% polymers m\py

Review

Hydrophilic Surface Functionalization of Electrospun
Nanofibrous Scaffolds in Tissue Engineering

Beata Niemczyk-Soczynska *'¥/, Arkadiusz Gradys and Pawel Sajkiewicz

Institute of Fundamental Technological Research, Lab. Polymers & Biomaterials, Polish Academy of Sciences
Pawinskiego 5b St., 02-106 Warsaw, Poland; argrad@ippt.pan.pl (A.G.); psajk@ippt.pan.pl (P.S.)
* Correspondence: bniem@ippt.pan.pl; Tel.: +48-6-2238-6179

check for

Received: 21 October 2020; Accepted: 8 November 2020; Published: 10 November 2020 updates

Abstract: Electrospun polymer nanofibers have received much attention in tissue engineering due to
their valuable properties such as biocompatibility, biodegradation ability, appropriate mechanical
properties, and, most importantly, fibrous structure, which resembles the morphology of extracellular
matrix (ECM) proteins. However, they are usually hydrophobic and suffer from a lack of bioactive
molecules, which provide good cell adhesion to the scaffold surface. Post-electrospinning surface
functionalization allows overcoming these limitations through polar groups covalent incorporation
to the fibers surface, with subsequent functionalization with biologically active molecules or
direct deposition of the biomolecule solution. Hydrophilic surface functionalization methods
are classified into chemical approaches, including wet chemical functionalization and covalent
grafting, a physiochemical approach with the use of a plasma treatment, and a physical approach
that might be divided into physical adsorption and layer-by-layer assembly. This review discusses
the state-of-the-art of hydrophilic surface functionalization strategies of electrospun nanofibers
for tissue engineering applications. We highlighted the major advantages and drawbacks of
each method, at the same time, pointing out future perspectives and solutions in the hydrophilic
functionalization strategies.

Keywords: surface functionalization; electrospinning; polymers; nanofiber; immobilization;
tissue engineering

1. Introduction

Tissue engineering is an interdisciplinary field of science, in which polymeric scaffolds are crucial
from the biomedical perspective [1]. In this field, various forms of scaffolds might be distinguished,
among which the most important are: non-injectable and injectable hydrogels, sponges, 3D printed
beams, and submicron- and nanofibers [2-5]. In recent decades, electrospun nanofibrous scaffolds have
gained and enjoyed the great interest of tissue engineering applications [5] with the greatest importance
of nanofibers composed of aliphatic polyesters, such as poly-L-lactide (PLLA), polycaprolactone
(PCL), poly (lactic-co-glycolic acid) (PLGA), and poly (lactide-co-caprolactone) (PLCL) [6]. All of these
polymers are biodegradable, biocompatible, easily processable, and have appropriate mechanical
properties. It is easy to control their physical and mechanical properties by tuning the polymeric
solution’s concentration, using appropriate solvents and parameters of the process [7]. One of the most
favorable properties of electrospun nanofibers is their morphology. It highly resembles collagen fibers in
native ECM, making them attractive as scaffolds in tissue engineering, drug delivery systems, or wound
dressings [8,9]. Besides aliphatic polyesters, semicrystalline fluoropolymers, especially polyvinylidene
fluoride (PVDF), gained attention as smart piezoelectric scaffolds. While stress is applied to the PVDF
scaffold, it generates and conducts electric signals, which induce cell regeneration [10]. This feature
might be useful, especially in nervous system tissue engineering.
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An appropriate scaffold formation should not only assume material morphological resemblance
to the natural ECM, provide physical support for cells but mostly should contribute to cell-surface
interactions [11]. Most of the electrospun polymers are rather hydrophobic, which is unfavorable
from the point of view of tissue engineering. For instance, aliphatic polyesters such as PLLA or PCL
show contact angles in the range of 116-135°, while for tissue engineering requirements, it ought to be
below 100° [12,13]. Webb et al. [14] studied the highest level of cell attachment (NIH 3T3 fibroblasts) at
hydrophilic surfaces, and the best results were observed for surfaces with contact angles in the range
of 20-60°. In this regard, an appropriate hydrophilic functionalization that improves these features
is thus necessary. A potential scaffold for medical applications also should have appropriate bulk
properties and biological activity at the surface, but material rarely possesses both of these features
simultaneously [15]. Synthetic materials have excellent bulk properties; however, their polymeric
chains do not contain biologically active molecular motives. Integrin receptors bind cells with ECM,
specifically, recognize Arg-Gly-Asp amino acid (RGD) sequences providing further cell adhesion to
the surface. There are many natural materials, for instance, gelatin, fibronectin, laminin, or collagen,
that might provide the ECM components with biological active sequences like RGD required for
cell adhesion, accelerating cell growth, and providing a favorable environment for their proper
functioning [13,16,17]. For this reason, it is clear that the presence of biomolecules plays a key role in
promoting cell/biomaterial interactions [18].

Hydrophilic surface functionalization, followed by biomolecules attachment, can be realized
by various strategies, which can be divided into three main groups: pre-electrospinning methods
via bulk blending with another natural polymer [19,20], functionalization during electrospinning
(e.g., coaxial electrospinning) or post-electrospinning methods such as wet chemical methods
(aminolysis [6] or hydrolysis [21]), covalent grafting [22], plasma treatment [23], physical adsorption [24],
or layer by layer (LBL) assembly [25]. Contrary to pre-electrospinning methods, most of the
post-electrospinning methods alter fiber surface only, which is preferred from the perspective of
scaffolds final properties [19].

This comprehensive review aims at an in-depth discussion on post-electrospinning hydrophilic
surface functionalization strategies of polymeric nanofibers with an emphasis on their advantages and
drawbacks, and the potential in further processing for tissue engineering applications. In this article,
we present the electrospun nanofibers processing from both the materials science and the tissue
engineering point of view.

2. Surface Functionalization Methods

2.1. Chemical Methods

Chemical surface functionalization leads to improved hydrophilicity on the fibers’ surface through
changing atoms or molecules as a consequence of chemical reactions. Contrary to physical treatment,
this kind of method is permanent. Once modified, the surface should stay permanently changed,
by forming stable covalent bonding between biomolecules and the polymer surface. This is the
effect of exposing relevant functional groups on the surface of the nanofibers to the external chemical
stimuli [26]. To attain covalent bonding with biomolecules, usually, two steps are needed. The first one
provides exposing functional groups such as -OH, -COOH, and -NH2 needed for effective reactions.
The next one is formation of covalent bonds between biomolecules and functional groups on the
polymer surface [6].

An advantage of chemical functionalization is that it provides steady bioactive sites for further
biomolecules immobilization, resulting in improved biological properties of the surface, on which the
cells can attach and grow favorably.

On the other hand, there is a risk that in the preactivated state, an uncontrolled chemical
functionalization might change the bulk properties of the polymeric scaffold [21]. Figure 1 presents
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mechanisms of chemical surface modifications, while Table 1 summarizes the main pros and cons of
the chemical surface functionalization methods applied to electrospun nanofibrous scaffolds.
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Figure 1. Chemical functionalization of electrospun nanofibers.
2.1.1. Wet Chemical Functionalization

Wet chemical functionalization of electrospun nanofibers is a chemical treatment under acid,
or basic conditions, or with the presence of diamine, resulting in the polymer chains breaking at the
sites of specific groups, like ester bonds in the case of polyesters.

Compared to the physical methods, wet chemical functionalization provides hydrophilic
functionalization not only on the outer layer of the nanofiber surface, but also affects the deeper layer of
the surface. The depth of reaction in wet chemical functionalization depends on the process/materials
parameters like time reaction, and type and concentration of active substrates. Therefore, the reaction
conditions must be precisely controlled [21,27] in order to minimize the changes of polymer bulk
properties, which can ultimately lead to serious mechanical weakening or even destruction of polymer
nanofibers [21,28]. It should be mentioned that wet chemistry usually uses harsh chemicals, making the
method not ecologically friendly [29].

Depending on the method, -COOH, —-OH, and -NH, groups appear onto the polymer surface
as a result of wet functionalization. The most common methods of wet chemical functionalization,
aminolysis and hydrolysis, are described in detail below.

Aminolysis

Aminolysis [30] is a surface functionalization method that incorporates free amine groups
to the nanofibers surface, by the formation of covalent bonds between the amine from the
other end of diamine used for functionalization and the specific polymer group. The most
common diamines used for functionalization of various polyesters, both aromatic and aliphatic,
are 1,6-hexanediamine, ethylenediamine, or N-aminoethyl-1,3-propanediamine [31]. After effective
aminolysis reaction at carefully controlled conditions, e.g., diamines concentration, temperature, pH,
and time, the hydroxyl, carboxyl, and amine groups remain as active groups on the modified surface,
providing better wettability.

One of the advantages of the method is that the total time of the reaction is rather short: aminolysis
can last from 2 up to 60 min [32,33]. The surface after the treatment is additionally characterized by
higher roughness, favorable from the perspective of biomolecules immobilization and cells adhesion [21].
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All of these features occur to be beneficial for both scenarios: when aminolysis is the ultimate treatment
of surface functionalization ready for direct use, or while it serves as an intermediate step followed
by immobilization of proteins such as collagen, fibronectin, and laminin, growth factors or bioactive
groups. Adsorption of proteins on the aminolyzed surface can be performed via simple rinsing of the
nanofibers for a certain period of time in the proteins solution [34,35]. Although the whole procedure
of physical adsorption of biological molecules seems to be relatively simple, there are some results
indicating either insufficient concentration of -OH, -COOH, and -NH; groups on the modified surface
or proteins conformation, which does not enhance cell adhesion. Zhao et al. reported that in the case
of PCL, the aminolyzed surface showed only temporal improvement of cell adhesion for 4 h [34].

Aminolysis as the intermediate step seems to be more effective than as the ultimate step,
and is more often used in protein immobilization [6,36,37]. The efficiency of protein immobilization can
be increased by additional treatment with a particular coupling agent, for instant, glutaraldehyde (GA),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC), Bis-N-succinimidyl-(pentaethylene glycol)
(Bis (NHS) PEGS5), or dimethyl adipimidate (DMA) [31,36]. Such coupling agents provide better
availability of the -NH; and -COOH on the surface, for covalent binding with biomolecules such
as gelatin, chitosan, or collagen [28]. Depending on the choice of coupling agent, the functional
group activation is carried out under specific pH, temperature, and time [31]. XPS, FTIR studies [31],
and biological tests [34] have proved that such covalent binding between the surface and biomolecules
significantly improves the morphology of the cells and promotes their proliferation. It indicates the
importance of surface chemistry in cellular behavior on biomaterial substrates [34]. Aminolysis as
the intermediate step is also widely used for growth factors immobilization. Haddad et al. have
immobilized epidermal growth factors (EGF) to PLLA nanofibers through the coupling agent of
(Bis (NHS)PEGS5) [31]. Combining these treatments showed improved interactions between PLLA
fibers and neural stem-like cells (NSLCs) after aminolysis in proliferation assay 2, 6, and 10 days [31].

Aminolysis might also be conjugated with other hydrophilic functionalization methods. Zhangetal.
aminolyzed aligned PLLA fibers and then coated them with graphene oxide (GO) in the presence of the
nerve growth factors (NGFs). Due to the phenol hydroxyl and epoxide groups on the basal plane and
carboxylic groups at the edges, this treatment supposed to increase the hydrophilicity and growth and
differentiation of various neural cell lines [37]. The water contact angle of the aligned PLLA decreased
from 122.8 + 1.5° to 96.8 + 1.5° after aminolysis, and to 47.5 + 2.2° after GO incorporation. The ultimate
surface contact angle should be beneficial for cell growth accordingly to Webb’s studies [15] MTT
proliferation and differentiation tests on PC12 and Schwann cells proliferation assay confirmed that,
in the presence of NGF and appropriate hydrophilicity, the aminolyzed aligned PLLA/GO fibers
effectively promoted Schwann cell growth and induced differentiation of PC12 [37].

Despite many advantages, aminolysis has its limitations. Its efficiency depends on the crystallinity
of functionalized polymers, particularly on the surface crystallinity, as shown by Jeznach et al. [6].
The method is challenging for polymers with high crystallinity and small ratios of ester/alkyl groups,
as in the PCL case. Moreover, aminolysis is more effective for films than nanofibers, which is
related to the surface crystallinity resulting from the difference in crystallization conditions [6].
Thus, highly crystalline nanofibers require harsher conditions and extended time of the aminolysis
reaction. Another limitation of the method is the instability of the aminolyzed surface. Zhu et al. [38]
reported that aminolyzed polymers might lose amine groups from the surface while being stored
at 37 °C. To avoid this, it is necessary to keep materials at a temperature below the polymer Tg.
Amine groups also disappear from the surface while kept in the phosphate buffer saline (PBS) due
to a restructuring of the polymer membrane [38]. Briefly, at the surface, segments of the polymer
chains rearrange to decrease surface energy resulting in amine groups’ distancing from the surface.
It constitutes a severe limitation for using of aminolyzed polymers in the industry or tissue engineering.
Exceptionally, such scaffolds might be used very soon after fabrication or stored for a short time at
very low temperatures.



Polymers 2020, 12, 2636 5 0f 20

Hydrolysis

The method is divided into alkaline and acid hydrolysis, which generally cleaves ester bonds to
—COOH and -OH groups on the polyester’s surface [21]. Depending on the conditions, acid or alkaline,
there are different mechanisms of the hydrolysis reaction. Similarly to aminolysis, both acid and
basic hydrolysis, require to be conducted under precisely controlled conditions such as temperature,
pH. and time, and the reaction time varies from a few to dozens of minutes [39].

The acid hydrolysis has an electrophilic character, which means that high-speed protons easily
penetrate into uncharged polymer chains and are restored by the reaction. Briefly, carbon radicals are
formed from the polymeric backbone, whereupon unsteady -OOH groups bind with O, from H,O,
resulting in -OOH groups breakdown into various groups such as -OH, -COOH, -R-O-R’, etc. [40].
Since -COOR groups are hardly available on the modified polymers’ surface, strong acidic conditions,
elevated temperature, and appropriate time are required [31]. In the acid hydrolysis, mineral acids
such as HySO4, HCIO,4, and HCI and organic acids such as acetic acid (AA) or lactic acid (LA) are
typically used [39,41,42]. Boland et al. chose 11.7 M HCl over NaOH for hydrolysis of PGA scaffolds
to avoid a fiber diameter decrease. The hydrolysis of the -COO- exposed -COOH and —-OH groups
on the modified fiber surface, resulting in improved adhesion between surface and cells and their
proliferation in the WST-1 proliferation assay on cardiac fibroblasts (FBs) after 4 days. However,
in vivo studies on rat muscles were inconclusive and the whole functionalization procedure needs to
be refined in the future. In other studies, Lee et al. used a mixture of HClIO4/KClOj in a saturated
aqueous solution to modify PGA, PGLA, and PLLA scaffold surfaces. Although human chondrocytes
and mouse NIH/3T3 fibroblasts showed an improved adhesion and proliferation after 2 days, this time
might not be enough for further tissue engineering therapies [40]. An interesting phenomenon has
been observed by Spinella et al. It is reported that in the case of some polymers such as cellulose
nanocrystals, the use of HySO, for hydrolysis leads to a decrease in their thermal stability, leading to
an uncontrolled release of HySO, from polymers during heating [43]. These features might limit the
use of the acid hydrolysis in further studies on the surface functionalization of electrospun fibers for
biomedical applications.

Due to the aforementioned limitations of the acid hydrolysis, for tissue engineering applications,
the alkaline hydrolysis is more often chosen [43—45]. The alkaline hydrolysis has a nucleophilic character
due to the presence of alkali metal hydroxides such as NaOH or KOH. The OH™ reacts with C=0, C-O,
and C-O-C functional groups in the polymeric surface area, where there is the lowest electron density,
and removes short segments of the polymeric chains. As a result, the hydrophilic groups such as-COOH
and —“OH are formed on the fibers” surface [44]. The higher concentration of the alkali metal hydroxide
the deeper the modification, and additional oxidizing agents accelerate the reaction, which causes
OH™ penetration deeper into the material. On the other hand, very fast and hence uncontrolled
hydrolysis leads to a decrease in the nanofiber mat’ mass and thickness [44]. Similarly to aminolysis,
hydrolysis might also serve as an intermediate step before protein immobilization. Sadeghi et al.
obtained PLGA scaffolds incorporated with collagen, applying hydrolysis as a 1st step followed by
the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) crosslinking.
The 1st step was carried out with the use of NaOH, in which fibers were hydrolyzed for 5 min at
room temperature. Then, the fibers’ surface was activated through immersing fibers in EDC/NHS at
pH =6 at 4 °C. It was found that the wettability of PLGA increased significantly after hydrolysis and
collagen immobilization, while after aminolysis, water contact angle decreased from 132° to 98° and
further to zero after collagen immobilization. Additionally, FTIR spectra confirmed the presence of
immobilized collagen on PLGA fibrous scaffolds, proving the effectiveness of the functionalization
method. Cell viability MTT tests on human dermal fibroblasts (HDFs) and the keratinocyte cell line
(HaCaT) showed increased viability of the cells on the scaffolds with immobilized collagen after 14 days,
proving that modified in this way scaffolds are appropriate for skin tissue engineering applications [45].
In the other publication, De Luca et al. report on hydrolytically modified PLLA nanofibers after
using KOH and NaOH for 1 h at room temperature. FTIR spectra confirmed the effectiveness of this
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method by showing the -COOH and —~OH groups on the fibers’ surface [46]. The presence of these
groups also affected the hydrophilicity of the PCL fibers, improving their biocompatibility. The water
contact angle decreased from 76.58 + 1.25° to 54.13 + 2.73° and 56.83 + 2.88° after NaOH and KOH
hydrolysis, respectively. MTS proliferation assay on Schwann cells demonstrated a substantial increase
in cell attachment and proliferation after 1, 3, and 5 days on modified samples compared to untreated
fibers [46].

2.1.2. Covalent Grafting

Covalent attachment or so-called “grafting” is generally carried out via chemical activation of
appropriate reagents on the treated surface. Two major methods, “grafting to” and “grafting from”,
can be distinguished in this regard.

“Grafting to” uses a coupling reaction that modifies the end functional polymer group with the
reactive functional groups resulting in a chemical change in the polymeric backbone. This type of
grafting uses all kinds of polymerization, including atom-transfer radical-polymerization (ATRP),
controlled free-radical polymerization (CFRP), or anionic polymerization [47,48]. Covalent grafting
was used for hydrophilic surface functionalization on PCL, PLLA, or polysulfone (PSU) and many
copolymers described below [49-52]. “Grafting to” is a method that might be used for a wide
range of materials, for instance, various monomers, such as acrylonitrile [22], acrylate, acrylamide,
and many others [47,48,53]. However, the polymerization time has to be precisely controlled; otherwise,
fibers’ morphology might be destroyed, and bulk properties of such material might be changed [54].
“Grafting to” might be combined with other methods of surface functionalization. Such a combination
might bring not only hydrophilic surface functionalization but also provide additional features to
the obtained fibers. Fu et al. combined technology of RAFT polymerization, ATRP, electrospinning,
and “click chemistry” to obtain electrospun nanofibers made of poly (4-vinylbenzyl chloride) (PVBC),
poly (glycidyl methacrylate) (PGMA), and poly-N-isopropylacrylamide (PNIPAM) to obtain fibers,
which were solvent-resistant with the thermal-sensitive surface [48]. Contact angle measurements
showed a significant change in PVBC74-b-PGMA46-g-PNIPAMY fibers wettability depending on the
ambient temperature. It was observed that the contact angle of hybrid fibers decreased from 140 to less
than 30° after a temperature decrease from 45 to 20 °C [48].

In the field of hydrophilic surface functionalization even more popular than “grafting to”
is “grafting from”. In this method, the macromolecular backbone is modified with the purpose of
introducing reactive functional groups on the surface. This method requires an initiator, which might be
introduced to the surface through post-polymerization, copolymerization, or polycondensation [51,52].
For instance, “grafting from” might take place using an atmospheric pressure plasma jet (APPJ)
with argon as processing gas and in open-air. Maffei et al. functionalized PCL fibers with human
vitronectin adhesive cue (HVP peptide). In this respect, NH; groups were covalently grafted on the
electrospun PCL mat by APP] deposition of a coating using (3-aminopropyl) triethoxysilane (APTES)
as a precursor. The fibers’ morphology was found unchanged. The MTT viability assay confirmed that
after functionalization adhesion and migration of 533 osteoblasts increased, however, only after 2 h of
culture. Further cellular tests are expected [50].

The other methods assume copolymerization grafting, induced biomolecules grafting,
grafting polymerization of acrylic acid (AAc) on polyesters surface followed by a chemical reaction
with biomolecules, or thermal-induced graft polymerization. Such functionalization usually takes place
on surfaces that were previously treated with plasma [55-57]. Ma et al. [55] used copolymerization
grafting of methacrylic acid (MAA) initiated by Ce (IV) after an air plasma treatment of electrospun
PSU fibers. The plasma treatment of exposed oxygen-containing groups on the polymer surfaces,
among which ~OH groups combined with Ce** formed a redox initiating system, which initiated the
graft polymerization of MAA. The modified surface was activated with toluidine blue O (TBO) and
stable -COO- groups were formed and served as binding sites between proteins and functionalized
surface. After that, bovine serum albumin (BSA) was incorporated into the surface. The BSA served
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as a substitute for the potential protein for further studies. BSA covalently immobilized on the
PMAA grafted PSU fibers using the -COOH groups as coupling sites occurred to be successful.
Obtained material served as a microfiltration membrane [55].

In the biomolecules grafting method, collagen type I (Col I), nanohydroxyapatite (nHA), fibrin,
and chitosan are components that might be covalently incorporated into the polymer surface [56-61].
Chen et al. [62] treated PLLA nanofibers with oxygen plasma to expose -COOH groups on the
surface and subsequently, by covalent grafting, cationized gelatin was incorporated into the fiber’s
surface using an appropriate coupling agent (carbodiimide). After combining these two methods,
the hydrophilicity of the surface significantly improved with the contact angle decreasing from
135 to 15° after PLLA functionalization. Gelatin grafting to the PLLA fibers also slightly changed
the fiber morphology; they became rougher because of gelatin adhesion to the fibers. This change in
the scaffold morphology occurred to be beneficial for chondrocytes, which spread not only on the
surface of the modified fibers but also attached to the inner areas of the material” structure. The MTS
cell viability assay also confirmed that the modified surface created a more preferred environment
for ECM production and chondrocytes proliferation even after 28 days [62]. Hesari et al. [51]
incorporated plasma treatment with covalent grafting of gelatin to modify a PU scaffold. The surface
was activated with oxygen plasma, and then gelatin macromolecules were incorporated into the surface.
Combining these two methods did not significantly change the fibers’ microstructure, but improved
hydrophilicity, through an increase of -NH; and -COOH groups on the surface. Additionally,
incorporated biomacromolecules influenced 1929 fibroblasts’ behavior in the MTT assay after 7 days.
Functionalized surface increased cytocompatibility of the material, improved fibroblasts spreading,
and their proliferation ratio. Generally, grafting of reagents, such as gelatin, changes the microstructure
of the fiber mat and increases the average pore size, which might be good from the cells” perspective.
On the other hand, it significantly impairs the mechanical properties of the material. Another thing is
that gelatin increases the hydrolytic degradation rate, which might be favorable unless the process
might be controlled [51]. On the other hand, surface graft polymerization usually requires plasma
initiation to generate free radicals. Hence, conditions of the reaction have to be thoroughly controlled,
otherwise undesirable side effects such as bulk properties deterioration, pore-blocking or collapsing,
and fibers’ degradation [28] may take place.

2.2. Physically/Chemically Functionalized Fibers

Plasma Treatment

Plasma treatment is a particular type of hydrophilic surface functionalization. It is usually
categorized in the literature as a physical hydrophilic functionalization method [63,64]. However,
plasma treatment results in significant chemical changes on the polymers surface such as chemical
bonds breaking, leading to the introduction of various chemical groups like -OH, -COOH, CHO-,
NH2-, -COO-, and reactive radicals, such as -COO (Figure 2) [65]. According to this, it could be
classified as chemical functionalization [66]. Plasma treatment affects the surface energy of polymers
and improves the wettability of the surface by changing their polarity. Type of the plasma source, time,
and pressure are the main parameters controlling the functionalization process [23,26]. The method
allows one to modify PGA, PLLA, PLGA, PCL, PEO, PVDF, PU, or polyaniline (PANI) electrospun mats,
by forming appropriate functional groups such as <COOH on the modified surface as an effect of plasma
glow discharge with O, and C3H40; in the gaseous form [26,67-69]. Plasma (ionized gas) generates free
radicals on the surface, which can behave similarly to polar groups [23]. Therefore, the following types
of sources can be distinguished: argon, oxygen, methane [64-70], ammonia/helium, nitrogen, or air [19].
The plasma source might significantly influence the surface wettability, introducing different functional
groups, which affect the immobilization of bioactive molecules on the treated surface. Asadian etal. [19]
modified PCL fibers using various plasma sources such as oxygen, argon, ammonia/helium, or nitrogen
showing a significant decrease in the contact angle from 135 before functionalization to 35° after
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argon plasma, to 24° after nitrogen plasma, and to 13° after He/NH; plasma. The MTT assay on
human foreskin fibroblasts (HFFs) revealed the significance of the discharged gas type on the cell
viability. After 1 and 7 days of the cell culture, the number of viable cells was the highest for the argon
plasma-treated samples and the lowest for the He/NH3 plasma-treated samples. It was explained as a
result of the presence of O;-containing groups, which influenced more the cellular interaction than
nitrogen functional groups after He/NHj3 plasma functionalization.

Table 1. Comparison of chemical methods of hydrophilic functionalization of electrospun nanofibers.

Chemical Method Mechanism

Advantages

Disadvantages

Splitting of polymer
chains by reacting
with-NHj groups and
resulting introduction of
active -NH; and -OH on
the surface, which may
further be explored in
secondary reactions to
incorporate other
functional groups [6,31]

Aminolysis

short time of
functionalization [6]
increased roughness
of the surface [6]
non-toxicity of -NHj
groups in direct
contact with cells,
resulting in increased
cells adhesion [33,34]

deep functionalization of

the surface

requires precise control of the
conditions of the reaction [31]
possible molecular degradation
of polymer chains leading to
mechanical weakness

high crystallinity of the polyester
limits effective modification [6]
instability of amine groups on
the surface at temperatures
above Tg, especially when Tg is
below physiological

conditions [6]

use of harsh chemicals making
this method not ecofriendly

Cleavage of chemical
bonds in polymeric
chains by water
molecules resulting in
OH and COOH
formation on the
modified surface

Hydrolysis

a short time

of functionalization
increased roughness
of the surface

deep and permanent
functionalization of the surface
requires precise control of

the conditions

possible molecular degradation
of polymer chain leading to
mechanical weakness

use of harsh chemicals making
this method not ecofriendly

Chemical
functionalization of the
polymer backbone to
introduce reactive
functional groups on the
surface [47,48]

Covalent grafting

increase of average
pore size resulting in
better cell infiltration
into the scaffold [51]

increase of average pore size
resulting in a decrease in
mechanical properties [51]
requires precise control of
functionalization time [28]
uncontrolled hydrolytic
degradation after biomolecules
grafting [51]

surface needs to be activated
with plasma [51]

biomolecules grafting might
change the fibers microstructure

Plasma treatment carries many advantages: it is ecofriendly and does not change bulk
properties and hence mechanical properties of the fibers [71-73]. Compared to all chemical and
physical hydrophilic functionalization methods, plasma treatment is the fastest method of surface
functionalization and usually lasts from few seconds to few minutes [71]. Apart from all these
advantages, plasma treatment effectively increases the hydrophilicity of hydrophobic polyesters
modifying only the top of the fibers’ surface without affecting the fiber layers beneath. In the case
of PLLA nanofibers modification using O, plasma, Kooshki et al. [74] showed effective surface
functionalization with -COOH and —-OH groups resulting in a reduction of the contact angle from 135°
to nearly zero [74]. Additionally, in vitro tests showed more significant mesenchymal stem cells (MSCs)
attachment to the polymer surface and their enhanced proliferation in the MTT assay after 7 days.
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Figure 2. Plasma treatment of electrospun nanofibers.

Despite many advantages, plasma treatment has some disadvantages. Plasma does not affect
the whole surface of the fibers, leaving some unmodified areas [28,31]. The method requires an
appropriate plasma source and precise control of the modification time. Otherwise, the treatment
might be ineffective or the morphology of fiber mats might be changed, even completely destroyed [75].
In some publications, it has been reported that plasma treatment might also worsen the mechanical
properties of electrospun nanofibers [76]. Dolci et al., using atmospheric plasma for the PLLA
nanofibrous scaffolds modification, observed the water contact angle reduction from 120 to 20°,
and a drop in Young modulus from 86 + 13 to 64 + 8 MPa. Another limitation of this method is
impermanence of the hydrophilic effect after functionalization, which fades away with time [77].
The reason is probably thermodynamic: a metastable system at a high free energy state proceeding
towards a thermodynamically more stable state with lower free energy, which manifests in surface
restructuring or so-called “surface aging” [78]. In effect, functional groups (polar groups) rearrange on
the modified surface after being stored at room temperature. It was reported that storage conditions,
type of polymer, and plasma treatment parameters significantly influence the stability of polar groups
on the modified surface [79-82].

In order to prevent surface restructuring and extend the effect of plasma treatment, Wavhal et al. [83]
recommend post-plasma grafting of acrylic acid (AA). This treatment allows for keeping hydrophilic
groups on the polyethersulfone (PES) surface in an unchanged form for 2 months.

Undoubtedly, plasma treatment is a great method for surface activation; thereby, it is usually
combined with other more permanent surface functionalization methods. Ghorbani et al. [69] activated
the surface of PU-PANI scaffolds for bone regeneration with the use of oxygen plasma. The following
step was PVA and PVA/3-glycidoxypropyltrimethoxysilane (GPTMS) immobilization to the activated
surface. PVA immobilization allowed one to increase biocompatibility and amount of hydrophilic
groups on the surface, while GPTMS provided better precipitation of hydroxyapatite and hence better
osteoblasts adhesion to the modified surface. Atomic force microscopy (AFM) showed that after
plasma treatment the degree of surface roughness increased from c.a. 97 to 144-429 nm. The waterdrop
contact angle measurements showed a decrease from 116 for pure PU/PANI to 65° after plasma
functionalization and to 62° after additional PVA/GPTMS immobilization, respectively. In vitro studies,
using an MTT assay on MG-63 osteoblastoma cells, confirmed increased adhesion and proliferation of
the cells on the functionalized surface after 7 days.
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More examples of combining plasma treatment with other functionalization methods were
described in the paragraph of covalent grafting and are discussed below.

2.3. Physically Functionalized Fibers by Physical Adsorption

Physical hydrophilic functionalization is an alternative to chemical methods and plasma surface
functionalization (Figure 3). It allows overcoming some limitations of chemical methods. They do
not change the bulk properties and therefore, mechanical properties, the process does not have to be
precisely controlled: there are no risks of hydrolytic degradation, it does not require toxic solvents,
which makes the method ecofriendly [84].

Simple physical LBL assembly
adsorption
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Figure 3. Physical functionalization of electrospun nanofibers.

On the other hand, hydrophilic functionalization is based on forming the whole spectrum of
physical interactions such as hydrophobic or electrostatic interactions, which usually are unstable and
impermanent [24]. Moreover, physical methods might adversely affect the fibers morphology [85].

The most popular physical methods of hydrophilic surface functionalization are discussed in the
following sections. Table 2 summarizes the main advantages and drawbacks of the physical surface
functionalization methods on electrospun nanofibers.

2.3.1. Simple Physical Adsorption

Physical adsorption is an uncomplicated method of hydrophilic and biological functionalization
of electrospun nanofibers. The method assumes spraying or soaking of nanofibers in a biomolecules
solution [24]. As a consequence of electrostatic, hydrogen, hydrophobic, and van der Waals
interactions, biomolecules can adhere to the surface of the fibers [26,86]. Physical adsorption
works for most nanofibrous polymers used in electrospinning such as PLGA, PEO, PLLA,
poly (vinyl pyrrolidone)-iodine (PVPI), PCL, and PVA [87-90]. The most popular biomolecules
adsorbed on the surface of the fibers are usually proteins, enzymes, polysaccharides, antibacterial agents,
growth factors, or vitamins [24,26,91-93].

This kind of functionalization improves cell capability to recognize the surface receptors and
increases their attachment to the modified surface without changing the bulk properties of the material
scaffold [85]. Compared to chemical methods, or blending, physical adsorption protects biomolecules
from denaturation in the presence of a harmful environment of organic solvents, high temperature,
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or high voltage during the electrospinning process [94]. Moreover, physical adsorption seems to be
a simple method providing fast immobilization of the biomolecules to the nanofibers’ surface [89].
Nevertheless, some viscous bioactive agents such as hydrogels could change the fibers morphology
significantly. Viscous solutions might fill most of the pores in the electrospun mats, blocking its
availability for the cells. Esfahani et al. [85] modified polyamide-6 (PA6)/hydroxyapatite (HA)
electrospun nanofibers with vitamin VD3 to enhance bone regeneration. Immersion in VD3 solution
resulted in a dramatic increase in the fibers’ thickness, changes in fibers’ morphology, and blocking of
pores after 1 h of immersion.

Another limitation of this kind of functionalization is impermanence since physical binding
might be easily washed off the surface by polar solvents or the cell culture medium [24,95]. To extend
the effectiveness of this method, resulting in enhanced cell affinity to the surface, it is necessary to
combine two methods of surface functionalization. Yang et al. [24] conjugated plasma treatment
and physical adsorption. PLLA samples were divided into modified with plasma and unmodified.
Unmodified samples were directly soaked in collagen solution for 2 h, while modified samples were
pretreated with ammonia plasma, followed by coating with collagen. The best effect has been seen
while collagen adsorption was combined with plasma treatment. It increased the hydrophilicity
of the fiber’s surface through the increased amount of -OH, -COOH, and -NH, groups on the
surface. It also facilitated collagen adsorption by forming of a strong polar interaction and hydrogen
bonds between collagen and polar groups on the pretreated surface [24]. Conjugation of both
functionalization methods increased affinity of 3T3 fibroblasts to the PDLA surface after 4 days,
compared to the plasma-untreated fibers. In another paper, Jankowska et al. [96] modified poly
(methyl methacrylate)/polyaniline PMMA/PANI with laccase enzyme by combining both adsorption
and covalent binding methods to obtain potential membranes for separation processes or artificial
scaffolds for medical applications. The first step of functionalization was the coupling reaction between
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS)
and the PMMA/PANI surface. The second step was the physical adsorption of laccase. X-ray surface
composition microanalysis confirmed that after combining covalent binding physical adsorption,
the amount of oxygen, sulfur, chlorine, fluorine, and nitrogen increased significantly in comparison
to the sample before surface functionalization. It was visible, especially in the content of sulfur and
nitrogen, which increased almost twice after laccase binding.

2.3.2. LBL Assembly

The LBL technique is a specific type of physical adsorption, which works on the principle
of adsorption of oppositely charged polymers. By alternate deposition of opposite charge layers,
it is possible to create self-assembled coating and obtain the desired properties of the composite
material [26]. LBL was used for hydrophilic functionalization of PLLA, polyacrylonitrile (PAN),
PLGA, PNIPAM, PCL, or PCL/silk fibroins [97-103]. LBL usually allows creation of layers made of
polyelectrolytes, mainly natural materials such as proteins or polysaccharides. The layers might be
positively or negatively charged depending on the conditions in the solution, for instant, by choice
of pH [101]. In studies conducted by Li et al. [25], heparin (Hep) and chitosan (Cs) were adsorbed
on the PCL/silk fibroin (SF) nanofibers as scaffolds for treatment of cardiovascular diseases. The first
layer was made of positively charged Cs. The second layer was made of Hep, in which charge was
changed to negative by adjusting pH of the solution. Strong layers adhesion was a consequence
of electrostatic binding between Cs and Hep. Cs provided antibacterial properties, while Hep
improved protein activity and stimulated the release of anticoagulant and fibrinolytic substances from
vascular endothelial cells. The Alamar blue test confirmed good biocompatibility and improved cell
proliferation of modified PCL/SF scaffold. It was also demonstrated, that after LBL, human umbilical
vein endothelial cells (HUVEC) showed improved adhesion and proliferation on the modified surface
after 48 h. The antibacterial test showed that adsorbed layers reduced infectivity with Escherichia coli
and Staphylococcus aureus up to 95% [25]. In another study, Zhang et al. [102] deposited two layers:
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the self-assembling peptide (SAP) and RGD sequences on PCL nanofibers for neural tissue engineering
applications. Adhesion between the first SAP layer and PCL surface was a consequence of strong
hydrophobic interactions. Plasmid DNA (pDNA) complexes were used as a delivery system of the
CRISPR/dCas9 gene expression control system and with positively charged SAP and negatively charged
RGD was adsorbed as a consequence of electrostatic interactions. Deposited layers provided sustained
release of pPDNA, enhanced cell adhesion, and proliferation of human mesenchymal stem cells (hMSCs)
and human neural progenitor cells (hNPCs) in Quant-iTPicoGreen dsDNA assay and Click-iTEdU cell
proliferation assay after 7 days of culturing. Using this method for nanofibers functionalization also
occurred to be a useful tool for non-viral genome editing.

LBL shows many advantages, one of them is that it does not change the bulk properties of
nanofibers [103]. From the processing point of view, LBL is easy to conduct, universal for covering
various even complex structures, and a wide range of charged substrates might be used in this
technique [26]. Similarly to the physical adsorption, deposited biomolecules are protected from
denaturation, avoiding the loss of provided functions [104].

The main limitation of this method is that both modified fibers surface and deposited layers
always need to be charged. For this reason, before LBL functionalization, the surface has to be prepared
by providing an appropriate charge. Chemical methods such as aminolysis, sulfonation of phenyl
groups (if they are present in the polyester material), and alkaline hydrolysis are examples of methods
providing an appropriate charge on the surface before LBL treatment [97,98,105]. Wang et al. [106]
functionalized the surface of PCL aligned fibers through grafting amino groups with the use of
polyethyleneimine (PEI) for 36 h. The next step was the LBL deposition of nanocoatings made
of antibacterial drug poly-L-lysine (PLL) encapsulated in gelatin and heparin. According to FTIR
analysis, deposited layers showed effective adhesion to the polymers surface as a consequence of
electrostatic interactions, where the gelatin -COOH groups bound strongly with the PLL -NHj3 groups.
Additionally, there were electrostatic interactions between the heparin -COOH groups and the PLL
-NH; groups, and between heparin and gelatin. LBL coating, especially gelatin, was crosslinked
with genipin (GNP), and at the end, MMP2 enzyme was adsorbed on the layers in order to induce
the controlled release of PLL. SEM images showed that after GNP crosslinking, the fibers lost their
morphology, and GNP presence most likely blocked the action of the enzyme through an uncoupling
protein and reaction with free amino groups. Cell proliferation CCK-8 assay on HUVEC showed
significant improvement in the cells amount on the scaffold after functionalization after 3 and 5 days.
However, it was demonstrated that the layer of Gelatin/PLL had the greatest influence on the increased
cell affinity to the surface. It was an effect of the presence of bioactive polypeptides of gelatin and
positive charge of PLL, which promoted HUVECs increased attachment and proliferation [106].

Table 2. Comparison of electrospun nanofibers physical hydrophilic functionalization methods
[24,26,85,93,97,98,104,106].

Physical Method Mechanism Advantages Disadvantages
Weak physical e  does not change bulk e  might change fibers
Simple physical mteractl(‘)n.S such as propertlesA of the polymer [93] @orphology, for 11'.1$tance
: hydrophobic interactions, e  protects biomolecules from increases fibers thickness
adsorption . - =
hydrogen bonds, van der challenging environment or clogs the pores [85]
Waals interactions [24,26] o simple, universal ° impermanent [24]

e  only charged substances
might be used [98,106]

e  modified surface needs to
be charged, or previously
pre-treated to deposit
charge on the surface [97]

.. . e  does not change the bulk
Electrostatic interactions .
properties of polymer
as an effect of alternate .
LBL e  protects biomolecules from a

embedding of oppositely . .
charged substances [26] challengmg environment [104]
simple, universal [26]
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3. Tissue Engineering Applications of Functionalized Polymer Nanofibers

Electrospun nanofibrous scaffolds possess many interesting properties for tissue engineering
applications, such as high surface area, and morphology, which fairly mimic ECM. Native ECM is
responsible for the stimulation of cellular mobility and further migration. An appropriate interaction
between fibrous ECM and the cellular cytoskeleton leads to improved cell mobility. Cells” ability to
recreate their own ECM is crucial for effective tissue regeneration [107]. However, besides appropriate
morphology, the perfect scaffold should also have appropriate biochemical cues, which might be
obtained by surface chemistry modification. Electrospun nanofibers made of aliphatic polyesters show
relatively poor hydrophilicity, and consequently, low biocompatibility [108]. Such materials without
surface functionalization do not have functional groups, which might be recognized by cell-binding
receptors increasing cell-scaffold adhesion.

An increase in hydrophilicity of electrospun membranes is the first step before immobilization
of biomacromolecules such as proteins or growth factors, providing stable anchor points for the
cells. The cells in contact with the scaffold need to feel materials surface biochemistry, which might
promote cell-signaling pathways. One of the positive effects of biologically functionalized material is
guiding the transcription factors responsible for the cell’s fate and regulation of their differentiation [13].
Surface modification with a protein, such as gelatin, which is extensively involved in building of
ECM, not only increases hydrophilicity but also mostly gives a cellular response. It is a result of the
recognition of bioactive ligands of RGDsequences by integrins.

Another protein containing RGD sequences is silk fibroin [109]. Bhattacharjee et al. aminolyzed
PCL nanofibers and activated the functional groups on the surface with GA, with subsequent silk
fibroin immobilization. MTT viability assay and Alamar blue proliferation assay on osteoblast-like MG
63 cells showed not only increased cell growth and adhesion to the functionalized surface (Figure 4),
but the cells were also able to create the native ECM, leading to bone tissue regeneration. Similarly to
these studies, a different bioactive protein—collagen was immobilized to PCL fibers previously
functionalized by aminolysis [110]. Biological tests on NIH 3T3 fibroblasts showed not only increased
proliferation on functionalized scaffolds but also enhanced infiltration inside the scaffolds. An increase
in cell proliferation was explained as a result of collagen presence, while enhanced infiltration most
likely as a result of increased hydrophilicity, which influenced significantly cell-scaffold interactions.

The same method has been also proven in the case of scaffolds for neural regeneration.
Amoresetal. [111] used laminin and RGD-containing peptide GRGDSP as the immobilized biomolecules
to the PCL scaffold. Proliferation tests using neural stem cells showed increased cells” density on
the functionalized scaffolds due to good access of the cell integrin receptor to the laminin and RGD
sequences on the scaffolds surface. Most importantly, neural stem cells were able to differentiate
into neurons and astrocytes showing enhanced neurons alignment on the functionalized material.
These examples have proven that proper scaffold morphology or mechanical properties alone are
not sufficient for effective tissue regeneration. More challenging tissues, such as neural, seem to
need a more sophisticated approach, such as hydrophilic functionalization followed by biological
groups incorporation.
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Figure 4. The cytoskeletal actin organization and distribution of MG-63 cells grown on (a) unmodified
PCL nanofibers, (b) PCL after aminolysis, (¢) PCL blended with silk fibroin (SF), and (d) aminolyzed
PCL after subsequent SF immobilization at day-point 7. Reprinted from Eur. Polym. ]. 2015, 71, 490-509
with permission from Elsevier [109].

4. Conclusions and Future Perspectives

The review discusses current methods used for hydrophilic surface functionalization of electrospun
nanofibers targeting medical applications. Surfaces of nanofibrous mats can be functionalized with
wet chemical methods, covalent grafting, plasma treatment, and physical methods based on physical
adsorption. It may be concluded that a single hydrophilic functionalization method results in serious
limitations, thus, an alternative approach is required. It may be expected that future strategies would
be a combination of two or even more hydrophilic functionalization methods, at least one being
chemical, for instance, covalent grafting, aminolysis, or oxygen plasma followed by physical LBL
assembly. For instance, a combination of aminolysis, or hydrolysis with biomolecules immobilization,
not only improves hydrophilicity of the surface but also significantly increases aliphatic polyester
scaffolds biocompatibility. Both hydrophilicity and biomolecules incorporation are emerging important
issues in tissue engineering applications. The most effective functionalization methods, ultimately,
should provide sufficient surface biological activity, integrity, and mechanical properties of the scaffold.
Future strategies might also include additional specific benefits for defined applications, for instance,
electrical conductivity in scaffolds devoted to neural tissue engineering.

Future strategies combining more than one functionalization method are foreseen as highly
important for further development of electrospun nanofibers for tissue engineering applications.
We believe that combining and developing of hydrophilic functionalization methods will widely use
functionalized electrospun nanofibers in clinical applications, and this is only a question of time.



Polymers 2020, 12, 2636 15 of 20

Author Contributions: Conceptualization, B.N.-S.; validation, B.N.-S., A.G. and P.S.; writing—original draft
preparation, B.N.-S.; writing, review and editing, B.N.-S., A.G. and P.S,, visualization, B.N.-S., A.G. and PS.;
supervision, P.S. and A.G.; project administration P.S., A.G. and B.N.-S.; funding acquisition, B.N.-S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Narodowe Centrum Nauki (NCN), grant number 2018/29/N/ST8/00780.
The Article Processing Charge (APC) was covered by the Project no. POWR.03.02.00-00-1028/17-00 implemented
under the Operational Program Knowledge Education Development 2014-2020, cofinanced by the European
Social Fund.

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

References

1. Carvalho, J.; Carvalho, P.; Gomes, D.; Goes, A. Chapter 11—Innovative Strategies for Tissue Engineering.
In Advances in Biomaterials Science and Biomedical Application; Pignatello, R., Ed.; IntechOpen: London, UK,
2013; pp. 295-313.

2. Niemczyk, B.; Sajkiewicz, P.; Kotbuk, D. Injectable hydrogels as novel materials for central nervous system
regeneration. J. Neural Eng. 2018, 15, 051002. [CrossRef] [PubMed]

3. Liu, J.; Chen, H.; Wang, Y.; Li, G.; Zheng, Z.; Kaplan, D.L.; Wang, X. Flexible Water-Absorbing Silk-Fibroin
Biomaterial Sponges with Unique Pore Structure for Tissue Engineering. ACS Biomater. Sci. Eng. 2020, 6,
1641-1649. [CrossRef]

4. Kotbuk, D.; Heljak, M.; Choiriska, E.; Urbanek, O. Novel 3D hybrid nanofiber scaffolds for bone regeneration.
Polymers 2020, 12, 544. [CrossRef] [PubMed]

5. Kotbuk, D.; Urbanek, O.; Denis, P.; Choiriska, E. Sonochemical coating as an effective method of polymeric
nonwovens functionalization. J. Biomed. Mater. Res. A 2019, 107, 2447-2457. [CrossRef] [PubMed]

6.  Jeznach, O; Kotbuk, D.; Sajkiewicz, P. Aminolysis of various aliphatic polyesters in a form of nanofibers and
films. Polymers 2019, 11, 1669. [CrossRef] [PubMed]

7. Arbade, G.K,; Srivastava, J.; Tripathi, V.; Lenka, N.; Patro, T.U. Enhancement of hydrophilicity, biocompatibility
and biodegradability of poly(e-caprolactone) electrospun nanofiber scaffolds using poly(ethylene glycol)
and poly(L-lactide-co-¢-caprolactone-co-glycolide) as additives for soft tissue engineering. J. Biomater. Sci.
2020, 1-17, just-accepted.

8. Wang, D.; Xu, Y,; Li, Q.; Turng, L.-S. Artificial Small-Diameter Blood Vessels: Materials, Fabrication,
Surface Modification, Mechanical Properties, and Bioactive Functionalities. . Mater. Chem. B. 2020, 8,
1801-1822. [CrossRef]

9.  Cegielska, O.; Sajkiewicz, P. Targeted drug delivery systems for the treatment of glaucoma: Most advanced
systems review. Polymers 2019, 11, 1742. [CrossRef]

10. Zaszczynska, A.; Sajkiewicz, P.; Gradys, A. Piezoelectric Scaffolds as Smart Materials for Neural Tissue
Engineering. Polymers 2020, 12, 161. [CrossRef]

11. Denis, P; Wrzecionek, M.; Gadomska-Gajadhur, A.; Sajkiewicz, P. Poly(glycerol sebacate)—poly(l-lactide)
nonwovens. Towards attractive electrospun material for tissue engineering. Polymers 2019, 11, 2113.
[CrossRef]

12. Guo, X;; Xia, B.; Lu, X.B.; Zhang, Z.].; Li, Z.; Li, W.L.; Huang, Y.C. Grafting of mesenchymal stem cell-seeded
small intestinal submucosa to repair the deep partial-thickness burns. Connect. Tissue Res. 2016, 57, 388-397.
[CrossRef] [PubMed]

13.  Dulnik, J.; Denis, P; Sajkiewicz, P.; Kotbuk, D.; Choiriska, E. Biodegradation of bicomponent PCL/gelatin and
PCL/collagen nanofibers electrospun from alternative solvent system. Polym. Degrad. Stab. 2016, 130, 10-21.
[CrossRef]

14. Wei, Z;Gu,]; Ye, Y,; Fang, M.; Lang, J.; Yang, D.; Pan, Z. Biodegradable poly (butylene succinate) nanofibrous
membrane treated with oxygen plasma for superhydrophilicity. Surf. Coat. Technol. 2020, 381, 125147.
[CrossRef]

15.  Webb, K.; Hlady, V.; Tresco, P.A. Relative importance of surface wettability and charged functional groups on
NIH 3T3 fibroblast attachment, spreading, and cytoskeletal organization. J. Biomed. Mater. Res. 1998, 41,
422-430. [CrossRef]

16. Ikada, Y. Surface modification of polymers for medical applications. Biomaterials 1994, 15, 725-736. [CrossRef]


http://dx.doi.org/10.1088/1741-2552/aacbab
http://www.ncbi.nlm.nih.gov/pubmed/29889043
http://dx.doi.org/10.1021/acsbiomaterials.9b01721
http://dx.doi.org/10.3390/polym12030544
http://www.ncbi.nlm.nih.gov/pubmed/32131525
http://dx.doi.org/10.1002/jbm.a.36751
http://www.ncbi.nlm.nih.gov/pubmed/31269319
http://dx.doi.org/10.3390/polym11101669
http://www.ncbi.nlm.nih.gov/pubmed/31614975
http://dx.doi.org/10.1039/C9TB01849B
http://dx.doi.org/10.3390/polym11111742
http://dx.doi.org/10.3390/polym12010161
http://dx.doi.org/10.3390/polym11122113
http://dx.doi.org/10.1080/03008207.2016.1193173
http://www.ncbi.nlm.nih.gov/pubmed/27485758
http://dx.doi.org/10.1016/j.polymdegradstab.2016.05.022
http://dx.doi.org/10.1016/j.surfcoat.2019.125147
http://dx.doi.org/10.1002/(SICI)1097-4636(19980905)41:3&lt;422::AID-JBM12&gt;3.0.CO;2-K
http://dx.doi.org/10.1016/0142-9612(94)90025-6

Polymers 2020, 12, 2636 16 of 20

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ruoslahti, E. RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 1996, 12, 697-771.
[CrossRef] [PubMed]

Bellis, S.L. Advantages of RGD peptides for directing cell association with biomaterials. Biomaterials 2011, 32,
4205-4210. [CrossRef]

Asadian, M.; Dhaenens, M.; Onyshchenko, I.; De Waele, S.; Declercq, H.; Cools, P; De Geyter, N.
Plasma functionalization of PCL nanofibers changes protein interactions with cells resulting in increased cell
viability. ACS Appl. Mater. Interfaces 2018, 10, 41962-41977. [CrossRef]

Dulnik, J.; Kotbuk, D.; Denis, P.; Sajkiewicz, P. The effect of a solvent on cellular response to PCL/gelatin and
PCL/collagen electrospun nanofibres. Eur. Polym. ]. 2018, 104, 147-156. [CrossRef]

Zhu, Y,; Gao, C; Liu, X.; Shen, J. Surface modification of polycaprolactone membrane via aminolysis
and biomacromolecule immobilization for promoting cytocompatibility of human endothelial cells.
Biomacromolecules 2002, 3, 1312-1319. [CrossRef]

You, X; Piao, C.; Chen, L. Preparation of a magnetic molecularly imprinted polymer by atom-transfer radical
polymerization for the extraction of parabens from fruit juices. J. Sep. Sci. 2016, 39, 2831-2838. [CrossRef]
[PubMed]

Alves, P; Pinto, S.; de Sousa, H.C.; Gil, M.H. Surface modification of a thermoplastic polyurethane by
low-pressure plasma treatment to improve hydrophilicity. J. Appl. Polym. Sci. 2011, 122, 2302-2308. [CrossRef]
Yang, J.; Bei, ].; Wang, S. Enhanced cell affinity of poly (d,l-lactide) by combining plasma treatment with
collagen anchorage. Biomaterials 2002, 23, 2607-2614. [CrossRef]

Li, L.; Wang, X.; Li, D.; Qin, J.; Zhang, M.; Wang, K.; Zhao, ]J.; Zhang, L. LBL deposition of chitosan/heparin
bilayers for improving biological ability and reducing infection of nanofibers. Int. J. Biol. Macromol. 2020,
154,999-1006. [CrossRef]

Yoo, H.S.; Kim, T.G.; Park, T.G. Surface-functionalized electrospun nanofibers for tissue engineering and
drug delivery. Adv. Drug Deliv. Rev. 2009, 61, 1033-1042. [CrossRef]

Holmes, C.; Tabrizian, M. Surface functionalization of biomaterials. In Stem Cell Biology and Tissue
Engineering in Dental Sciences; Vishwakarma, A., Sharpe, P.,, Shi, S., Ramalingam, M., Eds.; Elsevier BV:
Amsterdam, The Netherlands, 2015; pp. 187-206.

Huang, L.; Arena, ].T.; McCutcheon, J.R. Surface modified PVDF nanofiber supported thin film composite
membranes for forward osmosis. . Membr. Sci. 2016, 499, 352-360. [CrossRef]

Upadhyay, R.K.; Waghmare, P.R. Eco-friendly preparation of superhydrophobic copper surfaces for oil/water
separation. Environ. Chem. Lett. 2020, 18, 505-510. [CrossRef]

Haddad, T.; Noel, S.; Liberelle, B.; El Ayoubi, R.; Ajji, A.; De Crescenzo, G. Fabrication and surface modification
of poly lactic acid (PLA) scaffolds with epidermal growth factor for neural tissue engineering. Biomatter
2016, 6, €1231276. [CrossRef]

Croll, TI; O’Connor, AJ.; Stevens, G.W.; Cooper-White, ].J. Controllable Surface Modification of
Poly(lactic-co-glycolic acid) (PLGA) by Hydrolysis or Aminolysis I: Physical, Chemical, and Theoretical
Aspects. Biomacromolecules 2004, 5, 463—473. [CrossRef]

Morillo, M.D.; Magdi, A.M.; Rodriguez, M.; Garcia, M.; Faccini, M. Aminated Polyethylene Terephthalate
(PET) Nanofibers for the Selective Removal of Pb(II) from Polluted Water. Materials 2017, 10, 1352. [CrossRef]
Zhu, Y,; Leong, M.; Ong, W.; Chanpark, M.; Chian, K. Esophageal epithelium regeneration on fibronectin
grafted poly(l-lactide-co-caprolactone) (PLLC) nanofiber scaffold. Biomaterials 2007, 28, 861-868. [CrossRef]
[PubMed]

Zhao, Y.; Tan, K.; Zhou, Y.; Ye, Z.; Tan, W.-S. A combinatorial variation in surface chemistry and pore size of
three-dimensional porous poly(e-caprolactone) scaffolds modulates the behaviors of mesenchymal stem
cells. Mater. Sci. Eng. C 2016, 59, 193-202. [CrossRef] [PubMed]

Chastain, S.R.; Kundu, A.K; Dhar, S.; Calvert, ]JW.; Putnam, A.J. Adhesion of mesenchymal stem cells to
polymer scaffolds occurs via distinct ECM ligands and controls their osteogenic differentiation. J. Biomed.
Mater. Res. A 2006, 78, 73-85. [CrossRef] [PubMed]

Zhu, Y,; Gao, C; Liu, X.,; He, T.; Shen, J. Immobilization of biomacromolecules onto aminolyzed poly
(L-lactic acid) toward acceleration of endothelium regeneration. Tissue Eng. 2004, 10, 53—61. [CrossRef]
[PubMed]

Zhang, K.; Zheng, H.; Liang, S.; Gao, C. Aligned PLLA nanofibrous scaffolds coated with graphene oxide for
promoting neural cell growth. Acta Biomater. 2016, 37, 131-142. [CrossRef] [PubMed]


http://dx.doi.org/10.1146/annurev.cellbio.12.1.697
http://www.ncbi.nlm.nih.gov/pubmed/8970741
http://dx.doi.org/10.1016/j.biomaterials.2011.02.029
http://dx.doi.org/10.1021/acsami.8b14995
http://dx.doi.org/10.1016/j.eurpolymj.2018.05.010
http://dx.doi.org/10.1021/bm020074y
http://dx.doi.org/10.1002/jssc.201600335
http://www.ncbi.nlm.nih.gov/pubmed/27214157
http://dx.doi.org/10.1002/app.34348
http://dx.doi.org/10.1016/S0142-9612(01)00400-8
http://dx.doi.org/10.1016/j.ijbiomac.2020.03.152
http://dx.doi.org/10.1016/j.addr.2009.07.007
http://dx.doi.org/10.1016/j.memsci.2015.10.030
http://dx.doi.org/10.1007/s10311-019-00952-3
http://dx.doi.org/10.1080/21592535.2016.1231276
http://dx.doi.org/10.1021/bm0343040
http://dx.doi.org/10.3390/ma10121352
http://dx.doi.org/10.1016/j.biomaterials.2006.09.051
http://www.ncbi.nlm.nih.gov/pubmed/17081604
http://dx.doi.org/10.1016/j.msec.2015.10.017
http://www.ncbi.nlm.nih.gov/pubmed/26652364
http://dx.doi.org/10.1002/jbm.a.30686
http://www.ncbi.nlm.nih.gov/pubmed/16602124
http://dx.doi.org/10.1089/107632704322791691
http://www.ncbi.nlm.nih.gov/pubmed/15009930
http://dx.doi.org/10.1016/j.actbio.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27063493

Polymers 2020, 12, 2636 17 of 20

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Zhu, Y.; Mao, Z.; Gao, C. Aminolysis-based surface modification of polyesters for biomedical applications.
RSC Adv. 2013, 3, 2509-2519. [CrossRef]

Boland, E.D.; Telemeco, T.A.; Simpson, D.G.; Wnek, G.E.; Bowlin, G.L. Utilizing acid pretreatment and
electrospinning to improve biocompatibility of poly (glycolic acid) for tissue engineering. J. Biomed. Mater.
Res. B Biomater. 2004, 71, 144-152. [CrossRef]

Lee, S.J.; Khang, G.; Lee, YM.; Lee, H.B. Interaction of human chondrocytes and NIH/3T3 fibroblasts on
chloric acid-treated biodegradable polymer surfaces. J. Biomater. Sci. 2002, 13, 197-212. [CrossRef]
Kongdee, A.; Okubayashi, S.; Tabata, I.; Hori, T. Impregnation of silk sericin into polyester fibers using
supercritical carbon dioxide. J. Appl. Polym. Sci. 2007, 105, 2091-2097. [CrossRef]

Spinella, S.; Re, G.L.; Liu, B.; Dorgan, ]J.; Habibi, Y.; Leclere, P; Raquez, ].M.; Dubois, P.; Gross, R.A.
Polylactide/cellulose nanocrystal nanocomposites: Efficient routes for nanofiber modification and effects of
nanofiber chemistry on PLA reinforcement. Polymer 2015, 65, 9-17. [CrossRef]

Wang, Y.Q.; Cai, ].Y. Enhanced cell affinity of poly (L-lactic acid) modified by base hydrolysis: Wettability and
surface roughness at nanometer scale. Curr. Appl. Phy. 2007, 7, e108—e111. [CrossRef]

Getnet, M.; Chavan, R. Catalyzation of alkaline hydrolysis of polyester by oxidizing agents for surface
modification. Int. J. Sci. Basic Appl. Res. 2015, 22, 232.

Sadeghi, A.R.; Nokhasteh, S.; Molavi, A.M.; Khorsand-Ghayeni, M.; Naderi-Meshkin, H.; Mahdizadeh, A.
Surface modification of electrospun PLGA scaffold with collagen for bioengineered skin substitutes.
Mater. Sci. Eng. 2016, 66, 130-137. [CrossRef] [PubMed]

De Luca, A.C.; Terenghi, G.; Downes, S. Chemical surface modification of poly-e-caprolactone improves
Schwann cell proliferation for peripheral nerve repair. J. Tissue Eng. Regen. M 2012, 8, 153-163.
[CrossRef] [PubMed]

Fu, G.D,; Lei, ].Y;; Yao, C; Li, X.S.; Yao, F; Nie, S.Z.; Kang, T.; Neoh, K.G. Core—Sheath Nanofibers
from Combined Atom Transfer Radical Polymerization and Electrospinning. Macromolecules 2008, 41,
6854-6858. [CrossRef]

Fu, G.D.; Xu, L.Q.; Yao, F; Zhang, K.; Wang, X.F.; Zhu, M.F,; Nie, S.Z. Smart Nanofibers from Combined
Living Radical Polymerization, “Click Chemistry”, and Electrospinning. ACS Appl. Mater. Interfaces 2009, 1,
239-243. [CrossRef]

Maffei, A.; Michieli, N.; Brun, P.; Zamuner, A.; Zaggia, A.; Roso, M.; Kalinic, B.; Falzacappa, E.; Scopece, P.;
Gross, S.; et al. An atmospheric pressure plasma jet to tune the bioactive peptide coupling to polycaprolactone
electrospun layers. Appl. Surf. Sci. 2020, 507, 144713. [CrossRef]

Minko, S. Grafting on Solid Surfaces: “Grafting to” and “Grafting from” Methods. In Polymer Surfaces and
Interfaces; Springer: Berlin/Heidelberg, Germany, 2008; pp. 215-234.

Hesari, S.M.; Ghorbani, F.; Ghorbani, F.; Zamanian, A.; Khavandi, A. Plasma surface modification
technique-induced gelatin grafting on bio-originated polyurethane porous matrix: Physicochemical and
in vitro study. Polym. Compos. 2020, 20, 1-12. [CrossRef]

Sun, Y.; Du, H.;; Deng, Y., Lan, Y., Feng, C. Preparation of polyacrylamide via surface-initiated
electrochemical-mediated atom transfer radical polymerization (SI-eATRP) for Pb%* sensing. . Solid
State Electr. 2016, 20, 105-113. [CrossRef]

Mushtaq, M.; Jindani, R; Farooq, A.; Li, X.; Saba, H.; Wasim, M.; Siddiqui, Q. Characterization of electrospun
polylactide nanofibers modified via atom transfer radical polymerization. J. Ind. Text. 2020, 1-11. [CrossRef]
Matyjaszewski, K.; Tsarevsky, N.V. Macromolecular engineering by atom transfer radical polymerization.
J. Am. Chem. Soc. 2014, 136, 6513-6533. [CrossRef]

Ma, Z.; Kotaki, M.; Ramakrishna, S. Surface modified nonwoven polysulphone (PSU) fiber mesh by
electrospinning: A novel affinity membrane. J. Membr. Sci. 2006, 272, 179-187. [CrossRef]

Chen, J.P; Chiang, Y.P. Surface modification of non-woven fabric by DC pulsed plasma treatment and graft
polymerization with acrylic acid. J. Membr. Sci. 2006, 270, 212-220. [CrossRef]

Ding, Z. Immobilization of chitosan onto poly-?-lactic acid film surface by plasma graft polymerization to
control the morphology of fibroblast and liver cells. Biomaterials 2004, 25, 1059-1067. [CrossRef]
Sadeghzade, N.; Nouri, M.; Nateri, A.S. Evaluating Osteogenic Differentiation of Mesenchymal Stem Cells on
Poly (caprolactone) Electrospun Scaffolds by Image Processing Techniques. Bionanoscience 2020, 10, 381-388.
[CrossRef]


http://dx.doi.org/10.1039/C2RA22358A
http://dx.doi.org/10.1002/jbm.b.30105
http://dx.doi.org/10.1163/156856202317414375
http://dx.doi.org/10.1002/app.26314
http://dx.doi.org/10.1016/j.polymer.2015.02.048
http://dx.doi.org/10.1016/j.cap.2006.11.027
http://dx.doi.org/10.1016/j.msec.2016.04.073
http://www.ncbi.nlm.nih.gov/pubmed/27207046
http://dx.doi.org/10.1002/term.1509
http://www.ncbi.nlm.nih.gov/pubmed/22508573
http://dx.doi.org/10.1021/ma800499h
http://dx.doi.org/10.1021/am800143u
http://dx.doi.org/10.1016/j.apsusc.2019.144713
http://dx.doi.org/10.1177/0967391120929076
http://dx.doi.org/10.1007/s10008-015-3008-3
http://dx.doi.org/10.1177/1528083720930381
http://dx.doi.org/10.1021/ja408069v
http://dx.doi.org/10.1016/j.memsci.2005.07.038
http://dx.doi.org/10.1016/j.memsci.2005.11.015
http://dx.doi.org/10.1016/S0142-9612(03)00615-X
http://dx.doi.org/10.1007/s12668-019-00682-4

Polymers 2020, 12, 2636 18 of 20

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Toledo, A.L.M.M.; Ramalho, B.S,; Picciani, PH.S.; Baptista, L.S.; Martinez, A.M.B.; Dias, M.L. Effect of three
different amines on the surface properties of electrospun polycaprolactone mats. Int. J. Polym. Mater. 2020,
1-13. [CrossRef]

Wu, C.A. Comparison of the Structure, Thermal Properties, and Biodegradability of Polycaprolactone/
Chitosan and Acrylic Acid Grafted Polycaprolactone/Chitosan. Polymer 2005, 46, 147-155. [CrossRef]
Chen, J.-P; Li, S.-F,; Chiang, Y.-P. Bioactive Collagen-Grafted Poly-L-Lactic Acid Nanofibrous Membrane for
Cartilage Tissue Engineering. J. Nanosci. Nanotechnol. 2010, 10, 5393-5398. [CrossRef]

Chen, ].P; Su, C.H. Surface modification of electrospun PLLA nanofibers by plasma treatment and cationized
gelatin immobilization for cartilage tissue engineering. Acta Biomater. 2011, 20117, 234-243. [CrossRef]
Singh, M.; Vajpayee, M.; Ledwani, L. Eco-friendly Surface Modification and Nanofinishing of Textile Polymers
to Enhance Functionalisation. In Nanotechnology for Energy and Environmental Engineering; Ledwani, L.,
Sangwai, J., Eds.; Springer: Cham, Switzerland, 2020; pp. 529-559.

Pashkuleva, I.; Marques, A.P,; Vaz, F; Reis, R.L. Surface modification of starch based biomaterials by oxygen
plasma or UV-irradiation. . Mater. Sci. Mater. Med. 2010, 21, 21-32. [CrossRef]

Dorai, R.; Kushner, M.]. A model for plasma modification of polypropylene using atmospheric pressure
discharges. J. Phys. D Appl. Phys. 2003, 36, 666. [CrossRef]

Yang, F.; Wolke, ].G.C.; Jansen, ].A. Biomimetic calcium phosphate coating on electrospun poly(e-caprolactone)
scaffolds for bone tissue engineering. Chem. Eng. J. 2008, 137, 154-161. [CrossRef]

Fasano, V., Laurita, R, Moffa, M.; Gualandi, C.; Colombo, V.; Gherardi, M.; Focarete, M.L.
Enhanced electrospinning of active organic fibers by plasma treatment on conjugated polymer solutions.
ACS Appl. Mater. Interfaces 2020, 12, 26320-26329. [CrossRef] [PubMed]

Kupka, V.; Dvofakova, E.; Manakhov, A.; Michli¢ek, M.; Petrus, J.; Vojtova, L.; Zajitkov4, L. Well-blended
PCL/PEO electrospun nanofibers with functional properties enhanced by plasma processing. Polymers 2020,
12, 1403. [CrossRef] [PubMed]

Ghorbani, F.; Zamanian, A.; Aidun, A. Conductive electrospun polyurethane-polyaniline scaffolds coated
with poly (vinyl alcohol)-GPTMS under oxygen plasma surface modification. Mater. Today Commun. 2020,
22,100752. [CrossRef]

Min, B.M.; Jeong, L.; Yeo, L.S.; Kim, H.N.; Yoon, Y.I; Jang, D.H.; Park, W.H. Plasma-treated silk fibroin
nanofibers for skin regeneration. Int. J. Biol. Macromol. 2009, 44, 222-228.

Occhiello, E.; Morra, M.; Morini, G.; Garbassi, F.; Humphrey, P. Oxygen-plasma-treated polypropylene
interfaces with air, water, and epoxy resins: Part I. Air and water. J. Appl. Polym. Sci. 1991, 42, 551-559.
[CrossRef]

Park, K.; Ju, YM.; Son, ].S.; Ahn, K.D.; Han, D.K. Surface modification of biodegradable electrospun nanofiber
scaffolds and their interaction with fibroblasts. J. Biomater. Sci. 2007, 18, 369-382. [CrossRef]

Nistico, R.; Magnacca, G.; Faga, M.G.; Gautier, G.; D’Angelo, D.; Ciancio, E.; Martorana, S. Effect of
atmospheric oxidative plasma treatments on polypropylenic fibers surface: Characterization and reaction
mechanisms. Appl. Surf. Sci. 2013, 279, 285-292. [CrossRef]

Kooshki, H.; Ghollasi, M.; Halabian, R.; Kazemi, N.M. Osteogenic differentiation of preconditioned
bone marrow mesenchymal stem cells with lipopolysaccharide on modified poly-1 -lactic-acid nanofibers.
J. Cell. Physiol. 2018, 234, 5343-5353. [CrossRef]

Cheng, Q.; Lee, B.L.-P; Komvopoulos, K.; Yan, Z.; Li, S. Plasma surface chemical treatment of electrospun
poly (1-lactide) microfibrous scaffolds for enhanced cell adhesion, growth, and infiltration. Tissue Eng. Part. A
2013, 19, 1188-1198. [CrossRef] [PubMed]

Park, H.; Lee, K.Y.; Lee, S.J.; Park, K.E.; Park, W.H. Plasma-treated poly (lactic-co-glycolic acid) nanofibers for
tissue engineering. Macromol. Res. 2007, 15, 238-243. [CrossRef]

Dolci, L.S.; Quiroga, S.D.; Gherardi, M.; Laurita, R.; Liguori, A.; Sanibondi, P.; Focarete, M.L. Carboxyl Surface
Functionalization of Poly (l-lactic acid) Electrospun Nanofibers through Atmospheric Non-T hermal Plasma
Affects Fibroblast Morphology. Plasma Process. Polym. 2014, 11, 203-213. [CrossRef]

Morra, M.; Occhiello, E.; Garbassi, F. Contact angle hysteresis on oxygen plasma treated polypropylene
surfaces. . Colloid Interface Sci. 1989, 132, 504-508. [CrossRef]

De Geyter, N.; Morent, R.; Leys, C. Influence of ambient conditions on the ageing behaviour of plasma-treated
PET surfaces. Nucl. Instrum. Methods Phys. Res. B Beam Interact. Mater. At. 2008, 266, 3086-3090. [CrossRef]


http://dx.doi.org/10.1080/00914037.2020.1785463
http://dx.doi.org/10.1016/j.polymer.2004.11.013
http://dx.doi.org/10.1166/jnn.2010.1945
http://dx.doi.org/10.1016/j.actbio.2010.08.015
http://dx.doi.org/10.1007/s10856-009-3831-0
http://dx.doi.org/10.1088/0022-3727/36/6/309
http://dx.doi.org/10.1016/j.cej.2007.07.076
http://dx.doi.org/10.1021/acsami.0c02724
http://www.ncbi.nlm.nih.gov/pubmed/32406678
http://dx.doi.org/10.3390/polym12061403
http://www.ncbi.nlm.nih.gov/pubmed/32580496
http://dx.doi.org/10.1016/j.mtcomm.2019.100752
http://dx.doi.org/10.1002/app.1991.070420228
http://dx.doi.org/10.1163/156856207780424997
http://dx.doi.org/10.1016/j.apsusc.2013.04.087
http://dx.doi.org/10.1002/jcp.26567
http://dx.doi.org/10.1089/ten.tea.2011.0725
http://www.ncbi.nlm.nih.gov/pubmed/23281641
http://dx.doi.org/10.1007/BF03218782
http://dx.doi.org/10.1002/ppap.201300104
http://dx.doi.org/10.1016/0021-9797(89)90264-6
http://dx.doi.org/10.1016/j.nimb.2008.03.167

Polymers 2020, 12, 2636 19 of 20

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Mrad, O.; Saunier, J.; Aymes-Chodur, C.; Mazel, V.; Rosilio, V.; Agnely, F.; Yagoubi, N. Aging of a medical
device surface following cold plasma treatment: Influence of low molecular weight compounds on surface
recovery. Eur. Polym. . 2011, 47, 2403-2413. [CrossRef]

Pascual, M; Balart, R.; Sanchez, L.; Fenollar, O.; Calvo, O. Study of the aging process of corona discharge
plasma effects on low density polyethylene film surface. J. Mater. Sci. 2008, 43, 4901-4909. [CrossRef]
Vandenbossche, M.; Hegemann, D. Recent approaches to reduce aging phenomena in oxygen-and nitrogen-
containing plasma polymer films: An overview. Curt. Opin. Solid State Mater. Sci. 2018, 22, 26-38. [CrossRef]
Wavhal, D.S.; Fisher, E.R. Hydrophilic modification of polyethersulfone membranes by low temperature
plasma-induced graft polymerization. J. Membr. Sci. 2002, 209, 255-269. [CrossRef]

Garbassi, F.; Morra, M.; Occhiello, E. Chemical modifications. In Polymer Surfaces from Physics to Technology;
Garbassi, F.,, Morra, M., Occhiello, E., Eds.; Willey: Chichester, UK, 1994; pp. 242-274.

Esfahani, H.; Ghiyasi, Y. Effect of HA Nanoparticles on Adsorption of Vitamin D3 on Super-Hydrophobic
PA6 Nanofibrous Scaffold. Matéria 2020, 25. [CrossRef]

Yoshida, M.; Langer, R.; Lendlein, A.; Lahann, J. From advanced biomedical coatings to multi-functionalized
biomaterials. . Macromol. Sci. Polym. Rev. 2006, 46, 347-375. [CrossRef]

Casper, C.L.; Yamaguchi, N.; Kiick, K.L.; Rabolt, J.E. Functionalizing electrospun fibers with biologically
relevant macromolecules. Biomacromolecules 2005, 6, 1998-2007. [CrossRef]

Patel, S.; Kurpinski, K.; Quigley, R.; Gao, H.; Hsiao, B.S.; Poo, M.M.,; Li, S. Bioactive nanofibers: Synergistic effects
of nanotopography and chemical signaling on cell guidance. Nano Lett. 2007, 7, 2122-2128. [CrossRef] [PubMed]
Shitole, A.A.; Raut, P; Giram, P; Rade, P; Khandwekar, A.; Garnaik, B.;, Sharma, N.
Poly (vinylpyrrolidone)-iodine engineered poly (e-caprolactone) nanofibers as potential wound dressing
materials. Mater. Sci. Eng. C 2020, 110, 110731. [CrossRef] [PubMed]

Gao, D.; Mi, Y.; Gao, Z. Green approaches for the fabrication of electrospun poly (vinyl alcohol) nanofibers
loaded epidermal growth factor derivative. Mater. Lett. 2020, 276, 128237. [CrossRef]

Shelke, N.B.; James, R.; Laurencin, C.T.; Kumbar, S.G. Polysaccharide biomaterials for drug delivery and
regenerative engineering. Polym. Adv. Technol. 2014, 25, 448-460. [CrossRef]

Sakai, S.; Liu, Y.; Yamaguchi, T.; Watanabe, R.; Kawabe, M.; Kawakami, K. Immobilization of Pseudomonas
cepacia lipase onto electrospun polyacrylonitrile fibers through physical adsorption and application to
transesterification in nonaqueous solvent. Biotechnol. Lett. 2010, 32, 1059-1062. [CrossRef]

Kowalczyk, T. Functional Micro-and Nanofibers Obtained by Nonwoven Post-Modification. Polymers 2020,
12,1087. [CrossRef]

Rao, G.K.; Kurakula, M.; Yadav, K.S. Application of Electrospun Materials in Gene Delivery. In Electrospun
Materials and Their Allied Applications; Inamuddin, R.B., Mohd, I.A., Abdullah, M.A., Eds.; Scrivener publishing:
Austin, TX, USA, 2020; pp. 265-306.

Bu, Y;; Ma, |.; Bei, J.; Wang, S. Surface modification of aliphatic polyester to enhance biocompatibility.
Front. Bioeng. Biotechnol. 2019, 7, 98. [CrossRef]

Jankowska, K.; Zdarta, J.; Grzywaczyk, A.; Kijefiska-Gawronska, E.; Biadasz, A.; Jesionowski, T.
Electrospun poly (methyl methacrylate)/polyaniline fibres as a support for laccase immobilisation and use in
dye decolourisation. Environ. Res. 2020, 184, 109332. [CrossRef]

Miiller, K.J.E; Quinn, A.PR,; Johnston, M.; Becker, A.; Greiner, F. Caruso Polyelectrolyte functionalization of
electrospunfibers. Chem. Mater. 2006, 18, 2397-2403. [CrossRef]

Truong, Y.B.; Glattauer, V.; Briggs, K.L.; Zappe, S.; Ramshaw, ].A. Collagen-based layer-by-layer coating on
electrospun polymer scaffolds. Biomaterials 2012, 33, 9198-9204. [CrossRef] [PubMed]

Huang, S.J.; Soenen, E.; van Gulck, J.; Rejman, G.; Vanham, B.; Lucas, B.; Geers, K.; Braeckmans, V.; Shahin, P;
Spanoghe, J.; et al. Electrospun polystyrene fibers for HIV entrapment. Polym. Adv. Technol. 2014, 25,
827-834. [CrossRef]

Chunder, A.; Sarkar, S.; Yu, Y.; Zhai, L. Fabrication of ultrathin polyelectrolyte fibers and their controlled
release properties. Colloids Surf. B 2007, 58, 172-179. [CrossRef]

Wu, Z.R.; Ma, J.; Liu, B.E; Xu, Q.Y.; Cui, EZ. Layer-by-layer assembly of polyelectrolyte films improving
cytocompatibility to neural cells. J. Biomed. Mater. Res. Part. A 2007, 81, 355-362. [CrossRef]

Zhang, K.; Chooi, WH.; Liu, S.; Chin, J.S.; Murray, A.; Nizetic, D.; Chew, S.Y. Localized delivery of
CRISPR/dCas9 via layer-by-layer self-assembling peptide coating on nanofibers for neural tissue engineering.
Biomaterials 2020, 256, 120225. [CrossRef]


http://dx.doi.org/10.1016/j.eurpolymj.2011.09.026
http://dx.doi.org/10.1007/s10853-008-2712-0
http://dx.doi.org/10.1016/j.cossms.2018.01.001
http://dx.doi.org/10.1016/S0376-7388(02)00352-6
http://dx.doi.org/10.1590/s1517-707620200001.0927
http://dx.doi.org/10.1080/15583720600945394
http://dx.doi.org/10.1021/bm050007e
http://dx.doi.org/10.1021/nl071182z
http://www.ncbi.nlm.nih.gov/pubmed/17567179
http://dx.doi.org/10.1016/j.msec.2020.110731
http://www.ncbi.nlm.nih.gov/pubmed/32204042
http://dx.doi.org/10.1016/j.matlet.2020.128237
http://dx.doi.org/10.1002/pat.3266
http://dx.doi.org/10.1007/s10529-010-0279-8
http://dx.doi.org/10.3390/polym12051087
http://dx.doi.org/10.3389/fbioe.2019.00098
http://dx.doi.org/10.1016/j.envres.2020.109332
http://dx.doi.org/10.1021/cm052760k
http://dx.doi.org/10.1016/j.biomaterials.2012.09.012
http://www.ncbi.nlm.nih.gov/pubmed/23036963
http://dx.doi.org/10.1002/pat.3310
http://dx.doi.org/10.1016/j.colsurfb.2007.03.004
http://dx.doi.org/10.1002/jbm.a.30993
http://dx.doi.org/10.1016/j.biomaterials.2020.120225

Polymers 2020, 12, 2636 20 of 20

103.

104.

105.

106.

107.

108.

109.

110.

111.

He, L.; Shi, Y;; Han, Q.; Zuo, Q.; Ramakrishna, S.; Xue, W.; Zhou, L. Surface modification of electrospun
nanofibrous scaffolds via polysaccharide—protein assembly multilayer for neurite outgrowth. |. Mater. Chem.
2012, 22, 13187-13196. [CrossRef]

Sanchez, L.D.; Brack, N.; Postma, A.; Pigram, P.J.; Meagher, L. Surface modification of electrospunfibres
for biomedical applications: A focus on radical polymerization methods. Biomaterials 2016, 106, 24—45.
[CrossRef]

Teo, W.E.; Ramakrishna, S. Electrospun nanofibers as a platform for multifunctional, hierarchically organized
nanocomposite. Compos. Sci. Technol. 2009, 69, 1804-1817. [CrossRef]

Wang, D.; Wang, X.; Li, X,; Jiang, L.; Chang, Z.; Li, Q. Biologically responsive, long-term release nanocoating
on an electrospun scaffold for vascular endothelialization and anticoagulation. Mater. Sci. Eng. C 2020, 107,
110212. [CrossRef]

Ghobeira, R.; De Geyter, N.; Morent, R. Plasma surface functionalization of biodegradable electrospun
scaffolds for tissue engineering applications. In Biodegradable Polymers: Recent Developments and New
Perspectives; Geraldine, R.C., Ed.; IAPC Publishing: Zagreb, Croatia, 2017; pp. 191-236.

Dufay, M.; Jimenez, M.; Degoutin, S. Effect of cold plasma treatment on electrospun nanofibers properties:
A review. ACS Appl. Bio. Mater. 2020, 3, 4696-4716. [CrossRef]

Bhattacharjee, P.; Naskar, D.; Kim, H.-W.; Maiti, T.K.; Bhattacharya, D.; Kundu, S.C. Non-mulberry silk
fibroin grafted PCL nanofibrous scaffold: Promising ECM for bone tissue engineering. Eur. Polym. J. 2015,
71,490-509. [CrossRef]

Krithica, N.; Natarajan, V.; Madhan, B.; Sehgal, PK.; Mandal, A.B. Type I collagen immobilized poly
(caprolactone) nanofibers: Characterization of surface modification and growth of fibroblasts. Adv. Eng. Mater.
2012, 14, B149-B154. [CrossRef]

de Sousa, A M.C.; Rodrigues, C.A.; Ferreira, I.A.; Diogo, M.M.; Linhardt, R.J.; Cabral, J.; Ferreira, F.C.
Functionalization of Electrospun Nanofibers and Fiber Alignment Enhance Neural Stem Cell Proliferation
and Neuronal Differentiation. Front. Bioeng. Biotechnol. 2020, 8, 1215.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/c2jm32332j
http://dx.doi.org/10.1016/j.biomaterials.2016.08.011
http://dx.doi.org/10.1016/j.compscitech.2009.04.015
http://dx.doi.org/10.1016/j.msec.2019.110212
http://dx.doi.org/10.1021/acsabm.0c00154
http://dx.doi.org/10.1016/j.eurpolymj.2015.08.025
http://dx.doi.org/10.1002/adem.201180035
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Surface Functionalization Methods 
	Chemical Methods 
	Wet Chemical Functionalization 
	Covalent Grafting 

	Physically/Chemically Functionalized Fibers 
	Physically Functionalized Fibers by Physical Adsorption 
	Simple Physical Adsorption 
	LBL Assembly 


	Tissue Engineering Applications of Functionalized Polymer Nanofibers 
	Conclusions and Future Perspectives 
	References

