P806CFNvKLNs were in the surroundings of the BCECs. At 
2  h, it undergoes receptor-mediated endocytosis and entered the BCECs and 
remained in the BCECs for 24 h showing higher intensity at 4 h. After 24 h, the 
P806CFNvKLNs moved out of the BCECs into the brain parenchymal cells indicat-
ing receptor-mediated transcytosis into brain parenchyma. The result showed that 
the P806CFNvKLNs may have acted on the LDLr and underwent receptor- mediated 
endocytosis showing uniform distribution of nanoparticles in the BCECs and paren-
chymal cells.

Other study showed that polysorbate 80-coated chitosan nanoparticles could tar-
get doxycycline HCl, antipsychotic drug to the brain as observed in brain micro 
vascular endothelial cells by Yadav et al. [76]. Curcumin showed its antidepressant 
activity in in  vivo pharmacophore model when administered in polysorbate 
80-coated PLGA nanoparticles [77]. Similarly, curcumin showed cytotoxicity on 
U87MG brain tumor cells, when loaded in P80-coated PEGylated PLGA 
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 nanoparticles showing effective drug delivery to glioblastoma multiforme (GBM) 
tumor cells [78]. Acetylpuerarin is an acetylated derivative of puerarin could perme-
ate through the BBB and showed its brain protective activity in rat when incorpo-
rated in P80-coated PLGA nanoparticles [79]. P80-coated PLGA nanoparticles also 
proven to deliver Bacoside, a neuroprotectant, to the brain for the treatment of neu-
rodegenerative disorders as observed in Wister albino rats [80].

Angiopeptides Another receptor that has recently been targeted for brain drug 
delivery is the low-density lipoprotein receptor-related protein (LRP), a member of 
the low-density lipoprotein receptor family. It is highly expressed on BBB and 
involved in BBB transcytosis of several proteins and peptides, including lactoferrin, 
melanotransferrin and receptor associated protein. Angiopep-2, a 19 amino acid 
peptide, was reported as a ligand targeted to this receptor [81]. Still, a peptide con-
jugated with three molecules of paclitaxel linked to Angiopep-2 called ANG1005 
showed to have activity against glioblastoma and to lengthen the survival of mice 
with intracerebral tumors [82]. Angiopep-conjugated poly(ethylene 
 glycol)-copoly(3-caprolactone)nanoparticles (ANG-PEG-NP) enhanced 

Fig. 15.1 (a) P806CFNvKLNs surrounding BCECs in Swiss Wister rat brain 1 h post injection, 
(b) LDLr mediated endocytosis of P806CFNvKLNs in Swiss Wister rat BCECs 2 h post injection, 
(c) P806CFNvKLNs in Swiss Wister rat BCECs 4 h post injection, (d) P806CFNvKLNs in Swiss 
Wister rat BCECs 6 h post injection, and (e) LDLr-mediated transcytosis of P806CFNvKLNs into 
the brain parenchyma after 24 h post injection
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 significantly the uptake by brain capillary endothelial cells (BCECs) compared with 
that of PEG-NP which might be due to LRP receptor-mediated transcytosis process 
[83].

Leptin Receptor Leptin is a 146-amino-acid polypeptide secreted into the blood-
stream by adipocytes. Leptin, a specific receptor, ObR is overexpressed in the hypo-
thalamus and other parts of the brain. Leptin, secreted in the bloodstream undergoes 
passive diffusion across the BBB by receptor-mediated transcytosis as it acts on the 
receptor, ObR, present on the luminal side of the brain capillary endothelial cells. 
Endogenous leptin binds to the ObR receptor only after meal, is responsible to 
reduce obesity by decreased food intake and retarding weight gain. This particular 
characteristic of leptin provides an ample potential to utilize leptin-mediated trans-
cytosis pathway for brain-targeted delivery of drugs [84]. On the other hand, leptin- 
modified nanocarriers may not be effective in obese individuals due to its impaired 
activity. Till now, researchers have developed several leptin derived peptides for 
drug targeting to the brain. The gene transfection efficiency of Dendrigraft poly- l- 
lysine (DGL) plasmid DNA nanoparticles conjugated with leptin 30 were studied 
on brain capillary endothelial cells (BCECs), which express leptin receptors. The 
result showed the nanoparticles could transport across in vitro BBB model effec-
tively by ligand-receptor-mediated endocytosis leading to enhanced gene transfec-
tion ability of DGLePEGeLeptin30/DNA NPs with low cytotoxicity. Hence, these 
observations would support the potential of the ObR receptor to serve as a transport 
system in brain delivery of drugs [85].

Transferrin Receptor Another receptor highly expressed in brain capillary endo-
thelial cells is the transferrin receptors. It provides a wide scope of research for 
RMT. The transferrin or an antibody against transferrin is either coated or attached 
to nanocarriers to allow for the delivery of large molecules to the brain [19]. 
Nevirapine, an antiretroviral drug was successfully targeted to the brain using 
transferrin- conjugated PLGA nanoparticles [86]. Similarly, lactoferrin, a protein of 
the transferrin family, also induced uptake in an in vitro and in vivo model, when 
attached to PEG-PLA nanoparticles [87]. The disadvantages with transferrin are 
that the endogenous transferrin present in the blood competes with the transferrin- 
functionalized nanocarriers for the same receptor site in BBB, which may inhibit 
the uptake of nanocarrier reducing the efficacy of the drug. Thus, antibody against 
transferrin is in use to overcome its drawback. One such antibody is ox26 reported 
to bind to an extracellular epitome of transferrin receptor preventing the competi-
tion with natural endogenous transferrin for binding the same site. Ox26 nanocar-
rier conjugation can be done by covalent chemical linkages. One such method is 
sulfhydrylmaleimide coupling method [19]. Tempol was targeted to the brain by 
conjugation of ox26 antibody to the maleimide-grafted PLGA nanoparticles by 
NHSPEG 3500 maleimide cross-linker [88]. Ox26-conjugated PEGylated cationic 
solid lipid nanoparticles could enhance the penetration of baicalin, a flavone glyco-
side 1.12-fold higher than unmodified solid lipid nanoparticles as observed in vivo 
[89].Transferrin receptors are overexpressed in tumor cells. This concept was 
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proven by the enhancement of cellular internalization of temozolomide in glioblas-
toma cells, U215 and U87, when incorporated in ox26-conjugated PLGA nanopar-
ticles [90]. Similarly, amphotericin B, a drug for candidal meningitis, got a low 
therapeutic level in the brain due to poor penetration. However, delivery attempt 
were made by modifying the transferrin receptor-mediated transcytosis. An anti- 
TfR antibody (OX26)-modified amphotericin-loaded PLA (poly[lactic acid])–PEG 
(polyethylene glycol)-based micellar drug delivery system was constructed which 
showed significant reduction of CNS fungal burden and an increase of mouse sur-
vival time [91]. In another study, loperamide, an antinociceptive drug showed sig-
nificant antinociceptive effects in the tail-flick test in ICR (CD-1) mice after 
intravenous injection when incorporated in human serum albumin nanoparticles 
covalently bound with ox26, monoclonal antibody [92].

Melanotransferrin Receptors Another receptor known as melanotransferrin, is a 
high-level homolog of human serum transferrin and lactoferrin was first observed in 
melanoma cell membrane. Basically, it is an iron-bound protein crucially involve in 
the transport of iron from the blood plasma across the BBB by RMT, which is irrel-
evant to transferrin and transferrin receptor. Due to less plasma concentration of the 
endogenous melanotransferrin, it favors its utility in RMT CNS drug delivery. 
Melanotransferrin antibody and tamoxifen-conjugated solid lipid nanoparticles 
were able to release etoposide to the human-brain microvascular endothelial cells 
(HBMECs) and to restrain the proliferation of malignant U87MG cells [93]. Other 
drugs such as paclitaxel, an anticancer drug accumulation in the brain was 10 times 
higher than the free drug when conjugated with melanotransferrin [41].

Mannosyl Receptors Some receptors are distributed widely on the cell wall of the 
macrophages, which is used by macrophages for phagocytosis and endocytosis such 
as fibronectin, mannosyl, lectin, and galactosyl. Manipulation of these receptors by 
nanocarriers conjugated with ligands such as mannosyl, immunoglobulin, fibronec-
tin, and galactosyl can target and deliver several drugs to the brain by RMT [19]. 
Mannan-coated gelatin nanoparticles could recognize the mannosyl receptors pre-
dominantly present in the macrophages cell of the brain and successfully target 
didanosine, an anti-HIV drug to the brain [94].

Insulin Receptors Insulin is transported to the brain by the transcytosis mecha-
nism by acting on the insulin receptors present on the brain endothelial cell mem-
brane. Insulin is not a suitable ligand for RMT due to the existence of competition 
with the natural endogenous insulin present in the blood circulation may reduce 
the therapeutic concentration of insulin in the brain and/or changes in receptor 
activity, of which the latter may have negative consequences for glucose metabo-
lism. Thus, antibody against insulin receptors is in use for RMT, which act on 
different epitome of the insulin receptor other than the endogenous insulin bind-
ing site. One such is 83–14 mouse monoclonal antibody (mAb) for receptor-medi-
ated endocytosis performed in primates (Rhesus monkey) [19]. Another report 
showed that the human anti-insulin receptor monoclonal antibody (HIRMAb) was 
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able to transport a TNFα decoy receptor (TNFR), which would neutralize the 
effects of TNFα in inflamed brain regions, into the brain of Rhesus monkeys fol-
lowing intravenous administration [95]. Similarly, loperamide-loaded human 
serum albumin nanoparticles with covalently bound insulin or the anti-insulin 
receptor monoclonal antibody, 29B4 stimulated significant antinociceptive effects 
in the tail-flick test in ICR (CD-1) mice after intravenous injection, showing that 
insulin or the antibodies covalently coupled to human serum albumin nanoparti-
cles are able to transport loperamide across the blood–brain barrier (BBB), which 
the drug usually is unable to cross [96].

Rabies Virus Glycoprotein (RVG) RVG, a short peptide, is found on the surface 
of rabies virus. Rabies virus follows a decisive pathway to enter CNS. It enters the 
CNS by acting on the α1 subunits of nicotinic acetylcholine receptors (nAcR), 
which is widely distributed in CNS as reported by Lentz et al. Rabies virus glyco-
peptide is responsible for cellular entry and virus fusion. Modification of rabies 
virus CNS pathway can be a promising tool for the targeted drug delivery to the 
brain. One of the widely used RVG peptide is a 29-amino-acid peptide derived 
from rabies virus glycoprotein (RVG29). CNS targeting peptide such as RVG 29 
is a promising strategy, underlined by its wide application as a targeting peptide 
for CNS-targeting strategies. It is reported to inhibit the binding of snake-venom 
toxin α-bungarotoxin (BTX) to the AchR in solution [97]. The RVG29 peptide has 
been exploited as a brain-targeted ligand to deliver gene into the brain by conjuga-
tion on the surface of polyethylene glycol-polyamidoamine (PEG-PAMAM) [98]. 
Another study showed the RVG29 peptide-conjugated albumin nanoparticles 
could deliver itraconazole to the immortalized mouse brain endothelial cells [99]. 
Zou et al. reported that rabies virus glycoprotein (RVG) peptide conjugated pacli-
taxel loaded PLGA nanoparticles could deliver anticancer drug, paclitaxel, to the 
human glioma of mice model [100]. RVG-peptide-linked trimethylated chitosan 
could efficiently delivered siRNA to the mouse neuroblastoma Neuro2a cells with 
increased serum stability, negligible cytotoxicity, and higher cellular uptake than 
the unmodified siRNA/TMC—mPEG complexes in acetylcholine receptor posi-
tive Neuro2a cells [101].

Diphtheria Toxin Receptor (DTR) A membrane-bound precursor of heparin- 
binding epidermal growth factor (HB-EGF), also known as the diphtheria toxin 
receptor (DTR) is a well-characterized endogenous transport receptor on the BBB 
for the targeting of drugs. Usually, it is based on endogenous transport mechanism 
of molecules by receptor-mediated endocytosis. Based on receptor-mediated 
endocytosis, several molecules of proteins, essential nutrients, etc. are transported 
through it. The absence of any endogenous ligands expected to prevent the com-
petition with DTR and the blockage of transport of essential nutrients to the brain. 
As it is predominantly expressed on the BBB, neurons, and glial cells, it is over-
expressed during diseased conditions, providing an opportunity for targeted drug 
delivery [102]. Pharmacologically active compounds (like heparin and protease 
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inhibitors) can modulate its biological activity. A nontoxic mutant of diphtheria 
toxin known as CRM197 is used as the receptor-specific carrier protein because 
of its use as a safe and effective carrier protein in human vaccines for a long time 
[103]. A study by Tosi et al. showed the BBB crossing efficiency of polymeric 
poly-lactide-co- glycolide (PLGA) NPs modified with a mutated form of diphthe-
ria toxin (CRM197). CRM197 PLGA nanoparticles are able to reach the CNS by 
receptor-mediated endocytosis after interaction with diphtheria toxin receptor 
(DTR) [104]. In another study, CRM197-linked PEGylated polyethylenimine 
small interference RNA (CRM197-PEG-PEI/siRNA) could deliver therapeutic 
siRNA in glioblastoma cells [105].

Tetanus Toxin Tetanus toxin is a 150,000 molecular weight protein produced by the 
anaerobic bacterium Clostridium tetani. Tetanus toxin is transported to the brain as 
it binds to the gangliosides, a component of the neuronal membranes. Van Heyningen 
identified that tetanus toxin bound to the membrane glycolipids, gangliosides, and 
demonstrated that it bound best to certain specific disialogangliosides and trisialo-
gangliosides. Later on, it was found that a retrograde transport from distal axon 
terminals to the neuronal cell body can carry both heavy and light chains of tetanus 
toxin in motor nerves. It is evident that retrograde axonal transport of several sub-
stances from the peripheral neurons to motor neurons can penetrate the CNS effec-
tively bypassing the BBB. Hence, exploitation of retrograde neuronal transport may 
enhance the possibility to target nanoparticles to the CNS [106]. Out of the two 
fragments, the C-terminal heavy chain fragment is nontoxic, attached with the light 
chain which is endowed pathogenic enzymatic characteristics. The heavy chain 
fragments are transported along axons as it acts on the GT1b, the gangliosides 
receptor for tetanus toxin. As reported, an intramuscular injection of superoxide 
dismutase tetanus toxin into the mouse tongue reached higher order motor neurons. 
Also, an enhanced CNS uptake was obtained for intraperitoneal injection of tetanus 
toxin protein hybrid. Also, tetanus toxin-conjugated PLGA PEGylated nanoparti-
cles showed six fold increase in binding to N18-RE-105 neuroblastoma cells. 
However, its immunogenicity due to vaccination is a major concern [107]. To over-
come this problem, peptides analogous to tetanus toxin having similar binding effi-
ciency and subsequent cellular processing was identified, Tet1. Tet1 is transported 
in a retrograde manner. Another peptide, G23, with a sequence identical to Tet1 was 
identified that revealed effective targeting by a transcytotic pathway in human brain 
capillary endothelial cells and mediates efficient transport of G23-coated polymer-
somes across an in vitro BBB model [108]. Following intracarotid artery injection 
in mice studies provided an evidence for in vivo transfer across the BBB of intact 
peptide-targeted drug delivery into brain parenchyma. Further research confirmed 
the binding of G23 peptide and Tet1 to both GM1 and GTb1 gangliosides indicating 
that both gangliosides involve in transcytotic transport of G23-coupled polymer-
somes across the BBB [109].

5HT Receptors 5-hydroxytryptamine or 5-HT or serotonin receptors, a group of G 
protein coupled receptor and ligand gated ion channels are located both in the CNS 
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and peripheral nervous system. Serotonin receptor modulates the secretion of sev-
eral neurotransmitters such as acetylcholine, epinephrine/norepinephrine, dopa-
mine, glutamate, GABA as well as many hormones such as oxytocin, prolactin, 
vasopressin, cortisol, corticotropin, and substance P. The natural endogenous sero-
tonin is responsible for the activation of these receptors, which is transported across 
the BBB by receptor-mediated transcytosis. Several pharmaceutical drugs such as 
antidepressants, antipsychotics, anorectics, antiemetics, and antimigraine drugs are 
successfully targeted to these receptors [110]. Another subtype of 5HT or serotonin 
receptor is serotonergic 1B receptor subtype (S1BRS; 5-hydroxytryptamine (1B) 
receptor) expressed by brain endothelial cells.S1BRS could play a crucial role in the 
generation of and treatment for depression, regulation addictive drugs responses. 
The major concern is the reuptake of S1BRS by the CNS. Thus S1BRS antagonism 
could extend SSRI induced effect on 5-hydroxytryptamine levels in the frontal cor-
tex. Using this strategy, Carmustine (BCNUs) solid lipid nanoparticles modulated 
with S1BRSA could target S1BRS expressed on the human brain microvascular 
endothelial cells (HBMECs) for BBB penetration [111]. Other drugs such as etopo-
side, antitumor drug were successfully transferred across BBB using 5-HT 
moduline- grafted cationic solid lipid nanoparticles. It acts on the 5-HT1B receptors 
present on the brain endothelial cells and transported the drug by receptor-mediated 
endocytosis [112]. Similarly, an antimigraine drug, sumatriptan succinate, loaded in 
chitosan solid lipid nanoparticles could be successfully targeted to brain via oral 
delivery [113].

Other peptide used to target drugs based on ligand nanotechnology are trans- 
Golgi network (TGN) and QSH. Based on this technique, Zhang et al. developed a 
dual-functional nanoparticulate drug delivery system based on a PEGylated 
poly(lactic acid) polymer containing two targeting peptides, TGN and QSH, conju-
gated to the surfaces of the nanoparticles. TGN specifically targets ligands at the 
BBB, while QSH has good affinity for Aβ1–42, which is the main component of 
amyloid plaques, in Alzheimer disease. These nanoparticles were delivered to amy-
loid plaques with enhanced and precisely targeted delivery in the brains of Alzheimer 
disease model mice [114].

4.4 Surface-Functionalized Magnetic Nanoparticles

As discussed in the previous section, magnetic nanoparticles [i.e., SPIONs or iron 
oxide nanoparticles (IONs)] have gained lots of attention as a vector in drug deliv-
ery. The dual functioning of magnetic nanoparticles both as a diagnostic agent and 
targeting got significance in brain-targeted drug delivery. Magnetic nanoparticles 
follow three mechanisms to cross the BBB. Firstly, natural ligands such as peptides, 
antibody-conjugated magnetic nanoparticles target to a specific receptor in the 
brain. Secondly, application of an external magnetic field directs the nanoparticle-
incorporated drugs to the brain. Thirdly, application of low radiofrequency waves in 
the presence of an external magnetic field generates heat to open the tight junction 
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of the brain capillary endothelial cells which allow the diffusion of the drug across 
the BBB. The second and third strategies differentiate the magnetic nanoparticles 
from other nanoparticles while the first strategy based on attachment of ligands on 
the surface is similar with those other nanoparticles. Whereas combination of 
ligand-based strategies with the application of magnetic field may be useful for drug 
targeting to the brain [41].

Ligand-Functionalized Magnetic Nanoparticles Transport Across BBB The feasi-
bility of drug delivery using natural ligand-conjugated or -coupled magnetic 
nanoparticles is investigated and reported. One such is the modification of magnetic 
nanoparticles surface by peptides. Angiopep-2(ANG) conjugated to the surface of 
Pluronic F127 water-dispersible poly(acrylic acid)-bound iron oxide complex could 
cross the BBB due to its dual targeting ability, one to recognize the low density 
lipoprotein receptor protein, which is overexpressed in both BBB and glioblastoma 
cells and secondly, it acts on the clathrin-mediated receptor on the U87 surface. 
Thus, ANG-conjugated iron oxide complex undergoes receptor-mediated transcyto-
sis to cross BBB. Another peptide, trans-activator of transcription protein (TAT) 
when used to functionalize liposomes was able to increase permeability to the brain 
and also accumulated significantly in the spinal cord site [41]. Kaluzoba et  al. 
reported that cetuximab, an epidermal growth factor inhibitor, when conjugated 
with IONs resulted in a significant antitumor activity in rat against glioblastoma 
(GBM), GBM stem like cells (GSCs) that was greater than with cetuximab alone 
due to more efficient, CD133-independent cellular targeting and uptake, EGFR sig-
naling alterations, EGFR internalization, and apoptosis induction in EGFR- 
expressing GSCs and neurospheres [115].

Transport of Magnetic Nanoparticles Across the Brain Cell by External Magnetic 
Field Application The application of external magnetic field is directly propor-
tional to the particle size of magnetic nanoparticles. So an increase in particle size 
and strong magnetization are essential for attractive forces to exist. Most of the anti- 
HIV drugs not able to cross the BBB provoke the occurrence of diseases called 
neuroAIDS [41]. Jain et al. reported to modify the transport of endogenous macro-
phage system based on the monocytes/neutrophils mediated delivery of Arg-Gly- 
Asp (RGD) anchored magnetic nanoparticles transport to an in vitro BBB model by 
an externally applied magnetic field [41]. Thomsen et al. studied the capacity of 
fluorescent IONs to pass through human brain capillary endothelial cells facilitated 
by an external magnetic field. In another study, transferrin-conjugated magnetic 
liposomes passage to the BBB was studied, both in the presence and absence of an 
external magnetic field. In the presence of external magnetic field, transferrin- 
conjugated magnetic liposomes showed an increase in transmigration due to a syn-
ergistic effect than that in the absence of magnetic field [116].

Magnetic nanoparticles therapy increased the survival of glioma-bearing rats by 
enhancing the brain concentration of paclitaxel, an antigliomic drug [117]. Kong 
et al. reported that polystyrene  nanospheres encapsulated magnetic nanoparticles in 
the presence of an external magnetic field showed accumulation of nanospheres in 
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an in vitro brain model as observed by confocal laser scanning microscopy [118]. 
Another report, demonstrated that the application of the external magnetic field 
could target magnetic liposome to the glioma multiforme in  vivo, quantitative 
 determination by MRI, electron spin resonance spectroscopy to determine the 
 magnetic liposomes crossing the BBB, confocal laser scanning microscopy showed 
enhanced accumulation of magnetic liposomes in brain parenchyma [119].

Heating by Low Radiofrequency to Increase of BBB Permeability Application of an 
external altering magnetic field in the presence of radiofrequency generates heat 
energy, which induce hyperthermia. A moderate heat is required to open up the 
BBB tight junction which is reversible. Tabatabaei et al. initially observed the per-
meability of magnetic nanoparticles in rat brain due to generation of moderate heat 
in the presence of an externally applied magnetic field [41]. Dan et al. also observed 
the that the SPIONs cross linked with IONs were able to permeate through an 
in vitro BBB model (bEnd.3 and Madin-Darby canine kidney II cells) which was 
activated by hyperthermia dissipated by externally applied magnetic field in a con-
trolled manner and in a specific area [120]. Thus, it can be concluded that the hyper-
thermia generated due to an external applied magnetic field could have the potential 
to deliver SPIONs across the BBB for diagnostic and therapeutic activity.

Strategies Following Both Attachment of Ligand and Application of External 
Magnetic Field Recently, Nair showed that magnetic nanoparticles loaded with 
AZTTP (the triphosphate, active form of AZT) and encapsulated in liposomes could 
migrate across an established BBB model (primary human brain microvascular 
endothelial cells and astrocytes) when induced by application of an external mag-
netic field. Moreover, it showed the phagocytosis of the magnetic liposomes by 
human monocytes, and its transmigration across the BBB in the presence of an 
externally applied magnetic field in vitro [121]. A list of drugs/moiety delivered 
across the BBB is given in Table 15.1. Before implementing magnetic nanoparticles 
for drug delivery, toxicity studies need to be carried out in the specific cell type of 
interest. On a study, it was found that the unmodified SPIONs are responsible for 
cell death in dermal fibroblasts while lung cells appeared not to be affected. 
Secondly, it is the strength of applied magnetic field to control the concentration at 
the site of action, as the magnetic gradient decreases with an increase in distance 
from the site of application. Next is the small size, which reduces the magnetic 
strength making it a challenge for the particle to maintain its concentration at or 
near the site of action while withstanding the resistance of blood flow. Also, the 
effect of differences in physiological conditions (such as weight, cardiac output, 
blood volume), before extrapolating from animal study to human are to be consid-
ered. Thus, drug delivery using magnetic nanoparticles for the treatment of meta-
static neoplasm or small tumors remains a challenge [122]. However, proper 
modification of magnetic nanoparticles has a significant potential or recognition as 
well as efficient drug targeting to the sites where the conventional dosage cannot 
reach.

S. Lahkar and M. K. Das



299

Table 15.1 Drugs delivered across the BBB using magnetic nanoparticles

Strategies
Magnetic 
nanoparticles Mechanism Drugs/moiety Application References

Ligand 
conjugation

Lactoferrin- 
conjugated 
graphene oxide 
Iron oxide 
nanocomposites

Acting on 
lactoferrin 
receptor 
overexpressed 
in glioma cells 
and brain 
endothelial 
cells

Doxorubicin Efficacy and 
stronger 
cytotoxicity against 
C6 glioma cells

[123]

Transferrin- 
conjugated 
fluorescein 
magnetic 
nanoparticles

Acting on the 
transferrin 
receptors in 
brain 
endothelial 
cells

Fluorescein 
(FITC)

Wide distribution in 
brain parenchyma 
as observed by 
TEM and CLSM

[124]

Anti-IL-1β 
monoclonal 
antibody (mAb) 
SPIONs

Neutralization 
of IL-1β 
overexpressed 
in 
epileptogenic 
zone of 
temporal lobe 
epilepsy 
(TLE)

Anti-IL-1 
monoclonal 
antibody

Diagnosis and 
treatment of TLE 
by MRI

[42]

Chlorotoxin 
loaded 
methotrexate 
PEGylated iron 
oxide 
nanoparticles

Receptor- 
mediated 
endocytosis 
through 
lysosomes in 
brain 
cytoplasm

Methotrexate MRI diagnosis, 
accumulation and 
cytotoxicity in 
tumor cells in vivo

[125]

Application 
of magnetic 
field

Hybrid 
chitosan–
dextran SPIONs

Application of 
magnetic field

Chitosan- 
dextran 
SPIONs

Magnetic resonance 
contrast enhancing 
properties for the 
delineation of the 
brain tumor

[126]

cmHsp70.1 
monoclonal 
antibody- 
conjugated 
SPIONs

SPIONs Targeting 
membrane 
Hsp70 
expressed in 
tumor cells

MRI diagnosis of 
tumor

[127]

pEGFP/
p53-loaded 
SPIONs

P53 gene Targeting 
Tp53 to 
glioblastoma 
(U87) cells 
across a 
simulated 
BBB model 
that 
comprised 
KB cells

Induction of 
apoptosis in the 
cancerous cells

[128]

(continued)
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Table 15.1 (continued)

Strategies
Magnetic 
nanoparticles Mechanism Drugs/moiety Application References

Application 
of heat and 
magnetic 
field

Doxorubicin 
graphene 
oxide- 
PEGylated iron 
oxide hybrid 
nanocomposite

Photothermal 
therapy 
induced 
magnetic field

Doxorubicin MRI diagnosis, 
drug 
targeting,cytotoxic 
effect

[129]

Hydroxyapatite 
(HAP)-
conjugated 
SPIONs

Magnetic 
hyperthermia

SPIONs Magnetic 
hyperthermia 
induced destructive 
effects onto cancer 
cells only while 
minimizing the 
risks imposed onto 
healthy ones 
observed in U87 
human brain cancer 
cells and human 
mesenchymal stem 
cells (MSCs)

[130]

5  Neurotoxicity of Surface-Functionalized NPs

Drug delivery using nanoparticles as a novel carrier gained popularity as it can tar-
get the drug to the site generally unreachable by conventional dosage forms as well 
as control the drug delivery. As such, it can be used for targeting the drugs across the 
BBB due to small size, surface alteration characteristics, stability, target specificity, 
etc. Surface modification or functionalization is responsible to bypass the endoge-
nous opsonization and phagocytosis in the bloodstream, which otherwise would 
lead to an inefficient drug delivery to the brain. As discussed in the previous section, 
several strategies adopted for surface functionalization of nanoparticles are success-
ful in targeting several drugs, peptides, hormones across the BBB [19]. Still, chances 
of potential neurotoxicity exist during its passage to the brain. One such is the neu-
ron injury due to oxidative nanoparticles upon metabolism releases free radical, 
reactive oxygen species (ROS), which causes oxidative stress including DNA dam-
age. ROS are associated with neurodegenerative diseases like Alzheimer disease, 
Parkinson disease [131]. A study by Yuan et al. reported the neurotoxicity due to 
polymeric nanoparticles. Polysorbate 80-modified chitosan nanoparticles showed 
apoptosis and necrosis of neurons, slight inflammatory response in the frontal cor-
tex and decrease of GFAP expression in the cerebellum when injected in rat with no 
obvious changes observed for oxidative stress. Oxidative stress due to generation of 
free radicals may cause cell death [132]. Smaller sized NH2 polystyrene nano-
spheres gained access to the cell organelles (mitochondria) causing cell death due to 
free radical generated as reported. Another study showed that high dose 
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administration of poly-butyl cyanoacrylate nanoparticles caused depression in mice. 
Magnetic nanoparticles are also responsible for neurotoxicity due to the release of 
ROS [133] while neurotoxicity due to iron oxide magnetic nanoparticles is due to 
iron accumulation, oxidative stress and protein aggregation in the brain. Iron accu-
mulation in the neurons releases ROS, which causes oxidative stress. Iron accumu-
lation and the consequent oxidative stress leads to protein aggregation including Aβ 
and α-synuclein, which play a critical role in Alzheimer and Parkinson diseases, 
respectively. Ultimately, iron accumulation, oxidative stress and protein aggrega-
tion leads to cell death. A study carried out by Borysov et  al. showed that the 
unmodified ferritin magnetic nanoparticles significantly reduced l-[14C] glutamate 
transport in synaptosomes and acidification of synaptic vesicles with no change in 
the membrane potential of synaptosome. While coated magnetic nanoparticles with 
polysaccharides such as dextran, had no significant effect on synaptic vesicle acidi-
fication, the initial velocity of l-[14C] glutamate uptake, ambient level of l-[14C] 
glutamate and the synaptosomes plasma membrane potential [134]. The neurotoxic 
potential for iron oxide nanoparticles was observed in rat brain striatum by incubat-
ing dopaminergic neurons with radioactive iron oxide nanoparticles. The result 
showed that it leads to neuron viability, trigger oxidative stress and caused apoptosis 
[135].For lipid nanoparticles it is found that composition of lipid and surfactant 
plays an important role in toxicity. So optimization and regulation of composition is 
a key factor in reducing toxicity [136]. In order to have less neurotoxicity, a proper 
evaluation of physicochemical characteristics such the morphology, surface area, 
surface charge, coating, purity, material solubility, and the materials used for formu-
lation should be considered. Other parameters, such as the dosage, administration 
route, concentration of the drug in the target organ, duration of action, and the deg-
radation time of the biodegradable materials are most important and fundamental 
problems to be considered in the evaluation of nanoparticle neurotoxicology [131, 
137]. A list of neurotoxicity study of different nanoparticles is shown in Table 15.2.

Table 15.2 Neurotoxicity study of nanoparticles

Types of 
nanoparticles Neurotoxicity study Results References

Zinc oxide 
nanoparticles

Zinc oxide nanoparticles 
induced neurotoxicity in 
different age group 
C57BL/6 J mice

Neurotoxicity in old aged mice 
is due to the suppression of 
hippocampal cAMP response 
element binding protein 
(CREB), phosphorylated CREB, 
synapsin I, and cAMP

[138]

Iron oxide 
nanoparticles

Toxicity assessment of 
iron oxide nanoparticles 
in Zebrafish (Danio rerio) 
early life stages

≥10 mg/L of iron oxide 
nanoparticles induced 
developmental toxicity in Zebra 
fish embryos, causing mortality, 
hatching delay and 
malformation

[139]

(continued)
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Types of 
nanoparticles Neurotoxicity study Results References

Superparamagnetic 
iron oxide 
nanoparticles 
(SPIONs)

Characterization of 
superparamagnetic iron 
oxide nanoparticle- 
induced apoptosis in 
dopaminergic neuronal 
PC12 cells and mouse 
hippocampus and striatum

It showed a dose-dependent 
cytotoxic in PC12 cells at 
60–200 μg/mL but not at 
10–50 μg/mL, reduced cell 
viability, decreased the PC12 
cells capacity to extend neuritis 
in response to nerve growth 
factor (NGF), increased PC12 
cell apoptosis. Also decreased 
the TH+ fiber density in both the 
dorsal striatum and the 
hippocampus

[140]

Oleic acid-coated 
iron oxide 
nanoparticles

Neurotoxicity assessment 
of oleic acid-coated iron 
oxide nanoparticles in 
human neuronal cells 
SH-SY5Y cells

Moderate cytotoxicity related to 
cell membrane impairment, cell 
cycle disruption and cell death 
induction, especially notable in 
serum-free medium

[141]

Iron oxide 
nanoparticles

Study based on iron oxide 
nanoparticles induces cell 
cycle-dependent neuronal 
apoptosis in mice

The result showed an increased 
level of oxidants, β amyloid 
accumulation, reduced level of 
cdk5, which indicates cell 
apoptosis and DNA damage due 
to overexpression of RNA Pol II 
and PARP cleavage

[142]

Silica-coated iron 
oxide nanoparticles

Study of the cytotoxicity 
and genotoxicity of 
silica-coated ION was 
evaluated on human 
A172 glioblastoma cells

The result showed certain 
cytotoxicity, related to cell cycle 
disruption and cell death. Scarce 
genotoxic effects and no 
alteration of the DNA repair 
process were observed

[143]

Iron oxide 
nanoparticles

Toxicity evaluation of 
magnetic iron oxide 
nanoparticles with egg 
albumin and subsequent 
toxicity on chicken 
embryo

Histology of brain tissue 
revealed degeneration of 
neurons (50–60%) at 10–100 μg/
ml dose range of IONs

[144]

Table 15.2 (continued)

6  Conclusion

Nanoparticles have got significant potential in targeting therapeutics to the brain in 
the treatment of several diseases such as Alzheimer disease, cancer, Parkinson dis-
ease, epilepsy, and HIV encephalopathy. Till now several drugs are targeted to the 
brain based on several strategies as discussed. A prior challenge in drug targeting to 
the brain is the avoidance of opsonization and phagocytosis in blood, which can 
now be easily avoided by surface-functionalized nanoparticles, facilitating an effi-
cient drug delivery to the brain. Still, neural cell death associated with oxidative 
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stress including neurodegenerative diseases may occur due to ROS released by 
nanoparticles in neurons. Thus, it is essential to carry out neurotoxicity or cytotoxic-
ity studies for nanoformulations. However, results obtained in animal studies may 
not be extrapolated to human beings due to differences in physiological conditions 
of the body, genetic factors, and differences in transport mechanisms. Thus, studies 
dealing with pharmacokinetic and pharmacodynamic effects of nanoparticles on the 
physiological conditions of the body have to be considered for efficient drug target-
ing to the brain with reduced neurotoxicity. Reduction of neurotoxicity can be 
achieved by proper evaluation of the physicochemical characteristics of nanoparti-
cles as well as their pharmacokinetic and pharmacodynamic parameters.
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Chapter 16
Surface Modification of Resorcinarene- 
Based Self-Assembled Solid Lipid 
Nanoparticles for Drug Targeting
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Abstract Supramolecular chemistry associates the dual concepts of self-arranging 
and molecular perception to generate novel nanocarrier systems. Nanoparticles 
have numerous benefits over other drug delivery carriers. Solid lipid nanoparticles 
(SLNs) have acquired significant attention as a potential substitutive carrier system 
to usual colloidal carriers like liposomes, emulsion, as well as polymeric nanopar-
ticles. SLNs are the novel fundamental approaches to alter the oral bioavailability 
problems of the poorly aqueous soluble drug. However, due to the hydrophobicity 
of SLNs, they are essentially stabilized to prevent aggregation and diminish the 
liability of clearance by the macrophage system. Therefore, coating the SLNs sur-
face by a highly hydrophilic moiety leads to prevent aggregation and severe interac-
tion with healthy cells. Resorcinarenes are synthetic supramolecular macrocycles 
with bowl-shaped head and several hydrogen-bonding tails which are capable of 
developing additional host-guest complexes through the self-associate process. 
Resorcinarenes are the most frequently studied macrocycles for the buildup of 
supramolecular SLN systems, because the bowl-shaped head of the resorcinarene 
molecules can enable them to adhere readily to the SLN surface, permitted them to 
interact with the substances outside the coating but prevented them from touching 
each other, leading to meaningful impact on the stability aspects and physical–func-
tional properties of nanoparticles. Significantly, resorcinarenes and its water-soluble 
components show good biodegradability, biocompatibility, and nontoxicity, which 
are essential requirements for applications in any type of drug delivery carriers. This 
chapter highlights the recent development in resorcinarene-based lipid nanocarriers 
for drug delivery and targeting.
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1  Introduction

In current years, the meaningful effort has been committed to establishing nano-
technology for drug delivery, since it offers a convenient means of transporting low 
molecular weight drugs and biomolecules like genes, proteins, and peptides to cells 
or tissues and protects them against enzymatic deterioration [1–3]. Nanoparticles 
with their typical features like narrow particle size, broad surface area, and the capa-
bility to change their exterior properties have numerous benefits over other drug 
delivery carriers [4, 5]. Targeted drug delivery to the specific organ is highly attrac-
tive for local or systemic treatment or diagnosis of various diseases [6, 7]. Drug 
targeting indicates for discriminating and efficient localization of therapeutically 
active ingredient at target tissues or cells, while lowering its connection to nontarget 
cells or organs, leading to effective treatment at the therapeutically effective doses 
and minimize the toxic adverse effects [8, 9].

Solid lipid nanoparticles (SLNs) have acquired significant attention as a potential 
substitutive carrier system to usual colloidal carriers like liposomes, emulsion, as well 
as polymeric nanoparticles [10, 11]. The SLNs are the attractive contraption that is 
beneficial because the solid compartment of the lipids provides more flexibility in 
controlling the release process of the entrapped drug [12, 13]. SLNs are prepared by 
solid lipid instead of using liquid lipid and are distributed in water or an aqueous sur-
factant solution, giving particle size in the ranges between 50 and 1000 nm [14, 15]. 
SLNs are one of the essential approaches to alter the oral bioavailability problems of 
the low water or aqueous soluble drugs, resulting in protection of entrapped drugs 
from deterioration, the release of drug in a delayed or controlled manner, and good 
desirability [16–18]. SLNs are generally prepared using natural solid lipids, water, 
emulsifiers, and co-solvent [19]. In addition to these natural solid lipids, macrocy-
clic synthetic supramolecules have been exhibited to be a good candidate to replace 
these amphiphiles [20].

Supramolecular chemistry associates the dual concepts of self-configuration and 
molecular perception to generate novel nanocarrier systems [21]. Self-assembles of 
supramolecular architecture can automatically form nanoparticles and currently used 
as the development of nanodrug carriers [22]. Method for self-assembling of nanopar-
ticles significantly relies on the nature or character of the particles used and the 
medium which they are dispersed [23, 24]. The self-assembling technique denoted 
potential aspect to produce nanomaterials with tunable properties, or a device-like 
function has triggered a worldwide research attempt to develop bottom- side- up 
approaches using an extended set of nano-range building blocks [25–27].

Resorcinarene is an organic surfactant, a cyclic oligomer with a bowl-shaped head 
and several hydrogen-bonding tails based on the condensation reaction between res-
orcinol and aldehydes [28]. Resorcinarenes and cyclodextrins are the most widely 
investigated supramolecules for the development of SLNs [29, 30]. The cyclodextrins 
have been manifested to self-assemble as SLNs when suitably modified, but their 
intrinsic toxicity limits their application for biomedical purposes [31, 32]. SLNs based 
on resorcinarenes have been studied, and it has been  demonstrated that in addition to 
their remarkable physicochemical properties, they exhibit no intrinsic toxicity [33, 34]. 
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In addition, they have shown remarkable properties as controlling agents of a widely 
used UV absorber, which offers a new scope of applications as carriers for sunscreens 
[35]. Interestingly, resorcinarenes while derived from resorcinol and aldehyde neither 
show toxic effects nor provoke immune reactions [36]. Such molecules seem to be 
promising candidates for the expansion of supramolecular SLN systems and show 
their molecular acceptance properties with respect to biomolecules like carbohy-
drates, proteins, and amino acids [37, 38].

Precisely, bowl-shaped head of the resorcinarene molecules can enable them to 
adhere readily to the SLNs surface and permitted them to interreact with the sub-
stances outside the coating but restrained them from touching each other [39, 40]. 
This technique has a meaningful impact on the physical–functional properties and 
stability aspects of nanoparticles [40]. However, the definite capability of these 
supramolecular structures to entrapped various active components in both supramo-
lecular cavity and the SLNs compartment might be an interesting substitutive to the 
conventional SLNs and potential for drug targeting, contrast agents in the biological 
system, and cosmetic additives. This chapter highlights the recent development in 
resorcinarene-based lipid nanocarriers for drug delivery and targeting.

2  Stereochemistry of Resorcinarenes

Resorcinarenes are nonpolar, 3D compounds and have generated a number of ste-
reoisomers [41]. The stereochemistry of resorcinarenes is generally explained by a 
combination of the three subsequent stereochemical criteria [42]. The steric confor-
mation of resorcinarenes is shown in Table 16.1.

The first criterion is the configuration of the macrocyclic ring. The macrocycle 
can adopt one of five highly symmetrical conformations, viz., Crown (C4v), i.e., one 
macrocycle ring oriented in an upward position as like bowl shape, thus forming the 
crown conformer; Boat (C2v), i.e., two opposite macrocycle rings can occupy an 
upward position with another two rings lying in perpendicular position to them, thus 
forming the boat conformer; Chair (C2h), i.e., one upward ring oriented with two 
adjacent rings perpendicularly and the fourth ring in a downward position, thus form-
ing chair isomer; Diamond (Cs), i.e., two adjacent rings oriented in upward and 
another two adjacent rings oriented in downward position; and Saddle (D2d), i.e., two 
opposite rings facing upward and another two rings facing downward [43, 44].

The second criterion denotes the orientation of groups attached to carbon atoms at 
the benzylic position of resorcinarenes, results in four stereoisomers, viz., cis (rccc), 
i.e., all attached groups facing the same direction in a cis-relationship to a reference 
group; cis–cis–trans (rcct), i.e., one group on opposite orientation to the other three 
groups; cis–trans–trans (rctt), i.e., two groups opposite to the pair containing the refer-
ence group; and trans–cis–trans (rtct), i.e., reference group is in a cis-relationship with 
the substituent opposite to it and trans-relationship with those adjacent to it [44].

The last criterion is the configuration of individual substituents on the carbon 
atoms at the benzylic position of the resorcinarene macrocycle which may be either 
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Table 16.1 Resorcinarene stereoisomers and its structures

Sl. no. Conformation Structure

1 Crown (C4v)

2 Boat (C2v)

3 Chair (C2h)

4 Diamond (Cs)

5 Saddle (D2d)

6 Configuration at methylene bridges
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axial or central position of the macrocycle C-symmetry [44]. The combination of all 
these three criteria results in a wide number of possible stereoisomers with several 
of which have been reported experimentally.

3  Synthesis of Resorcinarene Derivatives

3.1  Acid-Catalyzed Preparation of Resorcinarenes

Resorcinarenes are synthesized by a one-step condensation reaction procedure using 
an equal amount of resorcinol and aldehyde in the presence of a solvent and an acid 
catalyst [45, 46]. Methanol or ethanol is the most extensively used solvent in the 
resorcinarenes preparation [47]. The reaction mixtures are refluxed for a couple of 
hours, and the products formed are crystallized out from the solution on cooling [48]. 
An outline of the reaction scheme is shown in Fig. 16.1.

3.2  Novel Preparation of Variant Resorcinarenes

Functionalized or modified resorcinol is used as starting material in the preparation of 
functionalized resorcinarenes [49]. The resorcinols with electron donating groups at 
their 2-positions form any resorcinarenes under the acidic conditions, while under the 
basic conditions resorcinols with electron accepting groups at their 2-positions form 
novel resorcinarenes derivatives [49]. The synthesis scheme is shown in Fig. 16.1.

3.3  Preparation of Pyridine Derivatives of Resorcinarenes

Pyridine derivatives of resorcinarenes, i.e., pyridine[4]arenes, have been prepared 
by cyclocondensation of 2,6-functionalized pyridines and aldehydes under similar 
reaction procedure as for the preparation of conventional resorcinarenes [50]. 
The synthesis scheme is shown in Fig. 16.1.

3.4  Synthesis of Heteroatom Containing Macrocyclic 
Cyclophanes or Heterocalixaromatics

The addition of heteroatom bridges in place of methylene bridges i.e., nitrogen in a 
place of CH2 at the benzylic position of the resorcinarenes is an exceptionally inter-
esting modification conferring new class of resorcinarenes derivatives called hetero-
calixaromatics [51]. For instance, nitrogen can adopt sp3 or sp2 electronic 
configuration providing different conjugation system between the heteroatoms and 
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Fig. 16.1 Synthesis scheme of resorcinarene derivatives
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adjoining aromatic rings [52]. Based on the configuration or conjugation, various 
C–N bond length and C–N–C bond angle are thus formed, and heteroatom linkages 
significantly affect the electron density of aromatic rings, and the electron features 
of macrocycle cavities may be regulated by heteroatoms [52]. Therefore, such com-
pounds are synthesized using more complex procedures as compared to the conven-
tional resorcinarenes. The synthesis scheme is shown in Fig. 16.1.

4  Functionalization of Resorcinarenes

Several types of methodologies have already been explored to define the function-
alization of resorcinarenes over the last few years. These methodologies permit 
the preparation and modification of resorcinarenes that are mainly performed at 
the three functionalized positions, i.e., lower rim, upper rim, and O-alkylation or 
acylation (Fig. 16.2) [53].

4.1  Lower-Rim Functionalization

Functionalization at this position arises from the preferred type of aldehyde used in the 
preparation of resorcinarenes, since the group attached to the aldehyde functionality 
ends up composing lower rim [53, 54]. A vast variety of aldehydes including saturated 
alkyl aldehydes, unsaturated alkyl aldehydes, and phosphorous containing aldehydes 
are used in the resorcinarenes preparation [55]. These functionalized aldehydes lead to 
the construction of resorcinarenes bearing several lower-rim functionalities [56].

4.2  Upper-Rim Functionalization

Like any other aromatic compound, resorcinarenes can undergo electrophilic sub-
stitution reaction, at their upper-rim ortho positions to furnish tetrafunctionalized 
resorcinarenes under the suitable conditions [57]. The appearance of two 

Fig. 16.2 Functionalizable positions of resorcinarenes
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electron- donating hydroxy groups in the aromatic rings of the resorcinarenes is 
mainly susceptible to electrophilic substitution at ortho position [58]. The ortho 
substituent has the ability to form intramolecular H-bonds with the neighboring 
hydroxy groups of the resorcinarene units leading to the formation of C4 spinning 
symmetry-based chiral derivatives [59].

4.3  O-Alkylation

O-Alkylation-based functionalization has been used for the synthesis of octafunc-
tionalized resorcinarenes by reacting alkyl groups [60]. For example, reacting the 
3-alkoxy-5-benzylbromidealkoxybenzyne with the phenolic hydroxyl group of res-
orcinarenes in the presence of potassium carbonate managed to furnish resorcin-
arene dendrimers via this type of functionalization [61, 62]. The phenolic hydroxyl 
group plays a major contribution in the equalization of resorcinarene conformation 
and allows for O-alkylation or acylation reactions which promote resorcinarenes 
chirality [63].

4.4  Selective Functionalization

Apart from the synthesis of functionalized resorcinarenes mentioned above, meth-
odologies for the selective functionality of resorcinarene derivatives have been 
planned [64]. There are two methodologies, which can be adopted to access distal 
functionalized resorcinarenes, i.e., lithium–halogen exchange mainly generates 
nucleophilic organolithium intermediates from alkyl halides whose reaction with 
electrophiles leading to the formation of functionalized organic compounds [65, 66] 
and selective acylation depends mainly on the feature of both solvent and acylating 
agent leading to selective distal functionalization of resorcinarenes [67, 68]. For 
example, the reaction between octahydroxy resorcinarenes and N-bromosuccinimide 
resulted in the manufacturing of distally brominated resorcinarenes [69].

5  Resorcinarene-Based Self-Assembled SLNs

5.1  SLNs of Resorcinol-Dodecanal Cyclotetramer

Resorcinol-dodecanal cyclotetramer (RDC) was prepared by one-step synthesis 
procedure based on the acid-catalyzed reaction between resorcinol and dodecanal in 
ethanolic solution [70]. SLNs based on RDC were prepared by solvent displace-
ment method [71]. These types of SLNs can be acquired by without surfactant and 
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comparison to other substitutive colloidal or nanocarrier system where a surfactant 
is essential in their formulation was of interest to consider the feasible impact of 
conjugated surfactant [72]. The result demonstrated that small but significantly 
larger size of the particle was detected when using Pluronic F68 (2% w/w) in the 
organic phase leads to the diameter of 180 nm [73]. Above this quantity, when the 
surfactant concentration is significantly raised up to 20% w/w, the size of the SLNs 
remained invariant. In general, a higher surfactant concentration lowers the surface 
tension and promotes the partition of the colloidal particle by decreasing the particle 
size which is joined to enlarge the superficial area [73]. The main variation in the 
nature of surfactant toward these SLN systems might be correlated with the response 
of the HLB value of each supramolecular structure which affects their self- 
emulsification characteristics [74, 75]. However, the particle size of the RDC-based 
SLNs remains stable or reliable in the pH range from 4 to 8, while vulnerable stabil-
ity was noticed at pH range within 2–4. The impact of stirring or rotating speed, 
microwave irradiation, and ultrasonic and thermal treatment had no detectable 
impact on the drug stability as well as particle size [76].

5.2  SLNs of Resorcinarene Bis-Crown Ethers

Resorcinarene bis-crown ethers (CNBC5) was prepared by sequence beginning with 
a reaction between ethylene glycol and several tetramethoxy resorcinarenes [77]. 
SLNs based on CNBC5 were prepared by solvent displacement method without 
surfactant and characterized by using photon correlation spectroscopy (PCS), which 
shows a hydrodynamic particle diameter of 220–320 nm [71–78]. The impact of 
alkyl chain length and concentration of CNBC5 on the size of SLNs has been 
explored in two different ways, i.e., in the first case, with a fixed molar concentra-
tion of CNBC5, the size of particles significantly increases when the length of alkyl 
chain has been increasing, while in another case, the concentration was kept con-
stant and the size of the particle was almost similar than that of the first case [78]. 
This result demonstrated that change in the CNBC5 amount within the two cases did 
not produce any effect on the SLNs properties and the alteration of the particle size 
depended only on the length of the alkyl chain.

5.3  SLNs of Tetrakis (N-Methylprolyl)Tetraundecylcalix[4]
Resorcinarenes (L-RA-Pro)

Amphiphilic tetrakis (N-methylprolyl)tetraundecylcalix[4]resorcinarenes (L-RA- Pro) 
was prepared by a Mannich-type reaction of l-proline, resorcinol-dodecanal cyclo-
tetramer, and formaldehyde in ethanol [79]. SLNs based on L-RA-Pro was prepared 
by solvent displacement method and characterized by PCS, which shows a 
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hydrodynamic diameter around 195 ± 5 nm [71–80]. L-RA-Pro-based SLNs were 
chemically stabilized by N-hydroxysuccinimide and then reacted with bovine serum 
albumin (BSA) to obtain proteo-SLNs [80]. These results suggested that when 
L-RA-Pro based SLNs are reacted with BSA, forms a uniform surface monolayer 
due to a particular interaction between L-RA-Pro based SLNs and BSA. Photon 
correlation spectroscopy (PCS) analysis demonstrated that SLNs showed no indica-
tive changes after the chemical modification in the case of particle size [80].

6  Surface Modification of Resorcinarene-Based  
Self- Assembled SLNs

The surface of the nanoparticle is modified with coupling agents after nanoparticle 
preparation. The polymer employed for the nanoparticles preparation must have one 
reactive group, which is observed on the nanoparticles surface for proper conjuga-
tion [81]. The coupling agents are dispersed in the external phase of a nanoparticles 
suspension, which activate the reactive group of the nanoparticles [82, 83]. These 
activated reactive groups of nanoparticles are then adjoined with targeting or func-
tional material like ligand, drug, organic material, enzymes, etc. [84, 85]. 
Macrocyclic amphiphiles including cyclodextrins, resorcinarenes, and calixarenes 
are attractive materials for the nanoparticles preparation because they have out-
standing self-organizing properties by forming host–guest complexes within their 
cavities [86]. Herein, very few information has been investigated regarding the sur-
face modification of resorcinarene-based self-assembled SLNs. In 2007, Stefan 
Ehrler et al. reported that the synthesis of SLNs based on a prolyl bearing resorcin-
arene (L-RA-Pro) and their chemical modification with bovine serum albumin 
(BSA) and the interaction with surface-bound anti-albumin antibodies have been 
studied [80]. The prolyl bearing resorcinarene (L-RA-Pro)-based SLNs was pre-
pared by solvent displacement method [71]. The amphiphilic properties of L-RA- 
Pro have been validated by Langmuir balance method, and it was demonstrated that 
these molecules at their air–water interface form monomolecular layers, with prolyl 
moieties immersed in the water sub-phase and able to contact with copper and to 
build up a ternary supramolecular enantioselective complex with phenylalanine 
[87]. The complex process of self-organization of amphiphiles to form SLNs is 
driven by amphiphilic self-assembly and it is expected that prolyl moieties of 
L-RA-Pro are partially operative at the SLNs surface [87]. For further modification 
of SLNs surface, it could be submitted to chemical activation using 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and N-hydroxysuccinimide 
(NHS) and subsequently reacted with BSA to develop proteo- SLNs [80] as shown 
in Fig. 16.3.

The evidence of the successful grafting of bovine serum albumin at the surface 
of the SLNs based on L-RA-Pro arises from their capability of interacting with 
surface-bound polyclonal specific antibodies, which form a fine layer at the surface 
of the SLNs [88].
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7  Potential of Drug Targeting by Surface-Modified 
Resorcinarene-Based SLNs

The application of nanotechnology in drug targeting has driven to further advances 
in the preparation of novel nanoparticles system for diagnosis and treatment of 
many diseases [89]. As the conventional nanoparticulated system has some limita-
tions, surface modification has enabled further growth and enhanced the capability 
of such nanoparticles [90, 91]. Generally, the nanoparticle surfaces are covered with 
the hydrophilic moiety or polymer to provide long circulation and are conjugated 
with enzymes or targeting ligands for site-specific delivery [92]. Solid lipid nanopar-
ticles (SLNs) have gained attraction because of their outstanding properties such as 
biocompatibility, biodegradability, stability, superior drug-loading capacity, and 
ease of modification [93]. However, due to the hydrophobicity of SLNs, they must 
be stabilized to hinder aggregation and minimize the risk of clearance by the mac-
rophage system [94]. Therefore, coating the SLNs surface by a highly hydrophilic 
moiety made of molecules such as polyethylene glycol or proteins such as albumin 
or supramolecules such as resorcinarenes leads to inhibit aggregation and non- 
specific interaction with healthy tissues or cells as well as minimizing the harmful 
effects of toxic materials [95].

Supramolecular appeals have been engaged in the drug delivery system and 
fascinate much attention among the researchers [96]. The enormous research 
attempt has been assumed to enhance the therapeutic potency and reduce the side 

Fig. 16.3 Surface modification scheme of resorcinarene-based SLNs
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effects of anticancer drugs, because they have demerits of affecting both cancer 
cells along with the healthy cells, with the concomitant secondary side effects such 
as cardiotoxicity, neurotoxicity, and cytotoxicity [97, 98].

Different generations of supramolecules or synthetic macrocycles such as resor-
cinarenes, calixarenes, cyclodextrins, and pillarenes have been hired for the con-
struction of a new drug delivery system [99, 100]. Resorcinarenes are bowl-shaped 
synthetic supramolecular macrocycles composed of eight –OH groups that can 
engage in hydrogen bonding and capable of developing additional host-guest com-
plexes through the self-associate process [101, 102]. Significantly, resorcinarenes 
and its water-soluble components show good biodegradability, biocompatibility, 
and nontoxicity, which are essential requirements for applications in any drug deliv-
ery carriers [103]. Therefore, the use of surface-modified resorcinarene-based SLNs 
may open new routes for drug targeting.

8  Surface Modification of Metal Nanoparticles 
with Resorcinarenes

Metal nanoparticles are one of the markedly studied nanomaterials with their poten-
tial significance for both basic and applied research [104]. Although such nanoma-
terials have magnificent physical, chemical, optical, or electronic properties, they do 
not hold compatible surface or interfacial properties for particular applications, so it 
may be urgent to modify such nanoparticles surface [105, 106]. The surface modifi-
cation of metal nanoparticles is used to upgrade their stability, biocompatibility, 
surface energy, and so on [107]. The suitable modification of such nanoparticles 
surface differs the surface structure, composition, or morphology of materials and 
may result to controlled assembly or transferring of nanoparticles to the aqueous or 
organic media [108]. There are numerous ways for modification of the hydrophilic-
ity or hydrophobicity on the surface of metal nanoparticles such as ligand exchange, 
ligand chemical modification, and/or supplementary layers of polymers that fix the 
particles in relevant phase [108, 109]. Therefore, modification of metal nanoparticle 
surfaces by the hydrophilic macrocycles, i.e., resorcinarene derivatives forming 
inclusion complexes on the surface of nanoparticles, resulted to the efficient deliv-
ery of metallic nanoparticles in aqueous or organic-phase count on the scientific 
demand [110, 111]. The surface modification of various metal nanoparticles by res-
orcinarenes and its derivatives are summarized in Table 16.2.

9  Conclusion and Future Prospects

The amphiphilic properties of macrocycles lead to the good stability of SLNs in an 
aqueous colloidal solution due to the arrangement of the macrocycles coat on the 
nanoparticles surface. The macrocycles layers are convenient for the self-associate 
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process leading to the partial association of SLNs in aqueous media while preventing 
their aggregation and also furnishing the preferences to the supramolecular modifi-
cation of the SLNs surface through the intermolecular interaction with oppositely 
charged surfactants and organic molecules. The formation of resorcinarenes layered 
on the surface of SLNs has reinforced the receptor properties owing to the configura-
tion of diverse aggregates with guest molecules via host-guest interrelation make 
them a preferred candidate for drug targeting. Although scientists have achieved 
remarkable success toward resorcinarene-stationed drug delivery system, so far, 
there are only a few researches that have been accomplished on a cellular level. The 
suspicious toxicity and the current unavailability of FDA approval to use these mac-
rocycle supramolecules in medicine enable us to expect that such types of nanocar-
rier system deserve further clinical and preclinical medical testing in near future.

Declaration All figures and tables are original and self-made.
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Chapter 17
Targeted Delivery of Surface-Modified 
Nanoparticles: Modulation 
of Inflammation for Acute Lung Injury

Hiep X. Nguyen

Abstract Nanocarriers have been widely employed in the diagnosis and treatment 
of various diseases. The drug release kinetics and pharmacodynamics could be 
adjusted by changing the materials, designs, and physicochemical properties of the 
carriers. Furthermore, the carrier surface could be modified to minimize the parti-
cle clearance, increase the circulation duration, escape the biological protective 
mechanisms, penetrate through physical barriers, and prolong the residence of the 
drug at the target site. Among lung diseases, acute lung injury has been considered 
life-threatening with approximately 190,000 cases and 74,500 deaths per year in 
the USA. Numerous researches have reported the efficacy of drug-encapsulated 
nanoparticles in the treatment of acute lung injury. The use of nanoparticles could 
help minimize the effect of airway defenses in the lung, thus provides a prolonged 
retention, sustained drug release, and targeted delivery to the lung tissues. 
Meanwhile, the toxicity of nanoparticles in the lungs needs to be investigated thor-
oughly to alleviate the safety concerns. In this chapter, we discuss the targeted 
pulmonary delivery of surface-modified nanocarriers to efficiently treat acute lung 
injury.
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1  Nanoparticles

1.1  Introduction of Nanoparticles

Targeted nanoparticles especially nano-sized drug delivery systems were first intro-
duced into the field of medicine in the nineteenth century. In the 1960s, nanoparti-
cles were developed for vaccination delivery [1]. From then on, nanotechnology has 
been furthered in numerous clinical trials and several products available on the mar-
ket, particularly in the diagnosis and treatment of cancer [2, 3]. Also, a wide range 
of nanocarrier types has been fabricated and optimized as advanced drug delivery 
systems.

Nanoparticles have been fabricated from various macromolecular materials with 
the size ranging from 1 to 200 nm to drive therapeutic agents into the body tissue 
[4]. A wide range of diseases has been targeted with nanoparticles such as cancer [5] 
or tuberculosis [6]. Despite a long history of research and development, the number 
of marketed products with nanoparticles remains limited. The first commercial 
product was Abraxane® (available in 2005), which was formulated as an injectable 
albumin nanoparticle suspension with paclitaxel to treat cancer [7] (Table 17.1).

1.2  Properties of Nanoparticles

Nanoparticles have been commonly used as drug carriers where the active therapeu-
tical ingredients could be dissolved, entrapped, encapsulated, adsorbed, or attached 
to the particles using various fabrication methods including solvent evaporation, 
nanoprecipitation, or multiple emulsions [7–9]. The drugs can be retained in the 
particles with covalent, electrostatic interactions or the like [10]. These solid col-
loidal nano-sized particles are constructed with biocompatible and biodegradable 
materials that decompose at a certain rate in the body. The degradation process of 
these materials could be adjusted to alter the drug release and the physicochemical 
properties of the nanoparticles [11].

The circulation, absorption, and elimination of nanoparticles in the human body 
vary depending on the properties of the particles and the targeted tissues. Blood–
brain barrier allows nanoparticles with size less than 1 nm to efficiently pass through 
while nanoparticle of 6 nm dimension could penetrate the continuous capillaries in 
muscles, lungs, and skin tissue. With the size range from 40 to 60 nm, nanoparticles 
could escape the fenestrated capillaries in kidney, intestine, and endocrine or exo-
crine glands [12]. There has been found agglomeration of large nanoparticles (size 
of more than 600  nm) in liver, spleen, and bone marrow [13]. The electrostatic 
properties of nanoparticles could be employed to facilitate or inhibit the particle 
endocytosis. Positively charged nanoparticles could be attached rapidly to cells with 
the negatively charged surface [12]. Nanoparticles have long been used as imaging 
agents and drug carriers due to their numerous advantages such as (1) large 
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 surface-volume ratio, (2) biological mobility, (3) enhanced tissue penetration, (4) 
drug  protection against degradation or loss, (5) sustained and controlled drug 
release, (6) reduction of dose frequency, (7) improved patient compliance, and (8) 
increased drug level at the target site [7, 14, 15].

1.3  Surface-Modified Nanoparticles

These days, nanoparticle surface and dimensions have been modified to minimize the 
particle clearance, increase the circulation time, escape the biological protective 
mechanisms, penetrate through physical barriers, and prolong the residence of the 
drug at the target site [7]. Thus, various moieties have been utilized for modification 
and functionalization of the nanoparticle surface in accord with different stimuli [12].

Nanoparticles could be stimulated by endogenous or exogenous factors. The 
endogenous stimulus includes redox, enzyme, and pH while light, ultrasound, and 
magnetic fields have been employed as exogenous factors to manipulate the behav-
ior of nanoparticles [16]. Surface modification and polymeric coating of nanocarri-
ers could allow altering the half-life, biocompatibility, biodistribution, circulation 
duration, stimuli reactivity, and therapeutic application [10, 17]. Furthermore, the 
hydrophilicity of nanoparticles was found to primarily determine the rate of particle 
binding on blood components. Hydrophobic nanoparticles without surface func-
tionalization have been indicated to be eliminated rapidly whereas the circulation 
was significantly enhanced as these particles were coated with hydrophilic poly-
mers or surfactant to increase the hydrophilicity [18] (Fig. 17.1).

Controlled and sustained drug release from nanoparticles is critical to the thera-
peutic efficacy. The drug release can be triggered by stimuli or occur in sustained 
mode over a certain period of time [10]. The drugs could diffuse out of the particles 
or the particles might slowly and gradually degrade to release the drug load. The 

Fig. 17.1 Types of nanocarriers. Source: Author’s representation
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stimuli-responsive release of drug from nanoparticles may facilitate the drug accu-
mulation in the targeted tissues. These stimuli could be generated by a modification 
in the biological environment including cell environment, pH alteration, and 
disease-related enzymes or external physical forces such as light, ultrasound, heat, 
electrical, and magnetic fields. Ultrasound-sensitive microbubbles have been 
employed to release therapeutic agent to the local targets [19]. Microbubbles fabri-
cated from lung surfactants caused a significant enhancement in drug targeted depo-
sition as compared to lipid-only microbubbles [20]. Interestingly, the application 
and control of magnetic fields could drive aerosol droplets encompassing super-
paramagnetic iron oxide to the targeted locations in the mice’s lungs in vivo [21].

1.4  Potential Toxicity of Nanoparticles

A comprehensive understanding of biocompatibility, biodistribution, and degrada-
tion of nanoparticles is expected to properly utilize the particles [10]. The physical 
properties including geometry, dimensions, surface charge, and morphology have 
been found to alter the therapeutic effects of nanoparticles [22]. In particular, rod-
shaped particles were more toxic than spherical particles [23]. Long fibers could 
less likely be captured by macrophages, thus minimize their elimination from the 
system and cause inflammation [24]. Surface functionalization of nanoparticles 
could change their biodistribution, effectiveness, and toxicity. Specifically, bioper-
sistent carbon nanotubes could be modified and functionalized to enhance the 
hydrophilicity and rapid clearance via renal excretion [25]. A small change in the 
physicochemical properties of nanoparticles could be exaggerated into significant 
alteration in the biological response. Thus, the biological safety of nanoparticles 
needs to be evaluated and monitored with care [10].

1.5  Conclusion

Nano-sized carriers are a promising platform for controlled drug delivery due to 
their dimensions, permeability, and drug loading. Furthermore, surface functional-
ization could be used to enhance the targetability as well as to reduce the toxicity 
[12]. The nanomaterials could be coated or conjugated with various segments to 
prepare multifunctional and stimuli-responsive drug delivery system [12] which 
allows to modify drug release profile, specific targeting, compatibility, and several 
other advantages. More and more clinically effective nanocarriers are expected in 
the market in the future.
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2  Acute Lung Injury

2.1  Pulmonary Drug Delivery

The lung offers several beneficial properties for rapid and efficient drug delivery due 
to the large alveolar surface area, a thin layer of the epithelial barrier, extensive blood 
circulation, avoidance of the first-pass hepatic metabolism, and low proteolytic 
activity in the alveolar space [26–29]. The metabolic activities in the lung are signifi-
cantly lower than that in the gastrointestinal tract and the liver [10]. These properties 
not only enhance the systemic drug delivery but also improve the efficacy of treat-
ment of lung diseases. Furthermore, drug administration via the lung has been pre-
ferred due to its noninvasiveness and the possibility for self-administration.

Despite the aforementioned advantages, there are only limited products on the 
market for lung delivery. The only inhalable product of therapeutic protein on the 
market is Pulmozyme® (dornase alfa, Genentech Inc., San Francisco, CA, USA). 
Exubera (Inhalable insulin, Pfizer, New York, NY, USA) was approved by US Food 
and Drug Administration in 2006, but later withdrawn from the US market in 2007 
due to the deficiency of consumer demand.

The lung has an effective mechanism of clearing external agent, thus making it 
challenging to deposit drugs in a region in the lung. Inhalable particles could be 
eliminated from the lung by two mechanisms. Firstly, particles can be cleared by the 
moving patches of mucus layer in the conducting zone of the lung. The clearance 
would be more efficient in lung diseases with an increase in mucus production and 
thickness [10]. Secondly, in the deep lung, macrophages (on the air side of the 
alveolar cells) could engulf and digest to remove insoluble particles rapidly.

2.2  Introduction of Acute Lung Inflammation

An acute lung injury (ALI) is a disease in which the lungs could not sufficiently 
provide oxygen to the body, causing low levels of oxygen in the blood (hypoxemia). 
The leading causes of ALI have been found to be pneumonia, sepsis, lung trauma, 
burns, near drowning, and other condition related to inflammation or damage to the 
lungs. As first described in 1967, Acute lung injury (ALI) was diagnosed with acute 
respiratory distress, cyanosis refractory to oxygen therapy, decrease lung compli-
ance, and diffuse infiltrates on chest radiography [30]. In 1988, this definition was 
expanded to encompass the level of positive end-expiratory pressure, the ratio of the 
partial pressure of arterial oxygen to the fraction of inspired oxygen, the static lung 
compliance, and the degree of infiltration evident on chest radiography [31]. Later, 
the lung injury score was included to evaluate the severity level of the disease in 
clinical trials [32]. American-European Consensus Conference Committee pro-
posed a new definition that classifies the severity of lung injury and segregates the 
patients into two groups:acute lung injury (less severe hypoxemia) and acute respi-
ratory distress syndrome (more severe hypoxemia) [33].
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Recent surveys reveal that approximately 190,000 cases of ALI with 74,500 
deaths per year in the US [34]. This life-threatening disease has been influencing 
millions of people every year over the world [35]. The in-hospital mortality rate of 
ALI was estimated to be 38.5% [34], which could be reduced to 31% using low-
tidal volume ventilation [36, 37]. The primary cause of death was attributed to sep-
sis or multiple organ dysfunction syndromes.

2.3  Mechanism and Properties of Acute Lung Injury

ALI could occur due to either direct or indirect mechanical, toxic, infectious, or 
inflammatory challenges to the lung [38]. The most common cause of ALI was 
severe pulmonary sepsis, following by trauma, aspiration, multiple blood transfu-
sion, acute pancreatitis, inhalation injury, and drug toxicity [39].

The interaction and communication between different cell types have been inves-
tigated to discover the pathology of ALI. Mechanism of ALI most likely relates to 
cell death in necrosis and apoptosis [35]. In lung injury, cell death could occur based 
on oncosis [40], cathepsin-dependent cell death, or autophagy. A wide range of cell 
types is associated with ALI such as alveolar epithelial and vascular endothelial 
cells (change in permeability to cause edema formation and alveolocapillary injury) 
and platelets and immune cells (inflammatory response) [41–44]. ALI is involved in 
a prothrombotic and antifibrinolytic shift that facilitate fibrin deposition, thus, 
advance the inflammation [45].

ALI and ARDS are represented by bilateral exudative chest infiltrate which could 
be diagnosed by roentgenograms [44, 46]. ALI can progress rapidly from an initial 
stage of a leaky edematous lung to a proliferative phase with deposition of fibrin and 
a reduction in respiratory compliance, and to a fibrotic phase with scarring lung. 
The hallmarks of ALI—protein extravasation and formation of lung edema—were 
caused by excessive inflammation, alteration in coagulation and fibrin deposition, 
and increase in permeability of the alveolocapillary barrier [38].

3  Nanoparticles to Treat Acute Lung Injury

3.1  Advantages of Nanoparticles for Lung Delivery

The large surface area of alveolar, a thin layer of epithelial barrier, and a dense net-
work of blood vessels facilitate the delivery of various therapeutic agents [47]. The 
use of nanoparticles could help to minimize the effect of airway defenses in the lung. 
Once delivered to the lungs, nanoparticles could have a prolonged retention, sus-
tained drug release, and targeted delivery to the lung tissues [10, 48]. Extensive stud-
ies have been conducted for the pulmonary delivery of polymeric nanoparticles for 
various compounds including asthmatic drugs [49, 50], antituberculosis drugs [51], 
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and anticancer drugs [52, 53]. Also, liposomal nanoformulations have been investi-
gated and evaluated to be a promising platform for drug delivery. Currently, multiple 
liposomal formulations are FDA-approval products available on the market while 
several others are studied in clinical trials [54]. Liposome has a major advantage of 
being fabricated from compounds compatible and endogenous to the lung (such as 
lung surfactants), thus becoming a preferred pulmonary drug delivery system. Some 
marketed liposomal products for the treatment of acute respiratory distress syndrome 
are Exosurf® (Colfosceril Palmitate, GlaxoSmithKline, Brentford, UK) and 
Alveofact® (Bovactant, Lyomark Pharma, Oberhaching, Germany) [55]. Budesonide-
encapsulated liposomes have been developed to deliver the drug at a controlled 
release rate to maintain the therapeutic concentrations in rat lungs in vivo. This lipo-
somal formulation also helped to reduce the systemic exposure and toxicity [56]. 
Interestingly, multiple drugs could be combined and delivered to the lung simultane-
ously using nanocarrier systems. Nanoparticles offer several benefits as they could 
penetrate the lung more deeply and enter the alveolar areas [10]. Furthermore, 
nanoparticle-based systems evade macrophage clearance effectively and permeate 
the lung epithelium. Also, the surface of nanoparticles could be modified and func-
tionalized to enhance the drug bioavailability, to improve the penetration into the 
mucus layer, and aid targeted delivery [10]. The deposition of nanocarriers could be 
prolonged by using mucoadhesive materials, for instance, biodegradable polysac-
charide chitosan [7]. Yamamoto and colleagues fabricated peptide elcatonin-encap-
sulated PLGA nanoparticles whose surface was modified with chitosan. Once 
delivered to the lungs of guinea pigs, the particles caused a significant decrease in 
blood calcium levels as compared to the initial concentrations. Furthermore, this 
effect was prolonged and sustained up to 24 h (due to the slow elimination of chito-
san-modified particles), which was markedly longer than unmodified particles [57].

3.2  Surface-Modified Nanoparticles for Lung Delivery

The use of surface-modified nanoparticles is beneficial for lung delivery. Brush-
shaped nanoparticles have been formed with low molecular weight poly(ethylene 
glycol) chains (PEG) for a reduction of phagocytosis [58]. Furthermore, PEGylated 
nanocarriers were found to easily and readily penetrate the mucus layer in chronic 
obstructive lung diseases [59]. In contrary, chitosan could be used to modify the 
particle surface to enhance the mucoadhesion and circulation. Thus, chitosan-modified 
nanoparticles could reside for a longer period at the targeted site to improve the drug 
uptake, bioavailability, and therapeutic efficacy. This property is particularly desir-
able for the treatment of nonobstructive lung diseases including allergy and lung 
cancer [10]. Interestingly, biological fluids could modify the surface of particles to 
form protein corona whose properties are enhanced as compared to the original 
particles [60]. Lung surfactant phospholipids have been used to coat nanoparticles 
to alleviate toxicity as well as to improve cellular uptake [61]. Furthermore, the 
agglomeration of the particles helps create large agglomerates to be digested by 
macrophages [62] (Table 17.2).
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Table 17.2 Surface-modified nanoparticles for acute lung injury

Nanoparticles Effect Mechanism Study model References

Polydopamine 
nanoparticles 
(similar to melanin)

Anti- 
inflammation 
therapeutic 
effect on acute 
inflammation- 
induced injury

Polydopamine with 
enriched phenol 
groups functioned as 
a radical scavenger to 
eliminate reactive 
oxygen species

Murine models [63]

Lung-targeting 
functionalized 
nano-sterically 
stabilized 
unilamellar 
liposomes loaded 
with glucocorticoids 
methylprednisolone

Good particle 
size distribution, 
morphology, 
encapsulation 
efficiency, and 
high specificity 
to the lung.

Reduce the levels of 
TNF-α, IL-8, and 
TGF-β1 in rat 
bronchoalveolar 
lavage fluid and the 
expression of NK-κB 
in the lung tissues, 
thus alleviate lung 
injuries and enhance 
rat survival

Rat [64]

Generation IV 
polyamidoamine 
dendrimers

The treatment of 
ischemia- 
reperfusion- 
induced acute 
lung injury

Dendrimers were 
taken up in epithelial 
cells and 
macrophages.

Ex vivo rabbit 
model

[65]

Dry powder 
formulations of 
inhalable apigenin- 
loaded bovine serum 
albumin 
nanoparticles

Good 
aerodynamic 
properties of the 
particles and 
antioxidant 
activity of 
encapsulated 
apigenin

Novel delivery 
system against lung 
injury with potential 
antioxidant activity

[66]

Two-component 
co-spray dried 
DMF:D-Man DPIs 
with high load of 
dimethyl fumarate

Capability to 
reach lower 
airways to treat 
inflammation in 
pulmonary 
diseases

Exhibit excellent 
aerosol dispersion 
performance with a 
human DPI device

In vitro predictive 
lung deposition 
modeling

[67]

Human amniotic 
fluid stem cells 
labeled with 
dual-polymer- coated 
UCNP-PEG- PEI 
nanoparticles

Display 
remarkable 
positive effects 
on ALI-damaged 
lung tissue 
repair.

Recover the integrity 
of the alveolar-
capillary membrane, 
attenuate 
transepithelial 
leukocyte and 
neutrophil migration, 
and down-regulate 
proinflammatory 
cytokine and 
chemokine 
expression

A murine model of 
acute lung injury

[68]

(continued)
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Table 17.2 (continued)

Nanoparticles Effect Mechanism Study model References

Poly-lactic-co- 
glycolic acid 
nanoparticles- 
facilitated cDNA 
delivery

Upregulate 
pulmonary EpoR 
expression and 
downstream 
signal 
transduction in 
rats for 21 days,
Attenuate 
hyperoxia- 
induced damage 
in lung tissue 
based on 
apoptosis, 
oxidative 
damage of DNA, 
protein and lipid, 
tissue edema, 
and alveolar 
morphology

Targeted pulmonary 
EpoR upregulation 
mitigates acute 
oxidative lung 
damage

Rat lungs [69]

Nanoparticles based 
on 
polyethyleneimine 
and DNA

When 
β2-Adrenergic 
Receptor (β2AR) 
was applied as 
the therapeutic 
gene, PEI/β2AR 
treatment 
significantly 
attenuated the 
severity of ALI.
PEI/DNA 
nanoparticles 
could be an 
efficient agent in 
ALI treatment.

Attenuate alveolar 
fluid clearance, lung 
water content, 
histopathology, 
bronchioalveolar 
lavage cellularity, 
protein concentration, 
and inflammatory 
cytokines in mice 
with preexisting ALI

Mouse model of 
ALI induced by 
lipopolysaccharide

[70]

Shell cross-linked 
knedel-like polymer 
nanoparticles

The K(d) values 
of the 
nanoparticle- 
attached PNAs 
were about an 
order of 
magnitude 
greater than the 
free PNAs

Recognize and 
selectively inhibit of 
mRNA sequences for 
inducible nitric oxide 
synthase (iNOS), 
which are 
overexpressed at sites 
of inflammation

[71]
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3.3  Factors Affecting Nanoparticles Delivery to the Lung

The deposition and distribution of nanoparticles in the lungs vary depending on 
several factors such as breathing rate, lung volume, air flow, and particle size [10]. 
Multiple studies have suggested that particle size plays the most important role in 
manipulating the distribution and deposition of the particles in the lung. Small par-
ticles (size range from 1 to 5 μm) are deposited in the deep regions while inhaled 
particles (whose size is larger than 10 μm) are found primarily in the oropharyngeal 
region [72, 73]. A requirement for lung delivery is the proper design of the carrier 
systems [74]. Pulmonary delivery of inhaled particles is dominated by various fac-
tors such as particle size, particle density, and the mass median aerodynamic diam-
eter in which the particle size could guarantee a maximum distribution and 
deposition of the particle in the deep lung [75]. The rate of clearance is primarily 
affected by the particle size in the alveolar region. Several studies have been per-
formed to investigate the interaction between nanoparticles and macrophages. Large 
particle (aerodynamic diameter more than 6 μm) are exhaled without being phago-
cytosed [76], microparticles (aerodynamic diameter 1–5 μm) are effectively taken 
up by macrophages, while nanoparticles (aerodynamic diameter less than 200 nm) 
could penetrate the cellular barrier and the particle phagocytosis by alveolar macro-
phages can be reduced [48, 77, 78]. These indicate that nanoscale particles could 
avoid macrophage clearance while being deposited in the deep lung, especially the 
alveolar regions [10]. However, small particles require a high level of energy for 
fabrication and disaggregation. Inhaled particles could be deposited in the lung by 
inertial impaction, sedimentation, and diffusion. The particle deposition is analo-
gous to the settling of spherical particles under gravity force through the air. 
Nanoparticles, which is not deposited in the lungs, is exhaled to result in a major 
loss of the delivered dose [79].

3.4  Pulmonary Delivery of Nanoparticles Using Dry Powder 
Carriers

Proper dry powder formulations and carrier systems have been developed and opti-
mized to deposit nanoparticles to the alveolar regions to enhance the efficacy of 
their pulmonary delivery [80]. Kawashima and coworkers employed hydroxypro-
pylmethyl cellulose phthalate (HPMCP) nanospheres (hydrophilic nanoparticles) to 
facilitate the inhalation properties of dry powder pranlukast hydrate [81]. The 
authors mixed the surface nanospheres and drug powder with lactose. Thus, in the 
in  vitro inhalation test, the emission and dispersibility of surface-modified drug 
powder increased significantly and the powder was effectively delivered to the deep 
lung. Kawashima et  al. fabricated insulin-loaded PLGA nanospheres. Then, an 
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ultrasonically assisted nebulizer was utilized to deliver the nanospheres to the tra-
chea of guinea pigs. The authors reported a significant decrease in the blood glucose 
and a sustained hypoglycemic effect for 48 h. The results were attributed to the 
controlled release of insulin from the nanospheres and their deposition in multiple 
regions of the lung [82]. Tsapis and coworkers employed a spray drying method to 
manufacture large porous particles. Using 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine and 1,2-dimyristoyl-sn-glycero-3-phophoethanolamine (surfactants), 
and lactose, the authors could tailor the physicochemical properties of the spray-
dried powder for pulmonary delivery [78]. Interestingly, nanoparticles could be 
loaded in a carrier matrix. Sham and colleagues dissolved lactose in nanoparticle 
suspension before spray drying to obtain nanoparticles- incorporated carrier powder. 
The authors observed a marked change in the particle size and reported the possibil-
ity of manipulating the delivery and release of nanoparticles [80]. In another study, 
Grenha et  al. used lactose and mannitol together with a spray drying method to 
prepare microspheres, which contain insulin-incorporated nanoparticles for pulmo-
nary drug delivery. The drug release from nanoparticles was found to be unaffected 
by the microencapsulation. Furthermore, this system allows to effectively deliver 
macromolecules via pulmonary administration [47]. The spray drying technique 
was also employed by Ely and colleagues to prepare effervescent carrier particles 
which incorporate ciprofloxacin- loaded nanoparticles. The authors could manage to 
alter the particle size to maximize the particle deposition in the deep lung. The use 
of effervescent carrier particles resulted in a marked enhancement in the drug 
release. Also, they observed an insignificant change in the nanoparticles dimension 
upon being released from the effervescent carrier particles [74]. Pulmonary admin-
istration is a promising platform to deliver nanoparticles carried in dry powders. 
The nebulization parameters of the matrix should be optimized to minimize particle 
aggregation and to facilitate the drug delivery into the deep lungs [83].

3.5  Pulmonary Delivery of Nanoparticle Suspensions Using 
Nebulization

Nanoparticles could be delivered by spraying or nebulizing the nanoparticle suspen-
sion. Dailey and coworkers formulated a surfactant-free nanoparticle suspension for 
pulmonary drug delivery. This system could provide a high encapsulation efficiency 
due to the electrostatic interactions between the drug molecules and the particles. 
The authors reported that the use of anionic diethylaminopropyl amine-poly(vinyl 
alcohol)-grafted-poly(lactide-co-glycolide)-contained formulation and an increase 
in the amount of carboxy methyl cellulose helped to minimize the particle aggrega-
tion [84]. Also, Yamamoto et al. prepared and modified the surface of PLGA nano-
spheres using chitosan to enhance the delivery efficacy of calcitonin to the lung. 
After the administration of chitosan-modified PLGA nanoparticles to the trachea of 
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guinea pigs, the blood calcium was reported to decrease by 80%. Furthermore, the 
therapeutic level of the drug was sustained for 24 h, which was markedly longer 
than the unmodified particles. This result could be explained by the mucoadhesion 
of the nanoparticles to the bronchial mucous and local tissue in the lung as well as 
the prolonged drug release from the particles. Moreover, chitosan could enhance the 
drug permeability by loosening the intercellular tight junctions [57]. In another 
study, itraconazole-loaded nanoparticles were fabricated, dispersed in aqueous 
media, and nebulized to the murine lung in vivo. This local delivery system led to a 
high drug concentration in the lung, and a decreased possibility of adverse effects 
[85]. Thus, nebulizing nanoparticle suspensions is a promising technique to deliver 
therapeutical agents to the lung. The physicochemical stability of the suspension 
needs to be maintained for clinical efficacy.

3.6  Local Delivery of Nanoparticles to the Lung

The local delivery of nanoparticles allows to enhance, sustain, and control the drug 
level at the target site to treat respiratory diseases [7]. Also, this targeted delivery 
could reduce the required dose, avoid the drug degradation in the gastrointestinal 
tract (oral administration), and minimize the systemic toxicity. Vaughn and col-
leagues delivered itraconazole-loaded nanoparticles to treat fungal infections of 
Aspergillus fumigatus. The pulmonary delivery of itraconazole nanoparticles to 
mice in vivo showed a significantly high and sustained drug concentration in the 
lung tissues while the drug level in serum was controlled to maximize the treatment 
efficacy as well as to reduce the possible systemic toxicity [86]. In addition to sus-
tained drug concentrations in the lung, target delivery to certain cells or tissues has 
been found beneficial. For example, various therapeutic compounds including 
rifampicin, isoniazid, and pyrazinamide were formulated to target the drug delivery 
to alveolar macrophages to optimize the treatment of pulmonary tuberculosis [6]. 
Several studies fabricated and characterized drug-encapsulated nanoparticles for 
in vivo tests on guinea pigs. PLGA nanoparticles could be delivered to the lungs to 
maintain the therapeutic levels of the drugs in the plasma as well as in the lungs for 
a prolonged period of time [87]. Also, this approach allowed to decrease the overall 
dose and reduce the systemic exposure. Furthermore, the surface of PLGA nanopar-
ticles has been functionalized and modified with wheat germ agglutinin whose bio-
adhesive properties facilitate its interaction with lectin receptors embedded in the 
alveolar epithelium to maintain the drug concentration in the lung tissues [88]. This 
system could result in a sustained drug level in the plasma for 14 days and in the 
lung for 15 days. Similarly, PLGA nanoparticles which were formulated with 
sodium alginate and chitosan provided a sustained drug delivery to the lungs of 
guinea pigs in vivo to eradicate tubercle bacilli from M. tuberculosis-infected guinea 
pigs [51].
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3.7  Technical Issues of Nanoparticles to the Lung

Nanoparticles are usually formulated in colloidal solutions for nebulization [7]. 
However, the storage in an aqueous medium could induce polymer hydrolysis and 
degradation of drugs. Furthermore, the small dimensions and interactions between 
particles result in the agglomeration and settling of nanoparticles, thus, cause a 
reduced functionality of the nebulizer. To overcome these challenges, lyophilization 
has been employed to dry nanoparticles to obtain a stable storage form which can be 
later dispersed in an aqueous solution for administration [89, 90]. Stabilizers such 
as cryoprotectant sugars and surfactants are used to enhance the stability, maintain 
the characteristics of nanoparticles during lyophilization, and to facilitate resuspen-
sion of the dry particles. These stabilizers dissolve in the resuspended solution and 
are delivered together with the particles.

3.8  Toxicity of Nanoparticles to the Lung

Despite multiple advantages offered by nanoparticles, they still possess some safety 
concerns. Li et al. reported that polyamidoamine which is a promising material for 
nanocarriers could cause autophagic cell death in human lung carcinoma cell line 
(A549 cells) and acute lung injury in mice in vivo, especially the administration of 
polyamidoamine might lead to mortality [91]. Card and coworkers reviewed the 
applications of nanoparticles for imaging, diagnostic, and therapeutic use in the 
lung [92] and stated that several nanomaterials could cause inflammation and fibro-
sis in the lung. Toxicity of nanoparticles in the lungs has been evaluated in the 
environmental health field, especially “ultrafine” particles with the aerodynamic 
diameter less than 100 nm [7]. The nanoscale dimension of ultrafine particles, on 
the one hand, provide the therapeutic application, on the other hand, might result in 
toxicity and undesirable health effects. Ultrafine particles could penetrate epithelial 
and endothelial cells, be taken up efficiently by cells, and distributed in bone mar-
row, lymph nodes, spleen, liver, heart, the central nervous system, and ganglia [93–
95]. The biological activity of nanoparticles could lead to inflammatory and 
oxidative stress reactions. Several authors have reviewed the effects of physico-
chemical properties of nanoparticles such as dimensions, surface charge, geometry, 
and lipophilicity on their efficacy in vivo [96–99]. The toxicity of nonbiodegradable 
nanoparticles could be markedly different from those biodegradables. There is an 
insignificant interaction between biodegradable materials and biological systems. 
Moreover, the speed of degradation of biodegradable nanoparticles leads to a cer-
tain variation in the toxic responses. In particular, biodegradable PLGA nanoparti-
cles resulted in markedly lower inflammatory response than nonbiodegradable 
polystyrene nanoparticles [100]. Nanoparticles could translocate from the lung to 
other organs to cause adverse reactions in those organs. The toxicological potential 
of nanoparticles is negatively correlated with the particle size. Certain levels of 
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toxicity have been observed with inhalable single-wall carbon nanotubes (SWCNT) 
[85]. Warheit and colleagues investigated the toxicity of SWCNT on rats in vivo and 
reported that a high-dose pulmonary exposure led to mortality after 24 h. Pulmonary 
delivery of SWCNT caused multifocal granulomas, which indicated the nonuni-
form distribution and translocation of SWCNT-induced toxicity in rats [101]. 
Similarly, Shvedova et  al. reported inflammatory responses in the lungs of mice 
after exposure to SWCNTs. The toxicity could progress to a reduction of pulmonary 
function as well as increased vulnerability to infection [102].
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Chapter 18
Surface Modification of Nanocarriers 
for Specific Cell Targeting for Better 
Therapeutic Effect

Doniya Milani, Umi Athiyah, Dewi Melani Hariyadi, and Yashwant V Pathak

Abstract Nanocarriers may potentially change the future of medicine. These nano- 
sized drug delivery vesicles have been employed to enhance the efficacy and safety 
of different therapeutic agents. Specifically designed to localize in target sites, 
nanocarriers have the ability to increase cellular uptake while decreasing toxicity. 
Surface-modified nanocarriers have the potential to overcome several biological 
barriers, thus further improving site specificity while also avoiding endosomal 
sequestration and degradation of the cargo. In this review, surface modifications 
aimed at cell targeting for better drug delivery are discussed.

Keywords Surface modifications · Nanomedicine · Nanocarriers · Cellular 
targeting · Drug targeting · Drug delivery · Organelle targeting

1  Introduction

The advancement of nanomedicine has subsequently led to the emergence and 
development of important, multipurpose tools, such as nanocarriers. These vesicles 
for drug delivery offer new and exciting approaches to the treatments of several dif-
ferent diseases. An increase in research on nanocarriers has unearthed new ways to 
increase the half-life, bioavailability, targeting, and safety of different therapeutic 
approaches in medicine [1]. Typical drug delivery poses the challenge of surpassing 
nondiseased organs when trying to get the drug where it is needed. This challenge 
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is of particular importance in cancer treatment where the tumor can be localized 
within various organs [2]. These issues are addressed through improved biodistribu-
tion, decreased toxicity, increased stability, and site-specific targeting [2]. 
Nanocarriers are created to specifically accrue at target sites [1, 2]. By developing 
methods of drug targeting of intracellular compartments, the efficacy of nanocarri-
ers is improved tremendously [1]. The primary goal of increasing the utilization, 
understanding, and development of nanocarriers is to improve the efficacy of drug 
delivery while minimizing side effects and damage to the healthy surrounding cells.

The composition (organic, inorganic, or hybrid), size, and shape (sphere, rod, or 
cube) of a nanocarrier can be altered, thereby affecting its physiochemical proper-
ties [2]. These drug carrier systems are typically smaller than 500 nm, but have 
particularly high surface area to volume ratios that allow them to alter the basic 
properties and bioactivity of drugs [2]. Its surface properties, including characteris-
tics such as surface charge, PEGylation, present functional groups, and attachment 
of targeting moieties, can also be altered [2]. This allows nanocarriers to be more 
fine-tuned drug delivery systems. However, it is not simply organ and cellular tar-
geting that is of importance; how nanoparticles are eradicated from within the tar-
geted cells is also relevant. Nanoparticles typically reach their fates intracellularly 
in endosomes or lysosomes for degradation [3]. Many drugs must be encapsulated 
to avoid intracellular endosomal sequestration and degradation in order to achieve 
optimal payload efficacy [1].

Nanocarriers are faced with several biological barriers that hinder their success. 
Many of these obstacles present themselves during transportation from the site of 
administration to the desired target [4]. These competent biological barriers, such as 
the body’s clearance actions, physical obstructions via matrixes and membranes, 
cellular barriers, and enzymatic barriers, are some of the greatest impediments in 
the use of targeted therapies [5]. However, nanocarriers have been further refined to 
favor cell internalization and have shown improved interactions and responses to the 
biological environment of the body, thus maximizing their functioning [1]. 
Following internalization, nanocarriers must evade endosomal digestion in order to 
reach the cell cytoplasm [1]. This review discusses methods of endosomal seques-
tration and degradation evasion, how the cell cytoplasm is accessed to achieve 
organelle targeting, and examples of nanocarrier systems designed specifically to 
overcome the listed biological barriers to successfully reach the cytoplasm and tar-
geted organelles.

2  Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) are relatively short (10–30 amino acids), cationic, 
or amphipathic peptides that are able to directly penetrate cellular membranes and 
deliver different therapeutic cargos directly to the cell cytoplasm [1, 6]. These drug 
delivery vectors are of particular importance in the field of nanomedicine due to 
their ability to safely and effectively penetrate the cell membrane at low 
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concentrations in vivo and in vitro [7]. CPPs can be amphipathic or polycationic [1, 
6]. Amphipathic CPPs contain both hydrophobic and hydrophilic amino acid resi-
dues, while polycationic CPPs have an abundance of positively charged amino acids 
[1, 7]. Due to the existence of many arginine and lysine residues, CPPs have a net 
positive charge at physiological pH [1, 8]. The positive charge allows CPPs to inter-
act favorably with the surfaces of cell membranes, whereas the hydrophobic resi-
dues, such as tryptophan, favor lipid structures [9]. Although there is no definite 
answer to the mechanism of CPP uptake, internalization of CPPs is most likely 
accomplished through both energy-independent processes and endocytosis [7]. 
However, the pathway used for CPP internalization is dependent on different vari-
ables, such as the concentration of CPPs [7].

Surface modification with CPPs can lead to increased cellular drug accumula-
tion and cellular uptake, thereby amplifying the efficiency of certain therapeutic 
agents [10]. Transactivator of Transcription (TAT)-modified CPPs exhibit advan-
tages such as greater tumor growth inhibition powers [10] and increased inhibi-
tion of multidrug resistance phenomena in vivo and in vitro [11]. These peptides 
are powerful tools for cytoplasmic drug delivery, as multiple studies have con-
cluded that surface modification of nanocarriers through the covalent addition of 
cationic or amphipathic CPPs may successfully and sufficiently enhance cellular 
uptake [12].

3  Antimicrobial Peptides

Antimicrobial peptides (AMPs) are short, amphipathic molecules that have posi-
tive charges and have the ability to reach the cell cytoplasm [1, 13]. AMPs are 
produced by a variety of different life forms, from human beings to bacteria [13]. 
In addition to antimicrobial activity, AMPs also play a critical role in modulating 
innate immune responses in higher organisms [13, 14]. AMPs have recently been 
divided into four main groups through a study conducted by Vale and colleagues 
[15]. These four groups are α-helical peptides deprived of Cys residues, small 
peptides categorized by their multiple Arg and Lys residues and substantial hydro-
phobic portion; β-pleated peptides containing disulfide bridges, such as defensins, 
which is typically found in mammalian phagocytes; peptides rich in Pro, Gly, His, 
Arg, and Trp residues; and circular antimicrobial peptides [15]. As we shift into an 
era of antibiotic resistance, research into alternative therapies has intensified. 
AMPs preferentially bind to target membranes that are less anionic than mamma-
lian cell membranes, allowing for specific targeting of microorganisms such as 
viruses and bacteria [7]. Because of these properties, AMPs are viable and useful 
candidates for modifying nanoparticles as a means of improving antibiotic effects 
[1, 7, 14].

There have been a couple of successful reports of modified nanocarriers conju-
gated with AMPs [16, 17]. The future development of AMPs offers significant 
potential for improved drug therapy. However, there are still unresolved issues 
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related to the clinical use of AMPs that require further research and clinical trials. 
Current research aims to improve the efficacy and safety of AMP usage through 
surface modifications that minimize toxicity of AMP to eukaryotic cells while still 
maintaining and further improving its antimicrobial properties [12].

4  Surface Modification to Enable Cytoplasmic Delivery

4.1  Endosomal Sequestration and Degradation

Although there have been numerous improvements in drug delivery, there are some 
limitations that must still be overcome. One of the biggest obstacles in targeted drug 
therapy is the endocytic pathway, which is the primary uptake mechanism of cells 
[18]. The endocytic pathway contains endosomes with an internal pH of approxi-
mately 5 [18]. Particles entering cells through the endocytic pathway, such as nano-
carriers, become trapped in endosomes, eventually finding themselves in the 
lysosome, where they, and their payloads intended for delivery, are degraded [18]. 
Endosomal sequestration and subsequent degradation prevent therapeutic agents 
from reaching their intracellular targets.

4.2  pH-Buffering to Avoid Endosomal Sequestration 
and Degradation

Surface modifications of nanocarriers may be used as a method to escape endo-
somal sequestration. The “proton sponge effect” uses agents with high buffering 
capacities and flexibility during protonation [18]. Protonation induces osmotic 
lysis by prompting the inflow of ions and water into the endosome [18]. Tertiary 
amine groups containing hydrophobic chains that can be protonated are often used 
in this context due to their ability to accumulate in acidic endosomes, thereby dis-
rupting the membrane [18]. Molecules with tertiary amine groups that may be 
protonated in low pH environments work by opposing the acidification of endoly-
sosomal vesicles [19]. This acidification is accomplished through proton trans-
membrane pumps working in conjunction with chlorine ions [17]. By contrasting 
the acidification of the endolysosomal vesicles, these tertiary amine groups 
increase the chloride concentration [17, 19], thereby increasing the osmotic pres-
sure and eventually leading to the rupture of the endosomal membrane [18, 19]. 
Once the endosomes rupture, their contents are released, allowing endosomal 
escape.

The addition of other moieties can further improve cytoplasmic delivery of 
agents through the pH-buffering effect. An example of this is histidine, which 
enhances the buffering effect upon protonation of its imidazole ring [1, 18, 20].
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4.3  Conjugation with Fusogenic Peptides to Avoid Endosomal 
Sequestration

Another method of accomplishing endosomal escape is the destabilization of the 
endosomal membrane. Viruses, which contain specific fusogenic peptides, are able 
to penetrate the endosomal membrane through the fusion of the viral envelope and 
host endosomal membrane [21]. This allows the virus to transport its genome into 
the cytoplasm of the host cell [21]. An example of this is the influenza virus hemag-
glutinin protein, which has a hydrophobic fusion peptide domain that undergoes 
protonation during acidification of the endosome [21]. As a result of this proton-
ation, the hydrophobic fusion peptide domain undergoes a conformational change 
that leads to the destabilization of the endosomal membrane [21, 22]. These pep-
tides commonly acquire an amphipathic α-helical conformation that induces fusion 
[18, 21, 22]. By mimicking this approach, endosomal membrane destabilization can 
be achieved using conjugated nanocarriers that exhibit fusogenic properties, facili-
tating endosomal escape for nanocarriers.

4.4  Using pH-Responsive Lipids to Avoid Endosomal 
Sequestration

Lipids can also be used to create nanocarriers that are able to elude endosomal 
sequestration and successfully deliver payloads to cell cytoplasm [1]. Adding helper 
lipids to cationic liposomal formulations can increase their fusogenicity while 
simultaneously decreasing cytotoxicity [23]. Some of the first discovered helper 
lipids are DOPE and l-α-di-oleoyl phosphatidylcholine (DOPC) [24, 25].

Lipids containing histidine or imidazole moieties have also been used to improve 
the pH-responsiveness of nanocarriers [1]. Histidine’s imidazole ring is protonated 
at a pH of 6.0, characterizing it as a weak base [23]. The use of histidine or imidaz-
ole moieties can provide nanocarriers with proton sponge tendencies, fusogenic 
properties, or a combination of the two [1, 23]. The use of these lipids enhances 
cytoplasmic delivery, subsequently improving the efficacy of a nanocarrier.

5  Organelle Targeting

5.1  The Importance of Organelle Targeting

An essential element in drug delivery is making sure the cargo is taken to its specific 
site of action. Without this target-specific affinity, results such as systemic toxicity 
and higher dosage requirements decrease the efficacy of a drug [26]. Targeted drug 
delivery is critical when treating diseases such as cancer, which poses the 
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complicated challenge of delivering chemotherapeutic agents specifically to prolif-
erating tumor cells while avoiding the healthy cells [26]. A drug’s therapeutic index 
is defined by its ability to successfully increase its toxicity to unhealthy cells while 
decreasing its toxicity to the normal cells [27]. To further enhance and increase the 
therapeutic index of a drug, methods of delivering the agents not just to the target 
tissues or cells, but more specifically into the targeted organelle, such as nuclei, 
lysosomes, mitochondria, and the Golgi/endoplasmic reticulum [26]. Accessing 
these organelles can potentially change the way organelle-associated diseases are 
combated. Thus, the development of nanoformulations with improved targeting 
selectivity and delivery efficacy are invaluable additions that can redefine the ways 
in which drug delivery is currently approached [26]. These nanoformulations 
involve drugs that are conjugated with selectively binding ligands or antibodies with 
affinities for a variety of receptors that are copiously expressed on target cell sur-
faces [26]. Using organelle targeting moieties to modify nanocarriers can increase 
overall drug efficacy, improve the tissue accumulation of different therapeutic 
agents, reduce the quantity of drug that is necessary to obtain a desired result, and 
reduce negative side effects [26].

5.2  Nuclear Targeting

The nucleus is an important organelle found in eukaryotic cells. The nucleus has 
several important roles, such as regulation of replication and transcription processes 
[1]. Additionally, the nucleus determines and controls the translocation of proteins 
between the cytoplasm and nucleus through its nuclear pore complex (NPC) [1, 28]. 
The nucleus is the final target for many drug therapies since it is responsible for all 
diseases that arise due to a gene mutation [26]. The nuclear pore complex is at the 
center of a eukaryotic cell’s ability to control gene expression [29]. The nuclear 
envelope, which is a double membrane that separates the nucleus and cytoplasm, is 
perforated with large pores that make up the NPC, allowing proteins and RNA to 
undergo nucleocytoplasmic transfer [28, 29].

However, nanoparticle accumulation in the nuclei is somewhat rare. This is 
because the nuclear membrane’s small pores prohibit the passage of larger mole-
cules. Only molecules smaller than ~40 kDa may freely cross the nuclear membrane 
[29]. Molecules larger than this must be actively transported in order to cross the 
nuclear membrane, requiring involvement from nuclear localization signals (NLS) 
[1, 26, 29]. Thus, small molecules that cross the nuclear membrane via passive 
transport depend on the size of the nanocarriers, whereas the permeation of the 
membrane through active transport depends on the presence of NLS [30]. 
Nanoparticles can be functionalized with NLS, allowing cytoplasmic receptors, 
such as importins, to recognize them [1]. NLS sequences are typically stretches of 
basic amino acid residues [29]. NLS recognition is the first step in the passage of 
NLS-modified nanoparticles into the nucleus. Following this, the NLS peptide binds 
the NPC, and the cargo undergoes an energy-dependent translocation through the 
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pores of the NPC, eventually releasing the cargo into the nucleus [31]. An example 
of nuclear targeting through passive transport is the use of malonodiserinolamide 
fullerene C60 (C60-ser) nanoparticles [32]. This water-soluble, nonionic, and non- 
cytotoxic fullerene has been studied as a nanovector for the delivery of cancer drugs 
to treat liver cancer in vivo [32]. Due to its small size (2.8 kDa), C60-serPF is able to 
infiltrate the NPC through passive diffusion, leading to preferential accumulation in 
the nuclei of liver cancer cells within 2 h of exposure, with increased concentrations 
in the cytoplasm [32]. It has also been shown that using surface-modified nanopar-
ticles can aid in nuclear targeting. Surface-modified solid gold nanospheres with a 
cancer cell penetrating/proapoptotic peptide (RGD) and a NLS peptide integrated 
into a PEG coating (to increase specificity) were used in a study to target cancer cell 
nuclei [33]. The results showed that these modified nanocarriers inhibited cell divi-
sion, thus prompting apoptosis and enhancing the cytotoxic effect of the drug on 
cancer cells [33].

5.3  Mitochondrial Targeting

Mitochondria, commonly referred to as the powerhouses of the cell, are an impor-
tant organelle that provides the body with energy through oxidative phosphoryla-
tion, resulting in the production of adenosine triphosphate (ATP). Mitochondria also 
contribute to the metabolism of amino acids and lipids, cell signaling pathways, and 
eukaryotic apoptosis [34]. Because of the critical role of mitochondria in cell func-
tioning, their dysfunction is the root of several diseases, such as muscular and neu-
rodegenerative diseases, diabetes, cancer, and cardiovascular disease [34, 35].

Mitochondria have large membrane potentials, meaning their charge is negative 
inside [1]. Thus, positively charged molecules may be utilized for mitochondrial 
targeting. In a study conducted by Yoong and coworkers, multiwalled carbon nano-
tubes were functionalized with rhodamine, a lipophilic cation [36]. Their results 
showed improved liposome mitochondrial targeting. However, the most studied 
therapeutic agent for mitochondrial targeting is MitoQ, which was developed with 
a focus on mitochondrial oxidative damage [37]. MitoQ uses a quinone moiety 
(antioxidant Coenzyme Q10) conjugated with triphenylphosphonium (TPP) through 
a 10-carbon alkyl chain [38]. Lipophilic TPP cations readily pass through phospho-
lipid bilayers, driven by the plasma membrane potential, leading to the accumula-
tion of MitoQ in the cell’s mitochondria [37]. MitoQ is being intensely studied for 
the treatment of diseases such as hepatitis C and Parkinson’s disease [39, 40]. In the 
past, stearyl TPP-modified liposomes have been studied for their mitochondrial tar-
geting, as well. However, these liposomes present nonspecific toxicity. To combat 
this, Biswas et al. synthesized a novel polyethylene glycol- phosphatidylethanolamine 
(PEG-PE) coating conjugated with the TPP group at the distal end of the PEG block 
(TPP-PEG-PE) [41]. TPP-PEG-PE can be used as a targeting ligand in the prepara-
tion of nontoxic liposomes with effective mitochondrial targeting [41].
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Another strategy for mitochondrial targeting is the use of mitochondrial targeting 
signals (MTS), which are roughly 10–70 amino acids, to modify nanocarriers [1, 
26]. The majority of mitochondrial proteins are translated in the cytosol and then 
directed into the mitochondria by the MTS [1, 26]. Using this information, restric-
tion enzymes may target the mitochondria using MTS [26]. For example, the restric-
tion endonuclease Sma1, which specifically digests mutant DNA, was fused to 
MTS, allowing targeted delivery of the restriction enzyme to the mitochondria [42]. 
As a result of this, the mutant mitochondrial DNA was successfully eliminated [42]. 
In addition, liposome-like vesicles have been used to deliver DNA to the mitochon-
dria. Lipophilic dequalinium (DQA)-somes may be used as drug delivery tools due 
to their positive charge and unique properties which give them an affinity for the 
mitochondrial membrane [42, 43]. The dequalinium chloride that makes up these 
vesicles is a mitochondriotropic, delocalized cation that preferentially accumulates 
in the mitochondria of carcinoma cells [44]. Using this strategy, other mitochon-
driotropic molecules have been developed. Resveratrol liposomes surface-modified 
with dequalinium polyethylene glycol-distearoylphosphatidylethanolamine (DQA- 
PEG2000- DSPE) have been shown to target mitochondria and overcome the intrinsic 
multidrug resistance of cancers that commonly hinders the success of chemotherapy 
[45]. These liposomes successfully targeted the mitochondria, leading to selective 
accumulation and increased cellular uptake, improving overall anticancer efficacy 
in vitro and in vivo [45]. Another example of an effective mitochondrial gene ther-
apy is the development of MITO-Porter [46]. This liposome successfully introduces 
its cargo into the inner mitochondrial matrix using membrane fusion [46]. More 
recently, a dual function MITO-Porter was developed by integrating octaarginine 
(R8)-modified liposomes [47]. These liposomes, which contain double lipid shells, 
can pass through endosomal and mitochondrial membranes [47]. These effective 
drug delivery systems exhibit high fusogenic properties, low cytotoxicity, and the 
ability to evade endosomal sequestration [47]. Other surface-modified liposomes 
have been able to achieve endosomal escape and mitochondrial targeting in differ-
ent ways. Liposomes modified with 1,5-dioctadecyl-1-glutamyl 2-histidyl- 
hexahydrobenzoic acid (HHG2C18-L) and 1,5-distearyl N-(N-a-(4-mPEG2000) 
butanedione)-histidyl-l-glutamate (PEGHG2C18) were synthesized in a study con-
ducted by Mo and coworkers [48]. These lipid moieties are pH-sensitive, particu-
larly to the tumor microenvironmental pH and endosomal/lysosomal pH [48]. 
Because of their charge conversion capabilities, these pH-sensitive modified lipo-
somes are able to change their surface charge in relation to the surrounding pH, 
leading to increased cellular uptake, successful mitochondrial targeting, and endo-
somal sequestration evasion [48].

5.4  Endoplasmic Reticulum Delivery

The endoplasmic reticulum (ER) is a membrane network containing tubules and 
sac-like structures called cisternae [1, 26]. The ER is the principal site for the fold-
ing of secretory and membrane proteins [49]. Protein delivery to the ER is mediated 
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by the KDEL sequence and its expressed receptor (KDEL-R), which is an ER local-
ization signal that has been involved in the improvement of intracellular targeting 
[1]. Additional functions of the ER include lipid biosynthesis, the regulation of cal-
cium homeostasis, apoptosis, and calcium signaling [49]. Instabilities or dysfunc-
tions by numerous intracellular and extracellular stimuli typically lead to what is 
referred to as “ER stress” [49]. Under ER stress, protein misfolding may occur, 
leading to the aggregation of improper, erroneous proteins in the ER lumen [49]. 
These dysfunctions are often associated with many different disorders and diseases, 
emphasizing the importance of ER targeting in drug delivery.

In a recent study highlighting the use of an ER localization signal for intracel-
lular targeting, the KDEL (Lys-Asp-Glu-Leu) peptide was utilized to conjugate 
gold nanoparticles and deliver siRNA to the ER to inhibit the expression of reduced 
nicotinamide adenine dinucleotide oxidase 4 (Nox4) [50]. The results of the study 
illustrated the enhanced cellular uptake, stability, and efficacy of the conjugated 
gold nanoparticles in the transfection of siRNA [50]. The results also suggested 
primary localization in the ER with marginal distribution within the Golgi bodies, 
corroborating the notion that the ER is a principal localization site for KDEL- 
modified gold nanoparticle delivery [50].

Some research has also indicated that ER targeting improves the vaccine formu-
lations that are used in cancer immunotherapy [51]. Notably, antigens in antigen- 
presenting cells bind the major histocompatibility complex (MHC) class I 
presentation pathway located in the ER [52]. The efficiency of tumor antigen pep-
tide delivery into the MHC plays a major role in the activation of antitumor cyto-
toxic T-lymphocytes (CTLs) [52]. An example of an approach to ER targeted 
peptide delivery is the use of an ER insertion signal sequence (Eriss) [52]. Combining 
fusogenic liposomes and the Eriss sequence results in a modified nanocarrier that is 
capable of inducing in vivo tumor immunity [52]. Not only were these fusogenic 
liposome-encapsulated Eriss peptides able to induce more potent tumor immunity, 
they also continued activity for a minimum of 140 h, in comparison to the 40–60 h 
of activity that the fusogenic liposomes without the Eriss sequence and the antigen 
presenting cells with free peptides exhibited [52]. Although further research and 
development is necessary, ER targeting can introduce new, more efficacious treat-
ments for disorders such as cancer [53], diabetes [54], cardiovascular disease, [55], 
neurodegeneration [56], hypoparathyroidism [57], and Crigler–Najjar syndrome 
[57].

5.5  Golgi Apparatus Delivery

The Golgi apparatus is the central organelle of the cell secretory pathway [26], 
responsible for posttranslational modification of proteins by utilizing enzymes 
for acylation, methylation, glycosylation, and phosphorylation [58]. The Golgi 
apparatus is also implicated in the synthesis of proteoglycans and carbohydrates 
[58]. This organelle is involved in various neurodegenerative disorders, such as 
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Parkinson’s and Alzheimer’s disease [59], and a group of 15 congenital glycosyl-
ation-related disorders that are caused by deadly mutations in the genes respon-
sible for encoding glycosylation enzymes or glycosylation-linked transport 
proteins [59]. The Golgi apparatus is also being studied as a potential target for 
anticancer therapy [60].

It is important to recognize and understand the interactions between the ER and 
the Golgi when considering targeted therapy. Both of these organelles are part of 
the cell secretory pathway, making up the ER-Golgi network [26, 60]. Thus, mal-
functions in either organelle can prompt further dysfunction in the other. For 
example, in cancer, defects in the transport of misfolded proteins from the ER to 
the cytosol can result in ER stress due to the accumulation of misfolded proteins 
[26, 61].

6  Conclusion

Without the ability to reach certain subcellular targets, many drug treatments are 
rendered either useless or minimally effective. Thus, the development of modified 
nanocarriers that can breach the biological barriers thwarting targeted delivery can 
lead to advancements in the treatment of innumerable diseases. By combining dif-
ferent surface modifications (such as PEGylation, targeting moieties, pH- responsible 
polymers or peptides, and cell-penetrating peptides), nanocarriers capable of endo-
somal escape, prolonged circulation, increased cellular uptake, and subcellular tar-
geting can be developed. The different approaches may be separated into three chief 
categories, based on the relevant definition of targeting; targeting defined by accu-
mulation of the therapeutic agent in the relevant tissue, targeting defined by accu-
mulation of the therapeutic agent in the cell of interest, and lastly, targeting defined 
by reaching explicit subcellular components [1]. The last category represents the 
most challenging, and most specific, aspect of drug delivery [1]. Without a deep, 
nuanced understanding of the microenvironment of a particular site of action, 
refined therapeutic systems cannot be developed. Nanocarriers have shown several 
benefits and advantages that are being further studied and even being used in clini-
cal trials. However, there are unresolved questions that require more research and 
testing.

This review examined different strategies of cytoplasmic, nuclear, mitochon-
drial, ER, and Golgi apparatus targeting. Nanocarriers with the ability to escape 
endosomal sequestration and subsequent degradation can be formulated through the 
conjugation of pH-sensitive polymers or peptides onto their surfaces [1]. Organelle 
targeting can be accomplished through increased affinity of carriers toward the tar-
geted compartments [1]. Through surface modification, nanocarriers can now 
address particular obstacles that are present in different stages of drug delivery. 
However, the ultimate goal is the development of integrated strategies that address 
all of the steps in the delivery process.
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7  Future Trends

Tremendous effort, research, and dedication is still necessary in order to devise a 
single, integrated approach that can potentially overcome all of the obstacles facing 
nanocarriers during their journey from the site of administration to the site of action. 
Two significant goals in drug delivery are cytoplasmic delivery and organelle deliv-
ery/targeting. Although this may initially be costly, the development of these revo-
lutionary drug delivery systems may lead to decreased overall healthcare costs due 
to the enhanced efficacy of drugs, decreased concentrations of drugs required for 
treatment, and improved outcomes for several diseases, including different types of 
cancers that affect millions of people worldwide. These techniques and modified 
drug delivery vesicles should be cost-effective, safe, and easily reproduced.

The applications of nanocarriers extend far beyond medicine. In the future, nano-
technology may help shape our approaches to a plethora of industries and issues 
facing our planet. Nanoparticles can potentially play critical roles in the agricultural 
industry, in the fight against climate change, and in the expansion of knowledge 
related to patterns and systems of health. They may also introduce unprecedented 
methods for the prevention and prediction of disease. Nanotechnology has the 
potential to expedite diagnostic techniques through early detection of chemical and 
biological changes in the body. The future of nanomedicine may even tackle com-
plicated mental health issues through the targeted delivery of drugs to the brain, 
infiltrating the notorious blood–brain barrier.

The advancement of nanotechnology can profoundly impact human beings, ani-
mals, electronics, and the environment. With its rise in prominence and public 
awareness, the use of nanotechnology in medicine has the potential for advanta-
geous and profitable job creation. The development of new fields aimed at improv-
ing and further developing nanocarriers for drug delivery, addressing relevant 
ethical issues, controlling costs of production and distribution, and ensuring public 
safety can boost our healthcare system and economy simultaneously.
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Chapter 19
Polydopamine-Based Simple and Versatile 
Surface Modification of Polymeric Nano 
Drug Carriers
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Abstract The surface modification of polymeric nanoparticle (NP) with bioactive 
ligands and/or secondary polymeric layers is a common strategy to govern the inter-
action of NPs with cells, proteins, and other biomolecules. But such surface engi-
neering is not always so simple when the surface is chemically nonreactive. Because 
of this, NP surface modification processes generally employ reactive connector or 
coupling agents or prefunctionalization of the polymer, which are very tricky and 
ineffective. However, prefunctionalization of polymers can reduce the ability of 
drug encapsulation efficiency if the inserted ligands hamper the chemical properties 
of the polymer. To solve this issue, scientists have discovered a method of dopamine 
polymerization as a way of NP surfaces functionalization. In brief, this method 
involves the incubation of raw NPs in a weak alkaline solution of dopamine and 
subsequent incubation with ligands. This reaction furnishes a universal coating of 
polydopamine for metals, polymers, and ceramics, irrespective of their physico-
chemical characteristics. Polydopamine-based surface modified nanomaterials 
emerge as novel nanocomposite and get the interests in the area of drug delivery and 
therapy because of their unique physicochemical features, such as multifaceted 
adhesive property, great chemical reactivity, exceptional biocompatibility and bio-
degradability, and strong photothermal conversion capacity. This chapter highlights 
the recent development of polydopamine-based surface modified polymeric 
nanoparticles for smart drug delivery and therapy.
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1  Introduction

Over the past few decades, polymeric nanoparticles (NPs) have gained attention in 
relation to targeted drug delivery, which improves the drug distribution in the 
desired site and also reduces the toxic effects on other organs. To maximize drug 
delivery to the desired site, NPs should possess a long circulatory half-life until they 
reach the target site (stealth effect) and should bind and enter the target cells (inter-
nalization). The stealth behavior of NPs can be reached by trimming the NP surface 
with hydrophilic, electrically neutral polymers like polyethylene glycol (PEG) [1, 
2]. The interaction of NPs with the target can be accelerated by coupling cell- 
specific ligands on the NPs surface, which enhance cell attachment and uptake of 
NPs. Hence, to achieve targeted and controlled drug delivery, NPs should be modi-
fied with various functional moieties, such as surface modifiers and targeting ligands 
[3, 4], and should possess triggered release property toward cellular stimuli, such as 
pH, redox reactions, and enzymes [5–7]. Moreover, surface functionalization of 
polymeric NPs is quite difficult if the surface is chemically nonreactive. In this case, 
it is necessary to activate the NPs surface with the help of reactive linkers [8, 9] or 
coupling agents [10, 11]. In another approach, NPs can be prepared using prefunc-
tionalized polymers by conjugating functional ligands with polymers [12–14]. But, 
the process for the synthesis of the polymer–ligand conjugate is a bit lengthy and 
inefficient and different for each ligand. However, the ligand can change the chemi-
cal properties of the conjugate, hindering the drug encapsulation ability of the poly-
mer. To overcome these issues, scientists have employed a dopamine 
polymerization-based simple and versatile surface functionalization strategy. 
Dopamine (3,4-dihydroxyphenylethylamine) is a catecholamine that acts as an 
important neurotransmitter in the nervous system [15]. On oxidation, dopamine 
undergoes self-polymerization and forms polydopamine (PDA), which is analogous 
to naturally occurring melanin (eumelanin) [16]. PDA shows identical physico-
chemical properties as melanins in optics, electricity, and paramagnetism, and also 
biocompatibility and biodegradation. Another important characteristic of PDA is 
that it is rich in reactive groups like catechol, amine, and imine. Owing to these 
versatile functional moieties, PDA employed as a versatile adhesive podium to bind 
desired materials, realizing a diversity of composites such as metals, oxides, ceram-
ics, polymers and even Teflon with tunable structures and functions [17–19]. The 
PDA on NP surfaces binds with ligands via Michael addition and/or Schiff base 
reactions to link them over the surface [20, 21]. The only requirement is the avail-
ability of nucleophilic functional groups such as amine and thiol on the ligand mol-
ecules. As of its simplicity and versatility, this principle has widely been utilized for 
surface modification of different types of polymeric NPs [20]. The preparation pro-
cess of PDA is simple, less laborious, and the physicochemical properties can be 
tailored by further chemical modification. Furthermore, PDA shows low cytotoxic-
ity and excellent biocompatibility, which make it a versatile podium for drug deliv-
ery application. The aim of this chapter is to figure out the progress of PDA-based 
surface modified polymeric nanococarriers for drug delivery application.
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2  Features of Polydopamine

A better knowledge of basic characteristic of PDA in details would help to gain 
more ideas from different sectors to promote the potential applications in future. 
PDA possesses the amino and catechol groups from the starting material dopamine. 
The basic chemical reactions involved that lead to the formation of PDA aggregates 
are oxidation, cyclization, reorganization, coupling, and oxidative degradation [22, 
23]. The chemical heterogeneity of PDA is confirmed by the broad optical absorp-
tion of PDA from deep ultraviolet to near infrared [24, 25]. PDA also contains 
phenolic, amino, and pyrrole–carboxylic acid groups that have a charge at mild pH 
values. PDA does have an ampholytic character that can be utilized to control the 
transport of ions [26]. PDA particles formed from Tris buffer are 3D fractal objects 
[27]. The high-resolution transmission electron microscopy (TEM) has revealed 
that PDA is comprised of stacked aromatic structures. The interlayer spacing of 
these stacked structures is 0.35 nm [28]. PDA absorbs UV radiation exponentially 
toward the ultraviolet spectrum. Because of its strong absorbance in the ultraviolet 
wavelengths, PDA shows photoprotection effect. The radical scavenging ability of 
PDA has also been evaluated in  vitro based on 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) assay. At a dose level of 120 μg, PDA nanoparticles could scavenge 85% of 
DPPH organic free radicals. More interestingly, the radical scavenging activity of 
PDA nanoparticles had a trend of increasing as the nanoparticle size decreased, 
being comparable to the value of ascorbic acid, a universal free radical scavenging 
material [29]. One of the most important properties of PDA that particularly 
intrigues physicists and chemists is its robust and strong adhesion to virtually all 
types of surfaces, regardless of the surface chemistry [30–34].

3  Modification of Polydopamine Surfaces

There are two major features of PDA those make it suitable for surface functional-
ization. First, it has the ability to form a nanoscale, conformal, and durable coating 
to any type of surface. Second, PDA coated surfaces are capable of further modifi-
cation as per the requirement.

3.1  Chemical Modification of Dopamine Monomer

The catechol and amine functional group make PDA-coated surfaces reactive to a 
range of chemicals. However, in some cases, dopamine has been remodeled prior to 
polymerization for further surface modification. For example, dopamine modified 
with bromoisobutyryl bromide when applied with unmodified dopamine at a molar 
ratio of 1:1, creates a PDA macro initiator coating which is suitable for further 
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surface initiation of radical polymerization [35, 36]. When dopamine is modified 
with 1,3-propane sultone, a sulfonate variant has been formed which creates a nega-
tively charged coating surface to allow better dispersion of coated particles [37].

3.2  Chemical Modification of Polydopamine Surfaces

PDA can be used as an intermediary surface material to allow attachment of other 
materials or chemical species without requiring prefunctionalization. The reactivity 
of PDA surfaces toward nucleophiles is dependent on the catechol–quinone equilib-
rium and consequently, alkaline pH accelerates conjugation reactions [21, 38]. In 
this instance, the pKa of the nucleophile is also relevant as it is deprotonated nucleo-
philes that react and so for neutral pH imidazole (pKa ≈ 6) reacts better than a pri-
mary amine (pKa ≈ 10), but this is reversed at higher pH [21, 39, 40]. The coupling 
between nucleophiles and PDA surfaces have been used for the attachment of small 
molecules, synthetic polymers, biomolecules, and the construction of metal-organic 
frameworks [21, 40–45]. Due to the importance of the quinone group to PDA reac-
tivity, thermal oxidation [46] has been used to increase the concentration of quinone 
in PDA coatings, doubling the attachment of nucleophiles to the surface [47]. The 
presence of hydroxyl and amine groups at the surface of PDA coatings also allows 
for more functionalization methods based on the reactivity of these groups. For 
example, a random copolymer containing glycidyl groups was attached to PDA 
coatings through reaction to amines and hydroxyl groups [48]. Also, the free amine 
groups of PDA have been used as a surface initiator for the ring opening polymer-
ization of lactide, generating a polylactic acid coating [49].

3.3  Physical Modification of Polydopamine

PDA coatings can also be physically modified by changing to the coating method. 
For example, multiple depositions have been used to increase surface coating thick-
ness which is limited for most surfaces with single coatings. Also, coatings can be 
smoothed by sonication in Tris buffer after coating and roughened by rapid agitation 
(200–300 rpm) during coating [50–52]. Another physical method of inducing sur-
face roughness in PDA coatings was made by applying the coating to a uniaxial 
prestrained polydimethylsiloxane substrate. Upon release of the substrate strain, a 
striped wrinkled pattern emerges in the PDA film [53]. At lower temperatures 
(<150  °C) the annealing process caused reorientation within the film structure, 
allowing unreacted amines to take part in cyclization and cross-linking reactions, 
stabilizing the film [54].
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4  Method and Mechanism of Polydopamine-Based Surface 
Modification

The simple surface coat of PDA can be achieved by incubating raw NPs in 0.5 mg/
mL solution of dopamine hydrochloride dissolved in 10 mM Tris buffer (pH 8.5) at 
room temperature for 3 h with stirring [55–60]. Alternatively, dopamine solution 
can also be added to the NPs suspension [61–66]. Due to the chemical reaction, the 
dopamine is polymerized and deposited over the NPs and forms a layer over the 
NPs. The coated particles are then collected by centrifugation (12,000  rpm for 
20 min) at 4 °C [67–71]. In some cases, the undeposited PDA and PDA coated NPs 
are separated by dialysis method in deionized water [72].

The versatile surface modification of polymeric NPs involves the second compo-
nent during the deposition of dopamine over nanoparticles, including polymers, 
bio-macromolecules, small organic molecules, nanomaterials, and inorganic pre-
cursors. For surface functionalization, PDA coated NPs are resuspended in Tris buf-
fer (10  mM, pH  8.5), which contained different ligands, incubated at room 
temperature for 30 min with rotation. The ligands are conjugated with the dopamine 
precoat by different physicochemical interaction. The functionalized particles are 
then washed with deionized water after collection by centrifugation [55, 57, 59, 69].

Lee et al. had proposed at first about the mussel-inspired chemistry for surface 
functionalization. In that study, they reported that a well-known neurotransmitter, 
dopamine, can form PDA coating on various materials after self-polymerization in 
the weak alkaline solution under the open air [20]. The mechanism of PDA coating 
involves two major ways: oxypolymerization and surface adhesion.

On oxidation, Dopamine is transformed to dopaminequinone and subsequently, 
it converted to 5,6 dihydroxyindole (DHI) through the intermolecular cyclization 
and then to polydopamine (Fig. 19.1) [19]. Scientists showed three different views 
on the polymerization mechanism of dopamine. PDA can form by dopamine mol-
ecules through noncovalent bonds including hydrogen bonding and π–π stacking 
[73], PDA may also form by the formation of dimers and trimmers via oxidation, 
coupling and then congregated to the PDA [74] and Liebscher et al. reported that 
some oligomers are produced in the solution of dopamine [75]. PDA is widely con-
sidered as a supramolecular aggregate rather than a covalent polymer with high 
molecular weight and the noncovalent bonds play a crucial role during the dopa-
mine coating.

Fig. 19.1 Schematic illustration of Polydopamine (PDA) formation
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Another critical factor is the adhesion mechanism of PDA over nanoparticles 
(Fig. 19.2). The amino and catechol groups of PDA could interact with the surface 
of nanoparticles [76]. The aromatic structure present on PDA could interact with 
hydrophobic surfaces of nanoparticles through hydrophobic interaction and π–π 
stacking [77]. Whereas both amino and catechol functional groups of PDA are 
hydrogen donor, so it can able to form hydrogen bonds with the hydrogen acceptor 
group possessing polymers like PVP [78]. The electrostatic interactions are also 
observed in the case of charged surfaces because the amino groups are positively 
charged while the catechol groups are negatively charged [79]. In summary, the 
mechanism of PDA deposition combines the formation of PDA assemblies through 
single or multiple covalent/noncovalent interactions. The cross-linked structure in 
PDA also contributes to the adhesion.

The dopamine-assisted versatile surface modification of NPs is very vital as the 
interactions between the cocomponent and the PDA determines the deposition 
behavior and the final functionalization properties. There are various groups present 
in the dopamine molecule and PDA aggregate, like amino, phenolic hydroxyl, and 
an aromatic ring. Therefore, dopamine/PDA can interact with cocomponents via 
noncovalent interactions including hydrogen bond, hydrophobic force, and electro-
static attraction. For example, Zhang et al. investigated the interactions of several 
nonionic polymers like poly(ethylene glycol) (PEG), poly(N-vinyl pyrrolidone) 
(PVP), and poly(vinyl alcohol) (PVA) as cocomponents with PDA in the coating 
assembly, where the hydrogen bonds play a significant role [78]. But it was observed 
that the deposition amount of PDA/cocomponent decreases as compared to that of 
the neat PDA, especially in the case of PDA/PVP. The scientist postulated that PVP 
could hinder the formation of PDA aggregates by interrupting the noncovalent inter-
actions of hydrogen bonding between PVP and DHI.

PDA is also able to interact with cocomponents via the electrostatic interactions. 
The amine group of codeposits can react with dopamine via Michael addition and 
Schiff-base reactions, whereas the quaternary amine can interact with PDA via the 
electrostatic interactions because PDA is always negatively charged in the deposi-
tion condition (generally in a pH range of 7–9). By contrast, polyanions can inhibit 
not only PDA aggregation but also PDA deposition. It has been found that PDA can 
be codeposited with poly(sulfobetaine methacrylate) (PSBMA), a typical 

Fig. 19.2 Schematic illustration of PDA functionalization over polymeric nanoparticle
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 zwitterionic polymer, onto polypropylene membrane and steel mesh surfaces [80, 
81]. The main mechanism of interaction is postulated as the local electrostatic 
attractions between the deprotonated phenol group and the quaternary ammonium 
rather than the hydrogen bonding [82]. But the hydrogen bonds may also form 
between PDA and zwitterionic polymer. For example, Chang et al. coated Si wafers 
by PDA with poly(methacryloyloxyethyl phosphorylcholine) (PMPC) through 
hydrogen bonding and the cation–π interaction [83].

As compared to the noncovalent versatile surface modification, the covalent ver-
satile surface modification provides a stable coating. For example, PDA and low- 
molecular- weight polyethyleneimine (PEI) can be codeposited onto the surfaces of 
microporous polypropylene membrane [84, 85]. Due to the interaction between 
PDA and PEI accelerates the deposition process. Although PDA may react with PEI 
via different routes, Zhao et al. found that PEI molecules coupled with PDA mainly 
via the Michael addition reaction [86]. Individually PDA generally creates rough 
coating due to the stacking of large PDA aggregated particles. While the codepos-
ited coating becomes uniform because the incorporation of PEI prevents the nonco-
valent interactions in PDA and reduces the particle size. Last but most important, 
the stability of the codeposited coating is greatly improved, especially in acidic and 
alkaline environments due to the formation of covalent bonds. Quan et al. reported 
the versatile surface modification by dopamine and poly(ethylene glycol) diglycidyl 
ether through reactions between the epoxy group and the hydroxyl or amino groups 
in dopamine [87].

5  Factors Affecting the Polymerization of Dopamine

The coating of NPs by PDA is generally held at room temperature in Tris–HCl buf-
fer of pH 8.5. Numerous studies have been performed to find out the crucial param-
eters that can affect dopamine polymerization (i.e., duration of coating, dopamine 
coating solution concentration, pH of Tris–HCl, and temperature). Since dopamine 
is polymerized by oxidation hence some oxidizing agents are generally involved in 
the reaction. Normally, the dissolved oxygen that already in the coating solution is 
sufficient to progress the polymerization process [88]. But to maintain uniform oxy-
gen concentration in the mixture, it must be kept on agitating during the reaction 
time. Otherwise, the fine PDA coat is formed at the air-water interface that increases 
in thickness as compared to submerged surfaces with reaction time over 24 h [89]. 
Usually for surface coating by PDA involves dopamine at a concentration of 2 mg/
mL in 10 mM Tris buffer of pH 8.5 and applied to the surface with agitation under 
ambient temperature and pressure [20]. Under these circumstances, the thickness of 
the PDA coating depends upon coating time, remarkably 10 nm in 3 h and achieved 
approximately 40–50 nm thickness within 24 h [20, 21, 50]. Dopamine concentra-
tion also has an influence on PDA coating rate and thickness. It has been seen that 
coating rate increases with dopamine concentration up to 7.6 mg/mL [90]. Likewise, 
increasing the dopamine concentration within 0.5–10  mg/mL has been found to 
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increase maximum film thickness, but with an unwanted increase in surface rough-
ness [51, 91, 92]. Generally, temperature has shown proportionately minimal effects 
on coating kinetics compared to other universally accepted factors (i.e., 2 mg/mL, 
pH  8.5) [93]. A report suggested that higher temperature with agitation could 
increase coating kinetics, and the resultant PDA coat exhibit the same type of reac-
tivity that had been modified at standard conditions [94]. Under UV light dopamine 
undergoes quick polymerization and form PDA coat more rapidly, resulting in 
80 nm thick coating after 10 h as compared to 20 nm for coating conducted in the 
dark environment. The UV irradiation accelerates the intramolecular cyclization of 
oxidized quinone, generating a larger quantity of reactive monomers, which speeds 
up the polymerization [95]. Also, UV irradiation stabilizes catechol or nitrogen cen-
tered radicals for continuing polymerization and has been used in surface initiated 
free radical polymerization for modification of PDA surfaces. The Table  19.1 
describes the different factors that affect the PDA coating.

6  Stability of Polydopamine Coating

Defining stability for PDA coatings can be difficult, particularly in the mild base in 
which monomers and poorly bound oligomers can be released without necessarily 
completely destroying the structure of the coating [39]. This release can occur 
because the stability in the mild base is in part mediated by the charge of the dopa-
mine monomers. Under acidic and neutral conditions, the amine in dopamine is 
protonated and the charge is positive, while the overall charge of the aggregate is 
negative leading to opportunities for electrostatic interactions [96]. However, as the 
pH increases, deprotonation of the first hydroxyl (pKa ≈ 9) followed by the ammo-
nium (pKa ≈  10.5) and the second hydroxyl group (pKa ≈  12) [76] changes the 
charge on the unreacted dopamine to negative [97]. This breaks the electrostatic 
interactions between dopamine monomers and the aggregate, releasing the dopa-
mine into the solution. Similarly, relatively nonpolar DHI monomers will gain nega-
tive charge with deprotonation and become more soluble in polar solution [25]. As 
the dopamine and DHI monomers are part of the overall PDA supramolecular 

Table 19.1 Factors affecting the polydopamine coating

Factors Effects on the polydopamine coating

Rate of oxidation Coating efficiency increases with increase in oxidation rate
Concentration of 
dopamine

Coating efficiency increases with increase in dopamine 
concentration

Coating duration Coating efficiency increases with increase in coating time
Buffer pH At pH ≤ 4.5 poor coating happens

At pH 7 relatively improved coating happens
At pH 8.5 highest coating efficiency observed
At pH ≥ 11 an unstable coating forms

Temperature Coating efficiency increases with rise in temperature
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structure, their release, along with the changing charge profile of the aggregate, can 
lead to changes to both the coating structure as well as to the supramolecular asso-
ciations of the coating with the surface [98].

7  The Recent Development of Polydopamine-Based Surface- 
Modified Polymeric Nanoparticles for Drug Delivery

In many clinical situations, the most of the therapeutic agents are nonspecific and 
unable to reach the desired site in the body in adequate quantity due to various rea-
sons which lead to systemic side effects and improper treatment. To reduce these 
inadequacies, the development of functional nanoparticles as drug delivery systems 
came across, which enable selective delivery of therapeutic agents at desired target 
sites of the body in the appropriate way. Polydopamine has been recently proposed 
as a good material for drug delivery, not only because of their excellent chemical 
versatility, high water solubility, excellent biocompatibility and biodegradation but 
also because of their cavities as well as their surfaces that allow for high payloads 
of drug molecules.

Now a day functionalization of the surface of a polymeric nanoparticle (NP) with 
cell targeting ligands or secondary polymeric layers is a trend to control the interac-
tion between NPs and cells/proteins. However, this is not so easy when the surface 
is chemically nonreactive. To overcome this problem, generally, prefunctionaliza-
tion of the polymer with reactive linkers or coupling agents is employed. Moreover, 
in this process, the polymers may lose the ability to encapsulate a drug. To solve this 
issue, Park et  al. prepared a poly(lactic-co-glycolic acid) (PLGA) NPs, surface- 
modified with dopamine by incubating the preformed NPs in a weak alkaline dopa-
mine solution. The PDA-derived NPs were then incubated with three different 
surface modifiers folate, Arg-Gly-Asp peptide, and polymer [poly(carboxybetaine 
methacrylate)] which act as a ligand and form the particle of size 100 nm. The cell 
uptake study on KB cells and HUVEC cells illustrates the effective internalization 
of the functionalized NPs as shown by confocal microscopy and flow cytometer 
[59]. Gastric cancer retains the third place in cancer-related mortality worldwide. 
Although gradually its occurrence is decreased, but still it poses a major challenge 
due to poor prognosis and limited treatments. Barbaloin (BBL) is the major bioac-
tive composition of aloe vera possessing antioxidant, anti-inflammatory, and antitu-
mor activities. The surface modification of polymeric NPs by Polydopamine (pD) is 
easy with the ability to conjugate ligands and additional polymeric layers. Wang 
et  al. developed BBL-loaded pD-functionalized NPs, which were prepared by 
polylactide- TPGS (PLA-TPGS) (pD-PLA-TPGS/NPs). And galactosamine (Gal) 
was conjugated as a ligand on the NPs (Gal-pD-PLA-TPGS/NPs) for targeting the 
gastric cancer cells. The particle size of the prepared NPs was found 204.8 nm with 
a zeta potential of −13.8 mV. The cellular uptake study revealed that BBL-loaded 
Gal-pD-PLA-TPGS/NPs were efficiently taken up by gastric cancer cells 
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 (SGC- 7901) and significantly reduced the gastric cancer cell viability. In vivo study 
on mice showed that Gal-pD-PLA-TPGS/NPs were specifically targeted to tumor 
site as confirmed by the low tumor volume and tumor weight. And there was no 
significant difference was observed in body and liver weight, as well as the histo-
logical changes in major organs isolated from each group of mice which indicated 
the nontoxic behaviour of the formulation [55]. It is universally accepted that bone 
comprises of collagen and nanohydroxyapatite (nano-HA) in needle-like shapes. 
Because of its excellent bone-binding capacity and biological stability, HA material 
has great application in the clinic as artificial bone. However, it was also mentioned 
that nano-HA can hinder the growth of osteoblasts depending upon concentration. 
So to use HA as implantation candidate in bone graft substitutes, nano-HA need to 
be further modified. Mussel-inspired polydopamine (pD) coatings have several 
unique characteristics such as durability, versatility, and robustness. Sun et al. suc-
cessfully prepared a novel bone forming peptide BMP-7 decorated, mussels inspired 
adhesive proteins dopamine coated nano-HA.  Here nano-HA was prepared and 
coated by pH favoured dopamine polymerization, subsequently, the BMP-7 peptide 
was affixed onto polydopamine (pDA)-coated nano-HA (HA-pDA). The cell line 
study demonstrated that the BMP-7 conjugated nano-HA crystals could prompt the 
adhesion and proliferation of MG-63 cells. Moreover, the surface engineered nano-
 HA showed high alkaline phosphatase activity which signifies that the grafted pep-
tide could maintain its bioactivity after conjugation with HA-pDA.  These 
functionalized nano-HA crystals have the immense potential as biologically active 
materials in bone repairing and bone regeneration coating applications [72]. 
Sunoqrot et  al. have designed and developed pD-coated methoxypolyethylene 
glycol-b-poly(ɛ-caprolactone) NPs (mPEG-PCL@pD) for gastro-retentive drug 
delivery (GRDD) with particle size 55.4  ±  3.7  nm and zeta potential 
−0.1 ± 0.6 mV. The mucoadhesive property of pD-coated NPs was studied in vitro 
using mucin under simulated condition mimicking the stomach lumen environment. 
The Mucin and NPs interactions at ratios of 1:1, 1:2, and 1:4 w/w were observed by 
dynamic light scattering, and an altered particle size was noticed. The increased 
turbidity of mucin/NPs was observed, which implies the development of bulky 
mucin-NP conjugation. They also concluded that there were no electrostatic interac-
tions between mucin-pD-coated NPs as confirmed by zeta potential. The ex vivo 
wash-off experiment showed 78% attachment of pD-coated NPs on sheep stomach 
mucosa after incubation of 8 h, as compared to 33% of uncoated NPs. And a similar 
in vitro controlled release profile of rifampicin was observed between pD-coated 
and uncoated NPs [61]. Incorporating imaging and targeted moieties in multifunc-
tional nanomaterials of biocompatible constituents provides great possibilities in 
cancer theranostic applications. Ao et al. showed a combination approach for sur-
face modification of PDA based nanocomposites with magnetic and stimuli- 
controlled drug release property for clinical cancer theranostics. Here the iron oxide 
nanolayer was sandwiched in between PDA nanoparticles and surface coating PDA 
layer of the nanocomposite with increased near-infrared (NIR) photothermal con-
version as well as great superparamagnetic property. Moreover, due to the high 
reactive property of PDA, it allowed facile linkage with doxorubicin and  polyethylene 

M. K. Das et al.



379

glycol chains for in vivo chemotherapy of cancer. The particle size of the nanocom-
posite was found 267 nm and a partially neutralized zeta potential of −15.6 mV. With 
the application of magnetic resonance imaging/photoacoustic imaging, the dual-
modal tumor imaging and active magnetic tumor targeting of the nanocomposite for 
the successful tumor abolition were attained as confirmed by confocal imaging of 
4 T1 cells [62]. Stability of nanoformulation in vitro as well as in vivo plays a vital 
role in nanotherapeutics. Amoozgar et  al. prepared a protein- based doxorubicin 
loaded PLGA nanotherapeutic formulations to enhance the stability and therapeutic 
efficiency. In the study, proteins were embedded in the surface of PDA functional-
ized nanoparticles (NPs) to enhance protein stability and enzymatic activity. The 
NPs formed showed the particle size of <180 nm and surface charges −10 mV. The 
surface-coated protein provided a barrier, preventing the burst release of encapsu-
lated doxorubicin. So the sustained delivery of doxorubicin reduced drug resistance 
in a breast tumor cell line, 4  T1 [63]. Nowadays, demand for chemically active 
polymeric layers of functionalized nanoparticles has arrived, which is a very com-
plicated task as it may lead to the loss of ability to encapsulate the drug in sufficient 
amount. Bi et al. developed a pH-sensitive platform for functionalizing the surface 
of PLGA nanoparticles with PDA.  Doxorubicin was successfully conjugated 
(DOX)-PDA-(PLGA) NPs with two targeting moieties folate (FA) and a peptide 
(Arg-Gly-Asp, RGD). The particle size came out 162.9  nm with negative zeta 
potential. The particles were quite stable in different physiological solutions and 
showed pH-dependent drug release property. In comparison to DOX-NPs, the tar-
geting nanoparticles have tremendous targeting capability in HeLa cells. Moreover, 
the in  vivo study explains 70% tumor inhibition by targeting nanoparticles with 
decreased DOX related side effects and improve drug accumulation in tumor site 
[67]. Metronomic chemotherapy hinders the development of drug resistance. But to 
achieve sustained tumor-specific chemotherapy remains difficult. Amoozgar et al. 
prepared paclitaxel-loaded PLGA nanoparticles functionalized with PDA and a suc-
cessive layer of poly(ethylene glycol) (PEG). The particle size of the NPs was found 
161.53 ± 1.42 nm and zeta potential −4.50 ± 8.92 mV. These particles attained a 
3.8-fold higher loading compared to PLGA−PEG copolymer based nanoparticle. In 
vitro drug release kinetics and in vivo drug distribution profiles exhibited sustained 
release of paclitaxel. Moreover, administration of prepared nanoparticles intraperi-
toneally to drug-resistant ovarian tumor-bearing mice showed significant survival 
benefits without any systemic toxic effect [65]. Nie et al. developed a novel drug 
delivery system for the treatment of breast cancer using a PDA- based surface modi-
fication of NPs. The docetaxel (DTX)-loaded star-shaped copolymer cholic acid-
PLGA nanoparticles (CA-PLGA@PDA/NPs) were coated with PDA and were 
conjugated with amino-poly(ethylene glycol)-folic acid (NH2- PEG- FA) and bort-
ezomib (BTZ) to form the targeting nanocomposite. The particle size of the nano-
composite was found 168.7  ±  4.2  nm and zeta potential −11.20  ±  3.6  mV.  The 
in vitro cell uptake study on MCF-7, a breast cancer cell line, showed active target-
ing of the NPs. Moreover, BTZ release from the NPs was pH dependent on the 
tumor acidic environment for synergistic action with DTX [66]. Han et al. devel-
oped a nanoparticulate drug carrier system that interacts with tumor cells of the 
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mildly acidic microenvironment. The prepared polymeric nanoparticles were coated 
with PDA and modified with amidated TAT peptide. The treatment of cis-aconitic 
anhydride (CA) and succinic anhydride (SA) with the TAT-conjugated nanocom-
posite, transformed the amine groups of lysine in TAT peptide into β-carboxylic 
amides, by inserting carboxylic groups that go through pH-dependent protonation 
and deprotonation. The nanoparticles conjugated with amide derived TAT peptide 
(NLpT-CA and NPpT-CA) withstand the interactions with colon cancer cell line 
LS174T and macrophages cell line J774A.1 at pH 7.4, but showed the interaction 
with LS174T cell line at pH 6.5, and delivered paclitaxel effectively to the cells in a 
short contact time. In a mice model, NPpT-CA exhibited less localization in the lung 
compared to NPpT, indicating the shielding effect of amidation with minimal tumor 
accumulation of NPpT and NPpT-CA [68]. The main limitations of cancer chemo-
therapy include the ineffective strategy for targeted chemotherapeutic drug delivery 
and the difficulty to obtain significant efficacy from a single treatment. Kong et al. 
reported a synergistic strategy of chemophotothermal therapy for cancer. They have 
prepared docetaxel-loaded CA-(PCL-ran-PLA) based nanoparticles functionalized 
with polydopamine (pD) and conjugated with aptamer (Apt) for effective targeting 
and enhanced therapeutic effect. The particle size of the final NPs was 124.6 ± 5.1 nm 
and zeta potential −19.2 ± 5.2 mV with entrapment efficiency of 94.18 ± 2.76%. 
The cell uptake study on MCF-7 cells showed excellent internalization and increased 
drug concentration in tumor sites in vivo [57]. Xiong et al. synthesized block copo-
lymer methoxy poly(ethylene glycol)-b-poly(ε- caprolactone) by ring-opening 
polymerization method and developed paclitaxel (PTX)-loaded MPEG-b-PCL 
nanoparticles, surfaces coated with polydopamine (PTX-loaded MPEG-b-PCL 
NPs@PDA) for malignant melanoma therapy. The modified nanoprecipitation tech-
nique was utilized for NPs preparation. The particle size was found as 141.8 ± 5.8 nm 
and zeta potential of 10.9 ± 1.5 mV. The cell uptake study showed effective internal-
ization of coumarin-6-loaded NPs@PDA in A875 cells lines. The PTX-loaded 
NPs@PDA significantly suppress tumor growth as compared to Taxol® and pristine 
PTX-loaded NPs in nude mice model [99]. Zhu et al. synthesized DTX-loaded NPs 
using D-a-tocopherol polyethylene glycol 1000 succinate-poly(lactide) (pD-TPGS-
PLA/NPs) and surface modified with polydopamine. Galactosamine was linked 
over prepared NPs (Gal-pD-TPGS-PLA/NPs) to increase the targeting efficiency in 
hepatocarcinoma cells, via ligand-driven endocytosis. The size of Gal-pD-TPGS-
PLA/NPs was found 209.4 ± 5.1 nm and zeta potential of −13.7 ± 2.1 mV. The 
coumarin 6-loaded Gal-pD-TPGS-PLA/NPs exhibited effective cellular uptake in 
HepG2 cell line, as confirmed by confocal microscopy and flow cytometry. DTX-
loaded Gal-pD-TPGS-PLA/NPs suppress the development of HepG2 cells in a 
greater extent than a clinically available DTX formulation (Taxotere). The in vivo 
anticancer efficacy study showed the decreased tumor size on hepatocarcinoma-
bearing nude mice model [58]. In an another study Tao et  al. prepared a DTX-
loaded CA-PLGA-b-TPGS NPs (DTX/NPs) with polydopamine (pD)-based surface 
modification subsequently conjugated with aptamer (Apt-pD-DTX/NPs) for 
enhanced therapeutic effects of breast cancer. The size of the particles was found 
112.1 ± 5.3 nm and zeta potential of −14.3 ± 3.9 mV. The aptamer conjugated NPs 
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showed great in vitro internalization in MCF-7 cells and MDA-MB-231 cells barely 
changed the characters of NPs. The in vivo animal studies in the rat model explains 
that the Apt-pD-DTX/NPs have the significant targeting ability and increased thera-
peutic response as compared to clinical Taxotere [69]. The Nanoparticle-based drug 
delivery to cancer is hampered by the heterogeneity of the enhanced permeability 
and retention (EPR) effect in cancer cells and release of drug during circulation 
before reaching the tumor site. To overcome this challenge Park et al. prepared a 
magnetophoretic strategy to NP delivery to cancer cells. They prepared polymer–
iron oxide nanocomposites (PINCs) from PLGA and colloidal Fe3O4 and coated 
with PDA.  The Z-average of PINCs was found 218  nm with a zeta potential of 
−12 mV. The PINCs were stable in serum-containing medium and gives a quick 
response to magnetic field gradients over 1 kG/cm. Under the field gradients, PINCs 
were rapidly get entered into SKOV3 cells as confirmed by cell uptake study. The In 
vivo study showed accumulation of PINCs in poorly vascularized subcutaneous 
SKOV3 xenografts without EPR effect [70]. Low molecular weight chitosan 
(LMWC) is a potential polymer for surface engineering of nanoparticles (NPs), 
which can perform stealth effect and electrostatic interaction with tumors at mild 
acidic pH. Abouelmagd et al. prepared paclitaxel loaded PLGA NPs coated with 
PDA and conjugated with LMWC (PLGA-pD-LMWC NPs). The size of the parti-
cles were found 209  nm and zeta potential measurement showed positive value 
when dispersed in MES buffer pH 6.2 and a negative value when dispersed in phos-
phate buffer pH 7.4. So, PLGA-pD-LMWC NPs had a pH-dependent surface charge 
and acid-specific NP-cell interaction and increased drug delivery to weakly acidic 
cell environment as showed by cell uptake study on SKOV-3 cells. PLGA-pD- 
LMWC NPs also showed less uptake by phagocyte as described by J774A.1 macro-
phages uptake study [71]. Gullotti et al. prepared PTX loaded PLGA NPs coated 
with PDA and further modified with TAT peptide (PLGA-pDA-TAT NPs) or dual 
modified with TAT peptide and hybrid of PEG and MMP-substrate peptide (peritu-
morally activatable NPs, PANPs). The particle size of the formulation was found 
291.8  nm with a zeta potential of +0.3  mV.  PLGA-pDA-TAT NPs and MMP-2- 
pretreated PANPs exhibited better cellular uptake in SKOV-3 cells [60]. Some of the 
important polydopamine based surface modified nano drug carriers are listed below 
(Table 19.2).

8  Conclusion and Future Prospects

In this chapter, an overview of the recent progress in research on dopamine-based 
surface modified polymeric nanoparticles in drug therapy is presented. Since the 
discovery of self-polymerization of dopamine by oxidation for fabrication of PDA 
derived materials, the focus has been on the preparation and applications of PDA- 
based nanocomposites. As time passed researchers starts to give attention to the 
interaction and cofabrication of dopamine with other materials to form a functional 
component. Dopamine derived materials possess many interesting physicochemical 
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properties, including versatility in adhesion to the surface of any type and shape, 
great chemical reactivity with thiol and amino terminated materials and metal ions, 
and superb biocompatibility and biodegradability. These exciting features make 
dopamine-based nanomaterials very enticing for fabrication of functional 

Table 19.2 Polydopamine-based surface modified polymeric nanoparticle and its application

Polymer Drug Ligand Cell line Application Ref.

PLGA – Folate, Arg-Gly-Asp, 
and 
poly(carboxybetaine 
methacrylate)

KB cells or 
HUVEC

Cancer [59]

Polylactide-TPGS Barbaloin Galactosamine SGC-7901 Gastric 
cancer

[55]

Hydroxyapatite BMP-7 – MG-63 Bone 
regeneration

[72]

Methoxypolyethylene 
glycol-b-poly(ɛ- 
caprolactone)

Rifampicin – – GRDD [61]

Polydopamine Doxorubicin – 4 T1 Brest cancer [62]
PLGA Doxorubicin Lysozyme, DNase, 

collagenase I, or 
E-selectin antibody

4 T1 Brest cancer [63]

PLGA Doxorubicin Folate and RGD HeLa Cervical 
cancer

[67]

PLGA Paclitaxel – BR5FVB1- 
Akt

Ovarian 
cancer

[65]

Cholic 
acid-poly(lactide-co- 
glycolide)

Docetaxel, 
Bortezomib

Amino-poly(ethylene 
glycol)-folic acid

MCF-7 Breast 
cancer

[66]

PLGA Paclitaxel TAT peptide LS174T or 
J774A

Colon 
cancer

[68]

CA-(PCL-ran-PLA) 
copolymer

Docetaxel AS1411 Aptamer MCF-7 Breast 
cancer

[57]

Methoxy poly(ethylene 
glycol)-b-poly(ε- 
caprolactone)

Paclitaxel – A875 Malignant 
melanoma

[99]

D-a-tocopherol 
polyethylene glycol 
1000 
succinate-poly(lactide)

Docetaxel Galactosamine HepG2 Liver cancer [58]

CA-PLGA-b-TPGS Docetaxel AS1411 aptamer MCF-7 or 
LNCaP

Breast 
cancer

[69]

PLGA – – SKOV3 Ovarian 
cancer

[70]

PLGA Paclitaxel – SKOV-3 Ovarian 
cancer

[71]

PLGA Paclitaxel TAT peptide SKOV-3 Ovarian 
cancer

[60]
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nanomedicine, which has been widely utilized in the treatment of various diseases, 
from diagnosis of a tumor, bio imaging, targeted or site-specific, controlled drug 
delivery, photo thermal therapy to combination therapy and imaging-guided 
therapies.

Although dopamine-based materials possess impressive advances in the prepara-
tion, functionalization, and drug delivery applications, there are still many chal-
lenges that should be sorted out in the near future to transform these materials from 
research into clinical applications. One of these is the lack of proper understanding 
of the mechanism of polymerization and the detailed structures of PDA. For a better 
understanding of the adhesive properties of the materials, such knowledge is essen-
tial. As dopamine itself is a drug, it is an immediate requirement for the toxicity 
evaluation of dopamine-based materials. Furthermore, more efforts must be directed 
to dopamine-based nanoplatform in targeted drug delivery and controlled release, 
which is a development direction for biomedicine in future.

In summary, due to its unique features and the simplicity of derivatization 
dopamine- based materials have been greatly utilized only in anticancer research till 
date. But equally, it has the potential for site-specific drug delivery including to 
brain as well. Although various obstacles exist in their clinical applications, it can 
be expected that dopamine-based materials will be available in the near future, cre-
ating a new solution in drug therapy.

Declaration All figures and tables are original and self-made.
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Chapter 20
Surface Modification of Gold 
Nanoparticles for Targeted Drug Delivery

Benson Peter Mugaka, Yihui Hu, Yu Ma, and Ya Ding

Abstract Gold nanoparticles (AuNPs) are the most widely studied and used inor-
ganic nanoparticles in biomedical researches and applications, due to their control-
lable shape and size, biological inertia, and optical and photothermal therapeutic 
properties. Besides the shape and size, surface property is also a critical factor that 
influences the performance of AuNPs in vivo, especially for targeted drug delivery 
using AuNPs as the carriers. Two approaches, noncovalent and covalent interac-
tions, are commonly employed to modify the surface of AuNPs. Each of them has 
advantages and disadvantages. In this chapter, we focus on these two kinds of sur-
face modification methods and their applications in regulating the properties and 
performance of AuNP-based nanosystems for targeted drug delivery. It provides 
valuable reference and guide to implement modification of the surface for nanoma-
terials and realize the unique functions in diagnosis and treatment.

Keywords Gold nanoparticles · Surface modification · Drug delivery · Specific 
targeting

1  Introduction

The advances in nanotechnology accelerate the development of biomedicine, espe-
cially the nanoparticle (NP)-based targeted delivery systems (DDs) and their precise 
therapy [1, 2]. Gold nanoparticles (AuNPs) are the most widely studied and consid-
ered the most promising nanomaterials for biomedical applications due to the finely 
controlled shape, size, and surface chemistry [3–5]. Besides the biological inert 
rooted in the nature of zero valent gold, the desirable physicochemical and biologi-
cal properties of AuNPs, including the solubility, dispersity, and biocompatibility, 
are critically influenced by the surface chemistry [6]. The surface chemistry not 
only decide the recognition between biomolecules and active drugs loaded but also 
determine the destination of the nanoparticles [7–9].
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The surface modification of AuNPs provides a flexible platform for biological 
assemblies and is helpful to control the physical and chemical bounding of drugs 
[10–12]. Through rationally designing the chemical structure of surface ligand or 
choose naturally generated modifier, the surface functional groups (such as −COO−, 
−NH3

+, and − SH) [6, 13], charges (e.g., positive, negative, and zwitterionic), and 
density of surface modifier on AuNPs can be finely adjusted [14, 15]. Furthermore, 
the attachment of function groups allow the conjugation of a variety of agents (e.g., 
antibodies, peptides/amino acids, target ligands to coordinate and bind with recep-
tors, desired drugs, and intelligent genes) to build multifunctional nanoparticles for 
research and application in biosensors [9, 16], bioimaging [17–19], and biomedi-
cine such as that for cancers [20–24].

Using AuNPs as drug carriers started with the conjugation of tumor necrosis fac-
tor (TNF) on the surface of gold through the formation of covalent bonds [25]. Up 
to date, several surface modification strategies have been developed, involving non-
covalent and covalent methods. The relative research has been reported in our previ-
ous literatures [26, 27]. Recently, the specificity and selectivity response to a cellular 
or tumor microenvironments become more important in the research of precise 
treatment. The design of nanoparticles that integrates each unit of whole system and 
plays the possible synergistic effect attracts more attentions than before. In this 
chapter, we focus on the targeted drug delivery based on the surface modification of 
AuNPs via smart fabrication.

2  Surface Modifications of AuNPs by Noncovalent 
Interaction

A noncovalent interaction is a simple surface modification method. Different from a 
covalent bond, it does not involve the sharing of electrons. Although showing weaker 
chemical energy than covalent bond, noncovalent interactions are critical in main-
taining the three-dimensional structure of large molecules and offer the reversible 
bonding and release between molecules. It can be classified into different categories, 
such as electrostatic, π–π effects, van der Waals forces, and hydrophobic effects.

2.1  Surface Modification by Electrostatic Interaction

Electrostatic phenomena arise from the forces that electric charges exert on each 
other. Using citrate as the protector, AuNP preparation in the presence of citrate salt 
is the most common method. Taking advantages of the passive charge of citrate, 
electrostatic interaction become the simplest method to modified gold surface. 
Many artificial and naturally produced molecules having negative or positive 
charges have been modified on the surface of AuNPs via directly electrostatic effect 
or layer-by-layer (L-b-L) method.
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To overcome multidrug resistance, AuNPs were prepared by NaBH4. Tetrasodium 
salt of meso-tetrakis-(4-sulfonatophenyl)porphyrin (TPPS) was armored on the sur-
face of AuNPs via the polyamino groups in the chemical structure of TPPS. The 
antitumor drug doxorubicin (DOX) further interacted with TPPS and achieved the 
internalization by tumor cells with the help of this gold nanocarrier [28]. The as- 
prepared DOX-loaded nanocomposite (DOX@TPPS-AuNPs) demonstrated the 
DOX could be released by acidic pH and particularly to the nucleus of diseased cells 
(Fig. 20.1).

Through the lysozyme (Lyz)-induced aggregation of AuNPs, a versatile nanocar-
rier has been fabricated [29]. Both hydrophilic (DOX) and hydrophobic (pyrene) 
molecules can be loaded on the surface of Lyz-aggregated AuNPs via the noncova-
lent effect. To stabilize the carrier and enhance its uptake by cancer cells, an albu-
min layer was decorated in the outermost layer of the system. This AuNP–protein 
agglomerate worked as an efficient nanocarrier of DOX and improved the inhibition 
ability in a human cervical cancer HeLa cell line.

Besides the direct absorption between AuNPs and molecules with opposite 
charges, the L-b-L method has also been employed in the AuNP-based drug deliv-
ery system. For example, charge-reversal AuNPs prepared by L-b-L technique were 
employed to deliver small interfering RNA (siRNA) and plasmid DNA into cancer 

Fig. 20.1 Schematic representation of the possible mechanism of the attachment of TPPS on the 
surface of AuNPs and further loading of DOX. Reproduced from Bera et al. [28] with permission 
from ACS Publications

20 Surface Modification of Gold Nanoparticles for Targeted Drug Delivery



394

cells [30]. Using this system, Lamin A/C, an important nuclear envelope protein, 
was effectively silenced by lamin A/C-siRNA, which showed better knockdown 
efficiency than that of commercial Lipofectamine 2000. Moreover, the engineering 
AuNPs by L-b-L method were also employed for immune modulation [31]. 
Polyethylene glycol (PEG), polyvinyl alcohol (PVA) or a mixture of both with 
either positive or negative surface charge were coated on the surface of AuNPs. The 
uptake and cell response in monocyte-derived dendritic cells (MDDCs) were inves-
tigated. It has been revealed that MDDCs can take up AuNPs efficiently and differ-
ence in surface modification influences the state of MDDCs. Although limitedly 
internalized by MDDCs, PEG-COOH AuNPs caused a significant increase in tumor 
necrosis factor-alpha. On the other hand, the readily internalized (PEG + PVA)-NH2 
and PVA-NH2 AuNPs caused the secretion of interleukin-1beta.

Moreover, changing the proteins absorbed on the AuNP surface would alternate 
the biodistribution of the particles [32]. Comparing the AuNPs (15 and 80 nm in 
gold core size) conjugated either with human serum albumin (alb-AuNP) or apoli-
poprotein E (apoE-AuNP) with citrate-protected AuNPs, protein conjugation mas-
sively reduced liver retention (alb-AuNP: 52%, apoE-AuNP: 72%, cit-AuNP: 
>95%, at 19 h and 48 h). The study suggested that the modulation of artificial pro-
tein corona could be a promising method to control the targeting and destiny of 
NP-based drug delivery systems.

2.2  Surface Modification by Complementation of Base Pairs

With the development of nanomedicine, various biological macromolecules (e.g., 
nucleic acids and proteins) are not only delivered as the treatment agents but also 
participate in the construction of nanocarriers. Antitumor drugs acting on nucleic 
acids specifically adsorbed or embedded on designed double stranded nucleic acids 
that conjugated on the surface of AuNPs, which can improve the cellular uptake of 
drugs significantly. For example, folic acid (FA) was attached at one terminal of 
single-stranded DNA via the reaction of the isolated FA N-hydroxysuccinimide 
ester with the amino-DNA and conjugating the complementary DNA strand on the 
surface of AuNPs, after a simple mixture process, FA-target moiety was easily 
labeled on the gold surface [33]. DOX was loaded on the complementary DNA 
strands and led to a high cytotoxicity of vehicles having both FA and DOX. When 
the structure and ratio of DNA was designed and adjusted properly, the formation of 
AuNP dimers was through the click chemistry of the alkyne and azide groups 
between two thiol-modified oligonucleotides [34]. Two different oligonucleotides 
modified on the surface of these AuNP dimers allowed to intercalate two different 
drug (DOX and mitoxantrone, MTX) loadings [35]. At the high level of two mRNA 
targets in tumor cells (2.5-fold higher than normal cells), these dimers simultane-
ously or independently deliver one or two DNA-intercalating anticancer drugs in 
several tumor cells, including 16 HBE, MRC 5, and A 549 cells. This is a multidrug 
delivery system corresponding to the high mRNA stimulation in tumor microenvi-
ronment (Fig. 20.2).
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3  Surface Modification by Covalent Methods

Covalent modification means connecting molecules on the surface of AuNPs via 
chemical bonds. S-Au covalent bond is the most important interaction that makes 
the surface chemistry of AuNPs simpler and more versatile. It was considered as 
covalent bond because the strong metal–ligand interaction between sulfur and gold, 
although the interaction is partially covalent (~35%) and mostly electrostatic 
(~65%) [36]. In general, the “S–Au covalent bond” is a widely accepted denotation 
and it is the first step in the modification process of AuNPs. Various targeting and 
therapeutic ligands can be anchored on gold surface via direct S-Au interaction, and 
a short spacer with terminated thiol group is also attached on the gold surface and 
allowing the further conjugation of drug molecules through chemical reactions.

3.1  Surface Modification by Ligand Exchange

Ligand exchange for surface modification of AuNPs is an effective and important 
strategy to prepare functionalized nanoparticles for biomedical and nanomedical 
applications. Ligand exchange reactions can be compared with the ligand substitu-
tion reactions, which involve displacement of original ligands by thiol-containing 
biomolecules, drugs, and prodrugs [37]. In most cases, the incoming ligand biomol-
ecules have stronger interactions with the inorganic nanoparticles’ surface than the 
leaving ligands [38], by which aptamer, peptide, polymer, and chemical drugs has 
been modified and offered their functions to AuNP-based nanosystems.

Fig. 20.2 Schematic Illustration of the multiplexed nanoparticle dimer used in drug release and 
the image of mRNA detection taken by laser scanning confocal microscopy (LSCM). Reproduced 
from Kyriazi et al. [35] with permission from ACS Publications
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Attached target ligands with the ability of specific recognition by the receptor 
located on the surface of tumor membrane will increase the selectivity and uptake 
of modified AuNPs in tumor cells. Small interleukin-6 receptor (IL-6R) specific 
aptamer [39] molecules (AIR-3A) were modified on the surface of AuNPs via a 
thiol-Au bond. AIR-3A in different amounts to the particles was adjusted to investi-
gate the specificity of the delivery to IL-6R-carrying cells. AuNPs of diameters from 
2 nm to larger 7 nm and 36 nm have been employed. The results demonstrated that 
the AIR-3A-modification can significantly improve the recognition by IL-6R- 
carrying cells, and that polyethylene glycol (PEG), particle size, concentration, 
aptamer surface coverage, incubation time, and temperature also showed relative 
influence on the internalization by target cells. Using the same method, peptide- 
modified 13-nm AuNPs can be introduced into subcellular organelles such as lyso-
somes [40].

With the aim of improving brain visualization and drug permeability across the 
blood–brain barrier (BBB), several glucose-modified AuNPs (ca. 2 nm) carrying 
BBB-permeable neuropeptides have been prepared. The position emitter 68Ga was 
also chelated on the gold surface via a NOTA ligand for in vivo position emission 
tomography (PET) tracking. All glucose, neuropeptide, and 68Ga were conjugated 
on AuNPs via the thiol-Au covalent bond [41]. The results showed that the accumu-
lation of radioactivity in different organs after intravenous administration was 
dependent on the modified ligands. AuNPs anchoring a Leu-enkephalin peptide 
(Enk) improve BBB crossing (0.020 ± 0.0050% ID/g) nearly threefold compared to 
nontargeted GNPs (0.0073  ±  0.0024%ID/g). To improve the biocompatibility of 
AuNPs and facilitate the further surface modification of AuNPs, cysteine- 
functionalized alginate was coated on the gold surface via the thiol group of cyste-
ine [20]. Similar to the poly(ethylene) glycol (PEG) modification, alginate-derived 
polymers provided colloidal stability to AuNPs and avoided recognition and seques-
tration by the body’s defense system, demonstrating a promising potential in con-
structing sustained drug release systems.

In addition, chemical drugs can be also conjugated on the surface of AuNPs to 
achieve specific target and selective release at tumor sites. Several chemical drugs 
and their derivatives including Tiopronin (TPN) [42], paclitaxel (PTX) [43, 44], and 
DOX [45, 46] have been connected on the gold surface via a simple ligand exchange 
method. For instance, loading DOX on the surface of AuNPs via a hydrazone, an 
acid-responsive linker, and angiopep-2, a specific ligand of low-density lipoprotein 
receptor-related protein-1 (LRP1) was also functionalized as a target ligand for 
glioma [47] (Fig. 20.3). This system, 39.9 nm in size, −19.3 mV in zeta potential, 
and 9.7% DOX loading capacity, showed a BBB penetration and targetability for 
glioma cells. Upon the low pH sensitive drug release in tumor cells, glioma-bearing 
mice treated with An-PEG-DOX-AuNPs displayed the longest median survival 
time, which was 2.89-fold longer than that of saline.
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3.2  Surface Modification by Chemical Reactions

The ligand exchange method to modify the gold surface required a high synthesis 
technology. Each product needs to be purified and characterized. It ensures the exact 
structure of the subject system but is not so economical when different and more 
ligands are expected to be connected on the gold surface. Therefore, modified 
AuNPs using a short spacer firstly, and then conjugated other ligand on this spacer 
via a chemical reaction have been also employed in surface modification of AuNPs.

To accurately measure the number of functionalized chemotherapeutic drug, 
PTX, connected on the surface of AuNPs (ca. 2 nm), a flexible hexaethylene glycol 
linker was coupled with phenol-terminated gold nanocrystals firstly, and then 
anchored at the C-7 position of paclitaxel at the other terminal [48] (Fig. 20.4). The 
thermogravimetric analysis (TGA) of the hybrid nanoparticles reveals the content of 
the covalently attached organic shell as nearly 67% by weight, which corresponds 
to ∼70 molecules of paclitaxel per 1 nanoparticle. To carry cisplatin molecules for 
tumor treatment, a dendron having one thiol and three carboxyl group has been 

Fig. 20.3 Schematic illustration of the structure of An-PEG-DOX-AuNPs and their delivering 
procedure to penetrate through BBB and target to glioma cells. Reproduced from Ruan et al. [47] 
with permission from Science Direct Publications
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attached on AuNPs via a simple S-Au bond, where Pt(II) is connected on terminated 
dendron ligand via the carboxyl-amino interaction [49]. PEGylation influences its 
drug loading, colloidal stability, and drug release, especially improves the stability 
of Pt(II)-complexed AuNP. It is noting that, the Pt(II) release over 10 days (exam-
ined at 0.5 Pt(II)/nm2 drug loading) remained constant for non-PEGylated, 
1 K-PEGylated, and 5 K-PEGylated conjugates.

Integrating multiple properties in an all-in-one system holds great promise for 
drug delivery, but the absence of technology to assemble highly functionalized 
devices has hindered this progress in nanomedicine. To overcome this challenge, 
poly(ethylene oxide)-β-poly(ε-caprolactone) (PEO-b-PCL) block polymers modi-
fied at the apolar PCL terminus with thioctic acid and at the polar PEO terminus 
with an acylhydrazide, amine, or azide moiety have been synthesized and coated on 
the surface of AuNPs [18]. Three different types of surface reactive groups, acylhy-
drazide, amine, or azide moieties, could be reacted with high efficiencies with mod-
ules having a ketone, isocyanate, or active ester and alkyne function, respectively, 
for surface functionalization. An oligo-arginine peptide to facilitate cellular uptake, 
a histidine-rich peptide to escape from lysosomes, and an Alexa Fluor 488 tag for 
imaging purposes were successfully conjugated on gold surface. This modular syn-
thetic methodology provides facile and optimal configurations of nanocarriers for 
disease-specific drug delivery [11, 50].

3.3  Surface Modification by Click Chemistry

Click chemistry is an excellent, simple, and fast strategic method for surface modi-
fication because it does not affect the structure of NPs, this method based on the 
carbon-heteroatom bond [51]. In chemical synthesis, “click” chemistry is a class of 
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Fig. 20.4 Schematic illustration of covalent coupling of paclitaxel to 4-mercaptophenol-modified 
2  nm gold nanoparticles. Reproduced from Gibson et  al. [48] with permission from ACS 
Publications
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biocompatible small molecule reactions commonly used in bioconjugation, allow-
ing the joining of substrates of choice with specific biomolecules. Recently, espe-
cially the development of copper-free click chemistry has attracted more attention 
because it increases the biosafety of click reaction in vivo.

For the conjugation of a cytotoxic drug, a cancer cell targeting ligand, and an 
imaging moiety, a multifunctional AuNP was prepared. Among all surface modifi-
cations, the glycan-based ligand for the cell surface receptor CD22 of B-cells used 
strain promoted azide–alkyne cycloaddition [52]. The surface attachment of CD22 
endowed the rapid entry of the nanoparticle by receptor-mediated endocytosis, 
compared to nontargeted nanoparticles. To coat AuNPs with a functional copoly-
mer, polydimethylacrylamide (DMA) modified with an alkyne monomer that 
allows the binding of azido-modified molecules by Cu(I)-catalyzed azide/alkyne 
1,3- dipolar cycloaddition (CuAAC) was synthesized [53]. The polymeric backbone 
made the azido-modified protein possible. Anti-mouse IgG antibody was then 
attached on the particle surface and would realize gold labels in biosensing tech-
niques (Fig. 20.5).

Fig. 20.5 AuNPs modified with a functional polymer and consequent derivatization of the poly-
mer with an azido-modified antibody, as well as their photograph, TEM image, and interferometric 
reflectance imaging system (SP-IRIS) images of surfaces functionalized with different antibodies. 
Reproduced from [53] with permission from ACS Publications
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4  Discussion and Outlook

In this chapter, we summarize the main points of noncovalent and covalent methods 
for surface modification of AuNPs for targeted drug delivery. The electrostatic inter-
action, complementation of base pairs, ligand exchange, and chemical reactions are 
efficient methods to adjust and improve the physicochemical properties and treat-
ment performance of AuNP-based drug delivery systems. They each have advan-
tages and disadvantages for practical use. A rational use of existing surface 
modification methods and development of new techniques are significantly impor-
tant for further regulation of the treatment efficacy of nanoparticle-based therapeu-
tic systems.
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Chapter 21
Surface Modification and Bioconjugation 
of Nanoparticles for MRI Technology

M. Azam Ali and Mohammad Tajul Islam

Abstract Nanomaterials (NPs) with precise biological functions have considerable 
potential for use in biomedical applications. Surface modification is one of the effec-
tive routes to impart such desired and precise biological functions to NPs. Introduction 
of various reactive functional groups on the surface of NPs are required to conjugate 
a spectrum of contrast agents (CAs), for the targeted imaging such as magnetic reso-
nance imaging (MRI). Current state in surface modification of NPs for preparing CAs 
of MRI is summarized in this chapter. Chemistries involved in the bioconjugation and 
surface modification are discussed. Chemical and bioconjugate reactions to transform 
the surface of NPs such as silica NPs, gold NPs, and gadolinium NPs are highlighted. 
Coating is another important approach to enhance the functionalities of CAs for MRI 
application, therefore, light is thrown on the coating mechanism of organic polymers 
including dextran, chitosan, and copolymers.

Keywords Surface modification · Bioconjugation · Nanoparticles · Contrast agent 
· Magnetic resonance image

1  Introduction

Imaging techniques, which detect lesion information (e.g., type, location, and stage) 
offer tremendous opportunities both for clinical diagnostics and as a research tool 
[1]. Among all existing imaging techniques, magnetic resonance imaging (MRI) 
has emerged as one of the most powerful diagnostic tools in biomedicine primarily 
due to its exquisite soft tissue contrast, high spatial resolution, lack of ionizing 
radiation, unlimited signal penetration depth, and wide clinical applicability [2]. 
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Another advantage of MRI is that it can obtain real-time images of the internal 
anatomy and physiology of living organisms in a noninvasive manner. Furthermore, 
MRI provides information not possible to access with other imaging modalities. 
Recently, three-dimension (3D) MRI has been shown to be much useful in the eval-
uation and diagnosis of brain and neural tissue anatomy using a single acquisition 
technique. Therefore, it has been extensively used for imaging brain and central 
nervous systems, for assessing cardiac function, and for detecting abnormal tissues 
such as tumors [2].

An MRI is the collection of pixels or voxels representing the nuclear magnetic 
resonance (NMR) signal intensity of the hydrogen atoms in water and fat of the 
body area of living organisms being imaged. MRI scanner applies a strong magnetic 
field around the area of the body to be imaged. The hydrogen nuclear spins are 
aligned in the direction of the external magnetic field (Fig. 21.1a). Figure 21.1b 
shows that when a resonant radiofrequency wave (5–100 MHz) is applied, some 
protons with low energy absorb the electromagnetic energy and flip their spin. After 
removal of the radio frequency, the protons gradually return to their normal spin. 
Protons simultaneously release the energy in the form of radio waves during resum-
ing their original state, which are measured by receivers and made into the MR 
images. Returning process of the protons to their original state is known as relax-
ation. Relaxation is measured in two directions, longitudinal and transverse, and 
characterized by the time constants: spin–lattice relaxation time T1 or spin–spin 
relaxation time T2, respectively [3, 4].

However, MRI’s inherent low sensitivity, little difference between normal and 
abnormal soft tissues in relaxation time, and resulting contrast usually provides 
poor anatomic descriptions, which hampers the visualization of subtle changes in 
tissues. Therefore, additional supplements have been used for further improvement 
of the contrast of imaging, and more accurate detection and diagnosis. The most 

Fig. 21.1 Schematic illustration of the mechanisms of MRI. (a) Protons precessing under an exter-
nal magnetic field B0. (b) After the introduction of the RF pulse, protons are excited, with relaxation 
occurring following removal of the RF pulse. And the graphical representation of T1 relaxation and 
T2 relaxation. Reproduced from [3] with permission of Royal Society of Chemistry
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effective supplement is a chemical compound known as a probe or a CA. CA is 
introduced to a living body prior to MRI scanning to enhance the signal difference 
between the region of interest (disease) and the background (normal tissues). In 
general, contrast agents can make the signal difference by modifying the water pro-
ton relaxation rates when present in micromolar concentrations, although recent 
advances can produce nanomolar detection levels [5]. Moreover, the interrelation 
between the contrast agent and the biological system often reveals biological and 
functional information [2].

Merbach et  al. [6] reported in their book in 2013 that approximately 35% of 
clinical MRI scans took the assistance of CAs, although this is dependent on the 
type of CA, which is expected to increase signal intensity and/or imaged perfor-
mances further with the emergence of novel and more effective CAs compared to 
commercially available CAs at present. CAs can be categorized into four class 
based on the MR mechanism to generate signal: T1, T2, PARACEST (paramagnetic 
chemical exchange saturation transfer), and hyperpolarization [1]. T1 and T2 are 
more commonly used CAs amongst these four. T1 contrast agents are known as 
positive contrast agents since they increases the signal intensity in T1-weighted 
images by shortening T1. On the other hand, T2 contrast agents reduces the signal 
intensity in T2-weighted images and hence called negative contrast agent [4]. One 
of the most common T1 CAs employed in clinical imaging is paramagnetic gado-
linium ion complex while superparamagnetic iron oxide nanoparticle (SPION) is 
the typical example of T2 MRI contrast agent [2]. Unfortunately, CAs are not free 
from limitations. Being small molecules CAs shows limited efficacy. As a result, to 
obtain desired contrast relatively high dose of CAs is required [7]. To overcome this 
limitation, CAs were incorporated into nanoparticles via bioconjugation (Fig. 21.2). 
Nanoparticle acts as a carrier for the CAs and improve the relaxation time thereby 
efficiently amplify the contrast signal at locations of interest.

The synthesis of NPs requires an organic solvent or a complex aqueous mixture, 
which is unfortunately not compatible with direct biomedical use. Therefore, 
surface modification is essential to get colloidal stable NPs at physiological pH as well 

Fig. 21.2 Schematic 
representation of a 
lipid-based nanoparticle, 
which binds to a cell- 
surface receptor. The 
nanoparticle carries 
contrast agents (green), a 
payload of drug (blue), and 
is equipped with targeting 
ligands (red) for specific 
receptor recognition. 
Reproduced from Nicollay 
et al. (2013) with 
permission of Wiley
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as targeting abilities and additional functionalities that demonstrate biocompatibility 
to the body tissues. The initial surface functionality can be introduced during syn-
thesis of NPs. Otherwise the surface layer can be modified after synthesis either by 
chemical modification of the initial ligand or by complete ligand exchange. Hundreds 
of thousands of CAs such as gadolinium ions or iron oxides can be loaded per 
nanoscale CA structure. Furthermore, surface modification of nanoscale CAs can 
introduce various functionalities, such as targeting ligands for tumor targeting, dyes 
for multimodal imaging and drugs for constructing therapeutic nanoplatforms [3]. 
In this chapter, we introduce and report the recent developments of surface modifica-
tion of various CAs including bioconjugation of nanoparticles for MRI technology.

2  Surface Modification Chemistry

2.1  Covalent Linkages

Covalent linkage is one of the strong and stable bonds formed between functional 
groups found on the NP surface and conjugated ligands. Usually, these functional 
groups such as amino, carboxylic acid, and thiol groups are added to the NP surface 
via its polymer coating. Both the type and number of functional groups on each NP 
can be controlled during the coating of polymers. Functional groups are present 
either on the body of the natural or synthetic polymers chain (such as chitosan, 
dextran, PEI) or at their terminal ends (such as PEG). At the same time, total num-
ber of reactive groups can also be customized by adding specific number of binding 
sites per polymer chain. For example, superparamagnetic iron oxide nanoparticles 
(SPIONs), 38 nm, in particular have been extensively investigated as novel mag-
netic resonance imaging (MRI) CAs which coated with dextran have been reported 
with 62 reactive amino groups per NP [8]. While a larger SPION (64 nm) coated 
with PEG was reported to have 26 reactive amino groups per NP [9]. These same 
chemical groups are also found on the targeting, optical, or therapeutic agent to be 
covalently attached. To link the functional groups a host of chemistries are avail-
able, which are subdivided into direct reaction (Table  21.1), click chemistry 
(Table 21.1), and linker strategies (Table 21.2).

2.1.1  Direct Nanoparticle Conjugation

Direct reaction strategies are particularly suitable for small molecule conjugation. 
As listed in Table 21.1, functional groups such as amine, sulfhydryl, aldehyde, 
carboxyl, and active hydrogen functional groups present at the NP surfaces can be 
directly bonded or linked to reactive ligands by a number of reactions schemes, 
for example Mannich reaction, Michael addition, Schiff-base condensation and 
epoxide opening. A linkage reaction between the functional groups and ligand can also 
be possible, which is facilitated with the help of catalysts. In one notable study [8], 
146 different small molecules were conjugated to 10-kDa dextran-coated 
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monocrystalline magnetic NP in array format to impart water solubility, conjugat-
ability, biocompatibility, and chemical diversity. On an average, 60 small molecules 
(MW < 500 Da) with the chemical functional groups of primary amines, alcohols, 
carboxylic acids, sulfhydryls, and anhydrides were attached per 38-nm nanoparticle. 
Fourteen compounds showed significant uptake into cancer cells (up to 160 × 106 
nanoparticles per cell for the most efficient compounds) for early detection of 

Table 21.1 Direct nanoparticle conjugation

Nanoparticle Ligand Conjugate Reaction

Amine

Amide bond formation

Anhydride

Succinimidyl ester

Carboxilic acid ester
Addition of amine to 
cyanates

Isothiocyanate
Epoxide opening

Epoxide

Sulfhydryl

Michael addition

Maleimide
Substitution

Pyridyl disulfide

Aldehyde

Schiff-base 
condensation

Amine
Imine formation

Hydrazide
Amide bond formation

Carboxyl Amine
Mannich reaction

Active hydrogen Amine
Click chemistry

Alkyne Azide
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pancreatic cancer. The authors concluded that the efficacy of prepared materials 
might be attributed to the multivalent nature of the surface molecules (60 ligands 
per nanoparticle). However, the efficiency of these chemistries varies with the func-
tional groups. Functionalized NPs obtained from direct conjugation methods are 
prone to intercalating or cross-linking, with the exception of amine functional 
groups. Specifically, disulfide linkage formation between NPs may be the reason for 
the cross-linking. Another reason might be binding amongst multiple NPs and a 
single ligand containing multiple amino functional groups. Moreover, there is a 
need for initial modification prior to conjugation since biomolecules are not natively 
reactive with NPs. Modification of biomolecules involves the risk of loss of biocom-
patibility and bioactivity. However, Schellenberger et  al. [10] reported that only 
precise, limited modifications can be possible without losing the bioactivity. 
Therefore, care should be taken during chemical modification to limit the loss of 
biofunctionality and bioactivity. Unfortunately, glutaraldehyde, a common direct 
conjugation agent, has limited applicability for biomolecule-NP attachment as it 
denatures proteins and peptides. Tetraethylene glycol (TEG)-based phosphonate 
ligands were introduced in stable superparamagnetic iron oxide nanoparticles via 
both direct conjugation and ligand exchange process. The direct conjugation has 
found less toxic to cell whereas ligand exchange process lead to NP with greater 
magnetic properties [11] that illustrate effective performance for MRI imaged.

2.1.2  Click Chemistry

Sharpless et al. in the year 2005 developed “click” chemistry to generate substances 
by joining small units together with heteroatom links (C–X–C) [12]. Table  21.1 
shows Cu-catalyzed azide–alkyne chemistries. The intention of the development of 

Table 21.2 Linker chemistry conjugation

Nanoparticle Linker chemistry Ligand Conjugate

Amine Iodoacetyl

Maleimide

Pyridyl disulfide

Carboxyl EDC

Thionyl chloride
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click chemistry was to give an easier route for conjugations between bioactive 
surfaces and less harsh environment to biomolecule ligands [13]. Click reactions 
have several advantages such as they are fast, efficient, take place in aqueous envi-
ronment at relatively neutral pH (mild reaction conditions). Bonds formed by click 
chemistry are water-soluble and obtained biocompatible linkages are electronically 
similar to amide bonds [14]. This method of attachment offers several unique fea-
tures over other direct conjugation strategies. Specific conjugation at the desired 
location(s) on the reactive moiety is obtained as azide and alkyne reactive groups 
are highly specific to each other, and do not react with most functional groups. In 
addition, bonds formed by click chemistry are highly stable whereas amide bonds 
and disulfide linkages formed by other direct conjugation techniques are prone to 
cleavage by hydrolysis and reduction, respectively. Moreover, there is a very little 
risk of cross interaction among moieties at the NP surface. This is because of the 
rigidity of formed linkages, which helps to maintain conformation of reacted moi-
eties in place. Thanks to those features for which production of highly oriented 
linkages, capable of optimal reaction activity and efficiency, is possible. Therefore, 
click chemistry is considered as a desired technique where orientation and stability 
of linkages are particularly important [15]. Click chemistry was implemented with 
SPIONs under mild reaction conditions with a reaction time of 5–8 h. Orthogonal to 
thiol- and amine-containing targeting motifs were effectively bound with NP at an 
efficiency of >90%, and the resultant linkages were stable in the complex in-vivo 
environments of the blood and tumor milieu [16]. However, there are some drawbacks 
of click chemistry in its implementation. Cu catalyst is required to advance the reac-
tion, which may disturb the biocompatible nature of the formed linkage. A number of 
disorders such hepatitis, neurological disorders, kidney diseases, and Alzheimer’s dis-
ease were found to be linked with the excessive Cu consumption [14]. To minimize 
this proper purifications are required to remove all of the catalyst from magnetic 
nanoparticle (MNP) solutions before use. Another issue is biodegradation. The highly 
stable linkages formed may render nonbiodegradability to MNP.

2.1.3  Linker Chemistry

Covalent linkage by linker chemistry can control the molecular orientation of bound 
ligands, which is very important to protect the functionality of targeting ligand. 
Cleaving of linkers selectively is possible for some applications such as ligand 
quantification, controlled release of drugs. Amine or carboxylic acid functionalized 
SPION surfaces have been modified with heterobifunctional molecules such as 
iodoacetyl, maleimide, pyridyl disulfide, and thionyl chloride followed by the reac-
tion with reactive ligands as shown in Table 21.1. In this approach, usually a linker 
molecule is used to link or bind the functional group of a SPION surface with the 
sulfhydryl (SH) of a biomolecule. Cystine amino acid residues are suitable target 
for reaction in case of biomolecules containing proteins and peptides. If reactive 
cystine amino acids are not present, terminal primary amine groups can be thiolated 
with heterofunctional linker such as N-succinimidyl-S-acetylthioacetate [17]. 
Alternatively, a free sulfhydryl group can be grafted to chlorotoxin through 
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modification with Traut’s reagent (2-mercaptoethylamine-HCl reagents) [18]. 
However, in the latter case to avoid any risk of undesired cross-linking prior to reac-
tion with NPs, the introduced sulfhydryl group initially needs to be protected.

Oligonucleotide based molecules such as siRNA biomolecules containing sulf-
hydryls was synthesized and conjugated to SPIONs via linker chemistry. In brief, 
Cy5.5 succinimide ester was conjugated with SPION followed by another conjuga-
tion with a heterobifunctional cross-linker, N-succinimidyl 3-(2-pyridyldithio) pro-
pionate [19].

Complex biological molecules or biomacromolecules with multiple reactive 
sites can be suitably conjugated using linker chemistry method. To improve the 
MRI probe for efficient detection of gene expression, SPIONs were linked with 
targeting ligands using both linker chemistry and direct conjugation by Högemann 
et al. [20]. In linker chemistry method, SPIONs with a cross-linked dextran coat 
were conjugated to transferrin (Tf) through the linker molecule N-succinimidyl 
3-(2-pyridyldithio)propionate. Direct conjugation was carried out by oxidative acti-
vation of the dextran coat with subsequent reduction of Schiff’s base. The compari-
son study revealed that conjugation using linker chemistry provided approximately 
four-times Tf molecules attached per SPION. The resulted SPION showed 10 times 
more enhancement of binding and uptake by cells, and 16 times better for imaging 
gene expression. Higher number of active Tf proteins at the NPs surface obtained by 
linker chemistry provided better control over the binding sites used in ligand conju-
gations. Another advantage of linker chemistry is it minimizes the risk of adverse 
effect on bioactivity of the protein as relatively a milder reactive condition of this 
chemistry limits the oxidative conditions.

Disulfide linkages and reaction byproduct produced by Pyridyl disulfide (PD) 
heterobifunctional linkers are cleavable and quantifiable, respectively. Quantification 
enables the possibility of evaluation of reaction efficiency. Schellenberger et al. [21] 
demonstrated this utility in the preparation of SPIONs conjugated with annexin V 
by PD linker molecule. If the application medium is reducing environment then 
other stable linkers such as iodoacetyls or maleimides should be used as the bonds 
formed via PD linker chemistry are sensitive to reducing environments.

Amide linkages are obtained through N-ethyl-N′-(3dimethylaminopropyl)-
carbodiimide hydrochloride (EDAC)/N-hydroxysuccinimide (NHS) linkers where 
SPIONs decorated with carboxylic acid groups covalently bonded to biomolecules 
bearing primary amines. This approach has been used in the attachment t-Boc- 
protected folic acid [22] to SPIONs. Figure 21.3 shows another example of EDAC/
NHS linker chemistry for the linking of aptamers with SPION [23]. EDAC/NHS 
can effectively attach molecules that have only one amino group. However, in case 
of multiple amines it is difficult to control the binding orientation of ligands, often 
resulting into inactivation of the ligands. Therefore, sulfhydryl-based linker chem-
istry is the preferred conjugation technique for the attachment of peptides, proteins, 
antibodies, and enzymes to amino-decorated SPIONs.

There are some drawbacks of linker chemistry such as complexation of covalent 
bond formation between NPs or ligands, which needs stepwise NP modification 
prior to ligand attachment. Some linker chemistries have low yield due to the long 
reaction times and purifications between each step.
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2.2  Physical Interactions

Physical interactions found in conjugation are mainly electrostatic, hydrophilic/
hydrophobic, and affinity interactions that largely occurred onto the NPs surfaces 
(Table 21.3). These physical interactions offer several advantages. It allows for the 
design of very small targeted particles (<20 nm) on the basis of anionic nanoparticles. 
This surface modification and coupling techniques overcome the main disadvantages 
of SPIONs compared to gadolinium based probes. Other advantages of this coupling 

Fig. 21.3 Schematic illustration of the TCL-SPION–Apt bioconjugate system. Adapted from [23] 
with permission of Wiley

Table 21.3 Physical interaction attachment

Nanoparticle Ligand Functionalized nanoparticles Reaction

Electrostatic 
interaction

Charged surface
Hydrophobic 
interaction

Hydrophobic surface
Biotin–avidin 
interaction

Biotinylated

21 Surface Modification and Bioconjugation of Nanoparticles for MRI Technology



414

technique include rapid binding, high efficiencies, and highly economic as no need for 
intermediate modification steps. Electrostatic interactions were found to be highly 
sufficient in complexing of plasmid DNA onto SPIONs. SPIONs were coated with 
cationic polymers of polyethylenimine (PEI) to be used as complexation agents for 
negatively charged plasmid DNA molecules [24]. The conjugate (SPION-PEI) is 
capable of assembling plasmid DNA into NPs with diameters ~100 nm and protecting 
the DNA from nuclease degradation. Highly efficient cells transfection with low tox-
icity was observed from the SPION-polyplexes. In addition, the T2 relaxation time of 
water was enhanced [25]. Electrostatic interactions were successfully applied to bind 
cationic proteins to an anionic SPION surface. The electrostatic attraction took place 
between the strongly positively charged peptide protamine and the anionic citrate 
shell of the electrostatically stabilize SPIONs [26].

Jain et al. [27] investigated the drug delivery and MRI properties of oleic acid- 
coated iron-oxide and pluronic-stabilized MNPs. Doxorubicin and paclitaxel drugs 
were loaded (alone or in combination) in MNPs with an efficiency of 74–95% and 
the drug release was sustained. Incorporated drugs showed marginal effects on phys-
ical (size and zeta potential), and magnetization properties of the MNPs. Hydrophobic 
interactions were the physical interaction force between the hydrophobic layers of 
drug and MNPs. However, hydrophobic interactions make NP sensitive to environ-
mental conditions, decrease the T1 relaxation of MNPs slightly, and bring low con-
trol over molecular orientation of bound ligands. As a result, attachment of targeting 
ligands through these strategies is unattractive. On the other hand, affinity interac-
tions, which is another form of physical interaction, can effectively bioconjugate 
targeting ligands to SPIONs [28]. Table 21.3 shows that SPION surfaces modified 
with streptavidin can be specifically bound to biotinylated molecules. The linkage 
formed is the strongest and highly stable of all noncovalent linkages chemistries. 
Unlike hydrophobic and electrostatic interactions, environmental conditions such as 
changes in pH, salinity, or hydrophilicity do not affect the affinity binding. Using this 
strategy Gunn et  al. [29] produced high-affinity multivalent display of targeted 
SPIONs for immunotherapy applications.

3  Surface Chemistry Dependent on NP Material

The main chemistries developed for surface functionalization of silica NP, gold NP, 
quantum dots, and carbon nanotubes are summarized here. The most important 
reactions and recent highlights are mainly reported below, with a focus on the 
relationship between nanomaterial composition and functionalization method.

3.1  Silica NPs

One of the most widely used methods for the surface functionalization of NPs is 
silica coating. Silica NPs have gained interest for bioimaging application due to 
their straightforward and size-controlled synthesis, chemical and physical 
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stabilities, large surface area, hydrophilic surface, and well-defined surface 
chemistry. The same physicochemical properties also make them suitable as a 
protecting shell material for a wide number of nanomaterials. Such silica shells 
protect NPs against chemical and biochemical degradations, release of toxic ions, 
and activation of immune response along with hydrophilic, biocompatible and 
chemically active surfaces.

As-synthesized silica NPs possess highly hydrophilic surfaces, this is due to 
due to the presence of the silanol (Si-OH) groups on the surface of the particle, 
which make them one of the friendliest nanomaterials for biomedical applications 
including bioimaging. Furthermore, these silanol groups can chemically react 
with various reagents to render the silica hydrophobic. However, desired surface 
functional groups are required for the conjugation of contrast agents to the surface 
as well as inside the pores of silica NPs. The cocondensation process during the 
preparation of silica or post-synthesis surface modification is used to introduce 
reactive functional groups such as a primary or a secondary amino, carboxyl, 
hydroxyl, alkyl halogen, or azide group [30]. As-synthesized silica nanoparticles 
contain ample hydroxyl groups, which can be conjugated with isocyanates to 
form urethanes or carboxylic acids to form esters. Thiol-functionalized silica NPs 
can be obtained from the condensation of 3-mercaptopropyltriethoxy silane or its 
analogues with silanol groups on the surface of silica NPs. Thiol functionalized 
silica NPs can be further conjugated with gold nanoparticles, or biomolecules 
such as proteins, antibodies, peptides, polymers by reductive addition, disulfide 
coupling, or maleimide reaction. Thiol and maleimide functionalized molecules 
react with thiol groups on the surface of silica nanoparticles to form redox-active 
disulfide bonds, and thioether bonds, respectively [31]. Silica NPs can also be 
functionalized by introducing azide groups followed by click chemistry with 
alkyne substituted molecules.

Applications of silica NPs in bioimaging are vast due to their ability to accom-
modate MRI contrast agents and drug/DNA molecules to their adaptable surface and 
pores [32]. Chemical modifications of the surface of silica NPs can be conveniently 
chosen during the incorporation of various contrast agents. Various probes can be 
conjugated to silica NPs and efficiently delivered in different cell lines or injected 
in  vivo [33]. Silica NPs can be coated with a dense layer of paramagnetic and 
PEGylated lipids in absence of coupling agent. The silica nanoparticles carrying a 
quantum dot in their center and were made target-specific by the conjugation of mul-
tiple αvβ3-integrin-specific RGD-peptides to enable their detection with both fluo-
rescence techniques and MRI [34]. Figure 21.4 shows that higher signal intensity 
for the pellet of cells incubated with the RGD-conjugated Q-SiPaLCs (the bright 
white circle) was obtained as compared to the control cell pellets (gray circles). 
The differences in relaxation rate R1 (1/T1) clearly demonstrate the effective and 
specific targeting of this NPs agent to angiogenically activated endothelial cells 
(Fig.  21.4b). Core–shell-structured mesoporous silica nanoparticles was also 
synthesized to decrease T2 relaxation [35].
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3.2  Gold NPs

Colloidal gold nanoparticles are highly suitable for bioimaging owing to their 
brilliant color and size-and-shape-dependent tunable surface plasmon. Other 
promising properties of gold NPs for bioimaging are the straightforward synthesis, 
well- defined surface chemistry, nontoxic nature, and the large one- and two-photon 
absorption cross sections. Optical and electronic properties of gold nanoparticles 
for bioimaging applications can be tuned by modifying their surface chemistry and 
aggregation state.

As-synthesized gold NPs do not have many types of surface capping ligands and 
functional groups. Therefore, gold NPs need to be decorated with desired functional 
groups via ligand exchange reactions and chemical modifications for enabling them 
for MRI applications. Usually the surface of as-synthesized gold NPs contains alkane 
thiols capping ligands. Giersig and Mulvaney [36] first reported that thiol plays an 
important role to facilitate the exchange reaction since it has high affinity for gold. 
The Au–S bond is relatively strong (H = 253.6 kJ/mol), though it is not as stable as the 
Si–O covalent bond (H = 799.6 kJ/mol) [37]. This makes the functionalization task 
easy by ligand exchange but colloidal stability overtime under highly saline conditions 
or in a biological environment is limited. Colloidal stability seems to be closely related 
to the ligand packing [38]. To overcome this limitation with multiple thiol groups have 
been synthesized on ligands to get more stable form, such as dihydrolipoic acid 
(DHLA) [39] or thioctic acid [40]. Multiple binding points provide increased stabil-
ity allowing for more densely packed ligands where sulfur anchoring groups are 
structurally constrained [41]. Diazonium salts chemistry is another possible option, 
however, the drastic conditions of the in situ diazonium formation limits it potential 
application [42]. Gold can be coated via a reduction of gold precursors on SPIONs 
of selected sizes as seeds [43]. In addition to core–shell structures, gold coating on 
SPIONs with heterostructures are widely used in medical practice (Fig. 21.5) [44].

Fig. 21.4 (a) T1 weighted MRI of the different cell pellets revealed specific uptake of the targeted 
nanoparticles. (b) Difference in relaxation rates (R1) of the targeted and untargeted cell pellets 
compared to the relaxation rate of the control cell pellet. The differences in relaxation rate reflect 
the concentration of contrast agent in the untargeted and targeted cell pellets. Reprinted with per-
mission from [34]. Copyright (2008) American Chemical Society
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3.3  Gadolinium NP

One promising new direction in the development of MRI contrast agents involves the 
labeling and/or loading of nanoparticles with gadolinium (Gd). Gadolinium ion (Gd3+) 
and calcium ion (Ca2+) have very similar ionic radius although former has higher posi-
tive charge. Ca2+-requiring proteins such as calmodulin, calsequestrin, and calexitin 
cannot distinguish (Gd3+) and (Ca2+). Consequently, Gd3+ would quickly bind to Ca2+ 
channels [45]. Free or unchelated gadolinium ions have toxic effect on most 
biological systems and cannot be administered to a patient in their aqueous form. 
Potential toxicity of the gadolinium ions can be suppressed by binding them with a 
strongly coordinating ligand for clinical examinations. Currently approved gadolin-
ium-based CAs for clinical MRI are given in Fig. 21.6. These existing forms of 
gadolinium ions can directly constitute NPs for MRI CAs. Gadolinium ion can also 
be used as a chelate incorporated into the nanocarriers.

There is a range of polymeric micelles designed to develop gadolinium-based 
nanoscale CAs for MRI. The most commonly polymeric micelles is developed by 
conjugating the gadolinium chelates to the hydrophilic layer, which modifies the 
relaxivity properties favorably. Nanoscale micelles based on poly(l-glutamic acid)-

Fig. 21.5 Schematic illustration of bifunctional Au–Fe3O4 nanoparticle synthesis. Amino- 
functionalized Fe3O4 nanoparticles [(a), simplified as (b) for the convenience of illustration] were 
first modified by Boc-l-cysteine to have surface thiol groups [(c), simplified as (d)]. Gold nanopar-
ticles were the conjugated onto the surface of Fe3O4 nanoparticles to form the expected Fe3O4–Au 
bifunctional nanoparticles [(f), simplified as (e)]. Reprinted with permission from [44]. Copyright 
(2007) American Chemical Society
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b-polylactide block copolymer was produced with paramagnetic Gd3+ ions chelated 
to their shell. The metal chelator p-aminobenzyldiethylenetriaminepenta(acetic acid) 
(DTPA) was used to readily conjugate to the side chain carboxylic acids of poly(l-
glutamic acid). The resulting DTPA-Gd chelated spherical micelles (Fig.  21.7) 
exhibited significantly higher spin–lattice relaxivity than a small- molecular- weight 
MRI CA [46]. A suitable chelating agent such as 1,4,7,10- tetraazacyclododecane- 1,
4,7,10-tetraacetic acid mono (N-hydroxysuccinimide ester) (DOTA-OSu) was used 
as an active chelating agent to conjugate gadolinium ions with a block copolymer, 
PEG-b-poly(l-lysine). After conjugation to all primary amine groups of the lysine 
residues through DOTA moieties, a polymeric micelle was obtained. The polymeric 
micelle-based MRI CA exhibited enhanced permeability and retention effect. A con-
siderable amount of the polymeric micelle CA accumulated at solid tumors which 
doubled the MRI signal intensity [47].

Gadolinium can be prepared as hydrogel to be used as a CA in MRI. Gadolinium 
based nanohydrogel CA was prepared by incorporating Gd chelating cross-linkers into 
self-assembled pullulan nanogels to avoid repeated administration of CA and improve 
signal-to-noise ratios [48]. Effective and biosafe CA was prepared by attaching multiple 
Gd chelates to mesoporous silica nanoparticles (MSNs). The Gd3+ chelates were 
attached to the surface of dendrons via click chemistry. Resultant CA showed an 
approximately 11-fold increase in the relaxivity and enhancement of MR images [49].

Fig. 21.6 Chemical structure of currently marketed gadolinium-based MRI CAs. Reproduced 
from [3] with permission of Royal Society of Chemistry

Fig. 21.7 Schematic 
model of the micellar 
structure with DTPA-Gd 
chelated to the shell layer. 
Adapted from with 
permission [46]. Copyright 
(2008) American Chemical 
Society
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3.4  Iron Oxide NPs

Typically, interaction between CAs and surrounding water protons typically 
originates and enhancement of MRI, which shorten the longitudinal (T1) or trans-
verse (T2) relaxation time of nearby water molecules. Usually, T1 CAs are applied to 
increase signal intensity, resulting in a positive contrast enhancement (brighter image) 
in T1-weighted MRI, whereas T2 CAs can decrease signal intensity, providing a nega-
tive contrast enhancement (darker image) in T2-weighted MRI. Iron oxide NPs are 
generally considered safer than Gd-based CAs because iron is found in the human 
body, mostly stored as ferritin in the blood. Five unpaired electrons make Fe3+ a 
promising candidate for T1 CAs. Enhanced T1 contrast effects from small-sized 
iron oxide NP are obtained due to the presence of a large number of Fe3+ ions on the 
surface, which suppress T2 relaxation by their small magnetic moment [50].

The surface of iron oxide is rapidly oxidized by air so synthesized iron nanopar-
ticles are not stable under aerobic atmosphere. Moreover, as synthesized, unmodi-
fied iron oxide NPs are not stable in vivo condition. Therefore, iron oxide NPs need 
to be coated. For instance, iron (Fe) core can be stabilized by controlling the surface 
oxidation using an oxygen transfer agent (i.e., trimethylamine N-oxide) [51]. 
Additionally, coating protects against iron oxide core agglomeration, provides 
chemical handles for the conjugation of targeting ligands, and avoids nonspecific 
cell interaction. A number of ways, including in situ coating, postsynthesis adsorp-
tion, and postsynthesis end grafting, can achieve coating [52]. Uniformly encapsu-
late coated cores are achieved in case of in situ and post synthesis modification with 
polysaccharides and copolymers whereas brush like extension anchored to the NP 
surface by the polymer end groups are obtained by grafting polymers (e.g., PEG). 
Alternatively, shell around the iron oxide core can be obtained using liposome and 
micelle-forming molecules for coating. Coating thickness and hydrophobicity are 
important as magnetic properties of the CAs are greatly affected by them [52, 53]. 
Thicker coatings can lower R2 relaxivities [53] and higher relaxivities can be 
obtained with hydrophilic coatings [54].

Iron oxide NPs can be made soluble in an aqueous solution using hydrophilic 
ligands with various anchoring groups, including carboxylic acids, catechol-based 
molecules (e.g., dopamine) [55], and bisphosphonates [56]. Silanization can be used 
for iron oxide materials. Iron oxide NPs was coated with a mixture of 
3- aminopropylsilane (APS) and PEG-silane of different lengths by a ligand exchange 
reaction [57].

3.5  Quantum Dots

Quantum dots (QDs) is one of the most attractive nanomaterials in the biomedical 
fields due to their size-dependent tunable optical and electronic properties. 
Cell imaging is the main biological application of QDs. QDs can be categorized 
into two groups based on their cell biological applications such as nonspecific, and 
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cell- specific. Cell-specific and nonspecific mainly depend on the property of 
molecules recruited to the surface of QDs. Nonspecific extracellular and intracel-
lular labeling can detect and image any cell type whereas biomarker specific tar-
geted cell labeling is required for the detection and imaging of cancer cells and 
tumor milieu [58]. QDs are synthesized in the organic medium and are finished with 
highly hydrophobic aliphatic ligands such as alkyl phosphines, alkyl phosphine 
oxides, aliphatic amines, and aliphatic carboxylic acids. Therefore, ligand exchange 
reactions and surface modifications are necessary to make them suitable for biological 
applications.

Functionalizing semiconductor QD with biomolecules has some major challenges 
such as chemical instability in aqueous solutions, photo etching, toxicity due to the 
leaching out of cadmium ions, and unstable photoluminescence [59]. Surface coating 
with amphiphilic ligands or polymers can provide water soluble QDs. Ligand 
exchange, electrostatic adsorption, or covalent attachment are used for coupling 
small molecules or biomolecules to functional groups of polymer [60]. In another 
approach, Paquet et al. [61] produced biofunctionalized QDs by associating polyhis-
tidine tags with Zn atoms present on the QD surface. Conjugation of growth 
hormones and antibodies with QDs is required for targeted labeling of cells. Low- cost 
alternatives such as hyaluronic acid and folic acid are also investigated [58].

3.6  Carbon Nanomaterials

Nowadays, carbon nanomaterials are emerging as an interesting class of nanostruc-
tures for biological imaging due to their favorable optoelectronic properties such as 
NIR fluorescence, photoluminescence and unique Raman signature [62]. Carbon 
nanotubes (CNT), graphene, carbon dots, and nanodiamonds are the main members 
of carbonaceous nanomaterials although some novel structures have been recently 
cited such as carbon nanohorns and nanoonions [63, 64]. However, as synthesized, 
these structures are hydrophobic and not biocompatible. Therefore, covalent or non-
covalent conjugation of hydrophilic molecules to them is prerequisite to enable them 
for biological applications. In case of noncovalent conjugation which is mainly π–π 
stacking, and hydrophobic interactions, the optoelectronic properties of the function-
alized carbon nanomaterials are not affected. Sonication with amphiphilic molecules 
or surfactants helps to disperse carbon nanomaterials. However, the resulting suspen-
sions are toxic and thus generally not compatible with in vivo application. PEG-
based surfactants are preferred for in vivo applications. In case of covalent conjugation 
of carbon nanomaterials, stable suspensions in water are possible to obtain. 
Cycloaddition and oxidation reactions have been tried to impart various functional 
groups to sp2 carbon atoms. For example, oxidation by nitric acid generates carboxyl 
groups on the ends of CNTs, which can further react with a variety of functional 
groups. In addition, in situ reduction of aryl-diazonium salts or Diels–Alder cycload-
dition, among other organic reactions, can be used to conjugate dyes, biomolecules, 
ligands, drugs, or other nanomaterials [65].
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4  Organic Surface Coatings

4.1  Poly Ethylene Glycol (PEG)

Poly ethylene glycol (PEG) is a frequently used biocompatible linear synthetic 
polyether [66]. A low-molecular weight PEG is a clear, colorless, and viscous 
liquid. It is highly soluble with water and mostly soluble with alcohol and other 
organic solvents. Low-molecular weight PEG relatively low toxicity, which exhib-
ited a good potential, and used in many cosmetic, nutraceutical, and pharmaceuti-
cal applications. Moreover, PEG can be prepared with a wide range of terminal 
functional groups as derivatives [67]. PEG along with its derivatives has been used 
clinically as excipients in FDA approved pharmaceutical formulations [68]. Being 
hydrophilic in biological fluids, PEG coating improve dispersity and blood circula-
tion time of SPIONs [69]. PEG-coated (or PEGylated) SPIONs are not readily rec-
ognized by the reticuloendothelial system, hence, commonly regarded to as “stealth” 
nanoparticles [70]. This makes them suitable for target-specific cell labeling after 
modification with targeting ligands [71]. However, the same characteristic limits 
their use in imaging macrophages or other RES-related cells [72].

PEG polymers with molecular weight below 100,000 Da show amphiphilic char-
acteristic and are soluble in water as well as in many organic solvents such as meth-
ylene chloride, ethanol, toluene, acetone, and chloroform. A variety of chemistries 
requiring the use of either aqueous or organic solvents are suitable for assembling at 
the SPION surface. For example, PEG can be coated onto SPIONs either by aque-
ous precipitation [73], or by grafting in the organic solvent (toluene) via a silane 
group [22]. Grafting in the organic solvent yielded a heterobifunctional PEG that 
have two ends. On end can be covalently attached to the SPION surface and the 
other end can be functionalized with targeting ligands, imaging reporter molecules, 
or therapeutic agents [18]. However, a PEG shell does not favor the uptake of 
SPIONs by most cells. Modification of the SPIONs with hyaluronic acid (HA) that 
act as a targeting moiety can solve this problem [74]. A recent study reported that 
different terminal groups of PEG could be used for fluorescence–MR dual-modality 
imaging guided cancer photothermal therapy [75].

4.2  Dextran

Dextran is a glycan composed of glucose subunits with a molecular weight ranging 
from 10 to 150 kDa. Its polar interactions (chelation and hydrogen bonding) provide 
a high affinity for iron oxide surfaces [76]. It is biocompatible as a result many of the 
clinically approved SPION preparations are dextran coated [77]. Molday and 
Mackenzie [78] first demonstrated the in situ coating preparation in 1982. Since then, 
different forms of dextran polymers such as carboxydextran and carboxymethyl 
dextran have been coated on SPIONs with varying hydrodynamic sizes [52].
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Conventional dextran coatings are based on hydrogen bonding, which makes 
the polymer prone to detachment. However, cross-linked iron oxide (CLIO) can be 
a solution where coated polymers after SPION attachment are cross-linked using 
epichlorohydrin and ammonia [79]. Dextran coated CLIO nanoparticles were found 
to be a suitable platform for the synthesis of multifunctional imaging agents [80]. 
Although CLIOs improve circulation half-life in blood with no acute toxicity [81] 
due to the use of epichlorohydrin and their nonbiodegradability make them unsuit-
able for using in a clinical setting [82]. A multistep process using silane chemistry, 
which offer covalent bonding between dextran and SPION, can be an alternative of 
cross-linking [83].

4.3  Chitosan

Chitosan is a cationic, hydrophilic, and biodegradable natural polymer. It is derived 
by deacetylation of chitin obtained from the shells of crustaceans. Its large abun-
dance in nature, ease of functionalization, biological activities, biocompatibility, 
high charge density, low toxicity toward mammalian cells, and ability to improve 
dissolution have made it a popular material for many biological applications [84]. 
Although chitosan and its derivatives have been used to develop polymeric nanopar-
ticles through electrostatic complexation for decades [85], their use in magnetic 
nanoparticles is recent [86]. Direct and in situ coating of chitosan onto SPIONs is 
not easy as they are sparingly soluble at pH levels necessary to precipitate SPIONs 
[84]. However, chitosan-coated SPIONs was produced by adsorbing chitosan physi-
cally onto SPIONs coated with oleic acid which gave spherically shaped SPIONs 
with a diameter of 15 nm [87]. Chitosan-coated SPIONs can be used as gene deliv-
ery carrier in addition to CA due to the cationic nature of the chitosan that allows 
complexation with genetic material. For example, Bhattarai et  al. [86] loaded 
anionic adenovirus vectors through electrostatic interactions on chitosan-coated 
SPIONs. These SPIONs showed enhanced gene transfection property. Moreover, 
chitosan possesses both amino and hydroxyl functional groups, which can be used 
for SPION functionalization with targeting, imaging, and therapeutic agents.

4.4  Liposomes and Micelles

Liposomes and micelles, spherical aggregates of amphiphilic molecules, are usually 
biocompatible as they are lipid bilayer of lamellar phase. Being bilayer structure lipo-
somes can encapsulate SPIONs with resultant diameters ranging from 100  nm to 
5 μm. Thus, liposome encapsulation can gather a certain number of MNPs for collec-
tive delivery to the target. For these reasons, liposome complexes become an ideal 
platform for delivery of contrast agents in MRI [88]. Liposomes and micelles coating 
can be done in two ways: postsynthesis incorporation or by in situ synthesizing. In the 
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first approach, water-soluble SPIONs can be attached to the aqueous center of the 
liposome [89], or alternatively, micelles can be coated around the structure to get 
hydrophobic SPIONs [90]. Second approach provides uniform NPs with a diameter of 
15 nm where SPIONs can be precipitated in the liposomal core [91].

SPION coating with either liposomal or micellar structures has advantages over 
direct synthesis such as simple and easy surface modification, convenient encapsu-
lation of pharmaceuticals inside the amphiphilic substructures, and chelation and 
protection of pharmaceuticals from the body until degraded in target cells [92]. 
However, there is a risk of coating agglomerates rather than discrete SPION cores in 
micellar or phospholipid structures, leading to poor physicochemical and magnetic 
properties [93].

4.5  Copolymers

Copolymers allow taking advantage of the distinct functionalities obtained from its 
constituents. Copolymer obtained by joining PEI and PEG polymers, can both form 
complex DNA to facilitate cell transfection (PEI functionality), and enable molecular 
targeting of cancer cells (PEG functionality) [94]. The advantages these copolymers 
provide can be applied to SPION coatings. For instance, a DNA delivering nanovec-
tor was developed, recently, by coating SPION with a copolymer of PEG- g- chitosan-
g-PEI [95]. This study demonstrated that PEG, chitosan, and PEI polymers grafted 
together enabled the NP for DNA complexation, stabilization for in vivo use, and 
gene transfection. A unique pH-sensitive coating with a hydrophobic center layer 
was prepared using triblock PEG-poly(methacrylic acid)-poly(glycerol monometh-
acrylate) copolymer on SPIONs in situ. Coated NP was capable of encapsulating 
drug molecules and preferentially releasing the therapeutics in the acidic environ-
ment of the cellular endosome [96]. Similar copolymers were attach to the SPION 
surface by layer-by-layer deposition directed by matching of electrostatic interac-
tions [97], hydrophilic/hydrophobic interactions [98], and covalently grafting poly-
mer layers to base coatings [99].

5  Conclusion

Surface-functionalized NPs are extensively studied as CAs for MRI. This chapter 
mainly focuses on the surface modification of NPs such as silica NPs, gold NPs and 
quantum dots, carbon nanomaterials, and organic polymer coating including dex-
tran, chitosan, PEG, copolymers through various bioconjugation reactions. Many 
biological applications of nanomaterials including imaging CAs, drug and gene 
delivery systems, biosensors, and nanomedicine share common functional groups, 
which are typically attached onto the surface of nanomaterials via suitable chemical 
or bioconjugation reaction to create nanofunctional nanodevices. However, that 
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there are some challenges and limitations including toxicity and biocompatibility is 
still a major issue to create nanomaterials using CAs for MRI application. Hence, 
multimodal and multifunctional NPs fabricated by the conjugation of various target-
ing molecules and CAs are extensively investigated for MRI on the way to treat-
ment of cancer cells and tumors. Yet, controversial reports about toxicity and 
pharmacokinetics do not permit the clinical applications. Therefore, arguments of 
functionalized CAs that need to be addressed are biocompatibility, toxicity, in vivo 
and in vitro targeting efficiency, bioavailability, and renal and hepatobiliary clear-
ance. The current scenario of research in the formulation and testing of CAs indicate 
that we may not to wait long for the complete transformation of conventional medi-
cine into nanomedicine.
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Chapter 22
Surface-Modified Lanthanide 
Nanomaterials for Drug Delivery

Nitya R. Chawda, S. K. Mahapatra, and I. Banerjee

Abstract The chapter highlights the importance and possibility of detrimental 
effects of lanthanide-based nanomaterials, surface capping, and toxicity. Lanthanide- 
based nanomaterials serve multimodality approach such as diagnosis and therapy. 
This speciality makes them superior over their other counterparts like transition 
metals and organic-based materials. The loose ions leached from the contrast agent 
used for magnetic resonance imaging (MRI) causes possibility of nephrotoxicity 
leading to nephrogenic systemic fibrosis (NSF). It also indulges the readers to 
understand synthesis mechanism for elongated mixed-phase rare-earth oxides and 
hydroxide nanostructures. The basic principle of transition and crystallization tem-
peratures required for rare-earth-based oxide formation is specially highlighted and 
explained in detail using X-ray diffractometer (XRD), thermogravimetric analyzer 
(TGA), differential scanning calorimetry (DSC), and Fourier-transform infrared 
spectroscopy (FTIR) data. Furthermore, the lanthanide nanorods have been 
employed as contrast agent in MRI and drug delivery studies. The promising results 
like longitudinal proton relaxivity (r1) value of 13.3  mM−1  s−1 and drug-loading 
capacity of 5-flurouracil are ~28% for FA-capped Gd2O3 nanorods in comparison to 
bare sample (~9%) that is best endowed to its unique structure and skillful capping. 
These advantages of well-capped FA-Gd2O3 nanorods are promising candidates for 
simultaneous bioimaging and drug delivery system due to the presence of FA over 
its surface. It will server further as potentially equipped candidate for clinical appli-
cations for targeted diagnosis and therapy which in combination is to be known as 
theranostics.
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1  Introduction

Nanotechnology has found enormous importance in biomedical sciences toward 
effective diagnosis, therapy, and elimination of diseases. The advancement of sci-
ence and technology has developed the need for multitasking and multifunctional 
systems which can replace older, costlier, and time- and resource-consuming con-
ventional systems and methods [1]. As per the American Cancer Society’s estima-
tion of 2017, around 1650 people die every day in the worlds most advanced country 
of United States due to cancer [2]. Owing to such a fatal threat, continuous as well 
as considerable efforts are made for expanding nanomaterials as next-generation 
promise for biomedical medicines and drug delivery systems. Nanomaterials pos-
sessing multimodality such as diagnosis and therapy, like imaging and targeted drug 
delivery, could certainly fulfil a promise and would reduce other side effects [3]. It 
is also essential to design such systems in order to enhance targeting strategies and 
improve biodistribution, enhanced blood circulation, and penetration depth of exist-
ing body barriers, and to reduce required volume needed for distribution [4]. 
Therefore, nanomaterials (NMs) which could response to light and magnet can con-
tribute largely to diagnostics and image-guided drug delivery. However, most of the 
NMs designed for drug delivery lack optical properties (e.g., fluorescence and pho-
tothermal response) and magnetic properties of gadolinium-based lanthanides 
(paramagnetic property) as contrast agents used for magnetic resonance imaging 
(MRI). In this context, luminescence and magnetic properties of lanthanide materi-
als are superior and useful over traditional quantum dots, green fluorescent proteins, 
and organic dyes [5].

Lanthanides also referred as “rare-earth” elements ranging from lanthanum (57) 
to lutetium (71) are widely utilized in cancer diagnosis (imaging) and drug delivery 
(therapy) [6–8]. The Ln3+ ions possess redox stability which makes them suitable 
for cellular applications with the additional benefit from their luminescent proper-
ties ascribed to 4f–5d charge transfer and f–f transitions [9]. Lanthanide-based 
nanomaterials (Ln-NMs) have one of the most outstanding properties of upconver-
sion [6, 10]. The process is related to the nonlinear anti-stocks process, by which it 
can effectively convert either two or more low-energy continuous near-infrared 
(NIR) photons into high-energy photons, when embedded in suitable inorganic host 
matrix [11]. The main reason for rapid demand of upconversion nanoparticles 
(UCNPs) for biomedical purposes is its excitation wavelength (e.g., 980 nm) which 
falls under “optical transparency window” (700–1100 nm) [6]. It also supports for 
various advantages such as no photodamage to living organisms, low autofluores-
cence background, high signal-to-noise ratio, detection sensitivity, and high pene-
tration depth in animal tissues [12, 13]. The UCNPs are superior to other NMs due 
to their chemical stability, photostability which is also free of on-off blinking, mea-
surable single-particle excitation [14], multi-color emission (i.e., red, green, blue), 
multimodal imaging (i.e., positron emission tomography (PET), magnetic reso-
nance imaging (MRI) [15], and upconversion luminescence (UCL)) [16] and would 
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also help for photo-triggered drug delivery [17, 18]. Surface-modified 
 lanthanide- based nanomaterials used for drug delivery can act as excellent imaging 
probe to locate cancer site as well as act as efficient carrier for targeting site with 
therapeutic agents [19, 20]. Such a multimodal Ln-NMs are ideal to clarify pharma-
cokinetics and pharmacodynamics by additionally providing rational support for 
decisions of individual patients [21].

The model drug used in the present study is 5-fluorouracil (5-FU). It is an acidic 
water soluble drug along with antineoplastic agent. It is one of the most commonly 
used chemotherapeutic compounds for various tumors such as breast, colorectal, 
gastric, pancreatic, ovarian, head, and neck cancer [22, 23]. Apart from its various 
applications, it is an antimetabolite of pyrimidine analogue and is used to inhibit 
synthesis of DNA and RNA during the S-phase of the cell cycle. Some of the limita-
tions of 5-FU are short biological half-life due to rapid metabolism and nonselective 
action against healthy cells [24]. Therefore, it is significant to design target-specific 
nanocarrier to the cancerous cells with sustained release so as to minimize side 
effects to nearby healthy cells [25].

The present chapter explains the formation mechanism of FA-capped Gd2O3 
nanorods for its bimodal application. The FA-capped Gd2O3 nanorods are used for 
bimodal application as contrast agent for MRI bioimaging and FA-capped Gd2O3 
nanorods-5-FU system for drug delivery. The FA-Gd2O3 was synthesized by co- 
precipitation method using FA as capping and stabilizing agent. The FA was chosen 
due to its biocompatibility, site specificity, fluorescence property, antitumor effect, 
and G-quartet-forming property [26]. It binds with folate receptors, which are 
widely found in most cancer cells [27], and it is interesting to note that the folate 
receptor density increases at the advanced stage of cancer [28]. The selected model 
drug 5-FU is very less explored with gadolinium oxide nanocarriers; one of the 
report by Zhang et al. showed results of 5-FU loaded with nanosheets of Gd2O3 and 
Sm2O3 for drug delivery applications. The nanosheets being bare nanocarriers could 
not have provided them with efficient loading, and the pH-triggered release showed 
maximum release within 24 h [29]. In the present study, the capping agent itself acts 
as growth modulator for anisotropic growth of nanoparticle, stabilizing them for 
longer time and improving the dispersity in aqueous solvent with respect to time. It 
enhances biocompatibility and acts as fluorescent probe for tracking and diagnosis. 
The restricted core particle being paramagnetic in nature is used for MRI studies 
and reduces toxicity inhibiting release of Gd3+ ions by formation of stable capping 
over the surface of oxide nanorods. The oxides with low solubility product having 
higher stability that chelated complexes, hence compared to commercially available 
Gd3+-chelated compounds like Magnevist [30–36] oxides of gadolinium helps in 
reducing toxicity due to leaching of free Gd3+ ions. The compatibility and morphol-
ogy add to the multifunctional activity of the present system. The FA-capped Gd2O3 
nanorods were employed for bioimaging as contrast agent for in vitro MRI studies 
and were also effectively used for loading and release of 5-FU in simulated physi-
ological medium of PBS having pH 7.4 at 37 °C.
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2  Surface Functionalization of Nanomaterials

Surface tailoring of nanomaterials is a challenging and most significant task for 
desired applications of synthesized nanomaterials. The clinical applicability of 
NMs depends on suitable surface functionalization or modification, while the 
change in different properties and their extent of effects also depends on choice of 
ligands or molecules. Surface coatings of NMs are attained with two different 
modes either in situ (along with nucleation, while formation of NMs) or ex situ 
(post-synthesis, after NMs are obtained). The procedure of linking surface mole-
cules is carried out either through end-grafting (anchored through one end of the 
single molecule, e.g., PEG and PLGA-PEO) or surface encapsulation (through mul-
tiple connections carrying multiple active groups, e.g., silica) [37]. The properties 
like stability, biocompatibility (toxicity), magnetization, relaxivity, optical emis-
sion, and contrast ability are purely dependent on efficiency and mode of capping 
materials with the suitable selection of ligands. For example, Cho Rong Kim and 
co-workers investigate longitudinal (r1) and transverse (r2) water–proton relaxivities 
of ultrasmall gadolinium oxide (Gd2O3) nanoparticles by varying surface-coating 
ligand size and found that both r1 and r2 values decreased with increasing ligand size 
[38]. Tamilmani Vairapperumal et al. reported catechin-capped gadolinium-doped 
LaVO4 nanoparticles which showed increase of saturation magnetization from para-
magnetic to superparamagnetic due to capping [39]. Tirusew Tegafaw et al. have 
investigated ligand-chain effects of hydrophilicity on the relaxometric properties of 
ultrasmall Gd2O3 nanoparticles [40]. These are various factors of the surface modi-
fication that play crucial role in its functionality like colloidal stability, biocompat-
ibility, and role of functionalized moieties or ligands for fulfilling selective, 
targeting, and specific interactions for enhancing applicability of NMs for multimo-
dality. Therefore synthesis of monodispersed, biocompatible surface-functionalized 
nanoparticles is of utmost importance for biomedical applications [34, 41].

The surface functionalization induces imaging, detection, therapeutic, and tar-
geted capabilities to NMs. The multi-functionalities of nanomedicine lie in simulta-
neous detection, diagnosis, and treatment along with deep tissue penetration, 
enhanced contrast, specific targeting, and externally triggered drug delivery [42]. 
These applications are only possible if surfaces are tailored with specific surface 
molecules.

3  Materials and Methods

3.1  Materials

Gadolinium nitrate hexahydrate (Gd(NO3)3·6H2O) and 5-flurouracil (5-FU) were 
purchased from Sigma-Aldrich of purity 99.9% and ≥99%, respectively; sodium 
hydroxide (NaOH) and hydrogen peroxide (30% W/V) were procured from 
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S.D. Fine Chem. Ltd., Mumbai, India. Nitric acid was purchased from Molychem 
(India) Ltd., folic acid was purchased from HiMedia chemicals India, and urea was 
purchased from Rankem (Delhi India). All the chemicals were used without further 
purification.

3.2  Synthesis of Folic Acid (FA)-Capped Gadolinium Oxide 
Nanorods (Gd2O3·NRs)

The folic acid (FA)-capped gadolinium oxide (Gd2O3) nanorods were synthesized 
using co-precipitation method at ~100 °C. At room temperature, aqueous solu-
tions of NaOH was added to aqueous solution of Gd(NO3)3 dropwise at the rate 
of 60 μL min−1 with stirring speed of 900  rpm. The resultant white powder of 
Gd(OH)3 was obtained via first step of synthesis. In the second step, urea and 
H2O2 were mixed to form an adduct solution which controls the release of oxygen 
from H2O2 as required for oxidation of Gd(OH)3 to Gd2O3 where FA was used as 
capping agent. In first step, 25 mL of 175 mM aqueous NaOH was added drop-
wise to 25 mL of 58 mM aqueous Gd(NO3)3 at the rate of 60 μL min−1 with stir-
ring speed of 500  rpm. The resulting solution turned to turbid milky white 
suspension. After the completion of reaction, the mixture was centrifuged at 
6000 rpm with repeated wash using chilled water to neutralize the pH and then 
dried to get Gd(OH)3. Gd(OH)3 was weighed according to stoichiometry and 
transferred to a 250 mL round-bottom flask followed by addition of 20 mL of 
water with stirring speed of 750 rpm until dispersed. Another solution containing 
100 mg FA, 100 mg urea, and 30 mL of 30% H2O2 was added to the previous 
solution at the rate of 700 μL min−1 with 750 rpm stirring speed. The complete 
mixture of dispersed solution was then refluxed at 100 °C for 48 h at 2000 rpm on 
adding 10 mL 30% H2O2 after every 12 h of interval to get FA-Gd2O3. The pH was 
measured after adding each solution to the reaction mixture which was alkaline 
(~pH 9–10) which is preferred for elongated structures as reported in literatures 
[43, 44]. The FA controlled the growth uniformity at a preferred direction. The 
carboxyl functionality of FA structure interacts with the charge density of avail-
able surface which the gadolinium hydroxide gets converted to a gadolinium 
oxide. The resulting FA-Gd2O3 was centrifuged at 8000 rpm to remove the unre-
acted urea and FA with repeated washing using water and ethanol. The bulky 
structure of FA does not allow other ions involved in nucleation and ripening to 
come in vicinity once FA is attached over the surface. This growth formulation 
helps in proceeding along a single-oriented direction (Scheme 22.1). Other con-
ditions of temperature, pH, and concentration of Gd3+ ions also contribute to it. 
The obtained sample was dried in vacuum oven at 50 °C for 12 h and stored for 
further characterizations. The Milli-Q water (Millipore SAS 67/20 Mosheim) of 
10−7 S cm−1 was used throughout.
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3.3  Characterization of Folic Acid (FA)-Capped Gadolinium 
Oxide Nanorods (Gd2O3·NRs)

To study the morphology of FA-Gd2O3, field-emission scanning electron micros-
copy (FESEM) QUANTA 200 FEG from FEI Netherlands was used. The X-ray 
diffractometer (XRD) pattern of FA-GdNRs was performed on PANalytical X’Pert 
Pro instrument of Cu-Kα wavelength (λ = 1.54 Å). The samples were scanned over 
a 2θ range of 10–80° with a step size of 0.013°. UV-Visible spectrophotometer (UV- 
1800 Shimadzu) was used for primary capping analysis. The FTIR spectra were 
recorded with PerkinElmer Spectrum 65 series of FTIR spectrophotometer. For 
FTIR, 1.5–2.5 mg of the sample was mixed with 185 mg KBr (AR, Sigma USA) for 
making pellets in press machine (model Mp-15) at 3–6 kg/cm2 for 2–5 min. After a 
background scan with KBr pallet, the samples were analyzed at 4000–400 cm−1. 
The TG-DSC analysis for all the samples was recorded using TG-DSC-Mettler- 
Toledo Star-3 system in a platinum crucible under inert N2 atmosphere at 10 K min−1 
and temperature range from room temperature to 1000 °C.

Surface capping with folic acid was investigated by FTIR spectra using KBr pal-
let at 4000–400 cm−1 to find the peak shifting by comparative study of pure capping 
agent, bare sample without FA and FA-Gd2O3. The thermogravimetric analyzer 
TGA curve recorded from 45 °C to 1000 °C in inert condition of nitrogen with air-
flow over powder samples was used to estimate the amount of capping by mass loss.

Scheme 22.1 (a) Random flakes of Gd2O3, (b) Flakes of Gd2O3 attached to form nanorods and 
(c) Complete growth of Gd2O3 nanorods
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3.4  Determination of Free Gd3+ Ions by Xylenol Orange 
and UV-Visible Spectrophotometry

Two millilitre of 0.1 mM of xylenol orange solution in acetate buffer (pH 5.88) was 
added to 50 μL of supernatant of bare-Gd2O3 and FA-Gd2O3 dispersant (1 mg mL−1). 
The mixture was placed for UV-visible (350–650  nm). The amount of ions was 
calculated from fitted equation of absorbance ratio (λmax = 578 and 437.5 nm) using 
calibration curve. The UV-1800 Shimadzu spectrophotometer was used for entire 
study at 298.15 K with an average of three scans.

3.5  The Gd3+ Ions Leaching Studies from Nanorods 
by Inductive Coupled Plasma-Optical Emission 
Spectroscopy (ICP-OES)

The sample preparation of FA-Gd2O3 was carried out by acid digestion method 
using nitric acid (i.e., HNO3 70%) with heating over open flame till the clear and 
transparent solution was obtained. All the samples were later dissolved in ~2.0% 
HNO3 for further detection using a Perkin Elmer ICP-OES.

4  Results and Discussion

4.1  Powdered X-Ray Diffractometer Analysis

Figure 22.1 illustrates powdered X-ray diffraction spectra of the samples. The XRD 
spectra showed mixture of amorphous and crystalline phase as no clear or perfect 
sharp peak was found. The diffraction spectra of as-prepared product could not be 
fitted to simple gadolinium hydroxide or oxide in ICDD or JCPDS database. The 
crystalline temperature for Gd2O3 was determined to be above 560 °C from TGA 
analysis presented in the following section. However, the as-synthesized sample 
was calcinated at 400 °C, so complete transition from hexagonal Gd(OH)3 to cubic 
Gd2O3 was not achieved, and the sample showed mixed phases of hydroxides and 
oxides of gadolinium. The characteristic peaks corresponding to the mixed phases 
of hydroxide and oxide have been represented by asterisk (*) and octothorp (#), 
respectively, in the XRD spectra. The planes corresponding to (100), (110), (101), 
(200), (111), (201), (210), (300), (211), (102), (112), (310), and (131) represent the 
hexagonal phase of Gd(OH)3 according to JCPDS card No. 83-2037. The planes 
corresponding to (211), (222), (400), (440), and (622) indicates formation of cubic 
Gd2O3 according to JCPDS card No. 43-1014. The XRD pattern of as-prepared 
FA-Gd2O3 presents three distinctive peaks at 28.1° corresponding to (110) and at 
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29.5° corresponding to (101) of Gd(OH)3, respectively, and at 28.7° corresponding 
to (222) of Gd2O3 which are also indexed in XRD pattern of annealed samples at 
400 °C. The intermediate phase of GdOOH planes indexed to (112) and (310) are 
also obtained supporting the phase transition observed in TGA analysis. The broad 
peaks are indicative of small crystallite size [45, 46]. The microstrain (ε) and aver-
age crystallite size (d) were calculated from Williamson-Hall (W-H) expression also 
known as Uniform Deformation Model (UDM):

 
β θ

λ
ε θcos

.
sin= +

0 9
4

d  
(22.1)

where “β” is full width at half maximum abbreviated as (FWHM) of the diffraction 
peaks in radian, “θ” is the Bragg diffraction angle in radian, “λ” is the wavelength 
of Cu-Kα X-rays used having value of 0.154 nm, “d” is the crystallite size along the 
specified direction, and “ε” is microstrain associated with nanorods. Equation 22.1 
gives straight line equation when plotted for β cos θ versus sin θ. The slope gives the 
microstrain (ε), and its intercept (0.9λ/d) gives the crystallite size “d.” The obtained 
microstrain for as-prepared sample is ~17.4 × 10−3, and annealed sample at 400 °C 
possessed negative microstrain of ~7.8 × 10−3 which are in agreement with the ear-
lier reports [47]. The negative microstrain after annealing is due to the relaxed state 
of nanocrystallites present in the nanorods. The decrease in microstrain on heat 
treatment is attributed to the closing of the pores and reduction of defects. The aver-
age crystallite sizes (d) estimated for the as-prepared and annealed samples were 
33 nm and 3.4 nm, respectively. The decrease in the crystallite size on annealing is 
due to the coalescence or aggregation of the nanocrystallites by higher-thermal 
energy reducing the surface-free energy and providing driving forces for growth of 

Fig. 22.1 XRD patterns of as-synthesized folic acid-capped-gadolinium oxide (FA-Gd2O3) and 
calcinated at 400 °C folic acid-capped-gadolinium oxide (FA-Gd2O3)
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the crystals. The microstrain and crystallite size determination derived from the 
Uniform Deformation Model (UDM) showed that the microstrain is inversely pro-
portional to the crystallite size on application of heat treatment which is in agree-
ment with the reported data [47].

4.2  Field-Emission Scanning Electron Microscopy (FESEM) 
Imaging

Figure 22.2a shows FESEM image of synthesized samples of FA-Gd system. The 
Schematic 22.1 gives the insight of the growth mechanism and stepwise evolution 
of the nanorods via oriented grain attachment mechanism from the nanoparticle 
seeds followed by the formation of nanoflakes. The particle seeds and flakes start 
nucleating and growing along a preferred direction which is governed by the cap-
ping agents along with the pH and time of the reaction mixture. The nanorods gen-
erated at the final stage of synthesis and calcined were ~200  nm in length and 
~20 nm in diameter. It could be speculated that the particles get attached via ori-
ented attachment mechanism [48]. The micrograph clearly illustrates formation of 
particles at initial stage followed by coalescence and growth along a preferred direc-
tion through surface effects resulting in elongated shapes once common boundaries 

Fig. 22.2 FESEM image 
of folic acid-capped- 
gadolinium oxide 
(FA-Gd2O3) nanorods. (a) 
Image showed particle 
attachment for elongated 
structure. (b) The 
formation and well-defined 
size of nanorods at low 
magnification
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get eliminated. The factors like dipole–dipole interaction, perfect lattice match, and 
vanishing of adjoining interface between the particles act as the driving force for 
such unidirectional surface growth [48]. The capping agent present in reaction mix-
ture also assists dipole–dipole interaction. The functional part of folic acid known 
as glutamate is attached to the Gd2O3 surface via carboxylate (–COO−) functional-
ity. The synthesis procedure involves reaction mixture to be continuously stirred 
which makes ions involving in Brownian motion which tend the particles to colloid 
and assist for their coalescence and growth in elongated direction through common 
crystallographic orientation. It is anticipated that reaction time and choice of suit-
able capping agent could assist in growth of nanoparticles in such organized 
manner.

4.3  Thermogravimetric Analysis

The significance of surface tailoring has already been discussed, and, therefore, 
surface capping was estimated by simultaneous TGA-DSC analysis of the as- 
synthesized sample. The average weight loss is predicted from the TGA curves 
given in Fig. 22.3. The plot explains four distinct weight loss phenomena depicting 
the transformation of gadolinium hydroxide to cubic gadolinium oxide crystallizing 
above 560 °C. The initial mass loss of 1.1 mg till 100 °C is attributed to the surface 
dehydration of the FA-capped sample. A loss of 1.82 mg till 260 °C is accounted for 
the melting of surface capping of folic acid whose melting point is 250 °C. Therefore, 
the estimated capping amount was 1.82 mg which is 0.05 mg mg−1 of FA-Gd2O3. 
This weight loss is followed by a loss of 2.84 mg till 400 °C attributed to the phase 
transition of Gd(OH)3 to intermediate phase of GdOOH in the form of 
Gd(OH)3 → GdOOH + H2O for which corresponding endothermic peak in DSC plot 
is at 337 °C (Fig. 22.4). The final weight loss of 3.97 mg is observed for the second 
step of dehydration in the form of 2GdOOH  →  Gd2O3  +  H2O for which 

Fig. 22.3 Plots of TGA and DSC curves of FA-Gd2O3. (a) TGA of folic acid-capped-gadolinium 
oxide (FA-Gd2O3) and (b) DSC of folic acid-capped-gadolinium oxide (FA-Gd2O3)
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corresponding exothermic peak in DSC plot is at 560 °C [49]. These weight losses 
are indicative of phase transition and crystallization temperatures of the gadolinium- 
based samples [50]. The crystallization temperature is supportive to understand the 
incomplete crystallization as evidenced in XRD analysis where due to lack of crys-
tallization no significant peak intensity is obtained for sample calcinated at 
400 °C. The apparent peak at 560 °C associated with named transformation and 
therefore calcination of gadolinium-based oxide should be carried out at ~600–
700 °C or above for perfectly crystalline samples. The surface capping estimated 
could help in assuming chemical stability and in turn biocompatibility of FA-Gd2O3.

4.4  Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR (Fig. 22.4) plays a significant role in validating capping analysis showed 
by UV-vis spectra (Fig. 22.5). Stretching frequencies at ~3545, 3614, and 3468 cm−1 
are attributed to –O–H stretching vibration of pure FA, bare-Gd2O3, and FA-Gd2O3, 
respectively. The peak at ~3415, 3321, and 1605 cm−1 corresponds to N–H stretch-
ing and vibration, ~1700 cm−1 for C=O stretching, ~1485 cm−1 for absorption band 
of phynyl ring, ~1338 cm−1 for amide-III of FA, ~1193 cm−1 for C–O stretching 
vibration, and ~800–600 cm−1 for C–C stretching for pure FA. The pure FA shows 
amide I and III vibrational peaks at 1605 and 1338 cm−1, respectively. The peak 
shifting in this domain can be regarded as conclusive for successful capping of FA 
over Gd2O3 surface. The peak at ~1646 and 1394  cm−1 shows shift of ~41 and 
56 cm−1 inferring successful capping of Gd2O3 [26].

Fig. 22.4 Comparative FTIR spectra of pure folic acid (FA), bare-gadolinium oxide (Gd2O3), and 
folic acid-capped-gadolinium oxide (FA-Gd2O3)
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4.5  UV-Visible Spectrophotometer and Toxicity Studies 
through Leaching of Gd3+ Ions

The UV-vis spectra of the aqueous dispersion of pure FA and FA-Gd2O3 have been 
compared and presented in Fig. 22.5. The pure FA shows two UV-Vis absorbance at 
282 nm and 365 nm for the n → π* transitions of C=O bond while π → π* transition 
of aromatic C–C ring. The shift in the absorbance spectra of FA-Gd2O3 to 276 nm 
and 362 nm assures conjugation of FA over Gd2O3.

The leaching of Gd3+ ions was estimated using xylenol orange dye as indicator 
and measured by UV-visible spectroscopy. The coordination chemistry of free Ln3+ 
ions with disodium salt of xylenol orange is reported [51]. The Ln3+ ions in its free 
state coordinate with the xylenol orange and deprotonate the complex to change the 
color of solution from reddish orange to violet and as a result of which the absorp-
tion are shifted to higher wavelength [52]. Figure 22.5c shows the spectra of xylenol 
orange solution in pH 5.8. The varying (increase) concentration of Gd3+ ions cause 
the absorption peak at ca.437.5 nm to decrease its band intensity which is indicated 

Fig. 22.5 (a) Comparative UV-vis spectra of pure folic acid (FA) and folic acid-capped- gadolinium 
oxide nanorods (FA-Gd2O3). (b) Spectrophotometric detection of leached Gd3+ ions by UV-visible 
spectroscopy using xylenol orange from bare Gd2O3 and FA-Gd2O3 and compared with blank. (c) 
Calibration curve obtained by increase in Gd3+ ions concentration from 0 to 15 μM (d) calibration 
plot of absorbance (A578/A437.5 nm) versus concentration of Gd3+ ions

N. R. Chawda et al.



443

in graph by red arrow heading downward. Simultaneously the absorption peak at 
ca.578 nm starts to increase its band intensity demonstrated by blue arrow heading 
upward. The shift in the observed absorption peaks help in plotting the calibration 
plot to calculate the unknown concentration in the solution of xylenol orange at 
pH 5.8. Figure 22.5d shows calibration plot, which is plotted by ratio of absorbance 
at A578/A437.5 nm versus varying concentration of Gd3+ ions in micromolar (μM). 
As per the fitted equation of calibration plot (Fig. 22.5d), concentration was found 
to be 1.58 μM and 0.49 μM for bare-Gd2O3 and FA-Gd2O3, respectively. The calcu-
lation using the mentioned concentration demonstrated 0.019% and 0.006% of 
leached Gd3+ ions from bare-Gd2O3 and FA-Gd2O3 samples, respectively. To vali-
date our data of the leached Gd3+ ions as detected using xylenol orange through 
UV-vis spectroscopy, the leaching study was also performed with ICP-OES. The 
results from ICP-OES showed no leaching of Gd3+ ions in pH 7.4 PBS medium.

4.6  Inductive Coupled Plasma-Optical Emission Spectroscopy 
Analysis

The inductive coupled plasma-optical emission spectroscopy (ICP-OES) was used 
for estimation of Gd3+ ions composition in bare-Gd2O3 (1.33 g L−1) and FA-Gd2O3 
(1.77  g  L−1), respectively. The results are in well agreement with the calculated 
synthesis precursor’s ratios, and therefore synthesis could be tuned by varying pre-
cursor’s molar ratio to achieve other desired products.

4.7  In Vitro Longitudinal Relaxivity Measurement

The Gd-based samples are MR sensitive, and therefore we tested our samples and 
compared between bare and FA-capped Gd2O3. Literature report suggests the role of 
confinement of the gadolinium oxide nanoparticles to boost the T1 contrast ability 
[53]. It is interesting to note the role of bare and capped Gd2O3 used as contrast 
agent. Therefore, the ability of the bare Gd2O3 nanorods and FA-capped Gd2O3 
nanorods were evaluated. To enhance T1 contrast of the present samples 1.5 Tesla 
human scanner (Siemens Essenza 1.5 T) with Inverse Recovery (IR) sequence and 
setting the parameters TR = 2000 ms for acquiring 30 points with time interval from 
500 to 5000 ms, repetition time = 3 were used. The r1 values for bare Gd2O3 nanorods 
and FA-capped Gd2O3 nanorods were 11.57 mM−1 s−1 and 13.3 mM−1 s−1, respec-
tively. This increment in the r1 value accounted for ~13% increase in r1 values could 
be due to sufficient capping to confine the Gd3+ ions which may have been loosely 
bound over the surface of nanoparticles. It is also supported by the previous experi-
ment of Gd3+ ions leached from bare nanorods in larger amount, ~3 times than 
FA-capped Gd2O3 nanorods. This leaching in bare samples could have reduced the 
MR intensity than FA-capped sample. Our results are best supported by the previous 
reports, where PVP-capped gadolinium oxide spherical particles showed r1 value of 
~10.28  mM−1  s−1 which could be due to the fact of ligand size of capping as 
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discussed earlier [54, 55]. The value is ~22.7% lower than the present work. 
Figure  22.6 shows the comparative T1 images of the bare Gd2O3 nanorods, and 
FA-capped Gd2O3 nanorods revealed an enhancement of MR signals with increase 
in concentration. The T1 images always starts from dark to gray with the increase in 
concentration of gadolinium compounds. It is clearly observed from the color of the 
T1-weighted phantom images of bare Gd2O3 nanorods and FA-capped Gd2O3 
nanorods, which increases with concentration of the samples.

4.8  Drug Loading and Release

The drug-loading and release profile was performed using 5-FU as model drug. 
5-FU is used for colon cancer, cervical cancer, esophageal cancer, pancreatic can-
cer, stomach cancer, and breast cancer. The drug was dissolved in water at 2 mg/mL 
concentration (6.28  mmol) and added to ~2.5  mg bare-Gd2O3 and FA-Gd2O3, 
respectively. The loading was carried out by incubating the dispersant for 12 h in 
shaker-incubator at shaking speed of 200 shaking per minute for sufficient loading. 
The amount of loading was calculated by using supernatant of the centrifuged dis-
persant mixture of 5-Fu and bare/FA-Gd2O3. The obtained absorbance was fitted to 
its calibration plot equation and later to Eq. 22.2. For calibration curve, solutions of 
5-FU in phosphate buffer (1 mM, pH 7.4) from 1 to 19 μg/mL was used which gave 
a good linear correlation (R2 = 0.999). The supernatant gave the concentration of the 
remaining drug after loading was completed. The calibration curve and loading 
amount was estimated from its UV-vis absorbance at characteristic peak of 266 nm. 
The obtained values were further used for drug loading by the equation:

 
%Loading

Amount of drug in NPs

Amount of NPs
= ×100

 
(22.2)

The calculated amount was ~9% and ~28% for bare Gd2O3 and FA-Gd2O3, 
respectively. The loading efficiency was calculated using theoretical loading from 
equation:

Fig. 22.6 Analysis of relaxation rate R1 (1/T1) against gadolinium ion concentration for (a) 
FA-GdNRs and (b) bare-GdNRs with T1-weighted MR images
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Theoritical loading

Amount of drug added

Amount of NPs
%( ) = ×1000

 
(22.3)

The loading efficiency for bare Gd2O3 was ~4.5% and ~14% for FA-Gd2O3 using 
the equation as

 
%Loading efficiency

Actual loading

Theoritical loading
= ×100

 
(22.4)

The drug-loading capacity was found to get enhanced with FA capping. This 
could be attributed to the increase in surface area and the surface functionalization 
sites associated with capping molecule. The 5-flurouracil (5-FU) with its simple 
structure is a low-molecular-weight drug (130.08 Dalton) having size of 3 × 6 Å 
which could fit well and easily get trapped by high-molecular-weight capping and 
targeting agent like FA (441.40 Dalton) [56, 57].

The drug release profile for 5-FU-loaded bare Gd2O3 and FA-Gd2O3 is shown in 
Fig. 22.7. The drug-loaded particles were re-dispersed in water to fill in dialysis bag 

Fig. 22.7 Five-FU release 
profile of bare-gadolinium 
oxide (Gd2O3) and folic 
acid-capped-gadolinium 
oxide (FA-Gd2O3)
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(MWCO 12,000 Daltons) against 30 mL of phosphate-buffered saline (PBS) buffer 
solution (pH 7.4) in 50 mL centrifuge tube and kept at 100 rpm and 37 °C. The drug 
release amount was measured by pipetting 2 mL of aqueous releasing buffer medium 
at mentioned time intervals and scanned by UV-vis spectroscopy. The initial burst 
release could be due to loosely bound drug molecules to the surface. The cumulative 
release percentage for bare Gd2O3 and FA-Gd2O3 was around 94 and 96% in 72 h, 
respectively. Although the release of drug was higher initially for FA-Gd2O3, later, 
the sustained release was observed. This release profile could be highly beneficial 
for long-term dose-dependent therapy.

5  Conclusion

The chapter has included the detailed explanation on diverse properties of lanthanide- 
based materials over their counterparts like transition metals and organic molecules 
like dyes. It has also highlighted the need of morphology and shape of nanomateri-
als for biomedical applications. The basic understanding of capping and surface 
tailoring has been discussed. The best possible mechanism for the elongated aniso-
tropic shape of the lanthanide-based oxide has been discussed thoroughly. The spe-
cial focus has been made in the transition and crystallizing temperature for the 
conversion from the hexagonal phase to cubic phase and explained with XRD, 
TGA, DSC, and FTIR. This detailed analysis has been used for understanding the 
use of the sample for their application as MRI contrast agent and drug delivery.
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Chapter 23
Engineering of Targeted Nanoparticles 
by Using Self-Assembled Biointegrated 
Block Copolymers

Shoaib Iqbal, M. Naveed Yasin, and Heather Sheardown

Abstract Polymer-based nanoparticle delivery systems have attracted a lot of 
attention recently due to their chemical versatility offering precise engineering for 
targeted drug delivery. However, surface functionalization of these nanoparticles 
could lead to poor control over their properties. A strategy to overcome this 
shortcoming is synthesis of self-assembled biointegrated block copolymers which 
offer reproducible preparation, quantitative control over ligand density and easy 
production. These polymers are prepared by well-established polymerization and 
conjugation chemistries. The resultant nanoparticles are prepared by self-assembly 
of these polymers in a single step where fine tuning of these nanoparticles is 
accomplished by varying the composition of block polymers.

Keywords Self-assembled nanoparticles · Targeted drug delivery · Bio-inspired 
nanoparticles

1  Introduction

Various polymeric delivery systems are being employed for a number of therapeutic 
applications at the moment. The properties of these systems have been adjusted to 
improve their delivery to target site; for instance, surface PEGylation or hydrophilic 
coating of these systems provide stealth properties for longer blood circulation, 
while positive surface charge can improve internalization into cancer cells. Among 
various polymeric systems explored for therapeutic delivery applications, polymeric 
nanoparticles (NPs) and micelles (MCs) have recently attracted a lot of attention. 
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This is due to broad scope for chemically modifying these polymeric systems for 
targeted therapeutic delivery.

The concept of drug targeting was introduced first by Paul Ehrlich in 1906, and 
tremendous progress has been made since then to develop NPs and MCs for this 
purpose. The development of these polymeric systems for targeted delivery helps to 
improve therapeutic index of drugs, limiting dose-related toxicities and suboptimal 
efficacy [1, 2]. Active targeting of these systems to specific tissues can be achieved 
by complexing them with targeting ligand (small molecule, peptide, aptamer, 
antibody/antibody fragment) that will recognize cell surface receptors in that tissue 
[3]. An added advantage of this receptor-specific interaction is increased uptake due 
to receptor mediated endocytosis (RME) as shown in Fig. 23.1. Designing NPs with 
targeting moieties on their surfaces helps in endosomal/lysosomal escape leading to 
the release of payloads into the cytosol and improvement of therapeutic efficacy.

The successful therapeutic application of polymeric NPs is determined by their 
well-defined biological behavior in  vivo which is largely dependent on their 
properties such as size, surface modification, and shape [5, 6]. These properties 
along with mechanical strength and functionalization by targeting ligands have been 
widely accepted as important parameters in determining delivery efficacy [7, 8]. 
Engineering polymeric NPs is challenged by the influence of these properties which 
are interrelated and may impact other during the process of development. For 
targeted NPs, there is an additional consideration of attaching targeting ligand. The 
conventional approach of formulating targeted NPs involves formation of NPs with 
encapsulated drug first followed by surface functionalization to render the NPs 
stealth (e.g., PEGylation) and attachment of targeting ligands. This approach 
involves use of either functionalized biomaterials which simultaneously offer NPs 

Fig. 23.1 Schematic illustration of differences in cellular uptake and payload release for targeted 
and nontargeted polymeric nanoparticles, reproduced with permission from [4] (Copyright Sci 
Forschen Inc. 2016)
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with both stealth and targeted features [9–11], or assembling stealth NPs first 
followed by conjugation with a targeting ligands to achieve targeting ability [12, 
13]. The associated disadvantages of the latter approach are the requirement for an 
excess amount of reactants, multistep manufacturing and purification procedures, 
and decreased control over the final NPs properties leading to batch-to-batch 
variations [2, 14, 15].

A simple yet rational approach for targeted NPs is to avoid post NP synthesis 
modification steps by developing prefunctionalized biomaterials having all of the 
desired components present and engineering them to self-assemble into targeted 
NPs. These prefunctionalized biomaterials which are constituted by self-assembled 
biointegrated block copolymers offer precise engineering of NPs without any 
requirement for post-particle modifications due to preattached ligands and their 
intrinsic ability to self-assemble into particles. Also, this approach offers advantages 
of well-controlled and -characterized polymer blocks, simpler conjugation of 
ligands, quantitative control over ligand density on the NP surface, assembly into 
different macromolecular architectures, and simple purification procedures which 
are amenable to scale-up production without batch-to-batch variation [16–18]. Such 
a strategy offers formulation of distinct NPs with minimal variability leading to 
possibility of optimizing biophysicochemical properties. An associated disadvantage 
of the preconjugation strategy of ligand conjugation with copolymer is the loss of 
ligand bioactivity during NP preparation leading to poor targeting performance. 
Table  23.1 shows some of the ligand-conjugated block copolymers for various 
therapeutic applications.

2  Synthesis of Biointegrated Block Copolymers

The synthesis of biointegrated block copolymers is essentially similar to the con-
ventional polymerization methods used for preparing variety of block copolymers. 
Multiple types of synthetic approaches and conjugation chemistries have been 
developed to expand the breadth of synthetic approaches in developing biointe-
grated functional biomaterials. The diversity of available methods and conjugation 
with versatile targeting ligands ensures well-characterized and controlled polymer 
structures with adjustable properties for different therapeutic delivery applications. 
Repertoire of synthetic strategies and methodologies include both step and chain 
growth polymerization approaches. Using these methods a number of block poly-
mers with different topologies and functional characteristics can be prepared [48].

The synthesis strategies mainly include (1) addition of monomers by controlled 
(living) polymerization and (2) using coupling reactions to exploit the chain ends of 
different polymer chain segments [49]. Controlled polymerization offers a facile 
approach for obtaining versatile block polymers owing to their compatibility with 
range of monomers, high functional group tolerance and easy experimental setup 
[50]. Some of the controlled polymerization techniques that has been described in 
literature include atom transfer racial polymerization (ATRP), reversible addition- 
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fragmentation chain transfer (RAFT) and many others. The biointegrated block 
polymers synthesis involves an additional functionalization step at their hydrophilic 
chain end(s) with ligands [51]. The approaches for functionalization of these block 
copolymer include (1) click chemistry mediated post-polymerization 
functionalization by modifying polymer pendant groups (post-polymerization 

Table 23.1 Biointegrated block copolymers based nanoparticles and micelles to deliver drugs for 
various therapeutic applications

Ligand type Polymer construction Application References

Protein EGF-PEG-PCL micelles Breast cancer [19]
RGD/Tf-HPAE-co-PLA/DPPE 
nanoparticles

Cervical cancer [20]

Aptamer A10-PEG-PLGA/PEG-PLGA micelles Prostate cancer [21]
A10-PEG-PLGA-H40 micelles Prostate cancer [22]

Peptide cRGD-PEG-PLA micelles Brain glioma [23]
cRGDyk-PEG-PTMC micelles Brain glioma [24]
cRGD-PEO-PCL micelles Bladder cancer [25]
cRGD-PEG-b-PLL(2IT) Cervical cancer [26]
Oct-PEG-PCL micelles Breast cancer [27]
AP-PEG-PLA/mPEG-PAE micelles Breast cancer [28]
cRGD-PLL-PLGA-mPEG nanoparticles Breast cancer [29]
PEG-Dlinkm-R9-PCL Lung cancer [30]

Saccharide/ 
polysaccharide

Gal-PEG-PLA, FITC-PEG-PLA, 
mPEG-PLA, 
P(NIPAAm-co-MAAc)-g-PLA

Hepatoma [31]

Gal-PEG-PCL/PEG-SS-PCL micelles Hepatoma [32]
Gal-PEG-PCL/PEG-PAC-PCL micelles Hepatoma [33]
Poly(CL-co-OPEA-gal) nanoparticles Hepatoma [34]
HA-PTX micelles Colon and Breast 

cancer
[35]

HA-PEG-PLGA nanoparticles Ehrlich ascites 
cancer

[36]

HA-SS-DOCA micelles Breast cancer [37]
Small drug 
molecules

Folate-PEG-PLGA/mPEG-PLGA-DOX 
micelles

Epithelial cancer [38]

Folate-PEG-PCL Cancer [39]
Folate-PEG-PAsp(DIP)-CA micelles Hepatoma [40]
Folate-PEG-b-PCL-hyd-DOX micelles Epithelial cancer [41]
FA-PEEP-b-PBYP micelles Carcinoma [42]
FA-PEG2k-pD-pDPB/PEG20k-peptide-pD- 
pDPB mixed micelles

Breast cancer [43]

Biotin-PEG-PLA/PLGA nanoparticles Epithelial cancer [44]
Biotin-PEG-PLA/PLGA-PEI 
nanoparticles

Epithelial cancer [45]

ACUPA-PEG-PLA/PEG-PLGA micelles Prostate cancer [46]
pLA-b-p(MAA-PBA) Ocular mucosa [47]

S. Iqbal et al.



455

functionalization); (2) modification of chain end by employing functional initiating 
systems or functional terminating agents (end-chain functionalization). Using a 
single strategy or a combination of these strategies offers desired properties of 
resultant biointegrated block copolymers for biomaterials applications. However, 
each of these methods has its own pros and cons; for example, post-polymerization 
functionalization offers flexibility in modification by preventing the entire bulk of 
material from being affected. Directly polymerizing functional monomers is 
attractive but is hampered by polymerization conditions and parameters like in 
radical polymerization. Also, introduction of functional moieties in cyclic monomers 
is challenging due to the incompatibilities of the imparted functionalities [52]. The 
presence of functionalizable end groups attached to linear and terminal units of 
block copolymers allow for the convenience of end-capped with small organic 
molecules/targeting moieties to fabricate novel functional polymeric materials. The 
nature of the end group on the polymer backbone has an influence on the polymer 
degradability. Chain end groups have also been used as sites for functionalization of 
polymers to achieve targeted delivery of payloads [42]. To achieve therapeutic 
efficacy, precise structural tuning of polymers is important to prevent unpredictable 
properties and behavior. The overall advantage of synthesizing biointegrated block 
polymers is that they can be easily purified and characterized prior to their assembly 
into NPs. They offer better control of surface-density of exposed ligands due to 
adjustable ratios of functionalized to nonfunctionalized block copolymers [21]. 
They also offer decoration of NPs with multiple targeting ligands by assembling 
differently functionalized polymers into a single platform. A highly functionalized 
corona of NPs can be obtained by allowing self-assembly of a ligand-bearing 
copolymer. The only drawback of this approach is that the self-assembly behaviour 
might be affected by the end-functionalization of block copolymer which needs to 
be tested experimentally.

A biointegrated amphiphilic triblock copolymer (TCP) composed of PLGA-b- 
PEG-b-A10 aptamer was synthesized in two steps by conjugating carboxyl-capped 
PLGA (PLGA-acid) with amine terminals of heterobifunctional PEG (amine-PEG- 
acid) followed by conjugation of carboxyl ends of PLGA-b-PEG-acid with amine 
ends of A10 PSMA Apt as shown in Fig.  23.2 [21]. The formation of block 
copolymer and the ligand conjugation was straight forward using 1-ethyl-3-(3- 
dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysulfosuccinimide 
(sulfo-NHS) coupling reaction.

Fig. 23.2 Synthesis of PLGA-b-PEG-b-Apt TCP in a two-step conjugation reactions, reproduced 
with permission from [21] (Copyright The National Academy of Sciences of the USA 2008)
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A ring-opening polymerization (ROP), photoinduced thiol-ene reaction and ami-
dation reaction was used to synthesize Gal-conjugated biodegradable poly-(Ɛ- 
caprolactone- co-phosphoester) random copolymer [poly(CL-co-OPEA-Gal)] [34] as 
shown in Fig. 23.3. Gal was covalently conjugated to pendant groups via combination 
of photoinduced thiol-ene reaction and amidation reaction.

RAFT polymerization has seen rapid growth due to its superior compatibility 
with a broader range of functionalities, one-pot synthesis and high tolerance of 
impurities. A reversible addition−fragmentation chain transfer (RAFT) 
polymerization reaction has been proposed for the synthesis of pLA-b-p(MAA- 
PBA) copolymers also termed LMP copolymer in a single step reaction [47] as 
shown in Fig.  23.4. The triblock copolymer synthesized by using 
Azobis(isobutyronitrile) (AIBN) as a RAFT agent showed excellent control over 
copolymer compositions and molecular weights by varying the molar feed rations 
of the monomers. The targeting moiety PBS polymerized at the end of the chain in 
higher density offering this polymer block as an excellent platform for mucoadhesive 
targeted delivery to eye.

Fig. 23.3 Synthesis routes of galactosamine-conjugated random copolymer poly(CL-co-OPEA- 
Gal), reproduced with permission from [34] (Copyright The Royal Society of Chemistry 2014)
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3  Preparation of Targeted Nanoparticles by Biointegrated 
Block Copolymers

The guiding principles to formulate targeted nanoparticles from biointegrated block 
copolymers are essentially similar to those used for nontargeted nanoparticles. 
Owing to the amphiphilic nature of these polymer blocks, they self-assemble 
themselves into nanoparticles architecture upon introduction into aqueous 
environment [53]. From delivery standpoint, the diameters of these nanoparticles 
should be less than 200  nm, systemically stable, allow immune evasion and 
nonspecific uptake and finally destabilize upon uptake by target cells. From 
commercial standpoint, the preparation should be cost effective and easy to scale-up 
production employing simple components with robust methods.

Targeted NPs from biointegrated block copolymers have been produced by 
numerous methods depending on the nature of ligand-conjugated polymer blocks 
and payload types. These methods include solvent evaporation/emulsion based 
preparation, nanoprecipitation, and dialysis method. Due to single step preparation 
using these block polymers, multiple processing steps are avoided, leading to NPs 
with well-controlled and reproducible characteristics. The simplicity of methodology 
offers convenient scale up of these nanoparticles. Post preparation treatment steps 
can be easily performed to increase or decrease the final concentration of NPs. A 
major advantage of using biointegrated block copolymers is well-controlled surface 
density of the targeting ligands by varying the ratio of ligand-conjugated and 
nonconjugated block polymers during self-assembly. Using distinct ratios of PLGA- 
b- PEG-b-Apt TCP (ligand-conjugated polymer block) and PLGA-b-PEG DCP 
(nonconjugated polymer block) during NP preparation by nanoprecipitation, the 
surface density of Apt was precisely and reproducibly changed [21] as shown in 
Fig. 23.5.

A multifunctional micelle composed of a graft copolymer (i.e., poly(N-isopropyl 
acrylamide-co-methacryl acid)-g-poly(d,l-lactide) (P(NIPAAm-co-MAAc)-g- 
PLA) (environmentally sensitive), a diblock copolymer [i.e., methoxy poly(ethylene 
glycol)-b-poly(d,l-lactide) (mPEG-PLA)], and two functionalized diblock 
copolymers [i.e., galactosamine-PEG-PLA (Gal-PEG-PLA) and fluorescein 
isothiocyanate-PEG-PLA (FITC-PEG-PLA)] was prepared by using a dialysis 
method in a single step formulation process as shown in Fig. 23.6. Due to single 

Fig. 23.4 Synthesis routes of LMP block copolymers by RAFT polymerization, reproduced with 
permission from (47) (Copyright The American Chemical Society 2016)
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step formulation of NPs and MCs by these block polymers, the optimization of 
nanocarriers with desired features is easily achievable and these systems hold great 
potential for scale up production.

4  Functionalized Biointegrated Block Copolymers 
for Therapeutic Applications

Functionalized polymers have attracted considerable interest among biomaterials 
scientists due to the characteristic features of these materials in combining the 
properties of defined reactive functionalities present in their architecture. In such 
polymers, the reactive sites of the attached functional groups can be used as 

Fig. 23.5 Preparation of 
PLGA-b-PEG-b-Apt 
TCP-based polymeric NPs 
with well-controlled 
surface density, reproduced 
with permission from [21] 
(Copyright The National 
Academy of Sciences of 
the USA 2008)

Fig. 23.6 Preparation of multifunctional micelle made of two functionalized diblock copolymers, 
a graft copolymer and a diblock copolymer, reproduced with permission from [31] (Copyright 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2007)
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attachment site for targeting ligands or biomolecules. Such functionalized materials 
have found numerous applications in targeted drug delivery, tissue engineering and 
gene delivery.

4.1  Targeted Drug Delivery in Cancer

Due to the functionalization advantages of polyphosphoester (PPE) based polymers 
for targeted delivery, a galactosamine (Gal)-functionalized novel drug delivery car-
rier (i.e., [poly(CL-co-OPEA-Gal)]) was developed for improved hepatoma- targeting 
delivery of doxorubicin (DOX) [34]. Pendant end groups of the 2-(2-Oxo- 1,3,2-
dioxaphospholoyloxy) ethyl acrylate (OPEA) were functionalized with galactos-
amine using the terminal –COOH of (CL-co-OPEA-COOH) to construct liver targeted 
delivery system as shown in Fig.  23.7. This galactosylated biointegrated block 

Fig. 23.7 Schematic illustration of the preparation of hepatoma targeting DOX-loaded poly(CL- 
co- OPEA-Gal) nanoparticles (designated as DOX/Gal-NPs) and the receptor-mediated intracel-
lular drug release, reproduced with permission from [34] (Copyright The Royal Society of 
Chemistry 2014)
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copolymer could self-assemble into micelles in an aqueous environment with the 
core constituted by the hydrophobic PC, corona by hydrophilic polyphosphoester 
and Gal moieties on the micellar surface. Using this micellar platform offered anti-
tumor drug delivery for hepatoma-targeting with improved hepatic internalization, 
leading to improved therapeutic efficiency.

A novel water-soluble polymeric prodrug, paclitaxel–poly(ethyl ethylene phos-
phate) conjugated with folic acid molecules (PTX-PEEP-FA) was reported as an 
amphiphilic drug delivery platform [54]. The chain end hydroxyl groups were 
conjugated with folic acid (FA) via esterification. Apart from acting as a targeted 
prodrug, the system showed usefulness to load other hydrophobic drugs thereby 
acting as dual delivery platform with sustained release and targeting efficacy. To 
impart additional stability to micellar delivery platform, core cross-linked PPE 
micelles (i.e., PBYP-b-PEEP-FA with acid-cleavable acetal groups (ACCL-FA) 
loaded with DOX) were reported as shown in Fig. 23.8 [42]. Cross-linking of the 
core occurred via azide–alkyne cycloaddition (CuAAC) “Click” reaction between 
azides of acid-cleavable N3-a-TEG-a-N3 and the alkynyl groups on the PPE. Acetal 
linkage cleavage under acidic conditions, PPE degradability, and FA targetability 
offered benefits to this system.

Fig. 23.8 Illustration of folate-conjugated and core cross-linked polyphosphoester micelles for 
efficient intracellular release of hydrophobic anticancer drugs triggered by enzymes and acidic 
microenvironment inside the tumor tissue, reproduced with permission from [42] (Copyright The 
Royal Society of Chemistry 2014)
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4.2  Targeted Drug Delivery to the Mucosa

In an effort to improve the corneal retention of NPs and thereby ocular bioavailabil-
ity, targeted NPs with mucoadhesive ligands (i.e., phenylboronic acid (PBA)) which 
can form complexes with diols of sialic acid at physiological pH [55] have been 
reported [56]. A mucoadhesive PBA decorated polymeric micelle has been reported 
for ocular drug delivery to anterior segment of eye [47] as shown in Fig. 23.9. The 
mucoadhesive property of micelles was directly related to the PBA content in the 
micelles. These micelles showed promising potential to improve the bioavailability 
of topically applied ophthalmic drugs.

4.3  Targeted Delivery of Genes as Therapeutic Agents

Therapeutic delivery of siRNA holds great potential for the treatment of diseases via 
inhibition of protein expression. Several biointegrated block copolymers have been 
reported to offer delivery of siRNA payloads along with other functional demands. 
A peptide–block polymer conjugate [i.e., cRGD-PEG-b-PLL (2IT)] upon mixing 
with siRNA spontaneously formed multifunctional micellar structures [26]. The 
biointegrated polymer segment offered siRNA binding segment, a hydrophilic seg-
ment and a targeting ligand. This multifunctional micellar platform offered improved 
control of NP formation, increased stability and improved biological activity.

A dual targeted nanocarrier for siRNA was formulated from two different block 
polymers with similar core blocks but different corona functionalities [43]. These 
smart polymer nanoparticles were formed by combining FA-PEG-pDMAEMA-b-

Fig. 23.9 Illustration of PBA-conjugated polymeric micelles for drug delivery to anterior segment 
of eye, reproduced with permission from [47] (Copyright The American Chemical Society 2015)
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p(DMAEMA-BMA-PAA) and PEG-MMP7-pDMAEMA-b-p(DMAEMA-BMA- 
PAA) polymer blocks which self-assembled into micelles (Fig. 23.10). The folic 
acid offered active targeting while MMP7 offered proximity-activated targeting 
(PAT), that is, shielding nonspecific interactions with cells/proteins by proteolyti-
cally removable PEG to these NPs.
A functional degradable bridged bond-based copolymer has been developed for the 
active targeted siRNA delivery [29]. The block copolymer (i.e., PEG-Dlinkm- R9-
PCL) self-assembled into nanoparticles in an aqueous solution. The bridged bond 
(Dlinkm) was degraded in an extracellular pH (pHe), leading to deshielding of PEG 
and exposure of nano-arginine (R9) for NPs uptake by the target tumor cells for 
improved siRNA delivery.

5  Concluding Remarks

Polymeric nanoparticles and micelles have shown promise as delivery vehicles for 
various therapeutic applications, yet they need to be properly designed in order to 
achieve maximum efficacy. The delivery efficiency of these nanocarriers can be 
increased by functionalizing their surfaces with targeting ligands with high binding 
affinity to the target cells. When decorating NPs with targeting ligands, the 
characteristic features and properties of the resultant nanocarriers are not well 

Fig. 23.10 Schematic of mixed micelle formed from combining FA-PEG2k-pD-pDBP and PEG20k- 
peptide- pD-pDBP mixed micelles, reproduced with permission from [43] (Copyright The 
American Chemical Society 2015)
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controlled, leading to unpredictable behavior during application. This problem can 
be solved by the use of self-assembled biointegrated block polymers.

Prefunctionalized ligand-conjugated block copolymers offer precisely engi-
neered nanocarriers for downstream therapeutic applications. Owing to single step 
NP preparation, the batch-to-batch variability is minimized thereby offering high 
reproducibility in these polymers. The ability to self-assemble provides 
straightforward preparation with the possibility to scale-up production. Quantitative 
control over ligand density can be achieved by simply varying the feed ratios of 
these polymers. Qualitatively, highly functionalized nanocarriers can be prepared 
by self-assembly of a ligand-conjugated copolymer only. Multifunctionality can be 
achieved by using two or more ligand-conjugated copolymers.

Developing advanced multifunctional biointegrated copolymers broadens the 
application potential of these materials. The synthesis approaches for these materials 
are well established, offering good control over molecular weights and polydispersity. 
These materials are characterized well before using them for self-assembly, offering 
better control of NP characteristics. Using blend of polymerization and conjugation 
chemistries results in polymers with desired functional features. Such an engineering 
approach allows for application of these nanocarriers for different types of payloads 
(e.g., gene delivery), besides its common application in drug delivery. Recently, the 
targeting ligands are engineered with stimuli-responsive linkers which allows 
deshielding of stealth PEG blocks after reaching a target and allowing the target 
ligand to interact with cell receptors for better uptake and internalization.

Despite these advantages, there are some associated problems when engineering 
these polymers which need to be addressed for their successful application. Due to 
end functionalization, the self-assembly of these block copolymers might be 
affected. This will lead to failure of materials for subsequent use and they need to be 
tested initially before moving further. Due to the biological nature of targeting 
ligand, it is likely to believe that the conjugated ligand might have reduced or lost 
bioactivity after conjugation. This problem should also be addressed before 
considering future prospects of these materials.
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Abstract Periodontitis involves infection of the gums and other structures such as 
the periodontal ligaments, and the alveolar bone. The disease results in the forma-
tion of periodontal pockets and bone loss, and the tooth may fall out. Nanoparticles 
have gained a lot of use with various dental applications due to their unique proper-
ties that make them suitable for drug delivery. Due to the small size of nanoparti-
cles, they are able to deliver the drug to particular tissues, cells or pathogens in the 
periodontal pockets. In addition, they display antimicrobial activity by destroying 
bacterial cell membranes and killing the bacteria. There are several different nano-
materials that are used to treat periodontal disease, such as liposomes, lipid and 
polymeric nanoparticles, and dendrimers. There has also been development of 
delivery systems for drugs, proteins, and cells. These include nanocapsules, 
nanoscaffolds, nanocoatings, and nanoshells. This chapter reviews the use of nano-
technology applications in dentistry and the different types of nanoparticles.
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1  Introduction

Owing to the restrictions in dental instruments, nanoparticles have been used to 
prevent, diagnose, and treat various oral conditions. Additionally, an increase in 
antibiotic resistance has also led the medical field to use nanoparticles as an alterna-
tive. Nanoparticles have a unique combination of properties that make them suitable 
for various dental applications. They have a high surface area to volume ratio due to 
their small size, making them easy to manipulate and control on the atomic/molecular 
scale. They have an enhanced solubility, a quicker onset of therapeutic action and an 
increased rate of dissolution. Nanoparticles can also be used as drug delivery and ions 
agents [1]. In addition, they are able to interact closely with microbial membranes in 
order to treat dental caries and periodontal disease. Metal nanoparticles, such as cop-
per, zinc, titanium, magnesium, silver, and gold, display antimicrobial properties. 
They can destroy the bacterial cell membrane and kill the bacteria. The antimicrobial 
activity of nanoparticles correlates with the particle size. Decreasing the size of the 
nanoparticle is beneficial because it increases their surface area, and allows for a 
greater contact and interactions with the surface and membranes of pathogenic micro-
organisms [2]. Particles ranging from 1 to 10 nm in size have shown to have a greater 
antimicrobial activity than larger particles [3]. Nanoparticles have also been combined 
with polymers for a variety of potential antimicrobial applications within the oral 
cavity. Different types of nanoparticles, such as chitosan, polymeric, quantum dot, 
liposomes, and metal nanoparticles, offer prominent features in the use of dental 
applications.

2  Periodontitis

Periodontal disease, also known as gum disease, is an infection that damages the 
soft tissue and structures around the teeth. These structures include the gums, the 
alveolar bone, and the periodontal ligament. The infection begins when bacteria 
stick to the surface of the tooth, which leads to the accumulation of bacterial plaque 
around the tooth. One way that it can lead to periodontitis is that the plaque can 
harden and form into tartar, or calculus. Plaque can also cause gingivitis, which is 
inflammation and irritation of the gums. Constant inflammation of the gums can 
eventually cause pockets to develop between your gums and teeth, which then fill 
with more bacteria and plaque. Without treatment, one is at high risk of tooth and 
tissue loss. Red, swollen, or tender gums that bleed easily; painful chewing; loose 
or shifting of teeth; receding gums; sensitive teeth or gums; and bad breath are 
major signs and symptoms of periodontitis. Several procedures have been used to 
treat periodontitis, such as bone grafting, scaling and root planing, use of bone sub-
stitutes, and guided tissue regeneration [4]. However, dental materials, instruments, 
and procedures are not very efficient or precise in targeting microbes; they lack the 
ability to reach the deep pockets. Nano drug delivery systems offer a more advanced 
drug delivery approach against periodontitis and are effective against resistant 
pathogens. Due to their small size they are able to reach sites that are not accessible 
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Fig. 24.1 Stages of periodontitis

to other devices, such as periodontal pockets. Additionally, nanoparticles offer a 
high stability and a controlled release rate. The drug dissolved in the nanoparticle 
matrix also has the advantage that it does not require a high dosage frequency since 
the drug is distributed for an extended period of time (Fig. 24.1).
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3  Applications of Nanoparticles in Dentistry

The antibacterial activity of nanoparticles is directly proportional to the release of 
ions. With that said, the greater the concentration of nanoparticles, the more ions 
that can be released, and the higher toxicity to the bacterial cells. Other mechanisms 
also exist in the destruction of nanoparticles. One mechanism is through the binding 
of electrostatic forces. Once the nanoparticle binds to the bacterial cell membrane, 
it causes alterations in bacterial cell functions that subsequently lead to bacterial 
cell death [5]. The second mechanism involves the production of oxygen free- 
radicals that can hinder protein function and result in excess radical production 
(Fig. 24.2).

3.1  In Diagnosis

The use of nanodevices provides higher accuracy when performing diagnostic tests 
in the mouth by marking specific bacteria. Once marked, the bacteria can be easily 
identified and removed. There are several different tools that help detect and diag-
nose oral conditions. Cantilevers are tools that can attach to carcinogenic molecules, 
or altered DNA sequences. Nanopores can also detect carcinogenic molecules. 
Nanotubes can be used for analyzing dentin collagen network, dentin pores and 
their effects on tooth hypersensitivity, the surface of dental implants, and colonies 
formed on tooth surfaces. Nanowire sensors were developed to detect proteins or 
viruses in saliva samples [6]. Nanosystems, such as the oral fluid nanosensor test, 

Fig. 24.2 Mechanism of interaction of nanoparticle with bacterial cell
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are effective in detection of salivary proteomic biomarkers and nucleic acids specific 
for oral cancer. Several other tests, such as the oral fluid nanosensor test and the 
optical nanobiosensor test, are also useful for diagnosis of oral cancer.

3.2  In Treatment

The use of nanomaterials has allowed new treatment opportunities to arise in den-
tistry. These opportunities include local anesthesia, dentition renaturalization, a 
cure for hypersensitivity, orthodontic realignment in just one visit to the office, and 
more [4].

Several nanoparticles, such as zinc oxide and silver, are being used to inhibit 
bacterial growth by incorporating the nanoparticles into dental composites or dental 
adhesives [7]. For example, resin composites containing silver ion-implanted fillers 
have shown to be effective against oral streptococci [8]. Due to their large surface- 
to- volume ratio, they have better interaction with the bacterial cell membrane, 
thereby destroying it. Other ways they can inhibit bacterial growth is by blocking 
the transport and metabolism of sugars, by producing reactive oxygen species, 
inhibiting the electron transportation across the bacterial membrane, and blocking 
DNA replication [2].

Some nanodevices can be used for both diagnostic and therapeutic purposes. 
Dendrimers, for example, are synthetic polymers that have the ability to simultane-
ously carry one molecule for the removal of cancer cells in the oral cavity and one 
molecule for diagnosis. Research has also proven that solutions of chlorhexidine mixed 
with hexametaphosphate (HMP) nanoparticles are significantly effective in inhibiting 
fungal infestation by blocking the metabolic activity of Candida albicans [9].

For orthodontic treatment, brackets can be coated with CuO (copper oxide) and 
ZnO (zinc oxide) nanoparticles in order to inhibit the growth of S. mutans [10]. 
Coating orthodontic wires with inactive fullerene-like tungsten disulfide nanopar-
ticles can reduce friction that may be caused when sliding a tooth along an arch wire 
[11]. When straightening or rotating a tooth, orthodontic nanorobots can be used for 
a painless correction of misaligned teeth [12].

Dental implants have failed due to a lack of bone formation around the implant. 
However, there have been improvements by the addition of nanoscale deposits of 
hydroxyapatite crystals and calcium phosphate, which has created a better implant 
surface for osteoblast formation [13].

When administering local anesthesia, nanotechnology solution can be used to 
administer anesthesia without pain. This method works by filling the patient’s 
 gingiva with micron-sized analgesic dental robots. The nanorobots would reach the 
dentin and move toward the pulp, and once they have reached the pulp, the nanoro-
bots would block all sensation in the tooth [2].

Nanorobots have also been incorporated in toothpastes and mouthwashes in 
order to prevent the accumulation of calculus (Tables 24.1, 24.2 and 24.3).
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4  Types of Nanoparticles

4.1  Chitosan Nanoparticles

Chitosan is the second most abundant biopolymer that can be obtained through 
partial deacetylation of chitin. It is composed of glucosamine units and 
N-acetylglucosamine. Chitosan exhibits antibacterial properties due to its positive 
charge, making it an ideal candidate for use in root canal treatments. It has various 
unique properties for drug delivery applications, such as mucus adhesion, hydro-
philicity, biocompatibility, biodegradability, healing wounds quickly and a broad 
antibacterial spectrum. Owing to the many favorable properties of chitosan, it has 
been used as a suitable material in dental applications.

Table 24.1 Delivery systems used for drugs, proteins, and cells [4]

Delivery 
systems Description

Nanocapsules Encapsulation of drugs into nanoparticle shells allows a sustained release of 
drugs once the capsule disintegrates at specific locations

Nanoscaffolds These materials also deliver drugs to the target sites. They have the advantage 
of disintegrating without triggering an immune response in the body. They are 
used in dentistry for, regeneration of the alveolar bone, periodontal ligament, 
dental pulp, and enamel

Nanocoatings These materials can be used to combat endodontic and periodontal diseases that 
are caused by pathogenic microorganisms. They may be used in combination 
with other treatments to lower the sub gingival microbial count

Nanoshells When infrared light is applied to these materials, they produce heat and can 
destroy the bacteria, cancer cells, and ligature of the vessels. They can be 
loaded with antibodies, or other proteins and used for drug delivery

Table 24.2 Applications of nanoparticles in dentistry

Antimicrobial nanoparticles Therapeutic nanodevices

Chitosan Nanopores
Copper based nanoparticle-metal nanoparticle Dendrimers
Zinc based nanoparticle-metal nanoparticle Nanotubes
Silver nanoparticle-metal nanoparticle Nanoshells
Titanium oxide-metal nanoparticle Quantum dots

Table 24.3 Incorporation of 
nanoparticles into dental 
materials

Nanoparticles Dental material

SiO2, ZrO2-SiO2 Resin-based composites
ZnO Cements
Ag-nanoparticles Adhesives
Apatite and Ti nanoparticles On dental implants
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4.2  Polymeric Nanoparticles

Poly(lactic-co-glycolic acid) is copolymer of poly-lactic acid (PLA) and poly- 
glycolic acid (PGA). In the presence of water, PLGA undergoes hydrolysis of its 
ester linkages, resulting in the monomers lactic acid and glycolic acid, which are 
by-products of different metabolic pathways in the body [14]. The production of 
PLGA nanoparticles has been beneficial in various fields of dentistry, such as end-
odontic therapy, dental caries, dental surgery, dental implants, or periodontology. 
For periodontal treatment, PLGA implants, disks, and dental films are beneficial 
in local administration of antibiotics. They also reduce the systemic side effects of 
general antibiotic delivery [15].

4.3  Quantum Dot

Quantum dots are made of semiconductor materials with fluorescent properties and 
can be used as photosensitizers and carriers. Quantum dots are beneficial in diag-
nosing oral cancer by, binding to cancer cells. Once they bind, UV light is radiated 
to them and starts UV light emission, making it easier to detect oral cancers. They 
can also be used as drug or gene carriers. Thus, quantum dots are useful in preven-
tion of oral cancer.

4.4  Metal Nanoparticles

Metal nanoparticles have large surface area to volume ratios and good antibacterial 
properties, thereby making them ideal candidates in deterring growth of various 
microorganisms. Metal nanoparticles are beneficial because they can act on a wide 
range of microorganisms. For example, silver nanoparticles have a greater affinity 
for gram-negative and anaerobic bacteria. Various others metal nanoparticles, such 
as copper oxide, also displays unique properties that make them suitable in the use 
of dental applications.

4.5  Silver Nanoparticles

Silver was incorporated into dental composites in order to introduce antimicrobial 
properties and improve biocompatibility of the composites [16]. Silver is very favor-
able because it displays a strong antibacterial activity and it has anti- inflammatory 
effects. Due to its large surface area, the silver nanoparticles have better contact with 
microorganisms, thereby making their antimicrobial activity more efficient.
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Silver is very reactive in its ionized form. The silver ions interact with the pepti-
doglycan cell wall, the plasma membrane, bacterial DNA, and bacterial proteins 
[16]. That interaction ultimately causes structural changes in bacterial cells, which 
leads to cell death.

4.6  Copper Oxide Nanoparticles

Copper nanoparticles have antibacterial activity, along with antifungal activity and 
are beneficial in controlling biofilm formation within the oral cavity. It has been 
demonstrated that copper oxide nanoparticles can be beneficial in dental coating to 
inhibit dental infections. Researchers reported that copper oxide nanoparticles 
inhibit bacterial growth by the process of passing through nanometric pores on the 
cellular membranes of most bacteria. Their size, stability, and concentration influ-
ence the bactericidal activity of the copper oxide nanoparticles.

4.7  Liposomes

Liposomes are lipid-based nanoparticles composed of amphipathic phospholipids 
that are made up mainly of phosphatidylcholines. Liposomes can be categorized 
into cationic, anionic, and neutral nanoparticles. They have unique advantages, such 
as nontoxic, nonimmunogenic nature, protecting drugs or siRNA-based therapeutic 
agents from degradation, and offering passive and active delivery of genes, proteins, 
peptides, and various other substances [17], [18]. Additionally, they can increase the 
half-life of various therapeutic agents. Liposomes are widely used to encapsulate 
drugs for use against various periodontal pathogens.

4.8  Solid Lipids

Solid lipid nanoparticles have some excellent properties, such as a high drug loading 
capacity, a large surface area, and immediate biodegradability. Solid lipid nanoparticles 
are made from physiological lipids, thereby diminishing the danger of toxicity [19].

4.9  Hydrogels

Hydrogels are natural or synthetic polymers with various favorable properties. 
These properties include a high water-absorbing capacity, ability to mimic natural 
living tissue, and a high porosity. The porous structure of hydrogels makes them 
suitable for carrying and releasing drugs (Fig. 24.3 and Table 24.4).
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Fig. 24.3 Various types of nanoparticles and their use in dentistry

Table 24.4 Nanoparticles in dentistry

Nanoparticles Drug Dental application Description References

Chitosan Triclosan Local drug 
delivery for 
treatment of 
periodontal 
diseases

Local therapeutic 
application in periodontal 
diseases

[20]

PAA- 
poly(acrylic 
acid)

Penicillin Antibacterial activity 
against penicillin- resistant 
bacteria is enhanced

[21]

PLGA Nanohydroxyapatite 
and nanocollagen

To treat 
periodontal disease

Bone regeneration and 
tissue collagen 
regeneration

[21]

Chitosan Silver nanoparticles Used for infected areas, 
such as open wounds

[21]

Chitosan Metronidazole Local drug 
delivery for 
treatment of 
periodontal 
diseases

Effective against 
anaerobic organisms by 
disrupting bacterial DNA 
synthesis

[21]

PLGA Methylene blue Antimicrobial 
endodontic 
treatment

Display significant killing 
of Enterococcus faecalis 
biofilm species that infect 
root canals

[22]

PLGA Minocycline Drug delivery for 
treatment of 
periodontitis

To improve drug loading 
and treat periodontitis

[15]
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5  Properties of Chitosan Nanoparticles

5.1  Antimicrobial Properties

Chitosan nanoparticles have antimicrobial activity against gram-negative and 
gram- positive bacteria. The molecular weight of chitosan influences its solubility 
and antibacterial activity. In small molecular weight, chitosan nanoparticles are 
successful in hindering the colonization of bacteria (such as Streptococcus mutans) 
on the surface of teeth while still preserving the normal oral flora. Chitosan 
nanoparticles of small molecular weight are able to damage the physiological 
activities of bacteria by penetrating the bacteria. In contrast, chitosan nanoparticles 
of high molecular weight have the ability of blocking the entry of nutrients by 
forming a film around the bacterial cells. Chitosan possesses a positive charge that 
interacts with the anionic groups on the bacterial cell wall, thereby causing damage 
to the cell wall. That interaction blocks the exchange of nutrients between the bacte-
rial cell and the extracellular matrix. The electrostatic charges compete for calcium 
for specific sites in the membrane, which then leads to the leakage of cell contents 
and cell death. Chitosan is effective in controlling plaque in vitro by obstructing 
dental plaque pathogens such as Actinobacillus actinomycetemcomitans, P. gingivalis 
and S. mutans.

There are four main factors that influence the antimicrobial action of chito-
san [23]:

• The microbial species.
• The molecular weight of chitosan, the density of the positive charge, and the 

hydrophobicity and hydrophilicity of chitosan.
• The soluble and solid state.
• Environmental factors such as pH, ionic forces, temperature, and time.

5.2  Mucoadhesive Properties

Chitosan mucoadhesion is due to the interaction between the positive charge of 
chitosan and the negative charge of mucous membranes. That interaction increases 
the adhesion to the mucosa and the time of contact for penetration of drug mole-
cules through it. It also provides a controlled rate drug release in order to improve 
therapy. Additional advantages of using mucoadhesive chitosan drug delivery sys-
tems are reduced administration frequencies and a constant mucoadhesiveness. 
Other possible factors that play a role in chitosan mucoadhesion are, its wettability, 
entanglement, Van der Waal’s forces, hydrogen bonding, and hydrophobic 
interactions.
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5.3  Drug Delivery Properties

Chitosan nanoparticles can be loaded with various antibiotics, such as metronida-
zole, chlorhexidine, and nystatin, to distribute to periodontal tissues and treat against 
fungal infections and oral mucositis. Due to their high surface area and reactivity, 
the drug is released with more ease. Chitosan is an efficient drug delivery system 
due to its stability, solubility, and bioavailability, and its ability to deliver the drug 
to a specific site. Another advantage of using chitosan as a drug carrier is its easy 
elimination by metabolic degradation in the body. However, this is only applicable 
for chitosan nanoparticles of small molecular weight. Enzymes must degrade the 
large molecular weight chitosan nanoparticles. There are various mechanisms for 
releasing the drugs. The loaded drug can be released from chitosan by diffusion, 
erosion, or degradation of the chitosan nanoparticle.

5.4  Dental Applications of Chitosan Materials

Chitosan possesses unique properties that have enabled it to emerge as a material for 
a wide range of dental applications. Due to its nontoxicity, biodegradability, hydro-
philicity, biocompatibility, and compatibility to mix with other materials, Chitosan 
is a favorable material for periodontal tissue regeneration because it can deliver the 
drug to the periodontal pocket and sustain and/or control the concentration of the 
drug. It has also been beneficial in modifications of dentifrices, enamel repair, adhe-
sion and dentine bonding; for coating dental implants; and for modification of den-
tal restorative materials [24]. Due to its ability to support viable osteoblasts, chitosan 
can be used as a template for bone defect restorations [25]. Furthermore, chitosan 
nanoparticles have been incorporated into root canal sealers in order to inhibit the 
penetration of microbes and to reduce biofilm formation at the dentin–root filling 
interface [26].

Chitosan has also been combined with various polymeric and organic substances 
for bone regeneration purposes. For example, chitosan–gold nanoparticles have 
shown to enhance osseointegration of dental implants [26]. Chitosan–gold nanopar-
ticles conjugated with PPAR have also been used to modify dental implants, and this 
has led to the formation of new bone with improved mineral density and a reduction 
in inflammation.

In prosthetic dentistry, chitosan has also been utilized to modify glass ionomer 
restoratives. Other uses include antibacterial activity of dental adhesive, and anti-
bacterial activity of composites [23].

In endodontics, chitosan has several useful applications. In vitro, chitosan was 
shown to improve the stability of dentin collagen, provide a sustained release of 
calcium ions in the root canal system, and regulate stem cell differentiation from 
apical papilla [23] (Table 24.5).
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6  Future Perspectives of Nanoparticles

With nanoparticles gaining more and more popularity, it is expected to find its use 
in all the specializations of dentistry. In the future, there will be improvements in the 
diagnosis and treatment of oral cancers, in the production of nanorobotic dentifrices 
delivered by toothpaste or mouthwash, local anesthesia, in hypersensitivity cure and 
complete orthodontic realignments [27]. Nanotweezers are currently under develop-
ment for the future, which can be used for cell surgery.

In future, it is believed that all dental procedures will be performed using 
nanorobots.

Table 24.5 Results of clinical study

Clinical 
trial 
phase Treatment Indication

Patients 
in trials

Response in trials 
and clinical status References

IV Scaling and systemic 
moxifloxacin

Aggressive 
periodontitis

40 Completed NCT02125812

IV Combination of 
metronidazole and 
amoxicillin in type 2 
diabetes patients with 
periodontitis

Periodontitis 58 Completed NCT02135952

II and 
III

Compare the efficacy 
of locally delivery of 
1% metformin (MF), 
1.2% simvastatin 
(SMV)

Chronic 
periodontitis

98 Greater pocket 
probing reduction 
(PPD) and clinical 
attachment level 
(CAL) in SMV 
group than MF

NCT02372656

I and II Gingiva mesenchymal 
stem cell therapy

Periodontitis 30 Completed NCT03137979

I and II Effectiveness of 
probiotic 
Saccharomyces 
boulardii

Chronic 
periodontitis

31 Completed NCT03516370

II Effectiveness of 
azithromycin

Chronic 
periodontitis

80 Completed NCT01921738

N/A Evaluation of 
nanocrystalline 
hydroxyapatite  
silica gel

Chronic 
periodontitis

30 Recruiting NCT02507596

N/A Tooth brushing with 
dentifrice, and 
turmeric massaging

Chronic 
periodontitis

91 Completed NCT02890771

II Nigella sativa 
(Kalonji) oil

Chronic 
periodontitis

25 Not yet recruiting NCT03270280

N/A Drug delivery  
of Garcinia 
mangostana gel

Chronic 
periodontitis

50 Completed NCT02880397
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7  Conclusion

The emergence of nanotechnology in the dental field has improved dental materials 
and devices for oral health care. Different nanoparticles are used to prevent the 
attachment of biofilm to the tooth surface, which is the main cause for the develop-
ment of plaque and calculus. Nanomaterials are also used in dental fillings, and as 
implant materials. Nanoparticles have excellent properties and some display antimi-
crobial properties that allow it to interact with bacteria and kill it. Nanotechnology 
is quickly evolving and there will be more improvements in the near future.
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Chapter 25
Surface Modification of Nanoparticles 
for Ocular Drug Delivery

Kathleen Halasz and Yashwant V Pathak

Abstract The eye is a crucial sensory organ and is responsible not only for sight 
but also for maintaining balance. Ocular diseases are categorized as being either 
anterior or posterior segment diseases based on the affected segment of the eye. 
Anterior segment diseases affect the cornea, iris, pupil, ciliary body and/or conjunc-
tiva. Posterior segment diseases affect the sclera, choroid, fovea, optic nerve, retina, 
and/or vitreous humor. The anterior segment of the eye can be treated via topical 
administration such as eye drops, while the posterior segment requires either an 
intravitreal or subconjunctival injection. Surface-modified nanoparticles have made 
significant headway in the treatment of various diseases. Research has proven that 
the VEGF pathway may be targeted for treatment in various diseases, such as those 
affecting the eye. Although receptor-targeted drug delivery shows many advanta-
geous in the treatment of various diseases there are also several challenges that must 
be overcome, such as proper receptor identification as well as carrier formulation. 
Additionally, each patient undergoing receptor-targeted treatment must be evalu-
ated to determine target expression, distribution pattern, and the density of receptors 
on the surface of the same factors undoubtedly prove the potential of nanoparticle 
surface modifying techniques in the treatment of various ocular diseases.
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1  Introduction

The eye is a crucial sensory organ and is responsible not only for sight but also for 
maintaining balance [21]. Ocular diseases are categorized as being either anterior or 
posterior segment diseases based on the affected segment of the eye (Fig.  25.1). 
Anterior segment diseases affect the cornea, iris, pupil, ciliary body, and/or conjunc-
tiva. Posterior segment diseases affect the sclera, choroid, fovea, optic nerve, retina, 
and/or vitreous humor. The anterior segment of the eye can be treated via topical 
administration such as eye drops, while the posterior segment requires either an intra-
vitreal or subconjunctival injection (Fig.  25.2) (Joseph and Venkatraman 2017). 

Fig. 25.1 Labeled image of prominent sites within the eye

Fig. 25.2 Labeled image 
of various ocular 
administration routes: (a) 
Topical, (b) intravitreal 
injection, and (c) 
subconjunctival injection
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However, the posterior segment of the eye possesses several barriers, such as the 
blood–retinal barrier (BRB) and the retinal pigment epithelium (RPE) as well as clear-
ance mechanisms that limit treatment access (Fig. 25.3). Therefore, it is essential that 
researchers discover an improved method of drug delivery for various ocular diseases.

Fig. 25.3 Labeled image of prominent barriers within the eye: (a) Blood–aqueous barrier, 
(b) cornea and tear film, (c) conjunctiva, and (d) retinal barriers

25 Surface Modification of Nanoparticles for Ocular Drug Delivery



484

Fig. 25.3 (continued)
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One method in obtaining this improved drug delivery system is by entrapping 
drugs in polymeric nanoparticles (NPs) and modifying their surface [22]. NPs have 
the unique ability to be altered to meet particular needs depending on its applica-
tion. Nanostructures are made up of atoms or molecules with various sizes and 
morphologies and can be applied to the field of pharmaceutics by encapsulating 
drugs with an improvement in sustainability, efficacy, distribution, biocompatibility, 
and reduced toxicity [23]. The utilization of modifying the surface of these NPs 
opens the door for selective drug targeting, which was first introduced by Paul 
Ehrlich over a century ago [1]. Targeting can occur either passively via the enhanced 
permeability and retention (EPR) effect or actively through utilization of surface 
modification with functional ligands.

2  Pathogenesis of Ocular Diseases

There are numerous angiogenic factors that have been known to contribute to the 
progression of ocular diseases. Therefore, diseases correlated with neovasculariza-
tion can be combated with various antiangiogenic therapies targeting these distinc-
tive factors [24]. Vascular endothelial growth factor (VEGF) plays a vital role in 
mediating vascular permeability and angiogenesis. The occurrence of raised VEGF 
levels has been noted in the neovascular membranes of some diseases (age-related 
macular degeneration (AMD), retinal vein occlusion (RVO), and diabetic retinopa-
thy (DR)) and its intraocular levels demonstrate a strong correlation with the neo-
vascularization that is correlated with the varying disease pathologies [25]. The 
endothelial growth factor receptor (EGFR) family, including VEGFRs, are located 
on the surfaces of cells to initiate a cascade of signals for the synthesis of DNA as 
well as cell proliferation, adhesion, and migration. EGFRs possess the unique abil-
ity to internalize into the nucleus of the cell, thus escaping the lysosomal pathway 
and making it more advantageous than receptors that lack the ability of transloca-
tion [2]. Additionally, it has been reported that hypoxia inducible-factor 1α (HIF-1α) 
results in the overexpression of VEGF as well as other proangiogenic factors that 
are prominent components of many ocular diseases (Fig. 6a). Therefore, the sup-
pression of HIF-1α may prove to be another beneficial therapeutic target for varying 
ocular diseases characterized by an overexpression of VEGF (AMD, RVO, DME, 
DR, etc.) [3].

Current research in the field of nanomedicine utilizes conventional anti-VEGF 
drugs encapsulated within an NP. However, several of these drugs have also been 
tested for the treatment of various ocular diseases, thus confirming the therapeutic, 
anti-VEGF similiarities between ocular disease and cancer (Table 25.1).
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2.1  Ocular Diseases Characterized by VEGF Overexpression

The three most prevalent diseases characterized by VEGF overexpression are AMD, 
DR, and RVO. These diseases occur in the posterior segment of the eye (Fig. 25.1). 
AMD is a disease in which the RPE as well as photoreceptors degenerate over time. 
This disease affects ~two million people in the USA and is expected to reach three 
million by 2020 [4]. The current leading cause of legal blindness, however, is DR. Out 
of the 4.2 million diagnosed ~655,000 result in irreversible blindness. DR is a vascu-
lar disorder within the retina that results from diabetes mellitus and shares a mutual 
pathology with AMD [5]. Similar to AMD, RVA displays more prevalence in men 
and women >65 and is the second most common cause of blindness [6]. Additionally, 
one form of RVO, known as central retinal vein occlusion (CRVO), has been found 
to be also associated with diabetes mellitus and other vascular diseases [7].

3  Surface-Modified Nanoparticles to Optimize Ocular 
Biocompatibility

The ideal characteristics of NPs depend on the specific therapeutic application. 
Size, zeta potential (i.e., surface charge), and aggregation/binding properties of NPs 
are generally determined via dynamic light scattering (DLS) as well as various 
imaging methods. It is imperative that drug-loaded NPs utilized for treatment 
in vivo are optimized in all of these characteristics to ensure biocompatibility in 
treatment. For instance, surface charge significantly impacts cellular uptake and 
may be adjusted via surface modifying techniques. The ideal surface charge for a 

Table 25.1 Drugs utilized to target VEGF in various diseases

Drug Disease Phase Company/Reference

Bevacizumab (Avastin®) AMD Marketed off-label Bascom palmer eye 
instituteDME

Cancer Marketed 2004 Genentech  
[13, 14, 19]Ranibizumab 

(Lucentis®)
AMD Marketed 2006
DME
RVO

Doxorubicin AMD Preclinical [3]
Cancer Marketed 1995 and 2000 [14, 20]

Clinical trial
Phase III

Celsion  
corporation [20]

Aflibercept (Eylea®) AMD Marketed 2011 [13]
RVO Marketed 2012
Colorectal Cancer Marketed 2012 [13]

Pegaptanib (Macugen®) Ocular: AMD Marketed 2004 Pfizer [13]
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nanoparticle in terms of stability is ±25 mV [8]. Repeated reports demonstrate that 
nanoparticles with a surface charge of approximately −30 mV demonstrate signifi-
cant antiangiogenic effects on ocular diseases resulting from neovascularization by 
providing more efficient penetration into the vitreous cavity [9]. For example, the 
utilization of ultraviolet (UV) irradiation as well as cold-plasma O2 has demon-
strated an ability to modify the surface of a particle from anionic to cationic [10]. 
On the contrary, utilization of acidic materials in formulation and modification has 
the potential to decrease surface charge [11].

Like surface charge, aggregation and binding properties of nanoparticles may be 
optimized via surface modification. For example, Bagwe et  al. formulated silica 
NPs and modified their surface via cohydrolysis in order to reduce both aggregation 
and nonspecific binding [12]. The results of their study demonstrated minimal non-
specific binding in functionalized nanoparticles when compared to those that were 
left unmodified. Additionally, Bagwe et al. determined that their technique for sur-
face modification also improved conjugation potential [12].

4  VEGF Targeting Surface-Modified Nanoparticles

One of the most prominent features of ocular diseases is elevated levels of angio-
genic factors such as HIF-1 and VEGF. Antiangiogenic treatments for varying dis-
eases typically utilize VEGF as its target and, as stated previously provide a parallel 
in the treatment methods of various diseases due to the similar overexpression of 
VEGF.  Conventional anti-VEGF drugs that are currently being utilized include 
doxorubicin (DOX), bevacizumab (Bev), and aflibercept, [13].

Zhu et al. formulated DOX mesoporous silica based inorganic NPs with layered 
double hydroxide (LDH) (SiO2@LDH-DOX) to target VEGF [14]. Bev (Avastin®) 
was utilized to modify SiO2@LDH-DOX NPs in order to reduce the toxicity of 
DOX to normal surrounding tissues and structures. Bev was chosen because it is an 
FDA approved anti-VEGF antibody that inhibits the binding of VEGF to one of its 
receptors (VEGFR) by forming a protein complex. Therefore, the Bev modified 
DOX NPs (SiO2@LDH-Bev-DOX) will not only increase VEGF targeting poten-
tial, but will also aid in the antiangiogenic therapeutic effects provided by 
DOX. The resulting formulation had an average diameter of 253 ± 10 nm and con-
focal microscopy was utilized to determine successful VEGF targeting by compar-
ing SiO2@LDH-Bev-DOX with SiO2@LDH-DOX [14]. As hypothesized, SiO2@
LDH-Bev- DOX was found to accumulate in the nuclei more quickly and at a 
higher quantity than unmodified NPs, thus confirming its efficiency in accurately 
targeting VEGF.

Similarly, Goel et al. formulated sunitinib-loaded mesoporous silica NPs to tar-
get the VEGF pathway for both diagnostic as well as therapeutic purposes [15]. 
Sunitinib was chosen due to its unique ability to inhibit receptor kinases such as 
VEGFR. The particles were then surface-modified with amino groups, chelator con-
jugation, PEGylation, and, finally, linked with thiolated VEGF and a radioisotope 
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for labeling. Transmission electron microscopy (TEM) was utilized to determine 
that there were no morphologic alterations after surface modification of the suni-
tinib NPs other than an increase in size due to the addition of the hydrated shell. 
As hypothesized, the thiolated VEGF surface-modified sunitinib NPs provided more 
efficient targeted when compared with non-surface-modified NPs [15]. Therefore, 
higher quantity of drug may accumulate within the targeted area with little to no 
undesirable interaction with surrounding cells and structures.

5  VEGF Receptor-Targeting Surface-Modified 
Nanoparticles

Receptors expressed on the surface of cells may be utilized to provide targeted treat-
ment for various diseases, such as those affecting the eye, through their endogenous 
ligands. Certain receptors become overexpressed in affected cells but not normal 
cells. Therefore, these specific receptors may be utilized to target treatment to a 
desired site with little to no interaction with surrounding cells. The two prominent 
forms of receptor-targeted drug delivery are antibody drug conjugates (ADCs) and 
protein drug conjugates (PDCs) [2].

The utilization of antibodies for disease treatment has been researched for years 
with little application due to unfavorable immunogenic responses. Therefore, 
humanized monoclonal antibodies (mAbs) were developed and utilized in both 
immunodiagnostics as well as immunotherapeutic applications due to their discern-
ing recognition of cell specific antigens. There are >15 antibodies currently approved 
for clinical use as well as >100 in preclinical and clinical trials [16]. These mAbs 
may be conjugated to the surface of drug loaded NPs to increase half-life, improve 
residence time at the targeted site, increase drug dose, control the release of drug, 
reduce free drug residence, and circumvent multidrug resistance. ADCs are com-
posed of the antibody itself, drug or drug-loaded NP, and a linker molecule. Peptide 
linkers are the most advantageous when considering ocular drug delivery due to 
their biocompatibility, as they are degraded gradually by lysosomes. There are 
currently >25 ADCs undergoing clinical experimentation [16].

VEGFR receptors have the ability to be targeted by various, specific antibodies 
in order to treat diseases correlated with elevated VEGF levels [16]. In 2004 the 
FDA approved Bevacizumab (Avastin®), which binds to VEGFR to inhibit angio-
genesis, for the treatment of metastatic colorectal cancer. This was expanded in 
2014 when the FDA approved its use in combination with chemotherapy 
(Paclitaxel® (PT), DOX, or Topotecan) for the treatment of recurrent platinum 
resistant ovarian cancer [16].

Several ADCs have been developed and are currently undergoing clinical trials. 
For example, SGN-15 (cBR96-DOX-Immunoconjugate) utilizes DOX conjugated 
with chimeric mAb BR 96. This treatment approach is in Phase I/II of clinical trials 
and has thus far been successful in slowing the growth of the disease and is well 
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tolerated by the body [16]. Additionally, lifastuzumab vedotin (DNIB0600A) utilizes 
an anti-mitotic agent (MMAE) conjugated with humanized IgG1 anti-NaPi2b mAb 
and is undergoing Phase I/II clinical trials. The results have demonstrated an 
improved safety profile when compared with conventional treatments and future 
studies will investigate specific activity post-treatment [16].

Patel et al. formulated cetuximab (Cet), and EGFR mAb, conjugated docetaxel- 
loaded NPs (DTX NPs) (Cet-DTX-NPs). DTX is currently available as Taxotere® 
but displays limited solubility as well as associated toxicity [17]. The results dem-
onstrated that Cet-DTX-NPs have highest reduction of proliferation when com-
pared to DXT NPs as well as free drug. Cellular uptake was elevated, thus increasing 
intracellular drug levels due to the specific binding affinity of Cet with EGFRs. 
Additionally, Cet-DTX-NPs demonstrated a site-specific sustained drug delivery 
design when compared to DTX NPs and free drug solution [17]. Therefore, the 
results demonstrated a reduction in dose-dependent toxicity as well as an increased 
safety margin for patients.

Shi et al. utilized PT loaded PLGA NPs conjugated with VEGF (VEGF-PT-NPs) 
in order to bind to VEGFR in human umbilical vein endothelial cells (HUVEC). 
A covalent coupling method was utilized to provide VEGF-decorated surface modi-
fication of the PT NPs, which were found to be 332.2  ±  1.6  nm larger than 
 nonmodified PT NPs but still displayed a uniform, spherical morphology [18]. The 
conjugation reaction utilizes carboxyl groups on the surface of the NPs and avoids 
the polymer matrix entirely, leaving the sustained drug release rate unaltered when 
compared to nonconjugated NPs. The results demonstrated significant interaction 
between VEGF-PT-NPs with the cell surface as shown by fluorescence microscopy 
[18]. MTT assay showed there was a decrease in inhibitory concentration (IC50) 
when compared to PT NPs as well as free drug. Additionally, VEGF-PT-NPs dem-
onstrated a significant increase (p < 0.05) in antitumor activity when compared 
with both PT NPs and free drug solution [18].

6  Conclusion and Future Perspectives

Surface-modified nanoparticles have made significant headway in the treatment 
of various diseases. Research has proven that the VEGF pathway may be targeted 
for treatment in various diseases, such as those affecting the eye. Although 
receptor- targeted drug delivery shows many advantages in the treatment of vari-
ous diseases there are also several challenges that must be overcome, such as 
proper receptor identification as well as carrier formulation. Additionally, each 
patient undergoing receptor-targeted treatment must be evaluated to determine 
target expression, distribution pattern, and the density of receptors on the surface 
of the cell [2].

Unfortunately, there has been minimal research in the utilization of surface- 
modified NPs for the treatment of ocular diseases. However, many findings for 
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diseases also characterized by an overexpression of the same factors undoubtedly 
prove the potential of nanoparticle surface-modifying techniques in the treatment of 
various ocular diseases.
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