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Preface

This book presents and discusses recent developments in the field of drug delivery. 
Technological advancements in the field of pharmaceutical sciences have revolutionized the 
patient care industry. The manufacturing industry has seen a dramatic shift from developing 
simple traditional dosage forms, which included simple compressed tablets and syrups, to 
novel drug delivery systems and targeted therapeutics. Thus, it becomes essential to bridge 
the gap between the current research scenario and technical knowledge provided at the 
pharmaceutical institutions to maximize the skills of individuals involved at any level in 
this domain. Developing a robust, safe and effective dosage form has always been a chal-
lenge. It requires a multidisciplinary approach. Thorough information of basic principles 
in pharmaceutical sciences is necessary to impart robustness, enhance efficacy and develop 
smarter medicaments. This book includes chapters that cover topics such as physicochemical 
and biopharmaceutical characterization of drugs, design and development of smart dosage 
forms, and technological advancements such as artificial intelligence and its role in drug 
delivery. 

The book is divided into two sections. The first section, “Drug Delivery System,” focuses 
on different carrier systems. Chapters in this section are related to drug delivery through 
liposomes, protein and peptide delivery, smart drug delivery systems in the treatment of 
rheumatoid arthritis, phospholipid-based nano-drug delivery systems of phytoconstituents, 
aliphatic polyester nanoparticles for drug delivery systems, strategies to develop cyclodex-
trin-based nanosponges for smart drug delivery, smart drug delivery strategies for enhanc-
ing the bioavailability of nutraceuticals, and targeted nano-drug delivery systems for colon 
cancer. The second section, “Novel Tools and Techniques in Drug Delivery System,” focuses 
on the utilization of recent techniques and software for developing effective dosage forms. 
One chapter in this section provides an overview of artificial intelligence in health care and 
another chapter provides valuable information on the application of statistical tools in the 
optimization and development of smart drug delivery systems. Chapters in both sections are 
written by experts in the field and the authors have put forth tremendous effort in compiling 
useful information that can be used by both researchers and academicians around the world.  

The editor is thankful to his co-editors Dr. Juber Akhtar and Dr. Md. Faheem Haider for 
their support throughout the journey of the book. He is also grateful to all the authors 
for their excellent contributions. 

Dr. Usama Ahmad
Faculty of Pharmacy,

Integral University
Lucknow, India

Md. Faheem Haider and Juber Akhtar
Integral University, 

Lucknow, India
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Chapter 1

Drug Delivery through Liposomes
Srinivas Lankalapalli and V.S. Vinai Kumar Tenneti

Abstract

Several efforts have been focused on targeted drug delivery systems for
delivering a drug to a particular region of the body for better control of systemic as
well as local action. Liposomes have proven their efficiency as a choice of carrier for
targeting the drugs to the site of action. The main reason for continuous research on
liposomes drug delivery is they largely attributed to the fact that they can mimic
biological cells. This also means that liposomes are highly biocompatible, making
them an ideal candidate for a drug delivery system. The uses found for liposomes
have been wide-spread and even include drug delivery systems for cosmetics.
Several reports have shown the applicability of liposomal drug delivery systems for
their safe and effective administration of different classes of drugs like anti tuber-
cular, anti cancer, antifungal, antiviral, antimicrobial, antisense, lung therapeutics,
skin care, vaccines and gene therapy. Liposomes are proven to be effective in active
or passive targeting. Modification of the bilayer further found to increase the
circulation time, improve elasticity, Trigger sensitive release such as pH, ultra-
sound, heat or light with appropriate lipid compositions. The present chapter
focuses on the fundamental aspects of liposomes, their structural components,
preparation, characterization and applications.

Keywords: liposomes, phoipsholipids, cholesterol, stealth liposomal technology,
vaccines, doxorubicin

1. Introduction

Liposomes are microscopic vesicles containing aqueous volume enclosed by lipid
bilayer membrane [1]. A.D. Bangham and R.W. Thorne first described about
liposomes in 1964 when observed under electron microscope while analyzing phos-
pholipids dispersion in aqueous environment [2]. They observed spontaneous
arrangement of phospholipids into “bag-like” circular structures. Gerald Weissman,
one of the colleagues of Bangham suggested the structures as liposomes [3]. This
discovery helped as a multipurpose tool in several fields like biology, biochemistry
and medicine. Liposomes gained popularity in vesicular research due their attri-
butes of biocompatibility and similar structural features of biological cells (See
Figure 1). The amount of drug loaded into the liposomes and the size of the
liposomes play pivotal roles in the pharmacokinetic and pharmacodynamic param-
eters of the drug. The size scale of liposomes varies with typical a mean size of
100 nm. Due to their size and hydrophobic and hydrophilic character liposomes are
promising systems for drug delivery.

Several reports showed the applicability of liposomes for the safe and effective
administration of therapeutic molecules of different classes like antitubercular,
anticancer, antifungal, antiviral, antimicrobial, antisense, lung therapeutics, skin
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care, vaccines, genes etc. [4]. Liposomes have proven their commercial importance
from the first product ‘Doxil’, a PEGylated doxorubicin liposomal formulation [5, 6] to
the latest ‘Marqibo’, vincristine sulfate liposomal formulation [7, 8]. Liposome prop-
erties differ considerably with lipid composition, surface charge, size, and the method
of preparation. The nature of phospholipid bilayer determines the ‘rigidity’ or ‘fluid-
ity’ and the charge of the vesicles. Further modifications of bilayer help in modulation
of circulation time, permeability, stimuli response drug release from the liposomes.

2. Structural components present in liposomes

Liposome vesicles are composed of phospholipids as an important structural
component of the bilayered membrane and cholesterol is the other component
mostly stabilizes the membrane. The properties of liposomes depend on the nature
of phospholipids that are being used [9].

2.1 Phospholipids

Phospholipids are amphipathic [10, 11] molecules present in membrane. They
contain hydrophilic head and hydrophobic tail. The hydrophilic head has phospho-
rus molecule as phosphoric acid group, and two hydrophobic tails have long hydro-
carbon chain groups (See Figure 2). Phosphoglycerides, phosphoinositides and
phosphosphingosides are three classes of phospholipids [12].

2.1.1 Phosphoglycerides

Phosphoglycerides are the mostly used phospholipids which contain three OH
groups in glycerol moiety and among them two OH groups are linked to two fatty
acids and phosphoric acid linked with one OH group. Phosphoglycerides are dif-
fered with their attached ‘polar head alcohol group’ esterified with phosphoric acid.
All phosphoglycerides will have two nonpolar “tails” of fatty acid (C16 or C18) and
among them one is saturated and other is unsaturated which always attaches to
middle or β-hydroxyl group.

a. Lecithins (Phosphatidyl Cholines): Lecithin is synonym for
phosphotidylcholine which is a phospholipid containing phosphate obtained
either from yolk of egg or from soya beans. Lecithin contains unsaturated non
polar fatty acids, glycerol and phosphoric acid attached to nitrogen base
choline (See Figure 3).

Figure 1.
Structure of liposomes.

4

Smart Drug Delivery



b. Cephalins: Cephalins have similar basic structure to that of lecithins. The
choline present in lecithin is replaced with ethanolamine or serine and
examples are phosphatidyl ethanolamine (See Figure 4) and phosphatidyl
serine (See Figure 5). Cephalin exists in α and β forms based on position of
two attached fatty acids. The primary amino group present in ethanolamine is
weak base compared to quaternary ammonium group of choline. Hence,
cephalins are more acidic and less soluble in alcohol than lecithins.

c. Plasmalogens (Phosphoglyceracetals): Plasmalogens contains only 10% of
phospholipids and are structurally same like other two phosphoglycerides with
change of one fatty acid replaced with unsaturated ether. The nitrogen base
attached to phosphoric acid of plasmalogens can be choline, ethanolamine or
serine and hence, names are phosphatidal choline (See Figure 6), phosphatidal
ethanolamine (See Figure 7) and phosphatidal serine (See Figure 8).

2.1.2 Phosphoinositides (phosphatidyl inositols)

Phosphoinositides are phospholipids which have cyclic hexahydroxy alcohol
called inositol attached to phosphoric acid. The phosphoinositides on hydrolysis

Figure 2.
Structure of phospholipid molecule.

Figure 3.
Structure of lecithin.
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Figure 5.
Structure of Phosphatidyl serine.

Figure 6.
Structure of Phosphatidal choline.

Figure 4.
Structure of Phosphatidyl Ethanolamaine.

Figure 7.
Structure of Phosphatidal ethanolamine.
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gives glycerol, fatty acids, inositol and phosphoric acid with 1 or 2 or 3 moles.
Because of this monophosphoinositide (See Figure 9), diphosphoinositide and
triphosphoinositide (See Figure 10) are found. Phosphoinositides are glycolipids
which contains carbohydrate residue.

2.1.3 Phosphosphingosides (=sphingomyelins)

Sphingomyelins are structurally different from that of other phospholipids by
lacking glycerol moiety and presence of nitrogeneous sphingosine or
dihydrosphingosine along with choline. These are electrically charged molecules
with polar head phosphocholine.

Figure 8.
Structure of Phosphatidal serine.

Figure 9.
Structure of Monophosphoinositide.

Figure 10.
Structure of Triphosphoinositide.
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2.2 Cholesterol

Cholesterol is lipid containing steroidal ring with attached hydroxyl group (See
Figure 11). The OH group present in cholesterol is united with phosphate head
group of the phospholipids on biological cell membrane to keep them firm and fluid
[13]. Cholesterol has a molecular formula, C27H45OH. It is a white crystalline solid
and is optically active.

3. Advantages of liposomes

1.Reported methods showed liposomes are non-toxic, biocompatible and
completely biodegradable.

2.Liposomes increases therapeutic index and efficacy of drugs.

3.Drug molecules will be stable inside liposomes.

4.Drug toxicity can be decreased when formulated into liposomes.

5.Liposome reduces exposure to sensitive tissues with toxic drugs.

6.Binds to specific site to achieve targeted drug delivery.

7.Liposomes are suitable in delivering aqueous as well as lipid soluble molecules.

4. Disadvantages of liposomes

1.Phospholipids undergo hydrolysis and oxidation.

2.Leakage of loaded drug molecules.

3.Short shelf life and stability.

4.Liposomes production is of very high cost.

5. Liposomes classification

Liposomes are classified [14] mainly by structure, method of preparation, composi-
tion with application, conventional liposomes and specialty liposomes (See Figure 12).

Figure 11.
Structure of cholesterol.
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6. Methods for liposomes preparation

Liposomes are prepared by using different methods (See Figure 13) in which the
drug is entrapped by either passive or active loading [15, 16].

Figure 12.
Classification of liposomes.

Figure 13.
Methods used for the preparation of liposomes.
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6.1 Passive loading methods

This loading technique is to load or encapsulate drug molecules before forming
or during preparing liposomes [9]. During liposomes preparation when the lipid
film dissolved in drug containing aqueous buffer then that hydrophilic or water
soluble drugs is loaded at the centre of liposome vesicle. When lipophilic drugs
added to lipid phase of liposome components then that lipophilic drug will load in
between lipid bilayers. The unentrapped drug is removed using gel-filtration chro-
matography or dialysis for liposomal dispersion [17]. The drug loading is low for
hydrophillic compounds and high for lipophilic compounds in passive loading
method. Liposomal vesicles with large size will have superior drug loading than
small sized vesicles [18]. Lipid composition always influence for better drug loading
by passive loading method [19].

Passive loading includes four types of methods namely,

1.Mechanical Dispersion.

2.Based on replacing organic solvent (Solvent Dispersion Method).

3.Based on size change or combination vesicle.

4.Detergent removal methods

6.2 Active loading methods

Certain compounds which have both aqueous and lipid solubility and having
ionisable groups can be loaded after formation of vesicles [20]. This type of method
is called remote or active loading of drug molecules. In this remote or active loading
several methods exist in preparing of liposomes. Doxil™ is one of the liposomal
products prepared by this method [21, 22].

6.3 Mechanical dispersion methods

6.3.1 Hand shaking or non hand shaking of lipid based film by hydration

This method was first described by [1] and which is simple for liposomes for-
mation with one limitation of having low drug loading. Phospholipids and choles-
terol are to be dispersed in organic solvent and then evaporated by using rotary
evaporator at low pressure and vacuum. When solvent is evaporated then a dry film
will be formed on the wall of rota flask and that should be hydrated by using
aqueous phase buffer. The lipids in film spontaneously gets swell when hydrated to
form heterogeneous multilamellar liposomes (MLVs).

6.3.2 Micro-emulsification

Micro fluidizer helps in preparing small MLVs from liposomal dispersion [23].
Micro fluidizer pumps liposomal fluid at pressure of 10,000 psi through 5 μm
orifice and by micro channels that directs two pathways of dispersion to colloid
with high velocity. The large MLVs liposomal dispersion or organic medium
containing lipids can also be passed through fluidizer. The dispersion collected is
replaced through the micro fluidizer until vesicles with spherical dimensions
obtained.
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6.3.3 Sonication method

When the liposomal vesicles sizes are above 1 μm then sonication is done to
reduce size to form SUVs or extrusion done with polycarbonate filters for
producing smaller and uniform sized vesicles. Size reduction by ultrasonication for
aqueous dispersion can be done mainly by bath or probe sonicators [24].

6.3.4 French pressure cell

The French pressure press breaks cells with appropriate conditions compared
with ultrasound techniques [25]. French pressure press is advantage because soni-
cation procedure degrades lipids, proteins and sensitive compounds. This cell can be
used for dispersions with low volume of less than 40 ml and not applicable for high
volume production batches. Hence, a scale-up-based strategy was established by
using micro fluidization technique.

6.3.5 Membrane extrusion

Another method for liposomes downsizing is extrusion. The vesicles with force
are passed through membranes with a lower pressure than french press. Extrusion
studies using polycarbonate filters were done and performed on extrusion behavior
and membrane properties [26, 27]. Lipex Biomembranes Inc., now called Northern
Lipids Inc., invented extrusion vessel from milliliter to several liters. This Lipex
extruder allows higher temperatures with jacketed mode. An alternative to this
lipex extruder is Maximator device, which is continuous pumping system which
was introduced by Schneider et al., 1994. The Maximator has glass vessel which is
thermostable and connected directly to pneumatic piston pump. This method con-
sists of preparing liposomes followed by freeze–thaw and finally extrusion. This
long process and disadvantage because of high product loss.

6.4 Methods on fusion of preformed vesicle

6.4.1 Dried and reconstituted vesicles (DRVs)

This method follows freeze drying for empty SUVs to form powder (See
Figure 14). Then that freeze dried powder is rehydrated with aqueous phase media
containing materials that are to be entrapped. This dispersion contains solid lipids
which are in subdivided form. Freeze drying organizes membrane structure when
rehydrated with water to fuse and reseal vesicles. For preparing uni or olio lamellar
vesicles of 1.0 μm or less in diameterthis method is used [28].

6.4.2 Extrusion method by freeze thaw

This is extension to above DRV method and lipid film formed by film hydration is
mixed with solute containing entrapped materials to form vesicles. The obtained
dispersion extruded for three times after two freeze thaws, vortexed and again freeze
thawed 6 times followed by 8 extrusions. Then liposomes get fused and forms large
unilamellar vesicles, and this method mostly used for proteins encapsulation [29].

6.5 Solvent dispersion methods

In these methods the lipids and non-aqueous soluble drug are added in organic
phase and then that lipid phase injected into aqueous phase.
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6.5.1 Solvent injection method

In this solvent injection method (See Figure 15) lipids are added into organic
phase (ethanol or ether or chloroform) and that lipid phase is injected into aqueous
phase to obtain liposomes [30]. This method again sub divided two methods
depending on solvent used.

6.5.1.1 Ethanol injection method

A lipid solution of ethanol is rapidly injected to a large quantity of aqueous buffer.
This ethanol injection method gives small liposomes without any extrusion or soni-
cation [31, 32]. This method has some disadvantages that the liposomes formed are
very dilute, difficulty of ethanol removal from azeotropic mixture and possible inac-
tivation of various biologically active macromolecules in the presence ethanol.

6.5.1.2 Ether injection method

This ether injection method is different to ethanol injection. Ether is aqueously
insoluble and requires hot condition to remove solvent from liposomal dispersion.
This method involves single jet injecting lipid phase containing ether into heated
aqueous phase. A solution of lipids dissolved in diethyl ether or ether-methanol
mixture is gradually injected to an aqueous solution of the material to be encapsu-
lated at 55–65°C or under reduced pressure. The ether vaporizes and the dispersed
lipid forms primarily unilamellar liposomes [33]. Ether injection method has
advantage over ethanol injection method because the used ether is removed to
obtain a concentrated liposomal dispersion and high entrapment efficiency.

6.5.2 Double emulsion vesicles

The double emulsions are prepared by controlling flow rates at three different
phases (i.e. 2 aqueous phases and 1 oil/lipid phase) to form single drop of aqueous

Figure 14.
Preparation of dried reconstituted liposomal vesicles.
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solution within a single drop of oil in a continuous aqueous phase (See Figure 16).
A method by using glass capillary micro fluidic device was fabricated from double
emulsion containing phospholipid vesicles [34].

6.5.3 Reverse phase evaporation

The solvent containing lipid is taken in rota flask and evaporated by rotary
evaporator kept under low pressure. The formed lipid film was nitrogen purged and
then dissolved again in diethyl ether or isopropyl ether containing organic phase to
form vesicles. This forms an emulsion and that formed emulsion is again evaporated

Figure 15.
Solvent injection method.

Figure 16.
Double emulsion liposomal vesicles.
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at low pressure and forms semisolid gel. These obtained liposomal vesicles are called
reverse phase evaporation vesicles (REV) [35, 36].

6.5.4 Stable plurilamellar vesicles

Stable plurilamellar vesicles (SPLVs) are prepared using method described by
[37]. The phospholipid suspension is to be taken in round bottom flask and evapo-
rated using rotary evaporator to form dried film. To the dried phospholipid sus-
pension an aqueous phase (HEPES [N-2-hydroxyethylpiperazine-N9–2-
ethanesulfonic acid] buffer) was added and mixed. The mixture is to be shaken in
mechanical shaker and placed in bath sonicator with a nitrogen gas passed through
it to facilitate evaporation during the sonication. The liposomes are to be suspended
again in the HEPES buffer. The elimination of the nonencapsulated material was
done by column filtration and three washes needed in HEPES buffer.

6.6 Detergent removal methods

6.6.1 Detergent dialysis

In liposomal preparations some bile salts and alkyl glycosides are used as deter-
gents for solubilization of lipids in micellar systems. The shape, size of liposomal
vesicles always depends on used detergent chemical nature, concentration and
lipids [38–40]. The common procedures for removing detergent from micelles are
by dilution method [41, 42], gel chromatography [43] and dialysis by hollow fibers
[44] or membrane filters [45, 46]. By combining ethanol injection and cross flow
injection a new technique was developed to form proteo liposomes [47]. Liposomes
of size range 40–180 nm is seen when detergent solubilises lipids to yield micelles
[48]. Other methods like calcium induced fusion [49], nanoprecipitation [50] and
emulsion techniques [51, 52] are used for liposomes preparation. These classical
methods need more solvents and very harmful to human health, also require com-
plete removal of organic solvent.

7. Large-scale liposomes production

The liposomes production extended by techniques such as heating method,
super critical reverse phase evaporation, spray drying, freeze drying and modified
ethanol injection technique.

7.1 Heating method

A new heating method was available for production of liposomes [53].
All materials are to be mixed in aqueous phase and then to it glycerol (3% v/v)
is to be added which will increase the stability for lipid vesicles. The glycerol
containing lipid mixture will be heated up to 120° C to form vesicles. The
studies on TLC of lipids showed that there is no degradation at mentioned
temperature [54].

7.2 Spray-drying

Spray-drying of lipid mixture and drug is one of the methods for large scale
industry production. The lecithin and mannitol are to be dissolved in chloroform,
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sonicated in bath sonicator and spray dried using mini spray dryer to form dried
liposomal vesicles. Spray-drying conditions of temperatures 120° C for inlet and
80°C for outlet and 1000 ml/hr. of air flow rate are to be maintained. The obtained
spray dried product is to be rehydrated using aqueous phase [55]. The liposomes
size depends on used aqueous phase volume for rehydration [55].

7.3 Freeze drying

Freeze drying is a new method for preparation of submicron sized liposomes
which are sterile and pyrogen-free [56]. Freeze drying method depends on
dispersion having lipids with water-soluble carriers like sucrose and mannitol.
Sucrose and mannitol are dissolved in cosolvent system containing tert-butyl
alcohol and water. Lyophilizer can be used for freeze drying. The conditions for
freeze drying are first freezing to be maintained at �40° C for eight hours
followed by 1° drying maintained at �40°C for 48 hours and then secondary
drying maintained at 25°C for 10 hours. Mainly 20 pascal pressure is to be
maintained in freeze drying chamber at drying process. After reconstitution with
aqueous phase the prepared freeze dried product forms liposomal dispersion. The
lipid/carrier ratio plays vital role in size and polydispersity of the liposomal
dispersion [56].

7.4 Super critical reverse phase evaporation (SCRPE)

This is single step process for preparation of liposomes under supercritical car-
bon dioxide condition [57]. Liposomal dispersion is formed by emulsion formation
with water mixed in ethanol, LR-dipalmitoylphosphatidylcholine, and supercritical
carbon dioxide at stirring condition with required pressure. Transmission electron
microscopy (TEM) results showed large unilamellar vesicles formed at size range
0.1 to 0.2 μm [57]. The entrapment efficiency results also showed that five times
more drug was entrapped by this method compared with Bangham method [57].
Results showed SCRPE is one best technique with single step for large single lamel-
lar vesicles with good entrapment efficiency [58, 59].

7.5 Modified ethanol injection method

Novel approaches are available for liposomes production with principle of etha-
nol injection which are namely cross flow-injection technique [60–63], microfluidic
channel method [64–66] and membrane contactor method [67].

7.5.1 Cross flow injection method

This cross flow is one of large scalable liposome preparation technique with a
module with two tubes welded crossly [60–63]. To the cross connecting point, one
injection hole is adapted. The used concentration of lipid, injecting hole diameter,
injection pressure, flowing rate of buffer and performance of system are important
parameters to be considered in preparation of liposomes [62]. A minimum amount
of buffer flow rate and lipid concentration with higher injection pressures is needed
for batch homogeneity. Reproducibility and scale up data of prepared liposomes
with this method showed good results on vesicle size, size distribution, stability and
robustness [60].
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7.5.1.1 Microfluidization

Liposomes are prepared by injecting lipid and water phases with microfluidic
hydrodynamic focusing (MHF) into a microchannel [64]. Microfluidic flow is a low
rate laminar flow with. Uniform mixing is observed when multi flow steams
injected into microchannel [64].

7.5.2 Membrane contactor

In recent studies ethanol injection method was used along with membrane
contractor for large production of liposomes [67]. The lipid phase contains choles-
terol and phospholipid mixed in ethanol. That mixture has to be pressed through
membrane using nitrogen gas with pressure below 5 bars. Tangentially aqueous
phase was passed through the same membrane into organic phase to form liposomal
dispersion. This new process has advantages with simple design, control of liposome
size and scale up batch abilities [67].

8. Recent technologies for preparation of liposomes

Different liposome technologies developed for preparation of liposome formu-
lations. All these technologies have their unique characteristics with unique prop-
erties for drug delivery.

8.1 Stealth liposomal technology

In stealth liposomal technology method some strands of polymer are attached to
drug molecule for safety to that therapeutic agents. In PEGylation process polyeth-
ylene glycol is used. Linkage of PEG to liposomes protects drug molecules in
physiochemical properties along with changes in hydrodynamic size and prolongs
circulatory time. PEGylation reduces frequency of dosage and provides hydrophilic
nature for hydrophobic drugs. Drug efficacy will not be changed by this method
and also shows reduced toxicity [68]. With the help of this technology a liposome-
based formulation Doxil® which is intravenous injection was prepared for ovarian
cancer, multiple myeloma, and Kaposi’s sarcoma associated with HIV.

8.2 Non-PEGylated liposomal technology

Non-PEGylated liposome technology (NPLT) is another technology for lipo-
somes delivery in cancer treatment which has more benefits compared to
PEGylation process. This technology eliminates PEG side effects and hand foot
syndrome (HFS) in chemotherapy treatment. Non-PEGylated liposome Doxorubi-
cin (NPLD) decreases cardiac toxicity related with DOX and dose limiting toxicity
with Doxil® like painful HFS [69]. Myocet® is another NPLD used in advanced
stage IV breast cancer which was manufactured by company Elan Pharmaceuticals.

8.3 DepoFoam™ liposome technology

This technology was invented by Pacira Pharmaceuticals for preparation of
multivesicular liposomes without changing molecular structure of encapsulated
drug and releases drug for long period (1 to 30 days). DepoFoam® is a core
technology for liposomal marketed products in names Depocyt(e)® containing
cytarabine, DepoDur® contains morphine sulfate and Exparel® contains
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bupivacaine. These formed vesicles are microscopic spheroids with 3–30 μm in
size having granular structure with single layered lipid molecules composed like
honeycomb and drug molecules are loaded in central aqueous core [70].

8.4 Lysolipid thermally sensitive liposomal (LTSL) technology

Thermally sensitive liposomes release drug from sites which have elevated tem-
perature in our body. Phospholipids like DPPC and MSPC are generally used for
preparing these types of liposomes. They are called temperature dependent lipo-
somes. Lipid components present in these thermosensitive liposomes first forms gel
to liquid during higher temperature which will be more permeable for drug release.
ThermoDox® liposomal formulation prepared with LTSL technology by Celsion
Corporation contains doxorubicin drug and present in clinical phase III trials.
ThermoDox® has more drug concentration compared to intravenous doxorubicin
and present in clinical studies (phase II) used in breast cancer associated to chest
wall [71].

9. Characterization of liposomes

Liposomes are mainly characterized physically, chemically and biologically.

9.1 Physical characterization

The physical characterization of liposomes will be known by evaluating their
shape, size, morphology, lamellarity behavior and drug release.

9.1.1 Vesicle shape, size and morphology

The liposomes physical stability depends on their size and polydispersibility
index [72]. The size is important in parenteral formulations [73]. Electron micros-
copy is used for measurement of liposome vesicle size and determining their mor-
phology and lamellarity [74–76]. Transmission electron microscopy (TEM) is
mostly used in measurement of size distribution. Cryo transmission electron
microscopy helps in visualizing liposomes that are in frozen state [77]. This is
advantageous because analysis is done at their storage environment and prevents
disruption of vesicles [78]. Liposomes are applied in a thin film form to a grid and
that grid is to be kept in cooling medium (mostly liquid nitrogen) and viewed under
microscope and imaged [79, 80]. This microscopy method is advantageous because
vesicles can be measured individually which gives detailed information in size and
matrix [81, 82].

9.1.2 Surface charge

The surface charge of liposomes in dispersion can be known by zeta potential
[82]. The zeta potential is the total charge obtained by liposomes in liposomal
dispersion [83]. The liposomes stability always depends on zeta potential [84]. The
liposomal dispersion is always stable when vesicles remain separate without any
aggregation. When vesicles have charge then repulsion is seen between vesicles in
dispersion with repulsive forces and become stable. For stable liposomal dispersion
there will be maximum vesicle charge. Liposomal dispersion with zeta potential of
greater that 30 mV or lesser than �30 mV are considered to be more stable.
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9.1.3 Lamellarity

The lipid bilayers present in liposomal vesicles represents the lamellarity. This
lamellarity of liposomes is mostly applicable in encapsulation efficiency, drug
release, fate of drug, and applications [85]. Lamellarity is identified using nuclear
magnetic resonance (NMR) spectroscopy. In this 31P NMR method, paramagnetic
ion Mn2+ or Co2+ or Pr3+ are added into liposomal dispersion [86, 87]. These ions
quenches 31P signal from outer part of phospholipids on reaction with negative
phosphate groups. This causes disturbance in spin relaxation and decreases 31P
resonance signal. The lamellarity is calculated from comparing signal before and
after addition of reagent.

9.1.4 Liposomal dispersion phase behavior

Liposomal dispersion phase behavior can be identified by using differential
scanning calorimetry (DSC) [88]. Differential scanning calorimetry method
depends on temperature measurement at excess heat capacity of liposomes [89].

9.1.5 Encapsulation efficiency

Percentage encapsulation efficiency (% EE) can be determined by ultracentri-
fugation method [90, 91]. To find out the entrapment efficiency the liposomal
dispersions are to be centrifuged at 5° C at 18,000 rpm for 1 h. The sediment portion
of the mixture containing liposomes will be separated and lysised using methanol.
Then the concentration of drug from lysised liposomes after suitable dilution was
estimated by using UV Visible Spectrophotometer at respective wave length. The
entrapment efficiency can be calculated by using following formula.

Entrapped Efficiency ¼ Entrapped Drug Content
Total Drug Content

� 100 (1)

9.2 Chemical characterization

Chemical characterization studies gives results for identification of purity in
liposomal constituents.

9.2.1 Phospholipids concentration

Phospholipids concentration can be known by using barrlet assay and its princi-
pal depends on colorimetric method by inorganic phosphate measurement. The
concentration of phospholipid in liposomes is identified by addition of perchloric
acid and that gives inorganic phosphate. On adding ammonium molybdate,
inorganic phosphate will be converted into phospho-molybdic acid. On adding
4-amino-2-napthyl-4-sulfonic acid to phospho-molybdic acid under hot condition
its gives blue color complex which can be determined calorimetrically at 830 nm.

9.2.2 Cholesterol concentration

The adequate separation of cholesterol and its oxidation products in liposomal
dispersion can be analyzed by HPLC method. This is mainly studied in stability tests
for liposomal formulations.
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9.2.3 Fatty acid composition in phospholipids

The fatty acid composition in phospholipid or liposomal dispersion is analyzed
by gas chromatography. This method is suitable in estimation of fatty acids oxida-
tion. Two types of column are used in gas chromatography. One is packed column
in which liquid phase is coated on granular support and packed into a coiled tube of
glass or stainless steel. Other is capillary column which is much narrower in bore,
longer and made of glass or fused silica capillary and contains no packing but the
liquid phase is coated directly on to inner capillary wall.

9.2.4 Phospholipids per-oxidation

Most oxidation products are further subjected to degradation and at least two
separate tests should be performed for estimation of oxidation. Gas liquid chroma-
tography (GLC) and UV absorbance are most quantitative methods to estimate
oxidation. This UV method is based on the absorbance of conjugated dienes and
trienes at 233 nm 270 nm and phospholipids do not absorb at these wave lengths.
TBA (thiobarbituric acid) method is widely used lipid peroxidation assay. In this
method the samples are heated with an aqueous TBA solution. Under these condi-
tions the lipid oxidation product malondialdehyde reacts with TBA gives a pink
chromophore and spectrophotometrically quantified at 533 nm.

9.2.5 Phospholipids hydrolysis

The phospholipids in liposomes will hydrolyse to free fatty acids and 2-acyl- and
1-acyl-lysophospholipids. The lysophospholipids further hydrolysed to glycerol
phosphor compounds. The hydrolysed products can be analyzed by using HPLC
method or TLC method and glycerol phosphor compounds can be analyzed by total
phosphate analysis of the supernatant (methanol/water phase) after lipid
extraction.

9.3 Biological characterization

Biological characterization identifies safety of liposomes formulations when
in vivo studies are done [16]. The liposomes characterization depends on selection of
phospholipid, size characteristics and charge behavior [92, 93]. Sterility of lipo-
somes can be identified by preparing aerobic or anaerobic cultures and pyrogenicity
can be known by pyrogen test on rabbits.

10. Stabilization of liposome

Stability is that prescribed preparation should remain with required pre-
established limits at predetermined time period. Chemical instability is physical not
stability with leakage in loaded drug molecules from lipid bilayers, vesicles fusion
with forming aggregation [94]. Physicochemical instability of liposome suspension
like hydrolysis, aggregation, fusion and oxidation can be avoided by preparing pro-
liposomes [95]. Liposomal stability will be increased when preparing efficient for-
mulation using lyophillization or freeze drying to form powder liposomes which can
be reconstituted upon usage. Selection of lipid composition, concentration of bila-
yers, buffers, antioxidant, chelating agents and cryo protectants play vital role in
liposomes preparation. Buffer solutions having neutral pH decreases hydrolysis and
antioxidant like sodium ascorbate will decrease oxidation in liposomal dispersion.

19

Drug Delivery through Liposomes
DOI: http://dx.doi.org/10.5772/intechopen.97727



Oxygen potential is minimized with nitrogen gas purging to liposomal dispersion to
obtain stable formulation [96]. Using antioxidants, buffers with neutral pH and lyo
or cryo protectants in freeze drying also gives stable liposomal formulation.

11. Applications of liposomes

Liposomes with varying size, morphology, lipid composition and cholesterol are
suitable for many applications to drug delivery [97]. Liposome vesicles interact with
body cells for targeted drug delivery [98].

11.1 Liposome for respiratory disorders

Liposome formulations are used in lung disorders and respiratory aerosol which
contains liposomes has more advantage compared to normal aerosol. Liposomal
aerosols have advantages like sustained action, no local irritation, less toxicity and
more stability [93]. Liposome products related to respiratory disorders available in
market with brand names are ambisome, Myocet and Fungisome.

11.2 Liposome in nucleic acid therapy

The liposomes bind to nucleic acid with passive charge lipids and pH related
surfactants [99, 100]. Liposomes related to gene delivery are under research
[101, 102].

11.3 Liposome in eye disorders

Liposomes are used with disorders associated to front and later segments. Reti-
nal diseases cause eye blindness in most advanced countries. Liposomal formula-
tions related to eye disorders are approved for patents and few are in clinical trials.
Verteporfin is one of the liposomal based products used in leak of blood vessels at
eye caused by pathologic myopia, histoplasmosis (a fungal infection) to eye and
age-related macular degeneration.

11.4 Vaccine adjuvant liposomes

Liposomes acts as immune adjuvant and has potentiating activity for cell and
non cell mediated immunity [103]. Liposomes are immunological (vaccine) adju-
vant, vaccines, carrier of immune modulation and tool in immune diagnostics.
Liposomal immuno-adjuvant releases encapsulated antigen very slowy and pas-
sively accumulates in lymph node [104] by coupling to the liposomal membrane
[105]. Liposomal vaccines can be stored in refrigerator for about 12 months.

11.5 Brain targeting liposomes

Liposomes have biocompatible and eco-friendly action which leads to explora-
tion to brain drug delivery [106]. Liposomes with small and large size undergo easy
diffusion through blood brain barrier (BBB). Small unilamelar vesicles (SUVs)
coupled to brain drug transport maybe transported through blood brain barrier by
receptors or transcytosis. To the liposomes preparations on addition of sulphatide
will help to cross blood brain barrier [107]. Wang et al. reported in his studies that
liposomes with mannose coated targets brain tissue by passing through blood brain
barrier [108, 109].
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11.6 Liposome as anti-infective agents

Amphotericin B (ambisome) is now available in liposome based formulation has
passed all the clinical trials. Liposomal Amphotericin B targets liver and spleen by
passively and reduces renal toxicity at normal dose and toxicity appears back when
given at higher dose [110, 111].

11.7 Liposome in tumor therapy

Long therapy treatment with anticancer drugs gives several toxic effects but
liposomal for tumor cells showed less side effects. Reported methods showed lipo-
somes targets to tumor cells and circulate for longer time period with enhanced
vascular permeability [112, 113]. In the year 1995, Doxil which is Doxorubicin
PEGylated liposomes, for intravenous administration prepared by stealth
technology was approved for hematological tumors [5, 6]. Caelyx and myocet are
other liposome preparations for same doxorubicin used for advanced breast cancer
[114–116].

12. Commercially and clinically available liposomal based products

Various attempts have been made in research to develop novel liposomal for-
mulations for commercial importance and some are under clinical trials. Liposomes
have gained their commercial importance with Intravenous formulations. However
some recently developed liposomal formulations which are under clinical trials is
Arikace (Amikacin for lung infections) [117, 118] which can be given as subcutane-
ous injection or inhaled as aerosols. Apart from intravenous route and nasal route,
the research is being focused and investigated on liposomal formulations for topical
route by applying new strategies in the preparation of cosmetics such as skin
creams, anti-aging creams, after shave, lipstic, sun screen and make-up [119]. The
liposomal-based drugs that are available in market and are under clinical trials are
shown in Tables 1 and 2 respectively.

13. Conclusion

In the last decade, liposomes have become much popular due to research and
commercial importance. They offer several advantages for the delivery of different
molecules in various routes of administration. Hence the regulatory agencies
through the globe is also implemented the subject of liposome into their guidelines.
In conclusion, continuous efforts are going in the area of liposome technology to
make them better for drug delivery.
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Chapter 2

Protein and Peptide Drug Delivery
Nitai Charan Giri

Abstract

Protein and peptide-based drugs have great potential applications as therapeutic 
agents since they have higher efficacy and lower toxicity than chemical drugs. 
However, difficulty with their delivery has limited their use. In particular, their oral 
bioavailability is very low, and the transdermal delivery faces absorption limita-
tions. Therefore, most of the protein and peptide-based drugs are administered by 
the parenteral route. However, this route also has some problems, such as patient 
discomfort, especially for pediatric use. Extensive research has been performed 
over the past few decades to develop protein and peptide delivery systems that 
circumvent the problems mentioned above. Various strategies that have been 
employed during this time include nanoparticle carriers, absorption enhancers, 
enzyme inhibitors, mucoadhesive polymers, and chemical modification of protein 
or peptide structures. However, most of these strategies are focused on the delivery 
of proteins or peptides via the oral route since it is the most preferred route con-
sidering its high level of patient acceptance, long-term compliance, and simplicity. 
However, other routes of administration such as transdermal, nasal, pulmonary 
can also be attractive alternatives for protein and peptide delivery. This chapter will 
discuss the most effective approaches used to develop protein and peptide drug 
delivery systems.

Keywords: bioavailability, liposomes, nanoparticle carriers, absorption enhancers, 
enzyme inhibitors, mucoadhesive polymers, chemical modification, aquasome, 
iontophoresis, electroporation, sonophoresis, transfersomes

1. Introduction

Proteins and peptides play vital roles in many biological processes, including 
catalysis, transportation, regulation of gene expression, immunity-related func-
tions, etc. They are also involved in many pathological conditions such as diabetes, 
hypertension, cancer, etc. [1]. Because of their wide range of functions and their 
involvement in diseases, proteins and peptides are attractive therapeutic agents for 
combatting many diseases. Currently, there are more than 100 approved peptide-
based therapeutics on the market [2]. The market for peptide and protein drugs 
is growing much faster than for small molecule drugs. One reason for this is that 
peptides and proteins can be highly selective as they have multiple points of interac-
tion with the target. This increased selectivity will also lead to decreased side effects 
and toxicity.

However, the physicochemical properties of proteins and peptides make 
their use as drugs difficult. Firstly, proteins and peptides are not suitable for 
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administration via the oral route because of their instability in the gastrointes-
tinal tract (GIT). Secondly, the size and hydrophilicity of proteins and peptides 
lead to their poor bioavailability [3, 4]. Other routes of delivery also have some 
drawbacks. For example, administration via intravenous injection may not be 
suitable for achieving optimal therapeutic effects since many proteins and pep-
tides have low circulation half-life [5]. This may also lead to pain or discomfort 
[6], severe reaction at the injection site [7, 8], scarring [9], local allergic reactions 
[10], cutaneous infections [11], etc. Transdermal delivery leads to absorption 
limitations due to the skin barrier, which prevents the passage of drug  
molecules with molecular weight greater than 500 Da, especially hydrophilic 
molecules [12, 13].

Extensive research has been performed over the past few decades to develop 
protein and peptide delivery systems that circumvent the drawbacks mentioned 
above. Different strategies that have been employed for this purpose include 
nanoparticle carriers, absorption enhancers, enzyme inhibitors, mucoadhesive 
polymers, and chemical modification of protein or peptide structures [14, 15]. 
Most of these approaches aim to deliver proteins and peptides via the oral route 
since it is the most convenient route of drug administration. However, other routes 
of administration such as transdermal [16], nasal [17], buccal [18], pulmonary [19] 
also have some attractive features such as avoidance of harsh environment of the 
GIT and non-invasiveness of the nature of administration. Thus, these routes can 
also be excellent alternatives for protein and peptide delivery [20]. This chapter 
will discuss the most effective approaches to developing protein and peptide drug 
delivery systems.

Proteins and peptides consist of amino acids connected via peptide bonds 
(Figure 1). Protein and peptide structures can be primary structure, secondary 
structure, tertiary structure, and quaternary structure. The primary structure 
provides information about the number and types of amino acids in a protein or 
peptide. Secondary structure gives us information about the presence of α-helix, 
β-sheets, loops, and turns in the protein or peptide. For example, hemoglobin is a 
predominantly helical protein (Figure 2). The tertiary structure indicates the over-
all three-dimensional structure of the protein. For example, the tertiary structure 
of hemoglobin consists of a globin fold (Figure 2). The quaternary structure indi-
cates the oligomeric state of the protein. For example, hemoglobin has a tetrameric 
(or dimer of dimer) quaternary structure (Figure 2).

Various routes for delivery of protein and peptide drug has been mentioned 
above. Their advantages and disadvantages have been discussed briefly. The strate-
gies adopted for enhancing the delivery of protein and peptides via various routes is 
discussed below.

Figure 1. 
General structure of a peptide fragment.
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2. Oral route

2.1 Chemical modification

Chemical modification of proteins and peptides is one of the strategies adopted 
to make these more clinically applicable [21]. This strategy eliminates some of the 
undesirable properties of proteins and peptides, such as susceptibility to enzyme 
hydrolysis, improper solubility, poor membrane permeability, etc. There are several 
ways of performing the chemical modification, including replacement of a specific 
amino acid or modification of the structure of amino acids. For example, replace-
ment of an L-amino acid with its D-counterpart may lead to resistance to enzymatic 
hydrolysis, enhanced cell-membrane permeability, etc. In desmopressin (an analog 
of vasopressin), the C-terminal L-Arg has been replaced by D-Arg (Figure 3). 
Also, the N-terminal amino group (of cysteine) has been deaminated (Figure 3). 
These chemical modifications resulted in substantially higher oral bioavailability of 
desmopressin than that of vasopressin [22].

Another method of chemical modification is to incorporate a lipophilic moiety 
(e.g., fatty acid) in the protein or peptide. The lipophilic moiety will increase the 

Figure 2. 
Structure of hemoglobin.

Figure 3. 
Structure of vasopressin (left) and desmopressin (right).
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overall hydrophobicity of the molecule, which may lead to an increase in its intes-
tinal absorption. Increased hydrophobicity may also lead to increased stability of 
the protein or peptide [23]. For example, three amino acids (Gly, Phe, and Lys) in 
insulin were attached to 1, 3-dipalmitoyl glycerol moiety. This modification resulted 
in an increased hydrophobicity of insulin as well as increased intestinal absorption. 
The enzymatic hydrolysis of insulin was also reduced, which resulted in increased 
bioavailability [24].

2.1.1 PEGylation

PEGylation involves the covalent attachment of one or more polyethylene glycol 
(PEG) molecule(s) to a protein or peptide. PEG has some special features that make 
it suitable for protein and peptide delivery systems [25–28]. One important feature 
is that it is soluble in both organic and aqueous solvents. Another feature is that PEG 
can be obtained in a wide range of molecular weights. It can be obtained both as a 
linear or branched chain. PEG is more hydrophilic than other polymers of compara-
ble sizes. Also, PEG is highly flexible since there is no bulky substituent around the 
backbone to hinder the rotation. Finally, PEG is non-toxic and non-immunogenic.

PEG improves the pharmacokinetic properties of proteins and peptides by 
protecting these from enzymatic hydrolysis (Figure 4) and by increasing solubility. 
PEG acts as a shield that prevents the hydrolysis of the protein or peptide by block-
ing its access to the proteolytic enzyme (Figure 5) [29]. The attachment of PEG 
with a protein or peptide increases its size, which increases the circulation half-life 
of the protein or peptide by decreasing the clearance by the renal filtration process. 
The attachment of PEG to a protein or peptide also reduces immunogenicity by 
reducing the recognition by the β-cell or antibodies. Finally, the attachment of PEG 
to proteins or peptides prevents their possible aggregation [30].

PEGylation process can interfere with the molecular recognition between the 
protein or peptide and the receptor due to the modified structure of the PEGylated 
protein or peptide. For example, PEGylation of a protein or peptide may cause 
steric hindrance, which may prevent proper binding of the protein or peptide to 
the target. However, this drawback is balanced by the improvements in pharmaco-
kinetic properties, such as enhanced absorption and circulation half-life [31]. The 
development of Nobex Corporation’s HIM2 was based on the PEGylation approach. 
HIM2 is hexyl insulin monoconjugate 2 that is attached to a PEG. The attachment of 
PEG improves the stability of the molecule and enhances bioavailability that allows 
oral administration [32].

2.1.2 Peptidomimetics

Peptidomimetics mimic the structure of a protein or peptide and show accept-
able pharmacokinetic properties while retaining biological activity. Different 
modifications (N-alkylation, isosteric replacement of the amide bond, etc.) can be 
performed on a peptide to improve its pharmacokinetic properties [33]. Structural 

Figure 4. 
Enzymatic hydrolysis of the peptide bond.
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modifications are mainly performed to make the peptide more stable in the GIT 
by making it less susceptible to enzymatic degradation. Solubility, lipophilicity, 
and the flexibility of the peptide can also be altered to enhance stability as well as 
absorption. Modification of a peptide may occur at the backbone of the peptide or 
the side chains of amino acids, or both. The alkylation of the backbone N-atom has 
been shown to improve the bioavailability of peptide molecules [34].

N-alkylation, in general, leads to an increase in lipophilicity of the peptide 
as well as a steric hindrance. N-alkylation also leads to a reduction in H-bonding 
since the H-atom of the backbone amide has been replaced by an alkyl group. This 
decrease in H-bonding may lead to destabilization of α-helix and β-sheets, which 
may alter the conformation of the peptide. N-alkylation method has been used to 
make cyclosporine (Figure 6) where the N-atoms of the backbone have been alkyl-
ated by methyl groups (green spheres) [35].

Isosteric replacement of amide bond is another strategy for peptidomimetics 
design. This process can lead to alteration in H-bonding as well as peptide-folding. 
Thus, this process may affect the conformation of the peptide. For example, the 
replacement of a carbon-atom by an N-atom gives azapeptide class. Azapeptides can 
be of two types – azatides and peptoids. In azatides, all the α-carbon in the peptide 
backbone has been replaced by nitrogen atom. In peptoids, the α-carbon is replaced by 
N-atom, and the N-atom of the backbone is replaced by C-atoms. Ritonavir (Figure 7) 
is an example of a drug developed by the peptidomimetics approach [36, 37].

2.2 Enzyme inhibition

Inhibition of enzymes like proteases is a good way of improving the stabil-
ity of proteins and peptides in the GIT since these enzymes hydrolyze peptide 
bonds in proteins and peptides administered via the oral route. Proteases can be 
classified into different categories depending on the catalytic amino acid residue 

Figure 5. 
PEGylaiton blocks enzymatic hydrolysis of peptides.
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Figure 6. 
Backbone N-alkylation in cyclosporine.

Figure 7. 
Ritonavir.
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(Ser, Thr, Asp, Glu, etc.) in the active site of the enzyme [38]. For example, 
serine proteases contain a serine residue in the active that acts as a nucleophile 
during the hydrolysis of the peptide bond. Another class of proteases is metal-
loproteases, where the water molecule used for hydrolysis is ligated to a metal 
ion (Zn2+, Co2+, Mn2+, etc.) in the active site of the enzyme. Thus, one way of 
preventing hydrolysis of the protein or peptide drug is to co-administer protease 
inhibitors [39]. Insulin, for example, undergoes degradation in the GIT by dif-
ferent enzymes like trypsin, chymotrypsin, etc. Therefore insulin is co-admin-
istered with various synthetic (e.g., camostat mesylate) and naturally occurring 
inhibitors (soybean trypsin inhibitor) of trypsin and chymotrypsin. This co-
administration leads to enhanced bioavailability of insulin [40]. However, the 
administered protein other than the therapeutic protein will not be degraded, 
leading to toxic side effects. Besides, the non-degraded proteins may also cause 
metabolic changes in the GIT [41].

Another way of protease inhibition is to alter the pH of the medium in which 
these enzymes work. This pH change may lead to the inactivation of the proteases. 
It has been reported that lowering the pH of the intestine to 4.5 or below leads to the 
inhibition of trypsin and chymotrypsin [23].

2.3 Absorption enhancers

Absorption enhancers are substances co-administered with protein or peptide 
drugs to enhance their absorption. In general, these absorption enhancers reversibly 
damage the physical barrier in the cell wall, which prevents a protein or peptide from 
crossing the intestinal wall. Thus, absorption enhancers provide a temporal path for 
the proteins or peptides to cross the intestinal wall and to be absorbed [42]. There are 
two main ways by which absorption enhancers cause the temporal opening – tran-
scellular pathway and paracellular pathway. The transcellular mechanism involves 
the structural change in the cell membrane of the epithelial cells. This structural 
alteration leads to enhanced passive diffusion of proteins and peptides through the 
cell. In the paracellular pathway, the absorption enhancers facilitate the opening of 
tight junctions between the epithelial cells, which allows the protein and peptide to 
diffuse through the intercellular space present between the epithelial cells. Another 
absorption enhancing mechanism involves the reduction of viscosity of the mucus in 
the intestinal wall, which enhances the diffusion of proteins and peptides [25].

There are different types of absorption enhancers based on their molecular 
structure and mechanism of action. For example, ethylene diamine tetraacetic acid 
(EDTA) works by chelating Ca-ions, which are important in maintaining the tight 
junction between the cells. Therefore, when Ca-ions are complexed by EDTA, the 
tight junction between the cells will be opened, allowing the proteins and peptides 
to cross the intercellular space. However, surfactants (sodium lauryl sulfate, Tween 
40, etc.) work by disrupting the intestinal membrane allowing the protein and 
peptide to cross the cells via the transcellular pathway [43].

It is worth mentioning that the absorption enhancers are potentially toxic since 
some of them disrupt the integrity of the intestinal membrane. Damage of the intes-
tinal membrane can cause proteins or peptides other than the protein or peptide of 
interest to be absorbed, leading to toxicity. Besides, pathogens (virus, bacteria, etc.) 
may also get absorbed, which may lead to various pathological conditions. Severe 
damage of the intestinal membrane may also lead to inflammatory conditions and 
ulceration of the epithelium. Therefore, the toxicology of the absorption enhancers 
needs to be fully understood before their long-term applications [44].
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2.4 Site specific delivery in GIT

Different regions of the GIT show differences in the absorption of proteins and 
peptides. These differences are due to different pH values and different distribution 
of proteolytic enzymes at different regions of the GIT. The pH affects both the solu-
bility and the stability of the protein or peptide, while the proteolytic enzymes are 
responsible for the degradation of the protein or peptide. There is also variability in 
the distribution of active transporters involved in peptide transport and the efflux 
pumps that can lower the absorption of proteins or peptides along the GIT [45, 46].

Extensive research has been performed to locate the optimum absorption site 
in the GIT for proteins or peptides [47]. These results indicate that the colon region 
of the GIT is one of the optimum sites for protein or peptide absorption mainly 
due to the lower protease activity in the colon area compared to other areas in the 
GIT, such as the stomach and small intestine. Therefore, several strategies have 
been employed to deliver the therapeutic protein or peptide intact to the colon. 
One approach is to design a prodrug (Figure 8) with adequate stability in the other 
regions of the GIT [48]. However, it should be converted to the parent therapeutic 
protein or peptide in the colon. Since the microflora in the colon produces reductive 
enzymes, the prodrug should be designed by linking the therapeutic protein or 
peptide via a bond (e.g., azo bond) that can be cleaved by reductive enzymes in the 
colon [49]. These reducing enzymes can also be utilized to attach a polymeric car-
rier to the protein or peptide (Figure 9). This polymer will protect the therapeutic 

Figure 8. 
Prodrugs with an azo bond.

Figure 9. 
A prodrug with a polymeric carrier.
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peptide molecule along the GIT and will release the protein or peptide at the colon 
site, enhancing its absorption.

2.5 Membrane transporters

Epithelial cells express various amino acid and oligopeptide transporter proteins 
that transport various amino acids and oligopeptide found in nutrients to facilitate 
their absorption. Therefore, designing a therapeutic drug with structural similar-
ity with the natural substrate of the transporter proteins will help in transporting 
the molecule across the epithelium to the systemic circulation. This can also be 
achieved by attaching a natural substrate of the transporter proteins to the bioactive 
molecule [50]. This linkage will allow the recognition of the attached peptide by the 
transporter and its binding to the transporter. However, for this process to occur, 
the attached peptide should be enzymatically stable in the GIT. Otherwise, hydroly-
sis of the peptide before reaching the transporter will prevent the recognition of the 
molecule by the transporter, and thus, transportation will not happen. PepT1 is a 
transporter protein that plays a vital role in the oral delivery of biomolecules. PepT1 
can transport dipeptides and tripeptides with varying degrees of substrate specific-
ity. PepT1 is involved in the transport of peptidomimetic drugs such as acyclovir 
which resembles a dipeptide [51, 52].

Generally, only small molecules can be transported by membrane transport 
proteins. However, molecules with relatively larger sizes are usually transported 
by receptor-mediated endocytosis. Endocytosis involves the binding of the large 
molecule to a membrane receptor, and the resulting complex gets inside the cell. In 
some cases, the internalized molecule can be subjected to degradation by the lyso-
some. In other cases, the components of the complex are kept intact following inter-
nalization and exit the cell by exocytosis. Thus, these components are transported 
into the systemic circulation. This kind of receptor-mediated endocytosis is called 
transcytosis. Epidermal growth factor, vitamin B12, and immunoglobulins are some 
of the substances absorbed by the transcytosis [53]. It has been reported that by 
attaching a therapeutic protein or peptide (e.g., erythropoietin, α-interferon, etc.) 
to vitamin B12, the bioavailability of the protein or peptide can be enhanced [54].

2.6 Mucoadhesive systems

Mucoadhesive systems utilize the bioadhesive phenomenon where certain com-
ponents of the system (usually a polymer) form adhesion bonds with the mucosal 
membrane at the absorption site. This adhesion may lead to a high concentration of 
the therapeutic molecule, which increases absorption of the therapeutic molecule. 
Adhesion of the polymer in the delivery system also leads to an increase the resi-
dence time of the therapeutic molecule at the site of absorption and thus, further 
enhances the absorption and the bioavailability of the therapeutic agent [55].

The properties of the mucoadhesive system depends on the nature of the 
polymer used. The polymer should be hydrophilic enough to properly interact 
with the high amount of water present in the mucus layer. The polymer should be 
large enough (high molecular weight) to increase the possibility of interactions. 
The polymer should also have proper surface tension to allow the spreading of the 
polymer on the mucus layer. The polymer should contain functional groups (e.g., 
COOH, OH, etc.) to form strong H-bonds. Finally, the polymer should be non-toxic 
and non-immunogenic [41]. Although the main function of polymer in mucoad-
hesive drug delivery system is to form adhesive bonds with the mucus membrane 
to enhance the bioavailability of the protein or peptide, some polymers may have 
additional functions. For example, some polymers can act as absorption enhancers 
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by modifying tight junctions between epithelial cells and by inhibiting proteases 
that hydrolyze proteins or peptides [56].

Cellulose derivatives (e.g., methylcellulose, hydroxyethyl cellulose, carboxy-
methyl cellulose) are used in mucoadhesive drug delivery systems. Other commonly 
used polymers are polyacrylic acid derivatives such as carbapol and polyacrylate. 
Thiol-containing polymers are also used in mucoadhesive systems. These polymers 
show strong adhesive binding with the mucus layer due to the formation of covalent 
bonds in addition to the non-covalent interactions. The thiol group in these poly-
mers forms disulfide bonds with the cysteine residues present in the glycoproteins 
of the mucus. It has been reported that the increase in the thiol group in the poly-
mer increases the strength of adhesive binding [23].

2.7 Liposomes

Liposomes are spherical microscopic vesicles containing one or more phospho-
lipid bilayer (Figure 10). The inner core of the liposomes consists of hydrophilic 
parts of the phospholipid, while the lipophilic parts tend to remain in the lipid 
portion of the phospholipid bilayer. Extensive research has been carried out on the 
liposome-based delivery system for their application in the delivery of proteins 
or peptides, mainly via the oral delivery route. The advantage of liposome in oral 
delivery is mainly protecting the protein or peptide (e.g., insulin) from enzymatic 
hydrolysis in the GIT [57]. This protection is due to the encapsulation of the pro-
tein or peptide in the interior of the liposome, and thus, the protein or peptide is 
inaccessible to the proteolytic enzymes in the GIT. Liposomes also enhance the 
absorption of proteins or peptides (e.g., insulin) in the small intestine. The activ-
ity of the insulin-containing liposome depends on various factors such as the lipid 
components of the liposome, the charge on the surface of the liposome, etc. [58].

It is worth mentioning that the bile salts in the GIT can solvate the liposome 
resulting in their rupture and consequent release of the encapsulated proteins or 
peptides in the GIT. This solvation of liposomes is a problem with the application 
of liposomes as the oral delivery system. However, the problem with the in vivo 

Figure 10. 
General structure of liposomes.
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stability of liposomes can be improved by adopting strategies like coating the lipo-
some with a polymer or using dehydrated forms of liposomes [31].

2.8 Microspheres

Microspheres (Figure 11) can be prepared from polymers using various methods 
such as double emulsification, spray drying, complexation of macromolecules with 
opposite charges. Microspheres have sizes ranging from 1 μm to 1 mm. Much research 
has been performed on the use of microspheres for the oral delivery of protein or 
peptide drugs [59]. Microsphere-based delivery systems can protect the protein or 
peptide of interest from the harsh environment of the GIT such as enzymatic hydro-
lysis, acidic pH, etc. Microspheres can also enhance the absorption of the protein or 
peptide of interest, mainly through the paracellular pathway. The microsphere-based 
delivery system also allows the controlled release of the protein or peptide of interest 
at a specific area in the GIT by using pH-sensitive polymers. Insulin was loaded into 
the microsphere formed by the polymer poly (methacrylic-g-ethylene-glycol) [60]. 
This microsphere prevents the enzymatic degradation of insulin in the acidic environ-
ment of the stomach. However, swelling of the microsphere and consequent release of 
the insulin occurred in the basic environment of the intestine.

2.9 Nanoparticle-based delivery systems

Nanoparticles can be used as a delivery system to administer protein or peptide 
therapeutics via different routes such as oral, intravenous, subcutaneous, and 
transdermal. Delivery of proteins or peptides via nanoparticles can be achieved by 
employing different approaches such as encapsulation of the drug molecule by the 
nanoparticle, adsorption of the drug molecule on the surface of the nanoparticle, 
etc. [61]. Nanoparticle-based delivery system protects the protein or peptide of inter-
est from enzymatic degradation in the GIT [62]. Nanoparticles can also deliver the 
protein or peptide to the desired location, such as tumor cell, inflammation site, etc. 
This site-specificity results in reduced side effects of the therapeutic agent [63, 64].

The uptake of nanoparticles by the cells usually occurs via endocytosis. This 
process involves phagocytosis, receptor-mediated phagocytosis, and pinocytosis. 

Figure 11. 
General structure of microspheres.
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Endocytosis starts with the association of the nanoparticle with the cell membrane 
to form an endosome, followed by the internalization of the endosome. Subsequent 
degradation of the nanoparticle by the lysosome leads to the release of the protein 
or peptide inside the cell [65]. Other ways of the release of drug molecules from the 
nanoparticle depend on factors such as the solubility of the therapeutic agent at a 
specific pH, polymer swelling, composition of the nanoparticle, etc. [41].

2.9.1 Solid lipid nanoparticle

Solid lipid nanoparticles (SLN, Figure 12) are composed of lipids that are solid 
at room temperature as well as body temperature and dispersed in water or an aque-
ous surfactant solution [66]. The lipids that can form SLN can be complex acylg-
lycerol mixtures, highly purified triacylglycerol, or waxes. Extensive research has 
been performed on the solid lipid nanoparticles for their application in delivering 
proteins or peptides mainly due to their biocompatibility, biodegradation, and good 
tolerability [67]. It has been reported that SLN can enhance the bioavailability of 
the protein or peptide therapeutics and prolong their residence time in blood [68]. 
SLN can also enhance the oral absorption of many drugs [69, 70]. When SLNs are 
administered orally, they can be absorbed either through the M-cells (membranous 
epithelial cells) of the Peyer’s patches in the gut-associated lymphoid tissue (GALT) 
or transcellularly [71].

Surface modification of nanoparticles with chitosan is an excellent way of 
enhancing the penetration of encapsulated proteins or peptides (e.g., insulin) 
through mucosal surfaces. This chitosan modified SLN has antimicrobial, muco-
adhesive, absorption-enhancing properties and low toxicity in addition to good 
biocompatibility and biodegradation [72]. Mucoadhesive properties of chitosan may 
enhance drug uptake due to the longer contact period with the intestinal epithelium. 
This prolonged contact of the nanoparticle with the intestinal membrane leads to 
enhanced penetration of the protein or peptide. Also, chitosan is an effective perme-
ability enhancer as it reversibly changes tight junctions [73, 74]. Fonte et al. showed 

Figure 12. 
General structure of solid lipid nanoparticles.



51

Protein and Peptide Drug Delivery
DOI: http://dx.doi.org/10.5772/intechopen.99608

the ability of the chitosan-coated SLN to enhance the intestinal uptake of insulin 
by comparing with the uncoated SLN [75]. Significant improvement of hypogly-
cemic effect was observed for the chitosan-coated SLN compared to the uncoated 
SLN. Improvement of hypoglycemic effect could be due to mucoadhesive property 
of chitosan, which not only overcome the degradation of insulin in the GIT, but 
also promotes intestinal insulin uptake. However, one major limitation of the oral 
delivery of insulin-loaded nanoparticles is their elimination by the mononuclear 
phagocyte system [76, 77]. Macrophages present in various tissues such as the liver, 
spleen and bone marrow are also responsible for eliminating nanoparticles. The use 
of PEG [78] and other hydrophilic polysaccharides [79] coating to avoid phagocyto-
sis of nanoparticles by macrophages has been reported. SLNs coated with chitosan 
were not internalized by the murine macrophage cell line, while the uncoated SLN 
were taken up by these cells [80]. Thus, chitosan was able to provide stealth  
properties to the SLN.

2.9.2 Chitosan based nanoparticles

Chitosan is a natural polysaccharide of glucosamine and N-acetyl glucosamine. 
Chitosan has some attractive features for being used in protein or peptide delivery 
[81]. Firstly, chitosan has high biocompatibility and low immunogenicity. Secondly, 
chitosan is a biodegradable polymer with high abundance. In the acidic environ-
ment, chitosan is protonated (Figure 13). This protonated form enhances the 
absorption of chitosan due to the interaction of the positively charged amino group 
with the cellular membrane [82–84]. This interaction leads to structural changes 
that opens the tight junction and allows the entry of proteins or peptides across 
the membrane. It is worth mentioning that chitosan exhibits absorption enhanc-
ing ability only in the acidic environment since it requires the protonated form of 
chitosan. Therefore, chitosan cannot act as an absorption enhancer in the neutral 
or basic environment [85, 86]. However, N-trimethyl chitosan (Figure 13) possess 
the absorption enhancing property over a wide range of pH, including the physi-
ological pH. N-trimethyl chitosan-based nanoparticles loaded with insulin showed 
enhanced bioavailability of insulin [87]. N-trimethyl chitosan enhances the trans-
port of proteins or peptides via both transcellular and paracellular pathways.

2.9.3 Inorganic nanoparticles

Inorganic nanoparticles are receiving more attention in the development of 
protein or peptide carriers due to some special properties. The protein or peptide 
of interest can be encapsulated inside the nanoparticle, which can provide protec-
tion against denaturation of the protein or peptide of interest. Thus, nanoparticles 
preserve both the structure and the biological function of the protein or peptide. 
Nanoparticles also prevent possible enzymatic hydrolysis and other degradation 
in the harsh environment of the GIT. Finally, nanoparticles improve the shelf life 
of the incorporated protein or peptide [88]. CaP nanoparticle has been used in 

Figure 13. 
Protonated (middle) and methylated (right) forms of chitosan (left).
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delivering protein (e.g., insulin) via the oral route. In this formulation, PEG-insulin 
and casein are encapsulated in the CaP nanoparticle (Figure 14). This formulation 
was shown to increase the half-life of insulin [89].

2.9.4 Aquasomes

Aquasomes have recently emerged as solid nanoparticle drug carriers with a 
three-layered structure – core, coating, and drug (Figure 15) [90, 91]. It consists of 
a ceramic core coated with poly hydroxyl oligomer on which the protein or peptide 
of interest can be adsorbed. This polyhydroxy oligomer film protects proteins and 
peptides from changing shape and being damaged when they are surface-bound 
[92]. The layers that form aquasomes are assembled through the non-covalent bond, 
ionic bond, and van der Waals interactions [93].

Ceramics are mainly used as core material. These materials provide structural 
regularity and a high degree of order due to their crystallinity. This structure leads 
to efficient carbohydrate-binding on its surface resulting in the stable structure of 
aquasomes. Common materials used as the ceramic core in aquasomes are tin oxide, 
calcium phosphate, diamond nanoparticles, and hydroxyapatite. Among these, 
calcium phosphate and hydroxyapatite have excellent biocompatibility, biodegrad-
ability, and stability.

Carbohydrate coating provides a molecular layer capable of adsorbing thera-
peutic proteins or peptides without modification. Carbohydrates provide an 
environment that resembles water to the protein or peptide but keeps it in a dry 
solid-state, protecting the three-dimensional structure of the protein or peptide 
of interest [94, 95]. Carbohydrates commonly used for coating are trehalose, 

Figure 14. 
Structure of a CaP-based insulin carrier.

Figure 15. 
General structure of aquasomes.
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cellobiose, lactose and sucrose. The coating is achieved by the adsorption of the 
carbohydrate onto the core. The protein or peptide of interest interacts with the 
coating film by non-covalent or ionic interactions. Trehalose was previously 
reported to induce stress tolerance in bacteria, yeast, fungi, and some plants. 
Trehalose protects protein within the plant cell during the dehydration process 
and thus preserves cell structure [96]. It was observed that trehalose increased 
the transition temperature of proteins, resulting in increased stability [97]. Also, 
the hydroxyl group of carbohydrates interacts with the polar and charged group 
of proteins. Upon drying, the large number of hydroxyl groups of the carbohy-
drate replaces the water around polar groups in protein, thus maintaining their 
integrity [98].

A nanosized ceramic core-based drug delivery system has been developed for 
the oral administration of serratiopeptidase [99]. In this method, the calcium phos-
phate core was coated with chitosan, and the enzyme was adsorbed by the coating. 
The enzyme was further stabilized by encapsulating the enzyme-loaded core into 
alginate gel. The results indicated the ability of aquasomes to protect the structural 
integrity of the enzyme, resulting in a more potent therapeutic effect.

2.10 Hydrogels

Hydrogels are three-dimensional networks made of polymeric chains that are 
hydrophilic in nature. The polymer can be natural or synthetic and should contain 
a large amount of water. Although natural polymers show good biocompatibility, 
they are not suitable for protein or peptide delivery due to their improper mechani-
cal strength. Natural polymers can also lead to an autoimmune response. However, 
hydrogels with the synthetic polymer can be designed to avoid these problems. 
Hydrogels can control the release of the protein or peptide of interest in response to 
pH [100, 101]. Hydrogels can also enhance transportation of the protein or peptide of 
interest. The difference of pH at different parts of the GIT has been utilized to control 
the release of insulin encapsulated in the hydrogels at the intestine (Figure 16). 
Hydrogels also showed rapid release of the encapsulated insulin once in the intestine. 
Finally, the encapsulation process of the protein (e.g., insulin) inside the hydrogel is 
highly efficient. These properties of the hydrogels make them promising systems for 
protein or peptide delivery [102].

Figure 16. 
Protein or peptide therapeutic (black spheres) encapsulated in a hydrogel.
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2.11 Injectable nanocomposite cryogels

Although hydrogels are promising systems for protein or peptide delivery, they 
have some issues regarding the rapid release of the encapsulated protein or peptide 
of interest. This rapid release leads to a short duration of action which may not 
be optimal for some therapies. Another issue associated with the hydrogels is the 
possible denaturation of the encapsulated protein or peptide. Injectable nanocom-
posites have been developed to overcome some of the issues related to hydrogels. 
Kinetics of the release of the therapeutic protein or peptide can be controlled by 
using suitable components of the system [103]. This delivery system can also be 
used for the sustained release of various therapeutic proteins and peptides.

2.12 Cell-penetrating peptides

Cell-penetrating peptides (CPP) are capable of transporting the attached mole-
cule across the cell membrane. Therefore, one way of enhancing the permeability of 
therapeutic proteins or peptides across the cell membrane is to attach them to a CPP 
(Table 1) [104]. One way CPP can penetrate the cell membrane is via endocytosis. 
Another way could be the perturbation of the lipid bilayer of the cell membrane by 
the CPP. Although minor disturbances in the membrane structure were found, toxic 
effects of CPP on the cell membrane have not been reported. Insulin attached to 
TAT (Figure 17) showed better permeability across the cell membrane [105].

2.13 Protein crystallization

Crystallization of therapeutic proteins offers many advantages over the tradition-
ally used protein solution or amorphous form of the protein. The protein in the crystal-
line form shows significantly higher stability than the amorphous form. This higher 
stability is advantageous for therapeutic proteins since the high stability of the proteins 
maintains their biological function in different environments [106]. Crystalline form 

CPP Protein or peptide

TAT β-galactosidase, Rnase A, Horseradish peroxidase, Domain-III of pseudomonas 
exotoxin A, peptides derived from VHL tumor suppressor, insulin

11-poly arginine 
peptide

p53

Antennapedia p16-derived synthetic peptide

hCT (9–32) Green fluorescence protein

Table 1. 
Examples of protein and peptides delivered by CPPs.

Figure 17. 
Insulin attached to a CPP.
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of lipase enzyme is used as a therapeutic enzyme in pathological conditions related to 
abnormalities in the digestion of lipid. However, a major limitation of crystallization 
approach is that not all proteins can be crystallized. Also, in some cases, protein crys-
tallization is not efficient. Nevertheless, protein crystallization remains a  promising 
approach for developing protein or peptide delivery systems [107, 108].

3. Transdermal delivery

3.1 Microneedle

Microneedle technology uses small needles, which creates small pores in the skin, 
allowing the protein or peptide to cross the outermost physical barrier [109]. Since one 
goal of transdermal delivery is to increase efficacy while still retaining an easy, non-
invasive technique, microneedles are designed to breach only the stratum corneum 
[110]. Since the microneedles do not reach the viable dermis, both the capillaries and 
the nerve ends are avoided. Thus, this approach leads to painless feelings during the 
drug delivery. These needles have been made using various materials, including silicon, 
different metals, and biodegradable material such as polymers or sugars [111].

Different types of microneedles, as well as drug introduction routes, have been 
tested for efficient delivery of protein or peptide therapeutics [112]. In one method, 
needles are used to puncture the skin to create pores, followed by the drug adminis-
tration. Another method involves coating the microneedle with the protein or peptide 
of interest. Thus, the creation of pores by the microneedles will allow the drug to 
enter the body. Another method involves encapsulating the drug in biodegradable 
microneedles. In this method, the drug will be released slowly as the microneedles 
degrade. Another method utilizes hollow microneedles, through which the therapeu-
tic protein or peptide can be infused following the puncture of the skin.

3.2 Thermal ablation

Like microneedle technology, thermal ablation makes the stratum corneum 
more permeable [113]. Both these methods avoid the breach of deeper capillary and 
nerve-containing tissues. However, the difference is that short pulses of high heat 
(~100°C) are used (instead of needles) to create small, reversible channels in the 
micron range [114]. Thus, following the application of short bursts of heat, the drug 
can be applied to the area for entering the circulation. Multiple systems have been 
designed to deliver drugs via thermal ablation successfully. While these systems 
successfully deliver smaller drug molecules, delivery of protein or peptide via this 
method is a work in progress.

3.3 Iontophoresis

Iontophoresis does not require physical disruption of the skin’s outer  barrier. 
This method uses principles of electrorepulsion (for charged particles) and 
electroosmosis (for uncharged particles) to act on drug molecule rather than the 
skin [112]. During this process, a device capable of generating electric current is 
placed on the skin. When delivering a negatively charged peptide or protein, for 
example, the battery will build up a strong negative charge on the anode, which 
is placed in the same area of the skin as the drug molecule. Thus, the anode will 
drive the negatively charged protein or peptide into the skin due to charge–charge 
repulsion [115, 116]. It is important to note that the rate of drug release can be 
controlled easily by this method since the entry of the protein or peptide into the 
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body is proportional to the current being applied to the skin [114]. Although the 
system successfully delivers small molecules (e.g., lidocaine), delivery of proteins or 
peptides via this method is still a work in progress.

3.4 Electroporation

Electroporation uses very short pulses of high voltage (10–100 V) to perforate 
the skin. Like microneedles and iontophoresis, this is also a non-invasive method 
of drug delivery since this method breaches only the stratum corneum [117]. 
Application of electric current disrupts the structure of the lipid-bilayer. This dis-
ruption allows the protein or peptide of interest to penetrate the skin. One advan-
tage of this method is that the delivery of drugs can be easily changed by changing 
the voltage, number and duration of pulses, etc. [112].

3.5 Sonophoresis

Sonophoresis uses sound waves to increase the permeability of the skin. Similar 
to electroporation, sonophoresis also targets the lipid bilayer underneath the 
stratum corneum [112]. Sound waves (20–100 kHz) increases the pore sizes on  
the skin due to the increased fluidity of the lipid bilayers. Thus, sound waves allow 
the transcellular entry of drug molecules through the stratum corneum [114].

3.6 Biochemical enhancers

Biochemical enhancement utilizes biomolecules to enhance the permeability of the 
skin towards the peptide or protein of interest. This method aims to allow the entry of 
the drug molecule into circulation while being non-toxic, non-irritating, and non-
allergenic [118]. Magainin, a 23-amino acid-containing peptide, has been reported 
to form pores in the bacterial cell membrane [119, 120]. Another small peptide TD1 
increases the transdermal penetration capability of hEGF when fused together [121]. 
This system may play a vital role in delivering hydrophilic peptides transdermally.

3.7 Nanocarriers

Nanocarriers have been developed for administering protein or peptide thera-
peutics via the transdermal route. Nanocarriers have been found to be more effec-
tive penetration enhancers than biochemical enhancers. Nanocarriers commonly 
employed for delivering protein or peptide therapeutics are described below.

3.7.1 Transfersomes

Transfersomes are elastic or deformable liposomes (discussed in Section 2.7) 
[122]. These were developed to overcome the localization of liposomes on the skin. 
The membrane of transfersomes is formed by phospholipid and a single chain 
surfactant molecule (sodium cholate, sodium deoxycholate, Tween 20, Tween 60, 
dipotassium glycyrrhizinate, etc.). Transfersomes, by virtue of its tendency to avoid 
dry surroundings, enter into deeper layers of the skin that have higher moisture 
content than the surface layer. The elasticity of the membrane helps to breach the 
narrow gap on the surface of the skin. The enhanced drug transport by the trans-
fersomes can be explained by its distribution on the skin surface after the adsorp-
tion on the skin [123]. The ability of transfersomes to transport protein or peptide 
therapeutics (e.g., insulin) has been reported [124, 125]. Encouraging results were 
obtained in the case of low molecular weight heparin [126].
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3.7.2 Microemulsions

Water in oil microemulsions are stable dispersions consist of small water 
droplets dispersed within a continuous oil layer stabilized by incorporating a high 
concentration of surfactant/emulsifying molecules. Lipophilic surroundings of the 
external phase of the microemulsion resemble the environment of the upper layer 
of skin. This resemblance makes microemulsions ideal for application on the skin 
surface [127]. Also, the ease of administering microemulsions on the skin makes 
these ideal for passive delivery of proteins or peptides across the skin [128].

The efficacy of topically applied protein formulated with a microemulsion was 
investigated [129]. Rapid penetration of the molecule into the skin immediately 
below the application site was observed. Another study performed with desmopres-
sin not only validated the capability of microemulsion as a transdermal carrier 
system but also indicated its superiority over creams and gels in delivering drugs 
across the skin [130]. The superior transdermal delivery of microemulsion has 
been attributed to the high loading capacity of the microemulsion and penetration 
enhancing effect of the constituents. Microemulsions have the capacity of encom-
passing a large amount of drugs without an increase in vehicle affinity. This capacity 
leads to a higher concentration gradient and higher transdermal flux from micro-
emulsions. Also, the surfactant (e.g., isopropyl palmitate) can augment permeation 
by disrupting the intracellular lipid structure of stratum corneum [131, 132].

3.8 Prodrug

A prodrug is a reversible chemical modification of the drug to enhance its solu-
bility, bioavailability, and stability without altering its pharmacological properties 
[133]. There are many examples where prodrug has been synthesized for proteins or 
peptides. For example, the thyrotropin-releasing hormone (TRH) has been success-
fully transported through human skin [134]. This was done by using the lipophilic 
prodrug of TRH, N-octyloxycarbonyl-TRH (Figure 18). The good skin penetration 

Figure 18. 
TRH and its prodrug.
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behavior of this prodrug was attributed to its high water solubility and lipophilicity. 
Conjugation of proteins or peptides with carriers that selectively transport them 
across the biological membranes can be used to deliver protein or peptide therapeu-
tics across the skin [135, 136]. For example, the toxic protein ricin is transported 
across the cell membrane via binding to the ricin B chain found on the surface, fol-
lowed by internalization. The active component is liberated upon entering the cell, 
where it exerts its toxicological effects. Thus, ricin behaves essentially as a prodrug 
of the ricin A chain.

4. Nasal route

Delivery of protein or peptide via nasal route has been employed in delivering 
desmopressin, calcitonin, and seasonal influenza vaccine [137, 138]. Advantages 
of this method include patient convenience and comfort, elimination of needle-
related injuries and infections, and decreased syringe-related medical waste. Some 
disadvantages of this method include nasal irritation, limitation on the amount of 
drug that can be delivered, peptidases, and large interpatient variability in absorp-
tion. However, highly effective and non-irritating absorption enhancers have been 
developed to overcome some of the limitations [139]. This route could be important 
for drugs used in crisis treatment (e.g., pain, sleep induction, panic attack, nausea, 
heart attack, etc.) due to the rapid absorption of drugs from the nasal cavity to the 
systemic circulation. In some of these cases, the putative pathway from nose to 
brain might provide a faster and more specific therapeutic effect [140]. This route 
is also very important for delivering drugs against respiratory infections since this 
route provides not only systemic immune response but also local mucosal immune 
response. The latter should provide a much higher immune response against 
these diseases. Considering the potential benefits of this route of delivery, we can 
expect novel nasal products in the near future. Some nasal delivery systems are 
described below.

4.1 Chitosan

Chitosan has attracted much attention as a nasal delivery system recently. 
Chitosan is produced by the deacetylation of chitin found in crustacean shells. The 
resulting free amino groups allow chitosan to exist in the protonated form (see 
Section 2.9.2) in the acidic environment. Chitosan glutamate is a pharmaceutically 
acceptable chitosan salt for nasal drug delivery. It has an average molecular weight 
of ~250 kDa and a degree of deacetylation > 80% [140]. A nasal morphine product 
containing chitosan as an absorption enhancer is being investigated. Morphine is 
a polar drug and is not readily absorbed via the nasal route using simple formula-
tions [141]. However, the addition of chitosan to the nasal formulation leads to a 
remarkable increase in nasal morphine absorption. As discussed in Section 2.9.2, 
chitosan improves the transport of polar drugs across the epithelial membrane 
via the transient opening of the tight junctions in the cell membrane [142–144]. 
Another mechanism of improving the transport of polar drug across the epithelial 
membrane by chitosan is via bioadhesion. Finally, chitosan is non-toxic and non-
irritant to the nasal membrane [145].

Other cationic polymers, such as poly-L-Arg and aminated gelatin has also 
been investigated for their application as absorption enhancers. These polymers 
work in a way similar to chitosan. These polymers improve the absorption of 
fluorescein-isothiocyanate (FITC)-dextran and insulin with negligible nasal 
toxicity [146–148].
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4.2 Cyclodextrins

Cyclodextrins have been used as absorption enhancers in animal models  
[149–150]. But, their usefulness has not been confirmed in humans. However, 
cyclodextrin systems are in use in nasal formulations for drug stabilization.

4.3 Lipids and phospholipids

Phospholipid material didecanoyl-L-α-phosphatidyl choline was used as an 
absorption enhancer to develop the nasal delivery system for insulin. However, 
the development was halted due to low bioavailability in diabetic patients [151]. A 
nasal insulin formulation with a bioavailability of 35% has been reported. Irritation 
problems were also reported.

5. Buccal route

Delivery of proteins or peptides via buccal route involves administration of 
therapeutics through the mucosal membrane lining the cheeks [152]. In this pro-
cess, the drug is placed in the mouth between the gum and cheek [153]. Buccal 
delivery has many advantages such as ease of use, bypassing the GIT, large contact 
surface area, etc. This method can also be employed to deliver hydrophilic macro-
molecules [154]. However, this method has some disadvantages such as irritation of 
the mucosa, low permeability of the peptide, and bitter taste of many buccal drugs. 
Absorption enhancers and adhesive polymers are being used to overcome some 
of these problems. Several drugs such as insulin, oxytocin have been successfully 
delivered via this route. Mucoadhesion (discussed in Section 2.6) is very important 
during the development of buccal drug delivery systems. Some methods employed 
for increased drug delivery via this route are described below.

5.1 Absorptions enhancers

Absorption enhancers are essential for delivering protein or peptide therapeutics, 
which generally show low buccal absorption rates. Some absorption enhancers are 
aprotinin, benzalkonium chloride, cyclodextrin, polyoxyethylene, sodium EDTA, etc.

5.2 pH

Permeability of acyclovir was investigated in the presence of sodium glycochol-
ate (absorption enhancer) at a pH range of 3.3 to 8.8. The permeability of acyclovir 
was found to be pH dependent.

5.3 Patch design

Much research have been performed to understand the relationship between 
the type and amount of support materials and the drug release profile. Results 
indicated that these two factors are interrelated. It was also shown that single- and 
multi-layer patches have different drug release profiles.

6. Pulmonary route

The pulmonary route has been used to successfully deliver peptide therapeutics 
such as desmopressin, calcitonin, human growth hormone, parathyroid hormone, 
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etc. [155]. There are several barriers to this route of peptide or protein delivery, such 
as respiratory mucus, mucociliary clearance, pulmonary enzymes, and macro-
phages that secrete peroxidases and proteases [156]. However, the large surface 
area, good vascularization, high capacity for solute exchange, and ultra-thinness are 
some of the attractive features of the alveolar epithelium that can facilitate systemic 
delivery of proteins or peptides via this route. The passage of large hydrophilic mol-
ecules through alveolar epithelium and capillary endothelium is limited. Absorption 
enhancers and enzyme inhibitors have been used to increase the absorption of 
peptide or protein therapeutics. However, these can be damaging to lung tissues. 
Some pulmonary delivery systems are described below.

6.1 Absorption enhancers

Cyclodextrins has been used as pulmonary absorption enhancers [157]. The rela-
tive efficiency of cyclodextrins in enhancing pulmonary insulin absorption follows 
the following order – dimethyl-β-cyclodextrin > α-cyclodextrins > β-cyclodextrin 
> γ-cyclodextrin > hydroxypropyl-β-cyclodextrin (Figure 19). Lanthanide ions are 
also effective in enhancing pulmonary insulin absorption [158].

Figure 19. 
Structures of cyclodextrins (top) and the cyclodextrin-drug complex (bottom).



61

Protein and Peptide Drug Delivery
DOI: http://dx.doi.org/10.5772/intechopen.99608

6.2 Enzyme inhibition

Enzyme inhibitors (e.g., bacitracin, bestatin, nafamostat mesylate, soybean tryp-
sin inhibitor, potato carboxypeptidase inhibitor, phosphoramidon) has been shown 
to enhance pulmonary absorption of proteins and peptides [159–161]. In addition to 
insulin, the absorption of calcitonin has been shown to increase [161–164].

6.3 Microparticles

The human lung is equipped with mechanisms to remove deposited particles 
by mucociliary clearance and phagocytosis. These clearance mechanisms should 
be considered while designing protein or peptide therapeutics and nanoparticles 
as a vehicle. The aim should be to achieve more efficient absorption and sustained 
therapeutic effect. It has been reported that inhalation of large porous insulin 
particles resulted in an elevated systemic level of insulin [165]. On the other hand, 
small non-porous insulin particles did not sustain therapeutic effect (4 hours vs. 
96 hours for large porous particles). It has also been reported that the pulmonary 
delivery of insulin with nebulized DL-lactic/glycolide copolymer nanoparticle 
resulted in more sustained release (48 hours vs. 6 hours) compared to the nebulized 
aqueous solution [166].

6.4 Liposomes

Enhanced pulmonary absorption of protein or peptide therapeutics (e.g., 
insulin) has been shown using the Liposome (discussed in Section 2.7) as a carrier. 
Intratracheal administration of insulin liposomes led to increased pulmonary uptake 
of insulin [167]. The ability of liposome to promote pulmonary insulin absorption 
depends on the concentration, charge, and acyl chain length of the phospholipid [168].

6.5 PEGylation

Pulmonary absorption of protein or peptide therapeutics has been shown to 
increase using PEG. The pulmonary absorption of PEGylated r-huG-CSF generated 
a more intense response as compared to r-huG-CSF alone [169].

7. Rectal route

Rectal delivery of drugs is sometimes necessary if other routes of delivery are 
not applicable. This method offers some advantages such as rapid absorption of 
many low molecular weight drugs, partial avoidance of the first-pass metabolism, 
potential absorption into the lymphatic system, retention of large volumes, etc. 
This method is also beneficial considering the low amount of proteases compared 
to other parts of the GIT. This route allows both local and systemic delivery of 
drugs. Local delivery of drugs can be used to treat constipation, hemorrhoids, 
inflammation, hyperkalemia, etc. Systemic delivery of drugs can be used to treat 
pain, fever, nausea and vomiting, migraines, and sedation. Controlled absorption 
enhancement can also be achieved via this route due to the constant condition 
of the rectal environment. However, this method also has limitations, including 
limited absorption surface area, dissolution problem due to low fluid content, 
drug metabolism, etc. [170]. Several drugs such as insulin and pentagastrin 
have been successfully delivered via this route. Some rectal delivery systems are 
described below.
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7.1 Absorption enhancers

Since the bioavailability of the peptide is low via the rectal route, various 
absorption enhances such as enamines, salicylate and its derivatives, surfactants, 
micelles, etc., have been investigated. It has been shown that enamine derivatives 
enhanced rectal absorption of CMZ (a hydrophilic antibiotic) [171]. Salicylate 
and its derivatives enhance rectal absorption of insulin, heparin, gastrin, and 
pentagastrin [172].

7.2 Protease inhibitors

Protease inhibitors reduce the degradation of various proteins and peptides due 
to the inhibition of proteases at the absorption site. Therefore, the use of protease 
inhibitors is one of the promising approaches for delivering protein or peptide 
therapeutics. Protease inhibitors (e.g., bacitracin, aprotinin, bestatin, trypsin 
inhibitor, puromycin, etc.) has been shown to enhance rectal absorption of protein 
and peptide therapeutics [173].

7.3 Chemical modification

Chemical modification of protein or peptide therapeutics is a potentially use-
ful approach to deliver the protein or peptide of interest via the rectal route. For 
example, the acyl derivative of insulin improves its membrane permeability by 
making it more lipophilic [173]. Chemical modification may also protect the protein 
or peptide of interest from enzymatic degradation.

7.4 Cyclodextrins

Cyclodextrins are cyclo oligosaccharides consisting of several glucopyranose 
units (see Section 6.1). These act as host molecules that form inclusion complexes. 
Parent cyclodextrins can be modified to extend physicochemical properties and 
inclusion capacity. Cyclodextrins were shown to help rectal drug delivery with 
respect to stabilization, release, bioavailability, and alleviation of local irrita-
tion. Enhanced rectal absorption of lipophilic drugs by cyclodextrins is due to 
improved release from the vehicle and dissolution rate in the rectal fluid. However, 
the enhanced absorption of protein or peptide therapeutics is due to the action of 
cyclodextrins on the rectal epithelial cells [174].

8. Conclusion

Proteins and peptides are essential in various biochemical processes. These are 
also involved in various pathophysiological conditions. Therefore, the application 
of proteins and peptides to combat diseases, including cancer and diabetes, will 
be beneficial. However, unfavorable physicochemical properties of protein and 
peptides such as large size, hydrophilicity, and stability limit their use. Various 
approaches (discussed in this chapter) have been developed to overcome these 
problems. However, there is no general strategy for the delivery of protein or pep-
tide therapeutics. One reason for the absence of a general strategy is the complex 
nature and variety of peptides and proteins. Thus, many strategies discussed in this 
chapter were focused on the delivery of the protein or peptide of interest. The long-
term safety and efficacy of all these strategies should be considered. So, there are 
challenges to overcome in delivering the protein or peptide therapeutics. However, 
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the future of protein and peptide delivery is bright considering the growing number 
of materials and combinatorial approaches. Also, emphasis is placed on developing 
cost-effective, tunable, biodegradable, and biocompatible materials for protein and 
peptide delivery. In the near future, it will be excellent to have a system that can be 
used for the delivery and systemic stability of different proteins and peptides.
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Abstract

Rheumatoid arthritis (RA) is a progressive autoimmune inflammatory disorder 
characterized by cellular infiltration in synovium causing joint destruction and 
bone erosion. The heterogeneous nature of the disease manifests in different clinical 
forms, hence treatment of RA still remains obscure. Treatments are limited owing 
to systemic toxicity by dose-escalation and lack of selectivity. To overcome these 
limitations, Smart drug delivery systems (SDDS) are under investigation to exploit 
the arthritic microenvironment either by passive targeting or active targeting to 
the inflamed joints via folate receptor, CD44, angiogenesis, integrins. This review 
comprehensively deliberates upon understanding the pathophysiology of RA and 
role of SDDSs, highlighting the emerging trends for RA nanotherapeutics.

Keywords: smart drug delivery systems, active & passive targeting, Stimuli-
responsive nanoparticles, polymer-drug conjugates, Arthritic microenvironment

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune-mediated systemic, chronic 
inflammatory disorder characterized by progressive inflammation of joints, cell 
infiltration, pannus formation, synovial dysplasia resulting in cartilage destruction 
and bone erosion [1]. The worldwide prevalence rate of RA in adult population has 
been predicted between 0.5–1% and 0.92% in India [2]. Generally, prevalent in 
women when compared to men (3,1) at any age group. According to recent statistics 
given in 2019 by the Global RA network and WHO, 23 million people are affected 
by RA, globally [3]. RA etiology is implicated to be linked to metabolic, genetic, 
environmental factors, and life style of the patient [4]. While it is considered 
non-lethal, RA is debilitating and severely compromises the quality of life, further 
reducing life expectancy in patients.

Despite tremendous progress in evolving efficient pharmacological molecules 
for RA therapy, their efficacious delivery at the diseased joint remains a long-lasting 
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challenge. Over the last two decades, disease-modifying anti-rheumatic drugs 
(DMARDs: such as methotrexate (MTX), hydroxychloroquine (HCQ ), sulfasala-
zine (SSZ), leflunomide (LFM), have attracted attention for effective attenuation 
of disease progression. Patient compliance is the primary treatment goal with 
glucocorticoids(GCs); e.g., prednisolone, dexamethasone, hydrocortisone, triam-
cinolone acetonide, and NASAID (such as ibuprofen, diclofenac, indomethacin 
etc) result in reducing pain and curbing disease progression [5]. Unfortunately, 
the associated toxicity caused by dose-escalation and long-term use with undesir-
able side-effects are limiting the therapeutic success. Continued medication of 
NSAIDs causes gastro-intestinal and renal toxicity; glucocorticoids cause hyper-
tension, hyperglycemia, muscle wasting, osteoporosis, etc.; nausea and vomiting 
are common side-effects of conventional DMARDs, including gastro-intestinal 
irritations, headaches, insomnia, cytopenia, skin and hair damage, etc.; giving 
biologicals run the risk of anaphylaxis, infections, malignancy, psoriasis and other 
autoimmune disorders [6, 7]. Biosimilars/biologicals/Biological response modifiers 
like infliximab, adalimumab, rituximab etc. that have approval of Food and Drug 
Administration (FDA), were considered for their selective site-specific action, 
achieved extensive success in clinics for RA treatment. Prior reports suggest com-
bination therapy with biologics, and synthetic DMARDs were found to be highly 
effective [8].

To circumvent the off-target drug induced systemic toxicity, direct drug delivery 
via the intra-articular injection to the affected joints was explored. Nevertheless, 
this mode of administration has several limitations, as it necessitates repeat injec-
tions in the joint, risk of infection, and joint disability. Therefore, a concerted effort 
for development of novel therapies are clearly warranted with a focus on targeting 
the inflamed joints.

Nanotherapeutics has emerged as an innovative approach enabling efficient 
delivery of drug for mitigating several diseases. The past decade, has seen an 
avalanche of publications that have increased our understanding of the patho-
physiology of the affected synovial tissue in RA and equivalent progress in nano-
technology and material chemistry, generating tremendous interest in developing 
Smart drug delivery system (SDDS). Entrapping the anti-inflammatory drugs in 
SDDS strategically has potential to overcome all the barriers of normal delivery, 
projecting it as a promising option for site-specific delivery. Currently, RA targeting 
nanotherapeutics has progressed rapidly because the inflammatory microenviron-
ments of arthritic joints mimic the tumor environment that has typical angiogenic 
features of neo-vessels coupled with impaired peripheral lymphatic drainage 
[9, 10]. This review comprehensively deliberates upon the understanding the 
pathophysiology of RA and role of SDDSs, highlighting the emerging trends for RA 
nanotherapeutics.

2. RA microenvironment

Chronic inflammation is the hallmark of RA that advances to destructive synovi-
tis [11]. It develops in a genetically susceptible person largely due to environmental 
factors and related epigenetic mechanisms [12]. It predominantly indicates leuko-
cyte infiltration, dysregulated angiogenesis, proliferation of lining layer, that alters 
the synovial tissue into an invasive pannus. The microvasculature of synovium is 
dysregulated, hence, in spite of enhanced flow of blood, the increased metabolic 
needs outdo the vascular blood supply, thereby creating an intense hypoxic micro-
environment. However, rheumatoid factor (RF) and anticitrullinated peptide 
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antibodies(ACPA) are induced and must exist before the onset of this disease. The 
heterogeneous nature of the disease manifests in different clinical forms, hence 
treatment of RA still remains obscure. It is well documented that synovial micro-
environment has abundance of macrophages, multifaceted crosslink of immune 
cells secreting granulocyte colony-stimulating factor, pro-inflammatory cytokines, 
tumor necrosis factor(TNF-α), interleukin (IL-1), IL-6, chemokines, and degrading 
like MMPs that are particularly responsible for RA pathogenesis [13, 14]. Figure 1 
illustrates the network of cytokines secreted by multitude of cells involved in RA 
development that can be useful for assessment of disease progression along with 
biomarkers present on these cells.

2.1 Synovial fibroblasts (SF)

Proliferation and infiltration of SF is the key trigger for disease progression in 
RA. Under normal conditions fibroblasts are responsible for maintaining tissue 
homeostasis by modulating the inflammatory response [15]. Transcription factors 
like activator protein-1 and NF-κB, responsible for proliferation, activation, dif-
ferentiation of fibroblasts, expression of MMPs, other matrix-degrading enzymes 
like cysteine proteases and aggrecanases have been observed in the synovium [5]. 
The genetic analysis of synovium would be useful for biological therapy as synovial 
tissue has a robust immune-inflammatory gene expression [16].

2.2 B cells

B cells contribute to antibody production i.e. RF and anticyclic citrullinated 
peptide antibody (ACPA), and other effector roles to entail disease progression 
[17]. RF and/or ACPA promotes severe bone and joint erosions as the citrullinated 
proteins aggravate RA progression [18]. B cells are pointedly responsible for regula-
tion of inflammatory response by serving as antigen-presenting cells and releasing 

Figure 1. 
Schematic illustration indicating the key events and signaling cascades involved in RA pathophysiology. 
Leukocytes infiltrate synovium and stimulate the inflammatory cascade, characterized by cross-talk of SF 
and macrophages, monocytes, mast cells, dendritic cells, as well as B and T cells. Endothelial cells facilitate 
angiogenesis. The advanced stage includes hyperplastic synovium, cartilage damage, bone erosion, and systemic 
consequence. Bone resorption by osteoclasts practically creates bone erosions. The obliteration of the subchondral 
bone can ultimately lead to the degeneration of the articular cartilage that is a result of reduced osteoblasts and 
an increase in the number of osteoclasts and synoviocytes.
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pro−/anti-inflammatory cytokines that additionally control T cell differentiation 
and proliferation, and activation of macrophages [5].

2.3 T cells

Activated T cells comprise ≥50% of RA synovial cells, and majority are memory 
CD4 T cells. In terms of T cell subsets, the Th1(T helper 1) and Th17(T regulatory) 
are predominant, but lack Th2 subsets [5]. T cells release cytokines as their effector 
functions; Th1 release interferon gamma(IFN-γ), that further activate macrophages 
and increases its phagocytic activity. Likewise, effector cytokines of Th17 cells are 
IL-17A, IL-17F, IL-21, and IL-22, responsible for cell recruitment, secretion of pro-
inflammatory cytokines, initiation of differentiation of B-cell, and activate NK cells 
[19]. IL-17 may emerge as a beneficial target for RA therapies.

2.4 Macrophages

Macrophages are tightly regulated by microenvironment signals including 
presence of injured cells, microbial debris, pro/anti-inflammatory cytokine or 
mechanical forces [19]. Depending on the cues, macrophages tend to polarize 
into characterized phenotypes like pro-inflammatory or immunomodulatory 
[20]. Taking advantage of the fundamental homing capability of macrophages 
to migrate to the injured/inflamed arthritic synovium, macrophages can be 
exploited as delivery vehicles to target specific macrophage populations to carry 
payloads.

2.5 Osteoclasts

Enhanced osteoclast activity triggered by disproportionate ratio of 
Osteoprotegerin (OPG) and receptor activator of nuclear-factor kappa-beta ligand 
(RANKL) are critical factors for RA progression. When RANKL is overexpressed 
by activated macrophages, osteoblasts and lymphocytes, it stimulates an imbal-
ance between osteoclast multiplication and anomalous activation triggered by the 
binding of RANKL to RANK on the mature osteoclasts and on the cell-membranes 
of precursor cells of osteoclast [21]. In addition, MMP-9 and MMP-14 secreted by 
the osteoblasts, triggers matrix degradation in cartilage, formation of pannus, and 
osteoclast migration to surface of the bone. Osteoclasts significantly cause erosion 
of subchondral bone, articular cartilage, and the synovium.

2.6 Enzymes and other effector molecules

MMPs are the enzymes that irreversibly cause extracellular matrix (ECM) 
degradation, and slow-destruction of cartilage and bone in diseased joints. MMPs 
are zinc-dependent endopeptidases that are categorized into five sub-classes: i) 
gelatinases (MMP-2 and 9), ii) collagenases (MMP-1, −8 and 13), iii) stromelysins 
(MMP-3, −10 and − 11), iv) matrilysins (MMP-7 and -26) and v) membrane-type 
MMPs (MMP-14 to −17, −24 and − 25) [22, 23]. MMP-1, 2, 3, and 9 have been 
directly implicated in RA progression [24]. MMPs, in combination with lipases 
and esterases, accelerate degradation of ECM, articular cartilage and surface of 
the subchondral bone [25]. Ever-increasing emerging targets including these 
enzymes provide more options for anti-arthritic therapy with the help of targeted 
SDDS for RA.



79

Smart Drug-Delivery Systems in the Treatment of Rheumatoid Arthritis: Current, Future…
DOI: http://dx.doi.org/10.5772/intechopen.99641

3. Rationale of SDDS

Enhancement of therapeutic efficiency by ‘intelligent/smart’ carriers that 
release drugs in a controlled manner at the site of action to achieve minimal side 
effects are categorized as “Smart Drug delivery system” (SDDS). Maintaining 
optimum size and surface properties, the materials can be engineered to create 
nanoparticles that can maneuver the microenvironment and respond to endogenous 
stimuli, like increased concentration of some enzymes, redox gradient-enhanced 
level of glutathione, or variations in interstitial pH [26] and/ or exogenous stimuli 
that include temperature changes, applying magnetic field or light, and giving high 
energy radiation.

3.1 pH-responsive

pH, an important parameter linked to pathophysiological conditions, like 
inflammation can be exploited for enhanced therapeutic efficiency [27]. Reports 
priori give clarity that pH in normal tissue and blood is maintained around 7.4, 
but in arthritic microenvironment, extracellular pH values are intrinsically acidic, 
usually pH 6.8 [28]. The acidic pH can be attributed to the excess infiltration and 
activation of proinflammatory cells in the synovium, causing increased demand 
for oxygen and energy. Augmented consumption of glucose via glycolysis con-
sequently enhances production of lactic acid, that causes local acidosis [29, 30]. 
Hence, the nanoparticles should be strategically designed to sensitively distinguish 
pH changes in inflammatory area where high disease activity and joint destruction 
correlates with low synovial pH. These pH-responsive nanoparticles encapsulat-
ing therapeutic molecules like NSAIDs, DMARDs etc. can be promising for RA 
treatment. Even at the cellular level, pH-sensitive SDDS can either stimulate drug 
release into lysosomes, or the late endosomes or may even trigger the escape of 
nanoparticles from lysosomes into the cytosol [31]. Appropriate size will enable 
efficient penetration in the inflamed joints, facilitated by angiogenesis during RA 
progression, that causes endothelial cell discontinuity leading to enhanced vascular 
permeability [32].

Two strategies are rationally used to design of pH-sensitive SDDS, one using 
materials with acid-sensitive bonds, that can be cleaved by low pH conditions 
allowing the release of encapsulated molecules from the nanoparticles; and sec-
ondly, using polymers (polyacids or polybases) that have ionizable groups, that 
undergo pH-dependent transformation and change in solubility [33]. Researchers 
have engineered a dual-strategy by attributing targeting abilities by surface func-
tionalization and simultaneously using pH responsiveness to enhance therapeutic 
selectivity in RA.

3.2 Redox-responsive

Intracellular microenvironment can be exploited using redox responsive 
NPs. Reactive oxygen species (ROS) is generated primarily during oxidative 
phosphorylation(OXPHOS), but can further be produced by oxidative burst of 
activated phagocytic cells [34]. Polymers with ROS-sensitive thioketal moiety, 
or selenium (Se), tellurium (Te), B-based linkers in their monomeric back-
bone can be utilized as building blocks for the synthesis of stimuli- responsive 
nanoparticles. Hence, ROS can easily be monitored as an intracellular indica-
tor [35] as chronic inflammation induces continuous production of ROS [36]. 
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ROS concentrations in inflammatory tissues ranges 10- to 100- fold higher than 
normal tissues [36], thus, promising accuracy and specificity to develop the redox 
stimuli-responsive DDSs.

3.3 Temperature-responsive

Temperature is another crucial factor essential for release of drug [38], as 
the normal physiological conditions have lower temperatures compared to the 
inflamed RA microenvironment [39]. Therefore temperature-responsive function-
alized NPs can be used to trigger the release of drug at the inflammatory site. They 
are designed and fabricated to retain their payloads at physiological temperature 
(37°C), and quick release it when the temperature is increased around 40–45°C, 
attributing a more efficient targeted SDDS [40]. Phase-transition behavior of 
the materials that are thermosensitive are used to design NPs, based on the lower 
critical solution temperature (LCST) of polymers/lipids whose solubility varies 
with changes in temperature. All excipients in a mixture are totally miscible in all 
amounts in LCST. In materials with transitional behavior, increased solubility is 
observed below LCST; and polymeric constituents are prone to swelling due to 
the hydrogen bonds being formed between the polymer functional groups with 
water molecules enabling drug loaded molecules. When temperature is raised 
above the LCST, a hydrophobic-hydrophilic conversion takes place, that leads to 
a morphological transformation from a random coil-to-globular form. Because 
of alterations in temperature, the hydrogen bonds breaks causing the network to 
collapse, and the polymer becomes insoluble, causing shrinkage in the volume 
and oozing-out of water molecules from inside. This transition initiates release 
of the entrapped payload of drugs. The application of thermo-responsive SDDS 
is based on the concept of exploiting the temperature difference between healthy 
and diseased tissues [40]. Thermal energy can be given directly, or external 
utilizing heat sources like NIR that may be indirectly applied in RA, that elicits a 
thermo-responsive behavior based on the thermo-sensitivity of nanomaterials. 
Typically, the requisite range of temperature fluctuates from 38–43°C [37]. The 
temperature-stimuli can originate from within the body, or by localized hypo-
thermia, or hyperthermia, may provoke a response based entirely on the thermo-
sensitivity of used nanomaterials. Additional advantages of thermo-sensitive NPs 
may be attributed to reduction in use of toxic organic solvents during fabrication, 
the capacity to entrap both lipophilic and hydrophilic molecules, controlled and 
sustained release properties. A plethora of reports using several polymers have 
been established for the synthesis of temperature-responsive systems, that include 
derivatives of poly(N-isopropylacrylamide (PNIPAAm), pluronics (poly(ethylene 
oxide)- poly(propylene oxide) (PEO-PPO)), poly(N vinyl caprolactam), polysac-
charide spinoffs, and derivatives of phosphazene [41–43]. Researchers are making 
concerted efforts on achieving temperature-responsive NPs stimulated by mag-
netic action coupled with thermo-responsive effect by light absorption instead of 
temperature alone.

3.4 Light and magnetic responsive

Light-responsive systems rely on an external stimulus to activate the drug 
release preferably at the target site using light irradiation. NPs respond to ‘on–off 
drug’ release, as it may close/open when stimulated using light radiation. Also 
termed as photodynamic therapy, SDDS based on magnetic stimuli represents 
another external way to trigger drug release at the target site under programmable 
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exposure of magnetic field [37]. Iron-oxide NPs have excellent potential for smart 
drug delivery, as it exhibits a significant response to both light and magnetic stim-
uli, it can be exploited for triggering a burst release of drug at the inflamed sites 
of RA termed as the magneto-calorific effect and photothermal effects. Thermal 
properties of magnetic NPs might be conveniently modulated by modifying their 
own viscosity in the endo-cellular environment. Photodynamic therapy (PDT) 
and photothermal therapy (PTT) use photosensitizers as therapeutic molecules. 
Moreover, near infrared(NIR) light can efficiently infiltrate the inflamed RA joints. 
Cu7.2S4 nanoparticles triggered with NIR irradiation (808 nm, 1 W cm−2) was sug-
gested to accomplish improved bone mineral density (BMD) and bone structure 
and volume. It further impedes invasion to synovial tissue, erosion of cartilage and 
bone in vivo.

Huo et al. have prepared optical nanoparticles induced PTT and PDT and docu-
mented probable pathways for cell toxicity [44]. During PTT cell necrosis can be 
induced by NIR laser light irradiation (wavelength:1064 nm), however when given 
as combination therapies (PTT + PDT), evidence of both necrosis and apoptosis 
pathways are indicated. Furthermore, PTT-PDT combination given simultaneously, 
can account for immunogenic cell-death, while fluorophores can be used for optical 
imaging as a diagnostic tool that can be applied for RA too.

3.5 Enzyme responsive

Specific enzymes like phospholipases, proteases, or glycoside are often over-
expressed in different pathological conditions, like inflammation, and can be 
exploited for enzyme triggered release and accumulation of drugs at the targeted 
site of interest [37]. Nevertheless, nature of cleavable units, the sensitivity of the 
delivery system can significantly influence the pharmacokinetics of entrapped 
payload. Further, it must be ensured that the metabolites or the degraded moi-
eties are non-toxic and biocompatible and are cautiously eliminated from the 
body. Therefore, in future, enzyme-responsive nanoparticles offer tailor-made 
therapy according to variations in levels of disease expression. Redox- and 
enzyme-responsive nanoparticles are coming up as promising therapies in RA 
treatment.

3.6 Energy upconversion NPs

Nanomaterials with exceptional physico-chemical properties targeting the 
lesions can be supplemented with precise external stimuli, such as light, microwave, 
ultrasound, and radiation. Upconversion nanoparticles (UCNPs) synthesized 
from rare-earth elements that are capable of translating NIR photons that have 
low-energy to high-energy ultraviolet or visible photons [45]. These extraordinary 
NIR excitation based optical properties of UCNPs allows penetration to deep 
tissues with minimum auto-fluorescence background, reinforcing a wide array of 
diagnostic applications alongwith biomedical imaging system [46, 47]. SDDS can 
translate the external stimuli and equivalent energy input into beneficial effects or 
release the payload via an energy-upconversion process [48]. Ultrasound-based, 
photo-dynamic-based, radiation-based and microwave-based, energy-UPNPs have 
been widely explored in RA treatment as an alternative therapy (Figure 2). These 
developing technologies induce death of synovial fibroblasts and other inflamma-
tory cells by generating hyperthermia, cellular ROS, mechanical and photoelectric 
effects [49]. Synovial cells can be directly targeted by nanoparticles to decrease 
bone erosion (Table 1)[50].
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Figure 2. 
Schematic representation of stimuli-responsive polymers for nanotherapeutics of rheumatoid arthritis (RA).

Stimuli 
category

Stimulus Description of the system Drug References

Chemical pH PLGA-PK3-lipid-polymer hybrid 
nanoparticles decorated with stearic 
acid-octa-arginine and folic acid (Sta-R8-FA-
PPLPNs/MTX) [PK3, Folate-PEG-PLGA, egg 
PC, and Sta-R8]

MTX [51]

pH Polymeric nanoparticles surface modified 
with Hyaluronic acid (HA)- (HAPNPs) 
consisting of polyethylenimine, egg 
phosphatidyl-choline, and PCADK

Dex [52]

pH PEGylated hyaluronic acid(P-HA) 
mineralized nanoparticles having a 
hydrophilic shell, 5β-cholanic acid as 
the hydrophobic core and CaP as the 
pH-responsive mineral

MTX [53]

pH Lipid nanocarriers formed by PEG-PLGA 
hydrophilic shell, functionalized with folic 
acid (FA) ligand for targeting FA-receptor, 
poly (cyclohexane-1,4-diylacetone 
dimethylene ketal) (PCADK) & PLGA as 
the hydrophobic core. PCADK was used as 
pH-responsive material

MTX [54]

pH Spherical self-assembled micelles of poly 
(β-amino ester)-graft-poly(ethylene glycol) 
(PAE-g-PEG) encapsulating MTX into the 
hydrophobic core.

MTX [55]

pH Acetone-ketal-linked pro-drugs (AKP-dexs) 
pH-sensitive of dexamethasone nanoparticles

Dex [56]
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4. Principle of SDDS

Presently, the conventional treatments exhibit escalation in dose and systemic 
toxicity upon administration of drug. Most anti-inflammatory therapeutic drugs 
are equitoxic to both the normal cells and inflamed cells. SDDS has been well 
recognized in the past few decades owing to its potential for site-specific and tar-
geted delivery [66]. Encapsulation of anti-inflammatory drugs in nanoparticles 
can enhance the site-specificity, reduce the dose, curtail the systemic toxicity 
and improve the biodistribution to targeted disease site [67]. To overcome the 
disadvantage of conventional delivery of drugs, selective delivery whether pas-
sive or active can be used for targeting drug to the site of action as SDDS in RA 
therapy.

Stimuli 
category

Stimulus Description of the system Drug References

ROS Folate conjugated to PEC 100 monostearate 
as film-forming material, and methotrexate 
(MTX) and catalase (CAT) co-encapsulated 
liposomes (FOL-MTX&CAT-L)

MTX [57]

Physical NIR Gold half-shell nanoparticles functionalized 
with RGD to target the inflammation, 
encapsulating methotrexate (MTX).

MTX [58]

PDT/PTT Copper (Cu)-based nanomaterials with 
assistance of L-cystein termed as Cu7.2S4 
nanoparticles (NPs)

__ [59]

Magnetic Magnetic iron oxide nanoparticles  
(IONPs)

__ [60]

Multimodal 
Imaging

Light Nanoparticles composed of PLGA 
co-encapsulating Au/Fe/Au- half-shell 
nanoparticles

MTX [61]

Biological Enzyme 
(MMP)

Lipid nanoparticles with PEG coating, 
composed of triglycerol monostearate 
(TGMS) and 1,2-distearoyl-sn-glycero-3-
phospho-ethanolamine-poly(ethyleneglycol) 
(DSPE-PEG2000) encapsulating 
Dexamethasone

Dex [62]

Cytokines Nanoparticle system based on two natural 
polymers-N-trimethyl chitosan (TMC) 
and polysialic acid (PSA) encapsulated 
methotrexate

MTX [63]

Combina- 
torial

Temp & pH MTX loaded Gold nanoparticles and 
encapsulated in pegylated-poly (DL-lactic-co-
glycolic acid) nanospheres

MTX [64]

NIR & 
Magnetic 
field

MTX-encapsulated poly(lactic-co-glycolic 
acid) (PLGA) (Au)/iron, (Fe)/gold (Au) half-
shell nanoparticles coupled with arginine–
glycine–aspartic acid (RGD)

MTX [61]

pH & 
enzyme

Micelles of polyethylene-glycol-phenyl  
boric acid- triglycerol-monostearate (PEG–
PBA–TGMS conjugated PPT) encapsulating 
Dex

Dex [65]

Table 1. 
List of stimuli-responsive nanoparticles for the treatment of RA.
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4.1 Passive targeting

Passive targeting can be accomplished by targeting the physiological and anatomi-
cal changes in inflamed tissues, that occurred due to RA. For passive targeting, NPs do 
not require any surface modification, either by conjugation or by attaching a surface 
ligand. Various studies have shown the enhanced permeability and retention (EPR) 
mechanism for passive accumulation in inflamed tissues [68]. In the inflammatory RA 
milieu, there is evidence of angiogenesis but no evidence of displaying an abnormal 
lymphatic drainage [69]. The long-circulating delivery vehicles have been evidenced 
to specifically accumulate within the pannus of the inflamed synovium [70]. The 
hyperplasia in pannus exhibits a leaky vasculature due to high vascular permeability 
comparable to solid tumors. Consequently, taking advantage of leaky vasculature may 
for passive targeting is a promising option [71]. EPR allows NPs in size range from 20 
to 200 nm to selectively accumulate in pannus and display on the surface of inflamed 
tissue. In addition to the EPR effect, hypoxic and acidic environment of inflamed joint 
also favors passive targeting [70]. Arthritic inflamed joint has poor oxygen delivery 
and increased metabolic rate due to meager perfusion into the diseased synovial joint. 
Therefore, the two conditions can easily be used as method of passive drug target-
ing in less oxygen and acidic microenvironment of RA affected inflamed tissue. NPs 
administrated in blood stream with hydrophobic surface are easily recognized by 
reticuloendothelial system (RES) such as spleen and liver, and engulfed by macro-
phages, consequently quickly eliminated from systemic circulation.

4.2 Active targeting

Targeted delivery involves active targeting to specific cells in the microenvi-
ronment of arthritic joints. Overexpressed receptors on particular immune cells 
can be targeted with its complimentary ligand that is decorated on nanoparticle 
surface. Several receptors are expressed by different cells, we shall be discussing 
a few including CD44, folate and beta-3 integrins. Targeting angiogenic vascular 
endothelial cells are also under investigation, with E-selectin as a promising target 
molecule [72]. Receptor mediated endocytosis is responsible for efficient uptake of 
the ligand decorated carrier molecule (ligand-receptor interaction) (Figure 3).

4.2.1 Folic acid (FA) based active targeting

Activated macrophages overexpress folate receptor β(FR-β) in the arthritic joints 
[73]. Owing to post-translational modifications, the folate expressed on neutrophils 

Figure 3. 
Outline of the targeting strategies for nanoparticulate drug delivery systems used in RA.
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are incapable of binding to FR-β [74]. Alternatively, a functional FR-β has been 
identified on the activated macrophages having nanomolar affinity for folate. 
Hence, the FR-β receptor emerges as a useful target in various diseases including 
RA, osteoarthritis [75], systemic lupus erythematosus [76], atherosclerosis [77] and 
Crohn’s disease [78]. Macrophages are key players of RA pathogenesis, as they secrete 
pro-inflammatory cytokines, metalloproteinases, ROS and prostaglandins. Folate is 
an attractive option for ease of surface modification, hydrophilicity, and stability in 
different solvents. Methotrexate (MTX) encapsulated folate-conjugated glycol chi-
tosan (MFGCN) have been targeted to inflamed joint in adjuvant-induced arthritic 
rat model [79]. Likewise, surface of MTX-loaded liposomes was decorated with 
folate and were evaluated both in vitro and in vivo (DBA/1 J mice strain) [80, 81], 
and targeted against the FR-β on activated macrophages. Clinical efficacy of MTX 
in the DBA/1 J arthritic mice indicated significant expression of CD73. Since, low 
doses were required, this nanoformulation was economical and cost-effective. MTX 
loaded dendrimer nanoparticles with folic acid (FA) surface functionalization were 
reported to reduce progression of disease [82]. Further, authors suggested a ~ 7.5-fold 
increase in the maximum-tolerated dose of the MTX, when given as the formulation 
compared to the free MTX.

4.2.2 Hyaluronic acid (HA) based active targeting

CD44 is a glycoprotein, overexpressed on the surface of activated macrophages, 
present in the inflamed joints of RA. CD44 can be exploited as a prospective target 
in RA treatment. HA, a biocompatible natural polymer has ben explored as a ligand 
that effectively binds to CD44 receptor. HA coated hydroxyapatite NPs (HA-NPs) 
encapsulating methotrexate (MTX) and teriflunomide (TEF) - (HYA-HAMT-NP) 
were reported for RA treatment [83]. Results suggested that HYA-HAMT-NP could 
emerge as an effective delivery vehicle to circumvent hepatotoxicity caused by 
drugs in RA.

4.2.3 Anti-angiogenesis

Hypoxia in a critical factor in inflamed synovium that triggers neo-vascular-
ization from existing vessels termed as angiogenesis [84]. The neo-vascularization 
preserves the chronic inflammatory state by engaging cells to the inflammatory site, 
provides nutrition and oxygen to the multiplying cells. Additionally, the enlarged 
surface of endothelium triggers secretion of adhesion molecules, cytokines and 
stimulates neutrophil infiltration as well as synovial membrane into the cartilage, 
causing cartilage destruction and bone erosion [85]. Promising therapies based 
on angiogenesis are emerging for RA therapy, where VEGF and integrins are the 
therapeutic targets.

4.2.3.1 Vascular endothelial growth factor (VEGF)

Vascular endothelial growth factor (VEGF) is an endothelial-cell-specific 
angiogenic factor principally secreted by SFs in the pannus. In angiogenesis, VEGF 
triggers multiplication and migration of endothelial cells. Further, it enhanced 
blood vascular permeability, stimulates maturation and maintenance of the neo-
vessels [86]. TNF-α and IL-1, the pro-inflammatory cytokines induce the SFs and 
other cells to secrete VEGF, and VEGF is overexpressed at the inflamed joint owing 
to angiogenesis [87]. Therefore, VEGF and VEGF receptor inhibition can be an 
attractive strategy for RA treatment as it may effectively decrease inflammation by 
inhibiting angiogenesis.
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4.2.3.2 Vasoactive intestinal peptide (VIP)

Vasoactive intestinal peptide (VIP) is a neuropeptide of the central and periph-
eral nervous system that has vasodilatory, anti-proliferative, anti-inflammatory, cell 
protective agent and broncho-dilatory role. The activity of VIP binds to high affinity 
VIP receptors, that are overexpressed on T-lymphocytes and several inflammatory 
cells. VIP inhibits the secretion of pro-inflammatory cytokines to act as anti-inflam-
matory molecule. It also promotes the secretion of anti-inflammatory molecules by 
stimulated innate cells [88]. Proliferating synoviocytes and activated macrophages 
overexpress VIP receptors in inflamed RA. Therefore, VIP receptor specific ligands 
can be conjugates to nanoparticles to specifically target the diseased site. Therefore, 
VIP can be exploited as a therapeutic agent for active targeting to RA joint.

4.2.3.3 Integrins

Integrins are the biogenic markers of endothelium undergoing angiogenesis and 
play a vital effector role in it. Integrin alpha-V-beta 3 (αvβ3 integrin), also referred 
to as vitronectin receptor are overexpressed on osteoclasts and activated macro-
phages of the inflamed synovium. Integrin receptor promotes angiogenesis, helps in 
osteoclast-mediated bone resorption, and induces pathological neo-vascularization 
[89]. Inhibition of αvβ3 integrin activity stimulates endothelial cell apoptosis, 
thereby inhibiting angiogenesis [90]. Hence, αvβ3 is considered a reliable maker for 
targeted delivery to RA patients.

4.2.3.4 E-selectin

E- Selectin is a glycoprotein that is associated with leukocyte rolling and adhesion 
and is expressed on vascular endothelium of the inflamed synovium, and promotes 
angiogenesis [91]. The inflammatory cytokines maintain its upregulated expression 
in the inflamed tissue. Therefore, expression of e-selectin can be a useful molecular 
target for RA therapy. Therefore, e-selectin serves as yet another attractive strategy 
for active targeting of the chosen delivery of drug to the diseased RA joint [92].

5. Nanotherapeutics

The assembly of stimuli-sensitive nanoparticles necessities the usage of biocom-
patible constituents, that can undergo supra-molecular changes in conformation, 
a hydrolytic cleavage, and precise protonation, etc. Polymers have maximum 
suitability and has been widely explored class of materials that have incredible 
potential. Polymers may be of natural or synthetic origin. The flexibility of the 
polymer sources and its ability for synthesis of various combinations of polymers 
has facilitated manipulation of the polymer sensitivity to specific stimuli within a 
narrow range [93]. Nanoparticles could be synthesized by lipid, metals and poly-
mers. NPs decoy pro-inflammatory molecules like cytokines and ROS and some-
times osteoclast differentiation factors. Moreover, surface modification of NPs with 
target moiety is a extensive application in site specific drug delivery by enhancing 
the bioavailability of drug and reducing non-target side effects [94].

5.1 Polymer-drug conjugate (PDC)

PDC based DDS has been proposed by Ringsdrof in 1975 [95], in which a low 
molecular weight drug, targeting moiety and solubilizer are attached to polymeric 
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backbone covalently via bioresponsive linkers. PDC improves drug bioavailability, 
reduces drug toxicity, and are less toxic in nature, can easily be fabricated in regulated 
sizes that escape through renal filtration, exhibit increased retention time in blood cir-
culation [96]. PDCs under investigation include N-(2-hydroxypropyl) methacrylamide, 
poly(vinylpyrrolidone) (PVP), hyaluronic acid (HA) and poly (ethylene glycol) (PEG) 
[11, 97]. N-(2-hydroxypropyl) methacrylamide (HPMA) shows improved biodegrad-
ability, biocompatibility and increased efficacy in treating RA [11, 97]. HPMA-Dex 
conjugates were administered intravenously into CIA induced RA model, that resulted 
in accumulation at the inflamed joints [98]. PEG has been used for its hydrophilicity 
and biocompatible properties. PEG-DEX have been developed via acid-labile hydra-
zine bond and given to arthritic rats leading to decrease in joint inflammation [99]. 
Recently, FDA approved two PEGylated proteins for the treatment of RA: Pegloticase 
(Krystexxa®) and certolizumab pegol (CIMZIA®). Although, PEG attributes stealth 
properties to the NPs, there are some concerns regarding PEG conjugates that include 
low biodegradability and the  possibility to elicit an anti-PEG IgM antibody [100].

5.2 Nanoparticles

Nanoparticles are solid colloidal particles with unique physico-chemical proper-
ties such as ultra-small size, surface charge, large surface area to mass ratio Unlike 
polymer-drug conjugates, NPs allow encapsulation/absorption/entrapment of drug 
without modification. The high reactivity, diffusivity, solubility, toxicity, immu-
nogenicity and drug release characteristics can be manipulated to make efficient 
delivery system. Polymeric, liposomes, micelles and metallic nanoparticles are the 
most commonly used nanoparticles [101].

5.2.1 Biopolymeric nanoparticles

The biodegradable backbone in biopolymeric NPs protects the drug from in vitro 
and in vivo degradation. Alginate, Gelatin, Pectin, Chitosan, are natural biopolymers 
that are highly investigated as they are biocompatible and biodegradable. Chitosan is 
polycationic in nature, that allows surface modification with ease and is a natural muco-
adhesive. Kumar et al. reported Chitosan nanoparticles encapsulating Dexamethasone 
(DEX) and Methotrexate (MTX) for their in vitro efficacy in RAW264.7 cells and in vivo 
efficacy in arthritic rat model. Results convincingly indicated reduced toxicity and high 
efficacy in arthritic model [28]. The main drawback of chitosan is insoluble in alkaline 
and neutral medium due to absence of free amino group, but due to protonation of free 
amino group in acidic medium, there is enhanced solubility.

Glycol chitosan has enhanced water solubility and functional groups for further 
chemical modifications making it better suited as a potent drug carrier [102].  
Glycol-chitosan nanoparticles(GCNPs) are biocompatible, pH responsive and 
biodegradable. Methotrexate (MTX) encapsulated folate-conjugated glycol chitosan 
(MFGCN) have been reported to target the overexpressed folate receptors β (FR-β) 
on activated macrophages in the inflamed joint in adjuvant-induced arthritic rat 
model. Figure 4 gives a pictorial description of MFGCN that reduced the arthritic 
index, improved the antioxidant response and decreases pro-inflammatory cytokines 
and suggesting its potential in targeting activated macrophages of synovium [79].

5.2.2 Gold nanoparticles(GNPs)

GNPs can be surface functionalized through covalent bonding, by cationic 
polymers or physical or ionic absorption [103], functional groups like e.g. thiol, 
amine, and carboxyl groups that are reactive [104]. GNPs were strategically planted 
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in macrophages to target thioredoxin reductase to evaluate its antiangiogenic impact 
by binding to the vascular endothelial growth factor (VEGF) [105]. Lee et al. sug-
gested MTX encapsulated RGD-attached gold half-shell NP system for RA treat-
ment [106]. On irradiation with near-infrared (NIR), these GNPs delivered MTX 
to the inflamed joints, maximizing its efficacy with minimal side effects. GNPs 
were modified physically with Tocilizumab(TCZ) and chemically altered with an 
end-group thiolated hyaluronate(HA). This complex of HA-GNP-TCZ indicated 
a synergistic effect for its dual-functional effect on VEGF and IL-6R (receptors 
for IL-6) in RA treatment [107]. GNPs may block the RANKL induced osteoclast 
formation which leads to cartilage and bone destruction [108].

5.2.3 Liposomes

Liposomes are bilayered lipids with an aqueous core. Both hydrophobic as well 
as hydrophilic drugs can be encapsulated within phospholipids and the water phase 
cavity, making them SDDS [109]. Particle size determines the extent of accumula-
tion at the synovium, with maximum accumulation of liposomes reported with size 
<100 nm diameter [110]. Therapeutic efficacy is limited due to rapid clearance from 
circulation via the RES in the liver/spleen. Surface modification by PEG enhances 
its hydrophilicity, makes them sterically stabilized, circumvent rapid clearance, 
and enhance the retention time in blood circulation [110]. Corvo et al. reported 
enhanced circulation and accumulation of PEG-coated SOD entrapped liposomes 
(mean diameter ~ 0.11 μm) at the arthritic joints [111]. Considering the dynamic 
microenvironment of the diseased synovium, liposomal surface can be modi-
fied with ligands, antibodies/antibody fragments or for site-specific delivery of 
encapsulated cargo. Recently, dexamethasone encapsulated PEG-liposome treated 
arthritic rats indicated accumulation of liposomes, down regulation of pro-inflam-
matory cytokines along with reduced inflammation of the arthritic joints [112]. 
Liposome tagged with a peptide sequence (CKPFDRALC-called ART-2 ligand) 
encapsulating DEX significantly inhibited RA progression [113].

Figure 4. 
Pictorial representation of utilization of folate functionalized methotrexate loaded glycol chitosan 
nanoparticles (MFGCN) in treating CIA rats targeting inflammation and ROS in rat serum post 21 days of 
treatment (n = 6). [A] MFGCN development and active targeting of M1 macrophages in the inflammatory 
synovium. [B] LPO and LDH activity [C] panel showing antioxidant potential (activity quantification of 
GST, GSH, GP and GR) [D] quantification of TNF-α, IL-4, IL-1β, IL-10 and IL-17 [E] Representative 
H&E staining images of study groups comparing healthy and arthritic control groups with the treatment 
groups(n = 6). Data was analyzed by one-way ANOVA *p < 0.05, **p < 0.01, ***p < 0.001.
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5.2.4 Micelles

Micelles can be synthesized in small size with narrow size distribution from 
amphiphilic molecules that self-assemble into NPs in aqueous solution with a 
distinct hydrophobic cavity and an exterior hydrophilic surface. This makes them 
apt for intravenous injection and targeted delivery into the inflamed synovium 
as a consequence of extravasation through leaky vasculature and subsequent 
inflammatory cell-mediated sequestration (ELVIS) [114]. Wang et al. reported 
self-assembled micelles with an amphiphilic copolymer PEG-poly-e-caprolactone 
(PEG-PCL), which displayed ELVIS in inflamed joints [115], but the non-
biodegradable backbone of synthetic polymers caused non-specific accumulation 
in liver. Bader et al. [116] developed micelles from polysialic acid (PSA)-the 
hydrophilic polymer and synthesized micelles by altering it with N-decylamine 
(DA) and PCL, that formed the hydrophobic fragment. Prolonged circulation was 
observed with these micelles that accumulated passively at the inflamed tissue. 
PSA-DA micelles exhibited in-vitro cytotoxicity towards a synovial fibroblast cell 
line, the PSA-PCL micelles displayed negligible in-vivo cytotoxicity [117]. Further 
modifications were reported to improve the blood kinetic profile of the micelles. 
Core-cross-linked micelles were developed based on copolymer PEG-b-poly 
[N-(2-hydroxypropyl) methacrylamide-lactate] for targeted delivery of glucocor-
ticoids to the RA affected joints. Here, dexamethasone was modified by methac-
rylated linkers via ester bonds, and covalently encapsulated within the polymeric 
structure, leading to tailorable release of dexamethasone [118]. Targeted delivery 
of aqueous-synthesized MTX-PEI@HA NPs to mitigate inflammatory arthritis 
was reported [114]. Li et al. formulated pH-sensitive micelles by conjugating 
hydrophobic prednisolone to PEG-derivative that confers acid-sensitive sites for 
attachment by forming hydrazone bonds [119]. Dual-drug loading of nimesulide 
and MTX in RGD-modified micelles to target αvβ3-integrin validated efficient 
site-specific delivery, decreased angiogenesis with minimal dose of nimesulide 
and MTX [120].

6. Conclusion

Multifactorial pathogenesis is the hallmark in RA causing bone fragility and 
functional erosion linked disability in extreme conditions. Although, conventional 
therapeutic formulations alone or in combination may relieve the symptoms, these 
are associated with complex adverse reactions. Dose-escalation, immunogenic-
ity, systemic toxicity, and non-specific biodistribution in tissues warrant SDDS 
development. Stimuli-responsive NPs target specific inflammatory intermediaries, 
thereby suppressing the pathophysiological cascade, that may alleviate RA symp-
toms and delay joint destruction. Therefore, both the approaches may be exploited 
for achieving dose reduction coupled with drug accumulation at the targeted 
inflamed joint.
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Phospholipid Based Nano 
Drug Delivery Systems of 
Phytoconstituents
Mohammad Hossain Shariare and Mohsin Kazi

Abstract

The development of phytochemistry and phyto-pharmacology has enabled 
elucidation of composition and biological activities of several medicinal plant con-
stituents. However phytoconstituents are poorly absorbed due to their low aqueous 
solubility, large molecular size and poor membrane permeability when taken orally. 
Nanotechnology based drug delivery systems can be used to improve the dissolution 
rate, permeability and stability of these phytoconstituents. The current chapter 
aims to present the extraction of phytoconstituents, their identifications, and devel-
opment/utilization of phospholipid based nano drug delivery systems (PBNDDS). 
The content of the chapter also provides characteristic features, in-vitro, in-vivo 
evaluations and stability performance of PBNDDS. The results from the UHPLC 
and GC-MS showed different phytoconstituents in the extracted samples with 
quantitative value. Dynamic light scattering (DLS) data showed PBNDDS of differ-
ent phytoconstituents in the range of 50–250 nm with PDI value of 0.02–0.5, which 
was also confirmed by the electron microscopic data. Phytoconstituents loading or 
entrapment for PBNDDS was in the range of 60–95%. PBNDDS exhibited better 
in-vitro and in-vivo performance with improved Physico-chemical stability.

Keywords: phospholipid, liposome, phytosome, epigallocatechin gallate (EGCG), 
phytol, Aphanamixis polystachia, thymoquinone

1. Introduction

Phospholipid based nano drug delivery systems (PBNDDS) are becoming more 
promising due to its biocompatibility, amphiphilic characteristics, Physico-chemical 
stability and can be prepared for different diseases with sustain release and targeted 
delivery of different drugs [1]. PBNDDS can protect the drug from biodegradation, 
transformation and reduce cell toxicity by altering the bio-distribution. PBNDDS are 
easy to scale-up, sterilize in product development and cost effective. PBNDDS perfor-
mance depends on size, morphology of particles and possesses some unique properties 
like surface area to mass ratio which is larger than other colloidal systems. Controlled 
release and targeted drug delivery depend on the rate and mechanism of drug release 
from the carrier based drug delivery systems like PBNDDS, which can vary depending 
on the formulation, processing and routes of administration [1–6].

Phospholipids are heterolipids which can be extracted from both animal and 
plant origin, have been shown to generate lipid matrices of low crystallinity. 
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Different types of phospholipid based nano drug delivery systems (Figure 1) are 
used for both synthetic and natural source of drugs [7, 8].

Natural source of medicines have been used from ancient time [9]. 
Phytoconstituents present in plants having different pharmacological properties are 
useful substitutes to synthetic drugs. There are over 100 active ingredients derived 
from natural plants for use as drugs and medicines. Chronic inflammatory (stroke, 
chronic respiratory diseases and heart disorders), and central nervous system 
(CNS) diseases are major cause of global mortality. Different synthetic drugs used 
to treat these diseases results in severe adverse effects. Research is going on for the 
development of new drugs from natural medicinal plants [10].

Phytoconstituents showed strong anti-inflammatory activities due to their 
strong free radical scavenging action [11] and have shown beneficial effects on 
cancers, diabetes, cardiovascular diseases, stroke and obesity etc. Phytoconstituents 
also exhibit activity against neurodegenerative diseases (Alzheimer’s disease, and 
Parkinson’s disease) through different pathways [12–21].

2. Natural plant extract and phytoconstituents

In this chapter four different plant extracts and its phytoconstituents 
(Black seed oil containing thymoquinone, Jute leaf extract containing phytol, 
Aphanamixis polystachia leaf extract, green tea extract containing EGCG) are 
discussed (Figure 2), which were formulated as phospholipid based nano drug 
delivery systems (PBNDDS).

Thymoquinone a natural component of Black seed oil, which can be obtained 
from the seeds of Nigella sativa, found to have different pharmacological activity 
for the treatment of various diseases [22–26]. However, despite the various phar-
macological properties of thymoquinone, its administration in-vivo remains crucial 
due to its poor water solubility and stability issues. Therefore an advanced drug 

Figure 1. 
Phospholipid based nano drug delivery systems (PBNDDS) [1–3].
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delivery system is required to improve the therapeutic outcome of thymoquinone by 
enhancing the solubility and stability in water [27].

Jute leaf obtained from Corchorus olitorius L. [28, 29] has been used as traditional 
medicine. Jute leaf extract contains different phytoconstituents which are medici-
nally active and exhibits pharmacological effects against different diseases [30–33]. 
Phytol is one of the main phytoconstituents found in jute leaf extract demonstrates 
pharmacological activity against different diseases and in different in-vitro cell line 
studies [29, 34]. Phytol due to its multiple ring structure shows poor water solubility 
and absorption through the intestinal wall.

Aphanamixis polystachya a natural plant which contains phytoconstituents found 
to have different medicinal activities [35–38]. Leaf extract of A. polystachya plant 
showed CNS activities [39], therefore in this chapter A. polystachya leaf extracts 
and its phospholipid based nano drug delivery system (PBNDDS) activity against 
animal model of dementia is discussed.

Epigallocatechin-3-gallate (EGCG) is a main potent constituent of green tea 
extract (Camellia sinensis), which is one of the major catechins [40]. EGCG exhibit 
pharmacological activity against different diseases [41, 42] and also showed activity 
against carcinogenic effects in different animal models with different cancers 
[43–46]. EGCG has high water solubility however it exhibits low permeability 
across the gastrointestinal tract (GIT) leading to poor bioavailability [47, 48].

3. Issues with natural phytoconstituents

Phytoconstituents showed a range of pharmacological activity and less side 
effects compared to synthetic drugs; however phytoconstituents exhibit low water 
solubility, poor permeability through gastrointestinal tract and impede fast sys-
temic clearance [49]. Physical and chemical stability of phytochemicals is another 
issue [50–54]. Treatment of CNS and cancer diseases require targeted drug delivery 
for better therapeutic outcome. Nano drug delivery systems may be a promising 
platform for the improvement of aforementioned issues of natural plant extracts 
and their phytoconstituents. Therefore phospholipid based nano drug delivery 
systems of natural phytoconstituents could be the potential delivery system with 
better performance and stability [55].

Figure 2. 
Chemical structure of phytol, thymoquinone and epigallocatechin gallate.
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4. Nanoparticle based drug delivery of phytoconstituents

Novel nano drug delivery systems can improve the solubility, permeability, 
physicochemical stability and reduce toxicity of drugs [52]. Previous studies 
showed that the phospholipid based nano drug delivery systems can improve the 
oral delivery of thymoquinone [56, 57], and effective against breast cancer cell line. 
Mesoporous silica and chitosan nanoparticles are developed for delivery of thymo-
quinone to the brain [58]. In other study self nanoemulsifying and alginate beads 
delivery system were developed to improve the bioavailability, stability and targeted 
delivery of black seed oil [59].

Nanoparticulate based drug delivery system of phytol was used for Alzheimer’s 
disease [60]. Previous research also showed strong cytotoxic, anti-phytopathogenic 
and hepatoprotective effect of phytol loaded nano drug delivery systems [61, 62]. 
Phospholipid based nano formulation of EGCG are developed to enhance the 
release characteristics, bioavailability, and stability [63–66]. Previous study data 
suggest that nanoparticulate based delivery of EGCG showed better cytotoxic and 
in-vivo performance compared to pure EGCG [67–69].

5.  Phospholipid based nano drug delivery systems (PBNDDS) of plant 
extracts and phytoconstituents

Two types of phospholipid based nano drug delivery systems (PBNDDS) have 
been discussed in this chapter for four different natural extracts and its phytocon-
stituents, which are liposomes and phytosomes.

Liposome is a phospholipid based lipid bilayer vesicles where both hydrophilic 
and lipophilic drugs can be entrapped. Liposomal drug delivery system has become 
a budding technology for delivering drugs to improve the bioavailability, efficacy, 
safety and stability of both synthetic and natural source of medicines [70, 71]. 
Liposomal drug delivery system can be used to deliver drugs for neurodegenerative 
diseases through blood brain barrier (BBB) [72–74].

Phytosomes are structures prepared using natural plant extract with phospho-
lipid matrix. Phytosomal delivery system can improve the absorption and bioavail-
ability of phytoconstituents. In phytosome drug form complex with phospholipid 
like matrix formation while in liposomes, drug is entrapped in the core or lipid 
bilayer of phospholipids. Phytoconstituents of plant extracts showed better biologi-
cal activity when delivered through phytosomes [75–79].

This chapter is mainly focused on the development, preparation and solid state 
characterization of liposomal drug delivery systems of black seed oil, A. polystachya 
leaf extracts and Corchorus olitorius leaf extracts and their main phytoconstituents. 
Phytosomal delivery system development of green tea extract and EGCG is also 
discussed with different solid state characterizations. Finally stability, in-vitro and 
in-vivo studies were discussed for phospholipids based nano preparations of all 
extracts and their phytoconstituents.

Phospholipid can be extracted from both plant and animal source of origin. 
Phospholipid used in these studies was extracted from egg yolk, which is known 
as lecithin or egg lecithin. Results (UHPLC data) showed the presence of phos-
phatidylcholine (PC) peak (the main phospholipid component for liposome) and 
suggest that per gram of egg lecithin contain 100–200 mg of PC, where filtrate of 
egg phospholipid contain the most of the PC content compared to solid residue 
(Table 1) [80]. Phosphatidylcholine (PC) content was also quantified for peanut 
using UHPLC analysis and results demonstrate that less amount of PC is present in 
per gram of peanut (Table 1).
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6.  Plant extraction, identification and quantification by UHPLC  
and GC-MS

All four plants described in this chapter was extracted using maceration method 
(Figure 3). Plant extraction, its phytoconstituents identification and quantifica-
tion were performed using UHPLC and GC-MS analytical methods [80–83]. 
Results from UHPLC data showed that the concentration of thymoquinone was 
2.28 ± 0.68 mg/g of black seed oil [80].

Table 2 shows main phytoconstituents determined for Aphanamixis polystachya 
leaf extracts using GC-MS including Octadec-9-enoic acid, hexadecanoic acid, 
2-Pentanone, 2-hydrazino-2-imidazoline and beta-elemene etc. [81]. Previous 
researches in this area suggest that these phytoconstituents exhibit strong antioxi-
dant, anticancer and anti-inflammatory property [84–88], which found to have 
impact in neurodegenerative disorders including stroke [89–92]. However few of 
these phytoconstituents have poor solubility in water.

Major phytoconstituents present in the methanolic extract of Corchorus olito-
rius leaf are mentioned in Table 3, which are oleic acid, hexadecanoic acid, and 

Sample no/name Mass (mg/g) %

Egg sample 1 (filtrate) 212.80 ± 3.22 21.38

Egg sample 2 (solid residue) 9.71 ± 1.19 0.97

Peanut 5.56 ± 0.27 0.56

Table 1. 
Amount of PC present in egg yolk. Sample 1 represents extracted PC as filtrate and sample 2 represents PC as 
solid residue. Data are mean ± SD (N = 3).

Figure 3. 
Plant extraction process using maceration method.
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No. Name RT Area % N area %

1 4-hexen-2-one 4.68 1.72 6

2 Acetic acid, butyl ester 5.06 2.36 8.24

3 3-acetoxydodecane 5.68 1.83 6.39

4 2-pentanone 5.88 14.62 51.08

5 4,4-dimethyl-1-hydroxy-2-cyclo 8.94 2.55 8.92

6 Acetic acid, hexyl ester 10.78 4.73 16.53

7 1,2-cyclohexanediol 13.76 4.12 14.39

8 Acetic acid 15.4 4.05 14.14

9 2-hydrazino-2-imidazoline 17.6 3.41 11.91

10 Beta-elemene 22.4 0.4 1.39

11 5-hydroxypipecolic acid 29 1.88 6.56

12 2-hexadecen-1-ol, 3,7,11,15-TE 33.36 0.63 2.19

13 Octadecanal 33.48 0.67 2.36

14 9-hexadecenoic acid 35.88 5.66 19.77

15 Hexadecanoic acid 36.32 8.83 30.84

16 4-hydroxytetradec-2-ynal 38.96 1.69 5.89

17 Octadec-9-enoic acid 39.72 28.63 100

18 1.beta.-allylperhydro-2.alpha. 44.32 1.32 4.6

19 Cyclopentadecanone 44.86 4.02 14.02

20 1-tetradecene 45.82 3.18 11.09

21 Tridec-4-en-2-ynal 50.06 3.71 12.96

Table 2. 
List of major components present in the ethanolic leaf extract of Aphanamixis polystachya (adapted from [81]).

2-hexadecan-1-ol (phytol) etc [82]. Chromatographic results also suggest that 
500 μg EGCG was present in one milliliter of green tea leaf, which was extracted 
using water as solvent at different temperatures [83]. Results also suggest that 

No. Name RT Area % N area %

1 2,3-dihydro-3,5-dihydroxy-6-me 15.1 4.58 8.08

2 D-neoisomenthol 15.9 1.21 2.14

3 Neophytadiene 33.36 1.15 2.02

4 Tetradecanoic acid 35.3 3.25 5.72

5 14-pentadecenoic acid 35.9 4.31 7.6

6 Hexadecanoic acid 36.36 16.16 28.48

7 Hexadecanoic acid 37.28 1.54 2.72

8 Caryophyllene diepoxide 38.7 1.76 3.1

9 2-hexadecen-1-ol 38.96 6.48 11.41

10 Oleic acid 39.76 56.75 100

11 9-tricosene 41.84 2.81 4.94

Table 3. 
List of major components present in the methanolic leaf extract of Corchorus olitorius (adapted from [82]).
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extraction process performed at high temperature (80°C) exhibited high content of 
EGCG, which was also observed by other research study (Figure 4) [83].

7. Preparation of PBNDDS of plant extracts and its phytoconstituents

Phospholipid based nano drug delivery systems using liposomes & phytosomes 
were prepared for plant extracts and phytoconstituents. Phospholipid based nano 
drug delivery systems (PBNDDS) batches of plant extracts and its phytoconstitu-
ents showed average particle size of 50–250 nm, PDI value of 0.02–0.5 and entrap-
ment efficiency up to 90% (Figures 5 and 6). It was observed that the average size, 
polydispersity and entrapment efficiency of PBNDDS were markedly affected by 
the process and formulation factors used in different studies.

Figure 4. 
Green tea leaf extracted at different temperature using water as solvent.

Figure 5. 
TEM images for PBNDDS of phytoconstituents.
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Entrapment efficiency of black seed oil loaded liposomes was increased mark-
edly while cryoprotectant (sugar) and cholesterol were used in the preparation of 
liposomes. It was also observed that entrapment efficiency of liposomes was high 
for larger sized liposomes compared to small average size of liposomes.

8.  Effect of process parameters and formulation attributes on 
development of PBNDDS of plant extracts and its phytoconstituents

Process parameters perspective injection rate, stirring speed, stirring time and 
processing temperature (solvent-antisolvent mixing) found to have marked impact 
on the average particle size, polydispersity and entrapment efficiency of PBNDDS 
[80–83, 93, 94]. It was observed that high injection rate and processing temperature 
found to have major impact leading to low average size of phospholipid based nano 
drug delivery systems (PBNDDS). Low stirring speed (<1000 rpm) and stirring time 
exhibit low average size of PBNDDS. Interactions between process parameter also 
have marked impact on average size of PBNDDS, where batches prepared using high 
injection rate and slow stirring speed demonstrate low average size (Figure 7a and b).

Figure 6. 
DLS data of PBNDDS of phytoconstituents.

Figure 7. 
Two way interaction plots of [A] process parameters and [B] formulation attributes for average particle size 
of PBNDDS.
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Processing temperature found to be the most important process param-
eters which have significant impact on entrapment efficiency or loading 
of phytoconstituents on PBNDDS [83]. PBNDDS prepared using high 
 temperature and injection rate leading to low entrapment efficiency. This 
phenomenon also probably related to low average size of PBNDDS developed 
at these conditions, while PBNDDS with high average particle size having high 
entrapment or loading efficiency. Polydispersity of PBNDDS was markedly 
affected by  processing temperature and stirring speed and suggesting that 
batches processed at low temperature and high stirring speed found to be lessly 
 polydispersed [81, 82].

Formulation attributes - ratio of drug: phospholipid and phospholipid: 
 cholesterol, solvent system and its properties (phytoconstituents solubility, pH of 
the solvent), drug concentration found to have major impact on average particle 
size, polydispersity and entrapment efficiency of PBNDDS of phytoconstituents 
[80–83].

It is very imperative to find out the optimum level and amount of each of these 
process parameters and formulation attributes to achieve low average size with 
high entrapment or loading of phytoconstituents for PBNDDS. It was evident that 
not only the impact of individual parameters but its interactions also exhibited 
marked impact on the average size and loading of phytoconstituents for PBNDDS 
(Figure 7) [81–83].

9. Stability study of PBNDDS of phytoconstituents

Stability study data suggest that PBNDDS of phytoconstituents prepared 
using egg phospholipid were stable at 25°C and 65% RH for three months 
compared to accelerated conditions (10°C/45% RH and 40°C/75% RH) [80]. 
However previous research study suggested that PBNDDS developed using 
DPPC was more stable at 10°C/45% RH compared to other storage conditions 
[95]. This phenomenon probably related to egg phospholipid composition 
which is different from DPPC. DPPC is only one type of phosphatidylcholine, 
while egg phospholipid (lecithin) contains multiple types of phosphatidyl-
choline and phospholipids. PBNDDS blank and phytoconstituents loaded 
PBNDDS were studied using gastric media (pH 1.2) to evaluate the physical 
stability of PBNDDS. It was observed that PBNDDS batches of phytoconstitu-
ents were stable in gastric medium after 4 hours (maximum transit time in the 
stomach) and also suggests that no physical changes (precipitation or degrada-
tion) were observed for PBNDDS prepared using egg phospholipid even after 
24 hrs [81].

10. In-vitro and in-vivo study of PBNDDS of phytoconstituents

Sustain release of phytoconstituents was observed when delivered through 
PBNDDS, which can be utilized for better therapeutic outcome against certain 
diseases. PBNDDS of phytoconstituents demonstrate better performance during 
in-vitro cancer cell line study performed on different cell lines. In-vitro cell line 
study data suggest that PBNDDS of phytoconstituents showed better activity in 
terms of % cell viability against AML and leukemia cell line compared to pure 
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phytoconstituents only. It was also observed that PBNDDS of phytoconstituents 
showed better activity against specific AML and leukemia cell lines compared 
to all cell lines used in the study. This is possibly due to more permeability 
of PBNDDS occurred through those specific cell lines, which suggest that 
PBNDDS may be selective for specific cancer cell lines which may be related to 
the phospholipid composition, type and drug delivered through PBNDDS [82]. 
PBNDDS of different phytoconstituents also exhibited better activity against 
breast cancer cell line (MCF7) study compared to phytoconstituents in isolation 
(Figure 8).

Significant improvement was observed for in-vivo  analgesic activ-
ity for the PBNDDS of black seed oil containing  thymoquinone  compared 
to black seed oil only and control groups. This  pheno menon  probably 
related to the improve bioavailability of  thymoquinone when  delivered 
through PBNDDS. Previous research study also showed  analgesic and 
 anti-inflammatory activity for black seed oil containing thymoquinone 
[80, 96].

Strong anti-inflammatory activity was observed for different plant extracts and 
its phytoconstituents against carrageenan induced paw edema (Table 4). It was 
also observed that plant extract and phytoconstituents delivered through PBNDDS 
exhibit better anti-inflammatory activity, which is possibly due to enhancement 
of dissolution, bioavailability and stability of phytoconstituents when delivered 
through PBNDDS [81–83].

Neurobehavioral study of PBNDDS of phytoconstituents was performed using 
open field, arm maze and water maze studies (Figure 9). Marked improvement in 
locomotor activity, ambulatory performance and memory function of dementia 
induced mice model was observed for PBNDDS of phytoconstituents compare to 
disease and plant extract groups [81]. This phenomenon probably related to strong 
anti-inflammatory along with antioxidant activities observed for the plant extract 
in different research studies. CNS inflammation is one of the pathway for develop-
ing neurodegenerative disorders, therefore by reducing inflammation significantly 
through PBNDDS of plant phytoconstituents in dementia induced mice model 
might be an option to treat neurodegenerative disease. Natural phytoconstituents 
may contain some ingredients which also can be effective against neurodegenera-
tive disease through another mechanism of action which need to be confirmed in 
future study.

Figure 8. 
In-vitro cell line study of plant extracts and PBNDDS of different plant extracts after [A] 48 h  
and [B] 72 h.
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11. Conclusion

Plant extract found to have a range of major phytoconstituents which 
were identified and quantified by UHPLC and GC-MS. Major phytoconstitu-
ents  emonstrate marked pharmacological activities which were evident by 
different in-vitro and in-vivo studies. Phytoconstituents delivered through 
PBNDDS exhibit better performance compared to phytoconstituents in isola-
tion. It was observed that process parameters and formulation attributes 
showed significant impact on average size, polydispersity and entrapment or 
loading of phytoconstituents for PBNDDS. Processing temperature, injec-
tion rate, solvent system properties (pH, solubility level), phospholipd 
concentration related to drug and cholesterol are major factors affecting the 
quality output of PBNDDS. PBNDDS prepared using egg phospholipid was 
physico-chemically stable even at ambient conditions (25°C, 60% RH). This 
phenomenon might be a great advantage for developing PBNDDS of differ-
ent phytoconstituents for improving the bioavialabilty, stability and targeted 
drug delivery. PBNDDS also exhibit better selective activity against cancer cell 
lines which is an indication for treating different types of cancer by develop-
ing PBNDDS using different formulation attributes. PBNDDS also showed 
better analgesic, anti-inflammatory and neurobehavioral activities compared 
to phytoconstituents only. Therefore PBNDDS can be a promising platform 
for delivering phytoconstituents with better therapeutic outcome. PBNDDS 
having average size of <150 nm with ≥85% entrapment or loading might exhibit 
desirable performance to treat chronic inflammatory disease, cancer, and CNS 
diseases.

Figure 9. 
[A] Number of total errors for different mouse groups in arm maze study [B] maximum speed into central 
zone for different mouse groups in open field study [C] time spent on platform for different mice groups in 
water maze study (where **** means p ≤ 0.0001, **means p ≤ 0.01 and * mean p ≤ 0.05) [four different 
groups—1. Pre disease group 2. Post disease group 3. E 200 - extract group and 4. Formulation—PBNDDS of 
extracts] (adapted from [81]).
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Abstract

Drug delivery systems using aliphatic polyester nanoparticles are usually 
prepared via an emulsion process. These nanoparticles can control drug release 
and improve pharmacokinetics. Aliphatic polyesters are linear polymers containing 
ester linkages, showing sensitivity to hydrolytic degradation. The byproducts then 
promote autocatalytic degradation. These byproducts could enter the Krebs cycle 
and be eliminated from the body, resulting in the high biocompatibility of these 
nanoparticles. The properties of these polyesters are linked to the drug release rate 
due to biodegradation, i.e., polymer crystallinity, glass transition temperature, 
polymer hydrophobicity, and molecular weight (MW), all of which relatively influ-
ence hydrolysis. Mathematical equations have been used to study the factors and 
mechanisms that affect drug dissolution compared to experimental release data. 
The equations used as models for predicting the kinetics of drug release include 
the zero-order, first-order, Higuchi, Hixson-Crowell, and Korsmeyer-Peppas equa-
tions. Aliphatic polyester-based controlled drug delivery has surrounded much of 
the current activity in the estimation parameters of nanoparticles and stimulated 
additional research. Polymeric nanoparticles have potential in a wide range of 
applications, such as in biotechnology, vaccine systems, and the pharmaceutical 
industry. The main goal of this chapter is to discuss aliphatic polyester nanoparticles 
as drug carrier systems.

Keywords: aliphatic polyester, nanoparticles, emulsion, drug release kinetics,  
drug delivery systems

1. Introduction

Our inspiration for the examples contained within this chapter comes from 
our direct experience. Chumnanvej et al. retrospectively investigated the clinical 
outcomes of patients treated after ruptured cerebral arteriovenous malformation 
(AVM) admitted to Ramathibodi Hospital, Thailand. The results showed that 
approximately 50% and 7% of cases had symptoms of intracranial hemorrhage 
and hemorrhage associated with aneurysms, respectively [1]. A subarachnoid 
hemorrhage (SAH) is a hemorrhage that occurs in the subarachnoid space and 
leads to rupture. After cerebral surgery, these patients carry the risk of developing 
vasospasms within 4–14 days after surgery, with the peak occurring at 7 days [2]. 
Vasospasms can result from a reduction in the rapid release of blood escape from 
the cerebrum. Nicardipine hydrochloride (NCH) is a calcium channel blocker that 
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is used to treat this vascular condition; nevertheless, the half-life of NCH is approxi-
mately 8 h and provides an insufficient dose to treat vasospasms.

From a biomedical engineering point of view, polymers can be employed, 
particularly in neurosurgery, as surgical sutures, vascular grafts, stents, implants, 
tissue substitutes, or drug delivery systems. Additionally, these polymers could 
be biopolymers. Polymers must have the required physical properties and also 
be biocompatible for their intended purpose. Biopolymers are biocompatible 
polymeric materials that could be appropriate for treating certain neurosurgical 
complications. Biopolymers can respond to both the physiological and biological 
environments, and the kind of response is the main characteristic that determines 
whether the biopolymer should be used to construct biomedical devices or be 
applied in advanced neurosurgical applications. To our knowledge, there are 
three classifications of biopolymer medical-associated applications: (i) synthetic 
polymers, (ii) tissue engineering, and (iii) controlled-release agents. For cerebro-
vascular surgery applications, biopolymers have been applied to create new types of 
responsive delivery systems. This kind of polymer is needed to treat certain com-
plications during cerebrovascular surgery, such as cerebrovascular spasms. When 
polymers are fabricated as controlled-release agents, they must have the appropriate 
mechanical characteristics that are suitable for use as drug delivery agents to treat 
vasospasms [3–5].

Due to the short biological half-life of NCH, we were able to modify the NCH 
pharmacokinetics via carboxymethyl cellulose/poly(d,l-lactide-co-glycolide) 
(NCH-CMC/PLGA) nanoparticles using a contemporary emulsion process [6]. 
PLGA is an aliphatic polyester with hydrophobic properties that is highly biocom-
patible and biodegradable. The insolubility of PLGA was improved by the addition 
of CMC to increase the hydrophilicity of these nanoparticles to enhance the thera-
peutic index. These nanoparticles gave rise to a new drug delivery system that was 
capable of solving some of the major bottlenecks of the NCH-PLGA microparticles 
prepared by the double emulsion process in our previous research [7]. The NCH-
CMC/PLGA nanoparticles were flexibly designed to protect the developed delivery 
system against the drug degradation observed in the absence of a delivery system 
and improve the insufficient drug release during the first 6 days of microparticle 
treatment. These nanoparticles had a rate of drug release and a daily dose that was 
sufficient to treat vasoconstriction during the 4–14 days that this condition could 
occur. The results demonstrated that the designed aliphatic polyester nanoparticles 
had wide application prospects in drug delivery systems. These polymeric nanopar-
ticles could release drugs on demand and are easily customized depending on the 
desired application. Potentially, these same nanoparticles could be extended to 
many fields and fulfill the different purposes of delivery systems; for example, in 
the food, pharmaceutical, cosmetics, biotechnology, and sustainable agriculture 
industries. Consequently, this chapter focuses mainly on describing the core charac-
teristics of aliphatic polyester nanoparticles fabricated using an emulsion process.

2. Aliphatic polyesters

Currently, biodegradable polymers are utilized as a component of drug delivery 
systems. There are a large number of literature reports that have studied aliphatic 
polyesters, and their high biocompatibility and biodegradability potential has been 
demonstrated. Most of these polyesters have been approved for use as drug delivery 
devices by the Food and Drug Administration (FDA) [8]. Among these studies, 
aliphatic polyesters have been used to circumvent several major challenges that 
occur during drug delivery applications. In the 1960s, these polymers were initially 



123

Aliphatic Polyester Nanoparticles for Drug Delivery Systems
DOI: http://dx.doi.org/10.5772/intechopen.100977

used with drug delivery systems to control drug release [9]. They can improve phar-
macokinetics by maintaining the concentration of the drug at a therapeutic level 
and minimizing side effects.

Aliphatic polyesters are linear polymers with repeating units formed through 
ester linkages (R1▬COO▬R2). They are classified into two types according to the 
structure of their repeating units, poly(alkylene dicarboxylate)s and poly(hydroxy 
acid)s, as summarized in Figure 1. Poly(alkylene dicarboxylate)s consists of two 
types of repeating units between succinic acid (HOOC▬(CH2)2▬COOH) and 
alkanediol (HO▬R▬OH) and are prepared by esterification [10, 11]. Examples 
include poly(eth ylene succinate) (PES), poly(butylene succinate) (PBS), and 
poly(butylene succinate-co-butylene adipate) (PBSA). Additionally, poly(hydroxy 
acid)s are aliphatic polyesters that have hydroxy acid (HO▬R▬COOH) repeat-
ing units that consist of carboxylic acid (▬COOH) and hydroxyl (▬OH) groups. 
These polymers can be further classified according to the bonding position of the 
hydroxyl group (α, β, or ω) in the polymer chain. As a result, these hydroxy acids 
containing hydroxyl groups can be classified as poly(α-hydroxy acid)s, poly 
(β-hydroxyalkanoate)s, and poly(ω-hydroxyalkanoate)s.

Poly(α-hydroxy acid)s have a hydroxyl group attached to the α-carbon (or 
first carbon) atom bonded to the carboxylic acid. Poly(lactide) (PLA) and 
poly(glycolide) (PGA) are members of the poly(α-hydroxy acid) family with 
repeating lactic acid and glycolic acid units, respectively. PLA has three stereo-
isomers: poly(l-lactide) (PLLA), poly(d-lactide) (PDLA), and poly(d,l-lactide) 
(PDLLA). Furthermore, poly(d,l-lactide-co-glycolide) (PLGA), another member 
of this family, is formed from a block copolymer containing both PDLLA and 
PGA [10, 12, 13]. Poly(β-hydroxyalkanoate) has a hydroxyl group bonded to the 
β-carbon of the carboxylic acid, which is the carbon atom next to the α-carbon.  

Figure 1. 
Classification and examples of aliphatic polyesters [10].
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This family includes poly(hydroxyalkanoate), i.e., poly(3-hydroxybutyrate) (P3HB), 
poly(3-hydroxyvalerate) (P3HV) and poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) (PHBV), etc. Additionally, hydroxyl groups attached to a carbon that is three 
or more carbon atoms away from the carbonyl are poly(ω-hydroxyalkanoate)s, such 
as poly(ε-caprolactones) (PCL) [10, 13]. The ester linkages of these polymers can 
be degraded under physiological conditions, and their degradation products are 
nontoxic to human connective tissue.

2.1 Biodegradation and biocompatibility of aliphatic polyesters

The ester linkages of aliphatic polyesters are sensitive to hydrolytic attacks 
in aqueous media. The water molecules break down the long polymer chains 
into small molecules with increased water solubility. Alternatively, aliphatic 
polyesters degraded via enzymatic hydrolysis have been reported. Esterase and 
lipase are important hydrolytic enzymes that can cleave the internal ester bonds 
of these polyesters. In addition to both of these enzymes, proteases can degrade 
the members of the poly(α-hydroxy acid) family as a result of the α-ester linkages 
in their backbone [14]. These degradation products (i.e., PLA, PGA, and PLGA) 
can enter the Krebs cycle and be eliminated from the body as carbon dioxide 
(CO2) and water, resulting in the high biocompatibility of aliphatic polyesters 
[12]. Figure 2 shows the biodegradation mechanism in which these polyesters are 
converted into carbon dioxide and water.

The hydrolysis of polyesters happens in three stages. During the first stage, 
water is absorbed onto the exterior surface and matrix swelling and polymer chain 
transfer occur. This absorption results from the hydrophobic properties of aliphatic 
polyesters and leads to surface erosion. In the next stage, an amorphous region 
becomes swollen followed by stress relaxation of the polymer chain [6]. Next, the 
matrix can absorb additional water molecules via a diffusion mechanism that leads 
to the hydrolysis of the polymeric chains in the matrix, creating matrix porosity. 
After the final stage, the hydrolysis products are acid derivatives (R▬COOH), which 
are catalyzed by acids that trigger polyester hydrolysis. The parent derivatives 
can cause dissociation of the carboxyl end groups into their conjugate carboxyl-
ate anions (R▬COO−) also forming the acidic proton (H+) byproducts. The acid 
produced catalyzes the hydrolytic reaction, generating additional acid. Continuous 
mass loss occurs via the formation of these fresh acids, resulting in the autocatalytic 
degradation of the polyester. Moreover, the addition of acidic compounds (i.e., 
drugs or additives) and environmental pH can modify the rate of polymer degrada-
tion for catalytic hydrolysis [15, 16].

An example of the above process is that of PLGA degradation. Synthesized 
PLGA has two different structures, as it can be acid-terminated or ester-terminated. 
Acid-terminated PLGA and ester-terminated PLGA have end-group structures 
of carboxylic acids (PLGA▬COOH) and esters (PLGA▬COOCH3), respec-
tively. End group functionalization causes differences in PLGA biodegradation. 

Figure 2. 
Hydrolytic degradation of aliphatic polyesters.
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Acid-terminated PLGA is degraded rapidly in comparison with the more hydropho-
bic ester-terminated PLGA. Carboxylic end-capped PLGA can be used as an acid 
to initiate autocatalytic degradation; thus, these acids have been applied to catalyze 
acid hydrolysis and promote autocatalytic degradation. Therefore, acid-terminated 
PLGA hydrolyzes the ester linkages more easily than ester-terminated PLGA as a 
result of the carboxylic end groups that are capable of producing acidic byproducts, 
as shown in Figure 3 [17].

Furthermore, the rate of degradation of PLGA is dependent on the PDLLA:PGA 
ratio as determined by the weight percentages of PDLLA and PGA, such as 50:50, 
65:35, 75:25, and 95:5. The decelerated degradation of PLGA occurs at a high amount 
of PDLLA, whereas a higher amount of PGA indicates rapid degradation. PDLLA, 
with methyl groups in its structure, has reduced chain mobility (chain configura-
tion), leading to more hydrophobicity than PGA, which is devoid of these methyl 
groups (Figure 1). PGA is a highly hydrophilic polymer that can absorb more 
water molecules [6, 13]. Thus, PGA hydrolysis is more complimentary than PDLLA 
hydrolysis. As a rule, the drug release of PLGA is affected by the biodegradation of 
PDLLA and PGA. A 50:50 ratio of PDLLA:PGA has been shown to prompt degrada-
tion and produce higher rates of drug release [18, 19].

2.2 The properties of aliphatic polyesters properties in delivery systems

Following an earlier example, these differences in chemical structure illustrate 
how the changes in the physicochemical properties of the polymers are linked to 
the drug release rate via aliphatic polyester biodegradation. The biodegradation 
characteristics are controlled by polymer crystallinity, glass transition temperature 
(Tg), polymer hydrophobicity, and molecular weight (MW), all of which influence 
hydrolysis.

2.2.1 Polymer crystallinity

The crystalline regions of polymers consist of regular and orderly arranged 
polymeric chains that result in nanoparticles with high drug-loading abilities. 
Highly crystalline polymers present difficult mass transfer of both water and 
drug molecules. Water molecules are strongly absorbed and restricted within the 

Figure 3. 
Proposed hydrolysis reactions of acid-terminated PLGA (a) and ester-terminated PLGA (b) by autocatalytic 
degradation.



Smart Drug Delivery

126

orderly polymeric chains of the crystalline regions, leading to a lower swelling rate. 
Crystalline polymer regions are resistant to hydrolysis compared to amorphous 
regions [16, 20]. As a result, the crystalline regions display delayed degradation. 
The byproducts of later hydrolysis still contain a very large number of high MW 
compounds in the polymer in the matrix, resulting in a high degree of chain 
entanglement. Polymer chain entanglement has an important effect on the drug 
release rate. High amounts of entanglement cause the drug release rate to be slower 
than that of highly disordered amorphous polymer materials.

2.2.2 Tg

The Tg value may impact the kinetics of drug release from delivery systems. For 
instance, PLGA micro/nanoparticles were prepared via the emulsion solvent evapo-
ration method [6, 7, 21–23]. The residual solvent was removed via evaporation to 
harden the nanoparticles. Solvent evaporation promotes the transition to the glassy 
state from the rubbery state, as observed by hardening. As a result, the removal 
of solvents is comparable to the glass transition caused by reducing the tempera-
ture below Tg. Additionally, drug loading in micro/nanoparticles can decrease 
Tg through plasticizing effects. Increased drug loading leads to drug dispersion 
throughout the polymeric matrix, which increases the distance between polymeric 
chains. This causes the free volume to increase and reduces the Tg of the polymer 
[23]. The formation of glassy PLGA affects delivery systems by, for example, 
lowering the elastic modulus and transfer rates of water and the drug molecules and 
slowing the degradation and drug release rates. In comparison, the formation of 
the rubbery state facilitates higher mass transfer rates, and a higher elastic modulus 
leads to faster degradation and drug release rates.

2.2.3 Polymer hydrophobicity

The hydrophobicity of aliphatic polyesters is key to their hydrolytic degradation. 
When aliphatic polyesters are more hydrophobic, they are less water-sensitive and 
less susceptible to ester linkage hydrolysis than more hydrophilic polyesters. This 
causes a decrease in nanoparticle swelling, which results from the low water uptake. 
These polymers have high hydrolytic resistance and a slower degradation rate. 
Additionally, a large number of entanglements causes a slower release rate.

2.2.4 Polymer MW

The MW of a polymer is the molecular mass of its polymeric chains and affects 
the delivery system properties. High MW polymers have a large amount of chain 
entanglement and low chain mobility. Compared with low MW polymers, high 
MW polymers show the benefits of lower mass transfer rates, a lower swelling rate, 
a lower elastic modulus, and reduced solubility. Low MW polymers have a reduced 
number of polymeric chain entanglements, leading to greater molecular mobility. 
Water molecules can be comfortably absorbed in the polymeric matrix of these 
low MW polymers, resulting in faster hydrolytic degradation and a faster drug 
release rate.

3. Polymeric nanoparticle drug delivery systems

Nanoparticles in drug delivery systems normally have sizes ranging from 1 to 
1000 nm. In essence, nanoparticles with sizes in this range have a high surface 
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area to volume ratio and their behavior in the body could cause increases in the 
absorption potential and cytotoxicity as the expanded surface is proportional to 
cytotoxicity [24]; thus, these nanoparticles could potentially lead to an increase in 
cytotoxicity. Nevertheless, nanoparticles prepared from aliphatic polyesters could 
possibly lead to a reduction in cytotoxicity, as they are highly biocompatible and 
biodegradable. Aliphatic polyester nanoparticles play key roles in improving the 
pharmacokinetics, drug bioavailability, specific delivery at the site of action, and 
stability in the bloodstream. Their high surface area can adsorb drug molecules and 
encapsulate a large number of drugs in their matrix, effectively carrying drugs, 
proteins, DNA, and organs. Therefore, the development of aliphatic polyester 
nanoparticles is one of the most successful ideas for drug delivery innovation.

3.1 Polymeric nanoparticles

Polymeric nanoparticle delivery systems refer to both nanospheres and nano-
capsules. Their classification is based on the positional characteristics of the drugs 
and polymers, as shown schematically in Figure 4a and b. Nanospheres contain 
drug molecules within a uniformly dispersed polymeric matrix, while nanocapsules 
entrap the drug molecules inside their core, a cavity surrounded by a polymeric 
membrane that acts as a shell [25].

Regarding the molecular orientation surface, we propose a possible schematic 
of the polyester chain on the nanoparticle surface as shown in Figure 4. In the 
case of PLGA nanospheres, the polymeric chains ignore water molecules, which is 
consistent with computational simulation results that demonstrated that PLGA is 
strictly hydrophobic [26]. At both the surface and interface, the carbon backbones 
clump together rather than being distributed in the aqueous solution. This causes 
the hydrophobic molecules to have minimal contact with hydrophilic molecules. On 
the other hand, the oxygen atoms of the hydroxyl groups (▬OH), carboxylic acids 
(▬COOH), and ester groups (▬COO▬) interact with the water molecules resid-
ing near the water-PLGA interface, and the hydrogen atoms in the polymer chain 
resemble the oxygen atoms. Hydrophobic drugs display the tendency to accumulate 

Figure 4. 
Schematic representation of the structures and molecular orientations of PLGA nanospheres (a), PLGA 
nanocapsules (b), and the packing of emulsifiers (Span 80 and Tween 80) at the interface of the dispersed 
polymer droplets (c).
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on the surface, with a few drug molecules migrating to the core, leading to the 
uniform distribution of drug molecules within the polymeric matrix, especially in 
the vicinity of the nanosphere surface (Figure 4a). The nanocapsules have contact 
with both the inner and outer aqueous solutions. Thus, the molecular orientation 
of aliphatic polyesters on the inner and outer membrane surfaces corresponded 
to nanospheres. Nevertheless, the hydrophilic drugs tend to be entrapped inside 
the core of a cavity surrounded by the polymeric membrane due to the insolubility 
between the drug and the polymer (Figure 4b).

3.2 Polymeric nanoparticle preparation

The preparation of nanospheres and nanocapsules follows an uncomplicated 
basic principle, the emulsification solvent evaporation method. The guiding 
principles are that the drug and polymer dissolve in each other during nanosphere 
preparation. As a result, the drug molecules are uniformly distributed in the poly-
meric matrix. Examples of hydrophobic drugs with hydrophobic polymers were 
previously discussed in the section on nanosphere molecular orientation. However, 
nanocapsules are prepared from drugs and polymers that are essentially insoluble 
in each other. This property promotes the formation of core-shell structures to 
load drugs.

The preparation of both types of nanoparticles depends upon drug solubility 
and polymer solubility. Therefore, drug solubility is a strict limitation in the use 
of aliphatic polyesters, as drug solubility affects the type of nanoparticles that can 
be prepared because polyesters are hydrophobic polymers. This indicates that the 
use of water-soluble drugs could produce nanocapsules, but insoluble drugs yield 
nanospheres. In addition to drug solubility, nanoparticles of aliphatic polyesters 
can be easily prepared. This section describes the preparation of nanoparticles via 
emulsification methods for these polyester-controlled drug delivery systems.

3.2.1 Single emulsion method

Oil-in-water emulsification (O/W emulsion) can be used to prepare nano-
spheres that are ideal for entrapping hydrophobic drugs (i.e., steroids) [19] or 
water-soluble drugs entrapped on nanosphere surfaces [27]. Examples include 
amoxicillin-loaded PCL micro/nanospheres modified surface by chitosan for 
antibacterial applications. The amino groups (▬NH3

+) of chitosan interact with 
PCL via carboxylate anions (▬COO−) on the micro/nanosphere surface. Amoxicillin 
is encapsulated by the electrostatic interactions between the negative charges of 
the drug and the residual positive charge on the surface of chitosan, as observed 
by the zeta potential values of −20.03 mV and +53.93 mV, respectively. This study 
varied the ratios of PCL:chitosan to be 1:1, 1:3, and 1:5, and the results showed that 
increasing the ratio improved the encapsulation efficiency (~73–83%) and  
controlled drug release (~5.76–6.56 mg) over 7 days compared to amoxicillin-
loaded PCL micro/nanospheres, which showed rapid drug release within 12 h due 
to the low encapsulation efficiency (~5.4%). Additionally, the amoxicillin-loaded 
PCL micro/nanosphere modification inhibited microbial growth, but the chitosan-
free micro/nanospheres were less effective [27].

3.2.2 Double emulsion method

Water-in-oil-in-water (W1/O/W2) double emulsions could be used to prepare 
nanocapsules for the loading of water-soluble molecules, such as hydrophilic drugs, 
proteins, peptides, and vaccines [19]. This system is an extraordinarily complex 
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dispersion system of liquid membranes. In addition, the contemporary W1/O/W2 
double emulsion method led to the preparation of PLGA nanocapsules. This emul-
sion method can enhance the solubility of poorly soluble drugs in the medium. 
As mentioned previously in the introduction, we prepared NCH-CMC/PLGA 
nanocapsules via a contemporary emulsion process. The composition of phase W1 
included NCH and CMC. Notably, NCH dissolves in citric acid solution, but CMC 
is insoluble in acidic solutions, as citric acid is a crosslinking agent of CMC. This 
method fabricated two systems, citric acid crosslinking droplets and CMC droplets. 
To generate the crosslinking droplets, solid NCH was first dissolved in citric acid 
mixed poly(vinyl alcohol) (PVA) solution (W1). This solution was then added to 
an organic solution of PLGA with stirring (O). Similarly, the CMC solution (W1) 
was added to PLGA solution with stirring, forming CMC droplets. Both droplets 
were added together and ultrasonicated to form crosslinked droplets (W1/O single 
emulsion). This single emulsion was again added and ultrasonicated, forming the 
W1/O/W2 double emulsion. This unique synthesis enhanced the drug loading of 
the nanoparticles for controlled drug release for up to 16 days. As a result, NCH-
CMC/PLGA nanoparticles containing calcium channel blockers were created. This 
method paved the way to generate a treatment for the prevention of vasospasm 
complications after surgery for ruptured intracranial aneurysms. There are several 
applications for calcium channel blocker prolonged-release implants. This applica-
tion involves the binding of calcium channel blockers in composite polymer formu-
lations for slow release at a rate that is effective to treat cerebral vasospasm in animal 
models. This drug delivery system is objectively locally positioned at the surgical site 
after the intracranial aneurysm is secured. These nanoparticles are located around 
the inflamed vessels and can avoid being washed away. The strategy for controlled 
release is based on polymer degradation at a rate that is effective for the treatment of 
cerebral vasospasms for 4–14 days. However, a clinical scenario needs to be investi-
gated in the future [6].

3.3 Polymeric nanoparticle stabilization

Stabilizing the produced nanoparticles is a key factor in the delivery systems 
because the nanoparticles need to protect the encapsulated drugs from degradation. 
Agglomeration and flocculation are the destruction methods of nanoparticles and 
can produce macroscopic lumps that lead to the diffusion of drug molecules and 
their degradation in the residence environment. To stabilize these nanoparticles, 
an emulsion stabilizer is required, and this can be efficiently accomplished with 
amphiphilic molecules. These molecules contain two components, a hydrophilic 
part, and a lipophilic side. Typical examples of amphiphilic molecules include Span 
80 and Tween 80 as nonionic emulsifiers. Additionally, anionic emulsifiers, cationic 
emulsifiers, and zwitterionic emulsifiers provide structural diversity.

The most commonly used rule for emulsifier selection is the hydrophilic-
lipophilic balance (HLB) scale (HLB scale ranges from 0 to 20). This scale indicates 
the relative fraction of hydrophilic to lipophilic parts within the emulsifier molecule. 
High HLB values (8.0–18.0) are more suitable for use in O/W emulsions because 
they have a higher degree of hydrophilicity. In this case, O/W emulsions with a large 
amount of water are required to allow the formation of polymer dispersion droplets. 
As a result, these emulsifiers can widely expand the applications of the hydrophilic 
molecule for nanoparticle isolation, which then leads to interrupted agglomeration. 
Emulsifiers that have HLB values between 3.5 and 6.0 are most commonly used 
in W/O emulsions because they are more lipophilic [28, 29]. Figure 4c illustrates 
the expansion of the hydrophilic molecules of Span 80 (HLB = 4.3) and Tween 80 
(HLB = 15.0) [7] at the interface of dispersed polymer droplets.
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Furthermore, polymers have been used as emulsion stabilizers during emulsifier 
preparation methods, i.e., PVA, chitosan, and alginate [22, 30]. High MW polymers 
(>10 kDa) show driving forces that are equivalent to or greater than van der Waals-
London (VDWL) forces. These VDWL forces are the primary source of attraction 
between nanoparticle surfaces and cause them to clump together. Through the addition 
of polymers, the polymeric chains can stabilize the nanoparticles via electrostatic, ste-
ric, and depletion forces. Electrostatic stabilization can be applied to charged polymers 
based on the simple principle that similar electric charges repel each other. Nanoparticle 
surfaces with zeta potential values greater than +30 mV or less than −30 mV are nor-
mally considered stable, as presented in Figure 5a. Steric stabilization is achieved on the 
surfaces of nanoparticles via adsorbed or chemically attached nonionic/ionic polymers. 
These uncharged polymers have a steric barrier due to a long chain that prevents the 
nanoparticles from sticking together (Figure 5b). Moreover, the addition of a high 
concentration of polymer for stabilization could lead to a high amount of free polymer 
in the dispersion medium. These free polymers establish repulsive forces between 
the nanoparticles to prevent nanoparticle aggregation and act as depletion stabilizers 
(Figure 5c) [31].

For example, PVA is an uncharged polymer that is commonly used as an emul-
sion stabilizer for the preparation of PLGA nanoparticles. The hydroxyl groups on 
the PVA chains are adsorbed at the interface with the PLGA chains via the hydroxyl, 
carboxylic acid, and ester groups. The interface between PLGA and PVA is an area 
with strong interactions, resulting in high nanoparticle stabilization [32, 33]. This 
interaction corresponds to the molecular orientation of PLGA nanospheres and 
PLGA nanocapsules (Figure 4). Figure 5d proposes a schematic representation of 
the molecular orientation of PVA at the surface of PLGA nanoparticles.

The use of polymers as stabilizers affects the characteristics of the nanoparticles 
to a greater extent than the use of other emulsifiers; as a result, these nanoparticles 
have a high MW. As a result, the use of low MW polymers or polymers at a low 
concentration results in reduced stability, lower drug loading, a rapid release rate, 
and a smaller size compared with high MW polymers or polymers present in high 
concentrations [6]. In addition, the charged polymers affect aliphatic polyester 

Figure 5. 
Schematic representation of the molecular interactions of electrostatic stabilization (a), steric stabilization  
(b), depletion stabilization (c), and PVA at the surface of PLGA nanoparticles (d), based on information from 
a review article [31–33].
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nanoparticles. Alginate is an anionic polymer and contains carboxylate anions 
(▬COO−) on its polymer chains. These anions repel the anions of the aliphatic 
polyesters, resulting in a larger size and permitting an increase in the retention of 
cationic drugs. However, cationic polymers (i.e., chitosan with a ▬NH3

+ groups) 
interact with the carboxylate anions of the stabilizing polymers, leading to reduced 
particle size and increased retention of anionic drugs [30].

3.4 Mathematical models of drug release

Mathematical knowledge could assist in clarifying the drug release mechanism 
from polymer-based nanoparticles for controlled delivery. The exact mass transport 
and the relationship between drug release as a function of time can be described 
through various mathematical models. These models are able to predict analytics 
via data obtained from the drug release experiments to explain drug release kinet-
ics. The coefficient of determination (R2) and adjusted coefficient of determina-
tion (adj.-R2) are investigated by statistical analysis to determine the relationship 
that the equation explains. The highest values of R2 and adj.-R2 from curve fitting 
involving describing the optimal relations (maximum accuracy) as a function of 
release time can be predicted with these Equations [6, 21]. This chapter will discuss 
some of the most commonly used equations to predict the kinetics of release from 
polymeric nanoparticles, including the zero-order, first-order, Higuchi, Hixson-
Crowell, and Korsmeyer-Peppas equations, as summarized in Table 1.

When predicting drug release rates, the zero-order model represents controlled 
drug release that occurs at a constant rate depending on only the time and is 
independent of the amount of polymer. In the first-order model, the amount of drug 
released tends to depend on the polymer concentration, which affects the swelling 
and porosity of the nanoparticles. The Hixson-Crowell model describes the rate of 
drug release according to the cube root of its volume, in which matrix dissolution 
occurs. As a result, the diameter and surface area of the nanoparticles decreases 
proportionally over time according to the cube root of the weight at that particular 
time [34]. The Higuchi model predicts the release rate via diffusion control based on 
Fick’s first law, which is square root time-dependent (t1/2) [35].

Generally, the release mechanism can be predicted by the Korsmeyer-Peppas 
model. This model determines the exponential relationship between the rate of drug 
release and time. It is based on polymeric matrices with different geometries, fol-
lowing the released exponential (n). The exponential n-value indicates three types 

Model Equation Graphical representation

Zero-order t 0Q K t= Cumulative release vs time

First-order 1
t 0

K tlogM logM
2.303

= +
log cumulative remaining vs time

Hixson-Crowell 1/3 1/3
0 t HXM M K t− = Cumulative remaining1/3 vs time

Higuchi 1/2
t HQ K t= Cumulative release vs time1/2

Korsmeyer-Peppas t KPlogQ nlogt logK= + log cumulative release vs log time

Qt is the cumulative amount of drug release at time (t), Q0 is the initial amount of drug release at (t0), Mt is the 
cumulative amount of drug remaining at time (t), M0 is the initial amount of drug remaining at (t0), t is time, n is the 
released exponent of Korsmeyer-Peppas, and K0, K1, KHX, KH, and KKP are the zero-order, first-order, Hixson-Crowell, 
Higuchi, and Korsmeyer-Peppas constants, respectively.

Table 1. 
Mathematical models of drug release [6].
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of release mechanisms (Figure 6). The first type is the mechanism of Fickian diffu-
sion, where the rate of diffusion of drug release is considerably greater than the rate 
of polymeric chain relaxation. The second mechanism is anomalous transportation 
via diffusion and swelling/erosion via slow rearrangement of polymeric chains. 
The final type is only the swelling/erosion mechanism. The release mechanisms of 
swelling and erosion are affected by an expansion in porosity and polymeric chain 
cleavage, respectively. Thus, the anomalous transportation and swelling/erosion 
mechanisms are both non-Fickian diffusion [36].

Using equations to predict release mechanisms can be confusing. Therefore, 
we proposed the flowchart sequence of use steps for these equations to describe 
drug release from PLGA nanoparticles [6]. The initial step investigates whether 
the rate of drug release is independent or dependent on the various concentra-
tions by comparing R2 values between the zero-order and first-order models. Next, 
the Hixson-Crowell equation and Higuchi equation were compared to determine 
whether the release rate depends on the probability of matrix dissolution or is 
diffusion controlled. Finally, the mechanism of drug release was investigated via 
the Korsmeyer-Peppas equation to determine the exponential n-value, as proposed 
in Figure 6.

3.5  Estimation of the formulation parameters for the polymeric nanoparticle 
system

Nanoparticles are one of the best choices of novel delivery systems because of 
their ease of preparation and long shelf life. Nanoparticle systems have fascinating 
physical properties that have been recognized over a wide range of utilizations. The 
characterization of different formulation parameters of nanoparticles is considered 
in the following sections.

3.5.1 Physical appearance

The physical appearance of nanoparticles can be examined visually for optical 
clarity, homogeneity, and fluidity, and also microscopically using a scanning elec-
tron microscope [37]. Figure 7 illustrates digital photographs of PLGA nanopar-
ticles [6] compared to PLGA microparticles [7] prepared via an emulsion process. 
Due to the optical transparency, the nanoparticles appeared as more transparent 
dispersions than the microparticles, which appeared white.

Figure 6. 
Flowchart sequence of the steps used for the equations that predict drug release.
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3.5.2 Rheology

Nanoparticles have high surface energy, resulting in agglomeration. In particular, 
aliphatic polyester-based nanoparticles rapidly agglomerate due to the strong inter-
actions between the hydroxyl, carboxylic acid, and ester groups of the polymeric 
structures interacting with other nanoparticles. This behavior promotes the nanopar-
ticles to be dispersed in media, affecting the rheological properties, such as viscosity 
and yield stress, of the suspension. Rheological characteristics can be examined with 
a Brookfield viscometer. The rheological properties show the nanoparticle region and 
its separation from other regions and play a principal role in stability [37, 38].

3.5.3 Particle size, polydispersity, and zeta potential

Dynamic light scattering is used to investigate particle size, zeta potential, and 
fluctuations in the intensities of scattering of particles due to Brownian motion. 
This technique also analyzes the polydispersity index to measure the wideness of 
the size distribution and quality of the dispersion [39, 40].

3.5.4 Drug stability

The stability of nanoparticles can be measured via visual inspection in closed 
tubes at both room temperature and elevated temperatures. Each month, the 
nanoparticles can be evaluated based on their phase separation, % transmittance, and 
globule size [7, 41]. Examples include PLGA nanoparticle dispersions [6] compared 
to PLGA microparticle dispersions [7] in phosphate-buffered saline (pH 7.4 at 37°C) 
to mimic the physiological environment. The nanoparticle suspension presented no 
phase separation, suggesting that these nanoparticles did not precipitate (Figure 7a). 
The microparticles could have a higher gravitational force relative to the nanopar-
ticles, leading to their easy precipitation, which can be observed from the phase 
separation of the microparticle solution (Figure 7b). Therefore, drug administration 
of these microparticles needs to carry a “shake well before use” label [22].

3.5.5 Drug solubility

Excess drug was added to the nanoparticles to optimize the formulation, similar to 
the optimization of the other ingredients. The nanoparticles were continuously stirred 

Figure 7. 
SEM micrographs and digital photographs of PLGA nanoparticles (a) and PLGA microparticles (b) prepared 
via an emulsion process [6, 7].
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for 24 h at room temperature, and samples were removed and centrifuged at 600 rpm 
for 10 min at predetermined time points. The quantity of soluble drugs in the opti-
mized nanoparticles was determined by calculating the amount of drug present in the 
residue and comparing it with the total amount of added drug. The individual ingredi-
ents were used for comparison of the solubility of the drug in the nanoparticles [7, 42].

3.5.6 In vitro, ex vivo, and in vivo drug release

In vitro and in vivo studies provide extrapolated data to reflect the bioavailability 
of drug formulations. The in vitro drug release profile of nanoparticles can be 
determined with a Franz diffusion cell. The donor compartment has a cellophane 
membrane as a barrier, comprising the encapsulated drug in the nanoparticles. The 
receptor compartment is filled with buffer solution, usually phosphate-buffered 
saline (pH 7.4), and the system is stirred with a magnetic stirrer at 100 rpm and 
37°C. At predetermined time intervals, samples of the dispersion are withdrawn 
from the medium of the receptor compartment and an equal amount of medium 
is returned to the system at this same time. The withdrawn sample is filtered using 
a 0.22–50 μm filter (e.g., Millipore, USA) and analyzed for drug release using 
UV-visible spectrophotometry at the specific wavelength that shows peak absorp-
tion of the drug [39, 43, 44].

An ex vivo drug release study profile of nanoparticles can be performed with 
a diffusion cell. Suitable skin and the underlying cartilage removed from ears can 
be cut up and placed on the diffusion cell filled with receptor solution. Vesicular 
process samples are placed on the dorsal surface of the skin. At predetermined time 
intervals, samples of the dispersion are withdrawn from the medium of the recep-
tor compartment and an equivalent amount of the medium is returned at the same 
time. The withdrawn sample is then analyzed for the amount of drug released using 
high-performance liquid chromatography (HPLC) or UV-visible spectrophotom-
etry at a specific wavelength [44].

In vivo, drug release study profiles of nanoparticles can be carried out by admin-
istering the nanoparticles to living animals. At predetermined time intervals, blood 
samples are withdrawn, followed by centrifugation and analysis of drug release 
using HPLC.

3.6 Applications of polymeric nanoparticle systems

Nanoparticle systems have been used as delivery vehicles in a variety of drug 
delivery systems for controlled release because of their potential to solubilize active 
agents. Aliphatic polyester nanoparticles have various goals, which are accom-
plished in different ways, as outlined in the following sections.

3.6.1 Oral delivery

Nanoparticle formulations have many benefits over conventional oral delivery 
methods, including increased absorption, minimized drug toxicity, enhanced oral 
bioavailability, and excellent clinical potency. Hence, nanoparticle systems have 
been modified for use in drug delivery systems for compounds such as oral drugs, 
steroids, hormones, diuretics, and antibiotics [40, 45, 46].

3.6.2 Parenteral delivery

Parenteral delivery via the intravenous route has been used for controlled drug 
delivery and drug targeting to particular sites. Aliphatic polyester nanoparticles 
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significant in the parenteral delivery system since they can improve drug solubil-
ity, long-term stability in the body, biocompatibility, and ease of development for 
delivery to a targeted site. Nanoparticle formulations have prominent advantages 
over other systems. Additionally, fine nanoparticles are cleared more slowly than 
coarse particles [47, 48].

3.6.3 Topical delivery

Hydrophilic and lipophilic drugs poorly penetrate the skin due to the limita-
tions of their solubility in both the lipid phase and aqueous solution. The topical 
delivery of drugs via nanoparticle formulations has several advantages over other 
conventional topical methods for the treatment of skin disorders while showing 
minimal side effects. Nanoparticles can incorporate both lipophilic and hydrophilic 
drugs. Additionally, drug degradation, salivary degradation, and hepatic first-pass 
metabolism in the stomach can be avoided, while benefiting from sustained drug 
delivery, long-term stability, enhanced permeability, and reduced toxicity [49, 50].

3.6.4 Pulmonary drug delivery

The treatment of lower respiratory infections is difficult due to the presence 
of microbes deep in the respiratory system. Nanoparticles as a targeted drug 
delivery system to the site of infection have been actively applied to enhance 
antimicrobial drug resistance, sustain drug release, and increase bioavailability. 
Importantly, nanoparticle systems that contain multiple antimicrobial substances 
can be used [51, 52].

3.6.5 Vaccine delivery

Recently, there have been many research topics related to nanoparticles as car-
riers for vaccines. The main idea is to use the nanoparticle as an effective carrier to 
deliver an inactivated organism to the membrane to stimulate the immune system. 
One study found that it is possible to generate genital mucosa immunity from 
vaccines that are added to the nasal mucosa. The synthesized proteins passed into 
the mucosal membrane surface by using nanoparticles to absorb the antigen using 
adjuvant facilitation [53–55].

There are several mechanisms to load antigens into the nanoparticles, such as 
encapsulation, encapsulation with coating, encapsulation with targeting, physical 
adsorption, chemical conjugation, and conjugation with a targeting mechanism. 
Hydrophobic interactions are known to be effective ways to load antigens into 
nanoparticles by physical adsorption processes, which apply weak interactions to 
dissociate antigens and nanoparticles in the body. During protein synthesis, the 
encapsulated antigens are mixed with nanoparticle precursors, which is a conse-
quence of the release of the encapsulated antigen when the nanoparticle degrades 
in vivo.

The first clinical trial application received was for the use of nanoparticles for 
influenza and human immunodeficiency virus (HIV) proteins. A recombinant HIV 
glycoprotein 120 (HIV-gp120) antigen mix in nanoparticles was studied in mice and 
guinea pigs by intranasal immunization and demonstrated a robust serum anti-
gp120 immunoglobulin G (IgG) response [53]. The constituent of Prepandrix® has 
been approved for the use of the flu vaccine AS03 (an adjuvant system containing 
α-tocopherol and squalene in an oil-in-water emulsion) during the influenza pan-
demic. AS03 has been used as a reference for other vaccines, such as Arepanrix®, 
to control influenza infection caused by H1N1 and H5N1 [54].
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The balance between immunogenic benefits and safety needs to be considered 
and is achieved by selecting the correct adjuvant, antigen, and emulsion composi-
tion. These factors are considered the main factors of concern during vaccine 
development, as they directly affect the benefit-risk balance. Vaccine efficiency 
is vital, and this factor is the major element controlling pandemics through the 
selection of the correct oil composition, adjuvant, surfactant, and antigen for the 
specific disease.

Aliphatic polyester-based nanoparticles could be delivered as adjuvants for 
vaccines during the coronavirus disease 2019 (COVID-19) pandemic [56, 57]. 
Polymers are the main material for vaccine delivery. For example, the most popular 
aliphatic polyesters have been used in vaccine adjuvants for lymph nodes target-
ing HIV, Bacillus anthracis, Chlamydia trachomatis, and malaria [58]. Moreover, 
the addition of a poly(ethylene glycol) (PEG) coating around PLA (PEG-PLA) 
nanoparticles has been found to facilitate the transport of the antigen of tetanus 
toxoid to the rat nasal epithelium for nasal vaccine delivery [59].
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Abstract

In recent years, the development of various cyclodextrin (CD)-based  
nanosponges (NSs) has gained great importance in the controlled and-or targeted 
release of drugs due to their versatility and simple preparation. In this chapter, an 
introduction of different administration routes is explained. Further, different ways 
to obtain CD-NSs and their classification are shown with a brief explanation of the 
characterization of the inclusion complexes. Finally, illustrative examples in diverse 
processes or diseases will be reviewed and explained to demonstrate the potential  
of CD-NSs. Therefore, this division will serve to compile information on CD-NSs  
in recent years and to illustrate to readers how to generate and apply different  
derivatives of interest.

Keywords: Cyclodextrin nanosponges, drug delivery, synthesis, nanocarrier, release

1. Introduction

Society demands better treatments for each disease and therefore the industry 
tries to obtain them. Novel drugs with better bioactivity are researched to achieve 
the best result in our bodies. However, several novel drugs present problems related 
to their chemical properties that prevent them from being used as a pharma or 
nutraceutical product. The molecule can be unstable in water solution, and/or easily 
oxidized, and presents poor bioavailability. Different strategies might improve the 
current therapy. One possibility is to find a good formulation, which stabilizes the 
drug or carries it to the desired tissue. Moreover, the adverse effect due to the dosage 
can also be reduced. For this reason, a great number of carriers are been proposed to 
challenge the previous problems.

One of them is called cyclodextrin (CD), truncated cone-shaped oligosac-
charides made up of α-(1→4) linked glucopyranoside units with six, seven 
and eight glucose units, α, β and γ-CD, respectively [1, 2]. A derivative called 
2-Hydroxypropyl-βCD (HPβ-CD) is used as an orphan drug for Niemann Pick 
disease type C [3, 4]. Complexes formed of molecules and cyclodextrins (CDs) 
are called “inclusion complexes”. Generally, CDs encapsulate poorly water-soluble 
compounds and hydrophobic moieties of amphiphilic molecules. Nevertheless, the 
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solubility of these complexes not only depends on the CD used but also on different 
factors such as pH or guess molecule [5–8]. The capacity of CDs to increase solubil-
ity and protect several molecules has increased their use in the pharmaceutical and 
food industries [1, 9, 10].

However, the improvement achieved by adding CDs is sometimes insufficient. 
Then, researchers developed a novel material based on these excipients baptized 
as Cyclodextrin-based Nanosponge (CD-NS), innovative cross-linked polymer 
structures with a three-dimensional network, and with a crystalline and amorphous 
structure, spherical and possessing good swelling properties [11]. Recent reviews 
[12–14] point to their wide potential and minimal toxicity [15, 16]. Some applica-
tions of these polymers include i) increasing the apparent solubility of poorly 
soluble drugs, ii) modulating drug release and activity, iii) protecting drugs against 
several agents, iv) enhancing bioactivities, v) absorbing contaminants ability, vi) 
delivering the drug, etc.

Cross-linking CDs brings significant benefits to CD-NSs compared with the 
respective native CDs. In general, CD-NSs can form complexes with a series of dif-
ferent molecules due to their structure. They achieve a hindered diffusion of loaded 
guest molecules, thus promoting slower release kinetics [17, 18]. Another important 
property of CD-NSs is that they can be easily recovered from aqueous media and 
recycled. Although they are insoluble, soluble hyperbranched NS can also be 
synthesized [19]. Finally, one of their principal disadvantages has been recently 
solved, they have been tested as a good carrier not only for small molecules but also 
for higher ones like proteins [20, 21].

This chapter tends to be a first step for the researcher who starts with CD-NSs: 
i) an introduction of the routes of administration, including advantages and 
disadvantages is explained, ii) an explanation about the various types of CD-NSs, 
including its synthesis and classification is written, iii) the different ways to charac-
terize the inclusion complexes are reported and iv) examples of smart delivery are 
displayed as an encourage study to demonstrate their potential.

2. Routes of administration, advantages, and disadvantages

The choice of the route of administration is crucial as it dramatically affects 
drug bioavailability and thus requires specific delivery strategies. Parenteral 
routes include intravenous, intramuscular, and subcutaneous routes, whereas the 
enteral routes are the oral, sublingual, and rectal routes [22]. Others are inhalation, 
intranasal, etc. [23]. In this section, each route will be described briefly and special 
attention will be paid to the oral route, which is the most desired but, at the same 
time, the most challenging.

When administered via intravenous injection (IV), the drug reaches the sys-
temic circulation directly bypassing absorption and carrying out its effect rapidly. 
This route is ideal for unstable or scarcely absorbed drugs (e.g. blood products), 
and irritating drug formulations, the administration of which via subcutaneous and 
intramuscular routes will be painful. It is also intended for patients who are not able 
to take the formulations orally, due to mental disorders, nausea, or vomiting.

Intramuscular injection (IM) can involve various muscles, including the gluteal 
muscle to which up to 5 ml of the formulation can be administered. Via this route, 
aqueous or oil-based solutions, suspensions, and emulsions are accepted. Aqueous 
solutions are generally absorbed in 10–30 minutes, whereas drugs insoluble at 
interstitial pH or suspended in oil-based solutions present a long time of absorp-
tion. Vascularisation of the muscle, the volume, and the osmolarity of the injected 
formulations also affect the absorption time. A depot preparation of the drug can 
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be given via this route with a sustained release of the drug into the bloodstream. IM 
injection is selected when the drug has a low oral bioavailability or when the patient 
is not compliant. Vaccines are also administered via this route.

Subcutaneous injections can be given in the forearm or abdomen. Up to 2 ml of 
the formulation can be administered. Together with aqueous solutions and suspen-
sions, adrenalin can be added to induce vasoconstriction and therefore increase 
the residence time of drugs (e.g. local anesthetics) or hyaluronidase to make the 
extracellular matrix more fluid, thus improving the absorption rate.

The absorption rate is extremely variable as it is influenced by the blood flow. 
Subcutaneous injections are also used for depot formulations. It is easy to admin-
ister and requires minimal skills, thus allowing self-administration. Insulin and 
heparin are given via this route.

Among all, oral delivery has been recognized as the most attractive route, as it is 
cheap, simple, accepted by patients, requires fewer sterility restrictions, and offers 
more possibilities in the design of the formulation (including sustained and con-
trolled delivery) [24]. It is used for drugs with topical action in the gut and systemic 
effects when they reach the bloodstream. However, it is not suitable for emergencies 
in which an immediate effect is fundamental.

Over the past few years, many efforts have been made to develop oral delivery 
systems able to overcome the obstacles in the gastrointestinal tract (GI) in which the 
mechanism of absorption is complex with multiple levels of barriers [24].

There is a long list of variables that influence the GI absorption of drugs, which 
are grouped in technical challenges, physicochemical properties of the drug, and 
environmental factors [25].

The technical challenges concern the pharmaceutical form, i.e. liquid or solid. 
In solid forms, the rate and extent of disintegration, and dissolution of the formula-
tion are important to a drug, and to carry out its effect, needs to be in a solution for 
developing the absorption.

Most drugs are absorbed in the small intestine, characterized by a large surface 
area of absorption and having a crucial influence on bioavailability.

The walls of the GI tract are characterized by the presence of mucus, which 
has been a target for drug delivery systems (DDS) capable of mucopenetration or 
mucoadhesion [24]. Mucopenetration consists in regulating the hydrophobicity/
hydrophilicity of the carrier’s matrix or combining mucolytic enzymes to promote 
drug penetration. On the contrary, mucoadhesive carriers, which have attracted sig-
nificant attention [26–28], can adhere to mucus, thus increasing the residence time. 
CD NSs have proven to possess this property, making them particularly promising 
for oral delivery [20].

Last but not least, the first-pass effect should be borne in mind when dealing 
with the oral route as it is certainly a limiting factor. It refers to the metabolism 
(mainly in the liver) of the drug before it reaches the systemic circulation, which 
may lead to a drop in bioavailability [29]. For this reason, several drugs are adminis-
tered via other enteral routes (e.g. rectal and sublingual).

The sublingual route offers the benefit of bypassing the first-pass effect due to 
the passive diffusion through the highly permeable mucosa underneath the tongue. 
It is simple with a low risk of infection and the effect is rapid. Nitroglycerin is 
administered via this route.

The rectal route exploits the highly vascularized rectal mucosa for drug absorp-
tion. The first-pass effect is partially avoided. It is indicated for patients with 
gastrointestinal motility problems, nausea, vomiting, and children.

Inhalation is used to obtain a rapid effect as the drug crosses the large surface 
area of the respiratory tract epithelium and reaches the systemic circulation. 
It avoids the first-pass metabolism. The particle size and morphology of the 
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formulation inhaled are crucial. It is mainly used for the treatment of respiratory 
diseases. The intranasal route enables the drug to be absorbed via passive diffusion 
across the highly-vascularised respiratory epithelium directly into the systemic 
circulation. Nasal decongestants and anti-allergic drugs are administered via this 
route (Table 1).

3. Synthesis and classification of CD-NSs

The choice of appropriate synthetic conditions, allowed to obtain both water-
soluble and water-insoluble polymer products, known also as CD-NSs or insoluble, 
and branched or soluble polymer [30–32]. The latter case allowed to overcome the 
limits of pristine CDs in terms of solubility in water and specific organic solvent, 
while the resulting formation of a three-dimensional cross-linked network was 
related to the presence of interstitial spaces among the monomers [33]. In this 
regard, the nature of the cross-linker and its amount in respect to the CD, ratio 
which defines the so-called cross-linking density, are presented to have a great 
impact on the properties and structure of the final material [34]. Also, being said 
interstices wider and more hydrophilic in respect to the cavities of CDs, a wider 
hosting capability was observed as a result.

Route of 
administration

Advantages Disadvantages

Oral • easy

• safe

• cheap

• not Emergency therapy

• not for GI-sensitive drugs (unless they 
are encapsulated

• first pass effect

• risk of interaction with food and drugs

Sublingual • rapid effect

• suitable for emergency therapy

• uncertain dosage

Rectal • for pediatric use

• for patients with impaired GI 
function

• risk of irritation

• unpredictable absorption

Inhalation • rapid absorption

• suitable for general anesthesia and 
emergency therapy

• risk of irritation

• specific equipment is needed

Intravenous • suitable for emergency therapy

• adjustable

• accurate dosage

• complications due to rapid onset

• allergic reactions

Intramuscular • rapid absorption

• systemic administration of hydro-
philic drugs

• administration of sustained-release 
formulations

• small volumes

• painful

• care must be taken to avoid veins and 
arteries

• risk of infections and abscesses

Subcutaneous • rapid absorption

• administration of sustained-release 
formulations

• administration of very small volumes

Table 1. 
Advantages and disadvantages of the main routes of administration.
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3.1 General synthesis protocol

The most common method announced for the synthesis of CD based polymers, 
is characterized by employing a suitable solvent which could be either organic 
solvent or, in specific cases water, for the dissolution of the CDs. Afterwards, under 
continuous stirring, the chosen linking agent is added to the solution. Nevertheless, 
when required, the introduction of a catalyst occurs before the linking agent, and 
in specific cases, an increase in temperature is necessary to start the cross-linking 
reactions. The use of an ultrasound bath instead of stirring was also considered 
[35]. Eventually, either a sol–gel process or a precipitation polymerization can be 
observed, leading to the formation of a monolithic block or a precipitate, respec-
tively. Also, in those cases in which the cross-linker is in the liquid form, and able to 
solubilize the CD, a melt polymerization can be performed [36, 37].

Once the synthesis is completed, the solvent, the catalyst, eventual unreacted 
monomers, and by-products are removed from the synthesized product by purifica-
tion with water or other volatile solvents. In the end, a dry solid powder is collected 
[37–39]. Another well-known approach to synthesize CD-NSs is achieved through 
simple dehydration reactions. In this case, the CDs and the cross-linker, which is 
usually an acid bearing two or more carboxylic groups, are solubilized in water. 
After the addition of a suitable catalyst, the solution is heated to remove the water 
introduced as solvent as well as the water released as a by-product of the cross-
linking condensation reaction. Moreover, the use of vacuum together with the 
temperature allows to shift the equilibrium of the reaction toward the products [40, 
41]. Besides, less used synthetic routes report the use of interfacial or radical polym-
erization. In the first case, two immiscible phases such as a water solution of CD and 
a chlorinated solvent solution containing the chosen cross-linker, are mixed and 
stirred vigorously. The cross-linking occurs rapidly at the interface of the immiscible 
phases, and a precipitate is obtained [39]. While in the second case, a multistep 
procedure involving also preliminary derivatization of CD was displayed [42].

3.2 General classification

In general, based on the technological evolution of these materials, CD-NSs can 
be classified into four generations, considering their chemical composition and 
properties [19]. The first generation comprises all those NSs synthesized by a simple 
one-step reaction of CDs with a cross-linker. This generation was further divided into 
sub-categories according to the chemical nature of the linking molecules adopted for 
the synthesis. In this frame, carbonate, ester, ether, and urethane types are the most 
reported. These specific types of NSs will be described in more detail in the following 
paragraphs. Subsequently, the introduction of specific functions such as charge or 
luminescence to the final polymer structure defined the second generation of NSs. 
These materials displayed more complex polymer architectures achieved either via 
pre- or post-synthesis functionalization. In the first case, the introduced functions 
were limited to the surface of the polymer, whereas in the second case a more homo-
geneous distribution was observed. Referring to the division into generations, the 3rd 
generation deals with stimuli-responsive NSs, able to modulate their behavior (for 
example increasing/decreasing a drug release) according to the external environment.

3.2.1 CD-based polyurethane NSs

Urethane, or carbamate, CD-NSs are synthesized by reacting CDs (or a different 
dextrin) with a suitable diisocyanate as, for example, hexamethylene diisocyanate 
(HDI), toluene–2,4-diisocyanate (TDI). The reaction scheme is reported below 
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(Figure 1, inset a). The resulting NSs are usually characterized by a rigid structure and 
a negligible swelling in water (in comparison with other CD-NSs), and organic solvent 
and high resistance to chemical degradation. Carbamate CD-NSs, were originally 
developed by Li and Ma for the treatment of wastewaters, as an alternative for acti-
vated carbon. They demonstrated with NSs remarkable performances in the removal 
of organic molecules such as p-nitrophenol reducing concentration of waste from 
10−7–10−9 M to ppt level. The surface area was usually lower than activated carbon, 
(1–2 m2/g, two orders of magnitude) but it is supposed that organic molecules can be 
adsorbed, diffuse through the surface, and be absorbed inside the bulk of NSs [43].

The good affinity of organic molecules showed for pollutants [44], is also dem-
onstrated by the application of urethane NSs in the complexation with biologically 
relevant compounds, such as bilirubin or amino acids. In 2006, Tang et al. evaluated 
the difference in absorption of aromatic amino acids and branched-chain amino 
acids: the absorption of branched-chain amino acids was negligible whereas NSs 
absorbed 24% of the aromatic amino acids.

In previous works the same polymer was tested for the absorption of bilirubin, 
reducing the initial concentration of bilirubin (40 mg/l) up to 92.6% after the addi-
tion of the NS [45].

3.2.2 CD-based polycarbonate NSs

Polycarbonate CD-NSs are usually synthesized using active difunctional carbonyl 
compounds such as 1,1′-carbonyldiimidazole, triphosgene, and diphenylcarbonate 
(Figure 1, inset b). Since the resulting CD NSs present carbonate bonds between 
CD monomers, these NSs present short cross-linking bridges and, consequentially, 
a reduced swelling ability (if compared to CD- based polyesters NSs, for example) 
and good stability to acidic solutions. The affinity to organic molecules and the 
surface area are comparable to carbamate NS [46]. The ability of β-CD carbonate NS 
to remove from wastewater chlorinated persistent organic pollutants (also known as 
POP) was investigated by Trotta and Cavalli in 2009 [47]: the absorption efficiency 
was higher than the average of activated carbon. For the specific case of hexachloro-
benzene the NS was capable of removing around 99.5% of the pollutant.

Figure 1. 
Schematic synthesis of a) CD-based polyurethane NSs and b) CD-based polycarbonate NSs.
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An interesting method to evaluate the degree of cross-linking of carbonate β-CD 
NSs, employing infrared and Raman spectroscopy, was described by Castiglione et 
al. [48]. Data from spectroscopic analysis and chemical computation demonstrated 
a correlation between the intensity of carbonyl absorption peak and the degree of 
cross-linking: the degree of cross-linking increased with the amount of cross-linker, 
in total agreement with the stoichiometry. Dealing with sugar-based predominantly 
amorphous materials, the reported method represents a valid and advantageous 
alternative to x-ray. The crosslinking density or the amount of crosslinker, strongly 
influences the stiffness and elastic properties of the NSs. Rossi et al. demonstrated 
in their study that the mechanical features of the NSs can be easily tuned by chang-
ing the molar ratio CD/cross-linker, on the other hand, the CD used for the synthe-
sis does not affect the mechanical properties of the final NS [34, 49].

3.2.3 CD-based polyester NSs

Ester CD-based NSs are synthesized using dianhydrides or di/polycarboxylic 
acids, such as pyromellitic dianhydride (PMDA), ethylenediamine- tetraacetic 
dianhydride (EDTA dianhydride), butanetetracarboxylic dianhydride, citric acid 
[46, 50].

Dissimilarly from polycarbonate and polyurethane NSs, polyester NSs are gener-
ally able to absorb remarkable amounts of water (up to 25 times/g dry sample), 
and form stable hydrogels. Similarly as seen before with mechanical properties, the 
swelling capability of the CD-NSs is generally dependent on the degree of cross-
linking. The swelling capability is usually inversely proportional to the density of 
cross-linking: the lower the degree of cross-linking, the higher the water uptake. 
The structure of the material dramatically influences chemical stability. Ester NSs 
are subjected to hydrolysis in aqueous media more easily than polycarbonate and 
polyurethane NSs. The structure is remarkably interesting because of the presence 
of free carboxyl groups in their chemical structure, moieties that can be exploited 
for the absorption of cations, using the material as an ionic exchange resin.

There are in literature many examples of the formation of complexes with a 
metal cation. The metal ions complexation ability of pyromellitic NSs is studied by 
Berto et al. in for different metal cations, such as Al3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, 
Cd2+ and Pd2+.

In most cases, pyromellitic NSs were found to be capable of absorbing more than 
70% of the tested cation [51].

A similar test of removing heavy metals from wastewaters, crosslinking also 
CDs with citric acid, is performed by Rubin Pedrazzo et al. in 2019 [52]. At a metal 
concentration of 500 ppm, the pyromellitic NSs (substituted before absorption 
with Na+) exhibited a higher retention capacity than the citrate NSs. At lower metal 
concentrations (≤ 50 ppm) both the citrate and the pyromellitic NSs showed high 
retention capacities (up to 94% of the total amount of metal). While in the pres-
ence of interfering sea water salts, the citrate NSs were able to selectively adsorb a 
significantly higher amount of heavy metals than the pyromellitic NSs.

For ester NSs, similar studies of the correlation of cross-linking degree with 
properties are performed. Surprisingly, the highest cross-linking degree was 
observed in the sample prepared using the molar ratio 1: 6, CD: PMDA [53].

Higher contents of cross-linker, molar ratios like 1:8 and 1:10, led to a 
decrease of the degree of cross-linking; this is possibly related to the steric 
hindrance generated by the pyromellitic units linked to CDs. Interestingly, by 
working under limited dilution conditions during the reaction and with an even 
lower CD/cross-linker ratio (e.g., 1:2 molar ratio), it is possible to obtain a hyper-
branched water-soluble polymer [54]. As already described for carbonate NSs, 
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Raman and Brillouin scattering experiments permitted Rossi et al. to evaluate a 
relationship between the mechanical characteristics of the polyester pyromellitic 
β-CD NS and the molar ratios CD/cross-linker: as seen before, stiffness and 
elasticity of the polymeric structure can be tuned by varying the amount of 
cross-linker [49].

4. Inclusion complex preparation and analysis

4.1 Preparation of inclusion complexes

Once the CD-NS is ready, the inclusion complex can be obtained by several 
procedures [55] as its summarized in Figure 2. Firstly, it is performed the classical 
mixing of drug and CD-NS in a solvent, commonly water for 24 h to form the com-
plexes. In this procedure, we should consider the insoluble or soluble nature of our 
complexes. Depending on this, the desire fraction is purified. Using kneading, the 
drug and the CD-NS are mixed in a mortar with an appropriate quantity of water 
or another solvent to form the complexes. At this point, other additional techniques 
are used to form the powder: The solvent can be removed using lyophilization, co-
evaporation, or spray-drying procedures.

4.2 Analysis of inclusion complexes

Different techniques can be employed to characterize not only inclusion com-
plexes but also CD-NS. For information purposes, we will name some of them and 
briefly explain their possibilities [56, 57]:

4.2.1 Ultraviolet/visible spectroscopy

UV–vis is a simple, easy, and fast method for studying the host-guest com-
plexation when its formation changes any particularity of the spectrum of a guest 
molecule or to check the solubilization efficacy [14, 16, 58, 59].

Figure 2. 
Different methods to prepare inclusion complexes.
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4.2.2 Fourier-transform infra-red (FTIR)

This technique is usually used in solid complexes, generally in the range of 
400–4000 cm−1, although it depends on the studied drug [58, 60]. Changes in the 
characteristics bands of the guest molecule or shifts in the wavenumber can indicate 
the formation of the complex. In addition, the same principle can be used to follow 
the CD-NS synthesis.

4.2.3 Nuclear magnetic resonance (NMR) spectroscopy

NMR is one of the most useful procedures to obtain complete analytical infor-
mation of the CD-NS and the complex formed. An alteration in the chemical shift 
of the protons occurs when the drug enters the CD-NS providing specific informa-
tion about the orientation of the guest molecule inside the cavity.

4.2.4 Thermogravimetric analysis (TGA)

TGA determines the changes of weight to temperature increases. The com-
parison of the weight loss profile of pure components, physical mixture, and the 
complex shows differences correlatives to the complex formation. A stage on TGA 
around 300°C is found in CD-NS due to CD decomposition [59].

4.2.5 Differential scanning calorimetry (DSC)

It can provide detailed information about their physical and energetic proper-
ties. The comparison of the thermal curves of single components, their physical 
mixture, and the presumed inclusion compound ought to provide insight into 
modifications and interactions due to the formation of the inclusion complex. The 
change that occurs in the fusion point of the guest molecule is usually hiding by 
the complex formation, while it remains in the physical mixture. This, and several 
modifications in the shape and temperature peak of the CD dehydration and/or 
with the disappearance of the drug melting peak among others, are proves of the 
complexation.

5. Applications in smart drug delivery

5.1 Improving solubility and controlled release of drugs

5.1.1 CD-based polyurethane NSs

Another study showed the capability of CD polyurethane to reduce the levels 
of natural product contaminants, particularly, Ochratoxin A (OTA) from spiked 
solutions between 1 and 10 μgL-1 [61]. Following the attracted considerable interest 
that these polymers have shown in their use for water purification systems [62] and 
drug delivery [63], there were further done several chemical modifications on the 
CD NSs. Even though the modified CD NSs were used to enhance the properties 
and usefulness of CD NSs, their characterization at the molecular level remained 
a challenge. Therefore, a study described the structural characterization at the 
molecular level of both, native CD nanosponge polyurethanes and bionanosponge 
polyurethane cyclodextrin nanocomposite (pMWCNT-CD/Ag-TiO2) showing a 
great antibacterial and antifungal activity. The greatest antimicrobial activities 
were in the case of the developed polyurethane nanocomposite (pMWCNT-CD/
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Ag-TiO2). Consequently, it was concluded that this developed synthesis can be 
considered an active antimicrobial compound [64]. Another potential application 
of CD polyurethane polymer is as immobilization supports in enzyme catalysis. The 
lipase was immobilized into the aforementioned polymers via physisorption. It is 
observed an improvement in the stability and catalytic activity of lipase, knowing 
that the enzymes are generally unstable, insoluble in organic solvents, and sensitive. 
Accordingly, this study presented the chance to prepare immobilized biocatalysts 
with tunable catalytic activities attributed to the alteration of reaction conditions 
[65]. Further research was focused on the novel polyurethanes containing simulta-
neously β-cyclodextrin (β-CD), β-glycerophosphate groups, and hexamethylene-
diisocyanate (HDI). This polymer developed was used to complex the delivering 
therapeutic agents such as antibiotic ciprofloxacin. It was observed an improvement 
of the drug release in the case of the drug-polymers complexation than that of the 
free drug [63].

5.1.2 CD-based polycarbonate NSs

CD-based polycarbonate NSs synthesized using carbonyldiimidazole (CDI) 
showed antimicrobial activity against various microorganisms such as E. coli, S. 
aureus, P. aeruginosa, S. typhi, C. albicans, and Clostridia, when compared with 
Ciprofloxacin that was used as a standard drug. The formulations were prepared 
by polymer condensation, and interfacial phenomenon, and were effective for 
6 months at a condition of 40°C and 75% of relative humidity [66]. This type of 
CD NSs was further used to deliver and increase the activity of several anticancer 
drugs such as paclitaxel [67], bortezomib [68], flutamide [69], tamoxifen [70], etc. 
Following their high potential to entrap a variety of molecules, the β-CD/CDI NSs 
were also used to deliver and improve the solubility and dissolution of paliperidone, 
an antipsychotic drug for the treatment of schizophrenia [71]. Further, rilpivirine is 
used for the treatment of HIV infection but has low aqueous solubility. Therefore, 
the β-CD/CDI NSs presented a strategy to improve this drawback and also the 
bioavailability and dissolution rate [72]. The antioxidant activity of kynurenic acid, 
an endogenous substance, was improved by loading it in β-CD/CDI NSs. The higher 
antioxidant activity was observed because of the increment in solubilization of 
kynurenic acid [60]. CD-based polycarbonate NSs synthesized using diphenyl car-
bonate (DPC) were used to overcome the poor solubility and stability of Babchi oil 
that is known for possessing numerous activities such as antifungal, antibacterial, 
antiviral, antitumor, antioxidant, etc. [73]. Further, the bioactive properties of the 
piperine, an alkaloid with anti-microbial, anti-inflammatory, anti-cancer proper-
ties, etc., were protected by the β-CD/DPC NSs [74]. This type of NSs exhibited 
complexing ability toward nifedipine, as an oral calcium channel blocking agent 
that is used to treat angina pectoris and hypertension. It was observed an improve-
ment in the oral solubility of nifedipine after its incorporation into NSs [75].

5.1.3 CD-based polyester NSs

CD-based Ester NSs synthesized with pyromellitic dianhydride (PMDA) are 
well known for delivering, enhancing solubility, and preventing the degradation 
of various drugs such as Curcumin [76], Insulin [20], Resveratrol [77], Erlotinib 
hydrochloride [78], among others. Ethylenediaminetetraacetic dianhydride 
(EDTA) is another cross-linker to synthesize ester CD NSs. Based on HRMAS 
probe-heads in a high-resolution NMR spectrometer on the transport properties 
of Ibuprofen sodium salt (IP), it was found that these NSs can be utilized for the 
rational design of smart systems for drug delivery and controlled release [79]. The 
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various applications of CD-based polyester NSs ranging from the environment to 
pharmacy, chemistry, agriculture, gene delivery, cosmetics, biocatalysis, brought 
to a detailed study on their cross-linking density. Being a very challenging task, it 
presented the effect of cross-linking density on β-CD NSs physicochemical proper-
ties. Flory-Rehner theory and rheology enabled the authors to understand the corre-
lation between the structural features of NSs and their physicochemical properties, 
which is a key requirement for future applications [34].

5.2 Last generations of NSs for selected target drug delivery

Stimuli-responsive NSs represent the third generation, polymers that have been 
designed to modulate their behavior according to the surrounding environment. In 
this case, changes in the chemical structure of the material were reported to be trig-
gered by pH, temperature gradients, or oxidative/reducing conditions. This feature 
was exploited for studying the targeted release of drugs, changes in color, and per-
meability. The use of glutathione (GSH) bioresponsive CD-NS was proposed as the 
system to deliver anticancer drugs or bioactive compounds [80–83]. This is because 
GSH is 100 to 1000 times higher inside cells than that in the extracellular fluids and 
circulation. Indeed, in cancer cells, this concentration is almost higher being a good 
system for target drug delivery [84]. Different drugs such as doxorubicin [81] or 
bioactive compounds such as resveratrol [82] were tested showing a well-targeted 
drug delivery, and therefore is considered a promising therapy. In addition, the 
linkage of cholesterol was proposed as a good procedure for increase the targeted 
drug delivery of doxorubicin-loaded CD-NS [85].

Lastly, molecularly imprinted cyclodextrin-based polymers (Figure 3) define 
the fourth generation of NSs. Molecular imprinting represents a specific approach 
of inducing molecular recognition features to a three-dimensional polymer. This 
property can be achieved as a result of the presence of a template molecule intro-
duced during synthesis. The template molecule after being removed from the poly-
mer matrix leaves size-complementary vacancies, enabling the network to display 
high selectivity and affinity toward the chosen template. Eventually, molecularly 

Figure 3. 
Schematic synthesis of molecularly imprinted NSs.
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Drug Nanocarrier 
prepared

Outcome References

Controlled Drug Delivery

CD-based Polyurethane NSs

Erythromycin, vancomycin, 
and rifampicin

βCD/HDI Long-term sustained release of 
antibiotics.

[89]

Mitomycin C ϒCD/HDI Prolonged anti-proliferative drug 
release.

[90]

CD-based Polycarbonate NSs

Curcumin βCD/DMC Increased anti-cancer drug solubility, 
and prolonged release.

[91]

Norfloxacin βCD/DPC Enhanced anti-bacterial drug 
permeability.

[92]

Tamoxifen βCD/CDI Increased anti-cancer drug solubility, 
and bioavailability.

[93]

Resveratrol βCD/CDI Increased the permeation, stability, 
and cytotoxicity against cancer

[94]

Camptothecin βCD/DPC Increased anti-cancer drug stability, 
and prolonged release.

[95]

Acyclovir βCD/CDI Enhanced anti-viral drug loading, 
and prolonged release.

[96]

Telmisartan βCD/DPC Enhanced anti-hypertensive drug 
solubility, improved bioavailability, 
and prolonged release.

[97]

Babchi Oil βCD/DPC Enhanced anti-bacterial essential oil 
solubility, photo-stability, and safety.

[98]

Rilpivirine βCD/CDI; 
PMDA; DPC

Enhanced anti-viral drug solubility, 
and bioavailability.

[99, 100]

Paclitaxel βCD/CDI Enhanced anti-cancer drug solubility, 
and pharmacological effect.

[101]

Sulfamethoxazole βCD/CDI Enhanced anti-bacterial drug 
solubility.

[102]

Quercetin βCD/DPC Enhanced anti-oxidative drug 
dissolution, and prolonged release.

[103]

Melatonin βCD/CDI Controlled drug release through skin. [104]

Kynurenic acid βCD/CDI Enhanced anti-oxidant potential of 
kynurenic acid.

[105]

D-Limonene βCD/DPC Enhanced anti-bacterial potential 
of the drug.

[106]

Azelaic acid βCD/DPC Enhanced drug solubility, and its 
depigmenting action on the skin 
via antioxidant, and antityrosinase 
effect.

[107]

Chrysin βCD/DPC Enhanced drug solubility, in-vitro 
antioxidant, and antitumoral 
activity.

[108]

Paliperidone βCD/CDI Enhanced antipsychotic drug 
solubility.

[109]
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imprinted CD-NSs are studied as suitable material to develop biosensors, drug 
delivery systems, catalysts, or synthetic antibody mimics [86–88]. A good example 
of this application is the L-Dopa as a novel possibility to treat Parkinson’s Disease. 
The molecularly imprinted CD-NSs showed a slower and more prolonged release 
profile than the non-imprinted NSs, indicating the good capacity to better complex 
L-Dopa than non-imprinted NS. The use of CDs in controlled and targeted drug 
delivery is shown in Table 2.

Drug Nanocarrier 
prepared

Outcome References

Ferulic acid βCD/DPC Enhanced drug solubility, and 
bioavailability for the local therapy 
of vessels wall.

[110]

Flutamide βCD/CDI Enhanced anti-cancer drug 
dissolution rate.

[111]

Griseofulvin βCD/DPC Enhanced antifungal oral drug 
bioavailability, and improved 
dissolution rate.

[112]

CD-based Polyester NSs

Insulin βCD/PMDA Enhanced anti-diabetic drug 
stability, and prolonged release.

[113]

Imiquimod βCD/PMDA Enhanced drug aqueous solubility, 
and skin permeation capability.

[114]

Acetyl salicylic acid βCD/PMDA Enhanced anti-inflammatory drug 
stability, and prolonged release.

[115]

Doxorubicin βCD/PMDA Improved anti-cancer effectiveness. [116]

Meloxicam βCD/PMDA Increased anti-inflammatory drug 
solubility, and wettability.

[117]

Targeted Drug Delivery

DB103 - [2-(3, 
4-dimethoxyphenyl)-3-
phenyl-4H-pyrido]

βCD/DPC Enhanced drug solubility, and 
bioavailability for the local therapy 
of vessels wall.

[118]

L-DOPA βCD/CDI; 
PMDA 
(Molecularly 
imprinted 
cyclodextrin-
based polymers)

Enhanced drug solubility, and 
prolonged release.

[119]

Doxorubicin Tripeptide 
glutathione 
(GSH) 
nanosponge 
(NS)

Enhanced antioxidant potential, 
and it is useful in targeting chemo-
resistant tumors.

[120]

Strigolactones GSH/pH-NS Enhanced anticancer activity. [121]

Erlotinib hydrochloride 
(ETB)

GSH-NS Exhibited excellent drug 
uptake, extended drug release, 
in-vivo antitumor efficacy, and 
biodistribution.

[122]

βCD, Beta Cyclodextrin; ϒCD, Gama Cyclodextrin; HDI, Hexamethylene diisocyanate; CDI, Carbonyldiimidazole; 
DMC, Dimethyl Carbonate; DPC, Diphenyl carbonate; PMDA, Pyromellitic Dianhydride.

Table 2. 
The use of cyclodextrin based nanosponges in drug delivery.
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6. Conclusions

CD-NSs are demonstrated to be safe, cheap, and biocompatible polymers. 
Consequently, several authors are focused on this field recently achieving novel 
applications. This chapter summarized the general information that will guide 
the advanced research to investigate the CD-NSs. Information about the routes of 
administration, synthesis protocols, recommendations, classifications, and applica-
tions of the novel synthesized materials, with special attention to targeted drug 
delivery, are mostly collected. It is shown the ability of CD-NSs to entrap drugs 
and to control their release from the matrix which can be modulated by different 
physicochemical agents.

As a remark, CD-NS is a good promise to improve the current problems in drug 
formulations and open novel strategies for drug delivery that identify the light in 
the future.
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Chapter 7

Targeted Nano-Drug Delivery 
System to Colon Cancer
Eskandar Moghimipour and Somayeh Handali

Abstract

Cancer has been considered as the most cause of death in world. Employing of 
nanocarriers as drug delivery systems provide a platform for delivering drugs with 
increasing the anti-cancer efficacy, enhancing bioavailability of drugs, reducing 
side effects, enhancing the circulation half-life of drugs, improving the distribution 
of drugs and overcoming drug resistance. A number of nanocarriers have been 
studied as drug delivery systems for improving the treatment of cancer includ-
ing liposomes, micelle, polymeric nanoparticles, carbon nanotubes, dendrimers, 
solid lipid nanoparticle (SLN) and nanostructure lipid carrier (NLC). In order to 
enhance recognition and internalization of nanocarriers by the target tissues, their 
surfaces can be modified with targeting ligands such as integrins, transferrin, folic 
acid, polysaccharides and antibodies. In this chapter, we are going to introduce 
the targeted nanocarriers for improving the cytotoxic action of drugs with further 
attempt of decreasing dose to achieve higher anticancer activity. Targeted nanocar-
riers would provide a promising therapeutic approach for cancer.

Keywords: Colon cancer, Nanoparticles, Drug delivery

1. Introduction

Colon cancer is one of the most commonly causing death in the world [1]. The 
conventional chemotherapy for colon cancer has a poor efficacy due to side effects 
on normal cells [2, 3]. Moreover, development of multidrug resistance (MDR) remains 
a major obstacle in the cancer treatment [4]. Using of nanocarriers as drug delivery 
systems provide a platform for delivering of drugs with increasing the anti-cancer 
efficacy, reducing side effects, improving therapeutic index, increasing the solubility 
of drugs, increasing bioavailability of drugs, enhancing the circulation half-life of 
drugs, improving the distribution of drugs and overcoming drug resistance [5, 6].

A number of nanocarriers have been employed as drug delivery systems for 
improving cancer treatment including dendrimer [7], chitosan [8], liposome [4], 
polymeric NPs [9], micelle [10] and exosomes [11]. Decorated nanocarriers with 
targeted ligands can identify receptors on cell surface which lead to enhance cellular 
uptake, reduce adverse effects and provide effective release of drugs [12, 13].

2. Nanocarries for colon cancer drug delivery

Sodium alginate, as natural polysaccharide is widely considered as a polymer 
for drug delivery due to hydrophilic, biodegradability, biocompatibility and 
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negatively charged. Stable micelles of sodium alginate-curcumin bioconjugate were 
developed for anti-cancer applications. Sodium alginate-curcumin bioconjugate 
rapidly internalized in colon cancer cells; however, normal cells were less sensitive 
to this bioconjugate. Moreover, these micelles did not induce hemolysis and red cells 
aggregation [10].

Dendrimers are widely considered as nanocarrier for drug delivery due to 
biocompatibility, high drug loading and high surface functionality [7]. PAMAM G5 
dendrimers encapsulated with curcumin and gold NPs (AuNPs) and decorated with 
MUC-1 aptamer were developed for targeted delivery to the colon cancer. AuNPs 
improve the contrast and resolution in the computed tomography (CT). MUC-1 
receptors are overexpressed in the colorectal cancer; therefore, they can be con-
sidered as target for active targeting drug delivery. Targeted PAMAM dendrimers 
exhibited higher cellular cytotoxicity than non-targeted nanocarriers due to the 
higher affinity between MUC1 aptamer and MUC-1 receptor in cancer cells which 
increases the internalization of nanocarriers through receptor-mediated endocyto-
sis. In vivo studies also illustrated the capability of targeted dendrimer as an effec-
tive theranostic system for colon cancer [13].

Employing of pH-controlled drug delivery systems lead to release of drug under 
acidic condition and not under neutral condition. CuS@Cu2S@Au nanoparticles 
(NPs), as a pH-sensitive carrier developed for delivery of doxorubicin (DOX) to 
colon cancer cells. The drug loaded NPs exhibited pH sensitive release and higher 
toxicity than free drug on cancer cells. Furthermore, these NPs showed good 
biocompatibility which make them as promising carrier for drug delivery [5].

Chitosan (CS) as biocompatible polymer is mostly considered as drug delivery 
system due to low toxicity, low immunogenicity, bioadhesion and biodegradability 
[8]. In addition, CS increases the permeability of drugs by regulating the tightness 
between cells [2]. CS NPs were prepared for oral co-delivery of 5-Aminolevulinic 
acid (5-ALA) and photothermal agent (IR780). Results showed that co-delivery 
system increased photodynamic effects against colon cancer cells via enhancing 
oxidative stress, ROS, superoxide and 1O2 production [14].

Luteolin is found in numerous plants that is showed remarkable anti-cancer activ-
ity against skin, breast, liver, prostate and colon cancer. However, its clinical applica-
tion is limited due to poor solubility and low bioavailability. A liposomal formulation 
was designed for improving the anti-tumor activity of luteolin. Liposomal luteolin 
significantly displayed anti-cancer activity against colon cancer cells than free luteolin 
in vitro and in vivo. These findings indicated that liposome formulation improved sol-
ubility and bioavailability of luteolin [15]. Mannose receptors are overexpressed in the 
drug resistant human colon tumor cell lines. Dihydroartemisinin (DHA, a derivative 
of artemisinin) and DOX were co-loaded into mannosylated liposomes for targeted 
delivery to colon cancer cells. These targeted liposomes increased the accumulation 
of both drugs in cancer cells which led to inhibit the growth of cancer cells through 
enhancing apoptosis, low expression of Bcl-xl and induction of autophagy [4].

5-Fluorouracil (5FU) has been commonly used for treatment of colon cancer. 
However, its medical application is restricted due to multidrug resistance, short half-
life, side effects and low therapeutic index [16, 17]. Folic acid-decorated liposomal 
drug delivery system was designed for tumor targeting of 5FU. Targeted liposomes 
displayed higher cellular uptake and more activated apoptotic pathway than free 
drug on cancer cells. Results of hemolysis assay indicated the blood biocompatibil-
ity of the liposomes. Furthermore, folate targeted liposomes exhibited better tumor 
inhibition than free drug [18, 19]. Transferrin targeted liposomal 5FU also triggered 
apoptosis through mitochondria signaling pathway in cancer cells [20].

Cell differentiation 44 (CD44) is also frequently overexpressed on colon cancer 
cells. CD44 is the major receptor of hyaluronic acid (HA) in cancer cells. A smart 



167

Targeted Nano-Drug Delivery System to Colon Cancer
DOI: http://dx.doi.org/10.5772/intechopen.100059

micelle formulation was prepared using tocopherol succinate (TOS) conjugated 
HA by redox-responsive disulfide bond as a linker. According to the results, the 
micelle could specifically attach to CD44 receptors overexpressed tumor cells 
and responded selectively to high level of glutathione (GSH) in cells which led to 
inducing disulfide bond breakage and the release of paclitaxel (PTX) and triggered 
apoptosis in cancer cells [21].

A biocompatible pH-sensitive copolymer methoxy poly (ethylene glycol)-b-
poly[(hydroxypropyl methacrylamide)-g-α-tocopheryl succinate-g-histidine)] 
(PTH) was synthesized for co-delivery of DOX and α-TOS. Results of in vivo 
biodistribution showed that micelles considerably accumulated in the cancer 
tissues. Moreover, these formulations exhibited higher cytotoxicity on cancer cells 
than normal cells [22].

PLGA, a synthetic copolymer is widely employed as nanocarrier for drug 
delivery system due to biodegradable, biocompatible and non-immunogenic [23]. 
DOTAP-PLGA hybrid NPs were prepared for delivery of 17-allylaminogeldana-
mycin (17AAG) as a HSP90 inhibitor and NPs were decorated with HA. Findings 
showed that internalization of HA-NPs in colon cancer cells was through CD44 
receptor mediated endocytosis. HA-NPs-17AAG induced apoptosis more than free 
17AAG in cancer cells. Additionally, HA-NPs-17AAG significantly inhibited tumor 
growth than free 17AAG in mice [12]. Poly (3-hydroxybutyrate-co-3-hydroxyval-
erate acid) (PHBV)/PLGA NPs were developed for co-delivery of 5FU and 
oxaliplatin for colon cancer treatment. Co-loaded NPs showed significantly higher 
cytotoxicity and anti-tumor efficiency compared to free drugs combination, 
indicating that PHBV/PLGA NPs can be employed as a platform for co-delivery of 
5FU and oxaliplatin [23].

Nanogels are nanosized particles that are formed by chemically or physically 
crosslinked polymer networks [24]. Folic acid functionalized amylopectin-albumin 
core-shell nanogels were designed for improving colon cancer cell targeted delivery 
of curcumin. The curcumin loaded in nanogels exhibited stability against physi-
ological degradation and efficiently triggered apoptosis than free curcumin in 
HT29 cells.

Exosomes are natural membrane vesicles that are secreted into the extracel-
lular environment and can be exploited as drug delivery. Exosomes contain 
bioactive molecules such as lipids, DNA, mRNAs and proteins [11]. Engineered 
exosomes were designed for co-delivery of 5FU and miR-21i (miR-21 inhibi-
tor oligonucleotide) to colon cancer cells. The engineered exosome efficiently 
facilitated cellular uptake of drugs and significantly inhibited miR-21 expression 
in 5FU resistant colon cell lines and increased apoptosis. Moreover, systematic 
administration of 5FU and miR-21i encapsulated exosomes significantly showed 
anti-cancer effect in mice [16].
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Chapter 8

Artificial Intelligence in 
Healthcare: An Overview
Syed Shahwar Anwar, Usama Ahmad, Mohd Muazzam Khan, 
Md. Faheem Haider and Juber Akhtar

Abstract

The healthcare industry is advancing ahead swiftly. For many healthcare 
organizations, being able to forecast which treatment techniques are likely to be 
successful with patients based on their makeup and treatment framework is a big 
step forward. Artificial intelligence has the potential to help healthcare providers in 
a variety of ways, including patient care and administrative tasks. The technology 
aims to mimic human cognitive functions, as it offers numerous advantages over 
traditional analytics and other clinical decision-making tools. Data becomes more 
precise and accurate, allowing the healthcare industry to have more insights into the 
theranostic processes and patient outcomes. This chapter is an overview of the use 
of artificial intelligence in radiology, cardiology, ophthalmology, and drug discov-
ery process.

Keywords: artificial intelligence, algorithms, healthcare, radiology, cardiology,  
drug discovery

1. Introduction

In the field of healthcare, Artificial Intelligence (AI) is the privilege to breathe. 
It’s a maneuver of the algorithm for the purpose of diagnosis, prognosis, or treat-
ment of certain diseases. AI is the convergence of human and machine learning. 
John McCarthy, one of the founding fathers of AI, defined it as “the science and 
engineering of making intelligent machines” [1]. In this current era, intelligent 
machines pertain in various domains like financial, automatic driving, smart 
home, etc. In healthcare, machine learning is widely used to build automated 
clinical decision systems and in the treatment of different diseases [2]. AI utilizes 
advanced algorithms to learn from healthcare data and assist healthcare profes-
sionals in clinical practice. It has self-correcting and learning capabilities to cope 
with its exactness based on analysis [3]. AI can detect the spread of endemics by 
tracking animals and plant diseases and by accessing global airline ticketing data 
that are when and where the infected residents are moving and detect when an 
endemic can become a pandemic. The advancement in AI and its caliber to imitate 
human intelligence is heading towards the passing of Turing test [4] and AI will 
have a major impact on the forthcoming industrial revolution [5].



Smart Drug Delivery

174

1.1 History/evolution

AI is the ray of computer science that deals with counterfeit intelligent human 
behavior. Using an electric circuit, Dr. Warren Mculloch and Dr. Walter Pitts [6] 
described neuronal activity and their modeling and explained the notion of neural 
networks. AI was first coined at Dartmouth college conference in 1956 [7] and the 
primitive work of AI was recorded in the 1970s after 15 years of existence of AI. 
The dendral experiment was the early employment of AI in life science [8]. The 
interpretation of electrocardiogram (ECG) stepped from 1970 to 1990 is considered 
as a major development in the field of AI [9]. A clinical decision support system 
was developed during the 20th century [10, 11]. However, the eagerness about AI 
was at its peak during the 1980s, but the phenomena of “AI winter” occurred due 
to groundless forecasting by the observers led to a lack of funding and interest 
[12]. There was continuous progress in building artificial intelligence in mid-20s 
by improving the algorithm and feeding the huge data of healthcare and its intel-
ligence makes it cognizance of assisting the clinical cases of patients with the 
support of healthcare professionals. The renaissance of AI happened in 2012 after 
the evolution of image classifiers [13] and incorporation of AI in patients treatment 
needs to be trained on the basis of large data of clinical case studies so that it can 
examine the patient condition on the basis of history and the data which it has and 
results in diagnosis and in treatment methodology. The devices which favors in the 
department of healthcare are trained through machine learning. Basically, machine 
learning makes computer learn by the provided data i.e. algorithm in great measure 
[14, 15]. Supervised and unsupervised machine learning are two paradigms of 
machine learning [16]. Supervised machine learning classified the large data result 
and separate it into different categories and also predicts the result i.e. regression. 
In unsupervised machine learning there is no result prediction and it conglomerates 
the results [17].

The proof of AI and its concept has been demonstrated since older times. The 
history has been recorded with such minds related to the AI and executed their 
intellections and till today there are a new development, researches, and inventions 
going on in the field of AI and its application in different branches of healthcare.

2. Applications in healthcare industry

AI has proliferated its roots in the noble profession of healthcare. There is a 
boom in the use of AI, from detection of pulse rate to cancer detection and therapy 
consultation, from complete medical history to health monitoring to maintain 
and analyze the healthcare system. It is a helping hand in drug discovery and drug 
creation database and all this is implemented by the use of the algorithm and deep 
neural network.

Currently, AI is being used in various healthcare departments like radiology, 
cardiology, hematology, ophthalmology, and also in the management of various 
diseases.

2.1 AI in cardiology

AI in cardiology assists healthcare professionals in detecting the changes in 
normal heart functioning and helping in making a clinical decision. ECG is also 
a contribution of AI. There are various devices that are used in the monitoring 
of heart rate, blood pressure, tachycardia, bradycardia, stroke, and atrial fibril-
lation which works on the algorithm and deep neural network. These devices are 
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user-friendly and alarm the individual who is using them. Wearables that detect 
biological activity also work on the same principle [18]. A schematic representation 
of the use of AI in cardiology is given in Figure 1.

2.2 AI in radiology

AI and radiology together have brought a drastic change in the field of healthcare. 
The dawn of the application of AI in radiology was since 1960s [19]. Medical imaging 
in the detection and diagnosis of diseases is the widest use of machine learning in the 
field of healthcare [20]. CT scans, MRI, tomography, X-Ray are used algorithms in 
radiodiagnosis. The machines detect and pinpoint the changes on the basis of large 
data by which the neural network has been trained. The AI in radiology is applied for 
the detection of breast cancer at an early stage by mammography scans [21, 22] and 
tumors, tuberculosis, or diseases related to lungs with chest radiography [23–27]. A 
schematic representation of clinical radiology workflow is given in Figure 2.

2.3 AI in ophthalmology

In ophthalmology AI is tremendously used in detection and monitoring of 
diabetic retinopathy [28–33], glaucoma [29, 34, 35], age-related macular degeneration 
(AMD) [29, 36, 37], retinopathy of prematurity (ROP) [38] with the help of retinal 
cameras of fundus photography [16]. The diagnosis of ocular diseases is based on the 
deep learning system that is trained on the numerous images of each disease. A study 
of the population with diabetes from US, Australia, Europe, and Asia in the years 
between 1980 to 2008 shows the frequency of diabetic retinopathy of 34.6% and 7% 
vision-threatening diabetic retinopathy [39]. Thus, continuous monitoring along 

Figure 1. 
Use of artificial intelligence in cardiology.
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with the treatment can prevent vision loss. A schematic representation of the use of 
AI in ophthalmology is depicted in Figure 3 [40].

Machine learning models such as visual fields, optical coherence tomography 
(OCT), and optic disc characters are used for the diagnosis of glaucoma [41]. 
Glaucoma is a medical condition in which the intraocular pressure inside the eye 
rises up. Age-related macular degeneration (AMD) is a condition in which there is 
degeneration in the center of the retina and is responsible for vision loss. Spectral 
OCT is used in the diagnosis of AMD [42]. Retinopathy of Prematurity (ROP) is 
a disease that occurs in premature born babies and the leading cause of childhood 
blindness due to abnormal growth of blood vessels towards the edge of retina. 
Wide-angle retinal images with machine learning [43] and i-ROP DL system which 
works on the basis of convolutional neural network (CNN) was trained on the 
images more than 5000 in number with a single standard reference diagnosis (RSD) 
[44] for the diagnosis of ROP.

Figure 2. 
Clinical radiology workflow.

Figure 3. 
Use of AI in diabetic retinopathy diagnosis and treatment.
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2.4 AI in drug discovery

In this modern era, AI is used for drug discovery and drug design on the basis of 
artificial neural network (ANN), algorithm, and deep learning. In drug discovery, 
inaugural employment of ANN was in 1970 to detect whether the 1,3-dioxane is physi-
ologically active or not [45]. The application of ANN in Quantity Structure Activity 
Relationship (QSAR) is the next stage in the field of drug discovery [46]. QSAR studies 
were involved in drug design since 1960 by involving the simple structures to know the 
activity of the combination of compounds [47]. Currently the biological and physico-
chemical activity i.e. ADMET (Absorption, distribution, metabolism, excretion, and 
toxicity), binding constants according to their binding sites are also vaticinated using 
ANN which is trained on various sets of compounds in the field of drug discovery [48]. 
The application of AI is at every step of the drug discovery process, from identification 
of drug targets to new drug molecule research following its volunteer election for clini-
cal trials [49–51] also its pharmacological property [52], its binding effect with protein, 
potency and synergistic effect with other drugs [53, 54]. Docking software which is 
used to find the perfect binding molecule for the particular receptor and its activity 
also works on the algorithm. AI has simplified the process of drug discovery by saving 
time and money expenditure of US$2.5 billion on R&D [55]. Thus, AI has routed the 
drug discovery process into simpler, quicker, and cost-effective, an example of drug 
discovery is by BenevolentBio which has its own AI platform and was asked to sug-
gest the treatment of amyotrophic lateral sclerosis (ALS) also called as motor neuron 
diseases (MND) and has displayed nearly 100 of drugs, five drugs were selected out of 
which four of them were effective and one was showing delayed neurological symp-
toms on mice [56]. The top multinational biopharmaceutical companies have started 
using AI technology in their drug discovery (Figure 4) [57].

3. Conclusion

Artificial intelligence is an important and valuable technology that offers prom-
ising solutions to healthcare industry needs. It opens up gateways to individualized 

Figure 4. 
Biopharmaceutical companies using AI technology in drug discovery.
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treatment approaches tailored to the needs of individual patients. It offers multiple 
advantages over traditional analytics and other clinical decision-making tools. 
Data becomes more precise and accurate allowing the healthcare industry to have 
more insights into the diagnosis and treatment processes thereby improving patient 
outcomes.
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Chapter 9

Applications of Statistical Tools for 
Optimization and Development of 
Smart Drug Delivery System
Pankaj Sharma

Abstract

In the novel dosage form development, quality is the key criterion in pharma-
ceutical industry. The quality by design tools used for development of the quality 
products with tight specification and rigid process. The specifications of statistical 
tools are essentially based upon critical process parameters (CPPs), critical material 
attributes (CMAs), and critical quality attributes (CQAs) for the development of 
quality products. The application of quality by design in pharmaceutical dosage form 
development is systematic, requiring multivariate experiments employing process 
analytical technology (PAT) and other experiments to recognize critical quality 
attributes depend upon risk assessments (RAs). The quality by design is a modern 
technique to stabilize the quality of pharmaceutical dosage form. The elements of 
quality by design such as process analytical techniques, risk assessment, and design 
of experiment support for assurance of the strategy control for every dosage form 
with a choice of regular monitoring and enhancement for a quality dosage form. This 
chapter represents the concepts and applications of the most common screening 
of designs/experiments, comparative experiments, response surface methodology, 
and regression analysis. The data collected from the dosage form designing during 
laboratory experiments, provide the substructure for pivotal or pilot scale develop-
ment. Statistical tools help not only in understanding and identifying CMAs and 
CPPs in product designing, but also in comprehension of the role and relationship 
between these in attaining a target quality. Although, the implementation of statisti-
cal approaches in the development of dosage form is strongly recommended.

Keywords: Quality by design, Critical quality attributes, Critical process attributes, 
Critical material attributes, Design of experiments, Smart drug delivery

1. Introduction

In an endeavour to fight various pathological manifestations, medicaments have 
been administered via various possible routes [1]. Experimental designs techniques 
have long been used for the optimization of various processes and the development 
of smart drug delivery system such as the factorial designs since 1926 [2], the designs 
for screening since 1946 [3], the central composite designs since 1951 [4], and the 
mixture designs since 1958 [5]. According to Joseph Juran, most of the quality prob-
lems are associated with the way by which a pharmaceutical smart drug delivery was 
designed. A poorly designed pharmaceutical dosage form will show poor efficacy 
and safety, no matter how many analyses or tests have been done to check its quality.
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The quality by design (QbD) is a systemic approach for the development of 
pharmaceutical formulations that starts with predefined objectives and emphasizes 
process and product comprehension and process control, based on quality risk 
management and sound science [6]. The food and drug administration guidance, 
such as pharmaceutical product development (ICH Q8), quality risk evaluation 
(ICH Q9), pharmaceutical quality systems (ICH Q10), the briefly highlighted ICH 
approach to the achieve quality of product through QbD [7], and development and 
manufacture of drug substances (ICH Q11) [8]. The QbD based approach will pro-
vide scientific understanding and knowledge to support smart drug delivery system 
development [9]. The prime goals of QbD for pharmaceuticals may include: (a) to 
attain meaningful product and quality specification; (b) to enhance process ability 
and reduce product variability; (c) to enhance smart dosage form development 
and manufacturing efficiencies, and (d) to increase cause-effect investigation and 
regulatory flexibility [6]. The QbD is used to establish the relationship of product 
performance with the process and product attributes [7, 10]. The applications of 
QbD in pharmaceutical smart drug delivery system development is systematic, 
requiring multivariate experiments employing process analytical technology (PAT) 
and other experiments to recognize critical quality attributes (CQAs) depend upon 
risk assessments (RAs) [7].

The smart dosage form design and process development cannot be distinguished 
since dosage form cannot become a product unaccompanied by a defined process. 
The production process needs to produce a desired standard product typically 
requires multiple units operating conditions and operations [11]. The outline has to 
contain all the factors that require to be contemplated for the design of the process. 
The process factors which cause a vital impact on the quality of the product if 
changes are contemplated as the critical process attribute (CPAs). The process fac-
tor variability, which causes a vital impact on the critical quality of the ingredients 
should be controlled and monitored, at all times to make sure the process for the 
targeted quality [6, 11].

2. Basic elements of quality by design

2.1 Set the standard profile for the target smart dosage form

A target standard profile for smart dosage form describes how a smart dosage 
form will be utilized by the end-user. A systematically developed standard profile 
can ensure the arrangement of objectives across departments of the company, 
advance development of timelines, reduction of risks, and finally lead to an optimal 
smart dosage form. A targeted standard product profile is very important for smart 
drug delivery development due to the variety of administrations and the variety of 
possible end-user (patients, nurses, physicians, and pharmacists) [12].

2.2 Recognition of the critical quality attributes (CQAs)

The next step in QbD for smart dosage form development is recognition of 
the critical quality attributes (CQAs). CQAs are physical, chemical, biological,  
or microbiological characteristics or properties of the pharmaceutical smart 
drug delivery system (in-process or finished) that must be within specified 
standards to ensure quality. CQAs may include identification, content, assay, 
uniformity, solvents, degradation, products, dissolution or drug release, mois-
ture content, moisture uptake, microbial limits, and other properties such as 
color, size, shape, etc. [9, 13].
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2.3 Smart dosage form design and development

The physic-chemical and pharmacological properties of the medicaments 
determine the critical attributes for novel dosage form development. The objec-
tives of the novel dosage form development by using QbD for identification of 
attributes and to achieve desired patient requirements that the resultant product 
should possess to exhibit intended therapeutic response. The smart dosage form 
development must invariably be scientific, systemic, and with basic risk manage-
ment facilitation to achieve these predefined objectives. The CQAs identification is 
strongly and thoroughly based on the understanding of product and manufacturing 
process. These CQAs must be controlled to get reproducible and desired results. 
Table 1 summarizes the different CQAs for medicaments, additives, in-process 

Attribute (CMAs, CQAs & CPAs) Comments

Drug-related

Indication Note if target patients may have limitations (e.g., sodium 
hydrochloride and hypertension)

Types of the route of 
administration

May impact the acceptability of drug product (e.g., the tablet is more 
preferred than parenteral)

Range of dose, frequency of 
dosing, duration of therapy

The concentration, duration of therapy, and frequency of dosing may 
affect the use of some additives (are these outside the statutory use 
levels?)

Pharmacokinetic properties 
(in-vitro/in-vivo)

Is activity associated or toleration with total exposure or the plasma 
concentration? For novel drug delivery formulations, what is the 
required profile?

Drug combination which may 
be designed or mixed for the 
formulation

Are there possible incompatibilities?

Dosage form-related

pH, tonicity, site of application etc.
Administration ante/post cibum 
(oral), need to reconstitute/dilute 
and with what?
Packaging types (single/multi-dose 
packaging)

If more than a single, will be available at the initial stage? Does 
existing machinery work for packaging? Will the packaging be a 
kit (with a device, diluent, etc.)? Are there any considerations for 
disposal (may differ for various regions)? Is functional labelling 
required (e.g., anti-counterfeiting measures, freeze indicators, etc.)?

Storage conditions Include in-use constraints and stability requirements (e.g., 
requirement of secondary packaging to protect from light, “do not 
freeze”)

Requirements for shipping Are there any limitations (susceptibility to shaking, temperature 
excursion, etc.)?

Legitimate-related

Liberty to operate Does the process or product contravene any patents, copyright, and 
applications?

Manufacturing-related

Cost of the product It should cover any royalties as appropriate

The machinery required for 
manufacture

Will the process according to existing machinery?

Processing time for the dosage 
form

Required to consider sterility. Also, may be a matter for some 
processes (e.g., freeze-drying).

Table 1. 
Different critical attributes to formulate a novel dosage form [12].
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Figure 1. 
The fundamental approach of QbD for designing of a pharmaceutical dosage form.

materials, and dosage form [14, 15]. On the basis of suitable statistical methods such 
as DoE (design of experiments), proper risk assessment, and management tools can 
escort to a good and knowledge-based smart dosage form development. Further, 
understanding of CQAs helps to set up flexible and meaningful regulatory product 
specifications. Knowledge of smart drug delivery development can facilitates QbD 
and increase the manufacturing capability (Figure 1) [16].

2.4 Critical process attributes (CPAs)

To develop an optimal manufacturing procedure, all the critical process attributes 
including facilities, equipment, manufacturing variables, and material transfer 
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should be considered. Pulverization, homogenization time/mixing, type of mixer, 
and energy input are the major critical attributes in the manufacturing of novel dos-
age form. The process attributes using these associated factors require be identifying 
and carefully controlling to formulate batches with reproducible quality [17].

Size reduction of the material may be affected by the types of mill used. 
Different types of material need a special type of mill for pulverization such as 
lignocellulosic biomass material (like wood) required ‘fine grinding’ (less than 
100 μm) [18] but in other studies, the ‘fine grinding’ has been used for particle 
sizes up to 1 mm [19–21]. The excess temperature during processing can increase 
the degradation of ingredients [22, 23], while less temperature can cause the failure 
of the process due to drug solubility issues [24]. Mixing speed and time is a critical 
attribute to develop a smart dosage form. For optimizing the mixing speed and 
time, the minimum needed time to dissolve the components and the maximum time 
of mixing can affect the viscosity of the product (causing product failure) and it 
should be identified [22, 25, 26].

2.5 Critical material attributes (CMAs)

The quantitative and qualitative information of active pharmaceutical ingredi-
ents (API) is prime attributes as material attributes [11]. Although an API is mostly 
incorporated at low concentrations and occupies a negligible part in the final formu-
lation, the additives (inactive ingredients) usually elucidate the physical properties 
of a formulation [11, 27]. A number of researches have shown that additive(s) can 
influence the fate of an API in dosage form [28, 29]. Different grades of additives 
show a substantial effect on quality attributes of the final product as well as the API 
stability in the product [30]. Impurities in a raw material may show a detrimental 
impact on the stability of API/additives. Another prime challenge during the design 
and development of a novel dosage form is the compatibility of additives and API.

2.6 Design of experiments (DOEs)

The DOEs is not a replacement for experience, intelligence, or expertise; it is a 
precious element for choosing experiments systematically and efficiently to give 
dependable and coherent information [31]. DOEs are defined as “an organized, 
structured technique for deciding the relationship between attributes influencing 
a process and the output of the process” [32]. The DOEs can be applied for the 
screening of designs/experiments, comparative experiments, response surface 
methodology, and regression analysis [33].

2.6.1 Common experimental designs

In order to provide a logical relationship among the dependent variables and 
independent variables, experimental designs may be classified into four classes: a) 
screening designs, b) optimization designs [34–36] c) comparative experiments, 
and d) regression modelling.

2.6.1.1 Screening of designs/experiments

Screening of designs involves the selection of prime factors affecting a response. 
For the selection of experiments; fractionate factorial designs, the full factorial 
designs, and Placket-Burman designs are mostly used for screening because these 
designs have cost-effective advantages. These screening designs permit one to study 
various input factors with minimum numbers of experiments. However, these 
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designs also show some limitations that should be contemplated in order to impart 
a better interpretation of the effects of input elements on output responses [34–36]. 
Only the linear responses are supported by screening designs. Thus, if a nonlinear 
response is observed, or a more accurate phenomenon of the response surface is 
required or more complex design may be applied [37].

2.6.1.2 The factorial approach

The full factorial and fractional factorial designs are generally used by the most 
of the researchers as an alternative methodological technique to standard relative 
randomized controlled trials (RCTs) and module designs, which has supremacy 
over both for determining the active elements of formulations. The factorial designs 
are employed to explore the prime impacts of critical factors and interactions 
among factors [38–42].

The common and simple full factorial design is the 22 factorial designs, where 22 is 
indicating two factors at two levels means the total run of experiments is four, which 
are located in 2-dimensional factor space at the rectangle’s corners. If there are 23 fac-
torial designs is applied then total eight experiments are mandatory which are located 
at the corners of an orthogonal hexahedron on a 3-dimensional space. If large num-
bers of factors are used at large numbers of levels then the number of runs needed to 
finish the task. To minimize the number of runs, the fractional factorial design should 
be used (i.e., ½ or ¼ of the real number of runs of full factorial design) [43–45].

Table 2 shows the three factors at two coded levels 0 and 1, where 0 represents a 
low level and 1 represents a high level. In Table 2, the last column shows the response 
values of random variables. The main effect of any factor (A, B, C) or interaction 
(AB, AC, BC, ABC) is the difference of two means, the means of the responses cor-
responding to high levels and the means of responses corresponding to low levels.

When we compare the suggestions of Table 2 with the suggestions of fractionate 
factorial design shown in Table 3. In Table 3, every-even numbered test experiment 
eliminated from Table 2. Again, factor effects are differences in mean responses. 
Even though, the prime effect for factor A is absolutely similar and opposite in sign 
from the interaction AB; i.e., A is aliased with -AB. Each result in Table 3 is aliased 
with another result, having the prime result for B which is aliased with the evalua-
tion of the overall average response. Therefore, every difference in means measures 
the difference of two results; e.g., A-AB. Had the half-fraction accompanied the 
odd-numbered test experiments been removed, every difference of means for a 
result would be evaluating the sum of two results; e.g., A + AB.

Experiment A B C AB AC BC ABC Response

1 0 0 0 1 1 1 0 R1

2 0 0 1 1 0 0 1 R2

3 0 1 0 0 1 0 1 R3

4 0 1 1 0 0 1 0 R4

5 1 0 0 0 0 1 1 R5

6 1 0 1 0 1 0 0 R6

7 1 1 0 1 0 0 0 R7

8 1 1 1 1 1 1 1 R8

Table 2. 
Full factorial design with three factors at two levels.
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Every fractional factorial design needs the aliasing of all or some of the factor 
effects. Many times the selection of fractional factorial designs is the unscientific 
that can lead to ambiguity, even wrong, conclusions about factor effects. Inversely, 
it is precisely the attentive selection of which fraction is applied that can increase 
the experimentation efficiently without the aliasing of main effects. Table 4 shows 
another half-fraction of the full factorial design.

2.6.1.3 Plackett-Burman designs or Hadamard designs

This design is special two-level full factorial design and generally employed for 
the screening of factors. Plackett-Burman designs are mainly applicable for screening 
a large number of factors if we want to test the effect of 7 factors then we have to put 
some dummy factors. The results of full factorial designs, Plackett-Burman design, 
and Taguchi design are interpreted by using a half-normal plot and Pareto chart. By 
using these designs we can detect all prime effects economically and all other interac-
tions assumed as negligible when compared with few prime effects [46–48].

2.6.1.4 Response surface methodology (RSM)

Response surface methodology is used after the identification of the critical 
variables affecting a response. Response surface methods such as central composite 
design, Box–Behnken design, and three-level factorial designs can recognize the 
optimum/suitable processing parameters or conditions [49, 50]. The primary 
advantages of response surface methodology are as hitting a target, minimizing 
or maximizing a response, minimizing variations, setting a robust process, and 
finding multiple objectives.

2.6.1.5 Central composite designs or Box-Wilson design

This is one of the most commonly employed optimization design because 
this is used for 5 levels of each loaded factor with a less number of runs required 
when compared with 3 levels full factorial designs. Central composite designs are 

Experiment A B C AB AC BC ABC Response

1 0 0 0 1 1 1 0 R1

3 0 1 0 0 1 0 1 R3

5 1 0 0 0 0 1 1 R5

7 1 1 0 1 0 0 0 R7

Table 3. 
Fractional factorial design of a full factorial design with three factors.

Experiment A B C AB AC BC ABC Response

2 0 0 1 1 0 0 1 R2

4 0 1 1 0 0 1 0 R4

6 1 0 0 0 0 1 1 R6

8 1 1 1 1 1 1 1 R8

Table 4. 
Fractional factorial design of a full factorial design, prime results can be estimated.
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generally used for nonlinear responses. In this model, a two-factor central com-
posite design is similar to a 32 factorial design by using the experimental domain 
at α = ±1. Dash RN et al. successfully developed a glipizide-loaded formulation by 
using central composite designs [51].

2.6.1.6 Box–Behnken design

This is a specially made design, which needs only three levels for each factor 
and it is widely employed in response surface methodology for fitting second-order 
models for all responses. In this method, 15 experiments are run three levels for each 
factor. Box–Behnken designs are a combination of incomplete block designs with 
two-level factorial designs and these are almost rotatable. This design has the ben-
efits that there are no runs where three levels for each factor and that there are no 
corner points run. Runs at the corner points may be expensive or inconvenient [52].

2.6.1.7 Three level factorial designs

This design is mainly used only for two-three factors because the large numbers 
of runs are needed. The required number of runs may be calculated as 3 K, where K 
is selected factor for study.

2.6.1.8 Comparative experiments

Comparative studies are performed for selecting a suitable one between two/
more alternatives. From a sample of data, the mean results are generated and com-
pared for suitable selection from each alternative. For example, the selection of a 
vendor for a medicament from two/more vendors can be a relative experiment. The 
narrow scoped comparative designs are good for an initial comparison and broad 
scope design is appropriate for a confirmatory comparison [53].

2.6.1.9 Regression modelling

Regression modelling is an essential statistical component for the analysis of 
the data. It is employed for the identification and depiction of relationships among 
various factors. It is also used for the identification of prognostically pertinent risk 
elements and the determination of risk results for each prognostication [54]. The 
most commonly used regression techniques are the following: Linear regression, 
Cox regression, and Logistics regression. Regression modelling is used for the statis-
tical evaluation of the data by enabling three things: (a) Description analysis shows 
the relationship among the independent variables and the dependent variables and 
it can be statistically defined. (b) Estimation of the data for the dependent variables 
can be estimated from defined data of the independent variables. (c) Prediction of 
risk elements that influence the results can be identified, and individual prediction 
can be determined [55].

3. Conclusion

The ever-rising cost of novel dosage form development projects have not pro-
vided assurance of increased efficiency for delivering new drugs. In recent times, 
quality by design has shown great attention and is being spotlighted more than pre-
viously among pharmaceutical producers. Although consideration about its nomen-
clature and concepts remains indistinct, that may result in a lack of confidence 
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in applying the smart dosage form development. Knowing the disadvantages of 
quality by design on the one hand and in the other hand, getting a comprehensive 
understanding of quality by design can enable pharmaceutical manufacturers for 
employing the concepts of quality by design in utilization.

Robust manufacturing of smart pharmaceutical dosage forms, with their numer-
ous complex formulations and the necessity for rigid similarity with the commercial 
formulations, essential for the understanding of CPPs and CMAs. The details 
collected from the development of novel dosage form overtime at laboratory scale 
provide the substructure for pivotal or pilot scale development. Statistical tools 
help not only in understanding and identifying CMAs and CPPs in dosage form 
development, but also in comprehension of the role and relationship between these 
in attaining a target quality. Although, the implementation of statistical approaches 
in the development of dosage form is strongly recommended. From a commercial 
point of view, at all stages of product development, the implementation of quality by 
design reduces the costs and accelerates the process of product commercialization.
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