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ABSTRACT

The bioavailability of poorly soluble medications can be greatly improved by the use of
nanocarriers (NCs) where; loading of drugs within NCs could improve the solubility, prevent
degradation through enzymes of GIT and enhance the passage crosswise the gel mucus layer and
absorption membrane. The surface chemistry of most of nanocarriers greatly affects all properties
of NCs, specifically, food interaction, diffusion behavior through the gel mucus layer, and
providence on the absorption membrane. Bioinert surfaces greatly decrease the interaction with Gl
fluids. Adhesive surfaces offer near connection with the mucosa of GIT and absorption. Moreover,
charge-converting surfaces facilitate targeted drug release by shifting their zeta potential from
negative to positive at absorption membranes. In addition, Active surfaces may cleave mucus
glycoproteins. In this review, we deliberate the different types of surface modification of NCs and
their impact on the efficacy of NCs as successful drug delivery systems. Moreover, the different
techniques applied for NCs surface modifications through the use of diverse biomaterials to change
their physicochemical characteristics, pharmacokinetic qualities, and pharmacological activity.
Surface engineering may be utilized by undercoating the NCs either through the use of non-

covalent bonds, covalent bonds, or special techniques.
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Introduction

Novel nano-carriers (NCs), as drug delivery systems, show a promising solution to
traditional dosage forms’ problems (1). NCs are able to overcome many obstacles of the traditional
dosage forms by targeting desired sites, increasing blood circulation time, and improving drug
pharmacokinetic properties, water solubility, and bioavailability which leads to the development
of NCs loaded drugs showing high efficacy with minimal adverse effects (1-3). Besides, NCs can
transport drugs well crosswise many body barriers and can prolong their residence times (4).
Moreover, they are capable of sustaining drug delivery and encouraging drug passage transversely
the absorption membrane (2,5). Among the numerous numbers of the developed vectors are lipid-
based nanocarriers like solid lipid nanocarriers (SLN), nanostructured lipid carriers (NLC),
liposomes and self-emulsifying nanocarriers, nano-emulsion, organic/inorganic nanocarriers and
polymeric nanocarriers (2,6). Due to this wide versatility, NCs are favored for their nanosized
range and their high drug loading capacities for hydrophilic and lipophilic drugs, high shelf-life
stability (5).

Despite these advantages, NCs suffer from some limitations as they can be quickly eliminated
by the reticuloendothelial system and their wide biodistribution (1,7-9). Therefore, addressing
NCs issues become of interest in current research to reach an efficient drug delivery. Hence, the
approach of surface design of nano-carriers established a basic role in improving intact NCs
surfaces for enhancing drug efficacy and reducing their un-desired effects(1,10). Surface
functionalization of nanocarriers was performed according to several criteria including the
properties of nanocarrier surfaces and the types of coating materials. Countless number of ligands
as polysaccharides, oligonucleotides, proteins, polymers, and antibodies have been utilized for
disease investigation and treatment via an active targeting strategy that ensures high drug
internalization to specific diseased sites with controlled release of drugs (1,11,12). Additionally,
surface modification of nanocarriers was able to extend the blood circulation time of nanocarriers
by escaping from macrophages to attain target recognition and localization(13). Surface
engineering of nanocarriers can be performed by different techniques either via covalent/non-
covalent bonding or deposition of additional layers on the surface of nanocarriers (1). Thus, such
applications are being widely established in the treatment of many diseases such as cancer (14),

viral infections (15), cerebrovascular (16), and immunological diseases (1).
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Eventually, within this review we will focus on advances in surface engineering nanocarriers,
here we will focus on different techniques that had been utilized for nanocarriers’ coating, the most
suitable types of nanocarrier coats, and will describe the effect of surface modifications on
nanocarriers ability for increasing drug targeting and efficacy.

Types of nanocarrier surfaces coats
1-Bioinert surfaces

The stability of uncoated nanocarriers is being affected unintendedly by body fluids as Gl
content. Particularly, for lipidic based nanocarriers and emulsified systems that are composed of
different types of phospholipids and triglycerides may suffer from a decrease in absorption and an
increase in drug leakage due to the interaction of the intact nanocarriers with the lipases leading to
enzymatic degradation of nanocarriers (17,18). In order to tackle this problem bioinert surface is

being established using several strategies as will be discussed (2).

1.1 Zwitter-ion surfaces

Electric neutral zwitterion is made up of cation and anion groups, as carboxybetaine (CB),
sulfobetaine (SB) and phosphorylcholine (PC). Zwitter ions are often regarded very hydrophilic,
biosafe, and inert to life (19). Cell membrane and mucus layers are able to be invaded by viruses
due to their zwitterion surfaces (20). Mimic zwitterionic surface of viruses by decorating
nanocarriers with anionic and cationic charges provides them with bioinert property which helps
them to shield from body interactions by forming a stable solvation shell, interactions with ionic
structures in the human body controlled by forming a high-density of super-hydrophilic shell
formed due to the opposite charges on the surface (21). According to many reports, NCs made with
zwitterions are compact and resistant to protein-binding, this might be a viable mucus penetration
delivery method (19).

The nanoparticles (NPs) made of zwitterionic lipids, in contrast to the non-ionic PEGylated
surface, have a surface characteristic akin to the phospholipid membrane of cells (19). Lipid-coated
polymeric nanocarriers are beneficial for drug administration because they have a variety of
flexible techniques, are simple to surface design, have a longer circulation half-life, are less
cytotoxic, and have greater target selectivity. Natural phospholipids such as phosphatidylglycerol
and phosphatidylcholine are frequently applied to make an effective coat on the surface of NCs. A

membrane-like structure on NCs can be formed by phospholipids because of their amphiphilic
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nature. Electrostatic attraction and hydrophobic interactions may lead to lipidic self-assembly on
NCs surfaces (22). Lipid bilayers normally form thin, homogenous films around the nanoparticles.
While, polymers and synthetic molecules, frequently result in coatings with heterogeneous shapes.
As a result, following coating, the NPs' hydrodynamic diameter does not significantly alter.
Additionally, as mentioned, the excellent uniformity of the coatings is a crucial element in
preventing protein adsorption. The intended stabilizing effect of many polymers may not be
realized due to the occurrence of areas of the surfaces of NP uncoated. On the other hand, it has
been claimed that covering gold nanoparticles with a lipid bilayer (1,2-dimyristoyl-n-glycero-3-
phosphocholine (1,2 DMPC) offers high stability of gold nanoparticles in different solutions (23).
Further evidence suggested that negatively and positively charged nanoparticles were quickly
removed, but zwitterionic gold-loaded nanoparticles showed longer blood circulation life-span and
greater accumulation in tumor cells. Moreover, zwitterionic NPs' surface charge distribution may
have an impact on absorption and biodistribution (23).

Amphoteric surfactants such as Dilauroyl phosphatidylcholine and polymers as
polycarboxybetaine showed a higher diffusivity in mucus and satisfactory cellular uptake
efficiency than PEG-coated NCs (19,24). Using inactive cationic or anionic polymers as
chitosan/alginate, chitosan/chondroitin sulfate, and chitosan/carboxymethyldextran exhibit high
mucus permeating properties, higher folds of diffusion ability (25-27). They have been extensively
employed for a variety of purposes comprising implant coatings drug delivery systems and medical

diagnosis (21).

1.2 Polyethylene glycol (PEG) surfaces

PEG is an adaptable and biocompatible polymer extensively used in the application of
drug delivery and gene delivery. The usage of PEG on NCs surfaces is termed as “PEGylation”(1).
The surface of a nanoparticle PEGylation reduces immunogenicity and prolongs systemic
circulation by protecting nanoparticle surfaces against opsonization, aggregation, and
phagocytosis (1). PEG coating is very beneficial in protecting NCs from body fluids and mucus
by forming dense hydrated brush shielding. Poor protein binding and high penetration ability is
being achieved in decorating NCs with PEG (28,29). Numerous studies using PEG with a chain
length range from 0.3 to 0.5 kDa look to be enough to provide a muco- inert property. Nonetheless,
PEG with a chain length of 2 kDa and 6 kDa coated NCs shows a high mucus penetrating properties
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than 10 kDa. Studies revealed that excessive PEG densities have lower mucus penetration
properties as they are entangled in the mucus network. Thus, utilizing a combination of short and
long PEG chains along with ‘hetero-brushes’ PEG surfaces is being noted to improve bio-inertness
properties (30,31). In recent studies, for improving the distribution and bioavailability of
antibiotics, PEG was widely employed for modification of the surface of the antibiotic loaded NCs.
PEGylation of ciprofloxacin loaded NLCs has been investigated and the stability of the
formulation, penetration ability of the drug and drug distribution within ocular tissues has
demonstrated the results that Ciprofloxacin was released significantly and continuously from
PEGylated NLCs (30%) as opposed to un-coated NLCs (40%) and free drug (80%) at similar time
intervals. Furthermore, NLCs PEGylation demonstrated two and three-fold greater corneal
penetration than free and uncoated NCs. However, in vivo bioavailability tests revealed that
PEGylated NLCs had a 2-fold better ocular bioavailability than un-coated NLCs. Also, it was
declared that ciprofloxacin's trans-corneal penetration increased when the PEG coating's molecular
weight rose from 2 to 10 kDa. According to this study, NLC PEGylation has the ability to regulate
delivery and release of drugs from NCs, leading to improved corneal penetration and absorption.
Researchers reported the needed usage of PEG with other polymers, in addition to investigating

the potential of this mixture as a surface modification of antibacterial nanoparticles (1).

1.3 Poloxamer/Poloxamine surfaces

Block copolymers polyoxyethylene(PEO)—polyoxypropylene(PPO) (Pluronic F127) is
considered an example of poloxamers used in coating nanoparticles to improve their mucus
penetrating properties. The hydrophobic domain constitutes of poloxamers enables them to
incorporate in hydrophobic NCs as lipid-based NCs and self-emulsifying NCs (32,33).
Unfortunately, it is difficult to integrate and handle many biocompatible block polymers, so studies
are performed hardly through which one parameter is varied. This variation influences on the
characterization of the formed micelle like size, stability, entrapment ability, and release. For this
reason, it may be hard to manipulate all the factors in a systemic way. Even though PPO-PEO
proved to be assessable accordingly it has been utilized in many studies (34). Hu et al. achieved a
high mucus penetrating property by coating poly-lactic-co-glycolic acid (PLGA )with different
bio-inert coats, comparing the uncoated PLGA formula to the coated formula with zwitterion
surface, PEG and Pluronic F127 showed that the high penetrating mucus property attained by
zwitterion formula followed by PEG coat and Pluronic F127 (35). On the other hand, Poloxamine
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forms a self-aggregated polymeric micelle due to its cationic charge, this micellar system exhibits
a hydrophobic core that facilitates the entrapment of lipophilic drugs in addition to the outer shell
formed of hydrophilic blocks (34,36). Recently, the transfection of plasmid DNA in cardiac and

skeletal muscle has been established in vivo via Poloxamines (36).

1.4 Polyglycerol (PG) surfaces

Polyglycerol (PG), which has a lot of OH groups on the PEG main structure, is anticipated
to have a better ability to avoid the adsorption of protein. Actually, it has been shown that PG has
comparable or even greater protein resistance than PEG to proteins such as fibrinogen, lysozyme,
albumin, and pepsin (37). Superior hydration and higher hydrophilic property are being expressed
via utilizing polyglycerol (PG) surfaces. Its hydroxyl structure is allowed to be formed in linear
and branched shapes (38). Bio-inert property has been studied by comparing different chain lengths
of PEG and PG coated formulae declaring that bio-inert character increases in the following order:
unmodified <low PEG < medium PEG <low PG <medium PG < high PG. consequently, 1.5 kDa
chain length appeared to be adequate in the prevention of surface-proteins interactions (37,39,40).
Furthermore, Oxygen radicles that are responsible for the decomposition of many drugs and
hypersensitivity reactions showed to be less eminent by PGs (41). Zouy et al. quantitatively
compared the PG- and PEG-functionalized NPs in protein corona formation and macrophage
uptake in order to fully explore the potential of PG as a substitute for PEG. The results made it
clear that PG resists protein adsorption and macrophage uptake much more effectively than PEG.

(37).

2- Adhesive surfaces

The conception of muco-inert surfaces NCs was to bring NCs close to the absorption
membrane, wherever it may bind to epithelial cells and supply an enhanced internalization drug
character. Alternately, muco-adhesive NCs surfaces are assumed to stay attached to the layer of
mucus for extended release of drugs in constant concentration near to the membrane. Therefore,
the pattern of modeling adhesive surfaces instead of bioinert surfaces is supposed to be favorable,
especially in the oral delivery route (42). A great number of in vivo studies are been carried out
to investigate these two strategies. Different binding modes of NCs mucoadhesive substances
were furnished in such ways, adhesiveness could be achieved by chain entanglements or by

bonding using either covalent (disulfide bonds) or non-covalent (hydrogen bond) formed between
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NCs surfaces and mucus gel layer. From the components commonly used to form an adhesive
NCs surface are polymers. Polymers are well known for their wide usage in either forming NCs
or coating them using anionic, cationic (chitosan) or multivalent cations such as (Ca 2+, Mg2+,
or Fe3+) units to form mucoadhesive surfaces. Despite their bifunctional property as muco-inert
and mucoadhesive, muco-inert character obtained from the polymer is able to exceed their
mucoadhesive character (43).

Formation of a polymer with more pronounced mucoadhesive properties using a whole anionic
or whole cationic polymer is required. Rather, polymers possess multivalent cations uncommonly
used for their unstable characteristics compared to thiolated polymers. For instance, thiolated
chitosan and thiolated surfactants used for NCs coating are able to increase entrapped drug
concentration in affected sites by enhancing the mucoadhesive property than un-coated areas (44—
46).

Unfortunately, increasing the mucoadhesive character of NCs disliked as remaining for a long
time on the mucus gel layer will certain its elimination in mucus turnover process. So, the ideal
formed mucoadhesive NCs is that having ability to be closer to the epithelium layer. This
technique was achieved by thiolated NCs that owned the potentiality of forming disulfide bonds
with mucus glycoprotein enhancing the nanocarriers to get deeper into the cellular epithelium
(47).

i) Entanglements ii) H-bonding iii) Ionic interactions iv) Disulfide bridges
SH

HS\ A /

““~.. Mucine network structure \ Polymeric chains Drug loaded NC
Fig. 1. Graphical representation of different mechanisms for the delivery of mucoadhesive

properties (2).
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As illustrated in Fig. 1 mucoadhesive properties can be achieved by different mechanistic

pathways such as Entanglements, H-bonding, ionic interactions, and disulfide bridges.

4- Aptamers:

Aptamers are defined as three-dimensional secondary and tertiary structures that are single-
stranded (ss) short oligonucleotides (6-30 kDa) that may interact with biological targets such as
nucleic acids, transmembrane proteins, or sugars with great affinity and selectivity. Systematic
evolution of ligands by exponential enrichment (SELEX), an in vitro selection method, is used to
synthesize aptamers from an initial library of 1013—-1016 randomly distributed single-strand
ssDNA or ssRNA sequences. In this cell-based approach, a library of oligonucleotides is first
incubated with the desired target, and the oligonucleotides with the highest affinity are then
selected and purified. The simplicity of isolation, smaller size, greater ratio of target accumulation,
absence of immunogenicity, and increased in vivo stability of aptamers make them preferable to
conventional antibodies. An aptamer's molecular weight is typically between 6 and 30 kDa,
significantly lower than an antibody's molecular weight (150 kDa), which frequently results in
superior tumor absorption kinetics. An aptamer also costs less to produce and is more stable in
biological fluids than a protein. Although their circulation half-life is limited in comparison to that
of an antibody due to the absence of a fragment crystallizable region (Fc domain), but this is not a
significant barrier when employing the aptamer as a targeted ligand (22). Thiol bonding enables
the direct assembly of aptamers with thiol modifications onto the surface of plasmonic NPs. For
example, by adding a 50-alkyl-thiol-modified S. aureus aptamer directly to the colloidal solution
in the presence of sodium dodecyl sulfate, tris/borate/EDTA buffer (TBE), and sodium chloride,
18 0of 28 Ag NPs self-assembled onto the surface. In this instance, the aptamer surface modification
preserved the colloidal integrity of the NCs, therefore further stabilizing agents were not required.
The modified particles have been demonstrated to maintain their biorecognition abilities while
remaining stable in serum and varieties of actual human fluids, including urine, blood, pleural

effusion, and ascites (23).

5- Antibodies
A good target specificity and affinity make antibodies appealing as targeting ligands. High
target recognition capabilities may be added to nanoparticles by coupling of polymer nanoparticles

with antibodies. But for effective functionalization, a stable conjugation of the antibody to a
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nanoparticle surface in the right orientation without aggregation is essential. An appropriate
functional group is required to covalently attach the antibody to nanoparticles. The three functional
groups that are most frequently employed in antibodies are amino (lysine), carboxy (glutamic acid
and aspartic acid), and sulthydryl (cysteine) (22).

It has also been explored how antibodies physically adhere to nanoparticle surfaces. In a
recent work, researchers showed that, in contrast to nanoparticles that were chemically bonded to
the antibody, pre-adsorption of antibodies on the surface of polymer nanoparticles resulted in
effective targeting of nanocarrier. In that study, the protein corona created when nanoparticles
were injected into a biological fluid had a considerable impact on the binding affinity of the
antibody chemically attached to nanoparticles. On the other hand, proteins in the corona did not
affect functionally adsorbed antibodies. For the purpose of nanoparticle functionalization,
monoclonal antibodies (mAb) have been utilized to target a variety of markers and receptors found
on cancer cells, including, the human epidermal growth factor receptor-2 (HER2), the v3 integrin,
the prostate-specific membrane antigen (PSMA), and the CD20 antigen on B-cell lymphomas.
However, the inclusion of full-length mAbs (150 kDa) might impact the nanoparticle's ability to
penetrate tumors and can also cause an increase in macrophage absorption by allowing the Fc
receptor (FcR) to be recognized. Antibody fragments like the single-chain variable fragment (scFv)
and antigen-binding fragment (Fab) have been studied as targeted ligands to reduce these problems

(22).

6. Absorption-enhancing surfaces

Enhancement of drug absorption from gastrointestinal mucosa can be done by using NCs
through their interaction with epithelial cells in various mechanisms. Opening of tight junctions is
one of these mechanisms or fusion with cellular membranes facilitating their entrance through
endocytosis (48). Internalization of endocytosed NCs occurs by intracellular vesicles such as
phagosomes, endosomes, or macropinosomes preventing them to access cytoplasm in a direct way
(48).

6.1. Anionic surfaces
Tight junctions (TJs) are opened more easily through the use of anionic surfaces of NCs. For
example, Carboxymethyl chitosan/chitosan nanocarriers having anionic surfaces extensively

disintegrate TJs leading to more strong permeability if compared to similar nanovesicles carrying

423



ERURJ 2023, 2, 3, 415-446

positive charge on their surfaces. Another clear example, insulin bioavailability is significantly

higher when administered in anionic surface nanocarriers (49).

6.2. Cationic surfaces

Regarding cationic polymers such as polyethyleneimine, chitosan, and trimethylated chitosan
have proven efficacy in opening the TJs (50). Through opening TJs, enhanced permeation through
the Caco-2 monolayer could be achieved and extensively enhanced by using chitosan-coated silica
nanocarriers (2). The presence of cell-surface endocytosis receptor, heparin sulfate proteoglycan
imparts a negative charge to cellular membranes (51). So, positively charged NCs can ionically
attach to cellular membranes encouraging endocytosis through different stages as shown in Fig.2.
Studies on non-phagocytic cell lines had proved that the uptake for positively charged NCs was
greatly enhanced compared to anionic surfaces NCs. On another hand, no difference in cellular
uptake on phagocytic cell lines was observed proving a cell-dependent cellular uptake mechanism
(52). Crucial cytotoxic effects of the cationic charge of NCs such as degradation enzyme release,
change in the action of enzymes in the cytoplasm, and release of reactive oxygen species may

occur so, it’s very important to precisely adjust the cationic charge on the NCs.
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Fig. 2. Stages of cationic NCs with cellular membrane (2).
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Notwithstanding their adverse effects, the efficacy of positively charged NCs to overcome all
absorption barriers and gel-like mucus was applied to successfully orally deliver insulin using a
protein corona around the cationic liposomes to enhance permeation through the layer of mucus
(53). Cationic PLGA nanoparticles which were linked electrostatically with the cell membrane
showed high cellular uptake (54). Moreover, the interaction of cationic NCs with a negatively
charged mucus layer helps to prolong the carrier residence time on the absorption site for example
chitosan and polymyxin B surface modified rifampicin loaded nanoemulsions with greater
mucoadhesive action (55). Another great application for cationic nanocarriers was the delivery of
nucleic acids. The interaction between nucleic acids and NCs could be achieved through the
electrostatic interaction between the negative charge on nucleic acids and the positive charge on

the surface of cationic NCs(56).

6.3. Cell-penetrating Peptides

The use of cell-penetrating peptides (CPPs) is another way applied to enhance oral drug uptake
where; they are composed of five to thirty amino acids which may assist the intracellular uptake
of different biomolecules on their target site (57). Various uptake mechanisms were shown by
CPPs dependent on physicochemical properties. Approaches could be divided into energy-
independent mechanisms for example the membrane lysis and energy-dependent mechanisms such
as caveolin-mediated endocytosis as well as micropinocytosis (58). CPPs offer several advantages
including low toxicity and various uptake mechanisms so, they have a great focus to be used in

combination with nanocarriers to improve cellular uptake (59).
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Fig. 3. Concept of CPPs protection “smart nanocarriers” (59).
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In spite of having major clinical potential CPPs display limitations concerned with oral drug
delivery. Degradation by enzymes is a well-known problem accompanying to the usage of CPPs.
It may be prohibited by protease-resistant D-form CPPs as an alternative to natural L-forms (60).
The arginine addition is another modification that may be applied to CPPs in order to enhance cell
penetrating abilities. Also, histidine addition may result in pH-responsive CPPs. The use of ‘smart’
nanocarriers delivers a promising method. In these systems, CPPs are sterically protected till
entrance at the target site, where a local stimulus leads to CPPs deprotection and consequently

targeted uptake. The concept of such systems is illustrated in Fig. 3 (57,61,62).

6.4. Thiolated surfaces

Thiol groups on the surface of NCs can open TJs with subsequent enhancement of
endocytosis (63). The opening of TJs which is considered the main mechanism could be facilitated
through the interaction between the thiol group found on the proteins on the membranes and the
thiol group attached to NCs. Moreover, inhibition of protein tyrosine phosphatase intermediated
by glutathione is another suggested mechanism of thiolated NCs. This inhibition leads to blockage
of the dephosphorylation of the extracellular loops of occluding leading to TJs Opening (64,65).
Zhang et al. confirmed also thiol-dependent interactions with epidermal growth factor and insulin-
like growth factor leading to the disruption of claudin-4 causing TJ opening. A fluorescence-
labeled dextran achieved three to five folds improvements in permeation on a Caco-2 monolayer
by using NCs that were formulated through in situ gelation of thiolated poly-acrylic acid and
thiolated chitosan if compared to unthiolated NCs (66). Insulin-loaded chitosan NCs coated with
polyacrylic acid-cysteine-6-mercaptonicotinic acid (S-protected thiolated NCs) showed increased
paracellular transport of insulin through the intestinal mucosa and subsequent increase by 16% in

oral bioavailability (67).

7. Charge converting surfaces

Charge converting NCs count on the brush border membrane-bound enzyme intestinal alkaline
phosphatase (ALP) that splits and releases phosphates from NLCs surface (68). The conversion of
the charge from negative to neutral or positive and/or loss of the characteristics of zwitter ion is
attributed to the loss of the anionic phosphate substructures from the NCs surface as mentioned.

Fig 4 illustrates the principle of this conversion. The first charge-converting NCs for drugs

426



ERURJ 2023, 2, 3, 415-446

delivered orally were obtained by coacervation of polyethylenimine-6-phosphogluconic acid

conjugate and a chitosan phosphotyrosine conjugate with carboxymethylcellulose (69).

7,

gsv “%%2L Long chain peptide

' e2¢®e Polyphosphate
ecsPesT %

7

1 Mucus gel layer

v Membrane-bound
alkaline phosphatase

Intestinal epithelium

-

Fig.4. Concept of charge conversion of zwitter ion (2).

The limited access for phosphatase enzyme to NCs prevents the cleavage of all phosphate
groups from thiolated NCs, However, zeta potential values of NCs could be converted from
negative values to positive values for example the shift of zeta potential of Polyethylenimine-6-
phosphogluconic acid NCs from -6 mV to +3 mV (69). In an alternative way, immobilization of
the phosphate group from the surface of NCs can be achieved enzymatically which facilitates the
access of phosphatase enzyme. In case of lipid-based formulations like NLCs, SLNs or SEDDS
attached in the lipophilic core of these NCs. The very first charge-changing lipid-based NCs shifted
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their zeta potential from just -1 mV to +1 mV (70,71). High mucus penetrating ability is the main
advantage of converting NCs intended for oral drug delivery facilitating the reach of these NCs to

the absorption membrane with great improved cellular uptake (72).

Surface modification techniques

Surface modification of nano drug delivery systems involves the use of diverse biomaterials
to change their physicochemical characteristics, pharmacokinetic qualities, and pharmacological
activity. Surface engineering can be utilized by coating the nanocarrier either through covalent

bonds, non-covalent bonds, or special techniques (1).

Non-covalent bonding techniques

It has been demonstrated that surface non-covalent bonding can increase the efficacy of
nanocarriers and improve the pharmacokinetics of incorporated drugs. Various techniques can be
applied for non-covalent bonding between nanovesicles and coating materials, including
hydrophobic interactions, hydrogen bonding, van der Waal bonds, electrostatic interactions, and
deposition, or a combination of them.

Electrostatic interactions can be done by the adsorption of different materials, polyelectrolytes
or saccharides based on their charge, on the nano-system surface without covalent conjugation. On
the other hand, electrostatic deposition is carried out by the coating of a colloidal core, with a
certain charge, with a polyelectrolyte with an opposite charge. This leads to the development of
nanoparticles surrounded by an electrostatic film. This method can be used to add targeting
moieties to the nanovesicles and boost the stability and plasma half-life of bioactive cell-
penetrating peptides.

In addition to electrostatic interactions, coating colloidal nano-systems that are prone to
Ostwald ripening, and condensation into larger particles could be done using hydrogen bonds and
hydrophobic interactions. These systems are coated using amphiphilic materials which form a

protective layer against condensation (73).

Covalent bonding techniques
Another method for altering the surface of nano-systems is the covalent conjugation of
compounds on nanocarriers. Using this method, biomolecules are attached to the surface of

nanovesicles using covalent bonds that are physiologically labile. This method is now in use and
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serves as a potent and potentially flexible tool for creating nano-delivery systems containing a
range of covalently functionalized proteins (74). Using the covalent modification method, several
nano-drug delivery systems containing organic as well as inorganic functional groups have been
created (75).

A variety of chemical bonds can be applied to this technique, which includes amide, polycyclic,
ester, and thiol biodegradable bonds. Each type of the mentioned covalent bond has its unique
cleavage mechanism. Before coating is done, the nanomaterials’ surface, including nanoparticles,
micelles, or carbon nanotubes, is initially modified by introducing alkoxy, amine, amino, and alkyl
functional groups. Subsequently, in order to create biodegradable covalent connections that make
it easier to coat nanoparticles, these surface functional groups interact chemically with the

functional groups of the materials utilized in coating (76).

Special coating techniques

Lipid nanoparticles coated with chitosan polymer are commonly created using a co-incubation
technique, whereby uncoated lipid nanoparticles are first created and then incubated in an acidic
aqueous solution of chitosan. The polymer is self-assembled through electrostatic interactions at
the oil/water interface. Additional step of cross-linking can be used to stabilize the chitosan
coating, however, this step is industrially undesirable because it involves an additional chemical
reaction step (77).

For the production of PEGylated lipid-based nanoparticles, PEG esters are commonly added to
the lipid phase through a simple one-step process. For example, PEGylated liposomes were
developed utilizing a thin film hydration method from a mixture of phospholipids, cholesterol, and
PEG-2000. On the other hand, PEGylated SLN was prepared was prepared using a mixture of
tripalmitin, and PEG-stearic acid polymer, as a lipid phase, that was emulsified in a surfactant’s
aqueous solution through sonication. For the production of PEGylated NLCs, the same method
can be used with the substitution of a part of tripalmitin with Miglyol which acts as a liquid lipid
(78).

Applications of surface-modified nanoparticles as targeted oral drug delivery systems
Enhanced efficacy and reduction in adverse drug reactions of oral formulations can be achieved

by targeting specific segments of the gastrointestinal tract (GIT) and subsequently releasing the
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loaded drug. Different systems can be applied to successfully target these segments including pH,

enzyme, and redox triggered systems.

pH triggered systems

The pH values of different parts of the GIT range from about 1.2 for the stomach to 6.5 and
7.5 for the small intestine and ileum, respectively (79). Due to this diversity, the pH is considered
a perfect targeted drug delivery trigger, especially in the local GIT disorders including ulcerative
colitis, Crohn’s disease, colon cancer, and inflammatory bowel disease. To design a pH-sensitive
nanocarrier simply and effectively, suitable polymers are utilized to achieve an enteric-coated drug
delivery system. Eudragits® are a family of methacrylic acid copolymers that are the most widely
applied coating polymers for targeted oral drug delivery (79,80). In the acidic pH of the upper part
of the GIT, the polymer’s carboxylic acid groups are protonated which prevents the unwanted drug
release in this segment. Increasing the pH in the lower parts of the tract will cause the ionization
and deprotonation of these groups. This will lead to electrostatic repulsion and subsequently
coating material disintegrates and releases the entrapped drug in the colon (81).
PLGA nanocarriers containing 5-flourouracil and coated with Eudragit S100 were developed by
Wang et al. for oral drug delivery of the anticancer drug. At pH less than 7, the drug release was
prevented through the coating which was confirmed by the in vitro studies. Increasing the pH to
7.4 resulted initially in burst drug release then sustained and slow release over 5 days depending
on erosion and swelling of the PLGA polymer (82).
Another study conducted by Tummala et al. demonstrated that targeting colorectal cancer with 5-
flourouracil was successfully achieved. It was found that drug nanocarriers coated with Eudragit
L100 released about 82% of the drug in a sustained release manner, while the non-coated
formulations released more than 50% of the entrapped drug before the colon was reached (83).
These results are in agreement with previous findings by Ali et al. who developed an Eudragit
S100 coated nanocarriers carrying glucocorticoid budesonide in a core of PLGA. The results
showed that more than 75% of the incorporated drug was released after 2 hours at acidic pH of the
stomach from the uncoated nanocarriers, while less than 20% of the coated formulations was
released in the same period. Increasing the pH to 7.4 resulted in significantly enhanced drug release
to about 80% within 8 hours (84).
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Jain et al. also demonstrated the potential of Eudragit-coated nanocarriers as a potential
targeted drug delivery system (85). The colon cancer oral medication, oxaliplatin, was
incorporated in chitosan-hyaluronic acid nanocarriers coated with Eudragit S100. The in vivo
studies utilizing tumor-carrying mice demonstrated that coated nanocarriers accumulated in the
cancer tissue significantly higher than uncoated formulations. This could be attributed to the
overexpression of hyaluronic acid receptors in most cancerous tissues (86).

The modification of the surface of mesoporous silica nanoparticles is another highly effective
and promising strategy for targeted drug delivery. The silanol groups present on the nanoparticles’
surface enhance the conjugation with different polymers to create a pH-sensitive coating (79,87).
Polyacrylic acid was linked to these nanoparticles’ surface by Tian et al. (88). Doxorubicin was
studied as a model drug and the results showed that during 12 hours 20% only of the drug was
released in the stomach (pH 2), while 64% was released in regions with higher pH values. The H-
bonds present between polyacrylic acid carboxylic groups could explain the decreased drug release
at low pH value. On the other hand, increasing the pH to a weak basic environment will cause the
ionization of the functional groups, and subsequently repulsive forces will open the pore channels
and eventually rapid release of the carried drug will occur (88). Compared to these results, the
uncoated silica nanoparticles showed an initial rapid release of most of the incorporated drug at
acidic pH with only 10% of the drug is released in the lower GIT.

These findings are in accordance with Nguyen et al. results which showed that surface-
modified silica nanoparticles, by succinylated polylysine polymer, successfully led to the colon-
targeted release of prednisolone (89). Compared to uncoated particles, the surface-modified
mesoporous silica nanoparticles released less than 14% of the incorporated drug in an acidic pH
environment. Polymer swelling, due to repulsion between polymeric chains, and subsequently
drug release was demonstrated by studies conducted in conditions simulating the pH environment
of the colon.

Lee et al. developed another surface-manipulated system based on silica nanoparticles.
Sulfasalazine, an anionic drug used for the treatment of ulcerative colitis and Crohn’s disease, was
successfully incorporated in surface-modified silica nanoparticles. At acidic pH, there is an
electrostatic attraction between sulfasalazine and uncharged silanol groups of silica nanoparticles,

so less drug is released. Strong repulsive forces are observed at higher pH regions due to the

431



ERURJ 2023, 2, 3, 415-446

ionization of OH groups of the mesoporous silica and the anionic drug, resulting in targeted drug

release in lower parts of the GIT (90).

Enzyme triggered systems

Endogenous enzymes have the ability to cleave enzymatically labile bonds contained in the
nanocarriers resulting in the targeted and controlled release of the incorporated drugs (91).
Targeted drug delivery to the intestinal segments containing alkaline phosphatase (ALP) enzyme
was investigated. Tripolyphosphate/chitosan nanoparticles were developed by Leichner et al. and
proved to achieve targeted B-galactosidase delivery to the mucus gel layer of the intestine at the
absorption membrane (92). Upon reaching the target site, ALP hydrolyzes the tripolyphosphate
cross-links which led to the degradation of particles and release of the drug. Results showed that
the presence of ALP led to a 2.5-fold increase in the amount of B-galactosidase in comparison to
the ALP absence (92).

Another study by Saleh et al. showed that shielding the surface of polymyxin B, a cationic
drug, with anionic polyphosphate led protected the drug from lipase enzyme degradation. Targeted
polymyxin release at absorption sites can be achieved by the action of ALP on the phosphate
residues (93).

Camptothecin, a drug used for colorectal cancer, was incorporated in cyclodextrin by Unal et
al. to protect the drug against stomach and intestinal degradation and absorption. Upon reaching
the colon, the colonic microflora degrades the cyclodextrin complexes, and the drug is released.
To prolong the residence time at the targeted site, chitosan is utilized in the coating as a cationic
polymer to interact with the negatively charged mucus layer. Release studies using simulated Gl
conditions showed that initially half of the incorporated drug reached the colon followed by 90%
released after 24 hours (94).

The work of Unal et al. led to the identification of microflora-dependent delivery systems as
highly promising for oral treatment of local GIT inflammations including ulcerative colitis,
Crohn’s disease, and inflammatory bowel disease because of their ability to achieve targeted drug
release. The colonic microflora enzymes that could cleave the azo-bond and release drugs in the
colon were studied by Cai et al. (95). The surface of mesoporous silica nanospheres was modified
using chitosan through the formation of azo-bonds. These bonds are enzymatically degraded
leading to chitosan detachment and subsequently release of the drug. These findings were
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confirmed by measuring the percentage of drug released in the presence and absence of the colonic
enzymes which was found to be 40% and 10%, respectively. Additionally, increasing the
concentration of the enzyme resulted in significantly enhanced drug release (95).

It was found that certain enzymes, such as esterases, are overexpressed in pathological
inflammatory conditions. This fact can be applied to enzyme-triggered drug release (96).
Dexamethasone-loaded Lipid nanocarriers were developed by Chen et al. through modification of
their surfaces by chitosan via an ester linkage to treat ulcerative colitis. Using the simulated
intestinal fluid model, the in vitro dexamethasone release after 48 hours was found to be 24% and
49% in the absence and presence of esterase, respectively. Additionally, drug release was found to
be released faster in the presence of chitosan than in the absence of the polymer indicating the role
of surface modification on the rate of drug release. These results were confirmed by the in vivo
studies conducted in mice models infected with ulcerative colitis (97).

Redox triggered systems

Abnormal levels of reactive oxygen species (ROS) and glutathione were observed in patients
suffering from intestinal cancer or inflammation. Thus, the redox gradient was employed as a
trigger for drug release from surface-manipulated nanocarriers at the desired sites.
Redox-sensitive solid lipid nanoparticles incorporating camptothecin linked by a disulfide bond to
palmitic acid conjugates have been designed by Du et al. (98). The hypothesis was that glutathione
is overexpressed in the tumor cells; thus, it can cleave the disulfide linkage and subsequently
camptothecin is released. This assumption was confirmed by in vitro studies of redox sensitivity
which utilized dithiotreitol as a reducing agent. The solution containing dithiotreitol showed an
80% degradation of the drug-polymer conjugate within the first 20 minutes while less than 10%
was degraded in the absence of the reducing agent over 24 hours (98).

Dinarvand et al. studied the effect of the presence of disulfide bonds on glutathione
responsiveness as a targeted drug delivery module (99). The active metabolite of irinotecan, SN-
38, was investigated as an antineoplastic drug for the treatment of colon cancer. Two types of
nanocarriers were developed; the first consisted of cysteine trimethyl chitosan conjugated to
carboxymethyl dextran and the second was developed without the disulfide bond of cysteine. The
in vitro release study using low concentration of glutathione, to simulate the extracellular

environment, revealed that only 9% of SN-38 was released from the second system after 8 hours
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compared to 20-25% from the first nanocarriers. On the other hand, at high concentrations of
glutathione, simulating intracellular environment, the drug release after 6 hours was 13% and 61%
from the first and second nanocarriers, respectively. These findings showed the significance of the
presence of disulfide bonds in enhancing the response of glutathione as a colon-targeting trigger
(99).

Another research by Qiao et al. was carried out to develop a redox-dependent system for the

intracellular targeted drug release relied upon disulfide bond cleavage. The results showed that
PEG-modified curcumin via disulfide linkage released a significantly higher percentage of the
drug in a glutathione-rich environment compared to low glutathione media.
An amphiphilic self-assembling polymer of inulin was also developed for the oral administration
of budesonide for the treatment of inflammatory bowel disease. The in vitro studies confirmed the
redox-triggered budesonide release after the cleavage of the disulfide bond and the disassembly of
the polymer chains. In the glutathione-free environment, the drug release studies revealed that only
45% of the drug was released compared to 80% in release media with 20 mM glutathione.
Furthermore, the in vivo studies showed an enhanced therapeutic efficacy of the modified
nanocarriers compared to drug suspension (100).

Thioketal bonds are another category of bonds that proved to achieve targeted budesonide
release triggered by ROS. For the oral administration of budesonide, Li et al. created a self-
assembling, redox-sensitive prodrug, which contains the antioxidant tempol and the ROS-
responsive aromatized thioketal (101,102). In the presence of H.O2, rapid hydrolysis of the
thioketal bonds and subsequently drug release occurred. In vivo, studies in colitis-induced mice
were carried out and revealed that developed nanocarriers were highly accumulated in the diseased
part of the colon (101).

Another system based on thioketal bonds cleavage was developed by Wilson et al. (103).
Nanocarriers composed of phenylene acetone thioketal polymer were prepared and found to be
stable against degradation by acids, bases, and protease enzyme. However, these carriers could
release the incorporated drug at the site of action through a ROS-dependent drug release
mechanism (103).

Using a biocompatible oxidative-labile R-cyclodextrin derivative, Zhang et al. employed a
similar method for Tempol oral delivery (104). Studies conducted in 1 mM H2O, to simulate high

ROS conditions, revealed that within 6 hours the nanocarriers were hydrolyzed completely and as
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a result, a redox-triggered Tempol release was observed. The in vivo studies, using ulcerative
colitis mice models, showed effective colon targeting and reduced non-specific drug distribution
(104).

Although redox-triggered release nanocarriers have high potential as oral drug delivery
systems, they suffer from some drawbacks such as the instability and enzymatic decomposition in
the upper region of the GIT, the unintended drug release before reaching the desired site of action,

and the limited number of ROS that can be targeted by these systems (80).

Mixed mechanisms systems

Targeting certain parts of the GIT can be achieved through the use of different triggering
systems together. In this approach, nanocarriers were modified using pH-sensitive moieties, which
protect the drug from hydrolysis in the upper part of the GIT, and an enzyme-sensitive part which
aids in the release of the drug in the desired regions through the enzyme-triggered mechanism.
One of these systems is the one developed by Huang et al. who developed nanocarriers modified
with both chitosan and hyaluronic acid (105). In regions with pH up to 6.8, these nanocarriers
resisted acidic degradation due to chitosan coat, however, chitosan deprotonation occurred at pH
7.4 leading to the reduction in the electrostatic interactions with molecules of opposite charge.
This led to chitosan detachment and hyaluronic acid exposure and binding to the cancer cells
through CD-44 receptors. Finally, the drug is released after the destruction of the integrity of the
hyaluronic acid-coated nanocarriers through the action of the hyaluronidase enzyme (105).

Another system that employed both pH- and enzyme-triggered mechanisms for curcumin oral
delivery was developed by Li et al. (106). He prepared curcumin-cyclodextrin complexes that were
modified by both chitosan and sodium alginate. At low pH, this system formed a gel due to
interaction between oppositely charged carboxylic and amino groups of alginate and chitosan,
respectively. The formed gel protected the entrapped drug from degradation in the stomach and
the upper part of the intestine. Upon reaching the ileum, about 90% of the drug was released due
to the action of a-amylase which cleaved the cyclodextrin complex structure (106).

Conclusion
Different categories of nanocarriers have emerged in recent years offering benefits such as
increased solubility, permeation, and stability of entrapped drug moiety. Surface-manipulated

nanocarriers can further enhance their properties in terms of improved efficacy and reduced
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unintended drug release far from the site of action. Different surface modifications can be utilized
such as zwitterions, PEG, PG, mucoadhesives, and charge converting surfaces. These
modifications have the ability to prevent drug interaction with GIT components, protect the
entrapped drug from mucus, and increase the residence of the drug in the GIT through adhesion to
GI epithelium. Different techniques can be utilized to develop surface-modified nanocarriers
including non-covalent bonding through hydrophobic interactions, hydrogen bonding, van der
Waal bonds, and electrostatic interactions. Covalent bonding is another technique used for the
production of surface-modified nanocarriers and includes chemical bonding via amide, polycyclic,
ester, and thiol bonds. Modified nanocarriers can be applied for targeted oral drug delivery to
certain parts of the GIT. Different mechanisms can be utilized to trigger the drug release at the
desired site of action including pH, enzyme, and redox triggered systems. Generally, nanocarrier
surface design has a lot of flexibility due to the variety of materials available for modification and

the large number of potential triggers applied for targeted drug release.
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