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Preface

Traditional drug administration faces numerous challenges, such as full dosage
absorption and efficient targeting, undesirable secondary effects and damage to the
liver and kidneys, and inflammation and immune response. Drug carriers can combat
these challenges by promoting drug absorption, enhancing targeting, and avoiding or
decreasing secondary effects. Some drug carriers can even camouflage the drug from
the immune system. Moreover, carriers can permit controlled release, which provides
prolonged delivery of a drug while maintaining its blood concentration within thera-
peutic limits. This book discusses different novel and traditional strategies to create
and characterize drug carrier systems using nanotechnology, microfluidics devices,
and more.

This book is divided into two sections. The first section describes several drug carrier
systems, and the second section focuses on nanotechnology. The book includes nine
chapters.

Chapter 1 presents, describes, and discusses some examples of drug carriers such as
electrospun nanofibers, aptamers, micelles, and liposomes, unfolding the properties
and polymers used in each system. It is observed that fast dissolving administra-

tion is the most recommended strategy for a drug carrier system. Drug carriers

have numerous advantageous properties such as biocompatibility, biodegradability,
good mechanical properties, and high surface area, among others. Drug carriers are
becoming crucial to avoid or diminish secondary effects and improve the targeting of
administered drugs to enhance their effectiveness.

Chapter 2 discusses the selection and role of polymers in designing a drug carrier. It
describes the main characteristics and properties of polymers in order of their impor-
tance in a drug carrier approach. Depending on the polymer’s characteristics, the drug
carrier system will regulate the delivery of bioactive molecules in reproducible dosages
in a certain period of time. The nature of the polymer governs the kind of drug-loaded
and the strategy of delivery. The hydrophobicity and hydrophilicity of the polymer
surface determines the bioactive molecule that will be selected for each drug carrier.

It is intended that polymers became inert systems with their only function being to
carry the drug to the target in the best way.

Chapter 3 discusses thin films and their potential properties as drug carriers. Thin
films have attracted interest due to their capacity to safely load bioactive molecules
and deliver them in a regulated manner thus improving their efficiency. The chapter
proposes oral, buccal, sublingual, ocular, and transdermal administrations of thin
films for local and systemic effects.

Chapter 4 explains metal-organic frameworks (MOFs) as drug carriers and their
physicochemical properties. These systems offer a high drug loading capacity and
controlled release at the target site.



Graphene is an allotrope of carbon consisting of a single layer of atoms arranged in a
two-dimensional honeycomb lattice nanostructure. Its specific and unique proper-
ties make it an ideal cancer drug carrier. Chapter 5 discusses examines how graphene
quantum dots (GQDs) are used for cancer drug delivery due to their unique surface,
which allows a diverse set of molecules to interact. In addition, their photothermal
properties can be used to improve the efficiency of the drug-releasing activity by
enhancing their specificity to the target zone. Another important application of
GQDs permit is the monitoring of cellular responses thanks to the high-quality images
that can be obtained using this drug carrier’s platforms. This chapter addresses the
advances in the use of GQD platforms for drug delivery and the biocompatibility
studies reported so far.

Chapter 6 discusses microfluidics technology as drug carriers. Microfluidics use

nano- and micro-scale manufacturing technologies to develop controlled and repro-
ducible liquid microenvironments. Lead compounds with controlled physicochemical
properties can be obtained using microfluidics characterized by high productivity and
evaluated by biomimetic methods. Microfluidics produce nanoparticles in a well-
controlled, reproducible, and high-throughput manner and create three-dimensional
environments to mimic physiological and/or pathological processes.

Nanotechnology has been widely used for more effective drug carriers. Because of
their size, they can reach difficult areas that pharmaceutical drugs or other drug
carriers cannot. Chapter 7 reviews a lipid nanoparticle drug carrier, discussing the use
of hybrid lipid polymers that provides a platform for the encapsulation and delivery
of lipophilic biomolecules. These lipophilic systems are proposed for dermal, trans-
dermal, mucosal, intramuscular, and ocular administration. They have also proved
useful for cancer therapy, delivery of nucleic acids such as DNA and RNA, and as
diagnostic imaging agents. The chapter explains that the nanostructure lipidic carriers
can decrease the undesired secondary effects of certain drugs. As such, the chapter
presents a general discussion of synthetic and natural lipid polymers with the use of
surfactants.

Chapter 8 also discusses the potential characteristics of lipid and polymeric nanopar-
ticles. These drug carriers promote stability and are disponible and provide sustained
delivery. The chapter describes systems based on natural macromolecules, lipids, or
polymeric/polyelectrolyte nanocapsules and their principal chemical and functional
characteristics. Special focus is given to nano-vesicular systems that possess core-
shell structures in which bioactive molecules can be loaded into the inner area of the
particle. Moreover, the chapter examines diverse methodologies in the preparation
of these nanosystems and reviews applications of lipid and polymeric nanocapsules,
focusing on the encapsulation of drugs.

Chapter 9 discusses plant gum-based drug carriers. These carriers have a diverse set
of advantages over chemical drug carriers including being biodegradable, biocom-
patible, nontoxic, more tolerable to the patient with few side effects, nonallergenic,
and non-irritable to the skin or eyes. They have low production costs as well. Despite
these favorable characteristics, the use of plant gums as drug carriers is limited due

to a series of disadvantages such as microbial contamination because of the moisture
in their content. In addition, their viscosity decreases in storage due to contact with
water. In the case of green nanoparticle synthesis of these plant gums as drug carriers,

XII



the disadvantages can be limited. There are several studies showing that plant gum
drug carriers can have a great combination with various drugs and nanoparticles, thus
they could be extremely effective against multi-resistant bacteria and even systemic
illnesses like cancer. Today, the green synthesis of drug carriers has been gaining
importance because of emerging antibiotic-resistant bacteria and climate change.

Dr. Luis Jesus Villarreal-Go6mez

Facultad de Ciencias de la Ingenieria y Tecnologia,
Universidad Auténoma de Baja California,
Tijuana, Baja California, México
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Chapter1

Novel Drug Carries: Properties
and Applications

Luis Jesuis Villarreal-Gomez
and Graciela Lizeth Pérez-Gongzdlez

Abstract

Conventional drug administration has several issues and challenges such as full
doses absorption and efficient targeting, some generate undesirable secondary effects
and promote damage to organs and tissues such as the liver and kidneys, and others
trigger inflammation and immune responses. Hence, drug carriers help to promote
drug absorption, enhance targeting, avoid or decrease secondary effects, possess the
ability to camouflage drugs from immune cells and proteins, and permit controlled
release to provide prolonged drug delivery to maintain its blood concentration within
therapeutic limits. Drug carriers have gained importance thanks to their various
properties such as biocompatibility, biodegradability, mechanical properties, and
high surface area, among others. Drug carriers are getting crucial to avoid or diminish
secondary effects and improve the targeting of the administered drugs incrementing
their effectiveness. Hence, this book chapter aims to introduce some drug carriers
(electrospun nanofibers, aptamers, micelles, and liposomes), describing the proper-
ties and polymers used. It is observed that fast dissolving administration is the most
recommended strategy for the use of drug carriers, where more evident therapeutics
benefits can be appreciated.

Keywords: aptamers, drug delivery, drug carriers, nanofibers, micelles,
electrospinning, nanogels, liposomes

1. Introduction

Presently, drug carriers can be incorporated in several systems that are available
in the market in different presentations such as tablets, syrups, and shots that the
patients swallow, chew, or are inoculated administering specific doses of the medi-
cal compound. However, children, geriatrics, and patients with specific conditions
have still difficulty obtaining the recommended doses through these administration
routes and medical presentations [1-4]. Until now, oral administration has been the
preferred administration route for its easiness of administration [5-7].

Innovative drug carriers can include several micro and nanostructures such as
micelles, nanoparticles, liposomes, emulsions, and nanofibers, among others [8].
The most important technical advantages of drug carriers can be reported as the high
stability, high carrying capacity, the feasibility of several administration routes, and
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Drug Carriers

the capacity to be used with hydrophilic and hydrophobic molecules. The intention
to use drug carriers is to control the drug release using these polymeric matrices and
reduce or avoid secondary effects [9].

One of the main properties needed for a drug carrier is biocompatibility, which is
the absence or decrease of adverse tissue reactions against the implanted or adminis-
tered biomaterials avoiding immune response. Biomaterials can include natural and
synthetic polymers, ceramics, metals, and a combination of them [10]. However,
biomaterials that are applied as a drug carrier need to develop a bioactive role in
the tissue such as to respond to chemical, physical, or external stimuli and possess a
therapeutic effect [11].

Drug carriers can include nanogels, micelles, mucoadhesives, bacteriophages,
magnetic nanoparticles, graphene, dendrimers, carbon-based materials, viral-based
nanoparticles, nanofibers, liposomes, films, bacterial vesicles, metal-organic frame-
works, and carbon nanotubes, among others [12]. Figure 1 shows some examples of
nanocarriers.

For all the above, this chapter discusses the electrospun nanofibers’ properties
applied as drug delivery systems, some characteristics of the main polymers used,
describing their advantages and disadvantages. Some electrospinning strategies are
also compared.

2. Electrospun nanofibers
Electrospun nanofibers (Figure 2) are polymeric-based structures that possess

diverse customary properties that make them interesting to be used as drug carriers
[13], these characteristics include biocompatibility [14, 15], biodegradability [16, 17],

@

Polymeric nanoparticles Dendrimers
Micelles Carbon based nanomaterials Viral base nanoparticles
Figure 1.

Some examples of drug carriers.
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Drug Nanofiber Target tissue

Figure 2.
Electrospun nanofibers as drug carviers.

high surface area [18, 19], adequate mechanical properties [20, 21], highly customiz-
able fiber diameter and structure [22, 23], excellent porosity connectivity [24, 25],
ease of handling [26, 27], functionalization [28, 29], and the ability to encapsulation
of a diversity of bioactive molecules [30, 31].

Electrospinning is a versatile technique that has expanded through time, where
the objective of this technique is to fabricate fibers or particles in the nanoscale range
[32] creating a tridimensional scaffold that has wanted characteristics with potential
use as drug carriers such as the large surface area, where this property permits a high
drug loading capacity in a reduced volume range [33], low cost [10], and adaptability
[33]. The electrospinning technique uses a high-voltage electrical field that charges a
polymer solution breaking its surface tension when is injected with a specific rate, this
polymeric solution is attracted to a conductive collector creating a liquid jet yielding
nanofibers (~10-1000 nm) where the solvent evaporates in the air [18, 34].

There are different types of electrospinning techniques that help to incorporate
bioactive molecules or drugs into the fibers or over their surface [35, 36]. The objec-
tive is to release the loaded drug at the target zone through the polymeric degradation
of the fibers controlling its delivery rate depending on the polymer used [37]. Among
the reported electrospinning techniques can be listed the blending, coaxial, emulsion,
and surface modification electrospinning, each of them has a different strategy for
drug incorporation. The advantage of this strategy is that improves the equilibrium
between the mechanical and physicochemical characteristics of the functionalized
resulting fibers. Moreover, it permits the adjusting of the proportion used of the
bioactive component by altering the concentration added to the final solution [38].

One of the advantages of electrospinning is that is a one-step method because
the loaded biomolecules or drug solution is dissolved or dispersed directly into the
polymeric solution. In this method, it is important to choose correctly the polymeric
matrix because its characteristics will determine the efficiency in the drug encapsula-
tion, dispersion in/on the fibers, and delivery rate. It is reported that the equilibrium
between hydrophilic and hydrophobic functional groups in all components of the

5



Drug Carriers

system (drug, polymer, solvent) will improve the optimal functionalization of the
resulting fibers [39]. It’s important to note that due to the hydrophobic properties
of some polymers, lipophilic drugs are easier to dissolve and create a homogeneous
solution and vice versa. Such is the case of the polyester’s polymers, which are hydro-
phobic and interact very well with the hydrophobic drug rifampicin and paclitaxel,
and gelatin, poly (ethylene glycol), and poly (vinyl alcohol), which are hydrophilic
polymers, can dissolve hydrophilic drugs such as doxorubicin [40].

The disadvantage of this method is that some metallic bioactive molecules tend
to aggregate in the polymer solution and in the resulting fibers [34]. Moreover, with
this process, pharmaceutical drugs that are insoluble in water cannot be encapsu-
lated using hydrophilic polymers [41]. To avoid this issue, cyclodextrins are used to
improve the solubility of the insoluble drugs in the polymeric solution [42]. The main
advantage of fibrous scaffolds proposed for drug delivery systems is that they possess
a high surface area to volume ratio, which can permit high dose load and promote the
solubility of the drug in an aqueous environment improving the drug efficiency [43].

3. Aptamers

Aptamers are also used as interesting drug carriers; these molecules are composed
of short nucleic acid oligomers. Many pieces of literature have reported the use of
aptamers as drug carriers and diagnostic’s approaches [44-47]. Aptamers are impor-
tant because they can be designed and predicted to become a drug carrier for even
general drugs and theragnostic drugs for specific pathologies such as Alzheimer’s
disease and cancer, among others. Since they can be designed, they are able to bind to
various important targets such as lipids, nucleic acids, proteins, small organic com-
pounds, or entire organisms. Thanks to their binding specificity, these specific drug
carriers have shown less toxicity [44].

Kanwar, et al., 2011, discussed that aptamers can bind to a wide range of targets,
which are called epitopes, which possess a high affinity and specificity. Aptamers can
be used in chemical biology, therapeutic delivery, diagnosis, research, and monitor-
ing therapy in real-time imaging. As mentioned before, aptamers are interesting for
their low immunogenic reaction and also can mimic monoclonal antibodies that are
proposed for research, diagnostic, and therapeutic [48].

Ganji et al., 2016, mentioned that aptamers can be generated from libraries of
single-stranded nucleic acids against different molecules. The authors discussed that
aptamers can be used for dendritic cell targeting, in order to improve immunotherapy
in the treatment of allergies and cancers. In this scenario, dendritic cells use several
receptors to stimulate the adaptive immune response through the antigen presenta-
tion route in naive T cells [49].

Aptamers are single-stranded oligonucleotides that fold into defined architectures
and bind to targets such as proteins. In binding proteins, they often inhibit protein-
protein interactions and thereby may produce therapeutic effects (Figure 3) [50].

4, Micelles

Micelles have been importantly positioned as a drug carrier [51]. Micelles, which
are commonly synthesized from polymers, have been proposed in preclinical studies
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Aptamer
e e Folded aptamer Targeted Protein-
Drugs aptamer complex
Figure 3.

Aptamers as drug carrier.
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Figure 4.
Micelles as drug carrier.

for the drug release of poorly soluble chemotherapeutic agents in cancer. Polymeric
micelles are created via the self-assembly of amphiphilic polymers [52].

Many polymers have been proposed to produce micelles including poly(lactide)
(PLA), poly(caprolactone) (PCL), poly(lactide-co-glycolide) (PLGA), polyesters,
poly (amino acids), lipids, poly (ethylene glycol), poly(oxazolines), chitosan, dex-
tran, and hyaluronic acids, among others. Micelles can be prepared on a nanoscale

enabling the enhanced permeability and retention (EPR) effect (Figure 4). Moreover,

the stimuli (pH, hypoxia, enzymes) sensitive breakdown offers the micelles an
efficient drug release. These micelles can be degraded using light, ultrasound, and
temperature among other external stimuli to perform a controlled release of
the drug [52].

Soleymani Abyaneh et al., 2015, prepared a block copolymer micelle containing
methoxy poly (ethylene oxide) (PEO) as a shell layer, poly (lactic acid) (PLA) of differ-
ent stereo-chemistries as the outer core, and poly (a-benzylcarboxylate-e-caprolactone)

7



Drug Carriers

(PBCL) or poly(e-caprolactone) (PCL) as the inner core. The micelles were used as
drug carriers of the hydrophobic drug nimodipine, which is a drug used to treat symp-
toms from a ruptured blood vessel in the brain [53].

5. Liposomes

Liposomes can be defined as spherical vesicles, which involve one or more layers of
phospholipids. These drug carriers can be used to load hydrophilic drugs in the inner
core and/or lipophilic drugs in the double layer of phospholipids [54].

The main advantages of liposomes are their augmented stability and decreased
toxicity of the encapsulated drug, capacity to be fused directly with the target cell
membranes (Figure 5), biologically inert, non-antigenic, and non-pyrogenic,
increased efficacy and therapeutic index of several drugs (actinomycin-D, amphoteri-
cin B, Taxol, Daunorubicin), improved stability via encapsulation, nontoxic, flexible,
biocompatible, completely biodegradable, and non-immunogenic for systemic and
non-systemic administrations, reduce the toxicity of the encapsulated agent, help
reduce the exposure of sensitive tissues to toxic drugs, site avoidance effect, flexibility
to couple with site-specific ligands to achieve active targeting [55].

On the contrary, the main issues of liposomes are linked to their production;
several methods have been developed, but industries prefer to use batch-mode
methods, which are characterized by low repeatability. Moreover, raw materi-
als employed are particularly non-economic, low-solubility, with short half-life,
sometimes phospholipid undergoes oxidation and hydrolysis-like reaction, leakage
and fusion of encapsulated drug/molecules, the production cost is high, and fewer
stables [54].

Drug Liposomes Target tissue

Figure 5.
Liposomes as drug carriers.
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6. Carbon-based nanomaterials

Carbon-based nanomaterials (CNBs) possess a singular structural dimension,
which gives them special physicochemical properties interesting for several applica-
tions including as drug carriers [56]. CNBs can be classified as graphene, carbon
nanotubes, mesoporous carbon, nanodiamonds, and fullerenes. All these structures
differ in their excellent optical activities and multifunctional surface area, but all of
them have demonstrated a high capacity for drug loading, biocompatibility, and low
immunogenicity [57].

One of the principal areas of application of CNBs as drug carriers is in the treat-
ment of several kinds of cancer, due to their excellent supramolecular n-= stacking,
high absorption ability, and photothermal conversion capacity, among others [58].
Unfortunately, the use of CNBs in cancer therapy comes with undesirable secondary
effects related to the cytotoxicity of healthy tissues [59].

Respecting their role as drug carriers, single-walled carbon nanotubes (SWCNTs)
have been loaded with paclitaxel, doxorubicin, and isoniazid increasing the capacity
of drug delivery, incrementing drug action, improved bioactivity in the destruction
of bacterial cells [60-62]. Another example of CNBs such as fullerenes can be loaded
with hydroxyurea, ibuprofen, chloroquine, doxorubicin, and N-desmethyl tamoxi-
fen, giving them a better delivery efficiency of these pharmaceutical drugs [63-65].

7. Viral-based nanoparticles

In the case, the viral-based nanoparticles are reported to be useful for photo-
dynamic therapy due to their simple manufacturing and good safety profile [66],
also they have interesting characteristics such as to possess great diversity in their
structural uniformity, functionalization, expression, and self-assembly. Viral-based
nanoparticles are mostly seen as therapeutics adjuvants or excipients that promote,
improve, start, and attenuate or avoid the toxicity of the loaded pharmaceutical drug
or bioactive compound [67].

Alemzadeh E et al., 2018, discussed that viral-based nanoparticles possess several
advantages over other drug carriers, which include biodegradability, biocompatibility,
known structure in atomic level, capacity to attach to ligand with high control on
structure, accessibility for genetic and chemical alteration and malleable methods of
preparation [68].

Several RNA viruses have been used as drug carriers such as Brome mosaic virus
(BMV), Red clover necrotic mosaic virus (RCNMV), Cowpea mosaic virus (CPMV),
Cucumber mosaic virus (CMV), Hibiscus chlorotic ringspot virus (HCRSV), Tobacco
mosaic virus (TMV), Potato virus X (PVX), which have icosahedral and helical sym-
metries, from the pharmaceutical drugs loaded in these particles can be included
doxorubicin, proflavine, DAPI, propidium iodide, acridine orange, polystyrene
sulfonic acid, polyacrylic acid, phenanthriplatin, Herceptin, among others [68, 69].

71 Types of polymers used as drug carriers

Not all polymers can be used for drug carriers, these polymers have to possess
specific characteristics such as biocompatibility, biodegradability, permit drug load-
ing, permit mass transfer, and respond to certain stimuli, among other characteristics
[70]. Some examples of these polymers and their properties can be listed in Table 1:
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Polymers Advantages Disadvantages Ref.
PCL Biodegradable, biocompatible, Low melting point, hydrophobic, [71]
compatible with a range of other long degradation rate, inadequate
materials, FDA approved mechanical properties, and soft cell
adhesion
PVA Bioadhesive, biodegradable, Humidity reduces the polymer’s [72]
biocompatible, low tendency for tensile strength; slow biodegradation

protein adhesion, and low toxicity

PVP Binder, FDA approved, excellent Certain allergic reactions, storage [36, 73]
wetting properties, biocompatibility, disease, subcutaneous granulomas,
low toxicity, adhesive characteristics, pulmonary vascularization, and
complexing stability, relatively inert reticuloendothelial system (RES)
behavior, and is resistant to thermal deposition, high hygroscopic nature
degradation which made it tough to store and

handle, non-biodegradability in
parenteral administration

PNIPAM Mechanical strength, Low mechanical strength, limited [74]
biocompatibility, biodegradability, drug loading capacity, and low
multi-stimuli responsibility, higher biodegradability
drug loading

PAA Low toxicity, super hydrophilicity Poor mechanical properties, and high [75]
properties, biocompatibility, solubility in water

biodegradability characteristics

PCL: Poly (caprolactone); PVA: Poly (vinyl alcohol); PVP: Poly (vinyl pyrrolidone); PNIPAM: Poly (N-isopropyl
acrylamide); PAA: Poly (acrylic acid).

Table 1.
Most of the reported polymers are used for drug carriers’ fabrication in drug delivery systems.

Depending on their polymeric functional groups, antibiotics, anticancer agents,
and biomolecules such as nucleic acids and proteins can be loaded [1], where surface
morphology and structure of the polymeric nanofibers are key features for regulat-
ing the delivery rate and quantity of the drug. Also, the surface of the polymers can
protect the bioactive loaded molecules from corrosion or degradation of the enzyme,
water, or gastric acid, prolonging the effectivity of the pharmaceutical drug [43].

8. Conclusions

Necessary human equivalent doses still need to be tuned to generate drug carri-
ers with adequate chemical, mechanical, and biological properties that are loaded
with the specific doses of the pharmaceutical drug for a certain therapy. Another
opportunity for the study is the proposed different taste masking in order to avoid
the bad taste of some drugs or polymers. In all these studies, still, biocompatibility,
biodegradability, mechanical testing, in vivo efficacy, and pharmacokinetics, must
be studied. Future work must be focused on the biological response of the tissue and
clinical phases must be performed [33].

For all discussed, the use of drug carriers is a promising technology that can be
applied in most administration routes such as oral, vaginal, transdermal, ocular,
rectal, and nasal tissues. The unique qualities of these drug delivery systems include
a large surface area, nanoporosity, high drug encapsulation, and fast disintegration
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and dissolution properties. The advantages and limitations of various synthetic
polymers and natural polymers nanofibers are discussed in the context of producing
target drug delivery systems. Also, the bioavailability can be enhanced by exploiting
the hydrophilic nature of polymers and their ability to form hydrogen bonds with
encapsulated drugs, resulting in uniform distribution of encapsulated molecules
throughout the matrices and providing the formulation with rapid dissolution abili-
ties. Despite much literature being found, most of them still test these systems just for
in vitro approaches. But in vivo and clinical trials are still poor.
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Nomenclature

EPR Enhanced permeability and retention effect
PAA Poly (acrylic acid)

PBCL Poly (a-benzylcarboxylate-e-caprolactone) (PBCL)
PCL Poly (caprolactone)

PEO Poly (ethylene oxide)

pH Potential hydrogen

PLA Poly (lactic acid)

PNIPAM Poly (N-isopropyl acrylamide)

PVA Poly (vinyl alcohol)

pPVP Poly (vinyl pyrrolidone)
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Selection and Role of Polymers for
Designing of a Drug Carrier

Pankaj Sharma, Vinay Jain and Mulkul Tailang

Abstract

Polymers have helped to develop drug carrier technologies by allowing for the
regulated release of bioactive molecules in consistent dosages over extended periods
of time, cyclic dosing, and adjustable delivery of both hydrophobic and hydrophilic
medicines. Formulations are released in a coordinated and consistent fashion over
long periods of time. Polymers going to act as just an inert carrier whereby a sub-
stance can be conjugated having significant advantages. For instance, the polymer
enhances the pharmacodynamic and pharmacokinetic characteristics of biophar-
maceuticals in a variety of ways, such as plasma half-life, reduces immunogenicity,
increases biopharmaceutical consistency, enhances the solubilization of low-molec-
ular-weight substances, and has the prospects for targeted delivery. Smart polymeric
delivery systems, in instance, have been investigated as “smart” delivery methods
capable of releasing encapsulated pharmaceuticals at the right time and place of
activity with respect to certain physiological stimuli. The development of novel poly-
meric materials and cross-linkers that are more biocompatible and biodegradable
would expand and improve present uses. Polymer sensitivity to a particular stimulus
may be tuned within a limited range because of the diversity of polymer substrates
and their sequential production. The methods through which polymer frameworks
are formed in situ to construct implanted systems for continuous release of medicinal
macromolecules are discussed in this chapter, as well as numerous applicability of
enhanced drug delivery.

Keywords: polymeric material, drug delivery, thermally responsive, smart polymer,
glucose, enzyme, oxidation-reduction

1. Introduction

Since the 1980s, researchers have been working on polymeric drug delivery systems
[1-4]. Several of the frontier scientific fields are the hunt for novel medication
delivery mechanisms and novel action mechanisms. These include multidisciplinary
research techniques that aim to make significant improvements in therapeutic
efficacy and bioavailability just at point of medication administration [5, 6]. One or
more traditional medication delivery mechanisms are combined with engineering
technologies in a drug delivery system. The technologies allow for precise targeting of
the place in the body where a medicine has been delivered and/or the pace at which it
has been released.
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Short half-lives, low bioavailability, and physicochemical instability are all common
limitations of biopharmaceutical therapies. Physiological instability is characterized by
changes in the highly organized structure of proteins, which can result in undesired events
including denaturation, aggregation, and precipitation. The chemical instability of
pharmaceuticals is exacerbated by processes including such oxidation, deamidation,
hydrolysis, and racemization. Stimulus-responsive polymers provide a pharmaceutical
delivery mechanism for delivering pharmaceuticals at a regulated pace and in a durable
and physiologically functional state. Research in stimuli-responsive polymers has grown
over the years, and a lot of effort has gone into designing eco-friendly macromolecules
that may be molded into novel smart polymers [7]. A composition or platform that
allows the administration of a medicinal chemical into the body is known as just
polymeric drug carriers. By regulating the pace, duration, and location of medication
distribution in the system, it increases its effectiveness and safety. There in previous
two decades, delivery of drugs has progressed significantly, but regulating medication
entrance into the system, particularly the brain, has remained a tough challenge. Recent
development in investigations of nano-drug delivery system distribution across the
blood-brain membrane via carrier-mediated carriage is starting to give a reasonable
basis for directing medication delivery to the brain. Natural materials such as amino
acids, hexose, peptides, monocarboxylate, and stem cells are transported over the
blood-brain membrane via ingestion transporters [8-10]. In the type of biomaterials
with liposomes, polymers in reservoir-containing drug delivery applications have made
tremendous development. Additional applications of the polymers include diffusion-
based drug delivery systems and solvent-triggered/activated drug delivery systems.
Drugs are dissolved in a non-swellable solution or a completely inflated matrix that does
not breakdown throughout their engagement period in diffusion-based drug delivery
applications. Whenever subjected to an aquatic media, solvent triggered materials
such as hydrogels expand and release the medication. They are naturally hydrophilic.
Because of their well-engineered polymeric by the changes in the underlying reasons of
the biological function, biocompatible polymers provide a safe pathway for medication
transport. Biodegradable polymers disintegrate owing to the breakage of covalent bonds
among them, whereas bioerodible polymers cause degradation of the polymer owing
to the dissolving of connecting strands without causing any changes in the molecule’s
chemical properties. Aqueous soluble, safe, as well as non-immunogenic polymers are
being used as therapeutic carriers. They act in the background to reduce medication
breakdown and increase circulation time. Another crucial consideration is the drug’s
appropriate elimination. If indeed the polymer is non-degradable, it really should be
avoided accumulating in the body, and if it is biodegradable, the fragmented elements
should be safe and not cause an immune reaction. Polymers that resemble important
biological respond to environmental stimuli such as changes in pH or thermal by
altering features such as solubility, hydrophobic/hydrophilic equilibrium, biomolecule
(pharmaceutical component) releases, as well as configuration [11, 12].

The polymeric medicinal delivery compositions are classified into several classes,
such as, biodegradable (chemically-controlled), diffusion-controlled, externally-
responsive systems (e.g., temperature pH,) [13], solvent-actuated [14] and nanosized
polymeic delivery platform that accomplish in three prime technologies [15]: (i)
PEGylation [16, 17], (ii) active targeting of certain cells and organs [18-20] and (iii)
Increased permeability and retaining allows for passive targeting effect
[20, 21]. The more sophisticated polymeric therapeutic delivery technologies are
indeed being anticipated as multidimensional fully — featured systems that will enable
instantly improved pharmacokinetics, decreased toxicity, faster targeting, as well as a
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programmable drug release pattern. Furthermore, greater appropriate therapy might
be provided by combination treatment, which involves the simultaneous adminis-
tration of 2 or more medicaments/diagnostics substances [22-24]. In reaction to a
modest external/internal stimulation, a stimuli-reactive or smart polymer changes
its physical characteristics abruptly. Although minor changes take place in subjected
to external/internal stimuli stimulus until a crucial limit is found, and they have the
potential to revert to their original form when the stimulus is withdrawn, those poly-
mers are indeed known as smart polymers [25-27]. The uniqueness of these polymers
resides in their unpredictable reaction, which is initiated by a really tiny stimulus and
results in enormous structural changes. Different triggers responsible for modulating
the release of the drug using innovative polymeric drug delivery compositions are
depicted in Figure 1. Modifications in physical state, structure, solubility, solvent
interactions, aqueous soluble and lipid soluble equilibrium, and conductance are

all reversible transitions. The introduction of oppositely charged polymers or a

pH change to neutralize charged groups, as well as variations in the water-loving/
lipid-loving balance or hydrogen bonding owing to temperature differences, are the
driving factors underlying such transitions. Fewer dosage periodicities, simplicity of
preparation, preservation of optimal therapeutic level at a single dose, longer delivery
of integrated medication, decreased adverse effects, and increased stability are all
advantages of innovative polymer-based medicaments delivery systems [28-30].
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Stimuli and materials that vespond to them.
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A dynamic polymeric material can respond in a variety of ways. The breakdown
and development of numerous secondary interactions such as hydrogen bonding, van
der Waals forces, hydrophobic forces, and electrostatic interaction [31, 32] restrict
the responsiveness of such a polymeric solution induced by physicochemical stimuli.
Fundamental processes including acid-base reaction, reduction, oxidation, and hydro-
lysis of components linked to the polymer chain are examples of chemical processes.
Destruction of a polymeric structure owing to irreversible bond breaking in response to
external stimuli is one example of the significant conformational shift in the polymer
backbone. Biodegradability and biocompatibility; sustained-release characteristics;
drug-loading potential; the dearth of deleterious characteristics including systemic
toxicity, carcinogenic effects, immunogenicity, and reproductive toxicity; as well as out-
standing stability characteristics are all important characteristics of a smart polymer.

2. Criteria for choosing a polymeric system
2.1 Polymers with temperature sensitivity

These are polymeric frameworks that are susceptible to thermal fluctuations.
These polymers exhibit a gel-to-gel shift as temperature dependent, and can be
used to deliver medicinal compounds in vivo. This sort of system seems to have a
crucial temperature of the solution (usually in aqua) where the polymer and solution
phases shift according to respective content. The solubility of several polymers varies
dramatically as a result of ambient temperature. This characteristic was used to create
aqueous solutions of these polymeric materials that go through a sol-gel changeover
when the temperature varies. A maximum crucial solution temperature (MaxCST)
exists for thermally sensitive polymer blends that display one component above a
specific temperature with phase separation underneath it (MaxCST). Polymeric solu-
tions that seem to be monophasic under a certain temperature but biphasic beyond
that temperature are said to have a minimum crucial solution temperature (MinCST)
[33, 34]. The MinCST seems to be the temperature where a polymer solution divides
into two portions (anisotropic and isotropic states), abundant and deficient in the
polymer. Such solution also is monophasic under a certain temperature but biphasic
beyond that degree. The enthalpy parameter, which is connected to hydrogen bonding
here between polymer and the water molecules, is accountable for polymer break-
down underneath the MinCST. When temperatures are raised just above MinCST,
the entropy component (lipophilic contacts) takes precedence, resulting in polymer
deposition. Among the most biocompatible polymers with MinCST characteristics
includes poly (ethylene oxide). Nevertheless, based on the molecular mass, the
MinCST transition of poly (ethylene oxide) aqueous solutions happens at ambient
temperature, spanning between 100° C to 150° C. At minimum temperatures than just
the poly (ethylene oxide) MinCST, a polymer with ethylene oxide components and
hydrophilic sections (e.g. ethanol) would show phase changes. When a linear polymer
with small sufficient Ethylene oxide sections is utilized to avoid micelle production,
the precipitating from the aqueous phase can be thought about as a rapid MinCST
changeover. Furthermore, in the lack of intermolecular and intramolecular hydrogen
bonding, a continuous alternation of ethylene oxide-ethylene monomer copolymer
pattern throughout the polymer would result in a MinCST defined either by lipo-
philic/hydrophilic equilibrium.
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Poly(N-alkylacrylamide)s, Poloxamers, Poly(N-vinylcaprolactam)s, Chitosan,
poly (ethylene oxide)- poly (propyleneoxide)- poly (ethylene oxide), Cellulose,
xyloglucan, etc. are instances of thermally sensitive polymers (lactic acid) - tri
blocks of poly (ethylene glycol). Poly (N-isopropyl acrylamide) and Poly (N-alkyl
substituted acrylamides) with an annealing temperature of 32° C as well as poly
(Nvinylalkylamides) like poly (N-vinyliso-butyramide) with just an annealing
temperature of 39° C are perhaps the most extensively utilized thermally sensitive
polymers [7, 35].

2.1.1 Thermally responsive smart polymers’ mechanisms of action

The occurrence of a minimum crucial solution temperature (MinCST) above
which the polymer turns aqueous insoluble is generally the source of thermally-
responsive smart polymeric solubility. This is characteristic of polymers that create
hydrogen bonds with aqua, and it also has a wide spectrum of biological possibilities,
including cell mapping, smart medication delivery, DNA sequencing, and so on. The
chemical makeup of the monomers is varied throughout this strategy to regulate
the polymer thermal sensitivity in aqua. To accomplish this, a variety of polymers
centered on ethyleneoxide/ethylene monomer were developed and produced via
multiple condensation processes of polyfunctional ethyleneoxide/ethylene monomer
oligomers. The cloud point reflects the hydrophobicity/hydrophobicity balance
continuously and may be customized in the spectrum of 7-70°C by adjusting the
composition and polymer type.

The lack of organic solvents is an important benefit of such compositions. The
shrinking in the volume that emits a considerable quantity of an encapsulating
medication has been linked to the strong initial bursting impact of such approaches.
The solubility behavior of polymer grafted onto the silicon surface is identical. The
solubility cloud levels of grafting polymers are similar to those of bulk polymer solu-
tions, according to binding energy studies.

Thermally responsive smart polymers’ dynamic solubility is generated by
variations in the lipophilic/hydrophilic balance of the electron-deficient polymer,
which are triggered by rising temperature or ionic intensity. Because of hydrogen
bonds between aqueous molecules, electron-deficient polymers are soluble in
aqua. The efficacy of hydrogen bonding decreases even as the temperature goes up.
Whenever the effectiveness of hydrogen bonding is inadequate for macromolecule
immersion, a polymer phase transition occurs. A phase transition occurs whenever
the temperature of the water solution of innovative polymers is raised beyond a
particularly critical point. There is a formation of an aqueous phase with almost
minimal polymer and a polymer richer phase. The temperature at which a phase
transformation occurs is determined by the amount of polymer present as well as
the molecular mass of a polymer [35, 36].

2.2 Polymers with pH sensitivity

pH-Adaptive polymers are a class of stimuli-sensitive polymers that may alter their
structural and physical properties in reaction to variations in solution pH, including
surface properties, chain conformation, solubility, and arrangement. The phrase
“pH-reactive polymers” refers to polymers containing ionizable basic or acidic groups
where jonization is affected by the pH of the solution. In the latest days, the topic of
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pH-reactive polymers has grown in popularity, with scientific research being pub-
lished year after year. As either a result, pH-sensitive polymer systems are extremely
helpful in a broad array of applications, including gene delivery, drug administration,
surfaces, membranes receptors, and chromatography [37-39].

Polymers that respond to pH might be linear, branching, or networked. According
to their architectures, polymers may have varied sensitivities to solution circumstances
and variable self-assembly tendencies. A pH shift, for instance, might result in the
(de)protonation of functional moiety in the polymeric chain. It can produce floccula-
tion, strand collapse-extension, including deposition in homopolymers in certain
situations. It also might produce self-assembly in the forms of micelles, unimers,
gels, vesicles, swelling, and deswelling, among other things. Surface active behaviors
are demonstrated by pH alteration in block (co)polymers, branching (co)polymers,
and starry (co)polymers with pH-sensitive block(s). Furthermore, pH changes cause
(de)swelling in hydrogel as well as dendrimer-like formations. Surfaces altered with
polymers allow for the creation of ionic interfaces with thin/thick layers as a result of
pH changes. Figure 2 depicts the variations in polymers of various topologies caused
by pH changes.

pH Adaptive polymers are polyelectrolytes with weakly basic or acidic moieties
in their architecture that receive or liberate protons in reaction to variations in
the pH of the surroundings. Polymers containing acidic or basic groups, such
as carboxyl, pyridine, sulfonic, phosphate, and tertiary amines, are commonly
referred to as pH adaptive polymers because of ionization of the molecules with pH
variation causes a structural change. Their pH sensibility or ionization allows us to
modify its self-assembly behavior, wettability phase segregation, polyelectrolyte
character, and other properties, in complement to their biotechnological uses. It is
feasible to make a polymer with a pKa ranging from 1 to 14. pH Reactive polymers
having basic monomers behave like cationic polymers in acidic conditions, whereas
polymers having acidic monomers behave like anionic polymers in basic condi-
tions. Depending on the requirements, a few of these two types or a combination
of the two with the appropriate composition is necessary. Natural polymers, as
well as manmade polymers, have indeed been thoroughly investigated. Biopolymers
are by far the most widely investigated because of their richness in ecology, rapid
degradation, bio-compatibility, their potential to be modified. Polypeptides such
as poly(histidine), poly(L-glutamic acid), and poly(aspartic acid) can be used
to synthesize pH-reactive polymers. Such polymers are biodegradable and bio-
compatible, just like biopolymers. These biopolymers are quite significant among
pH-sensitive polymers [38, 40, 41].
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Figure 2.
Polymers that vespond to pH in a variety of ways.
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2.3 Polymers sensitive to two impulses (pH and temperature)

These really are polymeric frameworks that are thermal and pH-sensitive,
but they are created by combining ionizable with lipophilic (inverse thermo-
sensitive) moiety in a straightforward way [42]. Chitosan, acrylic acid, N,Ndime
thylaminoethylmethacrylate, and other polymers that really are thermal and pH-
responsive are instances. This is accomplished mostly by copolymerizing mono-
mers with all these molecules, integrating thermally responsive polymers with
polyelectrolytes, or developing novel monomers that adapt to both stimulation
concurrently [43, 44].

2.4 Polymers that respond to glucose

Glucose-sensitive polymers can imitate typical internal insulin production,
reducing diabetes problems and allowing for regulated delivery of the bioactive
chemical. These really are sugar responsive and exhibit a wide range of responses
to glucose. Although their applicability for both glucose monitoring and insulin
administration, such polymers have gotten a lot of interest. Despite these benefits,
the main drawbacks are the quick reaction time as well as the possibility of non-
biocompatibility. The following techniques have been used to build glucose-sensi-
tive polymeric-based formulations: enzymatic oxidation of glucose using glucose
oxidase, glucose binding using lectin, or reversible covalent bond creation using
phenylboronic acid molecules. Glucose responsiveness is caused by the polymer’s
reaction to the by-products produced either by oxidation (enzymatic) of glucose.
Glucose oxidase (GOx) is oxidized to form glucose to produce gluconic acid with
hydrogen peroxide (H202). Within the instance of poly (acrylicacid) coupled
with GOx mechanism, for instance, when blood glucose levels rise, conversion
of glucose to gluconic acid, causing a drop in pH enabling hydrogenation of PAA
carboxylate groups, allowing insulin to be released more quickly. Because its
release profile closely resembles that of internal insulin, this approach is gaining
popularity [45, 46].

Another technique makes use of lectin’s specific carbohydrate-binding charac-
teristics to create a glucose-responsive system. Lectins are bifunctional proteins,
and their glucose-biding function allows them to produce a variety of glucose-
sensitive materials. The responses of these mechanisms were unique to glucose and
mannose, with no reaction to certain other sugars. Concanavalin A is a 4 binding-
site lectin that has been widely employed in insulin-containing medication deliv-
ery. The insulin component is chemically changed by inserting functional moieties
(or glucose molecule) and afterward connected to a transporter or support via
particular interactions that can only be disrupted by the glucose it in this sort of
system. Concanavalin A competitive binding characteristic to glucose as well as
glycosylated insulin is exploited in the glycosylated insulin-Concanavalin A com-
bination. The bioactive unbound glucose moieties cause glycosylated Concanavalin
A-insulin complex to be displaced inside the surrounding structures. The produc-
tion of single-substituted glucosyl terminal PEG with insulin complex was also
described in other investigations. The G-PEG-insulin complex was covalently
coupled to Concanavalin A, which was connected to a PEG—poly(vinylpyrrolidone-
co-acrylic acid) framework, and when the levels of sugar grew, the competitive
attachment of glucose to Con A caused the G-PEG insulin complex to be displaced
and released (Figure 3) [47].
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Figure 3.
Polymers that respond to glucose in a variety of ways.

2.5 Smart polymers with photo responsiveness

Photo-sensitive polymeric materials are useful in that they could transport
bioactive substances in reaction to light, including drug release happening nearly
instantly and with excellent precision due to photo-induced restructuring in
nano-carriers [48]. Three primary strategies were used to do this: This non-
invasive form of drug administration reacts to the lighting of a certain wavelength
and depends on either a single or multiple on-off drug release patterns [49]: (1)
photo-generated change of hydrophobic nature to hydrophilic nature, (2) photo
splitting reaction, and (3) photo-induced warming. Whilst also electromagnetic
radiations with wavelengths in the range from 250 to 380 nm (ultraviolet region)
and 700-900 nm (near-infrared region) are being used to stimulate photo-
sensitive responses, light with wavelengths greater than 900 nm is inappropriate
for delivery of drugs to certain parts of the human body, including the posterior
section of the ocular system, because it cannot permeate the ocular soft tissue.
Despite the fact that various polymers have been explored for ocular administra-
tion, several have been ruled out owing to chromophore intolerance and tissue
destruction from photostimulation [50]. In order to establish an osmolality of
a gel system, UV-responsiveness polymeric materials have been used in the eye
to trigger an ionization process in the exposed to UV light, culminating in drug
release through an inflow of solvent [51]. In another study, Viger et al. [52] used
light thermally release of drugs to show the liberation of aqueous nano-platforms
from watered poly(lactic-co-glycolic acid) (PLGA) micro-particulate system.
Whenever moisture was subjected to NIR light with a wavelength of 980 nm, the
photo-energy was quickly converted into thermal energy. The PLGA changed to a
rubbery condition as a result of the warming, allowing the Nile red or Nile blue to
be released from the micro-particulate system more easily. When compared with
untreated particulates, the substantial release was achieved, which was also shown
in vitro [52].

At the minimum one aqueous soluble area, at minimum one biodegradable part,
as well as at least minimum of two free radical polymerizable portions are included
in the macromers. Free radical activators polymerize macromers in presence of
UV irradiation, visible light stimulation, or heat energy. Poly (vinyl alcohol),

PEG, polysaccharides like hyaluronan, or peptides like albumin can make up the
core aqueous soluble area. Polymers consisting of polyglycolic acid, polylactic
acid, poly(anhydrides), polylactones, and poly(amino acids), may be used in the
biodegradable zones. Acrylates, methacrylates, diacrylates, and other physiologi-
cally acceptable polymerizable units are favored polymerizable areas. Ethyl eosin,
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camphorquinone, and acetophenone analogs, are examples of promoters that can be
employed to generate free radicals [53].

2.6 Enzyme sensitive polymeric material

Some fundamental guidelines should be followed while synthesizing
enzyme-sensitive polymers with biomedical utilization. Enzymes must work in
certain settings (e.g., an aquatic milieu having multiple ions with a pH of 74 or mildly
basic or acid), while enzyme-sensitive polymers must withstand these circumstances.
Apart from the availability of a substrate/substrate-mimic molecule for such focused
enzyme to respond, the focused enzymes’ operations must cause a variation in the
polymers’ characteristics for the particular activities to occur. The activity of the
enzyme and the reaction of the final substance can be performed concurrently or
in a step-by-step manner. For instance, proteins were used as a crosslinking agent in
the DNA nanoparticles, and proteases quickly degrade the protein, destroying the
nanoparticles [54]. In some other cases, enzymatic dissociation of a protective moiety
causes peptides generated from amyloid to fold, reorganize, and self-assemble form-
ing fibrillar clumps [55].

In live organisms, enzymes govern the bond generation and breakage, substrate
oxidation/reduction, as well as isomerization processes, with the first two chemical
reactions being exploited in the development of enzyme-sensitive materials. The bond
breakage process has been utilized to cleave protein as well as ester bonds with polymers
and/or tiny moiety, which really is important in controlled medication delivery with
implant biodegradation. The kinase/phosphatase combination, which catalyzes the
dephosphorylation/phosphorylation events here on substrates, might be employed to
build reversibly sensitive materials through enzymatic bond creation and breaking.

Chitosan, alginate, dextran, polyethylene glycol, polyacrylamide, and polyethylene
oxide have all been investigated as polymer matrices for the creation of enzyme-
sensitive systems (butyl methacrylate) (Figure 4) [56-58].
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Figure 4.
Polymers that respond to enzymes in a variety of ways.
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2.7 Oxidation and reduction sensitive polymeric material

Redox polymeric materials can be separated into reduction reactive systems
and oxidation reactive processes depending on the nature of a reductive stimulus.
Disulfide and diselenide connections are typically seen in the reduction reactive
system, which will be disrupted by considerable growth in the cost of nearby reducing
molecules such as GSH. Direct production of disulfide coupling and bridging with a
disulphide-containing crosslinking agent are basically two strategies for incorporating
disulfide coupling in the process. By live or regulated polymerization, disulfide could
be incorporated into the polymer as the oligomer (e.g. Reversible addition-cleavage
crosslinking polymerization and atomic transfer radical polymerization) [59]. The
thiol-disulfide interchange process, which is commonly utilized to create reduction
reactive prodrugs including genetic transporters, is another viable method with
gentler circumstances (e.g. at room temperature) than the controlled/living polymer-
ization [60]. To stop the drug leaking, polymeric micelles comprising
substances can indeed be crosslinked with covalently crosslinking agents (using bis
(2,2'-hydroxyethyl)disulfide, dithiodipropionic acid, and their derived products) and
afterward the disulfide conduits split to discharge the substances after the micelles
meet the goal [61]. Since the bond-breaking energies of the C-Se (244 kJ moll) and
Se-Se (172 k] mol1) bond formation are lesser than those from the C-S (272 kJ mol1)
and S-S (251 k] mol1) bond formation, replacing the disulfide interconnection with
the diselenide connection is a simple approach to strengthen the responsiveness of the
redox-sensitive system. However, diselenide link insertion into a polymeric matrix is
more difficult than disulfide link formation, and more research into effective syn-
thetic techniques is needed (Table 1) [62].

Responsiveness ~ Merits Constraints
Thermal Introduction of active moieties  Issues with injectability during application criteria.
is simple. Weak mechanical sturdiness, biocompatibility problems,
Manufacturing and and thermolablile medicine instabilities.
composition are easy.
pH Drugs that are thermolabile There is a scarcity of data about toxicity.
will benefit from this. Mechanical strength is low.
Light Managing the trigger Gel has a poor mechanical strength, which increases the
procedure is simple. risk of noncovalently bound chromophores seeping off.
Controlling the stimuli with
precision.
Electric field Variations in electrical charge Unpredictable behaviors to light.
cause pulsative releasing. Implantation via surgery is necessary.
External stimulus delivery necessitates the use of extra
equipment.
Perfecting the size of electric charge is challenging.
Ultrasound Protein release that can be Regulating the release using specialized equipment.
controlled. Non-biodegradable delivery systems necessitate surgical
implantation.
Mechanical Possibility of obtaining Managing the release pattern is difficult.
abrasion medication release
Table1.

Several smart polymeric drug delivery technologies are available [7].
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The reactive oxygen system, the result of aerobic metabolism, is what activates
oxidation reactive systems. Oxidation reactive materials include sulfur-based
compounds. To accomplish the lipophilic-hydrophilic shift, reactive oxygen moiety
can oxidize poly(propylene sulfide) (PPS) to generate sulphoxide [63]. The com-
paratively higher stability of sulfur in sulfur-containing substances is a fundamental
restriction, and the reaction to reactive oxygen may not be as sensitive. The addi-
tion of selenium to the polymeric materials, which will be more sensitive than
sulfur, improves the susceptibility of the reaction to reactive oxygen [64]. Owing
to its own oxidation responsiveness, ferrocene-containing polymeric materials are
another prominent family of oxidation reactive polymers [65, 66]. Ferrocene can be
inserted in the framework, side chain, and terminal unit of the polymeric materials.
Developing themes such as boronic ester moieties, oligoproline, and tetrathiafulva-
lene have been studied for the development of new oxidation-sensitive polymeric
substances to broaden the uses [67, 68].

3. Applications of specialized polymeric system
3.1 Drug delivery

The majority of bio-sensitive systems, notably those used in cancer therapy, rely
on regulated medication release. While significant advancements in chemotherapy
have resulted in the development of a number of novel medications for treating
cancer that has significantly improved patients’ prognoses and standard of living, a
key obstacle remains the treatments’ lack of compassion for neoplastic cells [69]. The
treatment impact of the anticancer treatment is harmed by the possibility of a deadly
systemic adverse effect and the development of resistant strains [70]. Continued
improvement of chemotherapy necessitates adequate drug release at the tumor site
as well as the avoidance of drug-carrier endosomal sequestration, and the develop-
ment of suitable stimulus-sensitive systems has shown tremendous promise in both
areas. This is attributable to the fact that tumor tissues’ milieu can produce a variety
of natural signals. For instance, tumor cells contain moderate acidity, significant
GSH (glutathione) levels, as well as a top-level of hyaluronidase [71], therefore pH-,
redox-, and enzyme sensitive drug carriers, as well as their combinations (to optimize
the release of drug efficiency), have been extensively studied. Blood serum albumin
(HSA)-coatedMnO2 nanomaterial’s as an adaptive transporter of cis-platinum is a
fresh example. The MnO2 combines with internal H202 just at tumor site to produce
02 in vivo, overcoming medicaments resistance caused by local hypoxic, while the
nanoparticles disintegrate in an acidic medium, releasing cis-platinum [72]. In another
layout, the water-soluble rhodamine B was covalently conjugated to the PDMAEMA
(Poly((2-dimethylamino)ethyl methacrylate) and via disulphide bond formation with
the lipophilic coumarin 102 physiologically encapsulated inside the nanogel, and the
hydrophilic rhodamine B has been covalently linked to the PDMAEMA via disulfide
bond formation with the lipophilic coumarin 102. The nano gel is swollen in an acidic
medium and shrinks at increased temperature to liberate the coumarin 102, whereas
decreasing DL-dithiothreitol cleaves the disulfide bridges to liberate the aqueous cargo
medication [73]. The development of bio-sensitive drug carriers for controlled release
has exploded in the past few decades, and additional improvements in release effec-
tiveness have resulted in dual and numerous systems that can carry several medicines
for programmable site-specific delivery of drugs. Pharmaceutical loading, persistence
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in a microenvironment, tumor-targetability, effective absorption of cancerous cells,
and controlled intracellular release of the drug are among the fundamental difficul-
ties in the delivery of drugs addressed by the many configurations of the bio-sensitive
delivery mechanism. Even though there are a lot of good studies, most of it makes a
specialty of the difficulties and still in the concept-proofing phase [74]. The challenges
are associated with most existing bio-sensitive drug delivery mechanisms, such as poor
drug loading efficiency, biodegradability, as well as the ability to remain circulatory
and concentrate in the target organs, must be overcome in order to convert the study
into practical practice (e.g. tumor). In contrast, more research into the subatomic scale
in vivo behavior of bio-sensitive systems, as well as the influence of systemic
physiological parameters on the release of the drug, is needed [74].

3.2 Biomaterials actuators and micro-fabrication

Designing microfluidic technologies for biochemical applications has proven
to be a difficult task, and a properly working valve is a critical component in these
technologies. Traditional micro-actuators are somewhat sophisticated components
that needed additional electricity to operate. The use of sensitive smart polymer
composites to govern flow eradicates this need for external power, output control, and
complicated fabrication ploys, allowing them to be integrated within microfluidics
streams and dwindle or perk up in response to an external stimulus, causing streams
to open or close. Photo triggered polymerization inside the stream of a microfluidic
chip that may be employed as a gate for changing; transmission, measuring, and
closing of a PCR reaction vessel produced monolithic plugging PNiPAAm complexes
using 5% methylenebisacrylamide. Because of their simple construction of sensors,
the kinetic studies of the volume phase change process as a feature of gel structure
and shape, the capacity of the sensors to thwart and supplant the transition between
two fluids, anisotropic bulging of a polymer, as well as the ability to adapt to changing
stimuli, responsive smart polymeric materials are the structural elements for micro-
fluidic devices. Thermally sensitive smart polymeric materials have also been utilized
to create “smart” affinities beads which can be transiently mounted on microfluidic
walls of the channel just above MinCST in order to acquire the target biomaterials via
its friendliness component. Proteomic functionalities, such as pre-concentration and
isolation of soluble proteins on an embedded fluidics device, have been enabled by
this technology. Many efforts were made to emulate live creatures’ effective transi-
tion of chemical energy to mechanical energy. The bio-inspired actuators might be
employed in future ‘soft’ technologies that are based on biological concepts rather
than mechanical ones. Because bio-inspired actuators can tolerate extremely hostile
conditions, they can also be utilized to pick up extremely small items in watery solu-
tions. By contorting a barrier that subsequently occludes an opening, a system built
on pH-sensitive smart polymeric discs of polymethacrylic acid-triethylene glycol
dimethacrylate (PMAA-EG) has indeed been utilized to control medication delivery.
The electronegative interpenetrating matrix (IPM) made of PVA with PNiPAAm was
studied in aquatic NaCl solution for its moisture content and carrying behavior with
electromagnetic current, with the goal of using it in bio-inspired sensors and devices
that respond quickly to exterior electric fields. The immobilized smart polymer’s
prompted manipulation of interfacial characteristics at the solid-liquid interface has
benefits in the development of microfluidics bio-analytical systems since they supply
the actuation pressure necessary for both valving and dispensing functionalities in
micro-dispensing gadgets [75-77].
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3.3 Diagnostic uses

Biomedicine research involves advancing our understanding of biology and the
processes behind physiological activity and disorders. As a result, in addition to illness
therapy, one of the most significant goals is diagnostics, wherein bio-sensitive materials
have shown promising potential in detecting low concentrations of biochemical, pro-
teins, and genes that act as sickness-specific indicators. Those indicators are typically
tested using high-cost chromatography techniques like high-performance liquid chro-
matography and gas chromatography-mass spectrometry, but using stimuli-sensitive
systems, easy, rapid, precise, and low-cost detection procedures may be established.

For instance, metallic nanoparticles with a size of 4 nm may greatly boost T1
distinction in magnetic resonance imaging; however, their aggregation led in T2
contrasting augmentation owing to in uniform magnetic field around the aggregates.
As aresult, IONs like these have been employed as a T2 contrast media to diagnose
liver disorders. They are, nevertheless, unsuitable for the identification of smaller
hepatocellular carcinomas that requires a good detection to improve the individuals’
average five-year rate of survival [78]. The fall in pH dispersed the aggregation of the
functional metallic nanoparticles when they were treated using i-Motif DNAs that
really can convert from unistranded to fused quadruple-helical structure in an acidic
medium. Because acidification of the tumor encouraged the breakdown of the metal-
lic nanoparticles aggregates and shifted the MRI signal between T2 to T1 augmenta-
tion to better the differentiation between hepatocyte and tiny hepatocytic carcinoma
tissues, tiny hepatocytic carcinoma may be diagnosed with these bifunctional metallic
nanoparticles [79]. pH-sensitive surfaces made comprised of nanoparticles with just
an amino group having a silane layer are another intriguing instance. In an acidic
medium, the amino groups are protonated, making the surfaces highly hydrophilic,
whereas in a highly alkaline, the surfaces become really hydrophobic. The amount
of glucose in the mouth and pee may be reliably determined in one second using this
surface via measuring the contact area of the liquid specimen, which is dependent
on the created gluconic acid following adding glucose oxidase to the specimen [80].
This non-invasive, economic approach of fast glucose measurement is useful for
overcoming the drawbacks of standard intrusive diagnosis of diabetes, including such
discomfort and infection hazard. While contemporary research has demonstrated
the stimuli-sensitive system’s potential and performance in preclinical testing for
diagnostic uses, the majority of the built systems do not fulfill the standards for
clinical usage. This is owing to the large variety of chemicals found in real specimens
collected from individuals with varying situations (e.g., various diets, ethnicities, and
lifestyles), which considerably affects the measurement’s specificity and stability [81].
Aside from identifying biochemical levels, constant monitoring and distribution centres
in human, both of which are challenging to perform, may be required. As a result,
motivated monitoring technologies are still in the early stages of development, and
more investigation is necessary before they can be used in clinical illness treatment.

3.4 Implants for cardiology

Creating actuators including such valves and levers out of the material, which
could be utilized as blood artery implants, is one potential application. To modulate
blood flow, the artery might be enlarged or constricted, also utilizing internal bio-
chemical impulses. The valves would’ve been placed into the blood channels of the
heart, or prosthetic muscular implants may be created [82].
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3.5 Mucoadhesive delivery using polymers

Hydrophilic polymers must be employed to construct the liquid ophthalmic
delivery mechanism since they may serve as a useful viscosity altering or boosting
agent. In the ophthalmic mucoadhesive delivery method, polysaccharides are often
employed. Hyaluronic acid, methylcellulose, hydroxypropyl methylcellulose, chito-
san, gellan gum, carrageenan, xanthan gum, and guar gum are some of its variants.
Chitosan is a polysaccharide polymer made up of polysaccharides. It is appropriate
for usage in medication compositions due to its biodegradability, low toxicity, and
biocompatibility [83]. Polyvinylpyrrolidone, poloxamer, and polyvinyl alcohol are
among additional non-ionic polymers utilized for mucoadhesive characteristics [84].

3.6 Cancer treatment using a polymer drug combination

The medications as well as the polymer have a physiologically labile connection.
Paclitaxel [poly(L-glutamic acid)] is a chemotherapeutic medication employed to
treat cancers of the ovary, breast, as well as lung. Phase III studies have been con-
ducted on it. Among its 2’hydroxyl unit and the carboxylic acid of poly(L-glutamic
acid), it possesses an ester bond [83]. To improve its efficacy as an antitumor targeted
drug delivery, Poly (amidoamine) and PEG is covalently attached with the chemo-
therapy medication Paclitaxel. Both improve the solubility of the substance. Inan in
vitro investigation of mankind ovarian cancer cells, it was discovered that PEG-based
conjugates lowered paclitaxel activity by 25-fold, but the Poly (amidoamine)]-G4
dendrimer increased its efficacy by more than ten times [12]. The medication 5-fluo-
rouracil induces cell death. Some researchers created PLA nanospheres as an encapsu-
lating reagent for 5-fluorouracil [12].

3.7 Medicine and biotechnology

Smart polymeric materials may be chemically attached to bio-substances or
physically combined with them to create a vast variety of polymeric materials and
bio-molecular systems that really can adapt to physiological and chemical stimuli.
Oligosaccharides, Polypeptides, glucose and polysaccharides, solitary as well as
double-sided oligonucleotides, DNA plasmid, basic lipids and ligands, phospholipids,
as well as synthesized medicine compounds are examples of bio-substances that can
be polymer linked. Smart polymeric materials and sensitive surfaces that cope with
environmental stimuli are made with these materials. Smart polymers with size-
specific switches for turning proteins on and off were also studied. When a sensible
polymer chain is connected to a protein complex that is further away from active site,
the expanded polymer chain shields the active-locations, preventing bigger molecules
from attaching. These polymers operate as a molecular gatekeeper, limiting the types
of molecules that really can attach to proteins depending on their size [85].

3.8 Glucose level monitoring
The manufacture of insulin administration devices for the management of diabetic
individuals is a prime utilization of smart polymeric materials. Several technologies

have been used to give precise amounts of insulin at precisely the right moment, and all
of them include a glucose sensor, sometimes known as a “biosensor,” incorporated into
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Stimuli Drug Polymer Uses Goal/outcome of the
research
Thermal Exenatide PLGA-PEG-PLGA Diabetic type To create an injectable
responsive 2 treatment composition with a long-
acting effect [90].
Leuprolide Polybenzofulvene For treatment  External warmth is used to
of tumors preserve the oligopeptide
medication and modulate the
release rate [91].
pH Ketoprofen Poly (acrylamide)-g- Targeted Whenever the ph of the
responsive carrageenan and sodium distributionto  sample was changed from
alginate the colon acidic to basic, ketoprofen
release rose considerably [92].
Dauxorubicin Poly (ethylene glycol)- Survival time The rate of release can be
and paclitaxel block-poly (propylene is extended as enhanced by lowering the pH
glycol)-poly(ethylene compared to of the external surroundings
glycol) single-drug from acidic to basic [93].
treatment.
Glucose Insulin-Con A Methacrylate derivatives Insulin The findings showed
responsive  complex of dextran and delivery thatis  that insulin release was
concanavellin self-controlled  bidirectional in reaction to
varying glucose level, and also
that the insulin produced was
effective [94].
Sulphonamide N,N(dimethylacrylamide) Glucose- In such a buffered salt solution
and sulfadimethoxine responsive at pH 74, the gelatin displayed
monomer hydrogel bidirectional expansion as a
made of result of glucose content from
sulphonamide 0 and 300 mg/dL [95].
Enzyme Amyloid Chitosan The amyloid- In live organisms, enzymes
responsive derived govern binding and breakage,
proteins are substrates oxidation /
rearranged reduction, including
asaresult of isomerization processes,
this. with the first two chemical
reactions being exploited in
the development of enzyme
responsive substances [57].
Photo Cross linked Trisodium salt of copper The Photosensitive compounds
responsive  hyalouronic chlorophyllin enzymatic including such chromophores
acid hydrogel reaction are used to make visible light-
is what sensitive hydrogels [94].
drives the
prospective
application of
visible light-
responsive
hydrogels
for temporal
delivery of
drugs.
Table 2.

Several uses of advanced drug delivery systems.
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the mechanism. The word ‘biosensor’ refers to sensing devices that are used to detect
the number of chemicals and other biologically relevant analytes. mGlucose oxidase
(GluOx) is primarily employed in glucose monitoring and enables the use of various
pH-sensitive smart polymeric materials for regulated insulin administration [86, 87].

3.9 Surfaces that react to stimuli

Tissue culture techniques have leveraged the shift in surface characteristics of
thermally sensitive smart polymeric materials from hydrophilic well above threshold
temperature to hydrophobic underneath it. Human cells are grown on hydrophobic
solid culture plates and are normally separated from them using a protease therapy
that causes the cells to be damaged. Because of the close connectivity among cells and
cells, this allows for a high level of effectiveness whenever transplanted into individuals.
The intensity of each molecule’s reaction to variations in stimuli is a combination of
single monomer unit modifications that are weak on their own, and these modest
reactions combine to generate a force that drives biochemical mechanisms. Likewise,
the chromatographic matrix has been modified using surfaces with thermally respon-
sive hydrophobic/hydrophilic qualities. For protein-rich selectivity with minimal
non-specific couplings, thermally responsive size-exclusion chromatography is
utilized. Smart polymeric mats are distinguished by their non-linear behavior [88, 89]. A
minor stimulus can cause a substantial change in structure and characteristics
(Table 2). Once that shift happens, the polymer exhibits a predictable all-or-nothing
reaction with full homogeneity throughout [96].

4. Conclusion and future trends

The topic of stimuli-sensitive polymeric materials is quickly evolving, with
evidence of its pharmacokinetic and therapeutic usefulness in the delivery of drugs.
Stimuli-sensitive polymeric materials, which constitute an adaptive delivery strategy,
have been proven to effectively respond in the required manner to the associated
stimuli and are interesting prospects as a specific drug delivery option. Despite the
fact that most of these polymeric’ multifunctionality qualities enable for a variety of
health uses, stimuli sensitive polymeric substances have limited therapeutic potential
due to cytocompatibility and toxicity concerns. The enormous progress and different
benefits and prospects of stimuli-sensitive polymeric materials have been highlighted
in this chapter. Despite the various options that are already available, additional
research into healthier and much more biocompatible delivery mechanisms has still
been needed.
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Abstract

The prime goal of drug delivery through drug carrier system to the specific target
site at the suitable concentration for therapeutic action. Recently thin films are
acquiring attention as drug carrier and various scientists are working on the formula-
tion and development of thin films as a novel drug delivery system. Because of its
capacity to safely load medications and release them in a regulated manner, thin films
have attracted increasing interest in the field of drug delivery, which improves drug
efficacy. They are more patient compliance and alternative to oral drug delivery
employing self-application, prolonged action and easily terminate if drug toxicity is
produced. Oral, buccal, sublingual, ocular, and transdermal routes have all been
employed to deliver this delivery mechanism for both systemic and local effects. The
development of thin films comprises of various methods with keeping in mind the
anatomical and physiological constraints, physicochemical properties and types of
drug substance and use of various polymers (matrix, hydrophilic and hydrophobic) as
well as the characterisation methods with recent trends.

Keywords: film, prolonged action, film formation polymers, self-administration,
local and systemic effect

1. Introduction

Biotechnological developments in the field of biomedical science have become
more widely publicised in recent years, as the relevance of life extension and quality
of life has become more widely recognised. Drug delivery system research, in partic-
ular, has been identified as one of the most challenging problems in biomedical
science. In general, drug delivery system research focuses on keeping drug concen-
trations in the blood at a minimum and avoiding drug toxicity in vivo [1]. Thin films,
in general, are ideal for targeting sensitive regions that tablets or liquid formulations
may not be able to reach. Thin films have been shown to increase pharmaceutical
action onset, dose frequency reduction, and treatment efficacy. Consequently, thin
films may be beneficial in reducing excessive proteolytic enzyme metabolism and
eliminating pharmaceutical side effects [2].

Thin films have demonstrated their ability to improve medication action onset,
reduce dose frequency, and improve treatment efficacy. Thin films may also be useful
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for decreasing excessive metabolism induced by proteolytic enzymes and removing
the negative effects of medicine [3].

Penetration enhancers are substances that temporarily lessen the skin’s imperme-
ability, making it easier to absorb penetrant through the skin. These materials should be
pharmacologically inert, non-toxic, non-irritating, non-allergenic, and compatible with
the drug and excipients, odourless, tasteless, colourless, and inexpensive, as well as
having good solvent properties. The enhancer must not provoke a loss of physiological
fluids, ions, or other endogenous elements, and the skin should quickly regain its barrier
properties after it has been removed [4]. Chemical penetration enhancers boost skin
permeability by reversibly eroding or changing the physicochemical makeup of the
stratum corneum to reduce diffusional resistance. Most chemical penetration enhancers
irritate the skin, which is one of their drawbacks [5]. It’s unsurprising that agents that
interrupt ordered lipid patterns, cellular membranes, and components also disrupt
ordered lipid structures, cell membranes, and constituents. The clinical utility of
numerous chemical permeation enhancers has been limited due to the toxicity related to
them. In recent years, the FDA has looked into essential oils, terpenes, and polymeric
enhancers, all of which are GRAS (Generally Recognised as Safe) [6].

Polysaccharides, proteins, peptides, polyesters, and other substances are examples
of natural polymers. Because of their biocompatibility and processability, the first two
kinds of endogenous polymers were widely explored in the DDS. Because polysaccha-
rides and proteins are more similar to the extracellular matrix, natural polymer-based
medicament carriers are less intrusive. Furthermore, the polymers’ backbones are
plentiful in a variety of easy-to-change groups, such as amino groups, carboxyl
groups, hydroxyl groups, and so on, allowing them to be easily modified [7]. Finally,
as life science research developed, more specific connections between native polymers
and organs or cells were uncovered. Natural polymers have been demonstrated to
have a stronger affinity for cell receptors and to regulate cellular processes including
adhesion, division, and migration, implying that they could be exploited to create
more targeted and efficient high-efficiency applications [8]. Furthermore, their
breakdown behaviour in the presence of enzymes in vivo ensures their potential to
develop stimuli-responsive delivery in local locations.

The main objective of thin films delivers drugs topically, where they are absorbed
by the skin and into the bloodstream. They provide consistent delivery of small
amounts of a drug into the bloodstream over a long period. The duration of wear time
and the amount of drug delivered is different from film to film.

2. Advantages and disadvantages over conventional dosage form
2.1 Advantages

First, there are biological advantages to delivering drugs through the skin:

1. Transdermal distribution avoids the stomach environment, where the medicine
may decay and become ineffective, or where it may cause the patient to
experience unpleasant gastrointestinal symptoms [9].

2.The first-pass effect, in which active medication molecules are transformed to

inactive molecules or even molecules that cause side effects, is avoided with
transdermal distribution [10].
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3.Transdermal medication administration ensures consistent plasma
concentrations. When a patch is applied for 24 hours or even 7 days, the plasma
levels remain consistent once a steady state is attained since the rate of drug
delivery from the patch is constant. When a medicine is given four times a day,
or even once a day, the drug levels rise immediately after administration and
then gradually fall until the following administration, resulting in peaks and
troughs throughout treatment [10].

4.TDDS, in contrast to limited controlled release via oral and intravenous routes,
provides a continuous infusion of the drug over an extended period, making it
ideal for drugs with a short biological half-life that requires frequent dosing,
resulting in increased patient compliance and decreased inter and intra-patient
variability [11].

5.1t is possible to avoid therapeutic failure or the side effects that are usually linked
with intermittent dosage for chronic diseases [12].

6. When necessary, self-administration and removal are feasible [13].

7.This non-invasive and safe parenteral route of drug delivery helps take away the
pain and inconvenience of injections [13].

2.2 Other advantages to delivering drugs through the skin

1. Transdermal medication delivery devices, particularly simple thin films, are
simple to use and non-invasive, which patients prefer [14].

2.Thin films can improve compliance and lower medical expenditures because
they are simple to use. Many studies suggest that increasing pharmacological
compliance lowers a patient’s overall healthcare costs. Furthermore, studies have
shown that prescribing thin films improves patient compliance and lowers
healthcare expenses [15].

3.Medical waste can be reduced by using a transdermal delivery device instead of a
needle, lowering healthcare expenditures once again.

2.3 Disadvantages
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1.Many drugs especially drugs with hydrophilic structures that permeate the skin
too slowly may not achieve a therapeutic level.

2.The drug, the adhesive or other excipients in the thin film formulation can cause
erythema, itching, and local oedema.

3.The barrier function of the skin changes from one site to another on the same
person, from person to person and also with age.

4.Daily dose of more than 10 mg is not possible.

5.Local irritation is the major problem.
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6.Drugs with a long half-life cannot be formulated in the thin film.
7.1t May not be Economical.
8.Barrier function changes from person to person and within the same person.

9.Heat, cold, sweating (Perspective) and showering prevent the thin film from
sticking to the surface of the skin for more than one day. A new thin-film has
to be applied daily.

10.In case of any medical emergency, the thin film is not a good choice.

3. Routes of thin films administration
3.1 Oral route

The oral route has traditionally been chosen over other existing administrative
methods due to its ease of administration, patient compliance, and possible formula-
tion flexibility. The buccal area (buccal mucosa) of the oral cavity provides an
appealing channel for medication delivery for both local and systemic activities.
Buccal mucosa possesses morphological and physiological properties that make it a
good drug delivery route, including the presence of smooth muscles with high vascu-
lar perfusion, high accessibility, minimal enzymatic activity, and escape of hepatic
first-pass metabolism. However, the formulation’s transit duration at an application
location is limited by the constant salivary flush in the mouth cavity. More study into
the use of bioadhesive polymers to prolong the residence time (RT) of formulations in
living tissue has resulted as a result of this [16]. Drug delivery through to the buccal
mucosa has been accomplished with tablets, lozenges, chewing gums, sprays, films,
patches, hydrogels, pastes, ointments, solutions, microspheres, and other dosage
forms, but buccal films have been reported to be the most favourable and successful
strategy for delivering through the epithelium with greater patient compliance [17].

The microenvironment of the mucosa controls medication disintegration (release)
and penetration through the mucosa. The environment of the mucosa can be modified
or transformed with the help of well-designed mucoadhesive drug delivery devices
[17]. These systems are designed and formulated with mucoadhesive polymers, which
are generally of high molecular weight and high viscosity grades with improved
flexibility and optimal chain length. A variety of mucoadhesive polymers have also
been used to study buccal drug delivery. Buccal films are superior to oral gels and
buccal tablets among mucoadhesive drug delivery systems due to their long residence
time, more flexibility in covering the buccal mucosa, and improved comfort [18]. The
major goal of this study was to create a buccal mucoadhesive patch that would
maintain a stable miconazole level in the mouth for lengthy periods. The created
patch’s performance will be compared to that of a commercial oral gel. In addition, the
effect of ageing on the produced patches’ mucoadhesive function will be examined.

The oral route, which includes buccal mucosa, is the most suitable for both local
and systemic drug delivery among the different locations accessible for mucoadhesive
drug delivery. The created buccal mucosal membrane by Jacob S et al., 2021 presents
an appealing drug-delivery channel to boost both systemic and local therapy. The
advantages and disadvantages of buccal drug delivery, anatomical and physiological
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characteristics of the oral mucosa and several in vitro techniques often employed for
assessing buccal drug-delivery systems are all discussed in this paper. The importance
of mucoadhesive polymers, penetration enhancers, and enzyme inhibitors in over-
coming formulation problems, including the salivary refurbishment cycle, mastica-
tory effect, and limited absorption area, is discussed. Because of their flexibility,
convenience, lightness, acceptability, ability to endure mechanical stress, and specific
size, biocompatible mucoadhesive films and patches are preferred dosage forms for
buccal administration. The methods of preparation, the scaling-up process, and the
manufacturing of buccal films are discussed [19].

Furthermore, Semalty et al. develop mucoadhesive buccal films of enalapril male-
ate to increase therapeutic efficacy, patient compliance, and bioavailability. Using the
solvent casting technique, five formulations of mucoadhesive drug delivery systems
of enalapril maleate were created as buccal films in this study. Mucoadhesive poly-
mers employed were sodium carboxymethylcellulose, hydroxypropylmethylcellulose,
hydroxyethylcellulose, and polyvinyl pyrrolidone K-90. In permeation tests, films
showed controlled release for more than 10 hours. The films containing 20 mg of
enalapril maleate in sodium carboxymethylcellulose 2% w/v and hydroxyethyl-
cellulose 2% w/v showed good swelling, a convenient residence time, and promising
controlled drug release, and thus can be chosen for the development of buccal films
for effective therapeutic uses [17].

3.2 Ocular route

The thin layer provides a variety of functions as the interface between the ocular
surface and the external environment. It generates a refracting thin coating on the
corneal surface that smooth’s out the uneven topography. It maintains a somewhat
constant extracellular environment for corneal and conjunctival epithelial cells in
terms of pH, oxygen and carbon dioxide levels, nutrition, and growth factor concen-
trations. Microorganisms, which are also combated by a complex and powerful
antibacterial system, are diluted and washed away by tears. The tear film changes its
composition in response to physiological events. The human tear film appears to be
quite stable and attached to the cornea while the eyes are maintained open, taking up
to 60 seconds to disclose the initial break. When a contact lens is implanted, a stable
tear film is not maintained throughout the lens, and the surface dries up between
blinks. The tear film on the surface of a contact lens begins to break up in 4-6 seconds
(hard) or 7-9 seconds (soft) when a human blinks once every 10 seconds on average.
The single most critical element in deposit formation and long-term discomfort during
contact lens usage is lens drying. Several theories have been presented to explain this
phenomenon. A thin film containing surface-active molecules like those found in tears
should not rupture as quickly from a curved surface, according to physical chemistry.
Experiments with lenses in the lab have shown that certain lens surfaces may hold a
water coating for up to 2 minutes. On-eye surface dryness is caused by many reasons.
With a stiff lens, drainage is unavoidable due to the tear meniscus, which is evident
around the lens periphery. With the lens on the eye, the structured layers of the tear
film are unable to form up as they do on the cornea. Another explanation is that the
lipid layer is thin or disturbed, leaving the tear film vulnerable to evaporation. Early
tear components binding to lenses might also impair wettability [20].

It has various advantages for ocular distribution, including sanitation, ease of eye
drop formulation, less irritation, increased precorneal residence duration, and
improved ocular bioavailability of medications that are insoluble in tear fluid. In 2015,
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Mahajan HS and Deshmukh SR investigated the use of xyloglucan, a polysaccharide
polymer, as a new film-forming agent for ciprofloxacin ocular administration. Cipro-
floxacin ocular films were made utilising xyloglucan and the solvent casting process
(2%). The formulas were made following the unusual transport release mechanism.
The formulation is safe for the ocular mucosa, according to an ocular irritancy study.
As a result, this research proposes that xyloglucan could be used as a film-forming
polymer for ciprofloxacin ocular administration [21].

3.3 Transdermal route

Topically given pharmaceuticals in the form of patches that, when placed to the
skin distributes the drug through the skin at a predetermined and controlled pace are
referred to as transdermal drug delivery systems. Transdermal patches distribute
drugs via the skin in a controlled and predefined manner, resulting in increased
therapeutic efficacy and fewer side effects. The medications must be able to permeate
the skin and reach the target site to be effective in a transdermal drug delivery system.
When compared to the oral route, TDDS improves patient compliance and reduces
load [6].

Transdermal delivery of drugs through the skin to the systemic circulation is a
useful methodology of administration for a variety of clinical indications. Transdermal
delivery systems are available for scopolamine (hyoscine) for motion sickness,
clonidine and nitroglycerin for cardiovascular disease, fentanyl for chronic pain,
nicotine for cessation of smoking, oestradiol (alone or in combination with
levonorgestrel or norethisterone) for hormone replacement, and testosterone for
hypogonadism [22].

Some of the possible benefits of transdermal drug delivery include controlled
absorption, more consistent plasma levels, increased bioavailability, decreased
adverse effects, painless and uncomplicated application, and the flexibility of
discontinuing drug administration by simply removing the patch from the skin.
Padula et al. reported a novel drug delivery system consisting of a water-based,
vapour permeable membrane for cutaneous and/or transdermal distribution. The goal
of this study was to control the administration of the model drug lidocaine hydro-
chloride through rabbit ear skin using a transdermal film. On lidocaine transport
over the skin, the effects of drug loading, film-forming polymer type and content,
adhesive and plasticiser were studied [23]. Aside from that, Ammar HO et al. (2013)
developed and tested a transdermal ketorolac film-forming polymeric solution for
pain treatment employing Eudragits® RLPO, RSPO, and E100, as well as polyvinyl
pyrrolidone K30 dissolved in ethanol as film-forming solutions. An improved
transdermal ketorolac formulation has shown a significant potential to provide a
rapid and enhanced analgesic impact, which is a critical requirement in pain
treatment [24].

4. Film formation polymers

The FFS is built on a foundation of polymers, and a range of polymers are available
for this purpose. These polymers can be employed alone or in conjunction with other
film-forming polymers to get the necessary film characteristics at skin temperature,
these polymers should produce a clear flexible film. The Table 1 shows a list of
polymers, along with their molecular weights and properties [15].
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Polymer Properties Use References
Hydroxypropyl Moderate tensile strength, moisture HPMC is used as a raw material for [25, 26]
methylcellulose  and oxygen barrier characteristics,  coatings with moderate strength
(HPMC) elasticity, transparency, and oil and and elasticity in Film, transparency.
fat resistance.
Hydroxypropyl HPC used for artificial tears, Used as an excipient, and topical [27, 28]
cellulose (HPC) emulsion stabiliser, Binder, thicke ophthalmic protectant and
ner, white to slightly yellow tinted, lubricant and also used in
odourless, inert, and tasteless ophthalmic films.
powder Absolute ethanol,
methanol, isopropyl alcohol, and
propylene glycol are all polar
organic solvents that are soluble in
both cold and hot temperatures.
Mucoadhesive characteristics are
moderate.
Carboxymethyl Anionic, water-soluble cellulose Used as a flocculant, chelating [29]
cellulose derivative, rapid hydration, High agent, surfactant, thickening agent,
(CMC) swelling strength, Good bioadhesive water-retaining agent, sizing agent,
properties. and film-forming material, among
other things.
Polyvinyl Solubility across a wide range, Non- Food additive, stabilizer, in paints  [30, 31]
pyrrolidone ionic substances, Susceptibility to and also having film-forming
swelling, Used as a mucoadhesion ~ property.
enhancer as a co-adjuvant.
Poly ethylene For the polymer that is not ionic, Used to deliver drugs in the [32, 33]
oxide Mucoadhesion is high when the transdermal and transmucosal
molecular weight is high. system.
Pectin Non-ionic, high swelling Food, beverages, pharmaceuticals,  [34, 35]
characteristics, a wide range of drug and vitamin capsules,
solubility To increase photographic films, thin-film, and
mucoadhesion, it’s used as a co- cosmetics all employ it as a gelling
adjuvant. agent.
Chitosan Odourless white or creamy powder ~ Chitosan has the potential to be [36, 37]

or flakes After chitin has been
partially deacetylated,
Biodegradable and biocompatible
Water is sparingly soluble; ethanol
(95 per cent), various organic
solvents, and neutral or alkali
solutions with pH more than 6.5 are
practically insoluble.

employed as a medication carrier, a
tablet excipient, a Film Forming
agent, and a delivery platform for
parenteral formulations, among
other applications.

Sodium alginate

It appears as a white or buff powder
with no odour or taste. Purified
carbohydrate product obtained by
dilute alkali extraction from brown
seaweed, is insoluble in other
organic solvents and acids. Anionic
has a high mucoadhesive capacity, is
Non-allergenic, biodegradable, and
safe In water, rapid swelling and
dissolution.

Stabilisers in emulsions, suspending [36, 38]

agents, tablet binders, and tablet
disintegrants are all examples of
film-forming properties.

Carrageenan

Lota, Kappa, and Lambda are three
structural kinds with different

Used in the food technology and
pharmaceutical industry for their

[39, 40]
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Polymer Properties Use References
solubility and rheology. All three gelling, thickening, stabilising and
kinds of sodium are soluble in both  also having film-forming
cold and hot water. pH 6 to 10 properties.
provides the optimum solution
stability. Mucoadhesive
characteristics are moderate.
Gelatin A powder that ranges in colour from Giving flexibility, stability and [41, 42]
light amber to pale yellow. The prolonged life span for the thin
molecular weight ranges from film.
15,000 to 250,000. Glycerin, acid,
alkali, and hot water are all soluble
in it. 9-11 per cent (w/w) moisture
content.
Poly (vinyl Molecular weight 20,000-200,000, As buccal films, nanotechnology, [43, 44]

alcohol) (PVA)

white to cream-coloured granular
powder Synthetic polymer that is

hydrogels, and transdermal
patches.

water-soluble, Polymer that is not
ionic, Mucoadhesive characteristics
that are moderate.

Table 1.
Film formation polymers.

5. Category of thin films

Thin film is not a new preparation; it was initially launched in the late 1970 to help
people take tablets and capsules that were difficult to swallow. The oral film, oral thin
film, orodispersible film, oral soluble film, wafer, oral strip, buccal film,
mucoadhesive film, transmucosal film, ocular film, and transdermal and topical film
are some of the names given to thin films [2].

5.1 Oral film (oral thin film)

Oral films are composite polymeric matrices that may be employed as drug deliv-
ery platforms effectively. To generate elegant drug delivery platforms, these poly-
meric matrices can be made up of a variety of components, however, hydrophilic
polymers are frequently in the centre. The European Medicines Agency (EMA) and
the Food and Drug Administration (FDA) both refer to a thin film that rapidly
dissolves in the oral cavity as orodispersible film. Oral films originated as unique
breath-freshening formulations, but they swiftly evolved to satisfy several
commercial needs, including a convenient and easy-to-swallow medicine delivery
method [15].

5.1.1 Orodispersible film/oral soluble films

Because of its simplicity of administration, non-invasiveness, flexibility, patient
compliance, and acceptance, the oral route of medication administration is the most
popular. When put on the tongue, orally disintegrating films quickly hydrate via
soaked saliva after the breakup and/or dissolution, liberating the active pharmacolog-
ical substance from the dosage form. Orodispersible films are a type of formulation
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that is often made with hydrophilic polymers and allows for fast disintegration when
exposed to saliva. Oral disintegrating tablets and oral disintegrating films are two
typical oral disintegrating medicine administration strategies. These systems were
developed in the late 1970s as an alternative to standard dosage forms such as quick-
dissolving tablets and capsules for elderly and paediatric patients who had difficulty
swallowing traditional dosage forms [45].

Orodispersible films, on the other hand, are flexible while remaining resistant to
mechanical stresses. While lyophilization is a standard method for creating oral
disintegrating tablets, orodispersible films are made using a technology similar to that
used to make transdermal patches, which is less costly than lyophilization.
Orodispersible films are preferable to liquid dosage forms such as drops or syrups
because they allow for precise dosage. A quick beginning of effect might be obtained
since the medication is delivered into the oral cavity in seconds. Some medications can
bypass first-pass metabolism if they are absorbed through the oral mucosa, which may
boost bioavailability. To ensure a strong production and packaging process as well as
ease of handling and administration, an ideal orally disintegrating film must be thin
and flexible, yet sturdy. The films must be transportable, non-sticky, and maintain a
level shape without rolling up. They should have a nice taste and a comfortable tongue
feel. The time it takes for something to disintegrate should be as quick as feasible.
Because of the inverse link between mechanical qualities and disintegration time,
meeting all of these parameters is difficult [46].

5.1.2 Wafers

Wafers are paper-thin polymer sheets that are used to transport pharmaceuticals.
The novel dosage form is taken orally and does not need the use of water or
swallowing. The wafer dissolves fast in the mouth, allowing the active substance to
be taken into the bloodstream through the oral mucosa. The active component
escapes the liver’s first-pass action once absorbed by the oral mucosa, improving
bioavailability. Based on the chosen wafer type, the active substance delivery may
also be delayed. In this situation, it is absorbed through the gastrointestinal tract after
ingestion [47].

Wafers that have been lyophilized and positioned on the patient’s tongue grip
saliva fast and dissolve within seconds, releasing the medication. Developing a dose
form that improves patient confidence and acquiescence, principally intended for
oral/buccal drug delivery systems, is becoming increasingly difficult. Buccal wafers
are preferred over other dosage forms because of their small dimensions, low dose,
and thickness. For paediatric and geriatric patients, the lyophilized oral wafer medi-
cation delivery method offers a substitute for tablets, capsules, and liquid oral dosage
forms. When compared to alternative dose forms, lyophilized wafers have a bigger
surface area, ensuring improved patient compliance, particularly in geriatrics and
paediatrics. A good buccal wafer ought to be flexible, elastic, and easy-going, as well
as have good bioadhesive characteristics to stay in the mouth cavity for the specified
amount of time [48].

5.1.3 Oral strip

The oral strip, a thin film made of hydrophilic polymers that liquefy quickly on the
tongue or in the buccal cavity, is one such relatively recent dosage form [49]. Oral
medication delivery has progressed from basic conventional tablets/capsules to
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modified-release tablets/capsules to oral disintegrating tablets to wafer to the newest
creation of oral strips due to research and development. Essentially, an oral strip is a
postage-stamp-sized ultra-thin strip containing an active agent or active medicinal
component as well as additional excipients. The simplicity of administration and
portability of oral strips have led to a greater acceptance of this dose form among both
paediatric and geriatric patients [50].

However, because the oral strip technology’s derived devices were easily available
in the marketplace in the type of breath-freshening strips, no additional determina-
tions were required to re-instruct the general public on how to administer this dosage
form. With the release and well-known usage of Listerine pocket strips, a novel
unveiling in the mouthwash line, oral strip tools was already popular among the public
in the early 2000s. This delivery mechanism can accommodate a wide range of
compounds. Cough/cold cures (antitussives, expectorants), sore throat, erectile dys-
function medications, antihistaminics, antiasthmatics, gastrointestinal issues, nausea,
pain, and CNS stimulants are just a few examples (e.g. antiparkinson disease). Caf-
feine strips, snoring aids, multivitamins, and sleeping aids are some of the other
applications [51].

5.1.4 Buccal film

The buccal films are designed to deliver drugs to the mouth mucosa. This aim may
be supplementary difficult to achieve than it appears, as increased mouth residence
duration is far from the sole influencing factor. In the direction of circumventing inter
and intra-individual inconsistency, the oral mucosa drug saturation ought to be taken
into account, as well as one-way absorption. As a result, multilayer films have been
coined as an innovative term for buccal films. The benefits of this medication delivery
technology are substantial. Beyond patient acceptance, the oral cavity has many
advantages for medication administration [15].

Because the buccal mucosa has a small surface area meant for application of the
buccal delivery system, device dimensions and drug load are constrained. The real
region for medication absorption is determined by the dosage form’s size. For buccal
distribution, a device with a surface area of 1-3 cm2 and a daily dosage of 25 mg or a
lesser amount is preferable. Because meal ingestion and/or drinking may necessitate
the removal of the delivery device, the maximum duration of buccal medication
administration is roughly 4-6 hours. The more rapid turnover of the buccal mucosal
epithelium (3-8 days) compared to the skin (30 days) may alter medication absorp-
tion by altering penetrability properties regularly [52].

5.1.5 Mucoadhesive film

Mucoadhesive films are retaining dosage formulae that deliver the medication into
the biological substrate directly. Furthermore, as compared to lozenges and tablets,
films ensure greater patient acquiescence owing to their small dimensions in addition
to compact thickness. Some of these benefits, as well as others, are shared by
mucoadhesive buccal films. In comparison to tablets, they have increased patient
compliance in line with their modest size and thickness. Furthermore, because
mucoadhesion entails addition to the buccal mucosa, films can be designed to have
either a systemic or local effect. Numerous mucoadhesive buccal films have been
developed to release drugs locally in the mouth cavity to treat fungal diseases such as
oral candidiasis. The release can be focused on either one towards the buccal mucosa
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or towards the oral cavity due to the adaptability of the production methods; in the
latter instance, it can give controlled release via gastrointestinal (GI) tract adminis-
tration. On the other hand, films that deliver the medicine to the buccal mucosa can be
created. Using directing absorption through the venous system that drains from the
cheek, films delivering medicine towards the buccal mucosa prevent the first-pass
effect [53]. The majority of polymers utilised as mucoadhesives are hydrophilic poly-
mers that expand and let for chain connections with the mucin molecules in the buccal
mucosa [54]. Hydroxypropyl cellulose (HPC), hydroxypropylmethylcellulose
(HPMC), hydroxyethylcellulose (HEC), sodium carboxymethyl cellulose (SCMC),
poly(vinyl pyrrolidone) (PVP), and chitosan are examples of swellable polymers.

5.1.6 Transmucosal film

Oral transmucosal distribution, particularly buccal and sublingual delivery, has
advanced well beyond the use of traditional dosage forms, with new techniques being
developed regularly. These transmucosal drug delivery methods have several benefits
above oral administration meant for systemic drug delivery, together with the ability to
skip the first pass effect and avoid presystemic elimination inside the GI tract. The
administration of medications to the oral cavity has gotten a lot of interest because of its
high potential for patient compliance and unique physiological characteristics. The dis-
tribution of medications within the mouth mucosal cavity is divided into dual categories:
local delivery and systemic administration by the buccal or sublingual mucosa. Another
key physiological obstacle to oral transmucosal drug administration is drug permeability
through the mouth (e.g. buccal/sublingual) mucosa. The thickness of the oral mucosa, as
well as the makeup of the epithelium, varies depending on the location [55].

5.2 Ocular film

The prognosis for visual illnesses such as glaucoma, age-related macular degener-
ation, diabetic macular oedema, and retinal vascular occlusions has considerably
improved because of recent improvements in pharmaceutical therapy. As a result of
these advancements in pharmacological therapy, there is a lot of interest in less
invasive delivery methods, which has resulted in significant progress in the field of
ocular drug administration. Therapeutic substances are difficult to distribute due to
the anatomy of the eye. Due to the blood-ocular barrier, which compartmentalises the
eye, as well as the eyewall itself, the eye is resistant to substantial quantities of
external chemicals (cornea and sclera). Pathogens are prevented from accessing ocu-
lar tissues by the blood-ocular barrier, which also inhibits systemic pharmacologic
drugs from reaching potential ocular tissue targets [56].

Ocular film lengthens the contact period, allowing for a more controlled release,
lowering administration frequency, enhancing patient compliance, and increasing
therapeutic efficacy. The main goal of the ocular film is to improve the contact period
between the film and the conjunctival tissue to create a long-lasting formulation
suited for topical or systemic therapy [57].

5.3 Transdermal and topical film

A unique technique, the film-forming technology, can be employed as an alterna-
tive to traditional topical and transdermal formulations. It’s a non-solid dose form that
forms a film in situ, or after being applied to the skin or any other bodily surface.
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These systems include the drug and film-forming excipients in a vehicle that, when it
comes into contact with the skin, evaporates leaving a film of excipients and the drug
behind. The produced film can be a solid polymeric substance that works as a matrix
for drug release to the skin over time or a residual liquid film that is quickly absorbed
in the stratum corneum [58, 59]. The purpose of medication administration through
the skin is to treat skin illnesses on a topical level or to allow pharmaceuticals to enter
the systemic circulation via transdermal absorption. The topical method provides a
vast and diverse surface, as well as simplicity of application by self-administration,
and is a viable option to both oral and hypodermic drug delivery [60, 61]. The rate and
degree of medication absorption via the skin are influenced by skin physiology, drug
physicochemical qualities, and delivery mechanism [62]. The avoidance of first-pass
metabolism and other GI tract factors such as pH, stomach emptying time, and others
are among the benefits of transdermal film. Deliveries that are consistent and man-
aged over a lengthy period, Minimization of peaks and troughs in blood-drug concen-
trations to reduce adverse effects associated with systemic toxicity. Treatment of skin
diseases such as psoriasis, eczema, and fungal infections, for example, requires direct
access to the target or afflicted location. Dose cessation is simple in the case of any
systemic or local adverse effects [63].

6. Methods of preparation

Solvent casting and hot melt extrusion are the two most common methods for
making oral films. However, several new advancements and novel ways have devel-
oped in recent years. Semisolid casting and solid-dispersion extrusion are two versions
of these industrial technologies of casting and extrusion that have been defined and
utilised alone or in combination. Figure 1 showing innovative manufacturing pro-
cesses, such as rolling and printing, are also discussed.

6.1 Solvent evaporation

The most typical approach for preparing thin films utilising water-soluble excipi-
ents, polymers, and drugs that are dissolved in de-ionised water is solvent evaporation;
as a result, a homogeneous mixture is formed by applying high shear forces generated
by a shear processor. To get good quality films, the prepared solution is placed onto a
Petri plate and the solvent is allowed to dry by exposing it to high temperatures. The
film-forming polymer is normally immersed in a suitable solvent overnight in the
solvent casting procedure. The type of API that must be included in the film deter-
mines the appropriate solvent based on essential physicochemical parameters of the
API such as melting temperature, shear sensitivity, and polymorphic form. Before
completing a formulation, the drug’s compatibility with the solvent and other excipi-
ents is taken into account. Entrapment of air bubbles during formulation might affect
the homogeneity of produced films. Figures 2 and 3 indicating the deaeration of the
mixture is therefore accomplished with the aid of a vacuum pump [45].

6.2 Semi-solid casting

When the film constituent is an acid-insoluble polymer, this approach is favoured.
The water-soluble polymers are initially dissolved in water in this step. The resulting
solution is mixed with an acid-insoluble polymer solution that has been prepared
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Figure 1.
Methods of preparation for thin films.
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oven for drying at SR kept in desiccator till
50-60% further use

Figure 2.
Solvent evaporation method [64].

separately. Both solutions have been thoroughly combined. Following the mixing of
the two solutions, a sufficient quantity of plasticiser is added to the final solution to
get the gel’s mass. Finally, using heat-controlled drums, the gel mass is cast onto the
films or ribbons. The film thickness should be between 0.015 and 0.05 inches. The

acid-insoluble polymer should be used at a 1:4 ratio with the film-forming polymer.
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Figure 3.
Industrial machine for film formation by solvent evaporation [15].

Cellulose acetate phthalate and cellulose acetate butyrate are examples of acid-
insoluble polymers [65].

6.3 Hot melt extrusion

Granules, prolonged-release tablets, transdermal and transmucosal drug delivery
devices are all made with hot-melt extrusion shown in Figure 4. Rather than using the
traditional solvent casting approach, this technique uses heating a polymer to shape it
into a film. API and other components are combined in a dry state, then heated, and
finally extruded out in a molten form in this procedure. There are no solvent systems
involved in these operations. The film is cast from the molten mass that has resulted.
The films are then cooled further before being cut to the proper size. Due to the
utilisation of extremely high temperatures, this technique is not suited for thermola-
bile APIs. The casting and drying processes are crucial. Commercial-scale production
necessitates the optimization of casting speed and drying time. Lower temperature
and shorter residence time of the drug carrier mix, lack of organic solvents, continu-
ous operation, little product waste, good control of operational parameters, and the
ability to scale up are all features of this method [66].

6.4 Solid dispersion extrusion

The method entails incorporating a solid dispersion of the drug into a melted
polymer solution to load the medication. To make a solid dispersion, the medication is
dissolved in a suitable liquid solvent and then added to a melt of a suitable polymer
that is attainable below 70°C without removing the liquid solvent. Finally, the dyes are
used to form the solid dispersions into films [65].

6.5 Rolling

Water and a combination of water and alcohol are the most common solvents
employed in this procedure. The active substance and other components are dissolved
in a small amount of aqueous solvent using a high shear processor. Hydrocolloids that
are water-soluble are dissolved in water to create a homogeneous viscous solution. The
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Figure 4.
Hot melt extrusion [67].

drug-containing solution or suspension is then rolled onto a carrier. After that, the
film is cut into the proper shapes and sizes [68].

6.6 Printing

Polymeric thin films might be manufactured using novel technologies such as 3D
printing. It might be a platform for developing the dose form that is most useful to the
specific patient. Because of their versatility and cost-effectiveness, printing technologies
are becoming increasingly popular. Printing technologies are extensively used in the
pharmaceutical sector for identifying or labelling pharmaceutical dosage forms, espe-
cially to make the product more easily identifiable and to prevent counterfeit manufac-
ture. However, this method has just lately been used to load drugs into medicinal dosage
forms. The use of off-the-shelf consumer inkjet printers with drug-loaded inks to
produce precisely dosed units of medicinal components is one example. Additionally, a
hybrid of inkjet and flexographic technologies has been employed. Inkjet printing was
utilised to print API on various substrates, while flexographic printing was used to cover
the drug-loaded substrate with a thin polymeric coating [2].

In the all adopted method of preparation for thin films listed above like solvent
evaporation, semisolid casting, hot-melt extrusion, solid dispersion extrusion, rolling
and printing, the solvent evaporation method is more recommendable and mostly
used. Evaporative systems provide passive and non-occlusive delivery of drugs.
Therefore, this system is well tolerated and also demonstrates very low skin
irritation rates. Compared to physical technologies they are having a simple working
mechanism and more importantly they provide non-invasive drug delivery. Apart
from that solvent evaporation method is more economical, reproducible and more
efficient.

7. Characterisation aspects

Several attempts have been made to establish appropriate procedures for evaluat-
ing and characterisation of oral films, taking into account their unique properties.
Certain essential criteria should be assessed for film quality control.
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7.1 Surface morphology

Scanning Electron Microscopy (SEM) is used to examine the morphology of the
films at various magnifications [69].

7.2 Thickness

Micrometre screw gauges or calibrated digital Vernier Callipers are used to deter-
mine the thickness of the film. The film thickness should be in the range of 5-200 pm.
The thickness of the film should be measured at five distinct sites (four corners and
one in the middle), and consistency in the thickness of the film is critical because it
affects the accuracy of dosage distribution in the film [65].

7.3 Weight variation

The weight variation is usually calculated to guarantee that each film has the same
quantity of a drug every time it is used. It’s computed by weighing individual films
and averaging the weights of a group of films. The individual weight of patches is
deducted from the average weight of the film.

7.4 Elongation

The strain occurs when stress is given to a film (2 x 2 cm?) sample, which causes it
to stretch. Strain is the distortion of a strip before it breaks due to stress. The formula
for calculating it is as follows-

Increase in length of film

Initail length of film x 100 @

Y%Elongation =

7.5 Tensile strength

The greatest stress applied to a point where the film specimen breaks are known as
tensile strength. As shown in the equation below, it is computed by dividing the
applied load at rupture by the cross-sectional area of the film.

Load at failure "
Film thickness x Film width

Tensile strength = 100 2)

7.6 Tear resistance test

The complicated function of a film’s final resistance to rupture is its tear
resistance. The tear resistance value is the maximum force necessary to rip the
film. The plastic industry is usually blamed for this test. The loading rate used is 2
in/min, which is intended to quantify the degree of force necessary to rip the film
specimen. The highest amount of force required for tearing is usually observed
around the tearing commencement, and this number is referred to as tear resistance
value [70].
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7.7 Young’s modulus

Young’s modulus, often known as elastic modulus, is a measure of a film’s stiffness
or elasticity. This reflects the films’ resistance to deformation, which may be mea-
sured by graphing the stress—strain curve, where the slope denotes the modulus, i.e.
the higher the slope, the higher the tensile modulus. The narrow slope, on the other
hand, indicates a lower tensile modulus and deformation. Simply put, a film with
higher tensile strength and greater Young’s modulus values is rigid, brittle, and has
little elongation. The Young’s modulus may be measured with a texture analyser, with
the slope acquired from the stress—strain curve [2]. Young’s modulus is defined as the
ratio of applied stress to strain in the elastic deformation area, which may be
calculated using the formula below.

Slope

Young' =
oung smodulus Film thickness x Cross head speed X

100 (3)

7.8 Folding endurance

Folding endurance is another method for determining a film’s mechanical qualities.
It’s calculated by folding a film at the same location over and over until it breaks. The
number of times the film can be folded without breaking is known as the folding
endurance value. A film with a higher folding endurance rating has better mechanical
strength. The mechanical strength of films and their folding durability are inextricably
linked. Because plasticiser concentration influences mechanical strength, it is appar-
ent that plasticiser concentration also has an indirect effect on folding endurance.

7.9 Swelling index

Film swelling tests are carried out with a simulated saliva solution. Each film
sample is weighed and put in a stainless steel wire mesh that has been pre-weighed. In
a plastic container, the mesh containing the film sample is immersed in a 15 ml
medium. The weight of the film was measured at predetermined intervals until it
reached a consistent weight.

Increase in weight of film — Initial weight of film

Initial weight of film x 100  (4)

Swelling index =

7.10 Moisture content and uptake

Films that have been previously weighed are kept in a desiccator for 24 hours.
When the weight of each film does not change anymore, the final weight is recorded.
The following formula may be used to calculate the percentage of moisture content.

Initial weight of film — Final weight of film

Initial weight of film x 100 ©)

Y%Moisture content =

The test is carried out by storing previously weighed film in desiccators at a certain
temperature and relative humidity level. The film is removed after three days and
reweighed to estimate the percentage of moisture absorption [66]. The following
formula may be used to calculate the percentage of moisture uptake.
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Final weight of film — Initial weight of film

%Moist take =
ofvonsture uptare Initial weight of film

x 100 (6)

7.11 In vitro dissolution study

Under standardised circumstances of liquid/solid interface, temperature, and sol-
vent concentration, dissolution is defined as the quantity of drug material that enters
the solution per unit time. For dissolving testing, any of the pharmacopoeia’s standard
basket or paddle apparatus can be utilised. The dissolving medium will be chosen
based on the sink circumstances and the greatest dosage of API. The temperature of
the dissolving media should be kept at 37 & 0.5°C and the rotational speed at 50. The
paddle device has the problem of causing oral films to float above the dissolving liquid
when used [71].

8. Conclusion

In recent years, medication formulation into various films has become increasingly
popular. The development of innovative polymeric thin films as a drug delivery
platform has been pushed by several unwanted problems associated with current
dosage forms, such as inconvenient administration, poorer bioavailability, and patient
non-compliance. Because of the versatility of this dissolvable film technology plat-
form, it has the potential to be used in a variety of pharmaceutical, biopharmaceutical,
and medical sectors in the future. It also allows current pharmaceuticals whose patents
are about to expire and will shortly be subject to generic competition to extend their
revenue life cycles. In other words, oral films provide product lifetime management.
Furthermore, the bulk of the production processes is well-understood and controlla-
ble, resulting in a stable and efficient transition from bench to market. The businesses
are working to develop a variety of thin films for use in the oral, buccal, sublingual,
ophthalmic, and transdermal routes. As a result, polymeric thin films are predicted to
stand out as a dosage form as an alternative to traditional dosage forms, overcoming
the limits provided by existing dosage forms. Finally, the thin-film technology com-
bined with the chosen medication component must obtain widespread public accept-
ability, paving the path for other medicines to adopt this portable, extremely handy
pharmaceutical form. As new technologies for preparing thin films are quickly
launched, the future of film technology appears to be bright.
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Ashi Mittal, Indrajit Roy and Sona Gandhi

Abstract

There has been substantial progress in the field of metal-organic frameworks
(MOFs) and their nanoscale counterparts (NMOFs), in recent years. Their excep-
tional physicochemical properties are being constantly and actively exploited for
various applications such as energy harvesting, gas storage, gas separation, catalysis,
etc. Due to their porous framework, large surface area, tunability and easy surface
functionalization, MOFs and NMOFs have also emerged as useful tools for biomedi-
cal applications, specifically for drug delivery. As drug carriers, they offer high drug
loading capacity and controlled release at the target site. This chapter aims to give a
panorama of the use of these MOFs as drug delivery agents. A brief overview of the
structure and composition of MOFs, along with various methods and techniques to
synthesize NMOFs suitable for drug delivery applications are mentioned. In addi-
tion, the most commonly employed strategies to associate drugs with these NMOFs
are highlighted and methods to characterize them are also briefly discussed. The last
section summarizes the applications of MOFs and NMOFs as carriers of therapeutic
drugs, biomolecules, and other active agents.

Keywords: metal-organic frameworks, synthesis, drug encapsulation,
characterization, drug delivery, biomolecules, photosensitizers

1. Introduction

The use of nanomaterials as carriers for the administration of drugs and thera-
peutic agents is gaining increased attention. These nanocarriers are facilely taken
up by the cells and are able to deliver the drug to the target site and prevent its rapid
clearance or degradation [1]. Although several inorganic (such as iron oxide NPs,
noble metal NPs, quantum dots, etc.) and organic (such as liposomes, polymers,
dendrimers) nanomaterials have been produced as nanocarriers, each of these classes
of nanomaterials has its own set of merits and demerits [2, 3]. Only a few of these
nanosized drug carriers have been approved by the US Food and Drug Administration
(FDA); though still, they have some limitations [4].

Metal-organic frameworks (MOFs) also referred to as porous coordination poly-
mers (PCPs) are a crystalline class of coordination polymers and were first reported
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by Bernard F. Hoskins and Richard Robson in 1989 [5, 6]. MOFs are being synthesized
in a building block fashion, in which inorganic building units (metal ion vertices or
clusters) are interconnected by organic building units (organic linker molecules) by a
self-assembly process, to form highly tailorable crystalline materials having pores in the
nanometer range [7]. Their unique combination of high porosity, large surface areas,
lack of non-accessible bulk volume, a wide range of pore sizes (micro- or mesopores),
shapes (cages, channels, etc.) and topologies, tunable and rigid frameworks, easy
surface functionalization, and a limitless number of possible combinations of metals
and ligands have resulted in a large number of their potential applications [8, 9].
Nanoscale Metal-organic frameworks or Metal-organic framework nanoparticles
(NMOFs or MOF NPs), nanoscale counterparts of MOFs are an attractive class of
hybrid nanomaterials. These NMOFs not only exhibit the unique features of porous
nanomaterials, but they also have benefits over analogous bulk MOF:s for a variety of
biomedical applications due to their small size. They can offer many advantages over
conventional nanocarriers. (i) First, they can be designed to form desired structures
with different shapes, sizes and chemical properties allowing for the loading of various
therapeutic agents with different functionalities; (ii) next, their large surface area,
high porosity, uniform pore size and volume results in high loading efficiency and
selective transport; (iii) further, as a result of their somewhat labile metal and ligand
coordination bonds, they are intrinsically biodegradable, which prevents their accu-
mulation in the body after their task is achieved; (iv) finally, their surface functional-
ization by post-synthetic modifications can improve their colloidal stability, thereby
prolonging their blood circulation time [10-12]. Thus, the miniaturization of MOFs
to NMOFs has resulted in the development of nanomaterials with great potential to be
used as drug delivery systems. The structural flexibility (referred to as “breathing”)
and switchability of MOFs is a unique feature not found in other porous materials [13].
This chapter will give the readers an overview of the use of MOFs and NMOFs
as potential drug carriers. In the succeeding sections, the basic composition and
structure of these porous frameworks and general synthetic routes adopted for their
preparation shall be discussed. Commonly used drug incorporation techniques and
characterization methods to verify drug association will also be presented. In the
final section, a summary of some of the MOFs and NMOFs reported as carriers and
for application in the delivery of therapeutic drugs, biomolecules such as proteins,
nucleic acids, carbohydrates, and other active agents employed for light and magnetic
field activated therapies, shall be provided.

2. Structure of MOFs

The design principles of reticular chemistry suggest that deconstruction of a MOF
results in four levels of structure [14].

* The primary structure reveals the chemical composition of MOF, comprising of
ametal ion (generally multivalent) and a polydentate organic linker molecule
(topicity i.e., points of extension varying between 2 and 12) [15].

* Secondary building units or SBUs, which are mostly formed in situ, are obtained
at the secondary level. These are basically polynuclear metal clusters locking the
metal ion into a fixed geometry thereby giving directionality and rigidity to the
final MOF structure [16].
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Figure 1.

Structure of MOF-5. (a) Primary structure showing composition: metal ion (Zn®*) and linker (terephthalic
acid), (b) secondary structure: SBU, Zn,0(-COO)s, (c) tertiary structure: internal framework formed showing
linking of SBUs by the tevephthalic acid linker, (d) quaternary structure: overall morphology.

* The tertiary level involves stitching of multiple SBUs together or two metal
ions by bridging linkers (having binding groups like phosphates, carboxylates,
imidazolates, etc.), giving rise to an internal framework comprising of pores and
channels [15].

* The outer morphology (size and shape) or quaternary structure of MOF
depends on the synthesis procedure dictating the growth of the internal frame-
work [17].

Figure 1 depicts the above four levels of MOF structure concerning MOF-5.

3. Synthesis of NMOFs

Specialized synthetic routes are a prerequisite to obtaining MOFs in the nano-
range, ideal for drug administration. The choice of synthesis protocol determines
the final size, crystallinity, morphology, uniformity and stability of NMOF. Figure 2
shows a summary of the most often used approaches.

* Nanoprecipitation is based on the premise that although the precursors (metal
ion and linker) are miscible in the original solvent, the formed nanoparticles are
either immiscible or can be precipitated out by adding another solvent in which it
is not soluble [18].

* Solvothermal synthesis, performed at higher temperatures results in highly
crystalline particles and can be used in combination with surfactants to form
surfactant-coated stable particles [19].

¢ Reverse microemulsions (sometimes called nanoreactors), which are water-in-oil
systems stabilized by appropriate surfactants, can be used as templates to produce
monodisperse particles, and size control can be achieved by varying the w, (water:
surfactant ratio) value [20].
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Figure 2.
Schematic representation of various synthetic methods used for the synthesis of NMOFs.

Other, less commonly used methods include the use of microwaves, ultrasounds,
etc. [21, 22]. NMOFs are generally post-synthetically modified or altered to impart
them with extra stability, targeting ability, and biocompatibility [23].

4. Drug incorporation strategies

Some MOFs possess rigid and permanent pores, whereas others are flexible and
can respond to external/internal stimuli such as temperature, light, pH, etc. by chang-
ing their pore size [24]. In addition, MOFs have distinct features such as breathing,
linker rotation, swelling, and subnetwork displacements, which are important for
drug loading and release management [25]. There are many ways to associate a drug
with MOF, which may be a medicine, a gene, a protein, an enzyme, or any other agent
of therapeutic importance.

* The first approach is to carry out the encapsulation of the drug/therapeutic agent
during the synthesis of MOF; this method is referred to as one-pot synthesis
[26, 27]. This method can be used to entrap one or more drugs larger than the
pore size of MOF and prevents its premature leaching.

* Another approach is to directly incorporate the prodrug or drug into the frame-
work by using it as a ligand giving higher loading efficiency [28, 29]. The only
limitation of this method is that it can lead to loss of therapeutic activity of the
incorporated drug.

* Smaller drugs/cargos can also be post-synthetically encapsulated by introducing
them into a dispersion of MOF in a suitable solvent in which they can subse-
quently diffuse through channels inside MOF pores [30]. This way the drug can
also be physically adsorbed on the outer surface by electrostatic interactions.

* Another method is to post-synthetically associate the drug through covalent
bonding with functional groups of organic linkers or by the formation of coor-
dination bonds to metal ions present at coordinatively-unsaturated sites (CUSs)
[21, 31-34]. These CUSs present on the MOF surface behave as Lewis acids and
solvent molecules at these sites can be replaced by drugs.
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Figure 3.

(a)g One-pot synthesis of ZIF-8 NMOF encapsulating zinc phthalocyanine, a photosensitizer used for PDT.
Reproduced with permission from [26]. Copyright 2018 American Chemical Society. (b) Direct assembly of
porphyrin-based DBC ligand in DBC-UiO NMOF for PDT application. Reproduced with permission from [29].
Copyright 2015 American Chemical Society. (c) Coordinative interaction of His-tags with CUS of MOF: (i)

basic MOF molecular composition; (ii) formation of coordinate bond between CUS metal ion (Lewis acid) and
imidazolate group of histidine (Lewis base); (iii) generation of multifunctional MOFs by attachment of multiple
His-tags. Reproduced with permission from [33]. Copyright 2017 American Chemical Society. (d) Post-synthetic
covalent attachment of amino group of DOX to aldehyde of ICA linker in ZIF-9o, followed by loading of 5-Fluoro
uracil into the pores of NMOEF. Reproduced with permission from [34]. Copyright 2017 American Chemical
Society.

Figure 3 gives a schematic illustration of some of these drug-loading techniques.
Multimodal and theranostic systems can also be obtained by using one or more load-
ing techniques to incorporate multiple drugs.

5. Characterization

Loading of drugs by MOFs can be confirmed by various methods. Spectroscopic
techniques such as UV-visible and fluorescence spectroscopy are useful to confirm
encapsulation/loading of chromophoric and fluorescent drugs. Encapsulation of zinc
phthalocyanine (ZnPc), which shows characteristic absorbance peaks at 605 and
670 nm was confirmed by the presence of these peaks in the absorbance spectrum
of ZnPc@ZIF-8 but absence in the spectrum of only ZIF-8 [26]. This technique is
also helpful to quantify the loaded drug. Determination of Brunauer-Emmett-Teller
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(BET) surface area and pore volume can also help in verifying successful encapsula-
tion of drug. Nitrogen adsorption analysis of ZIF-90, ZIF-90-DOX, and 5-FU@
ZIF-90-DOX showed BET surface areas 1045.7, 890.4, and 48.3 mz/g, respectively.

A decrease in BET surface area validated drug loading [34]. Deviations in the TGA
curve of drug incorporated MOF are also indicative of drug loading. TGA curve

of ZIF-90 showed no significant loss in weight between 300 and 500° C, whereas
ZIF-90-DOX showed much larger weight loss in the same temperature range. Zeta
potential and hydrodynamic size measurement by dynamic light scattering (DLS)
experiments can also confirm the nature of the association of MOF with the drug.
Pure ZIF-8 nanospheres had a more positive zeta potential value of +31.4 mV; as
compared to +22.9 mV for fluorescein adsorbed ZIF-8 nanospheres. This indicated
surface adsorption of negatively charged fluorescein dye on the surface of positively
charged nanospheres [35]. A very small change in negative zeta potential value for
MIL-100 and DM NPs (DOX loaded MIL-100 NPs) confirmed encapsulation of DOX
majorly inside the particle with some surface adsorption [36]. Other techniques such
as FT-IR spectroscopy, PXRD, NMR, and electron microscopy techniques such as
SEM and TEM are also frequently used for characterizing MOFs, with and without
drugs [30, 37-39].

6. Applications in drug delivery

MOFs are unique inorganic-organic hybrid materials possessing ultrahigh surface
area and porosity. They are crystalline, have flexible and rigid frameworks, and also
exhibit high chemical and thermal stability. MOFs have been continuously and thor-
oughly explored and reviewed for numerous applications. Several applications related
to MOFs have been reported such as for gas storage and separation, [40-42] catalysis,
[43, 44] sensing, [45] magnetism, [46] and energy [47]. In addition, various biomedi-
cal applications have also been reported, including biological sensing, [48] molecular
imaging, targeted drug delivery, [21, 49] among others [11].

A large number of side effects are associated with uncontrolled and non-specific
drug delivery by direct administration of a free drug inside the body. Great efforts
have been made by researchers for the development of methods for targeted, systemic,
and controlled drug administration. Nanocarriers have provided a simple and effec-
tive solution to this problem. Both organic (such as dendrimers, liposomes, etc.) and
inorganic (such as noble metal and metal oxide nanoparticles, quantum dots, silica
nanoparticles, etc.) nanocarriers have been reported as potential drug delivery vehicles.
Organic nanocarriers such as liposomes are less stable and easily captured by the reticu-
loendothelial system (RES) once inside the body [50]. Inorganic nanocarriers such as
gold, silver, and silica nanoparticles have been reported to be cytotoxic [51]. Inorganic—
organic hybrid nanocarriers, such as porous NMOFs, offer many advantages over their
pure organic and inorganic counterparts and have established themselves as optimal
drug delivery vehicles. In the following subsections, the applications of NMOFs for the
delivery and as carriers of therapeutic drugs, biomolecules such as proteins, enzymes,
carbohydrates, nucleic acids, and other active agents, shall be discussed briefly.

6.1 Therapeutic drugs

MOFs, owing to their porous structure have been frequently reported for deliv-
ery of therapeutic agents such as analgesics, antibiotics, anti-inflammatory and
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anti-cancer drugs, based on both in vitro and in vivo experiments. In 2006, Horcajada
et al. were the first ones to report the ability of MOFs to act as efficient drug delivery
agents. They prepared two mesoporous cubic MOFs, namely MIL-100 and MIL-101.
They employed them to adsorb ibuprofen, a commonly used anti-inflammatory drug
and found that MIL-101 with a larger cage size was able to adsorb more amount of
drug (1.4 g/g of MOF) [30]. Nasrabadi et al. reported the use of UiO-66 NMOF with
surface area 1196 m”/g to post-synthetically load ciprofloxacin (CIP), an antibiotic.
The resulting CIP-UiO-66 NMOF showed a very high drug loading percentage of
about 84%, with significant antibacterial activity against Escherichia coli (Gram-
negative) and Staphylococcus aureus (Gram-positive) bacteria in comparison to free
CIP [52]. ZIF-8 is a pH-responsive MOF, which disintegrates in an acidic environment,
and thus is a promising drug carrier especially for anti-cancer applications because of
acidic nature of tumor micro-environment. Sun et al. for the first time reported the
use of ZIF-8 for the controlled and pH-triggered release of 5-fluorouracil (5-FU), an
anticancer drug with high loading capacity (660 mg/g of MOF) [53]. Table 1 summa-
rizes some of the NMOFs and MOFs reported for the delivery of therapeutic agents.

6.2 Biomolecules

MOFs have proven themselves as effective carriers for the delivery of large
biomolecules such as proteins, enzymes, DNA, RNA, and carbohydrates and small
biomolecules such as amino acids, peptides and nucleotides [73]. These biomolecule-
MOF composites protect the biodegradation of these biomolecules inside physiologi-
cal systems and offer a pathway for their safe delivery. Many diseases are a result of
protein deficiencies in the body. Also, nucleic acid and carbohydrates based therapies
are gaining increasing interest. Intracellular delivery of these biomolecules using
MOFs will help in preserving their bioactivity and they will be able to reach their
targets avoiding unwanted side effects. There are many methods to form biomolecule-
MOF composites. Post-synthetic pore entrapment is the most used method, in
which biomolecules smaller than the cavity size of MOF directly diffuse into the
pores of the MOF. Chen et al. have demonstrated the use of mesoporous NU-1000
MOF for the entrapment of insulin with high loading (approximately 40%) to treat
diabetes mellitus (type 2) [74]. Surface attachment/adsorption is another method
that is relatively easy, and biomolecules of all sizes can be attached/adsorbed on the
surface via non-covalent interactions such as hydrogen bonding, n-n interactions,
Van-der waals interaction, etc. Ni et al. have reported Hf-DBP NMOF for the delivery
of aCD47 antibody attached to its surface [75]. Biomolecules can also be covalently
linked to MOFs. Wang et al. immobilized dibenzylooctyne (DBCO) appended DNA
on UiO-66-N; through click reaction between DBCO and azide (N3) group [76].
Co-precipitation or one-pot synthesis is another method for biomolecule-MOF
composites. The biomolecule is encapsulated during the synthesis of MOF giving high
loading and preventing leakage. Shieh et al. used this de novo approach to encapsulate
catalase enzyme into the pores of ZIF-90 [77]. Biomimetic mineralization is another
in sity encapsulation method in which biomolecules act as templates and nucleation
sites for the growth of MOF around them, dictating their final size and morphology.
Liang et al. demonstrated the use of various protein, enzyme and DNA templates
for the synthesis of MOFs by biomimetic mineralization [38]. Bio-MOFs can also
be synthesized by incorporating biomolecules into the framework. Biomolecules
have reactive functional groups. They can act as organic linkers and react with metal
ions to form bio-MOFs. An et al. synthesized bio-MOF-1 made up of zinc-adeninate
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clusters and biphenyl dicarboxylic acid. The adenine nucleobase consists of ring N
atoms and an amino group that can coordinate with metal ions [78]. Table 2 lists
some of the biomolecule-MOF composites.

6.3 Other active agents
Targeted delivery of photoactive compounds such as photosensitizers (dyes, metal

nanoparticles/clusters, quantum dots, etc.) incorporated with MOFs and NMOFs
can be achieved, preventing their degradation and accumulation in the physiological

S. No. MOFs/NMOFs  Metalion  Organic Active Incorporation Reference
linker agent method

a. Photodynamic therapy

1. ZIF-8 Zn* 2-methyl Zinc One-pot synthesis [26]
imidazolate  phthalo-
cyanine
Chlorin e6 One-pot synthesis [103]
Au nano- One-pot synthesis [104]
clusters
2. MIL-101-NH, Fe* 2-amino- Black P One-pot synthesis  [105]

1,4-benzene quantum
dicarboxylic ~ dots

acid
3. DBC-UiO Hf* 5,15-di(p- DBC Direct assembly [29]
benzoato)
chlorin
4, Cu-GA Cu® Gallicacid Methylene Post-synthetic [101]
blue encapsulation
b. Photothermal therapy
1. ZIF-8 Zn* 2-methyl Cyanine One-pot synthesis ~ [106]
imidazolate Graphene Surface [107]
quantum attachment
dots
Au One-pot synthesis ~ [108]
nano-stars
2. Ui0-66 Zi* 1,4-benzene Polyaniline Surface [109]
dicarboxylic attachment
acid
3. MIL-53 Fe** 1,4-benzene  Polypyrrole  Post-synthetic [110]
dicarboxylic ~ nano- encapsulation
acid particles
c. Magneto-cytolytic therapy
1. ZIF-8 Zn* 2-methyl Fe;O,nano-  One-potsynthesis  [102]
imidazolate  particles
2. Fe-MOF Fe** 1,4-benzene  Fe;04 nano- Surface [111]
dicarboxylic  particles attachment
acid
Table 3.

Examples of NMOFs and MOEFs as carriers of active agents for novel thevapies.
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systems. These compounds are essential for light-activated novel therapies such as
photodynamic therapy (PDT) and photothermal therapy (PTT). Xu et al. incor-
porated a hydrophobic porphyrin-based dye, zinc phthalocyanine inside the pores

of ZIF-8 for PDT [26]. Sharma et al. synthesized a bioactive MOF, MB/Cu-GA, for
simultaneous PDT and drug delivery. Gallic acid (GA), an anti-cancer agent was
directly incorporated into the MOF framework, and the photosensitizer, methylene
blue (MB) was post-synthetically encapsulated [101]. Magnetic nanoparticles can also
be encapsulated or decorated on the surface of MOF for magneto-cytolytic therapy
(magnetic hyperthermia). Chen et al. prepared Fe;0,@PDA@ZIF-90 loaded with
DOX nanocomposites for combined magnetic hyperthermia and chemotherapy [102].
Table 3 summarizes some of the examples of MOFs employed for the delivery of
photosensitizers and magnetic nanoparticles.

7. Conclusion

This chapter gives a general perspective regarding the use of metal-organic frame-
works as drug carriers, in terms of their composition, structure, synthesis, procedures
to incorporate drugs and characterization techniques. MOFs are highly porous frame-
works with large surface area, made up of repeating units, and generally synthesized
by solvothermal and non-solvothermal methods. Therapeutic agents and drugs can
be encapsulated, post synthetically attached on the surface, or directly incorporated
into the framework. Apart from these compounds, functional biomolecules can also
be incorporated with MOF:s for the possible treatment of various diseases and thera-
pies. Due to their distinct physicochemical properties, MOFs and NMOFs are gaining
prominence for various applications. MOFs have already established themselves as
efficient systems for gas storage and separation. Their use as potential drug carriers is
relatively new. The available work done by researchers around the world for utilizing
these porous frameworks as carriers for drugs will help in synthesizing and design-
ing MOF-drug composites in the future, that can successfully be used for real-world
applications.
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bix 1,4-bis(imidazole-1-ylmethyl)benzene
DBC 5,15-di(p-benzoato) chlorin

DBCO dibenzyl cyclooctyne

DBP 5,15-di(p-benzoato)porphyrin
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Chapter 5

Advances in Graphene Platforms
for Drug Delivery in Cancer and Its
Biocompatibility

Juan Pablo Gonzdlez-Castillo, Esdras Alfredo Zamora-Morin
and Lourdes Rodriguez-Fragoso

Abstract

In the past decade, studies on the biomedical applications of graphene quantum
dots (GQDs) have increased substantially, especially those related to cancer therapy.
Experimental evidence has shown that GQD platforms do not merely serve for drug
delivery but have multifunctional properties: their surface also allows several types of
molecules to be joined and has photothermal properties that, when combined, make
therapies more effective. Most studies have shown evidence of this specificity and
therapeutic efficacy at the in vitro level. There is also evidence for potential use in the
monitoring of cellular events given the high-quality bioimages that can be obtained
with this type of nanomaterial. However, the application of this nanotechnology has
stalled due to the lack of available biosafety and biocompatibility studies. This chapter
addresses the advances in the use of GQD platforms for drug delivery and the biocom-
patibility studies reported so far.

Keywords: graphene, quantum dots, platforms, drug delivery, biocompatibility, cancer

1. Introduction

The major health problems currently afflicting the world population have spurred
both research and the development of several medicines meant to treat historical
diseases as well as more recent ones, such as the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). The range of systems and approaches that can be
used to deliver therapies is therefore growing and advancing at an accelerated rate.
However, the development of any drug involves a research phase, during which
several iterative tests and trials provide important information on the characteristics
of the therapeutic target, the biological context, and possible physiological implica-
tions [1, 2]. These types of studies provide information on the formulation, efficacy,
dosage, and safety of drugs. Products obtained from nanobiotechnology require
very rigorous studies due to the great chemical diversity and toxicity said products
can produce. These studies must be designed to provide detailed information on the
biocompatibility of the nanomaterial and reveal any functional effect on the main
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Model Target Result References
In vitro models
MDAMB-231 cells Genes Suppression of gene expression Huang etal., [14]
and the reduction of the
metastatic potential
MCF-7 and MDA-MB-231 Genes Induction of cell death Imani et al., [15]
cells Liyanage etal., [16]
MCF-7, MDA-MB-231 and Genes Induction of apoptosis and Assali etal., [17]
MCF-10 cells inhibition of the growth
MCF-7, MDA-MB-231 and siRNA and Protection of enzymatic Cheang et al., [18]
MCF-10 cells pDNA degradation
MCF-7 and MDA-MB-231 P-gp/MDR-1 Reversal of multidrug resistance Luo etal,, [19]
cells (MDR), anticancer drugs
mediated by ATP-binding
cassette (ABC) transporters
Huh-7 hepatocarcinoma mRNA Delivery intact mRNA Liuetal., [20]
cells
HeLa cells miRNAs Regulation of miRNAs Dongetal,, [21]
Myeloma cells and ovarian Enzymes For the delivery of enzyme Felix etal., [22]
cancer cells inhibitors to the nucleus for
inducing cytotoxicity and cell
death
4T1 cells, MFC7/ADR cells miRNA-21 Reversal of multidrug resistance Tian et al., [23]
(MDR) Bukowski et al., [24]
Colorectal carcinoma cells Mitochondria Cellular stress and apoptosis Ruan et al., [25]
Oral squamous cell Cytotoxic effect Zhang etal., [26]
carcinoma
A549 cells DNA Cytotoxicity induced by Iannazzo et al., [27]
doxorubicin
Leukemia cells DNA Cytotoxicity induced by Sinhaetal., [28]
daunorubicin
A549 cells DNA Cytotoxicity induced by Koetal, [29]
doxorubicin
In vivo models
Mice/BALBc DNA Apoptosis of tumor cells and Zhuetal., [30]

antitumoral effect induced by
doxorubicin

Breast tumor-bearing mice

Immune cells

Elimination of the tumor mass
in a subcutaneous mammary
tumor

Lietal., [31]

A549 tumor xenografts.

Tumor cells

Ablation of tumor

Gazzietal, [32]

MDA-MB-231 triple-
negative breast cancer
(TNBC) model

miRNA-21i

Phototherapeutic efficiency of
indocyanine green

Wuetal,, [33]

Table 1.

Graphene quantum dots for cancer-targeted drug delivery.
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physiological systems in order to decide whether a nanobiotechnological product
should be tested in humans [3, 4].

The incorporation of nanomaterials into biological systems requires strategies for
manipulating the ligands bound to the surface to make them more polar and biocom-
patible [5]. Nanomaterials must be soluble to have the biological application, and this
is achieved by adding functional groups (functionalization). An ideal ligand must
meet the following requirements: (1) provide stability and solubility to the nanomate-
rial in biological buffers; (2) maintain high resistance to photobleaching and other
photophysical properties in aqueous media; (3) have functional groups that can
conjugate biomolecules (conjugation), and (4) minimize the overall hydrodynamic
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Figure 1.

Application of GQDs platforms for cancer treatment. Cellular targets and effects of GQDs platforms in cell lines
and experimental animals.
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size [6, 7]. Quantum dots (QDs) are among the most popular nanomaterials: they are
semiconductor nanoparticles with photoluminescent properties and a wide variety of
applications.

Functionalized QDs are very useful in biomedicine because they can be modified
with a great variety of molecules and small biological polymers, which help improve
their bioactivity and reduce their toxic effects [8-10]. Thanks to these characteristics,
QDs can bind effectively to cell membranes, meaning they can be employed as excel-
lent probes for cell detection, diagnosis, imaging, and delivery of therapeutic agents.
Due to the great coupling achieved between QDs and biomolecules, today these are
used as a tool for biological goals, to improve the efficacy of drug release control and
significantly reduce toxicity [11-13]. At present, a wide range of studies on GQD plat-
forms are mainly focused on cancer treatment (Table 1 and Figure 1). This chapter
will review the advances in all these areas, as well as aspects related to the toxicity and
biocompatibility of GQDs.

2. Application of graphene platforms for drug delivery

GQDs are carbon-based nanomaterials. Their structure consists of one or
more graphene sheets with lateral dimensions of 10 nm [34]. GQDs have a large
n-conjugated aromatic structure and a large surface area that allows them to be
easily conjugated with various molecules to generate hybrid nanomaterials, but
they can also be conjugated with antibodies, proteins, and nucleic acids due to their
dimensional similarity with these molecules [35-38]. They also have a high capacity
for loading drugs containing aromatic groups, such as camptothecin, paclitaxel, and
doxorubicin through = -n stacking interactions between layers of GQDs and drug
molecules. Currently, a variety of synthesis methods allow for size, structure, and
optical profile design, depending on the intended application. Even green synthesis
has been used to protect the environment [39]. Given the properties of GQDs, the
biomedical sector has found several applications in the prevention, diagnosis, and
treatment of diseases. Recent studies report that GQDs are less toxic, show greater
biocompatibility than other nanomaterials, and also have stable and strong fluo-
rescence. All these characteristics make these nanomaterials ideal for use in cancer
treatment.

Targeted therapy is a cancer treatment employing drugs that target specific genes
and proteins involved in the growth and survival of cancer cells. Targeted therapy
can affect tissue conditions that help cancer grow and survive, or it can target cells
related to cancer growth, such as cells in blood vessels. To develop targeted therapies,
researchers first identify the genetic changes that contribute to a tumor’s growth and
change [40]. A possible target can be a protein present in cancer cells but not healthy
ones. Specificity is required. Targeted therapies are a rapidly growing field of cancer
research, and researchers are studying many new targets and drugs in clinical trials.
Hence, multifunctional nanoparticles directed at specific targets of the tumor cell
are also being developed in the field of nanobiotechnology. GQD platforms have
been studied in gene-based therapies across various breast cell lines, where a variety
of effects have been discovered. These include the suppression of gene expression
and the reduction of the metastatic potential of MDAMB-231 cells [14]; induc-
tion of cell death in MCF-7 and MDA cells [15, 16]; the induction of apoptosis and
inhibition of the growth of MCF-7, MDA-MB-231, and MCF-10 cells [17]; protection
of small interference RNA (siRNA) and DNA plasmids (pDNA) from enzymatic
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degradation [18]; and reversal of multidrug resistance (MDR) [19]. These same
methodologies have been studied in animal models with good results. For example,
in mice/BALBc, GQD platforms can induce apoptosis of tumor cells and have an
antitumoral effect [30]. Furthermore, it has been observed that they can eliminate
the tumor mass in a subcutaneous mammary tumor model [31].

Messenger ribonucleic acid (mRNA) delivery systems are another type of targeted
therapy having a recent boom because of advantages such as biocompatibility and low
genotoxicity. Stable graphene platforms functionalized with polyethyleneimine were
used in one study, achieving successful delivery of intact mRNA to hepatocarcinoma
cells [20]. Let us remember that mRNA has been widely used in the study of gene
function and has become popular in the development of new therapeutic strategies
for cancer immunotherapy and vaccines. GQDs have also been used as platforms for
the delivery of nucleic acids for the regulation of microRNA (miRNAs), negative
regulators of gene expression, with great therapeutic effectiveness in HeLa cells [21].
Various investigations indicate that the expression of some miRNAs is altered in some
cancers; achieving their regulation would be useful in oncology. And while one would
expect targeted cancer therapy to be less toxic than traditional chemotherapy drugs
because tumor cells are more dependent on targets than normal cells, this is not the
case. Clinical observation indicates that targeted therapies can also produce signifi-
cant side effects.

Another approach to targeted therapy is for the delivery of enzyme inhibitors to the
nucleus. For example, in one study, GQDs were conjugated to imatinib, successfully
achieving cytotoxicity and apoptotic cell death in myeloma cells and ovarian cancer
cells [22]; imatinib is an inhibitor of the protein tyrosine kinase, which potently and
specifically inhibits breakpoint cluster region-Abelson (bcr-abl) tyrosine kinase.
However, genetic manipulation and treatments directed at nuclear targets have
numerous technical difficulties that are not yet fully resolved. Targeted therapy is
complex and does not always work. One of the limitations of this type of therapy is
that the drugs for some identified targets are difficult to formulate due to the structure
of the target or the way its function is regulated in the cell. An example of this is Ras, a
signaling protein that has mutations in up to a quarter of all cancers, but for this type
of therapy to work, one would have to know what mutation the gene has [41]. In short,
using nanotechnological platforms does not guarantee patient safety, given that side
effects of drugs as well as those of the nanomaterial have yet to be assessed.

The lack of response to treatment and the recurrence of initially chemosensi-
tive tumors are responsible for a significant number of deaths in cancer patients.
Treatment options used as salvage, such as alternating chemotherapy, dose-escala-
tion, or regional chemotherapy, have yet to yield the expected results. Most cancer
patients who initially respond to chemotherapy have relapses because of the so-called
acquired resistance to multiple antineoplastic drugs (MDR) [24]. Today, combination
therapies seek to address different therapeutic targets using nanobiotechnology. GQD
platforms can exhibit all the desirable characteristics of a combination therapy since,
as previously mentioned, their surface can be conjugated with different molecules.
Their physical, chemical, electrical, and optical properties, however, confer addi-
tional functions. As shown, GQDs have a high photothermal modification power
under near-infrared radiation (NIR), which allows for their use as photothermal ther-
apy [42-44]. Graphene platforms can also be employed for photodynamic therapy,
the goal of which is to generate highly cytotoxic reactive oxygen species (ROS) [45].
A great variety of experimental studies involving different types of cancer have been
carried out on animals, in most cases resulting in complete ablation of the tumor [32].
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Both photothermic and photodynamic therapy show selectivity toward hyperthermic
processes typical of cancer cells, but this is rare with normal cells. GQD platforms
with more than one therapeutic effect have been used for the treatment of breast
cancer; these include chemothermal therapy [46], chemogenic therapy [23, 47],
chemo-photothermal therapy [33], and gene therapy [48]. With these platforms, it
has been possible to induce greater cytotoxicity, apoptosis, and reverse drug resis-
tance in breast cancer cells. Moreover, inhibition of tumor growth in an animal model
of breast cancer MDA-MB-231 triple-negative has been achieved. Graphene platforms
have also been employed as nano radiosensitizers to improve the effectiveness of
radiotherapy. Oxidized GOQDs with high phototoxicity has been built to induce a
cellular stress response via the production of the reactive oxygen species that would
be generated during a tumor’ exposure to radiation [49]. Important effects, such as
mitochondrial damage and apoptotic death have been observed in colorectal carci-
noma cells treated with graphene platforms and radiation therapy [25]. Based on this
same principle and thanks to their photodynamic properties, GQDs have also been
employed to induce phototoxicity and synergize the cytotoxic effect of radiation in
oral squamous cell carcinoma [26].

In addition to these novel uses, GQD platforms are good for the delivery of mul-
tiple antineoplastic drugs. A multifunctional platform of GQDs for synergistic breast
cancer therapy with controlled release of doxorubicin, methotrexate, and paclitaxel,
showed a significant synergistic effect in killing tumor cells with improved efficacy
[50]. The advantage of combination therapies is that a therapeutic effect is achieved
while reducing drug resistance. On some occasions, however, and as happens in the
clinic, the side effects could be considerable. Another method that has been tried for
therapeutic efficacy is the conjugation of GQD with a ligand that directs it toward the
therapeutic target while additionally carrying the antineoplastic drug. This methodol-
ogy has been carried out in A549 cells treated with GQDs-biotin-doxorubicin and
demonstrates GQDs may have multifunctional effects for cancer treatment [27].

As previously noted, graphene platforms can be built according to the needs of
cancer therapy. The construction of ultra-small QDs makes them ideal for achiev-
ing not only cell penetration and drug delivery to target sites, but also visualization
within the cell. Recently, a graphene platform was used in microspheres with dau-
norubicin. The small size allowed to monitor drug delivery and the intercalation of
daunorubicin in DNA, exerting a better pharmacological effect [28]. Several studies
have taken advantage of the fluorescence emitted by QDs to image neoplastic tis-
sues so that, at the same time, drug delivery can be tracked and controlled [51]. In
this sense, GQD platforms have become ideal candidates for such purposes due to
the high quality of image formation obtained thanks to their fluorescence emission
[52]. Additionally, drug/gene delivery in tumor cells has been achieved with greater
efficiency both in vitro and in vivo [53]. For example, GQDs have proved an optimal
multifunctional nanocarrier for delivering doxorubicin to specific cancer cells,
allowing for the monitoring of intracellular anticancer drug release via imaging and
therapeutic efficacy [29, 54, 55]. Ge et al. employed these properties for imaging
and the application of dynamic phototherapy for the treatment of breast cancer and
induced melanoma in female BALB/c nude mice with favorable results [56]. Other
groups have performed functionalization studies of GQDs with silica, hypocrelin A,
and porphyria derivatives, managing to obtain multi-color images and antitumor
effects in cervical, lung, and breast cancer [57-59]. The results obtained to date
appear promising, though they usually depend on the biological variability of the
experimental animals.
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The growth of solid tumors is characterized not only by the uncontrolled prolifera-
tion of cells but also by changes in the tumoral microenvironment. In solid tumors,
hypoxic areas generally have a low pH. There may be low levels of glucose and other
nutrients, as well as changes in temperature, all associated with various alterations
in tumor cell metabolism [60]. While the heterogeneity of the tumor microenviron-
ment sometimes makes it difficult to adequately characterize tumors [61], this has
spawned interest in developing new nanotechnology therapeutic strategies to improve
not only drug delivery conditions and directly destroy tumor cells, but also alter the
balance between neoplastic cells and their microenvironment. Therefore, intelligent
systems have been developed for the administration of drugs that respond to stimuli,
and therapeutic agents can be activated by endogenous or exogenous stimuli [62, 63].
Platforms based on graphene have proven excellent due to their physicochemical prop-
erties since, according to the functional groups that are attached to them, they can
be sensitive to changes in the tumor microenvironment or to intracellular signals in
response to physical stimulus factors. Graphene platforms have been conjugated with
functional chemical groups that allow the drug to be released when there are changes
in pH and temperature [64]. For example, it has been observed that when pH-sensitive
functional groups (COOH, —NH,, and SO;H) are added to graphene platforms, con-
trolled drug release can be achieved in tumor areas [65]. The functionalization allows
the pH of the platform to change in the bloodstream and, with this, remain in circula-
tion for longer and favor the delivery and effectiveness of the treatment. This same
effect has been achieved by changes in the loading of the platform. This was the case
with the construction of the graphene platform with polymers such as polyethylene
glycol and doxorubicin, where it was observed that the release of the drug is acceler-
ated in an acidic environment [66]. Or with the construction of graphene micro-
spheres conjugated with a dendrimer and maltose (Fe;0,@C@TDG) as a potential
transporter to promote the release of doxorubicin and improve its therapeutic efficacy
at specific pH [67]. Polymer aggregation has also served to make photoluminescence
more stable at different pH for imaging tumor cells, which, as already mentioned, is
part of the multifunctionality of the graphene platform.

3. Evidence regarding the biocompatibility and toxicity of graphene
platforms

The available literature indicates that research on GQDs has grown widely in
relation to their uses, and that is why we now know their biomedical applications
include the elimination of bacteria, the administration of drugs, the development
of nanocarriers, cancer therapy, and tissue engineering [35-37, 68]. The therapeutic
applications of nanomaterials remain quite limited, and there is no safe and effective
formulation yet that can be administered in humans [69-71]. While QDs produce
a series of morphological and functional alterations that lead to tumor cell death,
what happens to healthy cells is unknown [72]. Therefore, the toxicological profile of
each nanomaterial is needed to make decisions regarding potential risks vs. benefits.
However, what is known about the biocompatibility of GQDs and what evidence is
there of the toxicity of drug delivery platforms?

GQDs and their derivatives have variable toxicity in biological systems ranging
from prokaryotic to eukaryotic, depending on the dose and the functional groups
with which they are coated [34]. They have also been evaluated in a series of human
cell lines. For example, studies carried out on leukocytes showed that there was
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significant uptake of GQDs in monocytic and granulocytic cells, suggesting that
phagocytic cells can incorporate GQDs. The toxicity observed in this study was
relatively low (10%) after a 36-hour exposure period at concentrations of 500 pg/mL
[73]. In another study using GQDs functionalized with NH,, COOH, and
CO—N(CHs;), it was observed that A549 and C6 cells showed a slight increase in
their proliferation at concentrations of 200 pg/mL, but no death due to apoptosis
[74]. GQDs have also produced toxic effects on mesenchymal stem cell self-renewal
and differentiation [75]. Several studies have pointed to the toxic effects of graphene
derivatives [76-81]. These functionalized QDs can produce a variety of toxic effects
at the cellular level and in vivo due to the series of impurities produced during the
oxidation process. The same happens in the coating process with other molecules
[82]. However, when GQDs are coated with polyethylene glycol at concentrations

of 320 pg/mL, they do not affect the viability and differentiation capacity of neural
stem/progenitor cells (NSPCs) [83]. Also, reduced toxicity, absence of ROS produc-
tion, absence of apoptosis, and lack of morphological changes have been observed in
HeLa and A549 tumor cells under concentrations of 100 pg/mL [84, 85].

The cellular and nuclear effects that GQDs produce are due to their high perme-
ability in biological membranes. It is known that the uptake and localization of GQDs
are highly dependent on size, shape, coating, and pH, among other factors. Previous
studies have shown that GQDs use membrane lipid rafts for their transport across
the cell membrane. This process is better, the smaller the QDs are [86]. However,
protein-coated GQDs enter mainly by phagocytosis and with smaller coatings by
clathrin-mediated endocytosis [87, 88]. GQDs with amide groups enter the cell
through energy-dependent mechanisms by endocytosis, mediated by caveolae and
phagocytosis [89]. Within the cell, GQDs are distributed in different organelles
producing a variety of cellular effects. They are later distributed through endosomal
trafficking and reach lysosomes, mitochondria, and the nucleus, and can produce
autophagy, apoptosis, and DNA damage [90-92]. At the nuclear level, the NPC Kap2
and Nup98 genes can participate in the uptake of GQDs and can produce morphologi-
cal and functional alterations associated with genotoxicity, including oxidative stress
and DNA damage [93, 94].

There are many reports in the literature regarding the toxic effects of both GQDs
and their derivatives in a variety of human cell lines and it is impossible to mention
them all in this chapter. What is evident is the ease with which they penetrate cells,
position themselves and participate in strategic cellular processes, thus potentially
affecting cell functionality and leading to cell death. However, of the studies reviewed
so far, most were done in tumor cell lines where physiological processes are altered
and there are specific survival and adaptation mechanisms. To date, there are no
studies carried out on cell lines from healthy tissue, so we cannot rule out the fact that
GQDs could produce morphological and functional modifications associated with
toxicity in healthy cells.

What effects do they produce in higher organisms and experimental animals?
What is known about the processes of absorption, distribution, metabolism, and
excretion (ADME) of GQDs? The information so far is limited. Previous studies in
nematodes have shown that nitrogen-bound GQDs (N-GQDs) produce degeneration
of dopaminergic and glutamatergic neurons at concentrations of 100 pg/mL [95]. A
series of studies on the biocompatibility and biodistribution of GQDs in adult and
embryonic zebrafish have been reported and provide important information on
embryos’ developmental delays, pigmentation inhibition, pericardial edema, and
delayed hatching among other things. In adults, GQDs showed high biocompatibility
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and accumulation in the digestive tract [96]. Apparently, the accumulation of QDs
depends on the stage of development of the zebrafish (embryo, larva, adult). Studies
in adult zebrafish using GQDs at different concentrations (0.1 ng/mL to 100 pg/mL)
and exposure times (8 h to 6 days) showed distribution in the heart, blood vessels,
brain, intestine, head, and tail [97-101]. The effects that have been found in zebraf-
ish are morphological and functional alterations, while mortality is attributed to the
generation of ROS, oxidative stress, and, finally, apoptosis [102]. On the other hand,
studies carried out in chicken embryos have also shown evidence of GQDs-induced
toxicity. It was found this affected survival but did not produce morphological or
biochemical alterations in the embryo [103]. However, another study found mor-
phological alterations and hemolysis of erythrocytes [104], as well as ultrastructural
alterations of the brain, suggesting neurotoxicity [105]. These results suggest that
GQDs can alter key processes, not only in adulthood but also during embryonic
development.

Biodistribution studies in rodents have shown that GQDs are distributed in various
tissues and produce certain toxic effects as well. For example, in mice that received
GQDs in a single dose of 10 mg/kg intravenously, it was found that 6 hours after inocu-
lation the QDs were distributed in several organs. Clearance began after 3 days and, at
14 days, the QDs had been completely removed. Histological and biochemical studies
did not reveal alterations, only weight loss [106]. However, in another biodistribution
study carried out in rodents treated with a single dose of 5 and 15 mg/kg of GQDs
intravenously, they produced morphological alterations compatible with inflammation
and biochemical damage in the lungs after 7 days of exposure [107]. Additionally, yet
another study using repeated doses of 5, 10, and 15 mg/kg every third day for 30 days,
showed a reduction in blood cells, morphological alterations in the liver, lipofuscin
deposits in the kidney, and the presence of inflammatory infiltrate in the lungs. These
alterations were dose-dependent [108]. Taken together, these data suggest that GQDs
produce acute toxicity at both single and repeated doses in mammals.

Today there are no reports of long-term studies (chronic toxicity), studies on
reproduction and development, or of any other type that allow a general overview of
the toxicological profile of GQDs. However, there is experimental evidence showing
that other materials derived from graphene can produce a series of toxic effects that
must be considered. For example, studies of the distribution of graphene and its
derivatives after aerial exposure showed toxic effects in the lungs of rodents
[109, 110]. In a chronic inhalation toxicity study of graphene nanoplates, deposits of
the nanomaterial were observed in the lungs and pulmonary lymph nodes in mice
[111]. In a distribution study in rats using doses of 10, 20, and 40 mg/kg of graphene
oxide orally, it was found that it produced nephrotoxic effects due to oxidative stress
[112]. While in another study, the administration of multiple doses of oxidized
graphene (4 mg/kg) for 4 weeks showed deposits of the material in different tis-
sues in rats [113]. Mutagenic effects have been observed in rats when exposed to
graphene oxide at a dose of 4 mg/kg for 4 weeks [114]. Likewise, toxic effects on the
reproductive capacity and development of offspring have also been reported after
the administration of oxidized graphene to mice with doses from 6.25 mg/kg [115].
Unfortunately, when reviewing the subject, we noted there are no toxicity studies
regarding the GQDs platforms employed for drug delivery in cancer research. In fact,
all the studies have focused on evaluating its efficiency and specificity toward the
tumor cell. That is, what has mattered so far is to demonstrate their possible thera-
peutic applications in cancer, but not the possible toxic effects they may produce.
Therefore, we could say that biosafety studies on GQDs platforms are null.
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To date, GQDs have been widely studied as carriers with a large surface area
favoring drug transport and particular interest has been placed on characterizing
their therapeutic bio properties in vitro. However, the preclinical studies carried out
so far are hardly enough. Most of the studies in cells and animals have focused on
evaluating the efficiency of drug/gene delivery at the site of interest. The dosage of
the treatments used in animals has been empirical, since no study has demonstrated
the real drug/QD concentration within the body, and it is not known if there could
be pharmacological interactions between these platforms and other therapies used
in the clinic. One aspect that has been completely neglected is the bioavailability of
GQDs. What will be the appropriate route of administration? Do they bind to plasma
proteins? Do they accumulate? Where do they metabolize? In the route of excretion?
There are many questions that remain unanswered. In addition, long-term toxicity
studies are required in different species of animals to test the effects on reproduction,
carcinogenicity, and teratogenicity, among others. Many preclinical studies are still
needed if GQDs are to be used for diagnosis and treatment in humans.

Concern regarding the toxicity of graphene not only stems from the findings
mentioned above, but also from the long-standing concern about environmental
and occupational exposure to graphene [116]. Inhalation toxicity data of graphene
analyzed in experimental animals suggest that acute exposure by repeated inhala-
tion to graphene-derived materials could induce inflammatory/fibrotic reactions,
suggesting that it could also induce fibrotic disease in humans [117, 118]. Hence the
importance of conducting preclinical biosafety studies of graphene nanomaterials
and their derivatives using specific criteria, for these are not necessarily the same
as those used for chemical products. The toxicological evaluation must be extrapo-
lated with special care due to the size of the nanomaterials and the chemical groups
they contain. If there is no complete toxicological profile that meets the standards
required by the guidelines of administrative agencies such as the US Food and Drug
Administration (FDA), the European Medicines Agency (EMA) or the European
Medicines Evaluation Agency (EMEA), and the Japanese Agency for Pharmaceutical
and Medical Devices Agency (PMDA), the research will not leave the laboratory.

4. Disadvantages of using graphene platforms

Drug delivery through nanocarriers has been used successfully in recent years;
however, there are still certain challenges that must be addressed to achieve success-
ful drug delivery to target sites. Each of these nanocarrier drug systems has its own
chemical, physical and morphological characteristics, and may have an affinity for
the different polarities of drugs through chemical or physical interactions, in addi-
tion to its own toxicity [119-123]. One of the goals of using GQDs platforms is to
transport and deliver ligands to specific tumor targets and improve antitumor therapy
by taking advantage of the supposedly low toxicity of this nanomaterial. However,
and as was discussed above, one of the main problems with GQDs and GQD plat-
forms is the lack of toxicological studies that effectively demonstrate their safety and
biocompatibility. We have nothing to indicate that they have low toxicity, if there is
no evidence to prove this. Additionally, there are several issues inherent to GQDs, the
therapeutic targets to be reached and the drugs to be delivered that we must take into
consideration.

One of the main problems with small nanomaterials, including GQDs, is the
tendency toward aggregation. The lack of dispersion of a nanomaterial can result in
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transportation problems through the blood, the binding to the plasma protein corona,
and the deposition of QDs in biological fluids and tissues [124]. Due to their size, they
can go undetected by the immune system and, if they are not biocompatible, could
induce toxicity. The dispersion of these QDs has been achieved with the use of some
polymers. However, this can sometimes make the QDs larger and thus recognizable
by the immune system [125]. Covalent functionalization of GQDs platforms is easy
and simple, given their properties and the high surface area for their functionaliza-
tion. On the other hand, the binding of non-covalent GQDs is more complicated and
unstable and can lead to loss of important functional groups that can, in turn, lead to
loss of electronic properties. It is also possible to obtain a wide area of functionaliza-
tion [126] but the presence of a large, functionalized surface area can have adverse
consequences, especially if it is a biologically active ligand that can impact cellular
physiological processes. There are currently no studies on real-time monitoring and
distribution of GQDs in animal models, so the effect of these platforms remains
unknown.

If we want to direct GQD platforms toward specific tumor targets, we must know
the molecular biology of the tumor. That is, where they need to be directed and with
what do we intend them to interact. To achieve this, we require platforms that can
specifically locate and access the tumor and not reach healthy tissue. Unfortunately,
as we saw in the previous section, very few of the studies on animal models provide
any information on this, since the studies only focus on the effects of GQD platforms
at the tumor site but do not mention whether neighboring or distant tissues were
affected, if systemic toxic effects were observed, or if there was mortality. The great
disadvantage of most nanomaterial platforms, including GQDs, animal models have
not yielded enough information about them. All nanomaterials are widely known to
be cytotoxic, and so not a single one has been identified as harmless. Therefore, it is
important that we obtain detailed information regarding the effects they produce in
vivo. Additionally, we must remember that inter-individual biological variability is
considerable, and it is not always possible to extrapolate data obtained directly from
experimental animals to human beings.

Furthermore, all drugs used in clinical oncology are in themselves toxic and
produce a variety of adverse effects. While GQD platforms have been used to target
specific cells and molecules, most of the studies have been carried out using cells
cultured iz vitro, where the conditions and cellular response are more controlled.
Also, only tumor cell lines have been used. There are currently no studies using cell
lines from healthy tissue to determine the effect GQDs platforms may have on healthy
tissue, either that adjacent to the tumor or healthy cells at a distance. The response
of the tumor cell can vary greatly, as well as sensitivity to the GQDs platform and
to the delivered drug. One of the big problems when extrapolating these findings to
animal models is the dosage and exposure time, since we need to consider the differ-
ent compartments where the platform will be distributed and the nanomaterial that
will be lost during the ADME processes. Another important problem is the scaling of
the product: it is not the same to produce the amounts to be used in iz vitro models,
than those needed to treat a laboratory animal, which is generally more complex and
expensive. One of the characteristics of GQDs platforms is their large surface area for
drug loading. However, more than an advantage, this can have adverse consequences
given the large amounts of a certain drug that will be delivered to the cells. One of the
great problems of nanobiotechnology is that it has not been possible to determine the
exact amount of drug that can be attached to the QDs, nor how much of this actually
reaches the target site. We could say that GQDs platforms have a great advantage
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insofar as they could have high therapeutic efficacy, but what about safety and speci-
ficity? Are they so efficient that they will only target tumor tissue? During the ADME
processes, will they not affect other healthy tissues? At most, only five drugs have
been used in the production of antitumor drug delivery platforms. Why? Can they
not be viably employed with any type of antitumor drug? There are still questions
that need to be clarified. If this information is not available, the lack of answers will
remain one of the main limitations to these platforms vis-a-vis other nanomaterials.

5. Conclusions and future perspectives

GQDs hold great promise as a platform for multifunctional drug/gene delivery
as well as an excellent tool for quality bioimaging. Current studies of drug delivery
systems based on nanotechnology are expected to facilitate advanced forms of this
kind of delivery. However, they are currently limited by the lack of preclinical phar-
macological and toxicological studies, and their unknown biosafety and biocompat-
ibility. A detailed understanding of how GQDs interact with blood components, the
immune system, and aspects related to ADME processes is of vital importance. If the
regulatory requirements requested by pharmacovigilance agencies are not addressed
and resolved, the biotechnological and biomedical potential of GQDs cannot be
employed in clinical studies. There is no doubt that, in the past decade, there have
been great advances in drug delivery methods. GQD platforms have advantages over
other platforms, including their surface area, size variability, their ability to function-
alize with different ligands, and their photothermal and photodynamic properties.
All these features make these platforms into ideal tools, not only as intelligent and
multifunctional platforms for cancer therapy but also to monitor drug delivery and
therapeutic effectiveness via their fluorescent emission. All these qualities could open
up new pathways toward improved technological knowledge on nanoparticle-based
therapies, particularly those aimed at a variety of cancers currently affecting the
human population.
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Chapter 6

A Microfluidic Device as a Drug
Carrier

Fikadu Ejeta

Abstract

The development of nanomedicine or medical nanotechnology, has brought
important new ways to the development of medicines and biotechnology products.
As aresult of groundbreaking discoveries in the use of nanoscale materials significant
commercialization initiatives have been launched and are at the forefront of the
rapidly expanding field of nanotechnology by using smart particles. Microfluidic
technologies use nano-and micro-scale manufacturing technologies to develop
controlled and reproducible liquid microenvironments. Lead compounds with
controlled physicochemical properties can be obtained using microfluidics, charac-
terized by high productivity, and evaluated by biomimetic methods. Microfluidics,
for example, can not only produce nanoparticles in a well-controlled, reproducible,
and high-throughput manner, but it can also continuously create three-dimensional
environments to mimic physiological and/or pathological processes. Materials with
smart properties can be manipulated to respond in a controllable and reversible way,
modifying some of their properties as a result of external stimuli such as mechanical
stress or a certain temperature. All in all, microfluidic technology offers a potential
platform for the rapid synthesis of various novel drug delivery systems. Therefore,
these smart particles are equally necessary as the drug in drug delivery.

Keywords: smart materials, nanomedicine, microfluidic devices, drug delivery,
nanocarriers

1. Introduction

Nanomedicine is a branch of medicine. Its goal is to use nanotechnology—
manipulation and manufacturing of materials and devices with diameters of 1-100
nanometers—to prevent diseases and imaging, diagnose, monitor, treat, repair, and
regenerate biological systems [1]. The development of nanomedicine or medical
nanotechnology, has brought important new ways to the development of medicines
and biotechnology products [2]. As a result of groundbreaking discoveries in the use
of nanoscale materials significant commercialization, initiatives have been launched
and are at the forefront of the rapidly expanding field of nanotechnology [3, 4], and
they are expected to overcome the continuing challenges of ineffective drug delivery
systems [5].
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Materials with smart properties can be manipulated to respond in a controllable
and reversible way, modifying some of their properties as a result of external stimuli
such as mechanical stress or a certain temperature. Because of their small size,
customizable chemical surface qualities, high volume-to-surface ratio, and, funda-
mentally, the ability to load active medicinal components and imaging agents, nano-
particulate drug delivery has been discovered to successfully affect nanomedicine
[6]. In addition, nano-drug delivery media have been proven to improve beneficial
results or effects, and reduce the side effects associated with drugs that have already
been approved on the market, enabling new treatment methods and inspiring further
improvements in the undesirable drug properties of active biological products.
Research that was previously considered undeveloped [7].

Microfluidic technologies use nano-and micro-scale manufacturing technologies
to develop controlled and reproducible liquid microenvironments [8, 9]. Lead com-
pounds with controlled physicochemical properties can be obtained using microfluid-
ics, characterized by high productivity, and evaluated by the biomimetic method in
vitro for a human organ on a chip [8, 10]. The microfluidic generation has become
an efficient device for the manufacture of microparticles with controlled morphol-
ogy and preferred properties due to its ability to precisely control the emulsification
procedure and generate droplets of monodisperse compounds in microchannels
[11]. Microfluidics’ ability to produce double emulsions having one, two, three, or
more numbers of droplets with remarkable precision displays the degree of control
it provides [12]. Since the size of the particles has a substantial influence on carrier
release profile [13], it’s crucial to place together polymer matrix with appropriate sizes
and size distributions to accurately regulate the release of payloads. The loading of
medicines onto the polymeric matrix and the release of payloads can both be con-
trolled by changing their interior structures [14]. Multiple medication delivery can
be achieved by altering the size and number of interior partitions [14, 15]. Another
way to control the release of the payload is to synthesize polymer fragments by using
stimulus-responsive substances [16]. After the environmental triggers (including pH,
temperature, or ionic strength) are disclosed, the fragments will pass through physi-
cochemical alternatives and then release the payload [17, 18].

Microfluidic technology has advantages in terms of small particle size distribu-
tion, lower polydispersity index, higher packaging and loading efficiency, better
batch-to-batch uniformity, and the possibility of easy scaling [19]. Interestingly, the
preparation of microfluidic chips is simple and easy to implement, thus realizing the
economical production of nanocarriers [20]. Various microfluidic chips have been
manufactured to synthesize organic, inorganic, polymer, lipid-based vesicular and
hybrid nanocarriers [21]. All in all, microfluidic technology offers a potential plat-
form for the rapid synthesis of various novel drug delivery systems [22].

The manufacturing processes for polymer microparticles are becoming increas-
ingly important for applications such as the controlled release of active ingredients,
medical-diagnostic tests, the achievement of superhydrophobic surfaces, the optimal
design of impact-resistant polymer composites, and food technology [23].

Polymer microparticles are produced using a variety of processes, including sus-
pension or emulsion polymerization, solvent evaporation, spray drying, small-hole
spraying of polymer solution and the Shirasu porous glass membrane (SPG) emulsifi-
cation method. On the other hand, traditional manufacturing processes have several
disadvantages, including the fact that they take time, cause particle coalescence, and
lead to non-uniform particle sizes and shape irregularities [24]. To work around these
limitations, you can use the electrospray method. Furthermore, the electrospray
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technique offers many benefits over earlier approaches, including minimal residue,
the use of very few solvents, low cost, and the use of high molecular weight polymers
[25]. The microdevices are made up of two flow-focusing pads that work together

in a two-step procedure to make double emulsions. As a result, at low flow rates, the
aqueous phase is symmetrically restricted at the initial connection point as a result of
which monodisperse aqueous monomer plugs are formed. The oil phase encapsulates
liquids 1 and 2 at the second connection point and creates double droplets of aqueous
and monomeric phases. The composite droplets then reach a third junction where the
channel cross-section is enlarged, whereby they assume spherical shapes. In the large
section, conservation of mass forces the droplets to slow down significantly, thereby
decreasing the spacing between successive droplets and thus decreasing the spac-

ing between successive droplets, thereby decreasing the spacing between successive
droplets [26].

Advances in drug delivery technology can improve pharmacological factors,
including efficacy and bioavailability, to discover and develop more effective drugs to
improve the treatment effects and quality of life of patients. Manufacturing quality
control, fluctuations between product batches, and the inability to obtain physiologi-
cally relevant test results in traditional iz vitro prescreening platforms are all obstacles
to nanoparticle drug delivery [10]. Microfluidics has evolved from microliter fluid
processing to nanoliter fluid processing, including multidisciplinary methods that
can be used in a wide range of applications [27, 28]. Microfluidics (a method of
fabrication) provides a mechanism for making highly controllable, reproducible, and
scalable methods to produce nanoparticles. When compared to traditional iz vitro
culture methods, the organ-on-chip microfluidic technology provides highly relevant
organ-specific testing platforms capable of biologically relevant experimental time
scales while employing a fraction of the sample and media volumes [29, 30].

Microfluidic technologies provide low-cost, simple-to-use platforms to control the
flow of fluids. Emulsions produced in microfluidic devices have been used in a variety
of scientific applications, comprising biomedical field, chemical synthesis, fluid flow,
and controlled drugs delivery. T-junctions and flow-focusing nozzles are two types of
microfluidic platform devices that are used to make emulsions [31, 32]. Both proce-
dures allow for the production of monodisperse particles as well as a wide range of
emulsion sizes. Flow-focusing devices are commonly used to produce monodisperse
polymer particles, both spherical and non-spherical. FF devices have been proven to
generate photo-curable polymeric particles, ion-cross-linkable thermosensitive gels,
polymer-encapsulated cells, and other particles in some situations [33, 34], polymer-
encapsulated cells [35, 36], and other particles [21, 37]. Microfluidics can be applied
to polylactide particles to make the production of novel drugs easier.

2. Microfluidic devices

There are two main types of microfluidic devices for particle production: micro-
channels and microcapillaries [38]. Microchannel-based devices are commonly
manufactured through processes such as micro-milling, micro-machining, lithogra-
phy, and shape replication. In such devices, minimizing the interfacial environment
causes spontaneous droplet formation, and therefore the droplet size is best depen-
dent on the microchannel geometry while maintaining the oil phase flow rate within
an optimal range. Total devices based entirely on microchannels are costly and time-
consuming to manufacture, but they enable microsystems to be manufactured with
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a particle size of only a few tens of micrometers. In addition, the microchannels in
such devices can be properly aligned and, in addition to the uniform flow and strong
liquefaction of certain droplets or the splitting of droplets to a uniform size, they can
serve their equipment, and the systems can be expanded to produce a large number
of products. In addition, structures mainly based on capillaries are usually made
of low-cost components available on the market and can become microchannels in
particle manufacturing. Importantly, these systems can be manufactured in a shorter
time and can operate under harsh process conditions [39]. In a complete device based
on microchannels, the dispersed phase is very close to the tool wall before being
emulsified by the continuous phase, which may cause phase inversion [40]. Although,
the affinity of the dispersed relative substance is greater than that of the continuous
phase, the dispersed phase preferentially wets the partitions of the tool. This makes
the selection of materials produced by the equipment more important than all other
materials. However, phase inversion can be avoided by deciding which equipment
is suitable for water droplets or organic droplets [41]. On the other hand, capillary-
primarily based devices are tremendous for such terms. Here, the droplets are stopped
from assembling the device’s partitions. Capillary-specific devices allow for the
manufacture of oil-in-water or water-in-oil emulsions with a single microsystem [42].
Using a variety of materials and shapes in microfluidic devices to allow future and
desirable sort of physical activity and features. Each layer of a laminated microfluidic
device is cut separately. The cutting process has a considerable impact on the device’s
dimensions and functionality. For prototyping and laboratory settings, due to the
speed and simplicity each tool offers, cutting is usually done with a knife plotter
(i.e., xurography) or laser cutter. A knife plotter works by precisely cutting material
with a blade to create the geometry, while a laser cutter uses a focused beam (tradition-
ally, CO, lasers are used) [43, 44]. Under these conditions, the droplet diameter can
be reduced by increasing the flow rate, density ratio, and viscosity [45]. Bottom-up

In vitro Advantages Disadvantages Reference
culture
2D cell Cell cultures are laboratory dishes that are used Limit the simulation of [48-51]
culture to grow cells. They are flat and are usually made complex cell-cell and

out of plastic. By sticking cells onto these dishes, cell-matrix interactions to

scientists are able to study cell behavior using study cell behavior

cheap materials. There are several protocols and
extensive literature available to analyze data and
understand cell behavior.

3D cell Increasing the cell's ability to organize tissue, to The cells in the in vivo [10, 52]
culture express different functions, and improving live system are in the body,
imaging. so the in vitro system is

not exactly like the in vivo
system when testing cells

in adish.
(Organ- Physiological effects of different tissue types This experiment is very [29, 53]
on-a- and structures, such as cells and blood vessels, difficult to do and will
chip) are recreated in a system of fluid and particles to likely yield inconclusive
generate forces. results, because different

humans react differently
to the same stimuli.

Table1.
Advantages and disadvantages of the methods used in invitro drug screening by microfluidics.
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technologies that rely on emulsion or self-assembly on the shape of the equipment
used do not always provide fine, pre-designed control over particle geometry (shape,
aspect ratio) and composition [46]. A microchannel flow-focusing system (EDCI)
was used to study the manufacture of HANP cross-linked with adipic acid hydrazide
(ADH) and chlorinated carbodiimide. The focus of this work is to analyze the process
parameters of this unique method, which is a continuous nanoprecipitation at the
water-organic solvent interface. The influence of the type of organic solvent used, the
flow rate of the non-solvent, and the content of hyaluronic acid (HA) on the HANP
characteristics of (hyaluronic acid nanoparticles) [47]. Several studies have found that
the affinity between water and organic solvents influences the average diameter of
nanoparticles (NPs) via water diffusion and the rate of nanoprecipitation. When the
non-solvent shows a moderate affinity for water, the polydispersity becomes narrower.
In addition, since the process is regulated by convection, lower HA concentrations and
higher isopropanol flow rates will produce smaller particles. Regardless of the organic
solvent, flow rate, or HA concentration, some stable NPs are formed. The process was
found to be simple, repeatable, and fast. This process is expected to be used in the
manufacture of oil-free HANP, which is important for medical, pharmacological, and
cosmetic applications, as shown in Table 1 [45, 47].

3. Synthesis of microfluidic nanocarriers

Beyond that, it seems that pharmaceutical formulators have been more interested
in using synthetic nanocarriers than natural nanocarriers and colloidal systems,
which have not been of much interest. Scientists have recently paid a lot of atten-
tion to the production of organic nano-carriers, particularly in pharmaceuticals, as
pharmaceutical scientists have begun to recognize the important properties they
confer on nano-carriers by microfluidic methods [21, 54]. Nano-carriers are created
by spreading premade polymers or inducing polymers to develop through monomer
reactions. These nanocarriers can be advanced in a variety of ways, and they are
divided into classes based on the processes involved. In the primary group, materi-
als are emulsified, but not necessarily in the other categories. As a result, it gives
a straightforward and straightforward synthesis process. When those tactics are
applied in typical devices, there is a lack of control over uniform blending, forma-
tion, and better impacts on formulation ingredients, and few goods have an excessive
particle size dispersion as a result. Microfluidic control structures, on the other hand,
can provide control over the aforementioned elements due to their equally sized par-
ticles [55]. Lipid polymer hybrid nanoparticles have been merged into high-capacity
nanocarriers.

The microfluidic co-flow nanoprecipitation technology has been used to make a
large number of LPHNPs. With the help of dissolving poly (lactic-co-glycolic acid)

(2 mg/ml) into acetonitrile as a natural phase, the internal fluid changed its ordered
state. The outer fluid had a two-to-three mass ratio of lecithin and Distearoyl-
sn-glycero-3-phosphoethanolamine-polyethylene glycol 2000 dissolved in 4 percent
ethanol and responded in water. These characteristics define a drug’s potential to be a
good choice for treating breast cancer [21, 22, 55].

Water-to-oil emulsification in a paper-based microfluidic drug carrier results
in unique open-channel microfluidics with the capacity to manage the flotation of
both adequate and inadequate surface tension liquids. The open channel devices are
shown to be effective in limiting a variety of lower surface tension oils at high and low
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flow rates, allowing for microfluidic emulsification of water in oil in an open chan-
nel instrument. The droplets should be formed inside the channel with the aid of an
adjustable speed of the continuous phases of the emulsified water and oil. Finally,
an instrument has been turned to being used efficiently to synthesize remarkably
monodisperse hydrogel microparticles that might contain a drug molecule.

Additional research into the drug delivery properties of manufactured products
has yielded promising results. Open channel microfluidic devices have the potential
to achieve a high level of fluid manipulation with fast and low-cost production [56].
Dopamine is used as a model drug to quantify electrochemical flow on paper-based
devices in a dynamic microfluidic method. Combining electrochemical methods with
microfluidic devices to achieve time-resolved detection of neuron-like PC12 cells
cultured on filter paper Dopamine [57, 58]. After investigating the attachment of cells
to the outside of the paper with a fluorescence microscope; dopamine drug delivery
after stimulation with acetylcholine was investigated. As a result, the data collected
by the device is consistent with single-cell statistics, demonstrating the effectiveness
of the technique for high-throughput quantification of tissues or chemical targets on
tissues [59] for higher-throughput quantification of chemical targets on tissues or
organs-on-a-chip [58].

In general, microfluidic devices maintain many qualities in pharmaceutical
science, consisting of appropriate doses, ideal drug delivery, site-targeted delivery,
sustained release and controlled release, reduced repeated doses, and minimal side
effects. To do so, these advantages are the key quality of the drug delivery system.
Microfluidic technology has been routinely used in many active moiety carriers,
direct drug delivery systems, high-throughput screening, and the production of
polymers as superior carriers for additives and drugs. Cheaper and easily produced
paper-based materials are good substrates that do solve several problems associated
with transportation, filtration and storage, concentrators, valves, and multiplex-
ing [59]. Going forward, creating microfluids on paper in controlled drug delivery
programs can offer exciting opportunities to broaden the scope of the subject matter
and support improved the scientific translation of drug delivery systems. A device for
the controlled release of vinblastine (VBL) drug responsive to stimuli from magneto-
sensitive chitosan capsules, which is a magnetically sensitive device for controlled
drug delivery, was developed by embedding superparamagnetic iron oxide (SPIO)
nanoparticles (NPs) into a chitosan matrix and external magnet. Thus, the release
rate, time, and dose of VBL released have become controlled by an exterior magnet.
The prepared VBL and SPIO NPs-loaded chitosan microparticles were character-
ized and showed individual and distinctive controlled release patterns. In addition,
droplet microfluidics, which is a unique technique for producing polymer spheres,
has grown to be used for the manufacturing of monodispersed chitosan micropar-
ticles [60]. Because of their distinct physicochemical behavior and synergistic effects
in the prevention and inhibition of colorectal cancer progression, atorvastatin and
celecoxib were chosen as the version dosage form. For precisely controlled multi-
drug delivery, a microfluidic collection of monodisperse multistage pH-responsive
polymer/porous silicone composites were developed [61]. Fabrication incorporating
hypromerose succinate acetate, which does not dissolve in acidic conditions but
incredibly dissolves in basic (alkaline) pH environments, is effective in preventing
and suppressing the acceleration of colon and rectal cancers. Microcomposite [62] of
Atorvastatin, which benefits from the larger pore volume of porous silicon (PSi), is
first loaded into the PSi matrix and then encapsulated via microfluidics into pH-
responsive polymer microparticles containing celecoxib, a multidrug obtained Road

124



A Microfluidic Device as a Dyug Carrier
DOI: http://dx.doi.org/10.5772/intechopen.102052

Polymer/PSi microcomposite. The manufactured microcomposites were confirmed
to have a monodisperse size distribution, multistage pH-response, a particular
ratiometric controllable loading extent closer to the concurrently loaded drug
molecules, and tailored-made drug release kinetics. This attractive microcomposite
technology prevents payloads from being released at low pH values and promotes
medicine delivery at higher pH values, and could be used to prevent and treat colon
and rectum cancers in the future. Overall, the pH-responsive polymer/PSi-based
fully micro composite [63] might be employed as a common platform for combining
drug delivery systems for multiple drug compounds [61].

The preparation of monodisperse microparticles of a biodegradable polymer was
carried out using an instrument for focusing a microfluidic flow for controlled drug
delivery. The manufacture of monodisperse microparticles containing a drug from
biodegradable polymers, the use of devices for focusing a microfluidic flow, and the
drug delivery properties of these particles have been described [64]. The particle
size ranges from 10 to 50 mm. These particles are practically monodispersed with a
polydispersity index of 3.9% [65]. Bupivacaine (amphiphilic) is included in a biode-
gradable debris matrix to characterize the formulation as a model drug [65-67]. The
kinetic evaluation suggests that drug release from these monodisperse microparticles
is slower than conventional strategies with the same average size, but reveals a larger
particle size distribution and, more importantly, a significant reduction in a primary
burst than that found with traditional methods, as shown in Figure 1 [65, 67]. The
difference in the preliminary kinetics of drug release is explained by the even distri-
bution of the drug within the particles created using microfluidic strategies. These
results demonstrated the application of microfluidic flow-focusing to homogeneous
particle system technology for drug delivery [65].

Recently, thermosensitive liposome-controlled release using a disposable micro-
fluidic instrument was developed, with the release of the encapsulated drug from
the liposome nanocarrier expected to increase local drug delivery while reducing the
toxic effects of increased temperature. High Intensity Focused Ultrasound (HIFU)
[68-71], microfluidic devices with micro-HIFU (MHIFU), allow simulation of the
bulky HIFU transmission instrument with lower energy consumption and to control
of the release of the investigated low-temperature liposomes (LTSL) [52, 72]. In
addition, when transitioning to a local temperature of 41-43°C, the structure changes
from a gel to a liquid crystal phase, and the encapsulated drug is released by an
external hyperthermia source (such as a microwave or infrared radiation laser). The

‘[\"licmﬂuidic Device (polymer kits with curing materials)

‘Drug dispersed as O/W or W/O droplets & microparticles ‘

l
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‘ Phase separation leads to drug release ‘

| Microparticles & droplets flow through predetermined streams

Figure 1.
A strategy for producing dispersed drugs using microfluidic techniques.
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lipid membrane structure of low temperature-sensitive liposomes (LTSL) [73]. The
era of microfluidics may also provide a promising method for studying ultrasound
and the complex dynamics of organisms at the ultramicro level [74]. The main task
of improving polymer nanoparticles for many procedures is to specifically engineer
preferred physicochemical properties in a repeatable manner [67].

Microfluid self-assembly [9, 75] of polymer nanoparticles with adjustable com-
pactness for controlled drug delivery is predominantly self-assembled hydrophobi-
cally modified chitosan (HMC) biopolymer-based nanos. The particle compactness
can be determined by adjustable high-speed blending with hydrodynamic flow
focusing on microfluidic channels. It has been demonstrated that the self-organizing
properties of the chain can be controlled by optimizing the size and compactness of
the species, as well as the more restricted particle size distribution, through various
flow rates as well as the hydrophobicity of the chitosan chain of nanoparticles [67, 76].
The particle size of the formulation components increased with increasing blending
time, while the chitosan produced smaller and more compact nanoparticles with a
much smaller variety of aggregated chains and a higher degree of hydrophobicity.

The scientists found that nanoparticles with nearly equal forms of hydrophobic
adhesion were formed by blending the two liquids. The scientists found that the lack
of affinity for the aqueous medium and the blending times longer than the time of
aggregation hindered the formation of nanoparticles with different forms of hydro-
phobic adhesion.

Moreover, researchers investigating the effectiveness of microfluidics for assembling
HMCs and enclosing paclitaxel, a typical anticancer medication, showed that it hasa
significantly greater encapsulation efficiency and overall quality than the traditional
bulk technique. The impact of the components of the synthetic medication on the
parameters of the release of paclitaxel from nanoparticles was investigated. [31]. The
predicted 50% paclitaxel diffusion coefficient upon drug release meant sustainability in
controlling drug release for nanoparticle compactness and superior results compared to
traditional bulk blending methods [31, 77]. These results show an excess of microfluidic
methods for specific bottom-up control of the physicochemical properties of polymer
nanoparticles in many programs [78], including controlled drug delivery [31, 67, 77].

An electrokinetic microfluidic device for rapid, low-power drug delivery in
self-sustaining microcontrollers evolved as a low-power, powerful, electrically active

+ +
Smart particles (Devices) dosage form of interest
Micro-pumps (mechanical or electro-osmotic pumping)
Micro-valves (pneumnatic or thermo- electric actuators)
Flow channels (streams)
Application site (e.g., oral, topical, injectable, implant, transdermal patch, etc.)
)
‘@ 4
N\
Miches
v
Smart particles
5 Applicatior
Flow sife
channels
Figure 2.

Fluid-handling systems for the microfabrication of smart materials, including pumps, valves, and flow channels.
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microwell intended for use in self-sustaining microcontrollers. The tool features a sili-
con primary base shape at the top that represents the drug storage location and PDMS
(polydimethylsiloxane) that is electrically functionalized as a polymer. The drug
release mechanism evolved here utilizes local electrokinetic results of controlled drug
release times and compound velocities stored in appropriate, unbiased storage areas
[79, 80]. This proves that the dose time can be reduced from hours to seconds over
the preceding diffusion, primarily based on the use of low intensities of 20 m] for the
dose. Release techniques are completed in less than 2 minutes or with the use of low
energy of 20 mJ. Each of these has an advantage over the state of the artwork subsys-
tem [79]. A version of the electrokinetic delivery involved in the release technique
used detailed 3D numerical simulations. The simulated model showed that a large
part of the content is released by this technology at an early stage. It also provides a
physical view of the delivery process [20, 79]. Such microfabrication is illustrated [81]
in Figure 2.

4, Conclusions

In conclusion, microfluidic technology allows for incredibly accurate fluid
delivery. It could be coupled to an actuator system that delivers drugs on demand or
continuously. Microfluidics has revolutionized the design of devices for direct drug
delivery in general, as well as the manufacturing of drug carriers. Microfluidic tech-
nology is required for the manufacture of drug carriers with a reproducible release
profile as well as the controlled release of several substances with varied release
characteristics. Materials with smart properties can be manipulated to respond in
a controllable and reversible way, modifying some of their properties as a result of
external stimuli such as mechanical stress or a certain temperature.
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Lipid Nanoparticulate Drug
Delivery Systems: Approaches
toward Improvement in
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Molecules
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Abstract

Hybrid lipid polymers significantly changed the postulation of low or less bioavail-
ability of conventional drug delivery systems. Several drug delivery systems already
exist for the encapsulation and subsequent release of lipophilic drugs with enhanced
therapeutic efficacy and are well described in the scientific literature. Among these, lipid
polymer-based nanoparticles have specifically come up for dermal, transdermal, muco-
sal, intramuscular, and ocular drug administration routes in the last 20 years. Moreover,
lipid nanoparticles showed potential for active targeting of anticancer therapy, delivery
of DNA or RNA materials, and use as a diagnostic imaging agent. Therefore, the multi-
farious nanostructured lipid carriers can reduce the undesired effects with maximum
utilization of active moiety. In this, chapter a brief discussion is presented on the
source of synthetic and natural lipid polymers with the use of surfactants. Moreover,

a summary on formulation and pharmaceutical characterization of nanostructured

lipid carriers considering solid lipid nanoparticles and vesicular drug delivery systems
has been taken into consideration. In addition, a light on bioactive fortified with lipid
nanoparticles was reviewed for maximizing its therapeutic efficacy. Furthermore, this
chapter’s focus to bring out the latest applications via recent scientific publications from
the Scopus database on nanostructure carriers that showed promising application for the
treatments of potentially life-threatening diseases has been summarized.

Keywords: lipid nanostructures, solid lipid nanoparticles, vesicular drug delivery
systems, phytomedicine, lipid
1. Introduction

Nanomedicine is still considered an emerging and effective formulations technique
due to the fusion of nanotechnology and medicine, which is one of the most promising
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ways to develop effective targeted therapies. Several active pharmaceuticals fail to
demonstrate the therapeutic efficacy when delivered in conventional dosage forms,
which is directly or indirectly linked to their biopharmaceutical classification and
hydrophobic nature. Moreover, such poor water-soluble active moiety represents several
challenges: low or reduced oral bioavailability, topical permeability, therapeutic efficacy,
etc. Nanoparticulate drug delivery systems comprise a wide variety of dosage forms
including nanospheres, micelles, solid lipid nanoparticles, nanoliposomes, dendrimers,
magnetic nanoparticles, and nanocapsules (Figure 1). Lipid nanostructure carriers such
as solid lipid nanoparticles (SLNs), vesicular drug delivery system (VDDs), and or nano-
structure lipid carriers (NLCs) significantly gained attention among the scientific com-
munity due to several advantages including low cost of scale-up with prolonged stability
[1]. There are several carriers employed in the delivery of available drugs as an alternative
to conventional drug delivery systems such as drug-lipid conjugate, lipid nanocapsules,
layersomes, and lipid-polymer nanohybrids. Solid lipid nanoparticles were developed to
overcome the limitations of other colloidal carriers, such as emulsions, suspensions, and
polymeric nanoparticles due to the effective release mechanism and targeted delivery
with physical stability [2]. Nano lipid carriers are modified versions of SLNs that improve
the stability and drug loading efficacy. In addition, the potential applications of LNs in
drug delivery fabrication, research, topical cosmetics, and clinical medicine indicates its
efficacy. These carrier systems are mainly composed of physiologically compatible and
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Figure 1.

Va%ious carrier-based polymeric drug delivery systems including polymeric nanoparticle (a), polymeric micelles
(b), metallic nanoparticles (c), dendrimer (d), quantum dot (e), liposome (f), solid lipid nanoparticles (g),
nanostructure lipid nanoparticle (h), carbon nanotube (i), antibody-drug conjugate (j), exosome (k). Polymeric
nanoparticles are particles within the size range from 1 to 1000 nm and can be loaded with active drugs entrapped
within or adsorbed on the surface. Polymeric micelles are nanoscopic core or shell structures formed by amphiphilic
block copolymers. Metallic nanoparticles are submicron-scale entities fabricated by reduction using synthetic or
green materials. Dendrimers ave a class of synthetic polymers with a structure of repeatedly branching chains,
typically forming spherical macromolecules. A quantum dot is a nanoscale particle of semiconducting materials
that can be embedded in cells or organisms for various experimental purposes, such as labeling proteins. A liposome
is a spherical vesicle having at least one lipid bilayer that can carry drugs to deliver at the targeted site within

the body. Solid lipid nanoparticles or lipid nanostructure carriers ave nanoparticles composed of lipids. Carbon
nanotubes are tubes made of carbon with diameters typically measured in nanometers. An antibody-drug conjugate
is a class of biopharmaceutical drugs designed as a targeted therapy for treating cancer. Whereas, exosomes are a
class of cell-derived extracellular vesicles of endosomal origin, and are typically 30~150 nm in diameter.
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biodegradable lipid materials, surfactants, and co-surfactants that are generally recog-
nized as safe (GRAS) by food and drug admirations [3].

Vesicles-based drug delivery was the first among the different LNs targeted carrier
formulations discovered in 1965 and is still widely accepted in the fabrication of novel
pharmaceutical formulations [4]. The word liposome is derived from the Greek words
“lipid” which means fat and “soma” which means body. Liposomes are spherical
vesicles with a hydrophobic internal sac-like structure enclosed with a lipid bilayer
membrane. Moreover, several advantages associated with VDDs include low toxic-
ity, flexibility, cyto-compatibility, biodegradable, protection of active moiety from
enzymatic degradation, and non-immunogenicity [5-7]. However, most of the uses in
formulations indicate limitations due to specific disadvantages such as low encapsula-
tion efficacy, poor stability, limited shelf-life, and intermembrane transfer [8].

Solid lipid nanoparticles were introduced in the late 90,s as a potential substitute
against the carrier-based VDD, emulsion, and polymeric nanoparticles. These carrier-
based nanoparticulate offers advantages of spherical size (40-1000 nm), shape, and
morphology, composed of single or multiple combined lipids with surfactants, where
the dispersed phase is solid lipid fats and surfactant, which act as an emulsifier [9].
The selection and composition of lipid and surfactant affect the physicochemical
properties and quality such as drug loading and particle size. The proper combination
of lipids and surfactants used in the fabrication of solid lipid nanoparticles demon-
strate excellent drug stability and prolonged release compared with VDDs and other
polymeric carriers due to the evasion of organic solvent in their fabrication. However,
associated disadvantages such as the formation of the crystalline structure of lipids
due to inherent low incorporation rates and unpredictable gelation tendency [10, 11].

Nanocapsules have been one of the most widely studied nanosystems for the deliv-
ery of functional compounds. Moreover, nanocapsules are also known as nanopar-
ticulate in food science constituted as external polymeric membrane and inner part
composed of polymeric matrix containing bioactive compounds. Furthermore,
nano-encapsulation involves the incorporation, absorption, or scattering of com-
binations of bioactive solid, liquid, or gas into small vesicles with nanometer-scale
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Figure 2.
Total number of publications on LNs from 1936 to 2021 exported from the SCOPUS database on 2 March 2022.
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Figure 3.
Total number of publications on lipid nanocarriers subject-wise from 1936 to 2021 exported from the SCOPUS

database on 2 March 2022 (for interpretation of the results to color in this figure legend, the veader referred to the
web version of this chapter or color print).

diameters. However, lipid nanocapsules are defined as nanovesicular delivery systems
with a core-shell structure consisting of polymeric membrane or coating and target
active moiety formulation added within the cavity. Moreover, lipid nanocapsules are
considered as a sandwich of liposome and nanoemulsion. In addition, nanocapsules
have functional properties that are maintained by encapsulation in simple solutions,
colloids, emulsions, and biopolymers in food. Lipid nanocapsules are submicron
particles with a broader surface area and size below the endothelium fenestration
(>100 nm) that present advantages compared to multi-lamellar liposomes, especially
with prolonged stability up to 18 months. Thus the lower size of lipid nanocapsules
increases the transparency of solution when utilized in clear liquids such as beverages
and sauces. Additionally, these lipid carriers can encapsulate efficiently lipophilic
drugs, which is a much-needed feature for pharmaceutical colloidal formulations.
This chapter presents an overview of the various LNs materials as a potential carrier
for the delivery of poorly water-soluble drugs with enhanced therapeutic efficacy.
Furthermore, a brief on various fabrication and characterization techniques involved
with VDDs and SLNs with their prospect and market challenges concerning the
stability. Figures 2 and 3 indicates the yearly trends of publication for retrieved data

from the Scopus database system on keywords “nanocarriers*”.

2. Lipids and surfactants

Lipids fulfill various functions in life as membrane constituents, for energy storage, or
signaling molecules. Lipids are structurally and functionally diverse organic compounds
including fats, oil, and hormones that do not interact appreciably and are insoluble in polar
solvents [12]. Lipids are hydrophobic and some of them are amphipathic, which represent
a part as hydrophilic and another as hydrophobic. These amphipathic lipids demonstrate
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Fatty acids and their derivatives.

aunique behavior in water that spontaneously form ordered molecular aggregates with
their hydrophilic ends on the outside, in contact with the water, and their hydrophobic
part on the inside, shielded from the water. Though biological lipids are similar in chemical
linking to polymeric materials used for the delivery of active moiety, however they are not
large macromolecules. Lipids are classified in several ways and among them, the major
groups classified are fatty acids, fatty acid derivatives, cholesterol, and their derivatives,
with lipoproteins. The fatty acids are available in abundant in complexed with fats and
phospholipids (Figure 4). Fatty acids are also known as carboxylic acids composed of a
hydrocarbon chain linked with one terminal of the carboxylic group. However, the frag-
ment of a carboxylic acid lacks a hydroxyl group, known as the acyl group. Moreover, fatty
acids in the aqueous phase of physiological condition lose a hydrogen ion (H") to generate
an anionic charged carboxylate group (COO") and due to a common biosynthetic pathway
within the organism, which involves the linking of the two-carbon unit together produces
an even number of carbon atoms within fatty acids [13]. These fatty acid lipids are further
classified as saturated, unsaturated, monosaturated (MUFA), and polyunsaturated fatty
acids (PUFA). The saturated fatty acids specify the bonding of the maximum possible
numbers of hydrogen atoms to each carbon in the molecules. Whereas, unsaturated fatty
acids indicate one or more double-bonded carbon-carbon molecules. The number of
double bonds attributes to mon or polyunsaturated molecules with one double bond and
two or more double bonds, respectively. Common saturated and unsaturated fatty acids
are lauric acids, myristic acids, palmitic acids, stearic acid, behenic acid, lignoceric acid
and palmitoleic acid, oleic acid, gadoleic acid, erucic acid, and nervonic acid, respectively
[14]. Furthermore, frequently polyunsaturated fatty acids used are linoleic acid, linolenic
acid, and arachidonic acids. Fatty acids are alternatively also obtained from the hydrolysis
of hard animal fats, coconut, palm kernel, soybean oils, and from the fractional distillation
of crude tall oil. Other fatty acids are derived from petroleum. Physically, most of these
fatty acids are liquid at room temperature. The difference in properties is to a large extent
related to the presence of saturation and unsaturation within the molecules. Commonly,
solid fats are indicated by the dominance of saturated fatty acids and liquid oils are indica-
tions of a high level of unsaturated fatty acids [15]. Cholesterol in the free and combined
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Lipoprotein Density (g/ml) Size (nm) Lipoprotein Density (g/ml) Size (nm)
Chylomicrons <0.930 75-1200 LDL 1.019-1.063 18-25
Chylomicron remnants 0.930-1.006 30-80 HDL 1.063-1.210 5-12
VLDL 0.930-1.006 30-80 Lp (a) 1.055-1.085 ~30
IDL 1.006-1.019 25-35

Table 1.

Classification of lipoproteins [17].

state is the most widely occurring sterol in animal tissue. It is an essential compound in
the body’s production of steroids hormones and bile. It is also an important component
for normal skin function. Cholesterol is an important functional excipient used in several
pharmaceutical formulations including solid lipid nanoparticles, parenteral mRNA-based
drug delivery, vesicular drug delivery, etc. As a part of lipid coating that protects the active
drug moiety, and could modulate drug release, enhance the ability of the drug formulation
to penetrate cell membranes, and provide a stabilization effect. Recently plant-derived
cholesterol including Phytochol®, SyntheChol®, etc., gained significant attention among
the researcher due to multifunctional application with lower adverse effects. Lipoproteins
are substances made of proteins and fat that carry cholesterol through the bloodstream.
Moreover, lipoproteins are complex particles that have a central hydrophobic core of
non-polar lipids, primarily cholesterol, ester, and triglycerides [16]. This hydrophobic core
is surrounded by a hydrophobic membrane consisting of phospholipids, free cholesterol,
and apolipoprotein. Additionally, lipoprotein is a biochemical assembly whose primary
function is to transport hydrophobic lipid molecules in water, as in blood plasma or other
extracellular fluid. The lipoproteins are broadly classified into several classes, however
cholesterol is broadly classified into two categories based on lipoproteins such as high-
density lipoprotein (HDL) and low-density lipoprotein (LDL) (Table 1). High-density
lipoproteins are generally assumed as “good” and low density as “bad” cholesterol [18].
Surfactants have been diligently associated with humans as early as 2800 BC and
continue to be a necessity in day-to-day life with great usage in solubility and entrapment
efficacy of drugs used within nanocarriers. The earliest record on the usage of surfactant
was recorded as sopay traces in clay cylinders at the Babylonian archeological site in
Mesopotamia in 2800 BC [19, 20]. The word “Surfactant” is an abbreviation for “surface-
active agent’; classified as an amphiphilic compound due to the presence of both hydro-
philic and hydrophobic groups. Considering hydrophilic group surfactants are broadly
classified into four categories such as cationic, anionic, zwitterionic, and non-ionic
surfactants. Cationic surfactants contain alkylamine or quaternary ammonium salts that
can be absorbed on the negatively charged interface, with the antistatic and disinfectant
application. Anionic surfactants contain carboxylic acids salts, sulfonates, sulfate salts,
sulfate esters, or phosphate within hydrophobic groups, that offers detergency, foam-
ing, and penetrability use. Zwitterion surfactants contain carboxy betaine, imidazolium
betaine, amino ethyl glycine salt, or amine oxide within the hydrophobic structure. They
are often used as auxiliary materials to enhance the effectiveness of other surfactants.
Non-ionic surfactants have non-dissociable chemical structures in their hydrophilic
groups, which are generally used in cosmetics, food emulsifiers, and skin cleaners due
to low irritation and toxicity. A wide range of spontaneous, self-assembling surfactants
structures in the size range spanning from a few nanometers to tens of micrometers has
been reported. Moreover, the role of surfactants in the fabrication of nanocarriers has
been proven in various aspects including drug loading, colloidal suspension stability, and
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Percentage of instances for different surfactants found in the composition of the investigational bioactive
incorporated dosage form [21].

Figure 5.

most important formulation stability on long-term storage. The percentage instances for
different surfactants found in the compositions of the investigational bioactive incorpo-
rated dosage form are presented in Figure 5.

3. Formulation and characterization techniques involved in lipids-based
vesicles and nanoparticles

A general method used in the fabrication of VDDs involves the dissolution
of the single or mixture of lipids with surfactants, followed by drying the lipid
film, and then dispersion of film in an aqueous medium to obtain a multilamellar
vesicular system at required hydration temperature. The hydrating temperature
used in the formulation of the VDDs should be always above the phase transition
temperature of the lipid used. Later developed multilamellar vesicular systems
are further processed to obtained small, stable vesicles [22]. The method of

Vesicular drug carriers Description Applications

Enzymosomes Vesicle provide a bio-environment in which Targeting tumor cells
covalently enzymes are immobilized or coupled

Virosomes Vesicle spiked with virus glycoprotein Immunological adjuvants

Ufasomes Long-chain fatty acid incorporated vesicles —
using a mechanical method

Cryptosomes Vesicle with surface phospholipid coat Ligand mediated drug
delivery
Emulsomes Microscopic lipid arranged within a polar core Parenteral administration of
hydrophobic drugs
Discomes Solubilized niosomes within non-ionic Ligand mediated drug
surfactant delivery
Aquasomes Multi-layered self-assembly composition Molecular targeting
containing ceramic carbon nano-crystalline
particulate
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Vesicular drug carriers Description Applications
Ethosomes A soft malleable vesicle Drug delivery to deep skin
Genosomes Artificial macromolecular complex Gene transfer
functionalized gene
Phytomes Photolyase encapsulated within liposomes Photodynamic therapy
Erythrosomes Chemically crossed linked human erythrocytes Marco-molecular drug
targeting
Hemosomes Liposome fortified with hemoglobin Oxygen carrying property
Proteosomes High molecular weight multi-subunit enzyme Catalytic activity
complex
Vesosome Embedded bilayer compartment Multi-compartmental
vesicles
Archaeosomes Archaea glycerolipids composed of vesicles Serum protectant
Sphingosomes Consist of an aqueous space sac inside the lipid Improved stability compared
bilayer to entrap the drug to liposomes
Menthosomes An ultra-deformable vesicles carrier system Excellent permeability of
drug within carrier through
the skin
Bilosomes Bile salt-containing niosomes Enhance the permeation
of the drug by fluidizing
the lipoidal bilayer of the
vascular system and the
stratum corneum.
Invasomes lipid-based deformable vesicular carriers, Improved dermal delivery
enabling the drug to penetrate deeper into the due to deformable nature
skin or the systemic circulation by non-invasive
delivery
Niosomes Made of non-ionic surfactant with neutrally Deliver drug within the
charged compound, compared to the bilayer dermal layer by perturbation
lipid vesicles od lipidic membrane
Cubosomes A cubic-phase lipid-drug delivery system Potential delivery of protein,
composed of the curved continuous lipid bilayer, peptides, amino acids, and
which is extending in 3-dimensions and isolating nucleic acid
two consistent systems of water channels
Transfersome An ultra-flexible liposomes composed of Highly elastic and
bilayer as a backbone and an edge activator stress-responsive than the
conventional vesicular
system
Transethosomes An advanced VDDs that differs from liposome Penetrate easily keratinized
and niosomes to their fluidic membrane and mammalian skin layer
ethanol concentration with elasticity
Table 2.

Market available and various emerging advanced VDDs for therapeutic applications [23, 24].

preparation of vesicular systems is broadly classified into three basic modes of
dispersions such as physical dispersion involving handshaking and non-hand
shaking technique (i), solvent dispersion including ethanol injection, ether injec-
tion, double emulsion, reverse phase evaporation, and stable plurilamellar vesicle
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method (ii), and detergent solubilization (iii). Transferosomes and ethosomes
were introduced as VDDs for localized and targeted administration of low or less
permeable drugs through the skin, which requires the addition of permeation
enhancer, however progression in the research reported that the incorporation of
surfactant as edge activator within vesicles can significantly improve the penetra-
tion and drug loading capacity. The pharmaceutical characterization involves the
determination of size, shape, and size distribution, surface charge, entrapment
efficacy, dispersibility, syringeability, lamellarity through freeze-fracture micros-
copy, phase behaviors, in vitro — in vivo drug release, quantitative determination
of phospholipid, and cholesterol quantification. Moreover, vesicles fortified in
target or localized drug delivery systems are also evaluated for their efficacy
including stability, esthetic property, etc. [23]. Table 2 represents the various types
of VDDs with their therapeutic applications.

Solid lipid nanoparticles are generally formulated using high shear homogeniza-
tion, ultrasonication, microemulsion followed by supercritical liquid innovation,
splash drying, dissolvable emulsification/vanishing, dissolvable infusion, and
dissolvable emulsification-dissemination techniques [25]. Solid lipid nanoparticles
are extensively characterized for size, shape, polydispersity index, zeta potential,
entrapment efficacy, crystallization tendency, polymorphic behavior, the viscosity
of the solid-state formulation, and in vitro-in vivo drug release. Solid lipid nanopar-
ticles are administered via various routes including oral, parenteral, transdermal,
pulmonary, rectal, etc. for achieving enhanced therapeutic efficacy of low or
less permeable drugs via dermal administration or low water-soluble drugs with
improved bioavailability [26]. Recent updates on lipid nanocarriers-based drug
delivery systems (solid lipid nanoparticles and vesicle entrapped drug delivery
systems) are presented in Table 3.

4. Future prospects and challenges with vesicular and solid lipid
nanoparticulate drug delivery system

Nanostructured lipid carriers contain an unsaturated solid lipid core that
enables the encapsulation of highly lipophilic drugs, protecting them from
degradation, and enhancing their stability. Literature indicates that during the
past decades, the number of studies elaborating NLCs-based formulations has
been drastically increased. Lipid nanostructure carriers such as SLNs, VDDs, and
or NLCs have been extensively used and further investigated as carrier systems
for drug delivery. Moreover, these nanostructure carrier has demonstrated
excellent improvement in the therapeutic efficacy with an increase in targeting
specific tissue or organ for low permeable and water-insoluble drugs. The rise
in NLCs technology is essentially due to defeated barriers within the technologi-
cal process of lipid fortified nanoparticles formulation and increased knowl-
edge of the underlying mechanisms of transport of NLCs via varied routes of
administration. Although NLCs have shown several advantages, compared with
conventional dosage form and promising application in the delivery of various
categories of synthetic and bioactive, that presents challenges in their applica-
tion. The challenges associated with NLCs are as follow: complex manufacturing
process, stability during storage, clinical translational barriers, cell-specific
delivery, misconceptions, challenges specific to the receptor, ligand, and carriers,
etc. [77].
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5. Conclusions

Nano lipid structure carriers, composition and formulations techniques have a
profound influence on their physicochemical properties and efficacy as drug delivery
systems. The lipid carriers have evolved over the years and they have shown promise
for treating various clinical diseases and complications including psoriasis, dermati-
tis, rosacea, vitiligo, acne, fungal infections, several systemic infections, etc. Taking
into account the increase in the number of patented NLCs-based formulations and the
increase in the availability of data so far, it can be expected that the number of clinical
trials pertaining NLCs will substantially increase in near future. Moreover, now NLCs
appear to be one step closer to its translation into the market to the clinic.
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Chapter 8
Lipid and Polymeric Nanocapsules
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Abstract

In recent years, innovative drug nanocarriers have been developed to enhance
stability, bioavailability, and provide sustained release. In this chapter, systems based
on natural macromolecules, lipids, or polymeric/polyelectrolyte nanocapsules and
their principal chemical and functional characteristics are described. Nano-vesicular
systems are especially relevant in different fields. Particularly, a promising potential
is offered by systems based on colloidal nanocapsules, that exhibit a typical core-
shell structure in which the drug can be confined into the cavity or in the polymeric
coating that surrounds it. Both the cavity and the active substance can be lipophilic
or hydrophilic and in solid or liquid form depending on the materials and methods
used, making these nanocapsules attractive carriers for drug delivery. In addition, a
compilation of different methods and materials employed in the preparation of these
nanosystems and a recent review of applications of lipid and polymeric nanocapsules
have been made, focussing on the encapsulation of drugs.

Keywords: drug nanocarriers, core-shell nanocapsules, lipid nanocapsules, colloidal
nanocapsules, polymeric nanocapsules, drug delivery

1. Introduction

Nanostructures appear as either nanofibers, nanocompounds, nanomembranes,
nanoparticles, or nanotubes, and have applications in different fields, such as medi-
cine, cosmetics, environment, and nutrition. They can be used in biomedicine for
diagnosis or the prevention and treatment of different diseases. They are employed as
drug, protein, nucleic acid, and peptide carriers, or as biosensors, as well as for medi-
cal imaging [1, 2]. The incorporation of active principles in nano- or micrometric scale
devices is called encapsulation. The encapsulated material is covered with a different
type of material, which can be a polymer, a lipid, or a macromolecule. In general,
encapsulation provides an increase in the stability of the encapsulated material, it
also preserves its chemical and therapeutic properties, and it enlarges its average life,
since it protects it from the effects of pH, heat, light, oxygen, humidity, and even from
enzymatic degradation by nucleases and proteases, for instance. Besides, encapsula-
tion offers the possibility to modify the physicochemical properties of the encapsu-
lated material to facilitate manipulation, it reduces the loss of volatile compounds, it
can mask unpleasant flavor and odor, improve bioavailability, and help the controlled
release of active substances following a certain stimulus (pH, T, P, etc.) [3].

Regarding medical applications, encapsulated systems offer great possibilities of
improving the safety and efficiency of countless drugs. They are capable of traveling
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across biological barriers, such as the skin, the gastrointestinal or respiratory mucous
membranes, and even the blood-brain barrier (BBB). They can reach the target
organ, tissue, or cell group where the drug has to act; they can even reach intracellular
compartments. The distribution of the active principle, and therefore, its concentra-
tion in the target, is influenced by the size and the properties of the nanoparticles.
This dependence permits minimization of side effects and an increase in the thera-
peutic power of the released molecule of interest, for example, in cancer treatment.
Administration in the form of nanoparticles allows to orally dispense antitumor
drugs, as well as biotechnologically originated molecules (peptides, proteins, plas-
mids, etc.), which are very sensitive to physicochemical and enzymatic degradation
and cannot cross the mucous membranes [3].

Organic nanocarriers include nanoparticles such as solid lipid nanocarriers,
liposomes, dendrimers, polymeric nanocarriers, micelles, and viral nanocarriers.
Nanoparticles are defined as solid vesicles under 1000 nm, usually between 100
and 500 nm, formed by natural macromolecules, lipids, or synthetic polymers. For
therapeutic application they must have a size under 200 nm since the width of the
microcapillaries of the body is 200 nm [1]. The active principle is incorporated inside
the nanoparticle, which can be a nanocapsule or a nanosphere. Nanocapsules are kind
of reservoirs, they are vesicular systems, that is to say, traditional hollow shell struc-
tures constituted by a polymeric or lipid membrane and an internal core where the
molecules of the drug are dissolved or dispersed. As to nanospheres, they are spherical
matrixial systems, and the drug is homogeneously dispersed in the solid polymeric
matrix [2, 4]. Core-shell nanoparticles offer great versatility and, depending on their
composition, permit the encapsulation of a huge variety of molecules in solid, liquid,
and semi-solid state. The nanocapsule shells can be prepared from several materials,
such as polymers, lipids, phospholipids, and silica [5]. Different methods are used to
build the core-shell structure, the polymers and methods employed are chosen accord-
ing to the properties of the compound to be encapsulated and its application [6].

Some criteria to be considered before nanoencapsulation are clear definition of the
desired objective, assurance that the active principle does not degrade during the fabri-
cation process and that it disperses homogeneously inside the nanocapsule, choice of a
suitable polymer or macromolecule, and cost/performance optimization. The encap-
sulating material must be biodegradable/bioerodible and inert with respect to the
encapsulated material both in production and storage, offer the highest protection of
the active principle, and be processable in suitable solvents for biomedical application.
There is a real influence of the nature of the material and the production methodology
on the physicochemical properties of the prepared systems. The main characteristics
of nanoparticles are their large specific surface area, their homogenous dispersion in
fluids, the capacity to encapsulate small molecules, and an adequate release rate [3].

In this chapter, systems based on natural macromolecules, lipids, or polymeric/
polyelectrolyte nanocapsules and their principal chemical and functional characteristics
are described. In addition, a compilation of different methods and materials employed
in the preparation of nanocapsules and a recent review of applications of lipid and
polymeric nanocapsules have been made, focussing on the encapsulation of drugs.

2. Common materials

As it has been mentioned above, polymeric nanoparticles and lipid-based systems
are included in the research of efficient drug-delivery systems. Lipid polymer hybrid
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nanoparticles (LPNs) are being explored as well, combining the advantages and
properties of polymers and lipids [7]. In this chapter, mainly polymeric and lipid
nanocapsules are dealt with.

2.1 Polymeric nanocapsules

Polymeric nanoparticles are colloidal and are prepared from degradable/nonde-
gradable hydrophilic/hydrophobic natural/synthetic polymers. Natural polymers, such
as polysaccharides (hyaluronic acid, starch, maltodextrins, chitosan, cyclodextrins,
alginate, carrageenan, gums, and agar) or proteins (gliadin, vicilin, legumin, casein,
gelatines, and albumin) are not usually used alone due to the variability of their purity.
Nanocapsules based on saccharides (glyco nanocapsules) are very interesting for
bioapplications. The synthetic polymers usually used are poly (lactic-co-glycolic) acid
(PLGA), poly(lactic acid) (PLA), poly(e-caprolactone) (PCL), polyanionic cellulose
(PAC), poly(D,L-glycolide) (PLG), polyethylene glycol (PEG), and poly-cyano-
acrylate (PCA) [1, 7-10]. Polymeric nanoparticles made from natural or synthetic
polymers are easy to modify superficially and are, in general, stable. Their features can
be tuned to achieve better bioavailability and a controlled drug release in specific loca-
tions. Biodegradable polymers have been widely used for the preparation of systems
to control drug release, which can stabilize certain labile molecules, such as proteins,
peptides, or DNA, and can also be used for site-specific drug targeting. The prepara-
tion of biodegradable polymeric nanoparticles for application in tissue engineering is
also pursued [1]. As they are biodegradable, they can remain for days or even weeks
and release the drug in the target during that time. PLA and PLGA have proved to be
effective with intracellular drugs. PLGA is usually combined with PEG, as PEGylation
increases solubility and stability in water, reduces intramolecular aggregation,
decreases immunogenicity, and prolongs the permanence of the drug in the systemic
circulation [1, 7]. As an example, a recent review (in press) shows a representation of
some modifications on the surface of polymeric nanocapsules (polymer-coating; PEG-
coating; layer-by-layer; polymersomes; and inner portion—hollow-core) [5].

Chitosan, alginate, and cellulose are the natural polymers most widely used in
medicine due to their geometry, their large specific surface, their mechanic and
barrier properties, their low toxicity, and their biodegradability and biocompatibility
[11, 12]. Chitosan is a biodegradable cationic polymer that can be obtained from
crustaceans, insects, mollusks, and fungi. Usually, it is obtained for industrial use
from crustacean exoskeletons, mainly from the waste products of the fishing indus-
try. The properties that make it interesting for use are its molecular weight, deacety-
lation degree, solubility, biocompatibility, and bioadhesion. It presents antimicrobial
activity against fungi, viruses, and bacteria. The application of nanospheres and
nanocapsules of chitosan in cartilage and bone regenerative medicine is currently
being studied due to the aforementioned properties [13]. The polysaccharide alginate
is used in therapeutics because of its biocompatibility, low immunogenicity, and abil-
ity to gelation. Moreover, it is a pH-sensitive polymer that can be used to prevent drug
release in an acid medium, such as gastric juice, when it is necessary for the active to
be released in an alkaline medium (e.g., in oral administration of intestinal targeted
drug delivery) [6]. In Ref. [14], nanospheres with alginate and chitosan loaded with
the insecticide captan hydrochloride are obtained. Cellulose can be extracted from
different natural sources. It is highly abundant, and the development of cellulose-
based systems for drug release applicable to cancer therapy has increased enormously
in the last decade [11].
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Proteins, such as albumin, which are biocompatible and able to be tuned, are also
used as polymeric shells for nanocapsules. Albumin is water-soluble and biodegrad-
able. Apart from controlling drug release rate, albumin can reduce the nanosystem
immunogenicity, and it can be useful as a drug targeting vector [6].

In Ref. [15] several polymeric systems are described, containing hybrid lecithin/
chitosan nanoparticles, PCL nanocapsules stabilized with the non-ionic surfactant
polysorbate 80, and polymeric PCL nanocapsules stabilized with a polysaccharide-
based surfactant, that is, sodium caproyl hyaluronate. These three systems present
interesting physicochemical and structural properties from the biopharmaceutical
viewpoint for nasal and nose-to-brain delivery—biocompatibility, drug release,
mucoadhesion, and permeation across the nasal mucous membrane. All three systems
improved the transport of the hypolipidemic drug simvastatin through the epithelial
barrier of the nasal cavity, compared to the traditional formulation.

According to reference [7], polymeric nanoparticles present several disadvantages,
such as toxicity, presence of organic solvent residues, inadequate encapsulation
of hydrophilic drugs, losses, difficulty of large-scale production, and storage and ster-
ilization issues. Besides, the organism may receive them as strange particles. To avoid
this, lipids can be employed. Their instability and the consequent reduction of their
average life hinder their clinical applications. Nevertheless, their core-shell structure
presents countless advantages, especially for drug delivery. In the case of oily core
nanocapsules, the pharmaceutical industry opts for lyophilization, especially if there
are thermolabile compounds. Definitely, they result in promising structures as they
offer a high capability of drug encapsulation, protection from degradation, and
biocompatibility; they hardly irritate tissues and certain polymers have been observed
to actively interact with biological fluids [4, 5].

2.2 Lipid-based formulations

Delivery systems with lipid-based formulations are mainly of three types—liquid,
solid, and lipid as colloidal carriers (liposomes). The liquid formulations are emul-
sions or micro-emulsions, self-emulsifying or self-nanoemulsified drug-delivery
systems, and solid in oil suspensions. The solid lipid-based systems include solid-state
micro-emulsions, solid self-emulsifying drug-delivery systems for dry emulsions,
microspheres, nanoparticles, and suppositories. The incorporation of the drug to the
matrix or shell-core of the solid lipid nanoparticle relies on the composition and the
preparation mode of the formulations [7].

The different types of lipid-based nanocarriers are solid lipid nanoparticles
(SLNs), liposomes, lipid-drug conjugates, lipid nanocapsules (LNCs), and nano-
structured lipid carriers. Nanocarriers fabricated using lipid biomolecules show low
in vivo toxicity and are subject to parenteral, oral, transdermal, intranasal, and ocular
administration.

SLNs are stable in biological fluids and offer a good therapeutic alternative—their
size is between 80 and 100 nm, they are more efficient than polymeric nanoparticles,
and have the advantage of being able to be prepared from non-toxic physiological
lipids, habitually used as excipients. In Ref. [7] the authors present various advantages
compared to other colloidal carriers, such as controlled drug release and targeted
therapy; and they protect encapsulated compounds from degradation. Their nature
is very versatile and they can be applied in chemotherapy. The solid matrix forms an
o/w emulsion, it is formed by well-tolerated lipids, and it allows for the incorpora-
tion of hydrophilic and/or hydrophobic drugs. The amount of encapsulated active
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compounds ranges from 1 to 5% for hydrophilic compounds and reaches 80% for
lipophilic ones [16]. The lipids used as the coating can increase bioavailability, they
help drug release and protect from water permeability. SLNs are most useful for the
oral administration of drugs and vitamins that can solubilize in a lipid medium [17].
They have a lower cost than synthetic polymers, than PLGA for instance, and besides,
can bind PEG as ligand [7].

LNCs are hybrid structures between polymeric nanoparticles and liposomes.
Their size is small (between 20 and 100 nm), they are very stable, biodegradable
and biocompatible, easy to manufacture, they can accommodate one or two drugs
together, which can be released in a sustained manner. They show an oily liquid
core surrounded by a solid or semisolid hydrophobic shell made of solid lipids and
emulsifying agents. They are prepared through micro-emulsification or high-pressure
homogenization. The principal components are oils, a lipophilic surfactant, and a
non-ionic surfactant. Usually, fatty alcohol or acids; steroids or waxes; mono, di, or
triglycerides; and phospholipids are employed [2, 18]. Triglycerides used as excipients,
such as caprylic acid (Labrafat®), lauric acid, palmitic acid, oleic acid, and behenic
acid, present different chain lengths; mixed glycerides and polar oils like sorbitan
trioleate (span 85), and oleic acid, are also used as emulsifying agents. Vegetable oils
obtained from castor, soybean, olive, argan, eucalyptus, orange, and sesame are also
being tested. Lecithin obtained from egg, soybean, rapeseed, sunflower, and lysoleci-
thin is used as a lipophilic surfactant and is available as Lipoid® and Phospholipon®
brands. Phospholipon® is a mixture of nature hydrogenated lecithin and phospho-
lipids. On the other hand, ethanol, glycerol, propylene glycol, and PEG, as well as
water-soluble and insoluble (non-ionic) surfactants are used as cosolvents to improve
solubility. Water-soluble surfactants have HLB numbers of 12 or more and are, for
example, alkyl ether ethoxylate, cremophor RH40 and RH60 (ethoxylated hydro-
genated castor oil); and water-insoluble ones have values of HLB from 8 to 12 and
can adsorb on the oil-water interface, such as polyoxyethylene and sorbitan trioleate
(Tween-85). Finally, anti-oxidants like a-tocopherol, B-carotene, propyl gallate, and
butylated hydroxytoluene are added [7, 18]. Among hybrid lipid-polymer nanopar-
ticles (LPNs) are polymer-core lipid shell nanoparticles, formed by a polymer inside
the core that is surrounded by one or more membrane-like lipids. The space between
the polymer and the lipid is filled with water or aqueous buffer. The core polymer
delays drug delivery and favors lipid stability. It is possible to encapsulate lipophilic
drugs easily. In the case of highly water-soluble drugs, lipid-polymer complexes can be
used [7]. The anti-cancer drug salidroside is incorporated in polymer-core lipid shell
NPs formed by PLGA-PEG-PLGA triblock and the lipids lecithin and cholesterol, with
high encapsulation efficiency, negative charge, and 150 nm size [19].

There is a type of hollow-core/shell lipid-polymer-lipid hybrid nanoparticles
where polymeric NPs and PEGylated lipoplexes are combined. They contain a layer of
positively charged lipid, which forms the inner hollow core, a middle layer of PLGA,
which is hydrophobic, external to the PEG, and a neuter lipid layer between them.
These systems are not simple LPNs, they present the features of PEGylated lipoplexes
and PLGA nanoparticles. The positively charged hollow core can accommodate
anionic drugs more efficiently than a polymer alone, the polymeric layer of the
medium will allow sustained release, and the PEG-lipid layer avoids the particle being
recognized by a macrophage, increases stability, and slows down polymer degradation
and drug release. The combination of si-RNA and small drug molecules in the hydro-
phobic layer of PLGA is very useful for the treatment of different diseases, including
multidrug-resistant cancers [7, 20].
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3. Preparation methods

The production of polymeric nanocapsules has been increasing in the last decade,
mainly in relation to the great potential of their applications in the fields of Biology,
Medicine, and Pharmaceutics. The characteristics and usability of these nanosystems
depend strongly on the production method chosen and the process variables, as
well as on the formulation materials used [5]. On these grounds, several methods
and processing techniques have been developed in the last two decades to obtain
nanocapsules with the desired properties and biological performance according to
their purpose. Generally, there are three classical methods for the preparation of
polymeric nanocapsules—nanoprecipitation, emulsion template method, and layer-
by-layer method [6, 21]. Regardless of the method used, the production of core-shell
structures requires a non-solvent/continuous phase (water) and a solvent/dispersed
phase (organic solvent that can be removed later), plus one or more polymers and
surfactants to contribute to structure and stability, respectively. The nanocapsules are
obtained as colloidal dispersions, or in powder if some drying method is added.

3.1 Nanoprecipitation

Nanoprecipitation, also named interfacial deposition method or solvent displace-
ment, was the first method described [22], and it has been widely used in the last two
decades, principally because it is fast, and it has extensive applicability, being able to
be used with many types of materials, and allowing various drugs to be encapsulated.
In addition, it is a low-cost and simple operation technique since it does not require
any special equipment [5]. The preparation of nanocapsules using this method
involves both an organic and an aqueous phase. Typically, the organic phase, which
consists of oil, polymer, and the active compound dissolved in an organic solvent, is
added slowly and with moderate stirring to the aqueous phase (in most cases water
and a selected surfactant). Hence, the formation of nanocapsules results from a
combination of the spontaneous emulsification of oily droplets and the simultaneous
precipitation of polymer onto the water-oil interface during the diffusion of phases
[23]. Finally, the colloidal aqueous suspension is obtained by eliminating the organic
solvent via evaporation or through a drying process [6, 24]. The characteristics of
nanocapsules formed by nanoprecipitation are mainly influenced by several process
variables, such as nature, concentration, and compatibility of the components [21],
volume ratio between organic and aqueous phase, and the selected method for the
injection of the organic phase. In fact, there is some evidence that varying the organic
phase injection rate, the aqueous phase agitation rate, and adding the organic phase
through a thin needle, leads to a significant decrease in the average size of the nano-
capsules, compared with the technique consisting in just pouring one phase over the
other [25]. This is probably due to the increase of the contact surface between the
phases [26].

3.2 Emulsification-based methods
There are different ways to obtain nanocapsules using nanoemulsions as a tem-
plate, including emulsion-diffusion, emulsion-coacervation, and double emulsifica-

tion. All of them involve the emulsification of the organic or the aqueous phase in the
other using a low or high-energy homogenization technique, causing the surfactant
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to self-assemble at the interface. The nature of the rest of the materials used in the
continuous or in the dispersed phase will depend on the desired characteristics of the
nanocapsules to be formulated.

3.2.1 Emulsion-diffusion/evaporation method

Emulsion-diffusion is a technique that involves the emulsification of an organic
phase onto an aqueous phase and the subsequent elimination of the organic solvent by
diffusion into the external phase or driven by evaporation, which results in the forma-
tion of nanocapsules [6, 27]. The formation of a conventional oil-in-water emulsion
within a partially water-soluble solvent via diffusion requires a second aqueous phase
(also named dilution phase) that promotes the solvent to diffuse into the external
phase causing polymer precipitation and interfacial phenomena, forming a core-shell
structure. The homogenization of both phases can be attained through low or high-
energy shaking (by means of magnetic or mechanical stirring, ultra turrax, ultra-
sound, high-pressure homogenizers, etc.), being the latter a better option to obtain
smaller nanocapsules [5, 28]. The basis of this method, which differentiates it from
nanoprecipitation, is mainly the use of an organic phase partially miscible in water
and a polymer partially miscible in both phases. Some other factors that can affect the
final characteristics of the nanocapsules obtained by this technique are the amount
of dilution phase, the surfactant and polymer concentrations, the oil-to-polymer
ratio, and the drop size of the primary emulsion [21]. The advantages of this method
include better reproducibility, control of particle size, and therefore better scaling
response; but enough energy must be spent to remove large amounts of water, and it
is a recommended method only for particles with an oily core [5, 23, 29].

3.2.2 Double emulsification method

Multiple emulsion systems are capable of encapsulating both hydrophilic and
lipophilic molecules simultaneously and can be obtained through the double emulsi-
fication method [20, 30, 31]. Depending on the established phase sequence, double
emulsions can be water-in-oil-in-water (w/o/w) or oil-in-water-in-oil (o/w/o0). The
preparation of nanocapsules using double emulsification involves a two-step emulsifi-
cation process and the use of two stabilizers or surfactants. In fact, the key to ensuring
good interphase stability and improving drug encapsulation and particle size is the
correct selection and concentration of surfactants. As an example, based on w/o/w,

a low hydrophilic-lipophilic balance (HLB) surfactant is needed to stabilize the w/o
interface. In contrast, to stabilize the oil-in-water interface, a high HLB surfactant is
required. Finally, particle hardening, or in other words, polymer shell formation, has
been reported to be achieved by polymer precipitation, solvent diffusion, coacerva-
tion, or a combination of these strategies [5, 32].

3.2.3 Emulsion-coacervation method

Like the methods described in Sections 3.2.1 and 3.2.2, the emulsion-coacervation
method uses the emulsion as a template, the difference is that the formation and
stabilization of the polymer shell can be achieved by physical coacervation, chemical
crosslinking, photopolymerization, sonochemical techniques, i situ polymerization,
atom transfer radical polymerization (ATRP), and addition-fragmentation chain
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transfer (RAFT) [5, 33, 34]. Therefore, the materials commonly used for the fabrica-
tion of nanocapsules are usually monomers, polymers possessing cross-linking func-
tion groups or polyelectrolytes [35]. The general procedure involves the formation
of the nanoemulsion firstly, coacervation phase stabilization, and finally, monomer/
polymer crosslinking. Thus, some factors that are also necessary for the fabrica-

tion of nanocapsules by the emulsion-coacervation method include the addition of
coacervation or crosslinking agents and the modification of certain variables, such
as pH and temperature [36]. The main advantage of this method is that it permits to
obtain a rigid nanocapsule shell structure, which can help to minimize the leakage of
the payloads to the external phase. However, the final product may contain monomer
residues that did not react [33].

3.3 Layer-by-layer method (LBL)

The layer-by-layer method has a great potential to develop multi-compartmental
delivery devices since nanocapsules with multiple polymeric layers around the core
are obtained. This method requires a colloidal core, which can be the solid form of the
active substance, inorganic particles, biological cells, or an oil-in-water nanoemul-
sion prepared using any of the methods described in Section 3.2. The mechanism of
this nanocapsules formation is the irreversible electrostatic attraction—a sequential
adsorption of oppositely charged polyelectrolytes is achieved [5, 37]. The sequential
deposition of polycations and polyanions on the inorganic core can be followed by
the sacrifice of the template core, resulting in a hollow nanocapsule where the pay-
load can be trapped [6, 38, 39]. The main advantages of the LBL technique are the
possibility to simultaneously encapsulate different drugs at different positions, and
the possibility to control release properties by modulating the composition and the
thickness or number of layers of the polymeric shell [24, 40, 41]. On the other hand,
this method bears some difficulties, such as the separation of the polyelectrolyte and
the remaining counterions in each deposition cycle. Otherwise, aggregates of these
may form. This high number of assembly steps is quite complex and time-consuming.
In addition, larger nanocapsules are obtained compared to other methods, due to the
number of polymeric layers deposited [21].

3.4 Comparative analysis for the selection of nanocapsules production method

Table 1 summarizes the main advantages and disadvantages of the processing
methods described in Section 3 in terms of water volume consumption, additional
purification steps, contaminant generation, time consumption, and others. Overall,
nanoprecipitation represents a simple, fast, low-cost, and versatile method, but its
simplicity can lead to some repeatability and scale-up problems. In contrast, emul-
sion template methods need agitation and solvent removal equipment and thus
the technique becomes more expensive but with better control of particle size and
scale response. Finally, the LBL technique offers many possibilities, as several active
ingredients of different nature can be encapsulated simultaneously, and the release
mechanism can be controlled according to the nature and number of polyelectrolyte
layers; however, it becomes a more complex and time-consuming technique and
larger particle sizes can be obtained compared to the other methods. The selection
of the nanocapsule production method should mainly consider the desired charac-
teristics of the final nanocarrier, the formulation materials, and the availability of
laboratory equipment [5].
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Method Advantages Disadvantages References
Nanoprecipitation ¢ Fastand low-cost method * Oil core: lipophilic active [5,21, 42]
N . . . substance nature
* No require any special equipment
* Many types of materials and drugs * Reproducibility a.md scale-up
problems due to its manual
operation
Emulsion- * Better reproducibility, particle size ¢ High water volume consump- [5,23,
diffusion control, and scaling response. tion (dilution) 28, 29]
* Different ways of homogeniza- * Enough energy to remove
tion, including low or high-energy large amounts of water
shaking * Only recommended for
particles with an oily core
Double * Encapsulation of hydrophilic » Contaminant generation (use [20, 30, 31]
emulsification and lipophilic molecules of two surfactants)
simultaneously * Additional purification steps
* Preparation of o/w or w/o
emulsions
Emulsion- * Rigid nanocapsule shell structure * The final product may contain [21, 33]
coacervation * Good release control and minimi- monomer residues
zation of the “burst” effect
Layer-by-layer * Many colloidal core possibilities » Contaminant generation [6,21, 24,
(solid drug, inorganic particles, (remaining polyelectrolyte 38-41]

biological cells, or an o/w
nanoemulsion)

Simultaneous encapsulation of

different drugs

Control of the release properties
by modulating the composition
and the thickness or the number of
layers of the polymer shell

and counterions in each
deposition cycle)

Additional purification steps

Complex and time-consuming
technique

Larger nanocapsules com-
pared to other methods

Table 1.

Comparative analysis of the advantages and disadvantages of nanocapsule production methods.

4. Physicochemical characterization of nanocapsules

Next to the technical challenge of fabricating nano-vesicular systems, there is an inev-
itable need both for monitoring the whole process and characterizing the properties of
the nanocapsules produced [43]. A variety of characterization techniques can be found in
the literature. Some of them are important techniques required to be done in any col-
loidal system, while the choice of others depends on the specific area of application of the
systems. In this sense, the physicochemical characterization involves techniques to study
or determine particle size, morphology, and dynamic stability of the nanocapsule sus-
pension, as well as to know their effectiveness as drug entrapment and release systems.

4.1 Average size and size distribution

The average size and size distribution of submicron particles are usually measured
by dynamic light scattering (DLS), which is based on the equivalent sphere principle
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when an incident beam interacts with the sample particles. Well-prepared nanocap-
sule systems should be in the nanometer range and with a narrow particle size distri-
bution. Therefore, numerous studies have paid attention to the effect of both the type
and the concentration of the constituents, as well as the fabrication process variables,
on the size and polydispersity index (PI) of the sample [44]. The disadvantage of DLS
is that there are some parameters that may influence data, such as viscosity, pH, and
temperature of the suspension medium, as well as concentration, colloidal instability,
or the presence of aggregates [23]. On the other hand, microscopic methods are also
used to determine nanocapsules’ mean size, but they require the imaging of a large
number of particles, and the measurement may be affected due to the sample dry
state required for the analysis [24]. So, it is generally recommended to use at least two
methods to determine the particle size and size distribution [23].

4.2 Morphology

Different microscopy techniques can be used not only to observe the nanocapsule
morphology and structure, but also to determine the average size, elemental composi-
tion, and state of aggregation. Scanning electron microscopy (SEM) or transmission
electron icroscopy (TEM) are the most common techniques, and their choice depends
on the size of the studied system and the established purposes [23, 45]. The principle
of SEM is to scan the sample with a high-energy electron beam, and image formation
is achieved by collecting low-energy secondary electrons or backscattered electrons
that are released from the sample surface. For this reason, SEM images present a
three-dimensional appearance and are useful to appreciate the structure, shape, and
surface defects of the sample [45, 46].

Compared to SEM, TEM needs a higher voltage, resulting in higher resolution
(0.2 nm). Since electrons can pass through the sample, the internal structure, whether
crystalline or amorphous, can be observed [44]. Both techniques are expensive and
require high vacuum, the main difference laying in the preparation of the sample and
the information obtained from it. SEM requires sample conductivity, which is usu-
ally achieved by coating the sample with a thin layer of gold or platinum. In contrast,
for TEM analysis the sample must be thin enough to be electron-transparent [45].

It is worth mentioning that a qualitative or semi-quantitative elemental chemical
analysis can be performed by electron microscopy, coupling energy-dispersive X-ray
spectroscopy (XEDS) [24]. In addition, the use of scanning transmission electron
microscopy (STEM), a technique that combines both principles, has been reported for
the characterization of micro- and nanocapsules [47].

Another useful tool for simultaneously determining particle shape, surface struc-
ture, and even some mechanical properties is atomic force microscopy (AFM). AFM
images are obtained by measuring the displacement of the AFM tip during a raster
scanning over the immobilized sample. The result is a high-resolution 3D profile of
the surface under study. The principal advantage of AFM over electron microscopy
is that it permits the imaging of almost any type of surface and biomolecules under
different physicochemical conditions, during biological processes, or even the study
of the mechanical properties of delivery systems at the nanoscale [45, 48].

4.3 Stability of nanocapsule suspensions

An important property of colloidal systems is that they remain stable over
time and under certain conditions of interest. Some physicochemical instability
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phenomena of nanocapsules are aggregation, precipitation, creaming, nanocapsule
chemical degradation, and consequently, the reduction of drug content within the
nanocapsule. All these phenomena can occur during the production process or after
storage. Among the main reasons for them are inadequate steric or electrostatic
stabilization, and the combination with external agents, such as oxygen, temperature,
and ultraviolet radiation. In this way, the stability of nanocapsules is generally evalu-
ated in terms of drug content, variations of zeta potential values, and average particle
size as a function of time, pH, or temperature, using DLS or Zeta Potential techniques
[23]. In some cases, the visual inspection of the colloidal suspension is also useful. On
the other hand, some degradation products can be evaluated by chromatography or
spectrometry [49].

4.3.1 Zeta potential

The zeta potential is the electric potential at the interfacial double layer between
the dispersed particle and the liquid layer surrounding it, and can be determined
by electrophoretic light scattering, where the particle migrates toward the electrode
of opposite charge with a velocity that is proportional to the magnitude of the zeta
potential [23]. Regarding stability, it is important to ensure that the zeta potential
values of the nanosystems are greater than +30 mV, as this guarantees the strong
electrostatic repulsion forces that prevent the occurrence of aggregation phenomena
among the particles [50]. In addition to evaluating the stability of nanodevices, zeta
potential measurements can also confirm the coating or adsorption of a specific
material on the nanocapsules surface, which is useful specifically in the layer-by-layer
technique described in Section 3.3 [24].

4.4 Encapsulation efficiency and in vitro drug release

Drugs can be loaded onto nanosystems by incorporating them during the nano-
capsule production, or either after the formation of the nanocapsules, incubating the
carrier with the concentrated drug solution [51]. In both cases, the drug can be physi-
cally loaded onto the polymeric matrix or the oily core, or it can be adsorbed on the
surface, in the function of the affinity and the physicochemical characteristics of both
the drug and the components of the nanocapsules [52]. The total content of a drug in
the nanocapsule suspension can be determined after dissolving or extracting the drug
from the carrier, or calculated from the difference between the total and free drug
concentrations after the separation of nanocapsules by centrifugation or ultrafiltra-
tion [23]. The determination of loaded or released drugs can be carried out by means
of high-performance liquid chromatography (HPLC), fluorescence spectroscopy,
UV-Vis spectroscopy, or another analytical technique.

Nanocapsule erosion or swelling can lead to drug release. Iz vitro drug delivery
depends upon the localization of the drug within the particle, the physicochemical
properties of both the drug and the nanocapsule constituents, size, morphology,
and cross-linking, and also on release conditions, such as pH, temperature, polar-
ity, and the presence of enzymes or an adjuvant. Regarding the release of the active
principle, the process is governed by solubility, diffusion, and polymer biodegrada-
tion. In the case of nanospheres, where the drug is evenly distributed, drug release
occurs through diffusion or matrix erosion. If diffusion is faster than erosion, the
release mechanism is said to be controlled by diffusion. If the drug is weakly bound
to the surface, a rapid initial release or “burst” will take place. If the drug has been
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incorporated into the polymeric matrix (nanocapsule), it will present a relatively
small “burst” effect and a sustained release profile instead. In this case, the release will
be controlled by drug dissolution and diffusion through the polymeric membrane. To
avoid the “burst” effect, compounds can be added to the matrix that reduces the drug
solubility, or, as in the case of chitosan, ethylene oxide-propylene oxide block copo-
lymer (PEO-PPO) can be added, which increases release rate because it diminishes
drug-matrix interaction [1].

Determining the drug release mechanism from the particle system can give
valuable information about the interactions between the drug and the nanocapsule.
Drug release kinetics from nanocapsules may be obtained using ultracentrifugation,
centrifugal ultrafiltration, dialysis techniques, or side-by-side diffusion cells with an
artificial or biological membrane [23, 52]. Furthermore, the kinetic data can be fitted
to mathematical models to determine the predominant release mechanism, which is
very convenient in the design and evaluation of the utility of nanocapsules as drug-
delivery systems in pharmaceutical applications [24].

5. Applications of nanocapsules in therapeutics

Nanotechnology has revolutionized cancer diagnosis and therapy. Protein engi-
neering and materials science have contributed to the development of new nano-
systems for drug delivery. The major features of nanoparticles for their application
in drug delivery are particle size and size distribution. These determine the capacity
to reach the target, drug distribution and toxicity, and influence charge and drug
release, as well as the stability of nanoparticles. Smaller nanoparticles present a larger
surface/volume ratio; in this case, the drug, which is closer to the surface, is expected
to be released at a higher speed. Because of their small size, these nanoparticles
can cross the sore endothelium, the intestinal epithelium, for example, in tumors,
and enter microcapillaries of 5-6 microns diameter, and it also enables them to be
selectively captured by cells and cause drug accumulation in certain places. On the
other hand, the smaller the particle size, the more the risk of aggregation during the
storage, transport, and manipulation. With respect to bigger particles, they allow for
alarger drug per particle encapsulation, which derives in a slower release. Therefore,
particle size control results in a regulation of the drug release rate. Moreover, size also
affects polymeric degradation. In the case of cancer treatment, the aforementioned
properties are fundamental; due to their small size, nanoparticles can access tumors
and concentrate there through the EPR effect (enhanced permeability and retention).
To the moment, many nanotechnological systems have been developed and tested as
anticancer drug carriers, however, difficulty arises from the fact that these drugs do
not differentiate healthy from tumoral cells. For that reason, it is necessary to investi-
gate strategies that permit systems to reach the tumor specifically [1, 53].

As to the surface properties of nanoparticles, hydrophobicity influences their des-
tiny, as it determines the level of blood components (such as opsonin) that will join
them. It is essential to minimize opsonization to prolong the circulation of nanopar-
ticles in blood. With this goal, nanoparticles can be coated with hydrophilic/surfac-
tant and/or biodegradable polymers, such as PEG, polyethylene oxide, poloxamer,
poloxamine, and polysorbate 80 (Tween 80) [1]. Targeted delivery can be active or
passive. In the first case, the active principle or the nanosystem must conjugate to
a specific ligand from the cell or tissue, whereas when the delivery is passive, the
drug is released in the target organ. Nanocarriers concentrate preferably in tumors,
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inflammatory sites, and at antigen sampling sites due to the EPR effect of the vascula-
ture. Anti-neoplastic, anti-viral drugs, and several other drugs are unable to cross the
BBB. Nanoparticles with Tween 80 and those formulated with hyper-osmotic man-
nitol, which breaks the strong unions present, have been proved to be able to cross
the BBB and provide a sustained release of drugs for the treatment of brain tumors.
Once the target is reached, nanoparticles from biodegradable hydrophobic polymers
become like a reservoir and start releasing the active compound in a continuous way.
This type of system is usually employed to improve bioavailability and sustained
release, and even to solubilize drugs for systemic delivery, and the systems adapt

to protect bioactives from enzymatic degradation by nucleases and proteases, for
instance [1].

5.1 Drug-delivery systems

Next, some most recent examples are gathered where polymeric and lipid nano-
capsules are used to carry a great variety of drugs. In Table 2 some recent relevant
studies are compiled.

5.1.1 Antimicrobial and antibiotics

Several reviews exist about systems developed for the treatment of infections.
Specifically, in Ref. [100], the most important works concerning the use of lipid-
based formulations from 2000 to 2020 are compiled. Infections caused by bacteria
resistant to antimicrobial drugs available for use in humans have increased exponen-
tially. This revision highlights the importance of the development of nanotechnology
in lipid systems as an innovative tool for infection treatment. Chitosan nanocapsules,
and lecithin-polysorbate 80, containing dapsone, have resulted useful; also, lipid
nanocapsules with carvacrol and cinnamaldehyde. Another review about the incor-
poration of natural substances with antimicrobial activity in polymeric nanoparticles
highlights specifically the antifungal activity against Candida species of Glycyrrhiza
glabra L., which is included in mucoadhesive nanoparticles constituted by PLA,
PLGA, and alginate. Nanocapsules were also prepared from polymyxin B cross-linked
with sodium alginate and solid lipid nanoparticles with Ginkgo biloba L., and their
antimicrobial activity against Pseudomonas aeruginosa was studied [101]. For the
delivery of fluoxetine, starch nanocapsules with core-shell morphology were pre-
pared and joined to polyurethane. The system presented antibacterial activity against
Staphylococcus aureus [54]. The incorporation of antimicrobial peptides appears as a
promising alternative for infection treatment, as well as carvacrol loaded onto nano-
capsules formed by PCL [55]. PCL nanocapsules loaded with amoxicillin trihydrate
were prepared to investigate the gastric stability of this drug, as well as its therapeutic
activity against H. pilori [56]. Eudragit® polymers (polymethacrylate-based copoly-
mers) are easy to handle and are used to prepare formulations for oral administration.
Antibiotic florfenicol was encapsulated in Eudragit® nanocapsules [57].

Besides, it was possible to demonstrate the antimicrobial activity of chitosan
against Escherichia coli through the assembly of bacteria cell membranes. This last
finding represents an advance in delivery systems based on chitosan nanocapsules
since it can enhance the effects of carried antibiotics [102]. As a strategy to increase
the solubility of capsaicin, a major component of chili peppers known for its numer-
ous therapeutic activities, nanocapsules of chitosan in the form of high-payload
submicron capsaicin-chitosan colloidal particle complex were prepared. Besides

171



Drug Carriers

Pharmacological group Drug/compound Type of nanocapsule References
Antimicrobial and antibiotics Fluoxetine Polymeric [54]
Carvacrol Polymeric [55]
Amoxicillin Polymeric [56]
Florfenicol Polymeric [57]
Tea tree oil Polymeric [58]
Fusidic acid Lipid [59]
Albendazole Lipid [60]
Anticancer drugs Curcumin Polymeric [61-63]
Hybrid lipid [64]
Liquid lipid [65, 66]
Docetaxel Polymeric [67, 68]
Lipid [69]
Perillyl alcohol Polymeric [70]
Tamoxifen Polymeric [71,72]
Aprepitant Polymeric [73]
5-fluoroacil Polymeric [74,75]
Doxorubicin Polymeric [76]
Paclitaxel Polymeric [77,78]
Lipid [79]
Oleic acid Hybrid [80]
Simvastatin Hybrid [81]
Thymoquinone Polymeric [82]
Gemcitabine Lipid [83]
Phloretin Lipid [84]
Itraconazole Lipid [85, 86]
Regorafenib Lipid [87]
Sorafenib Lipid [88]
Imatinib Lipid [89]
Ifosfamide Lipid [90]
Vinorelbine Lipid [91]
Anti-leishmaniasis Glucantime Polymeric [92]
Anti-hyperglycaemic Chrysin Polimeric [93]
Inmunological Imiquimod Hybrid [94]
Anti-inflammatory Diflunisal Hybrid [24]
Celecoxib Polymeric [95]
Nicotine Lipid [96]
Antidiabetic Anthocyanin Polymeric [97]
Anesthetics Prilocaine, Lidocaine Lipid [98]
Ophthalmic Astragaloside Lipid [99]
Table 2.

Recent studies based on lipid and polymevic nanocapsules used as dvug carriers.
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achieving 75% of the loaded compound, capsaicin antimicrobial activity remained
intact [103]. Chitosan-PCL core-shell nanocapsules were obtained and loaded with
tea tree oil. These nanosystems presented activity against Cutibacterium acnes, which
makes them useful for topical acne treatment [58]. Also, lipid-core nanocapsules
coated with chitosan to test the antimicrobial iz vitro activity of fusidic acid against
Gram-positive bacteria were prepared [59]. The side effects of bedaquiline, a very
effective drug against tuberculosis, can be very dangerous. The result of its encapsula-
tion in lipid nanoparticles and chitosan-based nanoparticles suggests that it is possible
to achieve a high concentration of the drug in the place of the infection, reducing

the dose and therefore, side effects [104]. Encapsulation of the anthelmintic drugs
mebendazole, albendazole, and their main metabolite in lipid nanoparticles, showed
efficacy for Cystic echinococcosis treatment [60]. On the other hand, bacterial biofilms
often impede the diffusion and accumulation of antimicrobial compounds, which is
why the development of systems able to cross the biofilm is paramount. It has been
observed that polymeric nanoparticles can access and change the properties of the
biofilm microenvironment due to their size and specific structure. In this way, they
interact with bacteria and/or release the encapsulated drugs. Thus, they are systems
with a projection in anti-biofilm therapy [105].

5.1.2 Anticancer drugs

Curcumin has been described, among many other applications, to possess
anticancer properties against different tumor types, including colorectal cancer.
Nevertheless, it presents an inconveniently low bioavailability and a short average life,
as well as a limited absorption and quick metabolism. The use of non-toxic nanocap-
sules prepared from the biodegradable polymer polyallyhydrocarbon proved useful
for drugs with low bioavailability, including curcumin. The efficacy of these systems
was confirmed with the use of mice as models [61]. In the same way, curcumin was
encapsulated in systems prepared from chitosan and carboxymethyl cellulose which
presented good stability [62] In Ref. [63], nanocapsules with different polymeric coat-
ings (P80, PEG, chitosan, and Eudragit®) were prepared and compared as curcumin
carriers. They evaluated the release of the active, cytotoxicity, and in this case,
antimalaria activity was tested instead of antitumoral potential. The highest activity
observed was that of nanocapsules prepared from chitosan. On the other hand, a
curcumin-loaded nanostructure of hybrid lipid capsules of three different sizes has
been shown to present 2.5 times the anti-cancerous efficacy of free curcumin in breast
cancer cells and breast cancer stem-like cells [63, 64]. Also, liquid lipid nanocapsules
coated with human serum albumin to carry curcumin were proposed. To strengthen
the protecting role of the protein layer, this was cross-linked [65]. Moreover, liquid
lipid nanocapsules were obtained from olive oil emulsification, where nanocapsules
were coated by a protective shell composed of bovine serum albumin and hyaluronic
acid [66]. The so-called nanocurcumin was also formulated, consisting of the anti-
cancerous compound incorporated into a polymeric nanoparticle, which enhances its
solubility. Due precisely to its solubility, its gelifying capacity and its ability to form
complexes, pectin has also been widely used for the preparation of diverse nanomate-
rials, including nanocapsules. It presents medical uses as a coagulant, anti-diarrheic,
anti-ulcerous, and anti-cancerous for colon cancer [106].

The anticancer drug docetaxel has been carried in multiple types of nanocapsules.
As a novelty, nanocapsules were prepared that consisted of a polymeric shell coating
an oily core, targeted to Tn-expressing carcinomas. Chitosan was PEGylated and
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modified with a monoclonal antibody that recognizes the antigen Tn, which is highly
specific for carcinomas. Internalization of nanoparticles and reduction of cellular via-
bility were proved. The release is pH-dependent, being faster in acid pH, which favors
intracellular release [67]. Also for docetaxel delivery, nanocapsules were formulated
from hyaluronic acid through self-emulsification in absence of organic solvents. They
were studied iz vitro with lung cancer cells and an effective release of the drug was
observed [68]. In addition, the system composed of docetaxel and thymoquinone
co-encapsulated in PEGylated lipid nanocapsules was explored. Cytotoxicity was
improved and enhanced antitumor efficacy and apoptotic effects were observed.
Reduced oxidative stress and toxicity to liver and kidney tissues occurred [69].
Chitosan-coated PLC nanocapsules resulted effective for the oral administration of
perillyl alcohol, an essential oil with chemo-preventive activity for anticancer therapy.
These nanocapsules present the mucoadhesive properties of the oil [70]. Chitosan and
gellan gum were combined in the preparation of natural nanocapsules for tamoxifen
delivery [71]. Tamoxifen delivery in biocompatible nanocapsules made from a PLA
core and a 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy (polyet
hyleneglycol)-2000] shell was studied for breast cancer treatment. Cell proliferation
results indicated cytotoxicity of nanocapsules in MCF-7 cells, as compared to free
tamoxifen [72].

The drug aprepitant is a selective neurokinin 1 antagonist with low solubility
in water, clinically used for the prevention of vomits and sickness provoked by
chemotherapy. Chitosan-PEG-coated cyclodextrin nanoparticles and nanocapsules
were designed and evaluated iz vitro and in vivo [73]. New topic formulations of the
antitumoral drug 5-fluorouracil were studied using sodium alginate and hyaluronic
acid-containing AS1411 aptamer-functionalized polymeric nanocapsules. It was
proved that nanoencapsulation improves drug permeability, and the nanoparticles
prepared showed favorable biosafety and good antitumor effects for skin cancer treat-
ment [74]. To improve the efficiency of the antitumoral treatment, hybrid nanocap-
sules obtained from the interfacial condensation between chitosan and poly (N-vinyl
pyrrolidone-alt-itaconic anhydride), containing both magnetic nanoparticles and
5-fluorouracil, were developed. Their nanometric size and their spherical shape were
confirmed by SEM [75].

Polysaccharide-based nanocapsules prepared from furcellaran and chitosan via
LBL deposition using electrostatic interaction were studied. To achieve targeted
delivery, the surface was modified with a peptide. Doxorubicin was encapsulated with
excellent drug loading properties, and release and stability proved to be influenced by
pH. This system showed compatibility with eukaryotic organisms and good anti-
cancer effects [76]. Paclitaxel, like most anticancer drugs, is low water-soluble and
presents high toxicity at therapeutic doses. Nanoencapsulation seems a good strategy
to overcome these difficulties. In Ref. [77] three kinds of nanocapsules using derivates
of PEG dimethacrylates as crosslinking agents were obtained. It was possible to prove
that the nanocapsule system provides an effective and universal strategy for lung
targeting, esterase triggering, and synergy therapy. In another study, paclitaxel was
loaded onto chitosan-poly(isobutyl cyanoacrylate) core-shell nanocapsules designed
for oral drug delivery. The nanocapsules thus prepared had low polydispersity,
spherical shape, and good mucoadhesive properties [78]. Another strategy for the
encapsulation of paclitaxel and the reduction of its toxicity is the preparation of lipid
and biosurfactant-based core-shell-type nanocapsules. In one such study, Acconon®
was the lipid, and stearic-acid-valine conjugate the biosurfactant [79].
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Health properties are attributed to the low water-soluble components of garlic oil
diallyl disulfide (DADS) and diallyl trisulphide (DATS). Among these is anticancer
activity. Both compounds were encapsulated in oil-core nanocapsules of hyaluronic
acid. It was proved that encapsulation inhibits the membrane lysis of red blood cells
(chiefly provoked by DADS), that the shell acts as a limiting barrier for the sulfur
oxidation of the compounds, and that they preserve their biological and anticancer
properties after encapsulation. Oleic acid was carried in this same type of nanocap-
sules and it was concluded that in presence of amphiphilic derivates of hyaluronic
acid as a shell of the nanocapsules it is not necessary to include low molecular weight
(co)surfactants [80].

Chitosan-coated PCL nanocapsules loaded with simvastatin resulted to be a
promising strategy for simvastatin administration within a nose-to-brain approach
for brain tumors therapy. Lipid-core nanocapsules coated with chitosan of different
molecular weights were prepared by a novel one-pot technique. All formulations pre-
sented adequate particle sizes, positive surface charge, narrow droplet size distribu-
tion, and high encapsulation efficiency. The nanocapsules allowed for controlled drug
release and displayed mucoadhesive properties dependent on the molecular weight
of the coating chitosan [81]. Polymeric nanocapsules of Eudragit® were successfully
prepared to load thymoquinone. They were conjugated with anisamide as ligand for
sigma receptors overexpressed by colon cancer cells [82]. In a bibliographical review,
the use of nanocapsules is summarized, among other nanocarriers, for immuno-
therapy against cancer. As an example, gemcitabine encapsulated in PEGylated lipid
nanocapsules is reported. These nanostructures enter macrophages and tumoral cells
[107]. Also, lipid nanocapsules (100 nm) loaded with lauroyl-modified gemcitabine
efficiently target monocytic myeloid-derived suppressor cells in melanoma patients.
The size and charge of nanocapsules can be modulated to reach immunosuppressive
cells [83]. The antitumoral effect and the safety of nanocapsules made from a multi-
functional component based on Lecigel® phospholipids loaded with the anticancer
drug phloretin were tested. This drug is little soluble in an aqueous medium, and
therefore, its dermatologic formulations are limited. With the prepared hydrogel,
capacity to get through the skin layers was proved, as well as the drug reservoir role
in the corneum stratum. Hence, it is presented as an innovative formulation to be
applied in melanoma therapy [84]. Itraconazole is an antifungal drug to which are
attributed potential anti-cancerous effects with few side effects. Lipid nanocapsules
were proposed for the combined therapy with miltefosine and itraconazole, and an
increase in the chemotherapeutic efficacy was observed. These nanocapsules were
prepared from Labrafil® (oleoyl polyoxyl-6 glycerides), Labrafac® (caprylic-capric
acid triglycerides), Transcutol® (diethylene glycol monoethyl ether), and Lipoid®
(soybean lecithin, phosphatidylcholine, and phosphatidyl ethanolamine). Lipid
systems were also prepared to study their efficacy as topic formulations with fungal
and non-fungal effects [85, 86].

In Ref. [87], the possibility to supply intravenously lipid nanocapsules of 50 nm
approx. was investigated, and it was checked whether this is viable for the treatment
of different cancer types. Six different kinds of drugs were employed; encapsulation
efficacy was good and iz vivo experiments showed that the combination of SN38 and
regorafenib in lipid nanocapsules is useful for the treatment of colorectal cancer. Also,
sorafenib, a tyrosine kinase inhibitor, was encapsulated in lipid nanocapsules against
glioblastoma and the results suggest that they can be used to improve chemotherapy
and radiotherapy efficacy [88]. There also exist studies on imatinib, another tyrosine
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kinase inhibitor, delivered in lipid nanocapsules against melanoma [89]. The thera-
peutic efficacy against osteosarcoma was increased by ifosfamide-loaded-lipid-core
nanocapsules, with significantly higher cytotoxicity of the drug than free ifosfamide
at the same concentration. The apoptosis of cancer cells was increased by the prepared
system by increasing the expression levels of caspase-3 and caspase-9 in MG63 cells
[90]. A hydrophilic antimitotic agent for breast cancer, vinorelbine bitartrate, was
incorporated in the lipid aqueous core of nanocapsules protected with a lipid shell. The
release mechanism resulted to be Fickian diffusion, and hemocompatibility studies
were also carried out to ensure safety in the case of intravenous administration [91].

5.1.3 Genes

The new systems for oncotherapy under development focus on selectivity so that
they reach tumor cells without affecting the healthy ones. One strategy is to incor-
porate genes in non-viral carriers via surface modification to increase selectivity and
affinity for the target cell’s receptors. Nanocapsules with ter-polymers, to deliver DNA
into tumoral cells, were developed. The surface of the nanocapsules was activated
with folic acid so as to enable interaction with the folate receptors overexpressed
[108]. Folate-decorated reductive-responsive carboxymethylcellulose-based nano-
capsules were also prepared for targeted delivery and controlled release of hydro-
phobic drugs. In this case, the shell was cross-linked by disulfide bonds formed from
hydrosulfuryl groups on the thiolated carboxymethylcellulose. These systems could
become potential hydrophobic drug carriers for cancer therapy [109]. In addition, the
first experiment with DNA-derived nanocapsules designed to reach podocytes, which
damage plays a central role in the pathogenesis of idiopathic nephrotic syndrome, as
well as in the progression of many chronic glomerular diseases, has been developed.
These nanocapsules were composed of chitosan and plasmids, and their size, the
number of plasmid layers, and the presence of the solid template were investigated
in particular as the main parameters impacting the biological assay [110]. Besides,
nanocapsules obtained from chitosan with hyaluronic acid for genes delivery into
the lung epithelium were described. The nanocapsules were introduced in mannitol
microspheres to facilitate administration in the lungs. This was seen as a good strategy
for the delivery of genetic material into the lung [111]. In a different study, spheri-
cal nanocapsules were obtained from chitosan and loaded with capsaicin for cystic
fibrosis treatment, and wtCFTR-mRNA was linked to the surface. They happened
to be highly stable in the cell culture transfection medium [112]. Also, polyarginine
was encapsulated in glyceryl-monooleate-based liquid droplets together with the
immunomodulator chemokine CCL2 and two RNAi sequences. It was concluded that
polymeric shells confer multifunctionality to the nanocapsules due to their versatility,
which permits control of the mechanism of the therapeutic action [107]. An analo-
gous of the nucleotide GMP was encapsulated in lipid nanocapsules for the treatment
of neurodegenerative retinal degenerations. The nanocapsules were prepared from
Labrafac™ lipophile, Kolliphor™, and phospholipids, and remained stable for 6 days
in phosphate buffer and in vitreous components, allowing for a sustained release

[113].
5.2 Stimuli-responsive systems

Stimuli-responsive drug-delivery systems are of interest because they can restrict
drug delivery to the target. Nevertheless, it is difficult for most systems to reach all the
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cells of the tumoral tissue, due to the natural tumoral barrier. There are nanosystems
that can be pre-programmed to alter their structure and release the encapsulated
molecule more effectively. In this case, molecular sensors are incorporated which
respond to physiological or biological stimuli, such as changes in pH, redox potential,
or enzymes. Drug release can occur via passive systemic targeting or active recep-

tor targeting. Plasmids of DNA, si-RNA, and other therapeutic nucleic acids can be
carried [1]. The development of pH-sensitive drug-delivery systems for the selective
release of anticancer drugs is promising, given that healthy tissue has a pH of 7.4, the
average extracellular pH in tumoral tissue is 6.8, and the pH of intracell components
such as endosomes and lysosomes varies from 4.5 to 6.5. The cause of this difference
is that the high metabolic rate required for tumor growth provokes hypoxia in the
tumoral region. Therefore, the specificity of delivery systems for low pH levels is a
suitable strategy to improve chemotherapy effectiveness, on one side, and reduce
cytotoxicity levels, on the other. Most systems proposed for this kind of strategy are
organic, but they still present some inconveniences such as low biocompatibility,
complex manufacture, and limited drug release indexes [53]. In the case of melanoma
therapy, lipid nanocapsules prepared from N-vinylpyrrolidone and vinyl imidazole
showed pH-responsive ability and improved drug entrance into the tumoral cells. The
copolymers were inserted into the surface of the nanocapsules, and they particularly
changed from neutral charge at physiological pH to positive charge in acid conditions
[114]. Besides, polyurea/polyurethane nanocapsules displaying pH-synchronized
amphoteric properties were proposed. Such properties facilitate their accumula-

tion and their selectivity for acidic tissues, such as tumoral tissues [115]. Stimuli-
responsive multi-layered nanocapsules were also prepared with Eudragit®, chitosan,
sodium alginate, and poly-L-arginine. They were loaded with curcumin and delivery
was studied under similar pH conditions to those of the gastrointestinal tract. These
nanocapsules were observed to shield the compound from being released in the stom-
ach and allow it to be released in the intestine [116]. A LBL nanocapsule was obtained
from hyaluronic acid functionalized with anionic azobenzene co-assembled with
cationic poly diallyl dimethylammonium chloride. It is a novel UV-induced (365 nm)
decomposable nanocapsule. Its size enables it to cross biological barriers, permits a
prolonged circulation in the blood, and improves accumulation in the tumor. Later,

it can be eliminated after UV-induced dissociation. Similarly, a nanocapsule was
prepared with the anionic alginate-azo and cationic chitosan, and the anticancer drug
doxorubicin was loaded onto these nanocapsules [117, 118].

5.3 Theragnostics and diagnostics

The field of theragnostics has been rapidly amplified in the last years, thanks to
nanotechnology. As it has been commented above, nanomaterials can provide useful
action following a great variety of stimuli, be they internal (enzymes, redox potential,
pH, and temperature) or external (light, heat, magnetic fields, and ultrasounds-US).
In Ref. [119], an interesting review of US-responsive theragnostic nanomaterials under
the following categories can be found: microbubbles, micelles, liposomes (conven-
tional and echogenic), niosomes, nanoemulsions, polymeric nanoparticles, chitosan
nanocapsules, dendrimers, hydrogels, nanogels, gold nanoparticles, titania nanostruc-
tures, carbon nanostructures, mesoporous silica nanoparticles, and fuel-free nano/
micro-motors. Theragnostic nanomaterials in service can produce an imaging signal
and/or a therapeutic effect, which frequently involves cell death. It is much interest-
ing to combine the ability for theragnostics of the nanocarriers designed with the
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clinical imaging ultrasound technique. High-intensity-focused ultrasound appears as a
promising and minimally invasive therapeutic modality against various solid tumors.
Although it has received considerable attention in the biomedical field, both the accu-
racy and efficacy of this technique are currently unsatisfactory. A nanometer-sized
organic/inorganic hybrid enhancement agent for photoacoustic imaging-guided high-
intensity-focused ultrasound therapy was designed and fabricated by concurrently
encapsulating both Cu2-xS nanodots and perfluorooctyl bromide into a PLGA nano-
capsule. These nanocapsules assumed a unique core/satellite/shell sandwich structure
and combined the merits of small and uniform particle size, favorable biosafety, and
multifunctional theragnostic ability into one system [120]. A biocompatible theragnos-
tic platform consisting of luminescent upconversion nanocapsules encapsulated with
cellulose acetate, a biocompatible polymer, was developed. This theragnostic platform
is able to simultaneously perform diagnosis and drug delivery. On the one hand, the
luminescence properties of the nanocapsules were observed to remain stable even after
encapsulation. On the other, the chemotherapeutic drug doxorubicin was successfully
loaded onto the nanocapsules [121]. Also, a new theragnostic nanoplatforms based on
nanocapsules and PLGA, which were chemically modified so that they could incorpo-
rate several imaging moieties was produced. The nanocapsules can be endowed with

a magnetic resonance imaging reporter, two fluorescence imaging probes (blue/NIR),
and a positron emission tomography (PET) reporter. In vitro toxicity was not observed
in any of the two different types of human endothelial cells with concentrations up to
100 pg mL". Versatile in vitro/in vivo multimodal imaging ability was observed, as well
as excellent biosafety and over 1% wt protein loading. In the same way, nanocapsules
fabricated from biodegradable and photoluminescent polyester with PLGA were
reported. Superparamagnetic iron oxide nanoparticles (SPIONs) were incorporated
into the polymeric shell so as to transform the system into a magnetic resonance/photo-
luminescence dual-modal imaging theragnostic platform [122, 123]. Polydopamine is a
polymer with adhesive properties; nanoparticles were prepared from it where cisplatin
prodrug has been loaded via supramolecular interaction between p-cyclodextrin and
adamantyl groups [124]. The nanoparticles exhibited photoacoustic imaging capac-

ity for in vivo monitoring of the drug in the tumor site, and the chemo-photothermal
therapy of the system showed a powerful anticancer activity against osteosarcoma cells
in vitro. This is an innovative strategy for the preparation of multifunctional nanother-
agnostics for combined anticancer therapy [125]. Polymeric Pluronic-F127-chitosan
nanocapsules were obtained and explored as theragnostic agents. IR780 iodide, a
near-infrared fluorescent dye that can be applied as a photosensitizer in photodynamic
and photothermal therapies, was loaded for single-wavelength NIR laser imaging-
assisted dual-modal phototherapy. Besides, the nanocapsules were functionalized with
folic acid so as to activate their targeting capacity against folate receptor-expressing
ovarian cancer cells [126]. The same compound was encapsulated in PEG-PLA nano-
capsules and demonstrated potential as a multifunctional theragnostic agent for breast
cancer treatment, with increased cellular uptake and photodynamic activity, and more
reliable tracking in cell-image studies [127]. Magnetic lipid nanocapsules that show
higher structural stability and better theragnostic properties than traditional lipid-
based nanocarriers were reported as therapeutic nanocarriers displaying drug-delivery
capacity. These nanocapsules are 16 times more efficient than free drugs and their diag-
nostic imaging capability was also demonstrated [128]. Increasing attention is being
payed to multilayer nanocarriers loaded with optically activated payloads, since they
are expected to provide new mechanisms of energy transfer in health-oriented applica-
tions, at the same time as they look promising for energy storage and environmental
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protection. The combination of a careful selection of optical components for efficient
Forster resonance energy transfer and surface engineering of the nanocarriers allowed
to synthesize and characterize novel theragnostic nanosystems for deep-seated tumors
diagnosis and therapy [129]. Recently, a review has been published where the most
interesting advances in nanocarriers applications, including polymeric nanocapsules as
tools for Alzheimer’s diagnosis and treatment, are compiled [130].

5.4 Biosensors

Biosensors measure biological, chemical, and physical signals related to health.
They are used to track diseases and thus improve health. A multilayer system via
LBL deposition of biopolymers, based on electrostatic interaction and intended to be
applied in diabetes detection was developed. They obtained a new glucose-responsive
system using poly(lysine) derivatives and alginate as polycation and polyanion,
respectively [131]. Also, chitosan-based nanocapsules were demonstrated as E. coli
bacterial quorum sensing reporter strain [132].

5.5 Others

Next are collected the most recent studies of polymeric and lipid nanocapsules as
drug carriers not included in the previous groups:

Regarding polymeric nanocapsules, systems prepared from PLA and PLGA were
loaded with glucantime, active against leishmaniasis, and the anti-hyperglycaemic
flavonoid chrysin, respectively [92, 93]. Another example is that of the chitosan
nanocapsules prepared with the novel excipient Compritol® for transdermal delivery
of imiquimod, a modifier of the immunological response [94]. Natural polymers
k-carrageenan and chitosan were deposited onto olive oil nanoemulsion droplets via
LBL self-assembly. The anti-inflammatory drug diflunisal was used as a lipophilic
drug model in the nanocapsules thus prepared and was introduced into the oily core
[24]. Also, a new system was developed with optimized hyaluronan nanocapsules
for intra-articular delivery of the anti-inflammatory celecoxib [95]. In addition,
Eudragit® nanocapsules loaded with nicotine as an adjuvant were studied for the
anti-inflammatory therapy of the central nervous system. In this case, some polymer
toxicity was observed [96]. An alternative to insulin therapy for diabetes is the use of
nanocapsules loaded with anthocyanin. A study explored the potential use of purple
sweet potato extract, with high levels of anthocyanin, loaded onto carboxymethyl
cellulose and alginate nanocapsules [97].

On the other hand, there are several examples of lipid nanocapsules for the
delivery of diverse drugs; lipid spherical nanocapsules with negative zeta potential
were prepared with Labrafac® lipophile WL 1349 and Lipoid®, and incorporated in a
gel for topical administration. The local anesthetics prilocaine and lidocaine were suc-
cessfully encapsulated [98]. Phospholipid nanocapsules of three sizes were obtained
and loaded with astragaloside to treat age-related macular degeneration. Ocular
penetration was corroborated through pharmacokinetic studies [99].

6. Conclusion

The number of publications reporting new strategies for the obtention of nano-
capsules for biomedical applications considerably rises every year. New materials
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are being included for the preparation of nanocapsules, and their applications as
stimuli-responsive systems, biosensors, and for theragnostic uses are being explored.
The nanocapsule production method depends on the desired characteristics, the
formulation materials, and the availability of laboratory equipment. Once the nano-
capsules are fabricated, the protocol of characterization of the prepared systems is
followed. In general, the nanoparticles described are spherical, with suitable sizes, size
distributions, and zeta potentials according to their application, specifically, under
300 nm and with zeta potentials around +30 mV. On the other hand, the activity of
the nanoparticles loaded with the corresponding drug is tested iz vitro in many of the
works, although it is crucial to test that activity iz vivo so as to access clinical study.
For this reason, more and more in vivo studies appear, especially in the case of anti-
tumoral therapy, which refers to the activity of the encapsulated drug and the ability
of nanocapsules to release it in the desired target, avoiding side effects in healthy
cells of the body.
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Chapter 9
Plant Gum Based Drug Carriers

Melika Masoudi, Amirhossein Tashakor and Davood Mansury

Abstract

Recently, there have been various chemical carriers and routines for treatment
of infections. Plant gum nanoparticles are being used greatly for this purpose. They
have several advantages over chemical drug carriers including being biodegradable,
biocompatible, nontoxic, providing better tolerance to the patient, and having fewer
side effects. They also do not cause allergies in humans, do not irritate the skin or
eyes, and have low production costs. The use of plant gums as drug carriers is limited
due to a series of disadvantages. They may have microbial contamination because of
the moisture in their content. Also, in storage, their viscosity decreases due to contact
with water. By green nanoparticle synthesis of these plant gums as drug carriers, the
disadvantages can be limited. There are several studies showing that plant gum drug
carriers can have a great combination with various drugs and nanoparticles, thus they
could be extremely effective against multi-resistant bacteria and even systemic illness
like cancer. These days, the need for green synthesis of medicine and drug carriers
has become quite popular and it will be even more essential in the future because of
emerging antibiotic-resistant bacteria and climate change.

Keywords: plant gums, drug carriers, nanoparticle synthesis, antibacterial agents,
silver nanoparticles

1. Introduction

The use of Synthetic polymers as drug carriers is common nowadays. They do have
several advantages, yet there are noticeable disadvantages, including poor adapta-
tion to the patient’s body, high cost, and also causing acute and chronic side effects,
for example poly-(methyl methacrylate) (PMMA) can cause skin and eye irritation.
Other disadvantages of synthetic polymers utilized in tissue engineering include low
biocompatibility, the release of acidic products during degradation that may cause
systemic and native reactions, and rapid loss of mechanical strength [1].

The use of plant gum nanoparticles as drug carriers is one of the several ways that
is employed greatly for the treatment of infections and various illnesses like cancer
and this has been stated in various researches [2].

Plant gums are the native gum-producing trees, growing freely within the
country’s forests, and represent abundantly available materials. Plant-derived gums
consist of polysaccharides and a few of them are applied medicinally for several years,
including gum Tragacanth which has been used since third century B.C. Various
studies have shown the advantage of using Green chemistry-based drug carriers for
various purposes compared with using synthetic and chemical substances. Plant gum
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Gum
Tragacanth

Gum Ghatti Gum Karaya

Figure 1.
The images velated to the four famous plant gums: gum Tragacanth, gum Arabic, Gum Ghatti, gum Karaya.

drug carriers can have advantages in the pharmaceutical industry including being bio-
degradable, biocompatible, nontoxic, providing better tolerance to the patient, and
having fewer side effects. They also do not cause allergies in humans, do not irritate
the skin or eyes, and have low production costs [3]. The extensive use of antibiotics
has led to serious issues including resistance toward multiple antibiotics. Now there
are articles showing that the use of plant gum nanoparticles loaded with drugs was
successful in the treatment of multi-drug resistant bacteria including MRSA," VRE,
and MDR-GNB’ [4, 5].

Natural gums constitute a structurally diverse class of biological macromolecules
with a broad range of physicochemical properties, therefore they can be loaded with
various drugs and can have a multi-target therapeutic effect. In this case, there will
not be the need for consuming several drugs for the treatment of systemic disease.

That being said, the use of plant gums is limited due to a series of disadvantages. They
may have microbial contamination because of the moisture in their content. Also, in
storage, their viscosity decreases due to contact with water. This situation can be handled
by creating nanoparticles from these plant gums and then using them as drug carriers.
Green chemistry-based NPs* are often applied for designing and manufacturing prod-
ucts by applying sustainable materials which may eliminate or reduce the appliance and
formation of unsafe and toxic substances. In this regard, plant gum polysaccharides and
their nanostructures are often applied as drug carriers. Natural nanoparticles, improve
the stability and bioavailability, as well as the biological distribution of natural products,

! Methicillin-resistant Staphylococcus aureus.

2 Vancomycin-Resistant Enterococci.

3 Multidrug-resistant Gram-negative bacteria.
* Nano-particles.

194



Plant Gum Based Drug Carriers
DOI: http://dx.doi.org/10.5772/intechopen.104399

and also significantly reduce the adverse effects of drug uptake. That’s why gum-based
nano formulations for creating drug carriers have attracted a lot of attention [6].

The important tree exudate gums available on the market are as follows: gum
Arabic (GA), gum Karaya (GK), gum Tragacanth (GT), Kondagogu gum (KG), gum
Ghatti (GG), and gum Guar. Figure 1 demonstrates the images related to the four
of these famous plant gums. There also are several ways within which plant gum
nanoparticles are created including mixing and agitation in a controlled environment,
Microwave (MW)-assisted technique, ultrasonic irradiation, etc. The biosynthesis
of nanoparticles, nanofibers, and composites for supported tree gums would be very
beneficial within the pursuit of relevance to medication for various health issues.

The purpose of this chapter is to review the beneficial medical aspects of these
plant gum-based drug carriers. There are several researches that have been done in
order to show the advantages of these substances in infection and illness treatment.
Various plant gums and routines have been used in order to create nanoparticles with
minimum side effects which will be discussed in this chapter.

2. Chemical character and chemical composition of plant gums

Toxic reagents are used in the synthesis and stabilization of commercially gener-
ated metal/metal oxide nanoparticles, raising the danger of chemical contamination
and acute toxicity, which should be considered in clinical applications. As a result
of the rising need for environmentally acceptable technology for the synthesis of
antimicrobial fillers, safer approaches with reduced toxicity have gotten a lot of atten-
tion. As eco-friendly production of metal/metal oxide nanostructures for purposes
like drug delivery, diagnosis, bioengineering, bioremediation, catalysis, antibacterial
and antifungal agents, etc. is anticipated in the future. Also, greener strategies for
nanomaterials synthesis are still being explored [7].

Green chemistry is related to the practices that promote the development of
medicine and processes that decrease or eliminate the usage and creation of hazard-
ous compounds. Biopolymers including cellulose, chitosan, dextran, and tree gums,
for example, are frequently utilized as reducing and stabilizing agents in metal NP
production. Plant-based ingredients (extracts, stems, gums, seeds, and fruits),
among other biological sources, have been shown to be an efficient constituent for
synthesizing nanoparticles while maintaining other important factors such as mate-
rial cost, large-scale production capacity, and potential uses in a variety of applica-
tions. The pressure, temperature, solvent, and pH of the medium all play a role in the
plant-based biogenic production of nanomaterials [8].

Gum Arabic, gum Karaya, gum Kondagogu, gum Tragacanth, gum Ghatti,
Cashew gum, Guar gum, Olibanum gum, and Neem gum, are some examples of
greener alternatives with useful chemical properties that have been successfully used
for the production and stabilization of NPs.

3. Natural gum characteristics and sources and ways
to create green nanofibers

Natural gums, which belong to the polysaccharide family, are often used to
increase the viscosity of solutions, even at low concentrations. Natural gums are
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hydrophobic substances mostly obtained from plants or bacteria. Because the gum
molecules are biological, they have a wide range of linear chain lengths, branching
features, molecular weight, and other characteristics. Gums are divided into four cat-
egories based on their source of origin: (a) plant exudate gum (such as gum Karaya,
Salai gum, and gum Arabic), (b) seed gum (such as Guar gum, Locust bean gum, and
Tamarind gum), (c) microbial gum (such as Xanthan gum, Gellan gum, and Dextran
gum), and (d) marine gums (such as alginic acids) [9].

Various techniques are used in the green synthesis of nanofibers. The plant
extracts will be used in: (a) mixing and agitation in a controlled environment,
(b) autoclaving, (c) microwave (MW)-assisted technique, (d) ultrasonic irradiation,
and (e) UV/visible light irradiation.

3.1 Gum Arabic
3.1.1 Chemical composition

Gum Arabic (GA) is a polysaccharide having branching chains of [1-3] connected
p-D-galactopyranosyl units comprising a-L-arabinofuranosy, a-L-rhamnopyranosyl,
p-D-glucuronopyranosyl, and 4-O-methyl-p-D-glucuronopyranosyl units. Itis a
water-soluble dietary fiber. Ca®*, K*, and Mg2+ are abundant in GA. GA is made from
the dried gummy exudates of Acacia senegal’s stems and branches. Microorganisms in
the colon break down GA into short-chain fatty acids [10].

3.1.2 Manufacturing and application

GA is one of the safest dietary fibers, according to the US Food and Drug
Administration. GA is used to treat individuals with chronic kidney disease and end-
stage renal disease in Middle Eastern nations [10].

Using a simple and practical approach for making Au nano-architectures with
branching forms of GA is considered critical for the intriguing anisotropic. Au
structures are beneficial in a variety of research domains. Using gold nanoparticles,
reducing agents, and assembling them on gum Arabic under sonication for around
20 minutes at room temperature is described as a natural drug delivery agent [11].

Through a chemical reduction, with the help of gum Arabic, Au particles with a
variety of morphologies (e.g., flower-shaped and confieto-shaped) are effectively
created. Au nano-flower shapes can have high biocompatibility with human bladder
cancer cells (T-24), which might be used in biomedical applications. Sonicating a
combination of gum Arabic solution with KAuBr, and ascorbic acid for around five
seconds at room temperature can result in a well-organized approach for manufactur-
ing gold nano-flowers [12].

Gum Arabic can also be used as a drug carrier in order to increase the solubility
and stability of curcumin under physiological pH conditions. The compound may
demonstrate anticancer activity in human hepatocellular carcinoma (Hep G2) cells,
which is claimed to be higher than in human breast carcinoma (MCF-7) cells. Hep G2
cells show a faster accumulation of gum Arabic/curcumin NPs due to the high effec-
tiveness of targeting the galactose groups present in gum Arabic, bypassing the prior
hurdles and making it appropriate for drug delivery systems [13].

Biocompatible gold NPs can be created by continuously mixing an aqueous gum
Arabic solution (0.2 percent), phosphine amino acid, and NaAuCl, together. The
produced NPs can be used as molecular imaging contrast agents and can exhibit in
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vitro and in vivo endurance for months in aqueous, salt, and buffered solutions using
an X-ray computed tomography scan [14].

In a study, using gum Arabic as a bio-template, a cost-effective and simple one-
step technique for the manufacture of extremely stable molybdenum trioxide (MoOs)
nanoparticles was devised. The cytotoxic effects of the NP were measured using
2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl) -2H-tetrazolium-5-carboxanilide assays
in Hep G2 (human liver cancer) and HEK293 (human embryonic kidney) cell lines.
MoO; nanoparticles are benign to Hep G2 cell lines and have low toxicity even at
extremely high concentrations (1000 ppm), but have significant toxicity to HEK293
cells, according to the findings of this study [15].

Antibacterial activities of gum Arabic as drug carriers are stated in Table 2.

3.2 Gum Karaya
3.2.1 Chemical composition

Natural polysaccharide gum Karaya (GK, Sterculiaurens) is a plant exudates
widely available and relatively cheap biomaterial, which is used in food and medical
industry. However, GK is insoluble in water and it limits subsequent processing and
broader utilization in medicine. That’s why it’s necessary to use nanoparticles in order
to limit this situation [16].

One of the key challenges with inorganic nanoparticles as a medicine delivery
technology is their biocompatibility. Sugars, hydrocolloids, and plant extracts have all
been proven to have the potential to be used in the green production of biocompatible
gold nanoparticles.

3.2.2 Manufacturing and application

The manufacture of gum Karaya (GK) stabilized gold nanoparticles (GKNP)?
and their application in the delivery of anticancer medicines is described in Ref. [17].
GKNP showed great biocompatibility toward CHO,® normal ovary cells, and A549
human non-small cell lung cancer cells. The anti-cancer medication gemcitabine
hydrochloride (GEM) was loaded on the surface of gum Karaya with a drug loading
efficiency of 19.2%. In anti-proliferation and various experiments, GEM-loaded
nanoparticles (GEM-GNP) inhibited cancer cell growth more than regular GEM. This
impact was linked to GEM-GNP producing more reactive oxygen species in A549 cells
than GEM alone. In conclusion, GK offers tremendous promise for the manufacture
of biocompatible gold nanoparticles that might be exploited as a possible antican-
cer drug delivery carrier. This study also stated that gum Karaya loaded with gold
nanoparticles has a longer shelf life and is extremely resistant to factors such as pH
and salt. The GK-Au NP combination demonstrated effectiveness as a drug carrier
and improved colloidal stability for Au NPs in human lung cancer cells, outperform-
ing the drug gemcitabine hydrochloride in anticancer activity, colony formation
suppression, and ROS generation.

Gum Karaya can also be used as a drug carrier for copper oxide (CuO)
nanoparticles which have gained a lot of interest because of their catalytic,
electric, optical, photonic, textile, Nanofluid, and antibacterial properties, which

° Gum Karaya stabilized gold nanoparticles.
® Chinese hamster ovary cells.
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is based on their size, shape, and surrounding medium. Green technology can be
used to make CuO nanoparticles put on the surface of the gum Karaya, which isa
harmless natural hydrocolloid. In a study, a colloid-thermal synthesis technique
was used to make the CuO nanoparticles. The mixture was kept at 75°C at 250 rpm
for 1 h in an orbital shaker with varied concentrations of CuCl,-2H,0 (1 mM,

2 mM, and 3 mM) and gum Karaya (10 mg/mL). CuO nanoparticles of various
sizes were obtained by purifying and drying the CuO nanoparticles that had been
produced [18].

3.3 Kondagogu gum
3.3.1 Chemical composition

Gum Kondagogu (Cochlospermumgossypium) maybe a tree exudate gum that
belongs to the family Bixaceae. Compositional analysis of the gum by HPLC and LC-MS
revealed uronic acids to be the key component of the polymer (~26 mol%). Furthermore,
analysis of the gum by GC-MS indicated the presence of sugars like arabinose
(2.52 mol%), mannose (8.30 mol%), a-D-glucose (2.48 mol%), p-D-glucose (2.52 mol%),
rhamnose (12.85 mol%), galactose (18.95 mol%), b-glucuronic acid (19.26 mol%),
p-D-galactouronic acid (13.22 mol%), and a-D-galacturonic acid (11.22 mol%). The
viscoelastic behavior of gum Kondagogu solutions (1 and 2%) in aqueous as well as in 100
mM NaCl solution shows a unique gel-like system, making it suitable for being used asa
drug carrier [19].

3.3.2 Manufacturing and application

Gum Kondagogu (GK) has been used to reduce and cap gold nanoparticle con-
structions in recent investigations [20].

Antibacterial activity of Kondagogu gum loaded with AuNPs against Escherichia
coli and Bacillus subtilis is reported to be excellent [21].

Using gum Kondagogu, a natural biopolymer, as a reducing and stabilizing agent,
for delivering silver nanoparticles has shown to be beneficial. The effect of several
factors on the production of nanoparticles was investigated, including gum particle
size, gum concentration, silver nitrate concentration, and reaction time. The silver
nanoparticles are easily incorporated for diverse applications since they have the best
functional properties [22].

A study used sodium borohydride as a reductant and gum Kondagogu as a sta-
bilizer to create selenium nanoparticles (Se NPs). Plant gum is a biopolymer-based
feedstock that is sustainable, non-toxic, and non-immunogenic. Using ultraviolet-
visible spectroscopy and dynamic light scattering, the role of gum on synthesis and
mean particle size was investigated. In comparison to ionic Se, the current work shows
that tree gum stabilized Se NPs may be used as a strong antioxidant nutrition supple-
ment at a significantly lower dose [23].

Another study employed a two-stage chemical reduction approach to make copper
nanoparticles (CuNPs), with a distinct reducing agent Hydrazine Hydrate (HH), and
a separate stabilizing agent Gum Kondagogu extract. The anti-biofilm impact of gum
Kondagogu extract stabilized copper NPs against clinical isolate Klebsiella pneumoniae
was investigated, and the results revealed that the copper NPs film had an efficient
anti-biofilm effect [24].
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3.4 Gum Ghatti
3.4.1 Chemical composition

Gum Ghatti is a proteinaceous exudate tree gum. It is utilized in traditional
medicine. The exudate gum has a glass-like appearance and the color is from dark red
to white based on the shape of it which can be either a nodule or spiro [25].

3.4.2 Manufacturing and application

A simple and environmentally acceptable green approach for producing
silver nanoparticles from silver nitrate has been devised, utilizing gum Ghatti
(Anogeissuslatifolia) as a reducing and stabilizing agent. This approach can have
various benefits including better treatment of bacterial illnesses.

The non-toxic, renewable plant polymer gum Ghatti was used as both the reduc-
ing and stabilizing agent in a simple and green way to make palladium nanoparticles
from palladium chloride. The development of deep brown color and wide continu-
ous absorption spectra in the UV-visible range verified the synthesis of palladium
nanoparticles. At a considerably lower nanoparticle dosage, the nanoparticles demon-
strated improved antioxidant activity. To evaluate the homogeneous catalytic activity
of palladium nanoparticles, dyes such as coomassie brilliant blue G-250, methyl
orange, methylene blue, and a nitro compound, 4-nitrophenol, were reduced using
sodium borohydride. The nanoparticles showed high catalytic activity in dye degrada-
tion, and the findings suggest that biogenic palladium nanoparticles might be used as
ananocatalyst in environmental remediation [26].

Because of the unique intrinsic catalytic properties of diverse size, shape, and
surface-functionalized gold nanoparticles, their prospective applications in dis-
ciplines such as drug transport, diagnostics and biosensor are being investigated.
However, the traditional method of production of these metallic nanoparticles
employs hazardous chemicals as reducing agents, an extra capping agent for stability,
and surface functionalization for drug delivery objectives. Gum Ghatti can be a great
drug delivery option for stabilizing this nanoparticle [27].

3.5 Gum tragacanth
3.5.1 Chemical composition, manufacturing and application

The aqueous extract of gum Tragacanth (Astragalusgummifer), a renewable,
nontoxic natural phyto-exudate, can be used to develop a simple and environmentally
acceptable technique for the green production of silver nanoparticles. Reductants
and stabilizers are provided by the gum’s water-soluble components. The probable
functional groups involved in nanoparticle reduction and capping have also been
identified [28].

The sol-gel technique can be used to make Nig 35Cug 2521 4Fe,O4 nanoparticles
utilizing Tragacanth gum as a bio-template and Metals nitrate as a metal supply.

The advantages of this approach include a simple set-up, moderate reaction condi-
tions, quick reaction periods, the use of a cost-effective catalyst, and good product
yields. The catalyst may be easily recycled and reused several times without losing its
catalytic activity [29].
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Plant gums NPs
Gum Arabic Magnetite, Cu, Ag, Se, Au, Zn, Zein-curcumin, Chitosan/GA, Fe;0,
Gum Karaya Ag, Cu, Au, Magnetite, Pt, Fe;0,
Gum Kondagogu Ag, Au, Cu, Pd, Pt, Ti, Fe;04 Ag,S
Gum Tragacanth Ag, ZnO, TiO,, Carbon dots, Au
Gum Ghatti Pd, Magnetite, Ag, Au
Guar gum Ag, Au, Pd, Pt Magnetite, Zn, Palmshell extract/chitosan
Cashew gum Ag, ZnO
Gellan gum TiO,, Ag
Xanthan gum Au
Gum Olibanum Ag
Table 1.

Greener synthesis of NPs using plant gums.

Nano-particles that can be loaded on plant gums are stated briefly in Table 1.

4. Using plant gums loaded with NPs as antibacterial agents

Different studies have illustrated the benefits of using Plant gums loaded with
NPs as antibacterial agents. Metallic NPs and other components can have various
antibacterial effects based on the type of plant gum drug carriers and their way of
production.

4.1 Silver nanoparticles

These NPs can be loaded on different plant gum drug carriers for various anti-bacte-
rial purposes. AgNPs have a strong bactericidal and catalytic effect according to various
studies and they are extremely beneficial for preventing drug-resistant bacteria.

In a study, Gum acacia was loaded with silver NPs mixed with structures of HDN
(fruit flavonoid). In this essay, after the preparation of GA-AgNPs (Gum acacia silver
NPs loaded with NP structures of HDN), a Bactericidal assay was performed by incu-
bating 108 colony-forming units per mL of MRSA and E. coli K1 with various concen-
trations of GA-AgNPs-HDN and respective controls in 1.5 mL centrifuge tubes at 37°C
for 2 h. For negative controls, untreated bacterial cultures were incubated with PBS,’
while 100 pg/mL gentamicin-treated bacteria were used as positive control. The result
for this essay is stated in Table 2.

In another study, gum Tragacanth was used as a drug carrier for Ag NPs. The well-
diffusion method was used to study the antibacterial activity of the synthesized silver
nanoparticles. Bacterial suspension was prepared by growing a single colony of Gram-
positive bacterial strain S. aureus and Gram-negative bacterial strains E. coli and P
aeruginosa overnight in nutrient broth and by adjusting the turbidity to 0.5 McFarland
standard. Mueller Hinton agar plates were inoculated with this bacterial suspension,

7 Phosphate buffer saline.
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Plant gums Result Antibacterial Reference
loaded with activity against
NPs
GA-AgNPs Bactericidal effect of this nanoparticle was MRSA and E. coli K1 [30]
more significant on E. coli K1 infections
than MRSA infections, indicating that this
component is more effective on Gram-negative
bacteria than Gram-positive but overall these
NPs have more bactericidal effects than
chemicals
Gum Tragacanth The inhibition zone of about 1 1. 5 + 0 mm was Gram-positive [28]
loaded observed around the Gram-positive bacteria. bacterial strain
with Silver For Gram-negative bacterial strains E. coli and S. aureus and Gram-
Nanoparticles P, aeruginosa the inhibition zone was reported negative bacterial
9.5+0.4and 10.5 + 0, respectively. In the strains E. coli and
case of positive control plates loaded with P, aeruginosa
erythromycin discs, growth inhibition was
noted much less than the loaded NPs
P, domestica gum P, domestica gum-loaded silver nanoparticles Gram-positive [2]
loaded Silver can have a potential antibacterial effect (Staphylococcus
NPs against S. aureus (19.7 + 0.4 mm) and E. aureus), Gram-
coli (14.4 + 0.7 mm), and P, aeruginosa negative (E. coli),
(131 + 0.2 mm). although this study suggests and P, aeruginosa
that streptomycin has an antibacterial effect of
higher magnitude as compared to P. domestica
gum-loaded silver nanoparticles against
the tested bacterial strains (23.6 + 0.8 mm,
21.8 + 0.2 mm, and 18.6 + 0.3 mm)
P, domestica gum Gum-loaded gold nanoparticles had the Gram-positive [2]
loaded Gold NPs least effect on foregoing bacteria (S. aureus (S. aureus), Gram-
(10.5 + 0.6 mm), E. coli (10 + 0.4) mm, and negative (Escherichia
P, aeruginosa (8.2 + 0.3 mm)) compared coli), and
to P domestica gum loaded silver NPs and P, aeruginosa
streptomycin
CS/PVA/GG SEM results showed that surface morphology P multocida, S. [31]
was more affected by mixing and bonding aureus, E. coli, and
ratios. Also, The FTIR and XRD confirmed B. subtilis
the strong intermolecular bonding between
polymers. The study suggests that these
blends have great potential to be used against
Pasteurella multocida, S. aureus, E. coli, and B.
subtilis bacterial agents since they managed
to have a great bactericidal effect on these
organisms
Gum Karaya Bactericidal effect on both Gram-negative Gram-negative and [18]
loaded with and positive cultures, especially, smaller NPs positive cultures
Copper oxide (4.8 + 1.6 nm), which are highly stable and have
(CuO) maximum zone of inhibition compared to the
larger size of synthesized CuO nanoparticles
(78 £ 2.3 nm)
Kondagogu The AuNPs showed good antibacterial activity E. coli and B. subtilis [21]
gum loaded against E. coli and Bacillus subtilis.
with Gold
nanoparticles
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Plant gums Result Antibacterial Reference
loaded with activity against

NPs

Kondagogu The minimum inhibitory concentration Gram-positive [32]

gum loaded values were lower by 3.2- and 16-folds for S. aureus and Gram-

with Silver Gram-positive S. aureus and Gram-negative negative E. coli

nanoparticles E. coli strains, respectively. The minimum

bactericidal concentration values were lower
by 4 and 50-folds. Thus, the biogenic silver
nanoparticles were found to be more potent
bactericidal agents in terms of concentration.
The study implies that this NP has strong
effects on biofilms, indicating that it can
have great effect on drug-resistant bacterial
infections caused by biofilms. Also, the
growth curve stated a faster inhibition in
Gram-negative bacteria as compared to
Gram-positive

Gum In this study, NPs exhibited growth inhibition B. subtilis and [23]
Kondagogu activity against Gram-positive bacteria only. M. luteus

loaded with B. subtilis and Micrococcus luteus showed

Selenium respective inhibition zones of 6.3 and 8.6 mm

nanoparticles at 12 pg. This study implies that the tree gum

stabilized Se NPs have more applicability as a
potent antioxidant nutrition supplement ata
much lower dose, in comparison with ionic Se.

Gum Anti-biofilm effect of gum Kondagogu extract Klebsiella [24]
Kondagogu stabilized copper NPs against clinical isolate Pneumoniae
loaded with Klebsiella Pneumoniae was demonstrated in
Copper this study
nanoparticles
Table 2.

Plant gums loaded with NPs as antibacterial agents.

and 5pg of Gum Tragacanth loaded with silver nanoparticles were added to the center
well with a diameter of 6 mm. Culture plates loaded with discs of antibiotic, eryth-
romycin (15 pg/disc) were included as positive controls. The result of this research is
stated in Table 2.

Silver NPs can also be loaded on P. domestica plant gum according to research
performed in 2017, which showed an antibacterial effect on both Gram-positive
(Staphylococcus aureus) and Gram-negative (E. coli and P. aeruginosa) bacteria. Disc
diffusion method was used for Antibacterial assay using Gram-positive (S. aureus),
Gram-negative (Escherichia coli), and Pseudomonas aeruginosa, three independent
experiments were carried out for each bacterial strain with streptomycin as the posi-
tive control. Au/Ag-NPs (5 pg) were dissolved in DMSO® and incubated at 30°C for
24 h. the result and reference for this article are stated in the table down below.

Kondagogu gum loaded with silver nanoparticles also demonstrated antibacterial
effect against Gram-positive S. aureus and Gram-negative E. coli. Variety of suscep-
tibility assays was done in this study in order to demonstrate the antibacterial effects
including micro-broth dilution, anti-biofilm activity, growth kinetics, cytoplasmic
content leakage, membrane permeabilization, etc. The production of reactive oxygen

8 D-methyl-sulfoxide.
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species (ROS) and cell surface damage during bacterial nanoparticle interaction were
also demonstrated using dichlorodihydrofluorescein diacetate, N-acetylcysteine; and
scanning electron microscopy and energy-dispersive X-ray spectra.

4.2 Gold nanoparticles

Gold nanoparticles (AuNPs) can also be loaded on various plant gum drug carriers
and be used as antibacterial agents. Gold nanoparticles (AuNPs) have exceptional
stability against oxidation and therefore may play a significant role in the advance-
ment of clinically useful diagnostic and therapeutic Nanomedicines. That being
said, conventional process for synthesis of these metallic nanoparticles utilizes toxic
reagents as reducing agents, additional capping agents for stability as well as surface
functionalization for drug delivery purposes.

Just like silver NPs, P. domestica gum can also be loaded with AuNPs. Preparation
and assessment in this study were performed like P domestica gum-loaded silver NPs
and the antibacterial effect was studied on Gram-positive (S. aureus), Gram-negative
(E. coli and P. aeruginosa) bacteria.

Kondagogu gum is also one of the drug carriers that was used in a study for AuNPs
in order to demonstrate their effects on E. coli and Bacillus subtilis. After the prepara-
tion of these NPs, their concentration, and reaction time on the synthesis of AuNPs
were investigated by using techniques like UV-visible spectroscopy, FTIR, and XRD.

4.3 Copper nanoparticles

These nanoparticles may have great antibacterial effects if they are loaded on
suitable plant gum drug carriers.

In a study, copper oxide (CuO) was used as a NP and was loaded on gum Karaya.
The CuO nanoparticles were synthesized by a colloid-thermal synthesis process. The
synthesized CuO was purified and dried to obtain different sizes of CuO nanopar-
ticles. The well diffusion method was used to study the antibacterial activity of the
synthesized CuO nanoparticles on gram-negative and positive cultures. The zone of
inhibition, minimum inhibitory concentration, and minimum bactericidal concentra-
tion were determined by the broth microdilution method.

Gum Kondagogu loaded with Copper is another example of using plant gums as
drug carriers for copper nanoparticles. The synthesized CuNPs were characterized
by using Transmission Electron Microscopy (TEM), SEM, UV-visible spectroscopy,
XRD, and FTIR experimental methods and then were tested on Klebsiella Pneumoniae.

4.4 Other nanoparticles

Various chemicals and drugs can be loaded on plant gums which can have a great
antibacterial effects. For instance, in a study, chitosan and polyvinyl alcohol were
loaded on Guar gum (CS/PVA/GG), then their effects were studied on Pasteurella
multocida, S. aureus, E. coli, and B. subtilis. After the preparation of a mixture of
chitosan/poly (vinyl alcohol)/guar gum (CS/PVA/GG), the ratio of swelling, together
with antimicrobial properties, was studied. These components were characterized by
scanning electron microscopy (SEM), Fourier Transform Infra-red (FTIR), and X-ray
powder diffraction (XRD).

In another stud, selenium nanoparticles (Se NPs) were loaded on Gum
Kondagogu. Role of gum on synthesis and mean particle size was studied using
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ultraviolet-visible spectroscopy and dynamic light scattering. Size of the NPs
was determined (from 44.4 to 200 nm) and mean particle size was 105.6 nm.
Antibacterial potential of these NPs on B. subtilis and Micrococcus luteus were checked
with well diffusion assay.

It should be stated that the results for these studies and their related references are
stated in the table down below.

5. Conclusion

Plant-based synthesis and stabilization of metal/metal oxide NPs have been
successfully implemented by many researchers worldwide. These techniques have
various advantages including being more affordable physically and financially, having
better drug distribution, and having easier production. The major drawbacks of this
method include the use of imprecise evaluation tools for the stability, aggregation
behavior, size, shape of the NPs, and the subsequent systematic description of the
application of the NPs as a result of their physical and chemical characteristics.

Based on these articles, using plant gums alone is less effective than being loaded
with NPs substances and on some occasions, they even may have side effects on
human body. For an instant, guar gum can lead to infection because of its high mois-
ture if it’s not loaded with NPs.

Various metallic or non-metallic NPs can be created and added to these plant
gums. Most frequent of them in these studies are AgNPs and AuNPs. Gold nanopar-
ticles (AuNPs) have exceptional stability against oxidation, and therefore, may play
a significant role in the advancement of clinically useful diagnostic and therapeutic
Nanomedicines. That being said, conventional process for synthesis of these metallic
nanoparticles utilizes toxic reagents as reducing agents, additional capping agents for sta-
bility as well as surface functionalization for drug delivery purposes. Also, according to
various studies, they are less effective against microorganisms than AgNPs. AgNPs have
a strong bactericidal and catalytic effect according to various studies. They are extremely
beneficial for preventing drug-resistant bacteria which will be a huge issue in the future.

The influence of different parameters such as gum particle size, concentration of
gum, concentration of silver nitrate, and reaction time on the synthesis of nanoparticles
is quite significant in various studies. For instants, smaller NPs can have more bacteri-
cidal effects compared to their bigger counterparts. Thus, using the right concentration
and technique for making these NPs are very important and should be considered.

The future use of tree gums also relies on the development of ultralightweight,
high, strength, bio-based, biodegradable, porous, and tunable, two-dimensional (2D)
membranes, and three-dimensional (3D) sponges with facile and easy to implement
synthetic schemes. Each year scientists are getting more keen on researching about
these green NPs because of various reasons including the significant growth in the
number of antibiotic-resistant bacteria or climate change. Also, these NPs can be
afforded and produced easily.
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Abbreviations

PMMA poly-methyl methacrylate

MDR-GNB multidrug-resistant Gram-negative bacteria
VRE Vancomycin-Resistant Enterococci
MRSA methicillin-resistant S. aureus

NPs Nano-particles

GA gum Arabic

GK gum Karaya

GT gum Tragacanth

KG Kondagogu gum

GG gum Ghatti

Hep G2 hepatocellular carcinoma cells

MCF-7 human breast carcinoma cells

GKNP gum Karaya stabilized gold nanoparticles
CHO chinese hamster ovary cells

GEM gemcitabine hydrochloride

GEM-GNP gemcitabine hydrochloride loaded nanoparticles
HH hydrazine hydrate

CuNPs copper nanoparticles

SGG selenium-infused guar gum nanoparticles
PBS phosphate buffer saline

DMSO D-methyl-sulfoxide

CS/PVA/GG  chitosan/poly(vinyl alcohol)/guar gum
GA-AgNPs gum acacia silver NPs

HDN fruit flavonoid

SEM scanning electron microscopy

FTIR Fourier Transform Infra-red

XRD X-ray powder diffraction

AuNPs gold nanoparticles

AgNPs silver nanoparticles

CuNPs copper nanoparticles

Se NPs selenium nanoparticles

ROS reactive oxygen species
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