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Typically, solid colloidal particles with a diameter of less than 1000 nm are referred to as nanocarriers. However, to
avoid rapid clearance after intravenous administration, prolong the circulation half-life, and at the same time
increase the likelihood of crossing various biologic barriers while preventing accumulation in capillaries and healthy
tissues, the most common nanoparticle size for drug delivery referred to in the literature is between 100 and 500
nm. Depending on their internal structure, polymeric nanocarriers may be further classified as nanospheres

(nanoparticles) or nanocapsules (NCs).

MRI theranostics drug delivery

| 1. The Nanocarriers Morphologies

Typically, solid colloidal particles with a diameter of less than 1000 nm are referred to as nanocarriers. However, to
avoid rapid clearance after intravenous administration, prolong the circulation half-life, and at the same time
increase the likelihood of crossing various biologic barriers while preventing accumulation in capillaries and healthy
tissues, the most common nanopatrticle size for drug delivery referred to in the literature is between 100 and 500
nm WEZEIE pepending on their internal structure, polymeric nanocarriers may be further classified as nanospheres
(nanoparticles) or nanocapsules (NCs). Nanospheres are generally homogenous matrix systems in which the drug
is dispersed in the material forming them. The drug can be adsorbed in their pores or less frequently at their
surface, or it can be conjugated to them. Nanocapsules, on the other hand, are made up of two parts: the core and
the shell. The core material can be solid, liquid, or gaseous, depending on the type of application, while the shell is
formed by polymeric materials. In most cases, the drug is located in the core of the nanocapsule, while the shell
protects it from the outside environment. Nevertheless, formulations with drugs incorporated in the shell or
adsorbed at their surface are also possible, allowing the simultaneous delivery of one or several drugs in different
nanocapsule compartments. The shell may be made permeable, semi-permeable, or impermeable, depending on

the application, like the controlled release applications ],

Due to their core—shell microstructure, polymeric nanocapsules have gained increased attention in recent years for
use in drug delivery applications. The solid/oil core of nanocapsules can significantly improve drug loading
efficiency while lowering the amount of polymeric matrix in nanoparticles when compared to polymeric
nanospheres. Additionally, the polymeric shell can separate the encapsulated payload from the tissue environment,

preventing the degradation or burst release caused by pH, temperature, enzymes, and other variables.
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Furthermore, the polymeric shell can be functionalized by smart molecules capable of interacting with specific

biomolecules, allowing for targeted drug delivery LIBIZIE]

Three morphologies based on drug incorporation mechanisms are most commonly investigated for drug delivery.
First are polymeric carriers that use covalent bonds for direct drug conjugation, including linear polymers,
hyperbranched polymers, and dendrimers. Dendrimers are one of the major classes of polymers. They are
synthesized with a central core and monomers that branch out radially from this core in a way that resembles a
tree 29 The second group of nanocarriers is based on hydrophobic interactions between the cargo and
nanocarriers and includes polymeric micelles from amphiphilic block copolymers 212l The third group includes
polymersomes, which are structures obtained by the self-assembly of amphiphilic block copolymers. As a result of
their inner hydrophilic compartment, these nanostructures are more suitable for the delivery of water-soluble

agents 131,

Nanoprecipitation, emulsion—diffusion, double emulsification, emulsion—coacervation, polymer-coating, and layer-
by-layer (LbL) are the six classical procedures for the preparation of nanocarriers. Nonetheless, additional
approaches, such as emulsion—evaporation and polymer liposome production procedures, have been employed
(4] a5 well.

| 2. Polymers for Nanocarrier Preparation

Polymer characteristics have a large impact on the stability, encapsulation efficiency, release profile, and
biodistribution of the nanocapsule as a drug delivery vehicle. Biocompatible polymeric materials have been
intensively investigated as potential compounds for the production of nanocapsules. In most cases, these polymers
should be biodegradable in order to achieve the goals of payload release and nanoparticle elimination. Non-
biodegradable yet biocompatible polymers such as polyethylene glycol (PEG) and polyvinyl alcohol (PVA) have
also been frequently employed in the fabrication of nanoparticles. Because of their hydrophilicity, they can assist in
drug release via diffusion. Furthermore, while not being degraded into smaller molecules, they might eventually be
eliminated from circulation via the reticuloendothelial system (22116 To meet the diverse application requirements,
several polymers have been used in the formulation of nanocapsules. These may be classified as natural or

synthetic polymers based on their origin .

Peptides, proteins, nucleic acids, dextran ester, and chitosan are examples of natural polymers used. Because of
their interactions with drug molecules, these molecules benefit from excellent biocompatibility but have short half-
lives, non-specific distribution rates, and limited applications. Consequently, synthetic polymeric nanoparticles were
proposed. The most important molecules exploited for such platforms are polylactic acid (PLA), poly(e-
caprolactone) (PCL), poly(lactide-co-glycolide) (PLGA), and poly(alkyl cyanoacrylate). Nevertheless, various other
synthetic polymeric nanocarriers have also been reported, including polyaspartamide (PA), poly(L-aspartate),
poly(D,L-lactic acid-co-glycolic acid), poly(ethylene glycol) (PEG), poly(N-vinyl pyrrolidone) (PVP), poly(N-isopropyl
acrylamide) (PNIPAM), poly(hydroxypropyl methacrylamide) (PHPMA), poly(methyl methacrylate), poly-
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(chloromethyl-styrene) (PCMS), etc. X2, Polymers that were the most frequently used for the synthesis of MRI-

detectable drug delivery systems are briefly described below.

2.1. Poly(e-caprolactone) (PCL)

PCL is a semi-crystalline polymer that is insoluble in alcohol and water and soluble in non-polar solvents like
benzene, chloroform, and carbon tetrachloride. It is slightly soluble in acetone, DMF, ethyl acetate, and acetonitrile.
Its insolubility in polar solvents is one of the major issues with the application of PCL and the synthesis of PCL-

based nanocarriers [18I[19]

On the other hand, this hydrophobic nature promotes efficient cellular uptake 2%, PCL has proven biodegradability,
biocompatibility, and FDA approval for human use 2122 |n early in vivo studies, it was observed that PCL
undergoes an initial hydrolytic degradation process via ester cleavage until its molar mass is sufficiently low to
allow further intracellular degradation (2324 The PCL degradation process involves its ultimate conversion to 6-
hydroxycaproic acid, which is completely metabolized in the human body 23, which is essential for easy removal
from the body after its application and makes PCL a perfect candidate for the design of drug delivery systems.
Degradation of PCL is monitored by changes in molecular weight and can be tailored by its synthesis method from
months to years by impacting factors like the degree of crystallization, molecular weight, and morphology 2111261,

Moreover, it has been found that PCL is excreted through urine and feces [22],

PCL is characterized by a melting temperature significantly above body temperature, ranging between 59 and 64
°C, and a glass transition temperature of —60 °C, and thus it maintains its semi-crystalline state in physiological

temperature conditions 274,

Two main strategies are used for the synthesis of this polymer: polycondensation and ring-opening polymerization.
Nevertheless, the green synthesis strategy has been gaining popularity among researchers to overcome toxicity

issues and safety concerns [28],

2.2. Polyethylene Glycol (PEG)

PEG is a polyether consisting of ethoxy units derived from the ring-opening polymerization of ethylene oxide. The
traditional PEG is a linear polymer with chemically active hydroxyl groups at both ends 2. PEG is biocompatible
and is characterized by high water solubility BY. It is readily cleared from the body, and it is widely used for drug

conjugation.

PEGylation is a term used to describe a popular strategy that involves the conjugation of PEG with a therapeutic
agent B PEGylation is known to enhance the aqueous solubility of hydrophobic drugs, prolong circulation time,
minimize nonspecific uptake, and achieve specific tumor targetability through the enhanced permeability and
retention effect (22321331 PEGs form a hydrated PEG layer, which resists the adsorption of serum proteins and
phagocytic uptake. This effect has been called a stealth effect. The stealth effect of PEGylation improves the blood

circulation half-lives of biopharmaceuticals as well as nanoparticles 341,
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Furthermore, PEG shows a high solubility in organic solvents and, therefore, end-group modifications are relatively
easy. When attached to drugs or carriers, it provides drugs with greater physical and thermal stability as well as
prevents or reduces aggregation of the drugs in vivo and during storage, as a result of the steric hindrance and/or

masking of charges 32,

PEG has limited conjugation capacity since it has only one terminal functional group at the end of the polymer
chain (two in the case of modified PEG). This limitation is proposed to be overcome by coupling amino acids like
aspartic acids and bicarboxylic amino acids to the PEG [2. Another limitation of PEG is that it is non-
biodegradable, resulting in possible accumulation in the body if the size of the nanoparticles is greater than the
renal threshold. From a theoretical point of view, a biodegradable polymer would be more beneficial in applications,
since difficulties in achieving complete excretion would be avoided, although other issues, such as the toxicity of

degradation products and the limited shelf life, would need to be considered 221,

PEG has been known as a safe, inert, and non-immunogenic synthetic polymer. However, PEG-related
immunological issues have received considerable attention [B8IS7IS8ISAMA4L  Anti-PEG antibodies have been
found in patients who were treated with PEGylated nonhuman enzymes. Furthermore, circulating anti-PEG
antibodies have been found in healthy subjects and are thought to be induced by PEG-containing cosmetics and
foods [24],

2.3. Poly-L-glutamic Acid (PGA)

PGA is made of naturally occurring Il-glutamic acid connected through amide bonds as opposed to a
nondegradable C-C backbone like other synthetic polymers that have been tested in clinical studies. Each
repeating unit of I-glutamic acid contains a pendent-free y-carboxyl group that is negatively charged at a neutral
pH, making the polymer water soluble. The carboxyl groups also function as a means of attaching drugs. PGA is
nontoxic and biodegradable which makes it a promising candidate for use as a carrier for the targeted

administration of chemotherapy 421,

Electrostatic repulsion interactions between the negatively charged polymer and the relatively negatively charged
surface of cells can limit its uptake by cells (431 Nevertheless, the EPR effect, as well as the accumulation and

retention of PGA—drug conjugates in solid tumors have been reported [42144]145],

With increasing pH, PGA exhibits a conformational transition from a rod-like form in the a-helix state to a more
random coil structure at the midway of pH 5.5, as revealed by a magnetic resonance study 8], Therefore, PGA is
expected to exist as a random coil at a neutral pH. The value of pH has a significant impact on the rate of PG’s
enzymatic breakdown 4748l Moreover, it was discovered that both the composition and the sequential distribution
of co-monomers in the copolymer chains influenced the rate of degradation “2. Additionally, the overall
biodegradation of the PG polymer can be impacted by the conjugation of therapeutic molecules to PG. Degradation
of the polymer backbone may or may not result in the release of free drug, depending on the type of bonds utilized
to attach the drug molecules to PGA 59,
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The degradability of PGA and its derivatives has been examined in several investigations using isolated tissue
lysosomal enzymes 425152 |n comparison to poly(l-aspartic acid) and poly(d-glutamic acid), PGA was found to
be more vulnerable to lysosomal breakdown, and the breakdown of PG results in the formation of monomeric |-

glutamic acid 42,

2.4. Poly(Lactic-co-glycolic Acid) (PLGA)

PLGA is a biocompatible polyester that is produced by a catalyzed ring-opening copolymerization of lactic acid (LA)
and glycolic acid (GA) B3l PLGA is a semicrystalline material with hydrophobic properties, and it degrades readily
under physiological conditions. While PGA is a crystalline hydrophilic polymer with low water solubility and a fast
degradation rate under physiological conditions, PLA is a stiff and hydrophobic polymer with low mechanical
strength. As a copolymer of both, PLGA combines the intrinsic properties of its constitutional monomers where the
LA/GA ratio strongly affects its degradation rate. For example, with an increase in the LA/GA ratio, the overall
PLGA hydrophobicity increases, which leads to lower degradation and thus a slower drug release rate 4. PLGA
decomposes into non-toxic products (H,O and CO,) that are eliminated from the body B1l. In vivo, it degrades
through hydrolysis of the ester bonds to its monomeric anions (LA and GA). While L-LA is converted into CO,,
which is excreted through the lungs, and it is converted to pyruvate, that then enters the Krebs cycle, D-LA is not
further metabolized before excretion. GA, on the other hand, is either directly excreted through the renal system or
can be oxidized to glyoxylate, which is afterward further converted into glycine, serine, and pyruvate. The latter can

again enter the Krebs cycle and is metabolized into CO, and H,O [B31581157],
2.5. Poly(a-I-lysine) (PLL)

PLL is a water-soluble cationic biopolymer, built from monomeric unit a-I-lysine. Traditionally, three polymerization
approaches are employed for PLL synthesis: solid-phase peptide synthesis (SPPS) [B8I59  ring-opening
polymerization (ROP) 89611 and chemo-enzymatic synthesis 581,

PLLs use was proposed widely in various biomedical domains and the pharmaceutical field due to their inherent
properties such as non-antigenicity, biocompatibility, and biodegradability. The building monomer, a-I-lysine, is one
of the 20 naturally occurring amino acids. It is believed to be essential for eukaryotes and prokaryotes and plays

critical roles in biological processes, including injury recovery and protein functions 28,

Under physiological conditions, PLL is positively charged due to the protonation of primary amino groups. PLL was
developed as a functional biomedical material where the activity originates predominantly from this cationic
property. Based on the electrostatic interactions between the positively charged PLL and the negatively charged
components, PLLs have been investigated for application in nanocarrier synthesis, coating materials, and bacterial

biofilm dispersal/membrane disruption (28],

On the other hand, hemolysis and cytotoxicity resulting from interactions between cationic PLL and the anionic
membranes of red blood cells and vascular endothelial cells are the main concern in PLL biomedical applications.

The cytotoxicity of PLL depends strongly on its molecular weight. PLLs with high molecular weight are more
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deleterious to both mitochondrial oxidative phosphorylation and glycolytic activity, leading to significant intracellular
ATP depletion and initiating necrotic-type cell death (8162,

PLLs are classified as hydrophilic biopolymers because of their good water solubility. The presence of alkyl groups
in their side chains results in the amphiphilicity of PLLs, which is neglected. Notably, PLLs can fold into a variety of
secondary structures such as o-helical, B-sheet, and random coil based on hydrogen bonding and electrostatic
interactions among their backbones and side chains. This secondary structure is frequently influenced by
environmental stimuli, including pH, temperature, solvent variations, and surfactants [E3l6465] and results in
different hydrophobicity (281,
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