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Abstract: Polymeric drug delivery technology, which allows for medicinal ingredients to enter a cell
more easily, has advanced considerably in recent decades. Innovative medication delivery strategies
use biodegradable and bio-reducible polymers, and progress in the field has been accelerated by
future possible research applications. Natural polymers utilized in polymeric drug delivery sys-
tems include arginine, chitosan, dextrin, polysaccharides, poly(glycolic acid), poly(lactic acid), and
hyaluronic acid. Additionally, poly(2-hydroxyethyl methacrylate), poly(N-isopropyl acrylamide),
poly(ethylenimine), dendritic polymers, biodegradable polymers, and bioabsorbable polymers as
well as biomimetic and bio-related polymeric systems and drug-free macromolecular therapies have
been employed in polymeric drug delivery. Different synthetic and natural biomaterials are in the
clinical phase to mitigate different diseases. Drug delivery methods using natural and synthetic
polymers are becoming increasingly common in the pharmaceutical industry, with biocompatible
and bio-related copolymers and dendrimers having helped cure cancer as drug delivery systems.
This review discusses all the above components and how, by combining synthetic and biological ap-
proaches, micro- and nano-drug delivery systems can result in revolutionary polymeric drug and gene
delivery devices.

Keywords: natural polymers; synthetic polymers; drug delivery; copolymers; biomimetic

1. Introduction

Nanomedicine uses nanotechnology to improve healthcare by manufacturing med-
ication nanocarriers with the enhanced permeability and retention (EPR) effect. These
nanocarriers may passively or actively target tumour tissues, resulting in more effective
treatment. In the past two decades, pharmaceutical research and development has fo-
cused on developing drug delivery vehicles. A better drug transporter is biocompatible,
biodegradable, non-toxic, and delivers active substances to the action site. Until recently,
liposomes, organic and inorganic nanoparticles, and hydrogels were considered promising
drug carriers [1,2]. Due to their abundance in nature and unique properties, including sus-
tainability, biocompatibility, and biodegradability, natural biopolymers are gaining favour
in drug delivery systems (DDSs) [3,4]. Living cells build natural biopolymers by covalently
bonding monomeric units to form large molecular-weight molecules. Polysaccharides and
proteins are the most common natural biopolymers, which include chitosan, cellulose,
dextran, starch, pectin, collagen, gelatin, fibronectin, elastin, keratin, actin, myosin, etc.
Polymers made up of long chains of amino acid residues (proteins) exhibit a broad range of
physical and chemical characteristics. Oligopeptides are linear chains of 20–30 amino acids.
Nondegradable materials used in biomedical applications can be replaced by synthetic
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biodegradable polymers. The majority of synthetic biodegradable polymers used today as
common materials and even in the biomedical industry belong to the polyester family. In
most cases, poly(glycolide), poly(lactide), poly(caprolactone), and their copolymers are part
of applications and research. Various synthetic polymers based on poly(amino ester) (PAE)
are suggested as candidates for gene and drug delivery owing to their pH responsiveness,
which contributes to efficient delivery performance [5].

This review addresses natural and manmade/synthetic polymers, their desirable
qualities, ongoing clinical trials, and their limitations in regard to drug delivery systems.
Moreover, we discuss how combining two or more biomaterials with enhanced capabilities,
such as copolymers, polymer–polymer blends, or composites, may meet most therapeutic
needs. The existing literature is reviewed, and a scaffold design, commercial viability, and
manufacturing methods are also examined.

2. Data Source and Search Strategy

We comprehensively searched online publications in the WOSCC (Web of Science
Core Collection) database on 25 September 2023. The publication timeframe ranged from
an unspecified date to 25 September 2023. To prevent bias stemming from daily database
updates, we specifically looked into articles on a single day. Our focus was on English-
language publications, with only “articles” and “reviews” being considered. Prior to
assessing the relevance of the literature to the theme of natural and synthetic biomaterials
in drug delivery as well as ongoing clinical research, we eliminated publications that
did not meet the specified language and article-type criteria by evaluating their titles
and abstracts.

3. Nano-Based Drug Delivery Systems
3.1. Fundamentals of Nanotechnology-Based Drug Design Methodologies

Nanomedicine is a subspecialty of medicine that makes use of nanoscale materials,
such as biocompatible nanoparticles [6] and nanorobots [7], to carry out a variety of biolog-
ical tasks, such as diagnostics [8], transportation [9], sensing [10], and actuation [11]. Before
the conventional method of formulating vaccinations was established, medicines with very
low aqueous solubility presented a number of difficulties in terms of biopharmaceutical
delivery. These difficulties included restricted bio-access on oral intake, a lower diffusion
capacity into the outer membrane, larger intravenous (IV) dosage requirements, immuno-
genicity, and unwanted side effects. It is possible that if nanotechnology was included in
the pharmaceutical distribution process, all of these problems would be eliminated. Drug
design at the nanoscale has been the subject of extensive research and is currently the most
cutting-edge technology in the field of nanoparticle applications. This is due to the fact
that nanoscale drug design offers an abundance of benefits, including the capability to
modify properties such as solubility, drug release profiles, diffusivity, bioavailability, and
immunogenicity. Because of this, it may be feasible to devise more comfortable adminis-
tration techniques that have less toxicity, fewer side effects, better biodistribution, and a
longer pharmaceutical life cycle [12].

DDSs were developed to either direct therapeutic chemicals to a particular location
in a more concentrated fashion or to disperse therapeutic chemicals to a certain area
in a more manageable way. Self-assembly is defined as the process through which the
assembly of components results in the spontaneous emergence of well-defined forms
or patterns [13]. Endocytosis and absorption via a system of mononuclear phagocytes
are also very important [14]. As a result of the hydrophobic properties of a structure,
medicines may be injected into an internal cavity. When nanostructure components are
guided to specific locations, the amount of medication that is expected to be released
is achieved despite the low concentration of the medicine that is kept in a hydrophobic
environment. Both passive and active methods of medication administration are viable
options for nanostructured DDSs. As a result of the hydrophobic nature of drugs, they
are often extensively absorbed into the interior cavity of a structure. When nanostructure
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materials are directed to certain locations, pharmaceuticals are kept in an environment
that is hydrophobic, and the appropriate quantity of medication is released [14]. To
facilitate distribution more easily, supplied medications are conjugated to the transporter
nanostructure material as quickly as is practically possible. If a medication is released from
its nanocarrier system at the incorrect moment, it will not reach the target it was designed
for, and it will rapidly dissociate from the carrier, resulting in a reduction in its bioactivity
and effectiveness [15].

Another essential feature of a DDS is drug targeting, wherein nanoparticles or nano-
formulations make up the DDS and are split up into active and passive categories. In
order to successfully target antibodies and peptides to receptor complexes expressed in a
particular area, several DDSs are coupled with antibodies and peptides. Active targeting
involves the use of antibodies and peptides in combination with pharmaceutical delivery
methods to connect to receptor structures that are expressed in the target site. The produced
drug carrier complex is directed to the target site by affinity or binding, which is governed
by pH, temperature, molecular size, and shape. This process takes place while the complex
travels through circulation. The receptors that are located on the cell membranes, the lipid
components that are located on the cell membranes, and the antigens or proteins that are
located on the surface of the cells are the primary targets in the body [16]. The majority of
nanotechnology-assisted DDSs are now under investigation for use in the treatment and
prevention of cancer.

3.2. Diagnostic, Detection, and Imaging Applications of Biopolymeric Nanoparticles

The combination of treatment and diagnosis is known as theragnostic therapy, and it
is used widely in cancer treatment [17]. When used in theragnostic therapy, nanoparticles
have the potential to improve the disease diagnosis, treatment localization, stage, and
treatment response. In addition, nanoparticles have the capability of transporting tumour-
targeted therapeutic medication, which may then be released into the body in response to
either an internal or external stimulus [18]. Chitosan, also known as chitin, is a biomaterial
that has distinctive qualities, such as biological uses and functional groups [19]. Chitosan
is being employed to encapsulate or coat a broad variety of nanoparticles, which will result
in a diversity of particles with various activities that may be used in the detection and
diagnosis of illness [20]. Using oleic acid-coated iron oxide nanoparticles encapsulated in
oleic acid-conjugated chitosan (oleyl-chitosan), Lee et al. [18] investigated the accretion of
nanoparticles in tumour cells via the EPR effect in vivo for analytical reasons. This was done
using oleic-acid-coated iron oxide nanoparticles for magnetic resonance imaging (MRI).
In vivo, experiments of cyanine-5-attached oleyl-chitosan nanoparticles demonstrated high
signal intensity and recovery in tumour tissues using both techniques.

Yang et al. [19] reported nanoparticles with improved 5-aminolevulinic (5-ALA) release
in the cell lysosome; the nanoparticles were produced by physically connecting alginate to
folic acid-modified chitosan. The nanoparticles were extremely effective for light-mediated
colon cancer (CC) cell detection. According to the results, the modified nanoparticles were
readily endocytosed by CC cells via a folate receptor-based endocytosis mechanism. Due to
the usage of deprotonated alginate, there was a reduction in the binding strength between
5-ALA and chitosan. As a consequence, the charged 5-ALA was delivered to the lysosome,
which led to an accumulation of protoporphyrin IX for photodynamic detection inside the
cells. Researchers found that chitosan-based nanoparticles coupled with alginate and folic
acid are good vectors for delivering 5-ALA to CC cells while also allowing for endoscopic
fluorescence monitoring.

Cathepsin B (CB) is an enzyme that plays an essential role in the detection of metastasis
because of its close connection to the metastatic process and its prevalence in the pericellular
regions where it takes place. Ryu et al. [20] produced fluorogenic peptide and tumour-
targeting glycol chitosan nanoparticles, which were incorporated on the surface of a CB-
sensitive nanoprobe. The resulting nanoprobe was spherical, with a diameter of 280 nm,
and did not glow when placed in biological environments. In three different rat metastatic
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models, a CB-sensitive nanoprobe was used in conjunction with non-invasive imaging to
differentiate between metastatic and healthy cells.

Another example of a biopolymeric molecule is hyaluronic acid (HA). This gly-
cosaminoglycan, which is biocompatible and has a negatively charged ion, is found in
the extracellular matrix [21]. As a result of the interaction between the receptor and the
linker, HA has the potential to bind to the CD44 receptor, which is overexpressed in certain
cancer cells. As a consequence of this, HA-modified nanoparticles have the potential
to assist in the diagnosis and treatment of cancer [22–24]. Dopamine-modified HA was
used to coat the surface of iron oxide nanoparticles in a study carried out by Wang and
co-workers [25]. Siyue et al. [26] created HA nanoparticles with varying diameters using
varying degrees of hydrophobic HA replacement. Nanoparticles were given to animals
afflicted with malignancies, and the treatment responses were analyzed. For the purpose
of the early detection and targeted treatment of CC, the same research group developed
a potent and flexible thermostatic system based on PEG-conjugated HA nanoparticles
(P-HA-NPs). To determine whether or not the nanoparticles were effective against cancer,
they were first chemically coupled to a near-fluorescent dye, cyanine 5.5 (Cy5.5), and then
encapsulated with the anticancer medication irinotecan (IRT). The therapeutic potential
of P-HA-containing nanoparticles was then investigated using a variety of CC animal
models. The near-infrared fluorescence imaging technology was successfully used to scan
tiny and early-stage malignancies as well as CCs that were implanted in the liver. This was
accomplished after an IV injection of fluorescent dye-associated nanoparticles (Cy5.5-P-HA-
NPs). The remarkable ability of drug-containing nanoparticles (IRT-P-HA-NP) to target
tumours resulted in a considerable reduction in the growth of malignancies while causing
no damage to the body as a whole. Cy5.5-P-HA-NPs are a potential tool for concurrently
analysing many aspects of the healing process [27].

The natural polymer alginate, which is obtained from brown seaweed, has been
subjected to intensive research for the purpose of determining whether or not it could be
used in the medical field. This is due to the fact that alginate possesses a number of desirable
qualities, such as low toxicity, compatibility, and an easy gelling ability, when divalent
cations are present. Baghbani et al. [28] employed alginate-stabilized perfluorohexane (PFH)
nanodroplets to administer doxorubicin (DOX). In addition to determining its potential
therapeutic utility, they subsequently examined the sensitivity of the nanodroplets to
ultrasonography and imaging. Treatment with ultrasound-assisted therapy using DOX-
loaded PFH nanodroplets also showed significant promise in breast cancer rat models. The
degree to which the tumour was able to be broken down was an indicator of how well the
treatment worked. Podgórna et al. [29] produced gadolinium nanogels (GdNGs) for MRI
scanning and the loading of hydrophilic pharmaceuticals. The diameter of the gadolinium
alginate nanogels was an average of 110 nm, and their stability lasted for sixty days. In
MRI imaging, gadolinium combinations are often used as positive contrast agents due to
the inherent paramagnetic characteristics of gadolinium. The spin-lattice relaxation time
(T1) was dramatically shortened due to the presence of GdNGs in comparison to controls.
As a consequence of this, alginate nanogels have the potential to be used in the medical
industry as contrast enhancers.

It is believed that dextran, a non-toxic neutral polymer, was the first exopolysaccharide
used in medicine by bacteria. Dextran is a peculiar substance since it is safe for human
consumption, does not cause any harm, and can be broken down by biological processes.
The cancer treatment known as photodynamic therapy eliminates cancer cells while sparing
the surrounding healthy tissue from damage. Ding et al. [30] built a nanoparticulate
multifunctional composite system for near-infrared (NIR) imaging and MRI. They did
this by encapsulating Fe3O4 nanoparticles in dextran nanoparticles and then coupling the
dextran nanoparticles to redox-responsive chlorine 6 (C6). The redox biological reaction that
occurs as a result of the nanoparticles generates a fluorescent signal that has an “on/off”
characteristic, which enables accurate tumour imaging. In addition, improvements in
magnetic targeting capabilities led to an increase in the effectiveness of photodynamic
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therapy, both in vitro and in vivo. The production of theragnostic nanoparticles and glioma
cells was carried out by Ali et al. [31] using C6 mice. In order to produce these particles,
gadolinium oxide nanoparticles were first coated with either paclitaxel (PTX) or folic acid
(FA)-conjugated dextran. The MTT test was used to evaluate both the chemotherapeutic
effects of PTX on C6 glioma cells and the bioprotective advantages of a dextran coating. Due
to the paramagnetic properties of the gadolinium nanoparticles, the nanoparticles were able
to penetrate C6 tumour cells through a process known as receptor-mediated endocytosis.
Additionally, the nanoparticles displayed enhanced contrast MRI concentration-dependent
activity. When it came to inhibiting cell growth, uncoated gadolinium nanoparticles were
shown to be less efficient than their multifunctional counterparts. As a consequence of
this, drugs that are paramagnetic and chemotherapeutic may be produced by utilizing
theragnostic nanoparticles containing both FA and PTX.

4. Drug Delivery Using Synthetic Polymers
4.1. Poly(2-hydroxyethyl methacrylate)

Poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogel for intraocular lens compo-
nents was synthesized via solution polymerization using 2-hydroxyethyl methacrylate
(HEMA) with cross-linking agents, such as ethyleneglycoldimethacrylate and triethyleneg-
lycoldimethacrylate [32]. In cancer research, PHEMA (Figure 1) is often used to wrap
cell-culture flasks to reduce the amount of cell adhesion and increase the creation of
spheroids. There are two older alternatives to PHEMA: agar and agarose gels [33]. For the
purpose of developing drug delivery systems, equilibrium swelling, structural characteri-
zation, and solute transports in swollen PHEMA gels cross-linked with tripropyleneglycol
diacrylate (TPGDA) were investigated across a large TPGDA concentration range [34]. In
order to get a better understanding of the mechanism of drug–polymer interaction and
its influence on the drug-release behaviour of controlled-release polymeric devices, the
physical and chemical features of pilocarpine extracted from PHEMA hydrogels were
investigated. PHEMA hydrogels are often employed in the field of biomedical implants.
PHEMA, which is biocompatible, is also a potential coating for ventricular catheters [35,36]
because of its high hydrophilicity, which provides resistance to protein fouling.
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4.2. Poly(N-isopropyl acrylamide)

Poly(N-isopropyl acrylamide) (PNIPAAm) dissolves in water at a low temperature;
however, it cannot dissolve in high-temperature water (Figure 1). In the 1960s, temperature-
sensitive polymers were a prevalent research subject [37]. The lower critical solution
temperature (LCST) of thermo-sensitive PNIPAAm was 32 ◦C. To determine the ther-
modynamic properties of the system, the phase diagram and amount of heat absorbed
during phase separation were used in the calculation [38]. While carrying out radical
polymerization of N-isopropyl acrylamide (NIPAAm), it is common practice to make use
of the initiator known as azobis(isobutyronitrile). Thermo-responsive polymers have a
variety of applications in biological and medical fields, including medicine and gene trans-



Polymers 2023, 15, 4563 6 of 44

fer [39]. An investigation was conducted into the temperature dependence of the swelling
of cross-linked poly(N,N-alkyl substituted acrylamides) in water. Thermo-sensitivity of
water swelling has been linked to the delicate balance of hydrophilic and hydrophobic
groups on polymer chains, which is determined by the size, conformation, and mobility of
alkyl side-chain groups [40]. This balance is regulated by the size of the alkyl side-chain
groups. This method has been used to create hydrophilic and hydrophobic coatings on a
cell culture surface of PNIPAAm-grafted polymers in a reversible manner [41].

NIPAAm was copolymerized with acrylic acid (AAc) to develop temperature- and
pH-sensitive hydrogels. The influence of polyelectrolytes on the LCST of temperature/pH-
sensitive hydrogels was investigated within the pH range of the swelling ratio. In the
same conditions and in the presence of poly(allyl amine) (PAA) as a polyelectrolyte, an
investigation into the swelling ratio of hydrogels was carried out [42]. Some of the discussed
subjects in the study were pH, redox responsiveness, hypoxia sensitivity, and other tumour
microenvironmental-sensitive nanoparticle in situ stimuli.

4.3. Poly(ethylenimine)

When the pH is low, the compound known as poly(ethylenimine) (PEI) is soluble in
hot water, ethanol, and chloroform. The compound is impervious to the solubility of cold
water, acetone, benzene, and ethyl ether. Branched PEI (BPEI) is a polymer with repeating
units composed of ethylene diamine groups. Aziridine ring-opening polymerization led
to the formation of BPEI. BPEI is a cationic polymer that contains primary, secondary,
and tertiary amino groups (Figure 2). Such types of water-soluble polymers having a
high density of amines are one of the most promising cationic vectors for gene delivery.
Hence, constructing nanocarriers that contain PEI has attracted considerable research
efforts in gene therapy because of the synergetic effects of PEI molecules (for their efficient
transfection) and the multi-functionality of nanoparticles in delivery. BPEI can be prepared
with a divergent synthesis method from an ethylenediamine core. Day by day, highly
branched polymers have also attracted growing interest in various fields, especially in
drug delivery, gene delivery, and diagnosis [43,44]. Major applications of BPEI include
the stable combination with other positively charged particles, layer-by-layer construction
of nanoparticle surfaces, binding to negatively charged substrates or larger particles, and
colour engineering.
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4.4. Dendritic Polymers

Dendrimers are three-dimensional structures that have a high bifurcation level, are
monodisperse, and have clear boundaries. Effective drug delivery systems may be charac-
terized by their spherical form, which makes it possible for them to be quickly function-
alized in a regulated manner [45]. The path to dendrimer formation can be convergent
(the dendrimer develops inwards from the exterior) or divergent (the dendrimer expands
outwards from its centre) [46]. Dendritic polymers are distinguished by their large popula-
tion of terminal functional groups as well as their low solution or melt viscosity and great
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solubility (Figure 3). The scale of dendritic polymer synthesis processes may be regulated
and varied, as can their branching and overall utility.

Polymers 2023, 15, x FOR PEER REVIEW 7 of 45 
 

 

population of terminal functional groups as well as their low solution or melt viscosity 
and great solubility (Figure 3). The scale of dendritic polymer synthesis processes may be 
regulated and varied, as can their branching and overall utility. 

Dendrimers are a kind of polymer that is classified under the dendritic polymer fam-
ily. Other types of polymers included in this family are linear, cross-linked, and branched 
polymers. The design and production of biocompatible dendrimers, in addition to their 
use in a range of bioscience sectors that include drug delivery, immunology, and vaccine 
generation, have been the primary focus of dendrimer research [47,48]. Dendrimers are a 
form of reducible polymer that has also been investigated for their potential to effectively 
transport genes [49]. 

 
Figure 3. (a) Schematic design for divergent dendrimer manufacturing for drug delivery; (b) drug 
delivery dendrimer and dendron chemical structures. 

4.5. Biodegradable and Bioabsorbable Polymers 
If an implant is only going to be needed for a short amount of time, the best choice 

for drug carriers would be bio-absorbable drug delivery devices [50]. Aliphatic polyesters 
are examples of synthetic biodegradable polymers. Some examples of aliphatic polyesters 
are PGA and PLA. PCL and polydioxanone are the polymers used as bio-absorbable drug 
delivery devices the majority of the time. Many other types of polymers have been devel-
oped, including polyesters, poly(ortho ester)s, polyanhydrides, and biodegradable poly-
carbonates (Figure 4) [51,52]. There are several types of biodegradable polymers, includ-
ing hydroxy acid, polyanhydride, polyamide, poly (ester amide), polyphosphoester, 
poly(alkyl cyanoacrylate), PHA, and natural sugars such as chitosan. In drug delivery sys-
tems, synthetic biodegradable polymers are favoured over natural biodegradable poly-
mers [53–55]. This is due to the fact that natural biodegradable polymers are immuno-
genic. 

Figure 3. (a) Schematic design for divergent dendrimer manufacturing for drug delivery; (b) drug
delivery dendrimer and dendron chemical structures.

Dendrimers are a kind of polymer that is classified under the dendritic polymer family.
Other types of polymers included in this family are linear, cross-linked, and branched
polymers. The design and production of biocompatible dendrimers, in addition to their
use in a range of bioscience sectors that include drug delivery, immunology, and vaccine
generation, have been the primary focus of dendrimer research [47,48]. Dendrimers are a
form of reducible polymer that has also been investigated for their potential to effectively
transport genes [49].

4.5. Biodegradable and Bioabsorbable Polymers

If an implant is only going to be needed for a short amount of time, the best choice for
drug carriers would be bio-absorbable drug delivery devices [50]. Aliphatic polyesters are
examples of synthetic biodegradable polymers. Some examples of aliphatic polyesters are
PGA and PLA. PCL and polydioxanone are the polymers used as bio-absorbable drug de-
livery devices the majority of the time. Many other types of polymers have been developed,
including polyesters, poly(ortho ester)s, polyanhydrides, and biodegradable polycarbon-
ates (Figure 4) [51,52]. There are several types of biodegradable polymers, including
hydroxy acid, polyanhydride, polyamide, poly (ester amide), polyphosphoester, poly(alkyl
cyanoacrylate), PHA, and natural sugars such as chitosan. In drug delivery systems, syn-
thetic biodegradable polymers are favoured over natural biodegradable polymers [53–55].
This is due to the fact that natural biodegradable polymers are immunogenic.
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5. Drug Delivery Methods Using Nanoparticles
5.1. Polymeric Micelles

Polymer-based micelles are nanostructures composed of amphiphilic block copolymers
that may self-assemble into a core-shell structure when placed in an aqueous solution. While
the hydrophilic shell renders the whole system water soluble and stabilizes the core, the
hydrophobic core may include hydrophobic medications, such as camptothecin, docetaxel,
and PTX. These nanostructures have a promising future in the field of hydrophobic drug
delivery because their interior core shape makes it possible for drugs to be absorbed, which
results in higher stability and bioavailability [56].

The production of polymeric micelles may be accomplished by direct polymer dis-
solution in a solvent, solvent evaporation, and dialysis methods [57]. Micelle creation
is affected by a number of factors, including the size of the hydrophobic chain on the
amphiphilic molecule, the concentration of amphiphiles, the temperature, and the kind
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of solvent system [58]. The process of micelle creation starts when the concentration of
amphiphilic molecules reaches a critical level, which is also referred to as the critical micelle
concentration (CMC). Because of their diminutive size, amphiphilic molecules are only
capable of existing on their own in trace quantities [59]. During direct dissolution, the
copolymer and pharmaceuticals interact with one another on their own in an aqueous
environment, resulting in a drug that is packed with micelles. In the method known as
solvent evaporation, the needed medication and the copolymer are first dissolved in a
volatile organic solvent. Next, the drug in the solution and the copolymer in the organic
solvent are mixed in a dialysis bag and dialyzed, making use of micelle formation [60].

Stimuli that promote penetrability and the hold effect include monoclonal antibodies
connected to the corona of the micelle or a carefully targeted ligand molecule complexed
to the surface of the micelle [61]. The use of polymeric micelles may be beneficial when it
comes to the administration of cancer treatments [58] and the delivery of eye medications
(Figure 5) [62]. For the treatment of progressive vitreoretinopathy, polymeric micelles
were encased in nanoparticles produced using the micellization of poly(ethylene glycol)-
block-poly(bisphenol A carbonate). ARPE-19 cells were not affected by the cytotoxicity
of the nanoparticles, which had a diameter of 55 nm. When compared to free medicines,
the micellar formulation demonstrated a significant increase in the ability to suppress
cell growth, adhesion, and translocation [63]. After appropriate treatments are adminis-
tered, polymeric micelles are commonly injected into the posterior ocular tissues via the
transscleral channel [61].
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5.2. Dendrimers

Dendrimers for oral medication delivery have received the most attention because
they are water soluble and can pass through epithelial tissue [64]. Because dendrimers
include amine groups, their potential as medicinal agents are rather restricted. The cationic
or negatively charged nature of dendrimers results in them often being changed in an
effort to lessen or remove their toxicity. The following is a list of procedures used to load
medicines into dendrimers: encapsulation, electrostatic contact, and covalent conjugation,
which are all included in simple encapsulation [65]. Dendrimers are primarily responsible
for the delivery of drugs through two different pathways: (a) in vivo degradation of the
covalent bonding of the drug dendrimer as a result of suitable enzymes or a favorable
environment that can cleave the bonds and (b) drug discharge as a result of changes in the
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physical environment, such as pH, temperature, and so on. Dendrimers have the potential
for use in-drug administration through transdermal, oral, ophthalmic, pulmonary, and
targeted methods.

Jain et al. [66] showed that folate-attached poly(L-lysine) dendrimer-encapsulated
DOX is a promising cancer prevention drug carrier model due to its pH-dependent drug
discharge, target selectivity, antiangiogenic ability, and anticancer potential. The use of
DOX-folate conjugated poly(L-lysine) dendrimers resulted in a 121.5% increase in DOX
concentration in the tumour. Using folate-conjugated polypropylene imine dendrimers,
Kaur et al. [67] developed a pH-sensitive methotrexate (MTX) nanocarrier for cancer
cell targeting and anticancer therapy via folate-conjugated poly(propylene imine) (PPI)
dendrimers (FAPPI). FAPPI is considered a pH-sensitive DDS. In vitro studies with MCF-7
cell lines demonstrated substantial release, enhanced cell uptake, and mild cytotoxicity [68].
In addition to these results, the generated formulations, which were methotrexate MTX-
loaded and folic acid-conjugated generation 5 PPI, were preferentially taken up by tumour
cells compared to the free drug.

5.3. Inorganic Nanoparticles

Inorganic nanoparticles include gold, silver, iron oxide, and silica nanoparticles. A
very small number of inorganic nanoparticles have been approved for use in therapeutic
applications, but the vast majority are currently undergoing testing in clinical studies.
Surface plasmon resonance (SPR) is only found in silver and gold nanoparticles; liposomes,
dendrimers, and micelles do not possess this property. Among inorganic particles, gold
and silver nanoparticles provide a wide range of advantages, the most notable of which
is their excellent biocompatibility and flexible surface functionalization. There is very
little evidence to suggest that paracellular transport and transcytosis really take place in
living organisms [68] despite the fact that these processes have been postulated. Although
paracellular and transcytosis transport and absorption have been proposed as possibilities,
little is known for certain about how these processes work in the body. The surfaces of gold
nanoparticles may have drugs conjugated to them through ionic or covalent bonding as
well as through physical absorption. These drugs can then be delivered and controlled
through the use of biological stimuli or light activation [69]. In recent years [70], the use
of metallic nanoparticles has become more common in a variety of medical applications,
including bioimaging, biosensors, target/sustained drug delivery, hyperthermia, and
photoablation. By adding functional groups, these nanoparticles have the potential to
interact with antibodies, medicines, and other ligands, hence increasing their value for use
in biological applications [71]. Zinc oxide, titanium oxide, platinum, selenium, gadolinium,
palladium, and cerium dioxide nanoparticles are also all gaining increased interest.

In order to facilitate the release of ornidazole, Prusty and Swain [72] developed an
interconnected and spongy polyacrylamide/dextran nano-hydrogel hybrid system. This
system had covalently bonded silver nanoparticles and obtained a 98.5% success rate
in vitro. Another study used laser pyrolysis to create iron oxide nanoparticles, which were
then coated with violamycine B1 and antracyclinic antibiotics [73]. These nanoparticles
were tested in MCF-7 cells for cytotoxicity and anti-proliferation properties and compared
to commercially available iron oxide nanoparticles.

5.4. Nanocrystals

Nanocrystals are defined as pure solid pharmaceutical particles with dimensions of
fewer than one thousand nanometres. The performance of nanocrystal suspensions in thin
liquid media may be significantly enhanced by the use of a surfactant component known as
nano-suspension. Water, or other aqueous or non-aqueous media, such as liquid PEG and
oils, are used as the dispersion mechanism [74]. Nanocrystals offer unique properties, such
as enhanced saturation solubility, speedier dissolution, and improved adherence to surface
and cell membranes. Both bottom-up and top-down methods used to produce nanocrystals
are examined here. Sono-crystallization, precipitation, high gravity-controlled precipita-
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tion technology, multi-inlet vortex mixing methods, and the limited impinging liquid jet
precipitation technique are all components of the top-down approach [75]. This method is
somewhat pricey since it requires the use of an organic solvent that is subsequently thrown
away. Grinding and homogenization steps take place under intense pressure during the
bottom-up process. Milling, high-pressure homogenization, and precipitation are the three
processes most often used when attempting to create nanocrystals. Nanocrystals increase
medication absorption by increasing solubility, suspension rate, and the ability to keep
the intestinal wall in place. Cinaciguat nanocrystals coated in chitosan microparticles
were the vehicles that Ni et al. [76] used to deliver a hydrophobic medication to the lungs.
Swelling and muco-adhesive properties of the polymers were used in the production of
nanoparticles for continuous medication release. They found that sickness may limit the
effectiveness of inhalation, which suggests that more research is required to prove if this
method is promising [77].

5.5. Quantum Dots

Quantum dots (QDs) are semiconductor nanocrystals that range in diameter from 2 to
10 nm and feature size-dependent optical characteristics that include absorbance and pho-
toluminescence [78]. QDs have attracted a lot of interest in the field of nanomedicine since
they emit in the NIR region (650 nm), which is a particularly desirable property in biomedi-
cal imaging due to decreased tissue absorption and light scattering at this wavelength [79].
Biocompatible multifunctional graphene oxide QDs with a brilliant magnetic nanoplat-
form were created by Shi et al. [79] for detecting and identifying individual liver cancer
tumour cells (glypican-3-expressing Hep G2). The researchers claim that by combining an
anti-glypican-3 antibody with a nanoplatform, they are able to selectively eliminate Hep
G2 hepatocellular cancer cells from contaminated blood samples. Coating QD antibodies
with norbornene-displaying polyimidazole ligands was the method that Ahmad et al. [80]
used to develop a new fluorophore for intravital cytometric imaging. This fluorophore
was utilized to highlight hematopoietic stem and progenitor cells in bone marrow in vivo.
Additionally, a single light source has the potential to excite QDs of various sizes and/or
compositions, which may lead to a wide spectrum of colour emission [81]. In terms of
multiplex imaging, we feel that QDs have a very bright future. In the field of medicine, QDs
have been the subject of substantial research as potential targets for targeted medication
administration, sensors, and bioimaging. Recent years have seen a proliferation of studies
on the use of QDs as contrast agents in in vivo imaging [82].

As a parenteral multifunctional system, Olerile et al. [83] created a theragnostic system
based on co-loaded QDs and anti-cancer drugs in nanostructured lipid carriers. This
system is intended to be administered intravenously. A tumour growth suppression rate of
77.9% and an encapsulating efficacy of 80.7% were achieved by the spherical nanoparticles.
According to the findings of the study, the procedure has the potential to be utilized to
target and detect H22 tumour cells. Cai et al. [84] created pH-responsive ZnO QDs coated
with PEG and HA acid. These QDs were stable in physiological environments and targeted
cells that expressed the HA receptor CD44. This nanocarrier was used to investigate both
short-term and long-term DOX release. The physiological pH was used to load DOX
into the nanocarrier by either combining it with Zn2+ ions or conjugating it to PEG. The
appearance of DOX in tumour cells only occurred after the ZnO QDs had been degraded in
an acidic environment inside the cell. The researchers found that increasing the amount of
DOX and ZnO QDs in treatment increased its anticancer effect.

5.6. Protein and Carbohydrate Nanoparticles

The term “natural biopolymers” refers to polysaccharides and proteins that originate
chitosan from biological sources, such as plants, animals, and microbes [85]. Protein-based
nanoparticles are an attractive choice due to their ability to metabolize drugs and other
ligands as well as their biodegradability and ease of functionalization for drug attach-
ment. In order to produce natural biopolymers, water-soluble proteins, such as bovine
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and human serum albumin, and insoluble proteins, such as zein and gliadin, are used [86].
Coacervation and desolvation, emulsion and solvent extraction, complicated coacervation,
and electro-spraying are the industrial processes that are most often used to create such
particles. The targeting mechanism of protein nanoparticles may be strengthened and
improved by including targeting ligands. Targeting ligands are identifiers for certain cell
and tissue types via a process known as chemical modification [85]. Polysaccharides, also
known as polycarbohydrates, are the most abundant carbohydrates found in food; polysac-
charides are constructed from sugar units linked to one another by O-glycosidic bonds.
Polysaccharides have the potential to exhibit a broad variety of physical and chemical
properties depending on their monomer composition and biological source [86]. One of the
most significant difficulties of using polysaccharides in nanomedicine is the fact that these
molecules are prone to oxidation (degradation) at high temperatures (far over their melting
point), which are often necessary in industrial procedures. In addition, the vast majority
of polysaccharides are water soluble, which restricts their applicability in nanomedicine
applications, such as tissue engineering [87]. In aqueous environments, polymer chain
crosslinking has been shown to be an effective method for ensuring the structural integrity
of the polysaccharide chain. The many different sources of polysaccharides that have
been exploited in nanomedicine are shown in Figure 6. These biopolymers are used in
nanomedicine and drug delivery due to their adaptability and specific properties. These
properties include their ability to originate from soft gels, flexible fibers, and hard shapes,
which can make them porous or non-porous, and their high similarity to components of the
extracellular matrix, which may help them avoid immunological reactions [88]. Although
not much research has been done on these nanoparticles, the fact that they are made of
biocompatible materials indicates that there is a significant amount of promise for their
use in future drug delivery techniques. Bovine serum albumin was artificially produced
by Yu et al. [89], who then studied the capacity of the protein to bind to and infiltrate the
cochlea and middle ear of guinea pigs. They have also looked into the loading capacity and
release behaviours of nanoparticles that have the potential to be used as drug transporters.
Their goal was to determine whether or not these nanoparticles could provide greater
bio-suitability, increased drug loading capacity, and a well-ordered discharge mechanism.

Polymers 2023, 15, x FOR PEER REVIEW 12 of 45 
 

 

nanoparticles are an attractive choice due to their ability to metabolize drugs and other 
ligands as well as their biodegradability and ease of functionalization for drug attachment. 
In order to produce natural biopolymers, water-soluble proteins, such as bovine and hu-
man serum albumin, and insoluble proteins, such as zein and gliadin, are used [86]. Co-
acervation and desolvation, emulsion and solvent extraction, complicated coacervation, 
and electro-spraying are the industrial processes that are most often used to create such 
particles. The targeting mechanism of protein nanoparticles may be strengthened and im-
proved by including targeting ligands. Targeting ligands are identifiers for certain cell and 
tissue types via a process known as chemical modification [85]. Polysaccharides, also 
known as polycarbohydrates, are the most abundant carbohydrates found in food; poly-
saccharides are constructed from sugar units linked to one another by O-glycosidic bonds. 
Polysaccharides have the potential to exhibit a broad variety of physical and chemical 
properties depending on their monomer composition and biological source [86]. One of 
the most significant difficulties of using polysaccharides in nanomedicine is the fact that 
these molecules are prone to oxidation (degradation) at high temperatures (far over their 
melting point), which are often necessary in industrial procedures. In addition, the vast 
majority of polysaccharides are water soluble, which restricts their applicability in nano-
medicine applications, such as tissue engineering [87]. In aqueous environments, polymer 
chain crosslinking has been shown to be an effective method for ensuring the structural 
integrity of the polysaccharide chain. The many different sources of polysaccharides that 
have been exploited in nanomedicine are shown in Figure 6. These biopolymers are used 
in nanomedicine and drug delivery due to their adaptability and specific properties. These 
properties include their ability to originate from soft gels, flexible fibers, and hard shapes, 
which can make them porous or non-porous, and their high similarity to components of 
the extracellular matrix, which may help them avoid immunological reactions [88]. Alt-
hough not much research has been done on these nanoparticles, the fact that they are 
made of biocompatible materials indicates that there is a significant amount of promise 
for their use in future drug delivery techniques. Bovine serum albumin was artificially 
produced by Yu et al. [89], who then studied the capacity of the protein to bind to and 
infiltrate the cochlea and middle ear of guinea pigs. They have also looked into the loading 
capacity and release behaviours of nanoparticles that have the potential to be used as drug 
transporters. Their goal was to determine whether or not these nanoparticles could pro-
vide greater bio-suitability, increased drug loading capacity, and a well-ordered discharge 
mechanism. 

 
Figure 6. Natural biopolymers for nanomedicine applications from various sources. Natural biopoly-
mers could come from higher plants, animals, microorganisms, and algae.



Polymers 2023, 15, 4563 13 of 44

6. Natural Polymers for Drug Delivery
6.1. Chitosan Derivative

A DDS regulates the distribution of pharmaceuticals inside a living organism in terms
of both temporal and geographical parameters [90]. The objective of the DDS is to pro-
vide the appropriate quantity of medicine at the appropriate time and location in order
to maximize bioavailability while simultaneously minimizing expenditures and adverse
effects [91]. Within a DDS, the fields of medicine, engineering (including materials, mechan-
ics, and electronics), and pharmaceuticals all interact with one another. The medication,
drug carrier, and related delivery mechanisms are all a part of the research, as are any
physical or chemical adjustments that were made to either the drug or the carrier [92].
Chitosan is derived from the chitin via deacetylation (Figure 7).
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6.1.1. Carrier for Deliveries

Chitosan and its derivatives are often dispersed by the use of micelles, gels, micro-
spheres, and nanoparticles [94]. Microspheres have particle sizes that range from 1 to
500 µm, while nanoparticles have particle sizes that are less than 100 nm. Because of their
diminutive size, nanoparticles are able to traverse a variety of biological barriers, paving
the way for the targeted delivery of pharmaceuticals [95]. A micelle is a two-part structure
that has exceptional stability, tissue permeability, and long-term drug release [96]. Micelles
are characterized by their capacity to release drugs in a controlled manner. By producing a
self-assembling micelle, amphiphilic chitosan has the potential to enhance the solubility
of fat-soluble medications as well as their biological activity and the precision with which
they may be administered [97]. A gel is a material that has undergone polymerization in
three dimensions and has a crosslinked network structure. Gels have the ability to retain a
significant amount of water. Gels that are flexible and malleable may boost chemical activity
and dispersibility in biological fluids while also regulating stability, biodegradability, and
biodegradability [98]. The mucoadhesion and permeability of gels are far higher than those
of nanoparticles, and they also have the potential to transport very small molecules, all of
which contribute to their use in a wide range of biological applications.
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6.1.2. Controlled Drug Delivery

Drug control and long-term release are two prospective study subjects [99]. Because
certain medications have a short half-life and are swiftly absorbed, their plasma concen-
tration drops. As a consequence, greater therapeutic dosages are necessary to maintain
the plasma balance, increasing patient discomfort. Scientists are working hard to develop
new pharmaceutical delivery methods that provide therapeutically acceptable medication
concentrations [100]. Quick, constant, and long-lasting pharmacological release allows for
rapid effectiveness while also offering long-term advantages [101]. A continuous, progres-
sive release of chitosan-derivative nanoparticles is straightforward to accomplish, improv-
ing bioavailability and therapeutic effectiveness while decreasing negative effects [102].
While proteins are a suggested therapy for a variety of illnesses due to their accuracy
and biocompatibility, protein treatments have certain disadvantages [103]. Proteins are
quickly digested by enzymes, have minimal epithelial permeability in the intestine, and
are poorly absorbed via the mouth. Protein medicines have limited utility due to these
properties [104].

6.1.3. Chitosan-Derivative Nanoparticles for Polypeptide Delivery

Strong hydrogen bonds and static electricity are required for the generation of peptide-
loaded nanoparticles from chitosan-derivative nanoparticles interacting with peptides.
Peptides that are not coated with nanoparticles are superior to their free counterparts in
terms of temperature stability and the ability to be modified in vitro [105]. According to
researchers, insulin-loaded, fatty acid-modified quaternary ammonium chitosan nanoparti-
cles displayed a 98% encapsulation efficiency and loading capacity, which is superior to free
insulin. This was shown by the ability of the nanoparticles to encapsulate insulin. When
using insulin in a pill form, it is necessary to take into account the digestive and absorption
capacities of the gastrointestinal tract [106]. Fucoidan (FD) is an amino acid that plays a
role in the control of blood sugar. Trimethyl chitosan (TMC) and FD are responsible for the
creation of nanoparticles that are then injected with insulin. TMC/FD nanoparticles are
sensitive to pH, which allows them to block the breakdown of insulin while simultaneously
boosting insulin cellular transport across the intestinal barrier [107]. In terms of insulin
delivery, it has been shown that chitosan nanoparticles that have been treated with glycerol
monocaprylate are comparable to TMC/FD nanoparticles [108].

6.1.4. Chitosan-Derivative Nanoparticles for Gene Delivery

In terms of solubility, biodegradability, biocompatibility, nontoxicity, and transfection
rate, nonviral vectors constructed of chitosan-derivative nanoparticles have performed
better than chitosan nanoparticles [109]. Chitosan nanoparticles were also less toxic. It
is essential for cancer treatments that genes have the capacity to change signaling net-
works and improve chemotherapy-induced tumour suppression [110]. Nucleic acids
that are not packed tightly are unable to pass across cell membranes and are quickly
nuclease-degraded [111]. It is possible for TMC to be modified in such a way as to prevent
serum genes from being degraded by nucleases [112,113]. DOX and CA were covalently
bonded to methoxy PEG-modified TMC (mPEG-TMC) to form mPEG-tetracyclododecene
(TCD) nanoparticles, which are more effective against tumours than DOX and plasmid
DNA on their own [114]. Studies conducted in vitro have shown that the presence of
O-carboxymethyl chitosan nanoparticles inhibits the migration of tumour cells [115]. The
cell transfection rates of poly(amino ester) and thiolated O-carboxymethyl chitosan com-
posite nanoparticles with loaded genes were found to be greater than those of the former
alone [116]. By altering chitosan derivatives, the target ligand may also be used to enhance
targeted gene delivery. It has also been proven that the use of target ligands may increase
tumour-specific delivery and cellular absorption and decrease adverse effects [117].
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6.2. Alginate Derivatives

Alginate is a block copolymer composed of (1,4)-linked-D-mannuronate and
L-guluronate monomers. It has been shown to be biocompatible and has the ability to
produce hydrogels under conditions that are considered to be moderately physiologic.
This has led to a great deal of interest in the application of alginate in biomedical research.
Alginate is especially valuable in the distribution of medicines because its breakdown
can be regulated, it is simple to chemically modify, and it has self-healing capabilities.
Although previous chemical modifications of alginate for the administration of drugs have
been documented, the objective of this study was to develop a method that maintains the
inherent biocompatibility and non-toxic rapid crosslinking capabilities of alginate when
combined with a divalent cation, such as calcium. This was accomplished by developing a
technique that preserves these properties. There have been several applications for alginate-
based scaffolds, including bone and tissue regeneration [118], wound healing [119], and
drug delivery platforms [120–123]. Although alginate hydrogel microbeads may expand
under physiological conditions, they are frequently solid and slow to break down [124],
rendering them unsuitable for regulated therapeutic drug release in the gastrointestinal
tract. Alginate hydrogel microbeads may expand under physiological conditions, and we
have hypothesized that alginate microbeads containing basic functional groups will behave
differently than those containing acidic functional groups when exposed to acidic or basic
solutions [125–128]. As a consequence, modifying the release rate may be accomplished by
elevating the alginate polymer capacity for swelling and/or its water-soluble properties
at a certain pH. In research on hydrogel formation and features based on chemical and
physical crosslinking polymers, the network structure and permeability of the material are
often two of the primary factors [129]. In contrast, modifications to the vicinal hydroxyl
group include the oxidation of alcohols to dialdehyde and the reductive amination of
the oxidized alginate. Chemical adjustments to alginate include esterification [130], the
Ugi reaction [131,132], and amidation [133]. The Ugi four-component condensation of
an aldehyde, an amine, a carboxylic acid, and an isocyanide permits the production of
α-aminoacyl amide derivatives in a short period of time. The Ugi reaction is exothermic
and usually complete within minutes of adding the isocyanide. The products of the Ugi
reaction may exhibit a broad range of substitution patterns and are peptidomimetics with
potential medicinal uses. This reaction is thus very important for generating compound
libraries for screening purposes. This was the first study to modify alginate by oxidizing
the vicinal dialcohol backbone of the alginate to improve and better control the release rate
of potential therapeutic substances in the gastrointestinal tract. Although a previous study
modified alginate using three different bioactive peptide sequences (GRGDYP, GRGDSP,
and KHIFSDDSSE) in combination with 8% periodate oxidized alginate, this was the first
study to use the modified alginate [134].

6.3. Xanthan Gum (XG)

Xanthan gum (XG) is a polysaccharide with a high molecular weight that is produced
via spontaneous fermentation. In 1961, the United States Department of Agriculture dis-
covered the bacterium Xanthomonas campestris on cabbage plants. The bacteria were able
to produce an extracellular polysaccharide that had favorable rheological characteristics.
As a direct result of this finding, several significant advancements have been made in
the production of polysaccharides. XG was the most widely used and widely accessible
commercially produced microbial polysaccharide at the time [135]. In a wide range of
different cosmetic and medicinal goods, XG is included as a component that serves the
purpose of emulsifying and suspending [136].

6.4. Cellulose

One of the oldest plentiful biopolymers, cellulose is a potential material for nano-DDSs
due to its cheap cost, high biodegradability, and remarkable biocompatibility [137]. In
order to be effective, pharmaceutical delivery techniques need excipients that are not only
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bioavailable, but also biocompatible and biodegradable. Excipients based on cellulose and
its derivatives have been the subject of a significant amount of study due to their green
and natural qualities as well as their one-of-a-kind encapsulating and binding properties.
Cellulose and its derivatives are widely used in controlled and long-term DDSs. Addition-
ally, cellulose and its derivatives may change the solubility or gelling behaviour of drugs
in a number of different applications, which results in a wide diversity of methods for
regulating drug release patterns [138,139].

6.5. Cyclodextrin Derivative

PTX is an anticancer medication that has shown promise in treating a variety of
different types of cancer. Because of its low water solubility and tendency to re-crystallize
after being diluted, PTX is often manufactured with the assistance of co-solvents, such as
Cremophor EL®, during the commercial production process. Amphiphilic cyclodextrins
are chosen oligosaccharides for the administration of anticancer medications because they
have the potential to spontaneously form nanoparticles and do not need a surfactant or
co-solvent. Polycationic amphiphilic cyclodextrins have recently been produced as effective
gene-delivery vehicles [140]. These cyclodextrins have been generated in the form of
nanoplexes.

6.6. Hyaluronic Acid, Poly(Glycolic Acid), and Poly(Lactic Acid)

For the purpose of delivering drugs specifically to tumours, docetaxel (DCT) nanopar-
ticles loaded with poly(D,L-lactide-co-glycolide) (PLGA) were employed to produce an
HA acid–ceramide (HACE) nanostructure [141]. DCT-loaded PLGA nanoparticles were
implanted into an HACE nanostructure to create nanoparticles with a limited size distribu-
tion and a negative zeta potential. This was accomplished using the DCT/PLGA/HACE
formulation. PLA and PLGA have been used in the construction of vaccine, medicine, and
gene delivery systems that are both safe and effective using manufacturing techniques
that are well-described and easy to replicate [142,143]. With the help of these polymers, a
wide range of nano- and micro-particulates may be produced. Table 1 summarized typical
examples of natural and synthetic biomaterials.

Table 1. List of natural and synthetic biomaterials.

Natural Biomaterials Synthetic Biomaterials

Amylose Cellulose acetate phthalate
Cellulose Poly(vinyl acetate)

Chitin Hydroxy acetate phthalate
Chitosan Phthalate 55

Pectin Phthalate 50
Alginate Eudragit L 100
Dextran Eudragit RS 30 D

Cyclodextrin Hydroxy ethyl cellulose
Arginine Poly(diethyl siloxane) (PDES)

Guar Gum Poly(methyl hydrogen siloxane) (PMHS)
poly(glycolic acid) Poly(glycolic acid) (PGA)

poly(lactic acid) Poly(acrylic acid) (PAAc)
Hyaluronic acid Poly(lactic acid) (PLA)

Heparin Poly(lactic acid-co-glycolic acid) (PLGA)
Chondroitin sulphate Poly(2-hydroxyethyl methacrylate)

Agarose Poly(N-isopropyl acrylamide)
Gellan Polycaprolactone (PCL)
Keratin Poly(ethylenimine)s

Silk fibroin Dendritic polymers
Collagen Poly(N,N-diethylacrylamide) (PDEAAm)
Gelatin Poly(ethylene oxide) (PEO)

Fibronectin Poly(ethylene glycol) (PEG)
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Table 1. Cont.

Natural Biomaterials Synthetic Biomaterials

Laminins Poly(2-(methacryloyloxy)ethyl
phosphorylcholine)

Elastin Poly(methyl methacrylate)
Glycosaminoglycan Poly(maleic anhydride)

Ovomucin Poly(methacrylate)
Lactoferrin Poly(vinylacetaldiethylaminoacetate) (PVD)

Sericin Poly(2-acrylamido 2-methylpropane sulfonate)

7. A Revolutionary Nano-Biomaterial for Biomedical Purposes

Nanotechnology has shown promise in the medical field with regard to the opti-
mization and production of one-of-a-kind nanoparticles. When it comes to biological
applications, nanoparticles stand out as particularly useful in the detection, monitoring,
and therapy of diseases or damage to tissue [144]. This capability is attributed to a wide
range of physicochemical and biological features [145]. Polyester-based polymer nanoparti-
cles have found use in the field of regenerative medicine, such as in imaging agents, systems
for the administration of medicine, and multifunctional intelligent structures [146–150].
Nanoparticles that are connected to scaffolds, which are three-dimensional structures that
support cells, have the potential to proliferate and heal damaged tissue. Poly(L-co-D,L-lactic
acid-co-trimethylene carbonate) (PLDLA-co-TMC) is a high molecular mass polyester that
is used in tissue engineering [151,152]. This material is biocompatible, biodegradable,
and bioresorbable. When a polymer is combined with amphiphilic block copolymers, the
efficiency of the initial material is preserved in terms of drug encapsulation and controlled
release. Non-ionic block copolymers have several useful properties, including the ability
to coat, stabilize, and self-assemble, as well as the ability to regulate the release of drugs.
PEO-PPO-PEO is an abbreviation for poly(ethylene oxide) (PEO) and poly(propylene oxide)
(PPO) [153–155]. When the physicochemical features of polymers are coupled, it is much
easier to generate unique nanoparticles with attributes that are beneficial from a therapeutic
standpoint. The characteristics of the final polymer nanoparticles are determined by the
precursor polymer parameters as well as the preparation conditions, such as the amount of
polymer and its molecular weight, the type of solvent, the addition sequence and phase
concentration, the drip rate, and the amount of surfactant.

The solvent displacement technique, which is also known as nanoprecipitation, is
one of the many methods that can be used to produce nanoparticles. This method has the
potential to produce nanoparticles that are effective in encapsulating hydrophobic drugs
at a low cost, with a simple production process, and with a low level of complexity. The
degree of miscibility between organic (also known as the internal phase) and aqueous
(also known as the external phase) solvents is what governs the nucleation, development,
and aggregation of nanoparticles [156]. The Marangoni [157,158] and Ouzo effects are
two hypothesized components of the molecular interfacial environment that are respon-
sible for the generation of solutions. The Marangoni effect encourages the processing of
nanoparticles by increasing flow, diffusion, and surface tension fluctuations at the interface
between the solvent and non-solvent (water) [159]. Nanoparticle processing occurs when
metastable liquid dispersions spontaneously emulsify through liquid–liquid nucleation.
When processing polymer nanoparticles, it is essential to have an understanding of the
effect of molecular interface variables and physicochemical parameters on the process [160].
Quality is achieved by design and process optimization, which includes the design of trials
for product development backed by the industry. As a direct result of this, producing
perfect nanoparticles and developing a strategy that can be replicated on a large scale
will be simple tasks. Statistical methods for analysing nanoparticle formation processes,
such as the factorial 23 and Box–Behnken designs [161], have been shown to be useful in
evaluating the effects of independent variables on responses and forecasting changes in NP
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physical–chemical properties, such as hydrodynamic diameter, polydispersity index, and
zeta potential [162].

8. Consideration of General Mechanisms
8.1. Tissue-Targeting Design, Surface Functionalization, and Controlled Release

Passive (increased accumulation owing to passive physiological variables) and active
(application of ligands to a specific target) diffusion are the two methods that may be used
for concentrating medications to a particular area of interest [163]. The surface modification
of drug carriers with bioactive compounds that interact with cell receptors and that are
adsorbed, coated, conjugated, or connected to them demonstrates a preference for a certain
cell or tissue type, which may increase medicine absorption. The surface modification of
drug carriers with bioactive compounds can be done in a number of different ways. It is
possible to apply modified coatings (for instance, ones that include albumin and chitosan)
in order to limit the enzymatic breakdown that occurs in the gastrointestinal tract and
plasma [164].

Both non-antibody ligands, such as lectins (carbohydrates that are adapted for cell
surfaces) and monoclonal antibodies, have been put through their paces in this type of
research [165]. Recent research has shown that small molecules or peptides that function as
agonists/subtracts or antagonist inhibitors for overexpressed receptors on the cell surface of
particular organs have shown potential for concentrated drug delivery [166,167]. There are a
number of considerations that need to be made, one of which is the use of targeting ligands,
which have the potential to boost distribution to secondary target sites in tissues other than
those that are initially targeted [168]. On the other hand, ligands that are not antibodies have
the drawback of not being selective in their binding [169]. Immunoconjugates pose concerns
about immunogenicity and reticuloendothelial system (RES) retention [170]. Coating the
carrier surface is an option for modifying the lipophilicity and hydrophilicity profile,
lowering the rate at which immune cells are absorbed, and enhancing cell identification,
e.g., the synergy between the distribution and signaling of antibodies. Within minutes
after receiving an IV injection, nanoparticles were eliminated from the plasma as a result of
opsonization, which was followed by phagocytosis carried out by RES cells. It is possible
that surface ligands might assist in reducing opsonization. PEG is a hydrophilic polymer
that has been shown to increase plasma protein resistance while simultaneously reducing
serum aggregation brought on by ions and proteins [171,172]. Reduced immune responses
may be achieved by preventing phagocytes from opsonizing and detecting the invading
pathogen. PEG may also inhibit enzymes from accessing dendrimer scaffolds, which results
in a reduction in the rate at which dendrimer is broken down [173]. PEG-coated in vivo
nanoparticles and liposomes extend the amount of time it takes for an individual’s blood
to circulate, from minutes to hours [174,175]. The surface density of PEG, the length of
its chain, and its capacity to inhibit hepatic absorption all contribute to the efficiency of
the compound. On the other hand, PEG carriers are designed to infiltrate cells, and the
presence of PEG may prevent the carrier from interacting negatively with cells in some
circumstances. PEG carriers are meant to enter cells. PEGylated nanocarrier systems
have also been connected to the accelerated blood clearance (ABC) phenomenon, which
causes increased accumulation in the liver and spleen after repeated injections [176,177].
This accumulation occurs because PEGylated nanocarrier systems are lipid-coated. It has
been proven that the ABC phenomenon activates an immune response known as the ABC
response. This reaction causes greater accumulation in the liver and spleen after repeated
injections, which is the phenomenon known as ABC.

8.2. Simultaneously Encapsulated Drugs for Combined Therapy

Simultaneously encapsulated drugs are drug delivery devices that can simultane-
ously administer many medications to deliver efficient chemotherapeutic drugs while
suppressing the P-glycoprotein (P-gP) efflux pathway. P-gP is considered an obstacle to the
successful pharmacotherapy of cancers because this protein pumps the drugs out of the
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cells. Consequently, P-gP overexpression is one of the main mechanisms behind decreased
intracellular drug accumulation and the development of multidrug resistance in human
multidrug-resistant cancers. PLGA nanoparticles were loaded with vincristine sulfate
and verapamil hydrochloride at the same time and, by overcoming tumour insensitivity,
boosted the therapeutic index. As a result, the same approach was used to administer
DOX and cyclosporine-A [178,179]. According to current research, PLGA-PEG interacts
with P-gP [180] to potentially improve system efficiency. When constructing these systems,
the features of the pharmaceuticals to be encapsulated must be considered. Hydrophobic
drugs, for example, can be encased in hydrophobic polymers [181]. This limitation may
be solved by utilizing novel polymers, such as PLA-PEG-PLA or PCL-PEG [182], which
have been successfully employed to encapsulate retinoic acid and calf-thymus DNA [183].
Another way to improve therapy is to use two different drug release rates (such as in
cancer treatment). A PTX and a C6-ceramide were encapsulated in a bespoke mixture
of poly(lactic-co-glycolic acid) and poly(β-amino ester) (PLGA/PβAE) [184] to effectively
overcome cancer treatment resistance mechanisms.

8.3. Carrier Distribution

RES, which are found largely in the liver and spleen, are the most important barriers
to carrier systems [185]. This is because of their inclination to internalize and withdraw
themselves from systemic circulation. The concentration of PLGA NPs was greatest in
the liver (40%), followed by the kidney (26%), the heart (12%), and the brain (13%), with
just a small proportion present in the plasma [186]. PLGA/PbAE yielded findings that
were comparable [187]. The method of administration has no effect on the distribution
pattern since lymphatic clearance occurs after intraperitoneal (IP) injection and applies to
all kinds of charged particles [188]. Additionally, carrier lipophilicity affects cell absorption
by causing more hydrophilic particles to be expelled more rapidly [189]. This has an effect
on how well the cell can take up the carrier. The nanoparticle charge surface and route of
administration were studied using 10 nm gold nanoparticles that had been functionalized
with a variety of groups, aiming for distinct zeta potentials (neutral, negative, positive, and
zwitterionic). IV and IP administrations were utilized. Following IV administration, the
peak plasma concentration of positively charged particles was ten times lower than before,
and both negatively and positively charged particles were eliminated from the body more
quickly [190,191]. Following IP injection, only a minute amount of both positively and
negatively charged particles could be identified in the sample [192]. According to these data,
the circulation was enhanced by neutral and zwitterionic nanoparticles. The significant
discrepancies in bioavailability may be explained by the opsonization of nanoparticles
with antibodies for detection by local macrophages [193] as well as by a similar discovery
in dendrimers [194]. Nanocarriers that can be manipulated have the potential to deliver
medications to specific organs and tissues. Dendrimer branch size may be adjusted to affect
dendrimer dispersion and removal. As a consequence of this, dendrimers could avoid
renal clearance using a cut-off that is between 40 and 60 kDa, just like the G7 [195,196]. G1
to G5 dendrimers are quickly evacuated to the kidneys and bladder, whereas G3 to G7
dendrimers are regularly recognized in circulation [197]. G8 dendrimers may be found
in the lymph nodes, and G9 dendrimers are identified in the liver. As mentioned earlier,
PEG plays a role in determining how evenly the carrier is distributed throughout the body.
As the molecular weight of the PEGylated dendrimers rises, uptake from the injection site
into the lymph becomes a considerable contribution to the total absorption profile. This
indicates innovative drug delivery options as well as increased lymphatic system imaging
agents [198,199].

9. Drug Delivery Using Mucoadhesive Hydrogels
9.1. Mucoadhesive Biomaterials

In the early 1980s, Nagai [200] came up with a new way to treat aphthae at the local
level with an adhesive tablet. This sparked a lot of interest in developing mucoadhesive
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DDSs. Nagai also discovered that using a mucoadhesive polymer enhanced the absorption
of peptides when administered nasally [201]. There has been a lot of pioneering work
in this field, such as the development of mucoadhesive creams based on poly(acrylic
acid) (PAAc) [202] and poly(methyl methacrylate) [203]. The majority of early research
on mucoadhesion was done with traditional polymers in the form of tablets [204], pow-
ders [205,206], or films [207]. The promising results observed during the creation of these
early mucoadhesive formulations suggested that mucoadhesion should be investigated
further. The advantages of mucoadhesive devices over traditional drug delivery methods
should certainly be exploited.

Biomaterials, such as synthetic and natural polymers, have been used in the creation
of innovative mucoadhesive medicinal devices to date. PAAc and cellulose derivatives
make up the majority of currently used synthetic mucoadhesive polymers. Polymers that
are seminatural, such as chitosan, gellan carrageenan, and pectin, are also included in the
list of seminatural mucoadhesive polymers. There are also other synthetic mucoadhesive
polymers, such as poly(N-vinyl pyrrolidone) (PNVP) and PVA [208]. The most widely used
polymers for the preparation of hydrogels are listed in Table 2.

Table 2. Monomers are extensively utilized to make hydrogels for medical and pharmacological
purposes.

Abbreviation Monomer

HEMA 2-Hydroxyethyl methacrylate
HEEMA 2-Hydroxyethoxyethyl methacrylate

HDEEMA 2-Hydroxydiethoxy methacrylate
MEMA 2-Methoxyethyl methacrylate
EEMA 2-Ethoxyethyl methacrylate
MPC 2-(Methacryloyloxy)ethyl phosphorylcholine

EGDMA Ethylene glycol dimethacrylate
NVP N-Vinyl-2-pyrrolidine

NIPAAm N-Isopropyl acrylamide
VAc Vinyl acetate
AAc Acrylic acid

MAAc Methacrylic acid
HPMA N-(2-Hydroxypropyl) methacrylamide

EG Ethylene glycol
PEGA PEG acrylate

PEGMA PEG methacrylate
PEGDA PEG diacrylate

PEGDMA PEG dimethacrylate

At the molecular level, the chemical structures of already-existing mucoadhesive poly-
mers could be improved. Kali et al. [209] suggested the incorporation of thiol groups into
polymers in order to enhance mucoadhesion. As a result of the formation of disulfide bonds
with cysteine-rich regions in mucins, polycarbophil-cysteine conjugates exhibit a great deal
of mucoadhesion. The discovery of lectins was yet another groundbreaking achievement.
Proteins known as lectins possess a great degree of selectivity in the carbohydrates to which
they bind. The second generation of mucoadhesive uses lectin-conjugated polymers to
attach to receptors on epithelial cell surfaces. Because of their capacity to bind to cellular
structures, these polymers are often referred to as cytoadhesives. In spite of the fact that
this polymer property differentiates it from mucoadhesive polymers, it should be noted
that in order for the polymer to reach the epithelial cell membrane, it must first diffuse
through the whole mucus layer. As mentioned earlier, one of the functions of this mucus
layer is to serve as a protective barrier for the cells that lie underneath it. In some parts of
the body, the mucus coat could be up to 400 µm thick. In order for cytoadhesive polymers
to be able to reach the epithelial surface, they must first be able to selectively adhere to the
cell membrane and then spread through the mucus layer.
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The theory of diffusion is now being used in an effort to provide an explanation for
some of the additional molecular changes that are utilized in mucoadhesive polymers.
In 1963 [210], Voyutskii proposed the diffusion hypothesis as an explanation for the ad-
herence of rubbery polymers. According to this idea, a chemical potential gradient leads
the polymer chains to extend beyond the initial barrier whenever two rubbery polymers
come near enough to one another. A polymer–mucus system is formed when polymer
chains form and interweave with mucin glycoproteins. This results in the formation of a
polymer–mucus system. In the context of mucoadhesion, Peppas and colleagues [211] sug-
gested the interdiffusion hypothesis. They reasoned that increasing chain interpenetration
would lead to an improvement in mucoadhesion. Minghao et al. [212] used ATR/FTIR
spectroscopy to investigate the mucin interpenetration that occurred at the PAAc/mucin
interface. According to their results, the amount of mucin present in the polymer made
from PAAc increased as more time passed. Nicholas and Mikos et al. [213,214] supported
the use of sticky promoters in order to improve chain interpenetration and, as a result,
polymer mucoadhesion. Their reasoning was based on the notion of chain interpenetration.
The injection or grafting of adhesion promoters may be done into the surface of the matrix.

Morello et al. [215] used a theoretical approach in their research on the interpenetration
of free chains in mucoadhesion. They found that the length of the chain as well as the
percentage of gel volume impacted the mobility of the distributed chains. Figure 8 illustrates
how free polymer chains may be grafted onto the backbone of a hydrogel in order to assist
in the ability of the hydrogel to adhere to other surfaces. When free adhesion promoters are
brought into direct contact with mucus in a mucoadherent device, this causes the chains
to scatter, which results in a concentration gradient being created in the device. Effective
interactions, such as hydrogen bonding and physical entanglements, manifest themselves at
the point of contact [216]. According to Haimhoffer et al. [217] the mucoadhesive properties
of the polymer were improved by the incorporation of free PEG chains into crosslinked
PHEMA particles. These chains served as adhesion promoters. It was hypothesized that
free PEG chains moving over the interface were the cause of the problem.
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The black-filled circles in Figure 8 indicate cross linking of the polymers. Cross-
linking changes a liquid polymer into a “solid” or “gel” by restricting movement. There
are two types of crosslinking: physical and chemical. Physical crosslinking may not be
permanent, but chemical or permanent hydrogels are formed by the covalent crosslinking of
polymers. The hydrogel backbone may be grafted with polymer chains, or the network can
be inserted freely. Sahlin and Peppas [218] used near-field FTIR microscopy to investigate
the diffusion of free PEG chains through a PAAc hydrogel. The ability of linear PEG
chains to improve mucoadhesion via interpenetration in hydrogels was first established
in 1997 [219]. Tethered polymer chains may also be used to make adhesion promoters.
For diffusion and penetration, the tether is chemically linked to one end of the hydrogel
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surface and left unattached on its opposite end. While in close contact with mucus, grafted
chains are able to expand across the interface because of a concentration gradient. Covalent
bonds between the backbone hydrogel structure and the adhesion promoter chains prevent
them from being lost. The polymer chains of the adhesion promoter may be able to
cross mucus and connect tissue to a mucoadhesive device [220,221]. Further uses for
surface-anchored polymers have been discussed. For example, the single-chain mean field
(SCMF) theory was used by Huang et al. [222] to investigate tethered polymer gel–gel
adhesion. Theoretical developments assisted in the creation of novel tethered polymer
chain biomaterials. Analysis of interactions between PEG chains and mucin glycoproteins
was performed using a surface-force instrument. PEG-tethered structures might also be
used to develop new mucoadhesive drug delivery systems in the future, according to
their results.

9.2. Mucoadhesive Medication Delivery with Hydrogels

Water-soluble and water-insoluble systems coexist in mucoadhesive polymers. Mu-
coadhesive polymers that are water soluble are typically linear or branched polymeric
molecules. The rate at which they dissolve determines how long they stay in the water.
Swellable networks having a crosslinked chemical structure are known as water-insoluble
polymer networks. The residence period of water-insoluble mucoadhesive biomaterials is
determined by mucus turnover or cell desquamation. When exposed to water or physio-
logical fluids, hydrogels form three-dimensional polymer networks [223,224]. Hydrophilic
homopolymers or copolymers are used to make these networks. The crosslinks in the
chemical structure keep them from dissolving and give them a distinct physical integrity.
Hydrogels have been widely employed in medical and pharmaceutical fields because they
better imitate genuine tissue than any other synthetic biomaterial. Because of their high-
water content and flexible structure, hydrogels are biocompatible [225,226]. Contact lenses,
biosensor membranes, prosthetic skin, artificial heart linings, and drug-delivery devices
have all been made using hydrogels [227–232]. The network architecture of a hydrogel
determines the characteristics of a drug delivery system. Three essential parameters may
be used to understand the network structure of hydrogels:

3 The swelling ratio, including the mass swelling ratio and the volume swelling ratio;
3 The polymer volume fraction in the swollen state;
3 The number-average molecular weight between cross-links (Mc);
3 The network mesh size.

The swollen polymer volume fraction is used to determine the quantity of fluid that
the hydrogel can absorb and hold. Molecular weight differences between crosslinks dictate
the degree of crosslinking. Since polymerization is a stochastic process, only average Mc
values may be derived. The distance between crosslinks or connections is determined
by the mesh size, which regulates the amount of available drug diffusion space between
macromolecular chains. Hydrogels may be either neutral or ionic depending on the kind
of charge in their pendant groups. The swelling of hydrogels may also be caused by
the surrounding environment. Recent years have seen a surge in interest in hydrogels
that are responsive to body chemistry [233,234]. Many factors, including temperature,
electromagnetic radiation, and pH, may affect the swell ability of hydrogels (Figure 9).

pH-sensitive hydrogels, which feature swelling behaviour and a three-dimensional
architecture that are affected by the external environmental pH, employ acidic or basic pen-
dant groups. Some chemical groups ionize as the pH and ionic strength of the environment
change, causing structural changes in hydrogels. Because medicine may be delivered to
particular parts of the body while simultaneously being shielded from potentially harmful
biological circumstances, these qualities make pH-sensitive hydrogels ideal for use in the
development of DDSs. As a medication delivery and protein control strategy, complexation
hydrogels have also been previously studied.
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At present, bacterial cellulose is gaining more interest to researchers due to it having a
wide variety of current and potential future applications. Due to its many unique properties,
it has been used in the food industry, the medical field, commercial and industrial products,
and other technical areas. In the medical industry, bacterial cellulose-based hydrogels are
attractive materials for wound dressing applications due to their hydrophilic properties,
purity, ability to maintain appropriate moisture balance, and flexibility in conforming to
any contour of the wound, forming a tight barrier between the wound and the environment,
thus preventing bacterial infections. It also found its place in tissue engineering applications
because of its biocompatibility, non-toxic effects, porous structure, and good mechanical
strength [235,236].

The hydrogel is distinguished by the joining of chemical groups from several polymer
chains. Hydrogen bonding [237–242] is one of the interactions that results in these chemical
links between macromolecular chains. A wide range of monomers have been used to make
therapeutic hydrogel biomaterials. Hydrogel topologies may be created by combining
different monomers. Table 2 lists some of the monomers often utilized to make hydrogels
for medical and pharmaceutical applications. Polymer chains are fused together to form the
hydrogel [242]. Hydrogen bonding is a method through which macromolecular chains form
chemical bonds. To create hydrogel biomaterials for therapeutic reasons, many monomers
have been utilized. Hydrogels for medical and pharmaceutical applications may be made
from any of the monomers mentioned in Table 2. It is incredible that so many different
kinds of hydrogel structures can made, each with unique physical and chemical properties.
To achieve precise drug delivery goals, the molecular design of customized biomaterials
has exceeded the strategy of converting “off the shelf” polymeric materials for consumer
usage to therapeutic use. As shown in Table 3, there are a number of hydrogel polymers
that might be used in the administration of medicines under strict supervision. There
are hydrogels that are able to cling and stick to mucosal surfaces, making the medication
delivery device persist longer. The mucoadhesive qualities of a biomaterial are determined
by the chemical composition and topology of the hydrogel, as previously stated.
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Table 3. Common hydrogels used in the pharmaceutical field for the preparation of controlled drug
delivery systems.

Hydrogel Polymer Notes

Biodegradable Hydrogels

Poly(glycolic acid) (PGA)
Poly(lactic acid) (PLA)
PLA-b-PGA
PLA-b-PEG
Chitosan
Dextran

Non-biodegradable hydrogels

Poly(2-hydroxyethyl methacrylate) (PHEMA)
Poly(vinyl alcohol) (PVA)
Poly(N-vinyl pyrrolidone) (PNVP)
Poly(ethylene-co-vinyl-acetate) (PEVAc)
Poly(acrylamide) (PAAm)
Poly(acrylic acid) (PAAc) pH-responsive
Poly(methacrylic acid) (PMAAc) pH-responsive
Poly(N,N-diethylaminoethyl methacylate)
(PDEAMEA) pH-responsive

Poly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA) pH-responsive

Poly(methacrylic acid)-graft-poly(ethylene
glycol) (PMAAc-g-PEG)) Complexing hydrogels

Poly(acrylic acid)-graft-poly(ethylene glycol)
(PAAc-g-PEG)) Complexing hydrogels

Poly(N-isopropyl acrylamide) (PNIPAAm) Temperature-responsive
Poly(NIPAAm-co-AAc) pH/temperature-responsive
Poly(NIPAAm-co-MAAc) pH/temperature-responsive

9.3. Mechanisms of Drug Release from Mucoadhesive Hydrogels

To deliver therapeutic pharmaceuticals, a mucoadhesive hydrogel may provide suit-
able drug release rates and locate and hold the pharmaceutical device in a particular
location of the body for an extended period of time. In comparison to typical medicinal
devices, mucoadhesive hydrogels provide a number of advantages. Understanding how a
medication releases over time is crucial in the science of drug distribution. To construct
novel pharmacological formulations and evaluate experimental data, mathematical models
are needed [243]. The majority of theoretical models used to analyse pharmaceutical trans-
port rely on simple diffusion equations. Controlled drug release systems are available in a
wide range of forms since medication may be administered in a number of ways [244].

• DDSs that are controlled through diffusion;
• Chemically controlled DDSs;
• Swelling-controlled DDSs.

Each of these systems will be addressed in this section. A quick review of diffusion
fundamentals is also included, as diffusion plays a significant part in all of the systems.

9.3.1. Diffusion Fundamentals

Drug molecules must pass through the polymer bulk to be released from a mucoad-
hesive hydrogel. Using mass transportation concepts, we can explain the occurrence of
diffusion phenomena. Drug molecules are transferred from a hydrogel matrix to an external
environment using Fick’s equations of diffusion. The first and second of Fick’s diffusion
laws are represented in Equations (1) and (2), respectively. The Fickian rules are shown in a
flat manner:

J = −D
dC
dx

(1)
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∂C
∂t

= D
∂2C
∂x2 (2)

where c and J represent concentration and mass flow, respectively, and x and t represent
the independent variables of location and time, respectively. The diffusion coefficient (D)
is the unit of measurement. Equation (1) of Fick’s first law of diffusion is used when the
steady state has been achieved or when the drug concentration within the diffusion volume
does not fluctuate over time. This may be shown by using a zero-order drug release model.
Equation (2) of Fick’s second equation of diffusion is used to describe diffusion when
a steady state has not been achieved or the concentration within the diffusion volume
fluctuates with time. In this equation, ∂C is the change in C, ∂t is the change in t, and ∂x is
the change in x.

9.3.2. Drug Delivery Systems with Diffusion Control

There are two types of diffusion-controlled systems: monolithic and reservoir. In
monolithic devices, the medication is tightly attached to the polymer, which possesses
rate-controlling properties. When the polymer has been dissolved or distributed, two
monolithic systems may be formed. No matter how long a medicine stays in the system,
zero-order kinetics cannot be applied to therapeutic compounds. Reservoir devices have a
polymeric membrane that controls the pace at which the medication is delivered. Medica-
tions are transported from the polymer core to the polymer membrane by dissolution at
one interface and diffusion caused by a change in thermodynamic activity. Using Fick’s
first law, Equation (1) depicts the movement of drugs. If the thermodynamic activity of the
drug in the reservoir is constant and infinite sink conditions are maintained, the release rate
of the drug will be constant and predictable. To achieve zero-order kinetics, the medication
will be administered at a constant rate. Fick’s first law may be recast to predict drug release
rates from planar devices, as shown in following Equation:

dMt

dt
=

ADK∆C
t

(3)

where dMt/dt represents the rate of drug release (mass/time), A is the membrane surface
area, D is the diffusion coefficient, K is the partition coefficient of the drug in the membrane,
and ∆C is the concentration gradient. Similarly, the restated Fick’s first law may be used to
calculate drug release rates from cylindrical delivery devices:

dMt

dt
=

2πhDK∆C
ln(r0 − r1)

(4)

where r0 is the interior radius, r1 is the exterior radius, and h is the height. It is possible
to analyse drug release rates from spherical delivery systems using a rederived version of
Fick’s first law:

dMt

dt
= 4DKC

r0r1

(r0 − r1)
(5)

According to these equations, the shape of the delivery system may be used to control
the release of pharmaceuticals. If you know the polymer structure and the partition
coefficient of the system, you may determine how much medicine will be released through
the membrane as well as the thickness of the membrane.

9.3.3. Drug Delivery Systems with Swelling Control

When water enters a hydrophilic polymer matrix, it causes the device to swell, which in
turn controls the amount of medication released. A glassy polymer matrix first distributes
the drug in an even manner. The medication is held in place by glassy polymers that are
almost impenetrable. Drugs cannot disperse because of the glassy nature of the polymer.
A rubbery phase is formed when the polymer matrix expands in the presence of water or
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biological fluids. Inner glass and exterior rubber phases are both visible. Drug compounds
may be more difficult to detect if they go through the rubbery phase (Figure 10). In order to
control the quantity of medication discharged, the pace and location of the rubbery front need
to be adjusted. Swelling-controlled devices may disperse medication through diffusion and
polymer chain relaxations at the glassy–rubbery interface [245]. Ritger et al. [246] provided a
simple equation for evaluating diffusion and macromolecular relaxation:

Mt

M∞
= ktn (6)

where Mt/M∞ is the fraction of drugs released, Mt is the amount of drug released over
time t, M∞ is the amount of drug at the equilibrium state, k is the rate constant, and
n is the diffusional exponent characteristic of the release mechanism. This exponential
equation [243,246] for drug release from polymeric matrixes was developed after both
Fickian and non-Fickian diffusional behaviour were researched and the implications on
exponent n of these two types of diffusion were investigated. Dispersion coefficient values
were shown to be connected with drug delivery systems that were either flat, cylindrical,
or spherical. Table 4 summarizes these results.
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Table 4. Different controlled release devices may be used to acquire the diffusional exponent, n, as
well as the associated drug release processes [246].

Diffusion Exponent, n

Drug Release Mechanism
Thin Film Cylindrical

Sample Spherical Sample

0.5 0.45 0.43 Fickian diffusion

0.5 < n < 1.0 0.45 < n < 1.0 0.43 < n < 1.0 Anomalous transport
(non-Fickian diffusion)

1.0 1.0 1.0 Case II transport (zero-order
release)

10. Natural and Synthetic Biomaterials to Deliver Extracellular Vesicles (EVs)

Extracellular vesicles (EVs) are nanosized membranous structures derived from cells
and can be classified into subclasses, such as exosomes, microvesicles, and apoptotic bodies.
Exosomes, formed through the inward budding of endosomes within multivesicular bodies
(MVBs), are released when MVBs fuse with the plasma membrane (Figure 11). Researchers
often categorize EV subclasses based on physical characteristics, biochemical composition,
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conditions, or cell of origin due to challenges in capturing live images of EV release [247,248].
EVs play various roles in physiological and pathological processes, including suppressing
inflammation, modulating cellular function, regenerating tissue injuries, and influencing
the immune system. The specific functions of EVs depend on their origin, and when
taken up by target cells, they release contents such as proteins, lipids, and genetic material,
leading to changes in gene expression. The passage emphasizes the importance of studying
reliable markers for EV subtypes to establish a consensus on nomenclature. Additionally,
it highlights the potential benefits of using EVs in bioengineering, as their contents allow
for the regulation of phenotype, function, and immune cell homing. Specific EV cargoes
related to positive therapeutic outcomes are explored in subsequent sections [249].

There are two main types of biopolymers that are utilized in bioengineering: natural
and synthetic. Natural biomacromolecules, such as silk fibroin, collagen, gelatin, chitosan,
and hyaluronic acid, are explored, along with widely studied synthetic biopolymers, such
as PEG, PCL, PLGA, and PLLA (Figure 11). Each type has its benefits and challenges;
natural biomaterials may vary and have potential issues with mechanical stability, while
synthetic biomaterials lack native tissue structure and may pose toxicity risks [250].

Here, we will highlight some natural and synthetic biopolymers for therapeutic EV de-
livery. Sodium alginate is a linear polysaccharide derived from brown seaweed, specifically
a derivative of alginic acid composed of α-1-guluornic and 1,4-linked-β-D-mannuronic
monomers. Alginate-based hydrogels loaded with EVs have been investigated for vari-
ous therapeutic purposes, such as healing diabetic wounds [251], regenerating peripheral
nerves [252], and addressing myocardial infarction [253]. Silk fibroin (SF) is a hydrophobic
protein derived from the Bombyx mori silkworm known for its self-assembling properties
that create strong and resilient materials. Cunnane and colleagues [254] investigated the
impact of extracellular vesicles derived from human adipose-derived mesenchymal stem
cells on vascular cells in an in vitro setting. Their findings revealed that the use of these EVs
led to a dose-dependent enhancement in both the proliferation and migration of smooth
muscle cells and endothelial cells. Chitosan is a cationic polysaccharide derived from chitin
and composed of di-glucose amine and N-acetyl glucose amine groups. Scaffolds made
from chitosan have been employed for the administration of EVs to enhance the reparation
of bone defects, address corneal diseases, facilitate the healing of skin wounds, and treat
injuries to articular cartilage. Wu and colleagues [255] specifically created chitosan-based
thermosensitive hydrogels loaded with small EVs derived from bone mesenchymal stem
cells to expedite the processes of osteogenesis and angiogenesis. Collagen, the predominant
protein in mammals, is formed with three interwoven α-chains. Scaffolds made from
collagen have been applied for therapeutic objectives, such as bone and endometrium re-
generation. Xin and colleagues [256] developed a collagen scaffold incorporating exosomes
derived from umbilical cord-derived mesenchymal stem cells to facilitate endometrial
regeneration in a rat model of endometrial damage. HA is a linear polysaccharide com-
posed of repeating units of D-glucuronic acid and N-acetyl-D-glucosamine. Scaffolds based
on hyaluronic acid have been employed for delivering EVs as a treatment for tendon
repair and injuries to cartilage in osteoarthritis. K. Song and colleagues [257] isolated
exosomes from tendon-derived stem cells, loaded an HA scaffold with these exosomes, and
investigated the therapeutic effects of this system for tendon repair. Gelatin, a commonly
employed natural biopolymer in the fields of regenerative medicine and tissue engineer-
ing, has found application in scaffolds for bone regeneration. In their study, Man and
colleagues [258] enhanced the osteoinductive potency of osteoblast-derived EVs through
epigenetic modification using the histone deacetylase inhibitor Trichostatin A. PEG is an
FDA-approved polymer known for its hydrophilic and flexible characteristics and deemed
safe for biomedical applications. PEG hydrogels have been employed to deliver exosomes,
aiding in the healing of cutaneous wounds [259]. PCL, an aliphatic polyester characterized
by its linear nature, hydrophobic nature, high mechanical strength, and biocompatibility, is
also biodegradable. Wei and colleagues explored the potential of heparin-functionalized
vascular PCL grafts to improve their anti-thrombogenic properties. The researchers man-
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ufactured tubular PCL grafts through electrospinning, introduced heparin modifications
to the grafts, and incorporated small extracellular vesicles derived from mesenchymal
stem cells by immersing the scaffolds in an EV solution [260]. PLGA is a copolymer that
shares similarities with PCL, being a biocompatible, biodegradable, and flexible biopolymer.
Research has explored the use of PLGA scaffolds loaded with EVs to enhance the treatment
of bone defects and chronic kidney disease. Ko and colleagues [261] specifically developed
a PLGA-based scaffold for the delivery of EVs derived from stem cells, aiming to promote
kidney regeneration. PLLA undergoes degradation through nonenzymatic hydrolysis,
and its resulting by-products are eliminated through regular cell metabolism. Swanson
and colleagues devised a biodegradable delivery platform based on PLLA to regulate
the release of exosomes from microspheres, aiming to enhance craniofacial bone healing.
In their approach, they employed PLGA and PEG triblock copolymer microspheres to
encapsulate and control the timed release of exosomes derived from human dental pulp
stem cells [262]. PLA is both biocompatible and biodegradable through hydrolysis and
enzymatic activity, and it exhibits high hydrophobicity. In their work, Gandolfi and col-
leagues sought to create a mineral-doped, PLA-based scaffold that could be functionalized
with EVs to enhance the osteogenic commitment of human adipose-derived mesenchymal
stem cells. The researchers observed that mineral-doped PLA scaffolds effectively adsorbed
red-labeled exosomes derived from human adipose mesenchymal stem cells [263].
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Figure 11. An overview of extracellular vesicle (EV) delivery via scaffolds. The contents and
categories of the extracellular vesicles as well as what the extracellular vesicles may regulate are
described. Common natural and synthetic biomaterials for scaffold fabrication are highlighted
(Reproduced form [264]).

11. Pharmaceutical Applications

Pharmaceuticals based on nanotechnology have grown in popularity and have had a
significant impact on the pharmaceutical industry. Compared to other industries, nanopar-
ticle technology is a significant amount of the nanotech pharma business. The electro-
spraying method addresses scalability, reproducibility, efficient encapsulation, and other
potential nanoparticle production needs. Pharmaceuticals electro-sprayed with and without
polymer-carriers have been employed in a wide range of applications. Drug release quality
is improved by using biodegradable polymer-carriers to delay the release of encapsulated
medications. In pharmaceutical applications, electro-spraying is a popular approach for
generating nanoparticles [265]. Polymers have played an integral role in the advancement
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of drug delivery technology by providing a controlled release of therapeutic agents in
constant doses over long periods, cyclic dosage, and tuneable release of both hydrophilic
and hydrophobic drugs. The types of polymers used in the pharmaceutical industry must
meet the same safety requirements, including sterilizability, biocompatibility, processability,
fluid compatibility, and an optimum balance of mechanical properties tailored for the
given application.

11.1. Brain Delivery

To sustain homeostasis and other vital tasks, the brain is a fragile neuronal organ
system that requires a steady supply of fuels, gases, and nutrients. The blood–brain barrier
(BBB), which is a type of vasculature in the central nervous system that acts as a physical
barrier, is responsible for a number of problems. The BBB makes it more difficult for
therapeutic drugs to reach the brain and spinal cord [266]. Antibiotics, anticancer drugs,
and neuropeptides are among the types of pharmaceuticals that cannot get past endothelial
capillaries and into the brain. For central nervous system (CNS)-related disease therapy,
several pharmacological delivery systems and procedures have been devised. However,
the majority of these procedures have been shown to be intrusive and lack target selectivity.
Regardless, all prior medication delivery systems have been developed by trial and error.
These are nearly always used to deliver a small number of medications with good structure–
activity correlations, drug-receptor linkages, and structure-transport ties [267]. When it
comes to allowing medications to pass through by diffusion or active transport, the BBB
is nonselective, posing significant challenges for CNS drug development. The brain, on
the other hand, quickly absorbs glucose and fat/lipid soluble medications. Due to their
fat-insoluble nature, certain drugs, contrary to popular belief, are difficult to transfer into
the brain. Pharmacological availability at potentially deadly doses is reduced because the
brain capillary endothelium only distributes a small amount of medication [268]. CDs are
employed in pharmaceutical applications for a variety of reasons, including improving
medication bioavailability. Current CD-based therapies have been explored and potential
future uses provided [269]. Additionally, various carrier materials are continually being
developed to overcome the limits of therapeutic medications [270]. Cyclodextrins have been
identified as attractive candidates due to their capacity to impact the physical, chemical, and
biological features of guest molecules through the formation of inclusion complexes [271].

11.2. Mucosal Drug Delivery

The mucus layer works as a barrier when drugs are administered to mucosal surfaces
despite the fact that it is typically ignored. The mucus gel layer that surrounds the mucosal
epithelia forms a barrier [272] and has been shown to be an important component of
the mucus layer owing to its water content of roughly 83% [273]. The apical location of
a cell is connected to its mucus layer, which acts as a barrier for the cells below [274].
Several investigations have shown that chitosan has excellent mucoadhesive properties,
which have been researched extensively. A variety of therapeutic chitosan derivatives have
also been tested for their ability to adhere to the mucous membrane, with the purpose of
identifying how structural modifications impact mucoadhesion [275,276]. Several processes
will be discussed in this review, including ionic interactions with mucin chains and the
hydration state of chitosan. Three-dimensional printing has been used to build single-
and multi-layered medicine delivery systems in addition to its most common usage in
oral delivery. Additionally, oral mucosa-based administration is possible through buccal
and sublingual routes. Squamous cells lining the buccal cavity have a surface area of
50 cm2 and an average thickness of 500–800 µm. Sublingual epithelium on the bottom of
the mouth may potentially absorb drugs. The lower thickness of non-keratinized sublingual
epithelium (100–200 µm) and its substantial vascularization frequently result in better drug
penetration and early onset when compared to the buccal route.
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11.3. Pulmonary Drug Delivery

Pulmonary medicine distribution is a prominent topic in research because the lungs
may absorb medications for both local and systemic administration. Respiratory epithelial
cells are in charge of both the production of airway-lining fluid and the regulation of airway
tone. A non-invasive delivery of therapeutic medicines may be achieved via pulmonary
administration, which has a high permeability, a large absorptive surface area (about
70–140 m2 in human adults with an exceptionally thin absorptive mucosal membrane), and
a good blood supply [277–279]. Chlorofluorocarbons propellants are also being phased out
of industrial and residential applications across the world, which has sparked the creation
of novel substitutes. Various amendments to the Montreal Protocol on Substances that
deplete the ozone layer as well as to the original text outline the timescale for this project.
As a consequence of these critical modifications, pharmaceutical companies and academics
were able to develop new methods of administering drugs through the pulmonary route.
Respiratory infection drugs and systemic sickness treatments are separate medication
categories [280]. In this second state, the lungs are solely regarded as a route for systemic
pharmaceutical administration.

11.4. Skin Drug Delivery

Due to physicochemical constraints, the protective function of human skin restricts
the types of permeants that may pass through it. Passive skin administration necessitates
the use of a lipophilic drugs with a molecular weight below 500 Da. Only a small number
of commercially available medications fulfill these strict standards for percutaneous ad-
ministration. Active and passive strategies have emerged in recent years to improve drug
delivery. The passive strategy involves improving the formulation or the medicinal carrier
in order to increase skin permeability. Drugs having molecular weights larger than 500 Da,
on the other hand, do not benefit from passive techniques. For active techniques, physical
or mechanical methods of distribution have been demonstrated to be more effective in the
long run [281,282].

12. Ongoing Clinical Trials on Natural and Synthetic Biomaterials

This section contains human clinical trials that are currently ongoing with natural
and synthetic biomaterials. Here, we highlighted the present stage of a clinical trial of
the selected biomaterials. All clinical information we collected from ClinicalTrials.gov
websites. Currently, there are several clinical studies ongoing with natural and synthetic
biomaterials and their formulations, summarized below in Table 5. Chitosan, a modified
carbohydrate polymer obtained from chitin present in various natural sources, has a wide
array of applications in the fields of medicine and pharmaceuticals. Its main approved
purpose is serving as a biomaterial in medical devices. Additionally, chitosan and its
derivatives play essential roles in pharmaceuticals, functioning as excipients, drug carriers,
or therapeutic agents. At the moment, chitosan and its composition are in different clinical
phases to treat different diseases, such as periodontitis, periodontal pocket, periodontal
diseases, periodontal inflammation, osteoarthritis, and vaginal bleeding. Cellulose is a
complex polysaccharide that forms the principal component of the plant cell wall and is the
most abundant biopolymer in the biological world. Cellulose and microcrystalline cellulose
are currently in the early clinical phase to mitigate some diseases, such as long COVID-19,
sarcoidosis, and pulmonary diseases. With a collagen sponge and hydrolysed collagen-
based supplements, different researchers are trying to find a new way to treat alveolar
osteitis, pain (acute and chronic), and knee osteoarthritis. Different formulations of dextran
and gelatin are now applied to treat pain (acute and chronic) and knee osteoarthritis, but
some of them are in the early clinical phase, and few of the formulations are in phase 4
clinical trials.
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Table 5. Natural and synthetic biomaterials-based formulations or devices currently in clinical
trials [283].

No. Clinical Trial
Phase Participants Composition or Device Disease or Conditions Estimated Study

Completion Date

1 Phase 4 130 Chitosan Vaginal bleeding, loop
electrosurgical excision 31 January 2024

2 N/A 40 4% Chitosan gel (pH 3.48).

Periodontitis, periodontal
pocket, periodontal

diseases, periodontal
inflammation

31 December 2024

3 Phase 2 48 α-Mangostin hydrogel film with
chitosan alginate base

Recurrent aphthous
stomatitis 20 December 2024

4 Phase 4 104
KiOmedine® CM-chitosan

(KiOmed Pharma,
Herstal, Belgium)

Osteoarthritis, knee 20 February 2024

5 Phase 3 150 Microcrystalline cellulose long COVID-19 1 November 2025

6 Phase 2 40 Cellulose Sarcoidosis, pulmonary 1 September 2024

7 Phase 2 40 Collagen sponge Alveolar osteitis 15 November 2023
(Just completed)

8 N/A 80 Hydrolysed collagen-based
supplement

Pain (acute and chronic),
knee osteoarthritis June 2024

9 Phase 4 90 Iron dextran injection cCKD-chronic kidney
disease 31 December 2024

10 N/A 100 Dextran 40 Type 2 diabetes mellitus,
diabetic kidney disease 1 September 2026

11 N/A 30

Gelatin sponge-loaded apoptotic
vesicle complex (Kuaikang®,
Hengshui Kuaikang Medical

Device Co. Ltd.,
Hengshui, China)

Third molar extraction 30 December 2024

12 N/A 50 Gelatin sponge stabilization with
suture and cyanoacrylate Wound heal 5 April 2024

13 Phase 1 and 2 26 18F-OP-801 (18F hydroxyl
dendrimer)

Amyotrophic lateral
sclerosis (ALS)

30 June 2023 (Just
completed)

14 Phase 4 480 Poly(ethylene glycol) Losenatide Type2 diabetes mellitus 31 December 2025

15 Phase 4 102 Poly(ethylene glycol)s Hepatic encephalopathy 30 December 2023

16 N/A 40 Poly(ethylene glycol) (PEG)
mediated fusion Peripheral nerve injuries 1 October 2024

17 Phase 2 150
Poly(ethylene glycol) (PEG)

recombinant human
erythropoietin injection

Renal anaemia

18 N/A 40 3D printed upper-limb prosthesis
(made of poly(lactic acid))

Amniotic band syndrome,
upper extremity

deformities, congenital
31 August 2024

19 N/A 40 PDLLA (Poly(D,L-lactic acid) Pigmentation,
pigmentation disorder 31 December 2023

20 N/A 50 Gana X (Poly(L-lactic acid)) Buttocks volume loss November 2024

21 N/A 150
Poly(L-lactic acid) [PLLA-SCA,

Sculptra®, Dermik Laboratories,
New Jersey, USA]

Skin laxity November 2023
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Table 5. Cont.

No. Clinical Trial
Phase Participants Composition or Device Disease or Conditions Estimated Study

Completion Date

22 N/A 20

Surgical implantation of the
Polycaprolactone (PCL) breast

scaffold with autologous
fat grafting

Breast implant revision,
congenital breast
defect correction

20 June 2026

23 N/A 60 PCL based breast implants Lifesil Breast augmentation,
mammoplasty 30 May 2024

24 N/A 50 Hydrogel injection (Hydroxy
ethyl cellulose) Osteoarthritis, knee pain 31 July 2024

Besides natural biomaterials, synthetic biomaterials are also gaining interest from
researchers to treat different types of diseases. Dendrimer, polyethylene glycol, polylactic
acid, polycaprolactone, and hydroxy ethyl cellulose are now in different clinical trial phases
to treat different diseases, such as amyotrophic lateral sclerosis, type 2 diabetes mellitus,
pigmentation disorder, congenital breast defect correction, and osteoarthritis, respectively.

In the below table, we have mentioned some natural and synthetic biomaterials that
are currently in the clinical trial; in the table, we highlighted some points: (1) clinical
trial phase; (2) participants number; (3) composition or device; (4) diseases or conditions;
(5) estimated study completion date.

13. Future Direction and Perspectives

More than 1500 patents have been registered in this sector in the last two decades
and dozens of clinical investigations have been completed [284]. Natural and synthetic
biomaterials seem to be the ideal paradigm for therapy, diagnostics, and generation of
drug delivery carriers, as detailed in the sections above. With nanoparticles, it will be
easier than other techniques to deliver a precise dose of medicine to cancerous or tumorous
cells without interfering with the normal physiology of healthy cells. However, material
homogeneity, drug loading, and release capabilities need to be further researched. This
review covers vast area to the delivery and diagnosis of medicines using metal-based
nanoparticles and synthetic and natural biopolymers. One of the most promising areas of
research is the use of precious metals, such as gold and silver, in diagnostic and therapeutic
procedures. A major source of excitement in this review is nanoparticles, which seem to be
able to penetrate soft tumour tissues, making the tumour accessible to radiation-based heat
therapy for targeted eradication.

Natural and synthetic biomaterials are rapidly attracting the attention of researchers
who want to use them to administer drugs in a manner that is both precise and regulated.
In the near future, these materials are expected to earn greater scientific legitimacy. Despite
widespread recognition of their long-term potential, nanomedicine and nano-DDSs have
yet to have a significant influence on the healthcare system, notably in cancer treatment and
diagnostics. Due to the fact that this field has only been studied for two decades, there are
many key fundamental qualities that have yet to be discovered. One of the most important
future study areas will be the development of basic indicators of sick tissues, such as vital
biological markers, that permit precise targeting without interrupting the normal cellular
process. With an increasing understanding of disease mechanisms and the discovery of
nanomaterial-subcellular scale indicators, new diagnostic and therapeutic avenues will
open up by expanding the use of the nanomedicine field. Because of this, nanomedicine
will benefit from an increased understanding of disease molecular signatures.

New studies are needed to maximize the potential of nanomedicine, including animal
studies and cross-disciplinary research. The growing need for accurate medications and
diagnostics has led to the development of nanorobots and nanodevices for tissue diagnostics
and healing systems. However, nanomedicine has drawbacks, such as acute and chronic
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toxicity effects on humans and the environment, and the regulation of nanomedicine will
change with advancements in applications. Nanotechnology has become a significant
component in increasing the effectiveness of natural bioactive chemicals, such as berberine,
curcumin, resveratrol, and quercetin. Nanocarriers made with gold, silver, and other metals;
titanium dioxide polymers; solid lipid nanoparticles; micelles; and superparamagnetic iron
oxide nanoparticles have been identified to boost their effectiveness. Natural biomaterials,
such as biodegradable, biocompatible, renewable, and low-toxicity biomaterials, are in
high demand. Advanced biopolymer research issues include crosslinking biopolymers
to make them more resistant to industrial processing and biological matrixes. Polymeric
nanoparticles have been produced using solvent evaporation, emulsion polymerization,
and surfactant-free emulsion polymerization. Nanomedicine research has seen a spike
in interest in integrating therapy and diagnostics, as shown by the cancer disease model.
Advances in nanomedicine have allowed for better diagnosis and treatment of illnesses by
combining diagnostic and therapeutic processes.

Author Contributions: Conceptualization, project administration, funding acquisition, and supervi-
sion, S.-i.Y.; writing—original draft preparation, M.H.-O.-R., M.N.A., N.S., M.R.I., M.E.A., M.S.H., S.B.
and S.-i.Y.; writing—review and editing, M.H.-O.-R. and S.-i.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was partially supported by KAKENHI grants (21H02005, 21H05027, 21H05535,
and 23H04088) from the Japan Society for the Promotion of Science (JSPS), JSPS Bilateral Joint Research
Projects (JPJSBP120203509 and JPJSBP120223510), the Cooperative Research Program of Network
Joint Research Center for Materials and Devices (20234041), and MEXT Promotion of Distinctive Joint
Research Center Program (JPMXP0621467946).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviation

Abbreviation Definition
DDS Drug delivery system
PAE Poly(amino ester)
IV Intravenous
5-ALA 5-Aminolevulinic
CC Colon cancer
CB Cathepsin B
HA Hyaluronic acid
Cy5.5 Cyanine 5.5
IRT Irinotecan
PFH Perfluorohexane
DOX Doxorubicin
GdNGs Gadolinium nanogels
MRI Magnetic resonance imaging
NIR Near infrared
C6 Chlorine 6
PTX Paclitaxel
FA Folic acid
PHEMA Poly(2-hydroxyethyl Methacrylate)
HEMA 2-Hydroxyethyl methacrylate
TPGDA Tripropyleneglycol diacrylate
PNIPAAm Poly(N-isopropyl acrylamide)
LCST Lower critical solution temperature
AAc Acrylic acid
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PAA Poly(allyl amine)
PEI Poly(ethylenimine)
BPEI Branched poly(ethylenimine)
QDs Quantum dots
FD Fucoidan
TMC Trimethyl chitosan
TCD Tetracyclododecene
CMC Critical micelles concentration
FAPPI Folate acid conjugated poly(propylene imine)
MTX Methotrexate
XG Xanthan gum
DCT Docetaxel
PLGA poly(D,L-lactide-co-glycolide)
HACE HA acid–ceramide
PLA Poly(lactic acid)
PEO Poly(ethylene oxide)
PPO Poly(propylene oxide)

RES Reticuloendothelial system
ABC Accelerated blood clearance
P-gP P-glycoprotein
IP Intraperitoneal
PNVP Poly(N-vinyl pyrrolidone)
BBB Blood-brain barrier
CNS Central nervous system
EVs Extracellular vesicles
MSCs Mesenchymal stem cells
MVBs Multivesicular bodies
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