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Abstract: Biodegradable natural polymers have been investigated extensively as the best choice
for encapsulation and delivery of drugs. The research has attracted remarkable attention in the
pharmaceutical industry. The shortcomings of conventional dosage systems, along with modified
and targeted drug delivery methods, are addressed by using polymers with improved bioavailability,
biocompatibility, and lower toxicity. Therefore, nanomedicines are now considered to be an innovative
type of medication. This review critically examines the use of natural biodegradable polymers and
their drug delivery systems for local or targeted and controlled/sustained drug release against
fatal diseases.
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1. Introduction

Enormous amounts of research and exploration of disorders and diseases have helped us to
achieve an appropriate dosage system to stabilize a patient’s health [1,2]. Conventional drug delivery
systems such as salting-out (salting-out agent required), supercritical fluid technology (capillary nozzle
and a supercritical fluid required), dialysis (capillary nozzle and a supercritical fluid required), solvent
evaporation (surfactant required), and nanoprecipitation (non-solvent for the polymer required) are
also used [1]. Moreover, conventional drug delivery systems have several deficiencies such as reduced
patient compliance, shorter half-life of drugs, and high peak, etc. There is, thus, increased interest
amongst scientists in developing beneficial methods to improve drug delivery systems as time passes.

A hundred years ago, Paul Ehrlich proposed the idea of tiny-drug loaded magic bullets. Later,
the concept of a submicron drug delivery system was conceived by Kumar and Banker in 1996.
Among these carriers, liposomes and micro/nanoparticles have been the most widely considered.
Liposomes present a few technological limitations, such as poor stability, poor reproducibility, and low
drug encapsulation efficiency. This technology is suitable for low molecular weight drugs. Hence,
the polymeric nanoparticle drug delivery system has been proposed as an effective alternative drug
delivery system to the conventional system [3]. Scheme 1 illustrates the general preparation methods
for nanoparticles and their applications for drug delivery systems.

Brachais et al., in 1998, prepared a solid dispersion method to synthesize an orally-controlled
drug release system. They used a biodegradable hydrophobic matrix, poly (methyl glyoxylate), and a
water-soluble drug, metoprolol. Jeong et al., in 1999, studied the star-shaped block copolymers using
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bio-degradable polyethylene oxide and poly (L-lactic acid), in which copolymers exhibit reversible
sol-gel transition [4]. Avnesh Kumari et al., in 2010, reviewed biodegradable nanoparticles such as
chitosan, gelatin, poly(lactic-co-glycolic acid), Polycaprolactone, PLA(Poly Lactic acid), and gelatin as
having better encapsulation properties for drug release [5]. In 2014, Carlotta Marianecci et al. presented
a review on surfactant vesicles, which generated interest among the scientific community in the last
decades. They studied how niosomes, which are self-assembled vesicular nanocarriers for the drug
delivery system, overcome the side effects of liposomes due to their less-toxic effect, are stable, and have
a low cost [6]. Jeong et al., in 1999, studied star-shaped block copolymers using bio-degradable
polyethylene oxide and poly (L-lactic acid); these copolymers exhibit reversible sol-gel transition.
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Scheme 1. Representation of the general method of synthesis/preparation of nanoparticles.

Therefore, exponential growth in the development of modified drug delivery systems is essential
for dosage form improvement. Modified drug delivery systems have been considered to transport active
agents in higher demand due to their delivery process, programmed target-specificity, cellular uptake,
clearance, toxicity, metabolism, pharmacokinetics, excretion, greater half-life in terms of repeated
administration of drugs and improved patient health [7]. The successful drug delivery systems are
designed to increase the efficiency of the drug in the body by using external or internal stimuli,
and nanocarrier features are modified according to the physicochemical properties of drugs [2]. Indeed,
drugs essentially require highly effective, controlled release along with biocompatible encapsulation to
increase patient compliance [2].

Due to the rapid increase in research in the field of polymer science, the structural backbone
for the development of novel and modified drug delivery systems is considered [8]. Primarily,
non-biodegradable polymeric nanoparticles, such as polymethylmethacrylate, polyacrylamide,
and polystyrene, have been used for drug delivery systems; however, a huge level of toxicity and
detrimental health consequences from non-biodegradable polymers have been observed. Therefore,
biocompatible polymers, due to their immense properties and growth, are under discussion within the
scientific community for in vivo and in vitro diagnosis and treatment of diseases [8-10].
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Polymeric nanostructured materials (PNMs) have played a vital role in therapeutic diagnosis and
treatment of diseases [11-14]. Through the development of PNMs as new biomaterials, significant
improvement in the quality of healthcare can be achieved, due to the better accuracy and reliability
in diagnostics, more effective targeting of therapeutic agents, and improved usability of scaffolds
for tissue engineering and regenerative medicines [15-17]. PNMs, including micelles, polymerases,
nanoparticles, nanocapsules, nanogels, nanofibers, dendrimers, brush polymers, and nanocomposites
can be prepared for delivery via a variety of pathways. Their properties, such as stability, size, shape,
surface charge, surface chemistry, mechanical strength, and porosity can be tailored toward specific
functionalities that are required to meet the needs of the targeted biomedical application. As a result,
the development of biomedical PNMs has attracted plenty of research in the field, and a vast number
of recent publications can now be found in the literature.

An amalgamation of nanoparticles with polymer science has led to a new direction in the field
of biomedical engineering, packaging, food processing, tissue engineering and improved treatment
for water-insoluble and soluble drug delivery systems. Nanoparticles are characterized by a particle
size range of 1 to 100 nm. ‘Nano’ is derived from the Greek word ‘Nanos” which means dwarf [9-18].
The basis of the morphology, chemical and physical properties of nanoparticles relate to the different
derivative materials such as ceramic, liquid, metal, semiconductors, and carbon-based nanoparticles,
which may be biodegradable or non-biodegradable [19]. Nanoparticles or smart polymers are
under consideration due to their advantages, including a greater surface to charge ratio, ease of
characterization and ease of synthesize, the fact that they are reproducible, stable after administration,
non-immunogenic, and have significant absorption properties. These unique features make them
of huge interest as carriers for drugs and inexpensive formulation [20]. The effective therapeutic
transformation from a macro- to a nano-drug delivery system relates to the controlled release of a drug
ona target as compared to the less targeted release of conventional drug delivery systems [21]. Therefore,
depending upon the method of synthesis, nanomedicines can be one of two types, i.e., nanospheres
which encapsulate drugs into a smart polymeric shell (nanopolymer shell) and nanocapsules in
which drugs are dispersed into the polymeric matrix [22,23]. The representation of both types of
nanomedicines is shown in Figure 1. The synthesis of a nano-drug delivery system depends upon
the targeted part of the body and organ. The biocompatibility and degradability of nanomedicines
must be considered as they carry DNA, drugs, and proteins to the targeted area [24]. The size and
surface-to-charge ratio of polymer nanoparticles play a significant role in maintaining systematic flow
across the cell membrane [25,26]. The efficiency of the drugs depends upon the properties of the
polymer, nanoparticles, solvent, and encapsulation method.

Drug

Nanosphere Nanocapsule

Figure 1. Schematic of nanomedicines: nanospheres and nanocapsules.

Smart polymers or nanoparticles play an essential role in the treatment of chronic diseases such as
cancer, diabetes, cardiovascular and neurodegenerative disorders [27,28]. Various natural and synthetic
polymers play a significant role in a targeted drug delivery system [29,30]. Some natural and synthetic
polymeric materials have easy accessibility, biocompatibility, bio-decomposition properties, and easy
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modification. Reactive groups, such as amino, hydroxyl and carboxylic groups present on polymers,
easily interact with other synthesized materials, thus endowing new modified hybrid materials with
improved physical and chemical properties [31-33]. There are various types of natural polymers such as
proteins, polysaccharides, peptides, collagen, albumin, gelatin, chitosan, alginate, fibroin, and synthetic
polymers such as polylactic acid (PLA) and polyglycolicacid (PGA) [34]. Synthetic and natural polymers
have their disadvantages and advantages. Biocompatible polymers are mostly preferred because
they are economical, easily prepared, and extremely stable in the biological fluid; they show better
proliferation, adhesion, and target usage with high efficiency [34]. Nanomaterials usually consist of
carbon-based materials such as fullerenes, carbon dots, nanodiamonds, nano-foams, carbon nanotubes,
and polymers. Inorganic nanoparticles are metals such as gold, silver and metal oxides (cerium oxide,
iron oxide, silicon dioxide, titanium oxide), semiconductors and metal nanoparticles [33]. Figure 2
shows the schematic of the polymer classification.
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Figure 2. Schematic of polymer classification. Reference is taken from [35]. Copyright ©2019, Elsevier.

In general, the aim and specificity of the present review are highly important for some natural,
biodegradable and biocompatible polymers. The present review covers some popular polymers such
as chitosan, albumin, alginate, hydroxyapatite, and hyaluronic acid currently used for drug delivery
systems. Furthermore, it provides information about the functionalization of the above-mentioned
polymers to enhance their properties and develop an effective drug release system [36].
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2. Biodegradable and Non-Biodegradable Polymer Nanomaterials (PNM): General Properties

2.1. Biodegradable Polymer Properties

Biodegradable polymers undergo degradation, non-enzymatically and enzymatically and generate
a harmless, biocompatible by-product. Biodegradable polymers have a notable emphasis on the
chemistry in the scheme of new molecules in targeted drug delivery applications. The use of
biocompatible polymers reduces the side effects of a given drug. Biodegradable biomaterials have no
constant inflammatory effect, good permeability, and good therapeutic properties. The performance of
biodegradable polymers depends upon the following aspects:

(1) Insitu administration of formulations

(2) On-demand delivery of the molecular targeted agent

(3) The fact that a targeted agent can be combined with radiotherapy and immunotherapy
(4) The use of FDA approved biodegradable polymers [35]

2.2. Non-Biodegradable Polymer Properties

Clinically non-biodegradable polymers are used for local injection of antibodies.
Mostly non-biodegradable polymers such as acrylic polymers, cellulose derivatives, silicons, etc.
are mentioned in Figure 2 in the introduction section. Polymethyl methacrylate (PMMA) is an
acrylic-based non-biodegradable polymer that is mostly used for implantation as bone cement or in
the form of PMMA beads. While widely used, PMMA has many disadvantages: it is a substrate for
bacterial colonization, has low biocompatibility, is non-biodegradable in bead form, the release of
antibiotic decreases with time, it is not heat resistant, it has fewer antibiotic elimination properties,
delivery of the antibiotic, it has a variable surface area which results in uneven release rates. Due to the
disadvantages of non-biodegradable polymers, scientists are interested in developing biodegradable,
biocompatible polymer synthesis for a drug delivery system [37]. The main objective of this review is
to study the role of five biodegradable polymers in a drug delivery system.

3. Chitosan-Based Nanoparticles

Chitosan is a polysaccharide, with 2-deoxy-2-(acetylamino) glucose units bonded by 1,4-glycosidic
linkages; it is prepared by partial N-deacetylation of chitin (Figure 3). Chitin has good mechanical
strength, is biocompatible, bioactive and biodegradable, but has limited utilization due to low
solubility. Therefore, it is converted into chitosan by deacetylation in the presence of hydroxide at high
temperatures [38]. Chitin is extracted from marine organisms such as lobsters and molluscs, and from
crab shells, insects, yeast, and fungi. A long polymeric chain is composed of glycosidic linkages.
Chitosan is insoluble in sulfuric acid and phosphoric acid but soluble in organic solutions with a pH
lower than 6.5, such as acetic acid, citric acid, and tartaric acid. Due to its solubility, chitosan is present
in films, hydrogels, pastes, nanoparticles, and nanofilms [39,40]. Chitosan has a greater degree of
deacetylation and molecular weight; the variation in the size of a particle and aggregation is dependent
upon the degree of deacetylation and molecular weight [3]. Recently, chitosan and its derivatives have
been considered as the best vehicle in the pharmaceutical field due to their biocompatibility, and their
non-carcinogenic, non-toxic, antibacterial properties. Chitosan offers a large range of options for
industries and scientists for the generation of modified and novel drug delivery systems. Chitosan acts
as an auxiliary agent in the therapeutic application for tissue engineering, wound dressing, and sliming.
Protonation of the amino group in an acidic medium results in cation formation. Chitosan exhibits
unique behavior because of its cationic nature [38,41]. Modification of chitosan and the stability of
drugs delivered using chitosan decrease the adverse effects of diseases and increase the biocompatibility
of drugs for various diseases [42].
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Figure 3. Structure of chitosan.

Chitosan nanoparticles widely act as a potential carrier for therapeutic applications. The cationic
nature of chitosan is useful for the development of a drug delivery system. One of the major benefits
of chitosan nanoparticles is their rapid uptake across the cell membrane due to the presence of
amine groups. Complexation of chitosan with anionic charged polymers results in an interesting
gelation property [43]. Methods generally applied for the preparation of chitosan nanoparticles include
the microemulsion method, ionic gelation, and micro-emulsion solvent diffusion method [3,38].
In the microemulsion method, chitosan nanoparticles are prepared, and micellar droplets are
cross-linked in the presence of glutaraldehyde. Surfactant (hexane mixture) is added to the chitosan
acetic/glutaraldehyde solution. Surfactant helps in the formation of chitosan nanoparticles smaller
than 100 nm under continuous stirring to complete cross-linking between the amine group of chitosan
with glutaraldehyde. By applying a low pressure, the excess organic solvent is removed. The excess
organic solvent used, the complexity of the washing process, and the amount of time this method takes
is its main drawback [3,44]. Chitosan nanoparticles prepared using the inotropic gelation method
depend upon electrostatic interaction between the amino group of chitosan and the polyanions group
such as triphosphate in an aqueous medium [45-48]. Firstly, the chitosan is dissolved in acetic acid in
the presence of stabilizers such as poloxamer. So, nanoparticles are formed under continuous stirring.
The size of the nanoparticle depends upon the ratio of chitosan-to-stabilizer [3]. The emulsion solvent
diffusion method is based on the addition of an organic phase into a chitosan solution containing
a stabilizer at a higher temperature and pressure with constant stirring. Nanoparticles are formed
by the addition of water to an organic solvent. This method of nanoparticle formation is better for
hydrophobic-based drug delivery systems. This method also has some drawbacks, such as greater
shear force and harsh process conditions [49]. Chitosan is one of the most extensively studied
biopolymers because chitosan possesses some ideal properties for polymeric carriers for nanoparticles.
The properties are given in Table 1.

Current studies have shown a massive variation of applications and novel modifications of chitosan,
thereby increasing its overall value. Drug encapsulation using chitosan with tripolyphosphate was first
reported by Bodmeier et al. [50,51] who used an inotropic gelation process, which results in the formation
of chitosan nanoparticles. Chitosan (100-150 nm) nanoparticles were loaded with Rosuvastatin drug
encapsulated in polyvinyl alcohol (PVA)/Sodium alginate (SA) core using an ionic gelation method.
The release behavior of the drug was observed within 24 h, and chitosan particles delivered significant
results in the drug release process. This biocompatible and biodegradable drug delivery system was a
suitable choice for replacing the various doses of the drug Rosuvastatin [51]. In 1998, Alonso et al.
synthesized the chitosan nanoparticle with the development of inter-and intra-molecular interaction
between the chitosan amino group and tripolyphosphate (TPP). This method produced a high yield of
chitosan nanoparticles [43]. Thandapani Gomathi et al., in 2017, synthesized chitosan nanoparticles
with TPP-loaded drugs with letrozole (LTZ) for cancer treatment. Characterization techniques such
as SEM, TEM, FTIR, XRD, and TGA results showed the optimum results. Additionally, the prepared
formulation was evaluated in vitro to determine its biodegradability, hemocompatibility, and serum
stability. The preliminary studies supported the assertion that chitosan nanoparticle synthesis had
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biocompatibility and hemocompatible applications, and could act as an essential pharmaceutical
excipient for letrozole [52]. Synthesis techniques for chitosan nanoparticles are given in Figure 4.

Table 1. Some ideal properties of polymeric nanocarriers [3].

Nanoparticle Drug Delivery System

e  Simple and low-cost to synthesize and scale-up

e  High shear forces, no heat or organic solvents involved in their preparation process

e  Stable and reproducible

e  Appropriate for a broad classification of drugs: proteins, small molecules, and polynucleotides
e  Capacity to lyophilize

e  Stable after synthesis

Polymeric carriers

° Non-toxic

e  Biocompatible

. Non-immunogenic

e  Water-soluble

. Inexpensive

° Easy to synthesize and characterize
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Figure 4. Shows the formation of chitosan nanoparticles modified with tripolyphosphate (TPP)-loaded
letrozole [52]. Copyright ©2017, Elsevier.

The use of chitosan nanoparticles was reported by Wang et al., in 2017, for insulin delivery [53].
Zhang et al. modified chitosan by using heptamethine and folate for photodynamic treatment and
tumor-imaging [54]. Kamel et al. modified chitosan by encapsulating oregano and cinnamon within
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chitosan in combination with 5-fluorouracil as an effective agent for tumors [55]. Lin et al. studied
chitosan derivatives and found that chitosan-based nanocarriers used for co-delivery of genes and
drugs were redox responsive [56]. In 2017, Gu et al. reported antibody modified nanoparticles.
The delivery of drugs to the brain has always been a challenging task because the blood-brain barrier
does not allow quick cellular uptake to the brain [57]. Auspicious work has been done by Par et al. for
cancer treatment; the authors used glycol-modified chitosan nanoparticles for the effective release of
doxorubicin [58]. In 2018, Belbekhouche et al. synthesized chitosan/polyacrylic modified nanoparticles
for drug delivery systems [59]. A considerable amount of experimental work has been reported by
Bernkop-Schniirch et al. [41]. The authors studied the efficiency of chitosan for different drug delivery
systems: oral, gastric (for cancer treatment), nasal, buccal, intravesical, ocular, and, additionally;,
systems for vaccine delivery. The properties of chitosan nanoparticles vary when coupled with a
hydrophilic polymer. This modified form of chitosan has shown novel susceptibility for delivering
protein and interaction with the biological surface [43]. Calvo et al. examined the remarkable properties
of modified chitosan using the diblock copolymer of ethylene oxide and propylene oxide as a protein
carrier. The introduction of a PEG coating on the surface of chitosan decreases its cationic surface
charge and, remarkably, increases its biocompatibility [60].

In 2002, Shu and Zhu [61] studied the effect of electrostatic interaction on properties of
chitosan ionically crosslinked with multivalent phosphates such as tripolyphosphate, phosphate
and pyrophosphate. Chitosan cross-link ionically due to the greater negative charge on the surface
of phosphates. The solution pH plays a vital role in electrostatic interaction between chitosan and
multivalent phosphates. Pyrophosphate/chitosan exhibits greater interaction as compared to other
tripolyphosphates and phosphates. Ionically cross-linked chitosan and tripolyphosphates displayed
better surface charge to size ratio for particles and showed better association with vaccines, proteins,
plasmids, peptides, and oligonucleotides [61]. Recently many issues related to cancer treatment,
such as hematogenous metastasis, drug resistance and local reappearance have led to the failure of
treatment methods [62]. The main problem related to cancer treatment is finding a drug delivery
system that fits the requirements. Shafabakhsh et al. [38] reported a review of gastric cancer treatment
using chitosan nanoparticles. The authors investigated the effect of the anticancer drug norcantharidin
conjugated with carboxymethyl modified chitosan.

In comparison with the simple drug, the carboxymethyl/chitosan encapsulated the drug
successfully and suppressed the migration and proliferation of gastric cancer cells. This study
reported that carboxymethyl chitosan could increase gene expression and may provide a favorable
drug delivery system for gastric cancer treatments [38,63]. Moreover, chitosan nanoparticles used for
the treatment of H. pylori infection have been shown to improve the effect of amoxicillin; chitosan
nanoparticles improve the release time of the drug by preventing them from enzymatic and acidic
breakdown through bonding to the mucus barrier of the stomach and drug release into the mucus
barrier, thus leading to greater efficacy at the infected site [64,65].

Qilo et al. [66] suggested dental coating by using modified chitosan with other alternative
antibacterial agents. The formation of biofilms causes common dental diseases that involve microbes
adhering to teeth or restorative materials. Microbial adhesion is followed by bacterial growth and
colonization, resulting in the formation of a compact biofilm matrix [67]. This matrix protects
the underlying bacteria from the action of antibiotics and host defense mechanisms. The biofilm
formed on teeth, prostheses, or implant-anchored restorations contains aciduric organisms such
as Streptococcus mutans (S. mutans) and lactobacilli that secrete acid causing enamel and dentin
demineralization. Biofilm formation on dental implants can result in a severe infection leading to
dental implant failure. The formation of biofilm is reduced by different antibacterial agents such
as quaternary ammonium compounds [68], inorganic nanoparticles [69], or fluoride varnish with
natural products [70], which are used in the dental materials. Dental varnishes containing fluoride
with natural products such as chitosan are a practical approach. Newer techniques include the use of
an antibacterial polymer coating drug delivery system to prevent bacterial growth on artificial tooth
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surfaces in other dental materials and dental composite kits, increasing the longevity of the dental
restoration [71]. Examples of such antibacterial coatings include copolymers of acrylic acid, alkyl
methacrylate, and polydimethylsiloxane copolymers [72], pectin coated liposomes, and carbopol [73].

4. Alginate-Based Nanoparticles

Alginates are a group of the most important biopolymers, also known as sodium-alginates,
which are unbranched polysaccharide anionic polymers (Figure 5). Alginate demonstrates a wide
range of potential applications in a polymeric drug delivery system, in the food industry in the form of
additives based on electrostatic interaction. A modified form of alginates has introduced a greater level
of properties in the biomedical and pharmaceutical industries [74]. Alginate is made up of unbranched
polysaccharides extracted from brown seaweeds and soil bacteria. Alginic acid is the resulting product
extracted from seaweed which is converted into sodium alginate, currently used in the pharmaceutical
industry as an effective drug carrier. Alginic acid is a linear polymer consisting of L-guluronic acid and
D-mannuronic acid; these are linearly arranged in the polymer chain. Alginates from various sources
differ in their extents of blocks. Hydration of alginic acid leads to the synthesis of a high-viscosity
“acid gel” due to intermolecular binding. Due to gelation, water molecules are enclosed inside the
alginate matrix but are still free to migrate, which has a great application in drug encapsulation and
cell immobilization [74].
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Figure 5. Types of alginate blocs: M = mannuronic acid; G = guluronic acid [75].

Alginate is a perfect polymer for chemical functionalization, due to its free carboxyl and hydroxyl
groups among the backbone. Properties such as hydrophobicity and solubility, and physicochemical
and biological characteristics are enhanced due to the formation of alginate derivatives based on
hydroxyl and carboxylic groups. Many physical and chemical methods, such as polymer blending,
grafting copolymerization with hydrophilic vinyl monomers, and compounding with other functional
components, can be used to modify sodium alginate [76]. Divalent cations act as cross-linkers between
the functional groups of alginate chains. Polyvalent cations such as Ca?*, Sr>*, or Ba?* are responsible
for intrachain and interchain cross-linking of alginate, forming insoluble alginate with the anionic
polymer. Calcium is the main cation used because it is considered to be simply accessible, clinically safe,
and cost-effective. The reaction of sodium alginate and calcium ion consists of a simple cross-linking
process in which sodium-alginate is converted into calcium alginate [77].

2Na(Alginate) + Ca®* — Ca(Alginate), + 2Na*

Wandrey et al. [77] reported that, in the development of high mechanical strength and greater
permeability, G alginate showed advantageous properties, and for additional properties, M alginate
was suggested. Amphiphilic alginate is a current choice for drug delivery systems, and it shows
properties such as low toxicity, good biocompatibility, mechanical stiffness, binding and release
of drugs upon modification; it also reduces side effects and increases affinity with drugs [78,79].
Alginate-based smart polymers respond to pH [80], temperature [81], light [82], enzymes and magnetic
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field [81,83]. Most of the drug carriers are synthesized on the basis of an ionic complexes of alginate
or its sulfate derivatives with a cationic macromolecule such as peptides or proteins. Wu et al. [84]
reported on a nano-sized drug carrier for chemotherapeutic applications based on inorganic/organic
hybrid alginate/CaCOs3 using the co-precipitation method under optimal conditions in the presence
of an aqueous solution. A hydrophobic drug (paclitaxel, PTX) and hydrophilic drug (doxorubicin
hydrochloride, DOX) were co-encapsulated in the alginate/CaCO3 hybrid nanoparticles. Different
characterization techniques were used to observe the behavior of a simple nanoparticle-encapsulated
drug and a co-encapsulated one. The drug-loaded with modified nanoparticles showed greater
cellular uptake and an enhanced inhibitory effect. These results showed that alginate/CaCO3 hybrid
nanoparticles have beneficial applications for the co-delivery of drugs with altered physicochemical
properties. In another study, Jahanban-Esfahlan et al. [84] reported on an effective and drug release
system for tumor treatment. They developed magnetic natural hydrogel based on alginate (Alg),
Fe30O4 magnetic, and gelatin (Gel), nanoparticles (MNPs). Firstly, alginate was partially oxidized, then a
shift-base condensation reaction was used to develop alginate-gel. Secondly, using a co-precipitation
method, Fe3O4 nanoparticles were introduced in prepared alginate-gel. Characterization showed that
this method synthesized hydrogel without any micro-phase separation. The attained Alg-Gel/FezO4
was loaded with doxorubicin hydrochloride (DOX), its drug loading, encapsulation properties and
anticancer movement, were examined against Hela cells. The presence of carboxylic acid in the drug
delivery system (synthesized Alg-Gel/Fe;04-DOX) showed pH-dependent drug release. This modified
form of alginate with magnetic nanoparticles showed promising results for a smart drug delivery system.
Moreover, Gao et al. [79] presented hydrophobic drug-based self-assembled micelles, a dual-stimuli
responsive drug delivery system for hydrophobic drugs. Alginate was modified with dodecyl glycidyl
as a hydrophobic group and was able to form self-assembled micelles in the aqueous solution above
the critical micelle concentration. Doxorubicin (DOX) was used as an exemplary drug and successfully
loaded in HMA (hydrophobic modified alginate) micelles. The enzyme and pH-stimuli release behavior
of DOX from DOX-HMA micelles was such that the release of DOX was enhanced in an acidic medium.
The release of drugs in the presence of a catalyst named an Alpha-Lfucosidase was effectively increased.
Zhang et al. [85] synthesized graphene functionalized alginate (GO-ALG) for colon cancer treatment.
This modification opened the way for many other therapeutic applications. The main issue linked
with colon cancer is liver metastasis. Conventional drug delivery systems have many problems,
such as failure to control the drug release ratio, poor stability, wrong targeting, and exposure to the
microenvironment. This study reports the synthesis of graphene oxide (GO)-functionalized, sodium
alginate (ALG) colon-targeting drug delivery system, with 5-fluorouracil (5-FU) used as the sample
anticancer drug. The results showed that modified GOALG/5-FU expressively stopped tumor growth
and liver metastasis and increased the life span of mice. This research opened a new route for the
treatment of colon cancer liver metastasis. Nazemi et al. [86] investigated the ionic complexation of
various configurations of alginate and its sulfated derivative with tetracycline hydrochloride (TCH).
Remarkably, the functionalization of alginate with sulfate groups resulted in drug-polymer complex
formation. Mannuronate-enriched alginate complex with TCH trapped the greater quantity of the drug.
The results showed that this modification of alginate with TCH comes out as a favorable biomaterial
for a cationic drug delivery system. Hiigl et al. [87] entrapped the neurotrophic factor producing cell
in an alginate polymer matrix. The application processes were tested for their potential in an artificial
human cochlea model. Since the methods potentially affect the electrode implant capacity, the coating
stability and insertion forces were analyzed on custom-made electrode arrays. Both inoculation of
the alginate-cell solution into the model and a manual dip coating of electrode arrays with successive
insertion into the model were promising. The filling of the model with a non-cross-linked alginate-cell
solution improved the insertion forces. A good stability of the coating was examined after the first
supplement. Both application schemes are a promising choice for cell-induced drug delivery to the inner
ear, but an alginate-cell coating of electrodes has great potential with a reduction of insertion forces.
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5. Albumin-Based Nanoparticles

Albumin is a natural, water-soluble globular protein and attractive macromolecular carrier
which has a biodegradable property. Albumin is non-immunogenic, non-toxic, non-antigenic and
biocompatible [88,89]. A large number of drugs can be incorporated into the nanoparticle-matrix
because albumin molecules have different binding sites [90]. Albumin structure is shown in Figure 6.
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Figure 6. Structure of albumin [8]. Note that the oxygen atoms of almost all the carboxyl groups of
amino acids are not shown in the structure. Copyright ©2019, Elsevier.

Albumin-based nanoparticles allow electrostatic interaction of cationic and anionic charge; drugs
show non-covalent and covalent interaction with albumin nanoparticles. Figure 7 demonstrates the
successful use of albumin and albumin nanoparticles for cancer treatment [89]. The presence of primary
amino acid groups in albumin, such as lysine, indicates a vital role in cross-linking [91]. Albumin is
prepared by controlled desolvation, coacervation, and emulsion formation. Commercially available
forms of albumin are ovalbumin (egg white), human serum albumin, albumin extracted from soybeans,
albumin present in bovine serum capsules, grains, and milk [92], where egg albumin has a molecular
weight of up to 47,000 Da.

Furthermore, ovalbumin is non-toxic, sensitive to temperature or pH, and economical; it gives
effective results in food matrix design, stabilization of foams and emulsions, and a is a good candidate
for sustainable drug release [93]. A bovine serum capsule has a size of up to 69,323 Da, and due
to its non-toxic behaviour, and ligand binding property it is extensively used for drug delivery
applications [94]. Human serum albumin has a molecular weight of 66,500 Da and peripheral uptake,
non-toxicity and biodegradability properties make it beneficial for pharmaceutical applications [95].
Albumin nanoparticles have several useful properties such as easy incorporation of various drugs
and the ability to bind with proteins, due to presence of carboxylic and amino group on nanoparticle
surface [96].
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Figure 7. The successful use of albumin and an albumin nanoparticle (Abraxane) for cancer
treatment [89]. Copyright ©2020, Elsevier.

Modification of albumin with PEG has not only improved the blood circulation but also provides a
gateway in the pharmaceutical industry for cancer treatment drugs [97]. Albumin nanoparticles show a
better affinity for cancer treatment drugs such as doxorubicin, curcumin, Abraxane, and tacrolimus [98].
Kim et al. [98] prepared HSA nanoparticles loaded with curcumin; these nanoparticles show higher
solubility. Dreis et al. [99] have developed a system for the preparation of doxorubicin-loaded HSA
nanoparticles. Using doxorubicin-loaded HSA nanoparticles, the toxic effect of anticancer drugs was
reduced, and the multidrug resistance issue was resolved. Joshi et al. [89] discussed nanocarriers
for pulmonary cancer. Surface modification of a nanoparticle helps in the effective movement of
nanoparticles across the mucus layer. Surface functionalization of nanoparticles was performed using
various methods such as adsorption, conjugation, and surface coating. Here, the surface of albumin
modified with a neutral molecule polyethylene glycol enabled the movement through the mucus layer
of the respiratory tract [89]. Surface modification based upon the required application is possible
due to many reactive groups on the surface of albumin. Iwao et al. [100] presented a strategy for a
site-specific drug delivery system for the cure of ulcerative colitis (UC). The authors prepared modified
human serum albumin (HSA), and myeloperoxidase (MPO) and prepared nanoparticles (HSA NPs)
conjugated with 5-aminosalicylic acid (5-ASA). The specific contact between 5-ASAHSANPs and MPO
was examined using quartz crystal microbalance analysis.

Furthermore, Siri et al. [101] presented the effect of an albumin nanoparticle structure with its
function as a drug release system. In this study, albumin nanoparticles were irradiated with gamma
rays (cross-linker) by using the desolvation method. This method causes albumin nanoparticles to
generate new hydrophobic pockets which make it a sound drug delivery system. The hydrophobic
drug, Emodin, was used as a sample to check the release behavior. The formation of nanoparticle
pockets enhanced the encapsulation property of the system. Stein et al. [102] studied the preparation of
stable mTHPC-albumin nanoparticles using nanoparticle albumin-bound (nab)-technology to develop
a system for drugs that are not very water-soluble. In this study, the advantages of nanotechnology
and albumin with the ability of high tumor enrichment and the selective light initiation of the
photosensitizer Temoporfin (mMTHPC) were associated with a new delivery system for reliable tumor
treatment. The nanoparticles were characterized according to size distribution and particle size,
and the effect of this method on the nanoparticles as well as mTHPC stability was studied. Table 2
shows polymer/polymer modified chitosan-, alginate-, and albumin-based nano polymers for drug
delivery systems.
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Table 2. Shows the modified chitosan-, alginate-, and albumin-based nano polymer for drug delivery
systems [8].

Polymer/Modified Polymer Preparation Method Model Drug
Chitosan—folic acid Ionic gelation 5-flurouracil
Chitosan/alginate and solid lipid NPs Ionic gelation Ciprofloxacin
PVA/chitosan-gelation Electrospinning method Erythromycin
Alginate calcium carbonate Co-precipitation Paclitaxel
PEGylated albumin RAFT polymerization Lysozyme
Bovine serum albumin Multistep process Temozolomide
Egg albumin Desolvation method Curcumin
PEG-modified human serum albumin  Solid dispersion technology Paclitaxel

6. Hydroxyapatite-Based Nanoparticles

Hydroxyapatite (HAp) has great applications in the biomedical field and is considered the best
option in the pharmaceutical field due to its excellent bioactivity and biocompatibility. Hydroxyapatite
is derived from the mineral compounds of human bones, teeth, and hard tissues. The basic units of
HAp are calcium and phosphates (CaP) characterized as M14,M24(PO,4)6(OH);, in which M1 and M2
are two crystallographic arrangements. The stability of CaP is directly related to the presence of water
molecules during synthesis and the medium where it was applied [103].

Furthermore, HAp shows good mechanical strength, a porous structure, osteointegration,
and osteoconductive properties. HAp can be used as an implant material due to its granular
particles, porous structures, load-bearing ability and excellent biocompatibility. The combination of
HAp with phosphates, such as calcium pyrophosphate and (3-tricalcium phosphate (3-TCP), means that
this material has a vast number of properties. The use of hydroxyapatite in the implantation, free layer
of fibrous tissue composed by carbonated apatite is generated on its surface, which helps in the binding
of the implant to the living bone through an osteoconduction mechanism. HAp prevents any toxicity
effect during implantation, and its porous structure gives excellent diffusion properties. HAp is used
in tissue engineering as a scaffold, in dental enamel repair, in medicine, for cancer cell treatment and
as a bone cement [104,105]. A recent study investigated that HAp shows strong bonding due to its
porous structure [106]. HAp powder was synthsized using a hydrothermal method with the use of
calcium nitrate [Ca(NO3),.4H,0O] for calcium and potassium dihydrogen phosphate [(NHy4),HPO4]
and phosphorous, and it was used as a precursor. The use of HAp derivatives is in high demand
in the field of orthopedics. This is undoubtedly beneficial for both commercialization and research
purposes; it means that the use of composites is studied and experimented with, enhancing the
performance of the previous defective bones. Li et al. [107] successfully synthesized a core—shell
nanocarrier (PAA-MHAPNSs) based on a grafting method. This synthesized system showed excellent
results; for example, it had improved loading in terms of the quantity of anticancer drug (doxorubicin
hydrochloride), electrostatic properties, and promising for application in pH-sensitive drug release
systems. The loading capacity increased up to 79% at low pH. The cytotoxicity analyses designated
that the PAA-MHAPNSs was biocompatible. Overall, the synthesized systems have great ability
as drug nanocarriers for drug delivery, excellent biocompatibility, and pH-responsive features for
future intracellular drug delivery. Venkatasubbu et al. [108] presented functionalized hydroxyapatite
(HAp) with folic acid (FA) modified polyethylene glycol (PEG) for therapeutic applications. In this
study, in vitro analysis of anticancer drug (paclitaxel) loading in modified HAp was performed.
The authors studied the initial rapid release of the drug and then the sustained release, and presented
a review of three types of hydroxyapatite-based nanoparticles: magnetic HAp, luminescent HAp,
and immunomagnetic HAp for bioimaging applications. Various research work on the antimicrobial
property of HAp nanoparticles was presented in this study. Additionally, the silver doping particle in
HAp increases its antimicrobial property by cross-linking a silver nanoparticle with a thiol group of
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bacteria, and HAp shows good compatibility with bone marrow stem cells [109]. Table 3 shows the
advantages, disadvantages, biomedical applications and methods of synthesis of hydroxyapatite.

If we observe the bone at the microscopic level, we find the cellular composition of osteocytes and
the matrix. A matrix composed of collagen fibers helps to give strength and flexibility to the bone and
is associated with HAp microcrystals and mineral salts for hardness. The bone tissue is constantly
replaced and remodeled, leading to the name Bone Remodeling. The stimulus from the osteocytes
supports to initiate osteoclast and osteoblast for remodeling [110]. Bioactive ceramics act as an HAp
layer on the fractured part, help to rise the osteoblast quickly to heal bone. Furthermore, studies
proposed a combination of the HA layer with high-density polyethylene (HDPE) as a auxiliary material
for bone [111-115]. This has been tested and commercially named HAPEXTM. Previously provided
empirical results for osteoblast over a bioactive ceramic layer of HAp particles [112]. Composites
from the bioactive ceramics joint with HAp particles and collagen fibres have possibility to act as an
artificial substitute for bone [116]. The established graft have excellent mechanical properties [117].
HAp/alumina has been proposed as a bone substitute [118]. One study also concludes that mixing
P,05 glass with HAp achieves close to natural bone properties [119].

Table 3. Shows the advantages, disadvantages, biomedical applications, and methods of preparation
for hydroxyapatite [120].

Biomedical

Advantages Disadvantages Applications Method of Preparation
Bioactive Strong hydration shell, Dr}lg dellve}‘ y Sy.SteI,n' Wet rpethod, dry method,
. L . tissue engineering high-temperature
(hydration shell) ionic surface, fragile .
implants process
Ease of modification and Precipitation and } )
surface functionalization turbid solution
Good attachment to Surface corona _ _
polymers formation, aggregation

Dispersity in chemical

Ease of composite . .
composition, size and - -

formation

shape polymorphism
Biodegradable, High pH sensitivity ) )
biocompatibility and solubility
Self-assembly Low stability - -

7. Hyaluronic Acid-Based Nanoparticles

Hyaluronic acid (HA) is an anionic polysaccharide with repeating units of N-acetyl-D glucosamine
and disaccharides of D-glucuronic acid linked via 3-1,4- or 3-1,3-glycosidic bonds [121,122]. HA also
is known as hyaluronan, present in the synovial fluids, in the extracellular matrix, in the skin and
uniformly distributed in vertebrate tissues of the body [123]; the structure is shown in Figure 8. HA has
good biocompatibility, greater viscoelasticity, biodegradability and the capacity to combine with the
receptor cell surface. The presence of receptors such as CD44 on the surface of HA makes it a site-specific
drug delivery system for anticancer drug release and its capacity for cellular uptake [124,125].

Modification of HA with hydrophobic macromolecules occurs because of hydroxyl and carboxylic
functional groups and its negatively charged surface. Based on nanocarriers, HA can be divided
into different drug delivery systems such as gel and cationic drug delivery systems, a polyelectrolyte
microcapsule release system, a nano-emulsion delivery system, and a nano-carriers drug delivery
system [126]. HA nanocarriers are not only used for cancer drug therapy but also as photosensors,
for photo imaging, and gene plasmids [127]. Various modification steps can be used to enhance its
properties for drug delivery systems, such as conjugation with the nanocarriers as a targeting moiety,
with dendrimers, quantum dots, and graphene oxide [35,128]. Modification of HA is important due to
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its accumulation in the liver; hence, Choi et al. [129] synthesized polyethylene glycol-modified HA
nanoparticles. By varying the degree of PEGlation, negatively charged self-assembled nanoparticles
were formed. Although PEGlation of HA-NPs decreased their cellular uptake in vitro, nanoparticles
having CD44HA receptor were taken in huge amount by cancer cell as compared to normal fibroblast
cells. Using in vivo images, it was established that PEGlation of HA reduces the accretion of HA
nanoparticles in the liver and enhances its cellular uptake. Characterization results showed the
maximum accumulation of PEGylated HA nanoparticles in tumour cells. Lee and Na [130] also
synthesized the sustainable drug release to reduce the toxic effect and avoid an accumulation of HA in
healthy organs. The authors modified HA with a Polycaprolacton (PCL) copolymer, HA cross-linking is
carried out by disulfidebond. Doxorubicin (DOX), selected as a sample anticancer drug, was successfully
encapsulated into the nanoparticles with greater drug loading ability. The DOX-loaded in the modified
HA significantly delayed the drug release in physiological environments. However, the drug release
rate was significantly improved in the occurrence of glutathione, a thiol-containing tripeptide capable
of reducing disulfide bonds in the cytoplasm. Moreover, DOX-HA-ss-NPs could efficiently transport
the DOX into the tumour cell. Overall, the characterization results indicate that this modification
can act as a potential carrier for a drug delivery system. In another study [131], photo-crosslinked
hyaluronic acid nanoparticles (c-HANPs) were prepared for involuntary burst release of the drug into
the blood. They were readily synthesized via UV-triggered chemical cross-linking with the acrylate
groups in the polymer backbone. High sustainability of c-HANDPs enabled their large circulation in the
body. Owing to the constant discharge of the drug and improved tumour-targeting capacity, ccHANPs
showed higher healing ability compared to uncrosslinked HANPs. These data imply the promising
potential of c-HANP as a tumour-targeting drug carrier and have established the extraordinary effect
of better stability upon the biodistribution and therapeutic ability of drug-loaded nanoparticles.
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Figure 8. The structure of hyaluronic acid.
8. Conclusions

In this review, five natural biocompatible and biodegradable polymer-based nanoparticles have
been critically examined for therapeutic applications. The nanoformulations are superior to macro
or conventional drug delivery systems, and they can maximize dosing frequency. They can target
infected areas, organs, tumor sites, and tissues in the body. Biodegradable and biocompatible polymers
are appropriate materials for the development of novel drug delivery systems. Biocompatibility,
mechanical properties, and low cytotoxic effects of these polymers make them an appropriate choice for
drug delivery systems. It is the need of time to manipulate the system, which reduces the toxic effects
of drugs on healthy organs or body parts. Still, there is room to explore more biodegradable polymers
for innovative biomedical applications. With increased progress in nanotechnology, we expect progress
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in the area of therapeutic systems based on the development of modified nanomedicines for the proper
treatment of diseases.
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