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Abstract: The use of polymers and nanomaterials has vastly grown for industrial and biomedical

sectors during last years. Before any designation or selection of polymers and their nanocomposites,
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it is vital to recognize the targeted applications which require these platforms to be modified. Surface
functionalization to introduce the desired type and quantity of reactive functional groups to target a
cell or tissue in human body is a pivotal approach to improve the physicochemical and biological
properties of these materials. Herein, advances in the functionalized polymer and nanomaterials
surfaces are highlighted along with their applications in biomedical fields, e.g., antimicrobial therapy
and drug delivery.

Keywords: drug delivery; surface functionalization; antibacterial activity; antimicrobial properties;
polymeric nanoparticles

1. Introduction

Polymers are the most used compounds which possess many advantages, such as lightweight
materials, cheap, easy to produce as different products, and long durability [1]. To improve
the applicability and specificity of polymers, some modifications to the particles are needed.
These changes can be made in the bulk of the carrier, like incorporating Cu in nanospheres to enhance
imaging and photocatalytic properties [2]. Another major site of modification is the surfaces of the
polymers. Dry surface treatment techniques e.g., corona discharges [3], oxygen plasma [4], ultraviolet
light-ozone [5], and cold atmospheric jet [6] have been applied for improving polymer/polymer or
polymer/ceramic adhesions. To make corrections in the polymer surfaces, wettability properties of
polymers can be altered to govern the adhesion of various coatings. This means the ability of the liquid
for moistening the surface of a polymer, which in turn, creates different coatings on the surface. It is
worth noting that polymers often have very poor wetting properties that prevent the coatings from
sticking properly [7]. In this regard, surface tension plays a critical role on the surface wettability of the
polymers, while low surface tension creates less wetting tendency. The attractive forces that exist on
the microscopic scale of polymer surface molecules or atoms, prevent them from leaving the surface of
solid/liquid materials. These forces are dependent on the binding energy of the atoms/molecules in the
solid/liquid materials and cause the surface energy to disperse. For catching the high wettability on
the polymer surfaces, a high concentration of polar components should be induced [8].

For improving the various properties (e.g., thermal, mechanical, and optical) of polymers,
they can be combined with nanoparticles and nanofillers to form nanocomposites. Nanoparticles can
modify the wetting tendency of polymer surfaces through two mechanisms. (I) Alterations of the
intermolecular interactions of interfacial solid-water and enhancing the wettability of the polymer
surface through modifying the chemical composition, (II) addition of some nanoparticles that can
increase the hydrophobicity or water-repellence of the polymers via modification of the surface
morphology (e.g., surface roughness) [9].

The physical and chemical properties of the polymer surfaces can be modified by the mentioned
methodology for intimate interfacial contacts between two different phases, while these modifications
have no effect on the properties of the bulk. These surface treatments show significant efficiencies
such as (I) alteration of the chemical structure of polymer surfaces by free-radical reactions of the
polymer surface with the surrounding gases, (II) etching of a microscopic layer or selective leaching of
polymeric chains with low molecular weight, (III) polymer reinforcement by increasing the cross-links or
branching of the polymer molecules, and (IV) cleaning by converting liquid or solid films/contaminants
into volatile gas products [10,11].
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The purpose of this review is to introduce the advances in surfaces functionalization of polymer
and nanomaterials and discuss their recent investigations toward antibacterial modification and drug
delivery (Figure 1).
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Figure 1. Surfaces functionalization of polymer and nanomaterials for antimicrobial therapy and drug
delivery applications.

2. Antimicrobial Therapy

Humans are always exposed to the threat of microbial infections regardless of place and time [12,13].
There are three ways to impart antimicrobial activity to a platform (Figure 2). The firstis functionalization
of polymers or nanomaterials with antimicrobial agents, e.g., quaternary ammonium compounds
(QACs) [14,15]. These compounds have been extensively used to improve the antimicrobial efficacy of
various surfaces through a contact-killing mechanism. QACs, in particular the ones possessing long
alkyl chains, are mostly utilized as antimicrobial and disinfectant materials. These compounds exhibit
strong toxicity against fungi and amoebas, and have the ability to envelop viruses as well [15,16].
Another example that can be mentioned in this context is the surface modification of polysaccharides
using QACs. Due to the available functional groups of polysaccharides, they are known as abundant
renewable bio-substrates. For instance, glycidyl trimethyl ammonium chloride grafted cellulose and
chitosan films have been investigated extensively as antibacterial surfaces [17-19].
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Figure 2. Schematic illustration of three ways of antimicrobial activity in a platform: (left panel) surface
functionalization of nanoparticles/polymers, (middle panel) drug delivery system, and (right panel)
fabrication of nanocomposite.

The second approach is fabrication composites by adding fillers such as metal-based nanomaterials
like Ag nanoparticles [20-22]. Silver has been used for wound healing soon after its discovery as an
effective antimicrobial agent. It can be used as a solid state (powder) or even salt solutions for wound
treatment [23,24]. Although it has been used for a very long time, the exact mechanism of action
of silver nanoparticles remained partially unknown. The antimicrobial activities of Ag NPs can be
divided into four steps: approaching to the bacterial surface, disruption of the cell wall of the bacteria
and its membrane through changing its permeability, exerting toxicity effects and oxidative stress by
producing ROS and free radicals, and modulation of signal transduction pathways [25].

The last method is encapsulation of antimicrobial drugs or biomolecules such as gentamicin.
The drug is a potent broad-spectrum antibiotic with high toxicity efficacy against various Gram-positive
and Gram-negative organisms [26].

Regarding the killing strategy, there are two main strategies to confront bacteria: (I) releasing
of antibacterial agents on the infected sites and (II) attaching to surfaces containing antibacterial
compounds (contact-killing). In the latter strategy, surface modification of metallic or polymeric
surfaces is performed to attach various agents with antibacterial activities to make direct contacts with
microorganisms. To increase the antimicrobial efficacy, implant functionalization using antimicrobial
peptides (AMPs) has been introduced to be a very practical technique. An interesting example in this
respect, a polydopamine coated Ti substrate was conjugated with AMPs through a click chemistry
reaction (Figure 3). The AMPs show resistance against the infection of different types of microbes
including bacteria and fungi. They can penetrate the bacterial cell membrane and damage the
drug-resistant bacteria vigorously. The surfaces functionalized by AMP showed high microbicidal
effects with low cytotoxicity [27].



121

Prosthesis 2020, 2
@) e vy
‘ AMP: KRWWKWWRR PraAMP: KRWWKWWRR
Surface a
HO HO i
l Dopamine Dopamine: jij\/\ ~—— PDA layer: YV
HO NH, HO™ 3
/OH /OH Br O
—— 2-Bromoisobutyryl bromide: o§)< NIPAM: 2/ ,_;N_<
Surface b o
l 2-Bromoisobutyryl bromide HaN HaN
R A
Br Br Ny Ny N N
oY‘< °§/K oﬁ)< oﬁ)< o#( oﬁ)<
o o} NaNy o} o PraAMP 0 o
/ /
Surface ¢

l NIPAM

e I
?ﬁ?ﬁ

Surface f Surface g Surface h

(b)
SEBS/p-xylene/decanol -

(polymer solvent nonsolvent)

Substrate=glass, polymer, metal

uopesodesd Juarjog

@ SEBS bead o~ SEBS chain =« decanol (nonsolvent) p-xvylene (solvent)

Figure 3. (a) Schematic of preparation of antibacterial implants through conjugation of antimicrobial
peptides (AMPs) on Ti substrate. Reprinted with permission from [27]. (b) Schematic of preparation
of biocompatible and antibacterial surfaces by superhydrophobic coating of styrene-b-(ethyleneco-
butylene)-b-styrene elastomer (SEBS) on different substrates. Reprinted with permission from [28].

There are some ceramic nanocompounds, e.g., SiO; nanoparticles, that do not possess antimicrobial
activity yet have been modified to generate microbicidal materials. As an example, Makvandi et al.
have functionalized silica nanoparticles with quaternary ammonium methacrylate blended with
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bis-GMA/TEGDMA, creating a polymerized nanocomposite showing high antimicrobial activities.
The photocurable SiO, nanoparticles contain two functional groups: quaternary ammonium
compound as an antimicrobial agent and methacrylate monomers that co-polymerize with the
organic polymer matrix [29].

Copper nanoparticles have also shown great antibacterial activities, which is why they have
received much attention lately. Their toxicity against some bacteria is due to the small size of copper
molecules endowed by high surface-to-volume ratio. These two main properties allow them to interact
with the membrane of the microbial from close distance. Copper nanoparticles have been designed to
confront some cell lines such as Micrococcus luteus, S. aureus, Escherichia coli, K. pneumoniae, P. aeruginosa,
and three fungal strains [30]. The mechanism of action of copper nanoparticles includes interactions
between the released ions from the copper molecules and binding to the DNAs [31] (Figure 4).

(b) /\@OH OoX /CC
Catechol o 0 Quinone

J 0
0
e O
L H o
3 =}
Me?
Coordination  Anchoring Cross-Linking

Glass slide

In-situ reduction while coating

—_ e 5

MI-dPG (MeOH),
CuCl, (0.1 mg/mL),
MOPS buffer (pH 8.5) Diffusion (")

Cu NPs solution (L-ascorbic acid)

MI-dPG coating
="

MI-dPG (MeOH),
MOPS buffer (pH 8.5

In-situ reduction

CuCl, solution (0.1 mg/mL) -
MOPS buffer (pH 8.5)

i(d) E.coli’/ Kanamycin DNA damage
resistant E. coli
Protein damage
f Mitochondria damage %’ ‘ ‘
‘g Lasunnd s .
¢

il hafehitttnd mmmmsmm

/ * Cuions
Cell membrane+ .  pog

disruption .. * *
.

o " Damaged bacterium
ROS production

Figure 4. In situ formation of Cu nanoparticles within mussel-inspired dendritic polyglycerol (MI-dPG) as
functional coatings with durable and broad-spectrum antimicrobial activity. (a) Chemical structure of MI-dPG.
(b) Mechanism of catechol anchoring and crosslinking. (c) Preparation of Cu nanoparticle-incorporated
MI-dPG surface coatings using 3 different methods. MOPS: 3-(N-morpholino)-propanesulfonic acid.
(d) Schematic of contact killing of bacteria on a Cu nanoparticle-incorporated MI-dPG surface coating via an
“attract-kill-release” mechanism. Reprinted with permission from [32].
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Hydrophobic nature of some polymers containing surface-free functional groups such as
polyethylene (PE), polypropylene (PP), polystyrene (PS), etc., which are in contact with biological
systems, have shown high susceptibility for microbial growth. Chemical etching via surface oxidation
and morphological changes is a way to alter the hydrophobicity of these polymer surfaces. Moreover,
various radiation sources such as infrared, visible light, ultraviolet, y radiation, microwave plasma,
and high energy electrons have been mostly used to graft species and monomer to/from the surface [33].
Reactions mediated by microwave plasma surface, which is a fast, solvent free, and sterile approach,
provide covalent linking carboxylic acid groups to almost any polymer substrate. Moreover, a number
of researchers have used an excited ionized gas to produce reactive functional groups which provide
controllable conditions for desirable covalently linking compounds. For instance, when maleic
anhydride is applied as a monomer, the resultant surface modification is to form -COOH entities
which linked to a polymer backbone. According to the scheme shown in Figure 5, PE/PP surface
functionalization is carried out through a simple two-step process: (a) microwave plasma reactions that
lead to the -COOH formation on the surface and (b) covalent attachment of alkyne moieties. After this
surface treatment, the polymer surface is ready for further modification and attaching antimicrobial
agents. This approach was used for the attachment of antibiotics, such as ampicillin to provide
microbicidal properties on the surface of PP and PE substrates. These modified surfaces revealed strong
antibacterial effects against S. aureus [33]. Some of the other antibiotics like cephalexin, amoxicillin,
methicillin, and vancomycin were also attached to the various surfaces to provide active surfaces [34,35].
For example, amoxicillin-grafted bacterial cellulose sponges were prepared for antibacterial materials
and wound healing applications [35].
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Figure 5. (a) PE/PP surface functionalization through microwave plasma in the presence of maleic

anhydride (b) followed by alkyne attaching procedure using propargylamine. (¢) Ampicillin grafting
via click reaction. Reprinted with permission from [33].
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An interesting example is poly (propylene carbonate) (PPC), which is a partially renewable
polymer produced by CO; and can be degraded into CO;, and H;O. The functionalization of PPC
surface raises its applications in food industries as a biodegradable packaging agent. Plasma coating
has also been employed for chemical immobilization of thymol, a natural microbicide, on the surface
of the PPC. The highest antibacterial effect was obtained for 1.25 mg/cm? thymol with high intensity
plasma for 15 min. In water medjia, the antibacterial effect of the thymol-decorated PPC preserved for
one week, whereas under dry conditions, the properties maintained for several months [36].

Other polymers such as polydopamine have been utilized as a coating agent for polyurethane (PU)
surfaces. The perfluoroalkyl-functionalized surface exhibited strong antifouling properties, whereas
the coatings containing Ag nanoparticles (NPs) showed biocidal activity. However, the polydopamine
coated PU films decorated with both the Ag NPs and perfluoroalkyl exhibited high antibacterial effect
toward gram-positive and gram-negative bacteria [37].

Another brilliant antibacterial agent are QACs (dimethyloctadecyl [3-(trimethoxysilyl)
propyl] ammonium chloride), which can be coated by polyethylene (PE) and polystyrene (PS).
The QACs-decorated PE and PS surfaces exhibited antibacterial activity against Salmonella enterica
(a Gram-negative bacterium). However, the antibacterial efficiency of the QACs-decorated PS was
higher in comparison with QACs-decorated PE, which is attributed to the higher density of active
sites. The functionalized surface with short alkyl chain, e.g., methyl (C;) consisting of trimethyl
[3-(trimethoxysilyl) propyl] ammonium chloride, did not display considerable antibacterial effects
offering the importance of alkyl chain length. This technique presents a suitable approach for developing
antibacterial hydrocarbons with contact active sites [38].

Apart from the polymeric surfaces, the surface of stainless steel has also been functionalized
by antimicrobial moieties. In this respect, Bastarrachea et al. prepared the covalent surface
functionalization of the stainless steel including antibacterial N-halamine groups [39]. Multilayers
of poly (acrylic acid) and polyethyleneimine were attached onto the surface of stainless steel by
layer-by-layer technique. The steel functionalized through N-halamine exhibited antibacterial effect
(99.7% reduction) toward Listeria monocytogenes [39].

The use of surface functionalized polymer-based nanocomposites has increased significantly in a wide
range of applications for different fields. A practical application of this category of nanomaterials is the
design and production of firm superamphiphobic fabric with a new and automatic self-healing property
caused by chemical materials. The product is generated by a two-step wet-chemistry coating technique
using widely available fluoro-included polymer, poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HEFP), fluoroalkyl silane (FAS), and modified silica nanoparticles. According to the mechanical
evaluations, the fabrics could tolerate over 600 cycles of standard laundry and about 8000 cycles of abrasion
with no superamphiphobicity changes. Furthermore, the coating showed high stability against acid/base
chemicals, ozone, and boiling process. In the case of damaging the fabric by chemicals, the coating can be
repaired using brief heating treatments (Figure 6) [40].
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Figure 6. (A) Chemical structure of fluoroalkyl silane (FAS) and poly(vinylidene fluoride-co—
hexafluoropropylene) (PVDE-HEFP). (B) Coating procedure for superamphiphobic fabrics. (C) Photograph
of blue-colored water, red-colored hexadecane and clear soybean oil on the coated and un-coated polyester
fabrics (10 pL for each drop; the small amount of dye used, oil blue in water and oil red in hexadecane,
had no influence on the contact angles). (D) Variation of liquid drops with time: (1) water, (2) soybean
oil, and (3) hexadecane. (E) Dependency of contact angle (CA) and sliding angle (SA) on the surface

tension of liquids. Reprinted with permission from [40].

Surface functionalized polymers have been also applied for industrial purposes. Recently,
high-lignin-content lignin-based rigid polyurethane (RPU) was developed using lignin surface
functionalization with polyisocyanate [41]. RPU foams are considered the most applied polymeric
materials for construction applications such as wall panels, flooring, and structural insulated panels,
and that is due to their excellent features including high thermal insulation, wonderful mechanical
properties, low density, and etc. [42]. As a result of such modifications, RPU foams produced with 30%
more lignin instead of petroleum-based polyol displayed approximately similar thermal and mechanical
properties in comparison with the traditional RPU foams. However, the performance of surface
functionalized lignin-based RPU foams developed by 50% in terms of specific compressive strength.
The outcome displays an increase in the reactivity and homogeneity of the surface functionalized
lignin-based RPU foams compared to non-functionalized lignin-based RPU foams. Also, the thermal
insulation and thermal stability of both categories of foams were comparable. It is very important
to mention that the newly designed lignin-based RPU foams showed fewer environmental impacts
compared to the conventional RPU foams [41]. In Table 1, a list of antimicrobial polymers and
nanocomposite applied in different biomedical applications is presented.

In addition to natural and synthetic materials found to exert bactericidal activity by mechanical
rupture, some insects i.e., dragonflies have been discovered to possess nanoprotrusions on their wings,
inducing antibacterial activities on contact. This discovery has led to design and creation of bactericidal
implant surfaces by insect wing-imitating nanopillars fabricated from synthetic materials. According
to the results of physiological and morphological investigations performed on mimetic titanium
nanopillars, the nanopillars could induce oxidative stress leading to deformation and penetration of
the Gram-positive and Gram-negative bacterial cells upon contact [43]. Also, biofilm formation on
biomedical implants and surgical instruments available in hospitals and clinics has always been a
challenging matter for being a high-cost maintenance procedure. To circumvent this inconvenience,
copper nanowhiskers were used to produce antibacterial surfaces by molecular beam epitaxy technique.
In addition, hydrophobicity of water droplets in the Wenzel regime is responsible of controlling the
biological response that brings mechanical injury and death to the cells [44].
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Table 1. Antimicrobial polymers and nanocomposites used in biomedical applications.
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3. Drug Delivery

For a successful drug or other biomolecule delivery, a specific dose of drug/biomolecule should
be delivered at the targeted site during a desired period [57,58]. Aside from polymeric membrane,
one method can be used for modification of nanomaterials, e.g., polymeric or metallic nanoparticles,
in which polymeric compounds are applied to control the drug release in human body. A number
of studies have confirmed the improvement of delivery efficiency using surface-functionalized
nanostructures. The surface functionalization of polymeric nanomaterials can be classified into
two categories as presented in Figure 7. In the first approach, a coupling agent is used for
modification of the nanostructure and for that, at least one reactive group should be available
on the surface of nanoparticles. The second is similar to the micellar formation of the amphiphilic block
copolymers, having hydrophilic and hydrophobic segments such as pluronic, which is a polyethylene
oxide-polypropylene oxide-polyethylene oxide copolymer (PPO-PEO-PPO). It is worth noting that
such amphiphilic copolymers are used for preparation of thermosensitive injectable hydrogels for
biomedical applications [59].

Reactive groups

/

Surface modification

Functionalized nanoparticle

Encapsulated drug

Blood vessel

Tcell Macophage

Figure 7. Schematic presentation of surface modification procedure for the purpose of surface
functionalization of nanomaterials for targeted delivery applications.
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In general, the hydrophobic core gives a domain for the encapsulation of hydrophobic biomolecules,
such as diclofenac; whereas the shell layer is directly contacted to body fluids and organs which
are used for site specific delivery. For instance, nanoparticles of polylactic-co-glycolic acid (PLGA)
have been functionalized using poly(ethylene)glycol for various purposes including enhancement for
diffusion of PLGA NPs in human cervical mucus or better delivery of drugs/biomolecules [60,61].

As shown in Figure 6, there are chemical bonds formed between the polymeric nanostructure and
functional moiety in the process of surface modification. Regardless of the surface functionalization
which includes chemical linkages, there is another approach called surface coating which does not
possess covalent bonds between the coated compounds and polymeric nanoparticles. As a matter
of fact, the main drawback for using PLGA NPs for DNA/RNA delivery is their negative charge,
which restricts the interactions with the negatively charged DNA as well as the poor transport ability
of the DNA-loaded PLGA NPs through the cell membrane. With this in mind, many researchers have
coated PLGA NPs using cationic polymers such as chitosan [62].

Some other types of nanostructures based on naturally occurring polymers, e.g., hyaluronic acid,
have been decorated to improve their drug delivery capability. Besides polymeric nanomaterials,
some metallic and ceramic ones have been extensively investigated as delivery vehicles of various
biopharmaceuticals. However, to enhance their biocompatibility and upgrade some characteristics,
the surface of these metal nanostructures has been modified. Gold nanoparticles have been
functionalized by hyaluronic acid. Hyaluronic acid is naturally occurring glycosaminoglycan,
present in mammalian connective tissues such as dermis, synovial fluids, vitreous body and nucleus
pulposus, where it fulfills important biophysical and biological functions. As a drug delivery vehicle,
a biocompatible linear polysaccharide of hyaluronic acid is highly efficient for site-specific delivery to
tissues with HA receptors, such as hyaluronan receptor for endocytosis (HARE) and cluster determinant
44 (CD44) [63,64].

Functionalization of polymers can also improve the physicochemical properties of drug carriers.
For example, cyclodextrin (3CD) functionalized agarose (CFA) decreased the gelling and melting
temperature of the conventional agaroses. CFA gels with low gelling temperature have been used for
sustained release of DOX via inclusion complexation of FCD [65].

Besides, the type of NPs has a dramatic effect on the efficacy and safety of cancer therapy.
These results root from the difference in the nature of the nanoparticle material as a protective
shell around the drug and altering pharmacokinetics of the therapeutics [66]. Besides, focusing
on the other angle, stimuli-responsive drug delivery systems increase the efficacy and decrease the
side effects of anticancer agents are attractive platforms for cancer therapy [67,68]. Functionalized
polymers can be applied as stimuli-responsive drug carriers [69]. Recently, benzoic-imine cross-linked
branched PEI-g-mPEG copolymer with hydrophobic terephthalaldehyde (TPA) molecules has been
prepared to deliver indocyanine green (ICG). Cleavage of benzoic-imine bonds in the pH-responsive
functionalized polymeric nanogels released ICG to improve tumor-targeted therapy [70] (Figure 7).
Other pH-responsive polymeric nanostructures can be prepared for conjugating of benzaldehyde with
PEGylated amphiphilic block copolymers to specifically treat lung and ovarian cancer [71] (Figure 8).

To create the reactive oxygen species (ROS) and glutathione (GSH) responsive multifunctional
platforms, an amphiphilic block copolymer has been functionalized with S-nitrosoglutathione (GSNO).
These nanoparticles released DOX in a ROS triggered manner, selectively increased the accumulation
of the drug inside the chemo-resistant cancer cell lines [72]. Furthermore, amine-functionalized
copolymers containing redox-sensitive cross-linker have been used to prepare redox-sensitive
degradable prodrug nanogels for intracellular DOX release. These biocompatible nanogels showed
medium antitumor activity under a reductive environment in HeLa cells [73].
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Figure 8. (a) Production of the pH-responsive benzoic-imine functionalized for polymeric nanogels
to deliver indocyanine green (ICG) [70]. (b) Synthesis of the p(oligo(ethylene glycol) methacrylate-
stpara-formyl phenyl methacrylate) P(OEGMA-st-pFPMA) macro-chain transfer agent (macro-CTA) and
preparation of the benzaldehyde functionalized p(oligo(ethylene glycol) methacrylate-stpara-formyl
phenyl methacrylate-b-poly(2-(diisopropylamino)ethyl methacrylate) P(OEGMA-st-pFPMA)-b-PDPA
polymers. Reprinted with permission from [71].

Photo/thermo-responsive properties can be achieved after the functionalization of natural and synthetic
polymers [74]. Thiourea-functionalized chitosan grafted by poly(L-lactide), poly(N-isopropylacrylamide),
and poly(acrylamide) have been used to prepare Photo/thermo-triggered micelles. Conjugation of gold
nanorods onto the micelles induces photo-sensitivity and the thermal shrinkage of the micelles triggers
paclitaxel release for breast cancer therapy [75].

Anticancer drugs possessing off-target toxicity showed several disadvantages [76]. Thus, tumor-
targeted drug delivery mediated by nanoparticles is a promising strategy to fight cancer [77-79].
Particles can be modified with specific ligands expressing high affinity for their complementary
receptor on the cell’s surface. This active targeting delivery can improve the efficiency and safety of
many therapies like cancer therapy [80].

Conjugation of polymers with targeting agents such as aptamers, antibody, folic acid, and proteins
improve the tumor target ability in co-therapy [81,82]. Aptamers produced from nucleic acids, RNA,
or DNA specifically bind to a ligand, like a cancer antigen, for targeting cancer cells [83]. These agents
are used to improve the efficiency of drugs without harming the normal cells. Aptamer AS1411
functionalized polymeric nanoparticles containing poly (D,L-lactic-co-glycolic acid) (PLGA) and poly
(N-vinylpyrrolidone) (PVP) were prepared against human lung cancer cells (A549). The DOX-loaded
nanoparticles induced apoptotic cell death via the nucleolin receptor endocytosis and the treated
animals were significantly recovered from cancer (Figure 9) [84].



Prosthesis 2020, 2 131

a)

b)

~ : ( 3
Aphmer—’l‘onj-galﬂl
DOX-PVP-PLGA-NPS

PLGA-Matrix PLGA-Drug Core o

DOX_PLGA coat PVA

pLea () pox QT TN e Y Aptamer

Lung cancer cells

Figure 9. (a) Preparation of AS1411-functionalized carboxymethyl chitosan [85]. (b) Schematic
illustration of uptake mechanism of AS1411-functionalized poly (D,L-lactic-co-glycolic acid)-poly
(N-vinylpyrrolidone) (PLGA-PVP) nanoparticles delivering doxorubicin (DOX). Reprinted with
permission from [84].

Furthermore, carboxymethyl chitosan nanocapsules (diameter varied between 100 and 267 nm),
functionalized with the aptamer enhancing the tumor recognition, improved the 5-fluorouracil (5-FU)
treatment of breast cancer. The biocompatible 5-FU-loaded nanocapsules easily modulated cancer cell
death in MCEF-7 cell line [85]. In other research, the holo-transferrin and ovotransferrin functionalized
drug-loaded polymeric structures have increased internalization in breast cancer cells [86]. In another
study, targeted curcumin-loaded exosome in the treatment of ischemic stroke has shown great
anti-inflammation and cell-survival in the damaged area. Although exosomes can cross the blood-brain
barrier, the accumulation in the lesion region is not satisfactory. Binding cyclo(Arg-Gly-Asp-D-Tyr-Lys)
peptide (c(RGDyK)) to the exosomes increased the adhesion to integrin o33 in reactive cerebral
vascular endothelial cells. The resulting cRGD-exosomes have almost 11-fold higher accumulation in
the lesion region in comparison to non-ischemic parts [87].

One innovative targeting technique in cancer therapy is the modification of silica (Si) particles
by platelet membrane to target circulating tumor cells (CTCs). CTCs as metastasis agents should be
neutralized to prevent spreading of cancer cells. One possible way, inspired by immune system cells’
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behavior, is to stimulate cell death by attaching apoptosis inducing ligand to the particles. Whereas
having mobile target cells prevent applying common passive tumor targeting treatment. The alternative
way of targeting roots from the transit behavior of CTCs in blood. CTCs create local thrombosis,
attracting activated platelets to be protected from immune system. As a result, modification of Si NPs
attached to apoptosis ligand with activated platelet membrane could decrease lung cancer metastasis
by 8 times [88].

Diabetes is one of the major chronic disorders all around the world, requiring daily insulin
injection to be controlled. Due to numerous disadvantages related to this method, a noninvasive insulin
therapy route of administration can solve many problems in this area [89,90]. Oral insulin delivery is
greatly favorable and desired since it mimics the physiological secretion of insulin. However, it has
been extensively restricted due to its low bioavailability followed by low permeability, enzymatic
degradation, and so on [91]. To elevate the bioavailability of oral delivery, the ligand-receptor binding
seems a promising method. One solution to pass the endothelium is using the bile acid pathway
(Figure 10). By functionalizing the chitosan NPs with deoxycholic acid, the particles containing
insulin can be internalized via apical sodium-dependent bile acid transporter (ASBT)-mediated cells.
Besides, the NPs can be protected from lysosomal degradation inside the cell by binding to cytosolic
ileal bile acid-binding protein (IBABP). The result showed an elevated bioavailability to almost
16% and maintained blood glucose at low levels for almost half a day, compared to only 6 h in
subcutaneous injection [92].
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Figure 10. Deoxycholic acid functionalized chitosan NPs are able to pass the apical membrane
of the endothelium by ASBT-mediated endocytosis in the first step. Then they also bypass the
lysosomal degradation as the second barrier in a process called endolysosomal escape. Thirdly,
they pass the basolateral membrane and insulin is released in the systemic circulation. Reprinted with
permission from [92].

Another method is modification of other nanomaterials, e.g., polymeric or metallic nanoparticles,
upon which polymeric compounds are applied to control the drug release in human body. As an
example, biological synthesis of SnO, NPs using mammalian cells has numerous advantages of such
materials such as low-cost and ecofriendly. According to this synthetic approach, metal binding
peptides (i.e., VMNHWQEDLMEFGY), which are extracted from MCF-7 human cancer cells, are used
in SnO; NPs synthesis process. Biomineralization of SnO, NPs is accomplished by metal binding
peptides that act as induction agents. Within the synthesis process, some functional groups with extra
electrons to donate and metal binding sites of these peptides start a series of interactions with Sn?* ions
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and aid SnO; NPs to grow with no increase in the toxic redox and capping agents. Another important
advantage of peptides is high reactivity trait under aqueous conditions at room temperature that
makes the synthesis procedure easy to perform. The results demonstrated that the shape, size, and 3D
structures of SnO, NPs could be restrained by regulating two parameters, i.e., reactants’ concentration
and the pH. Good biocompatibility and high antibacterial properties are the two other benefits of
peptides and SnO, NPs combination [93].

4. Conclusions and Perspective

Bacterial adhesion and biofilm formation along with the emergence of multi-drug resistant bacteria
have increased the global concern of several types of infection which could threaten the human health
as well as impose huge costs to governments. These factors make it inevitable to develop and exploit
on novel strategies for the production of new types of antimicrobial materials. In this regard, the use of
surface functionalized nano-platforms has been introduced as a promising strategy that could provide
strong anti-microbial activities for a wide range of applications, from medical tools to food management,
personal care, and even water treatments. Surface functionalization is a bunch of actions to induce
new properties to several types of nanomaterials which are created by the attachment of functional
moieties to the surface of nano-platforms. These acts enable the nanomaterials to tune their features to
suit various applications. This article addressed several modifications used for functionalization of
polymeric and composite nano-platforms to provide them for two main applications; anti-microbial
materials and drug delivery agents.

One of the newest methods for preparing anti-microbial surfaces is established based on mimicking
the natural substances. In this class of materials, engineering the surface properties of materials
(like shape, surface roughness, and the hydrophobic/hydrophilic property) via attachment of the
functionalizing agents is a brilliant method that leads to the production of a surface with intrinsic
anti-bacterial and anti-fouling properties. Also, this could prevent the bacterial attachment and kill them
via membrane destruction. The combination use of engineered antimicrobial surface and antibacterial
nanoparticles (like metal oxide nanoparticles) could result in super anti-microbial nanocomposites
with additive or synergistic antimicrobial effects against infections [94,95]. Regardless of the mentioned
approaches and applications, the use of functionalized surfaces could be also considered as an ideal
choice for intelligent food packaging markets for preventing the spoilage of food through acting as
anti-microbial agents, however, more investigation is required for this application [96,97]. Again,
using the surface engineered nanomaterials as anti-fouling coatings for ceramics, tiles, enamel and
architectural paints are the other attractive applications of these materials that received much attention
from hospitals and other public places in the recent years [98,99]. Indeed, this is only one type of
biomimetic method that could enhance the efficiency and reduce the side effect of nanomaterials.

Indeed, surface engineered nanomaterials could be used in different forms of drug delivery
vehicles to not only enhance their properties such as bioavailability, hydrophilicity, biocompatibility,
biodegradability, and drug-controlled release, but also offering new traits e.g., targeting ability,
increasing safety, reducing dose and lowering the risk of possible side effects of theranostic
features [100,101]. Some practical examples in this respect are drug delivery systems using new
types of pads and scaffolds for tissue regenerations as well as several types of nano-platforms for
diagnosis and treatment of hardly-curable diseases like cancer and neurodegenerative disease [102,103].
The combination therapy (also known as multi-modal therapy) is another strategy of using
functionalizing agents in the preparation of drug delivery systems, in which two or more types
of drugs or therapeutic methods are combined to gain treatment efficiency [104,105]. Smart nano-drug
delivery systems can also be created using a surface modification approach. In these systems,
nanoparticles with the ability of drug release in response to a specific feature present in the environment
of the target tissue are used [106]. Smart delivery particles have the potential to imitate the physiological
release behavior of agents and liberate the desired amount of the therapeutic where and when is
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needed. Also, these intelligent nanosystems recently have been applied as smart nano-theranostic,
prepared from smart polymers (as targeted therapeutic carrier) and imaging agents [107].
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Polyurethane; PVDF-HFP: Poly(vinylidene fluoride-co-hexafluoropropylene); PVP: Poly (N-vinylpyrrolidone); PS:
Polystyrene; ROS: Reactive oxygen species; RPU: Rigid polyurethane; SEBS: Styrene-b-(ethyleneco-butylene)-b-styrene
elastomer; SFL-RPU: Surface functionalized lignin-based rigid polyurethane; TPA: Terephthalaldehyde; QACs:
Quaternary ammonium compounds; 5-FU: 5-fluorouracil.
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