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ocking and immobilization of
electrospun fiber in the biomedical field

Yuanlan Ning, * Wen Shen* and Fen Ao

The fiber obtained by electrospinning technology is a kind of biomaterial with excellent properties, which

not only has a unique micro–nanostructure that gives it a large specific surface area and porosity, but

also has satisfactory biocompatibility and degradability (if the spinning material used is a degradable

polymer). These biomaterials provide a suitable place for cell attachment and proliferation, and can also

achieve immobilization. On the other hand, its large porosity and three-dimensional spatial structure

show unique blocking properties in drug delivery applications in order to achieve the purpose of slow

release or even controlled release. The immobilization effect or blocking effect of these materials is

mainly reflected in the hollow or core–shell structure. The purpose of this paper is to understand the

application of the electrospun fiber based on biodegradable polymers (aliphatic polyesters) in the

biomedical field, especially the immobilization or blocking effect of the electrospun fiber membrane on

cells, drugs or enzymes. This paper focuses on the performance of these materials in tissue engineering,

wound dressing, drug delivery system, and enzyme immobilization technology. Finally, based on the

existing research basis of the electrospun fiber in the biomedical field, a potential research direction in

the future is put forward, and few suggestions are also given for the technical problems that urgently

need to be solved.
Introduction

When the diameter of a material reaches the micron or nano-
meter level, some unusual properties occur, such as a very large
specic surface area, excellent mechanical properties, and
a three-dimensional structure.1,2 These special properties make
this material the rst choice in many elds. At present, there are
many technologies that can be used to prepare nano-materials,
such as mechanical grinding,3 template synthesis,4 self-
assembly,5 and electrospinning.6,7 The time span for forming
ultrane nanobers using electrostatic force is not long. This
technology is called electrospinning, and it is a common
method for the preparation of micro- to nano-sized bers. In the
process of electrospinning, the spinning device is lled with
a charged polymer solution or melt liquid. Under the action of
the thruster, the droplets at the nozzle are affected by the
surface tension and electrostatic eld force. In the process of
strengthening the external electric eld, the droplets are
stretched from a sphere to a cone to form a “Taylor cone”, and
then randomly form nano-level bers at the receiving end.8 As
the prepared bers have high porosity, a large specic surface
area, excellent mechanical properties, exibility and good
uniformity, these bers have a variety of different uses and
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functions. Coupled with the simple preparation process and the
possibility of large-scale production, the technology is very
attractive to many elds,9–12 such as the biomedical eld, lter
materials, nanosensors, and nanober-reinforced compos-
ites.13–17 Among them, the biomedical eld is one of the most
important application elds, which includes tissue engineering,
wound dressing, and drug delivery systems.18–20 A number of
specic articles and patents have been reported on this subject.
Pokorski et al.21 reviewed the past patents of polymer nanober
scaffolds prepared by melt extrusion and chemically modied
them to add some surface functions to the bers for applica-
tions in tissue engineering, drug delivery systems, wound
healing, fabrics and lter materials. Hu et al.22 reviewed the
research progress of nanobers formed by different electrospun
materials, loaded with antibiotics and various antimicrobial
agents, in drug delivery and cancer treatment.

Biodegradable polymer materials are much widely used in
the eld of biomedicine (e.g., tissue engineering and drug
delivery) including variety of natural materials (e.g., collagen,
gelatin, hyaluronic acid, alginate, silk broin) and synthetic
materials (e.g., polyolen, polyamides, polyester, aramide,
acrylic).23–25 The solution or melting solution of one or more
polymer materials mentioned above can obtain ultra-ne
nanobers by electrospinning, which plays an important role
in all branches of the biomedical eld, especially the blocking
effect and immobilization effect caused by the particularity of
the structure. First of all, it can load the drug as a carrier for
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The chemical structure of some polyester materials.

Fig. 1 Growth of Acetobacter xylem cells on nanofibers.
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drug delivery26 and become a potential drug repository. This can
alleviate the initial sudden release and provide continuous
release. This can be attributed to the blocking effect of nano-
bers. Nanobers are composed of many laments, which have
the potential to overcome the sudden release caused by other
types of drug delivery systems. In addition, compared with other
drug loading systems, nanobers can withstand the larger drug
loading. On the other hand, synthetic or natural biodegradable
materials can be used to prepare electrospun nanobers, and
their molecular chains are oen composed of main chains and
many branched chains. In the spinning process, the material is
dispersed in the solvent. The originally curled chain segment is
stretched out due to the pull of the electrostatic eld force, and
then solidied into ber laments. When it is used as a carrier
to load the drug, the change of the original structure of the
material in the medium or physiological state promotes the
change of the carrier volume, which hinders the drug release
and slows down the release rate to achieve the purpose of sus-
tained release.7,27 Furthermore, ultrane nanobers can be
processed into cell scaffolds to realize cell attachment, prolif-
eration and differentiation.28 The phenomenon of cell growth
on scaffolds is very similar to the immobilization function oen
mentioned in the eld of microbiology. When new cells are
formed, the tissue forms a reticular structure supported by the
scaffold and provides immobilization for the cells that continue
to proliferate. The nanober scaffold has a very small ber
diameter and high porosity, so that the scaffold has a loosely
connected 3D structure, on which cells rely on to spread just as
lianas rely on stem whiskers to climb on the support. In this
way, cells not only get more space for growth, but also stack
more tightly. This helps the nanober scaffolds integrate into
the surrounding tissue, and provides a reliable platform for the
formation of new tissues. Suitable cell scaffolds must meet the
characteristics of tissue compatibility, so that some substances,
such as collagen and peptides, can be immobilized on the
modied (aminated) nanobers to improve tissue affinity. It can
also guide the growth and differentiation of functional cells or
tissues.29 In addition, nanobers can achieve the immobiliza-
tion of enzymes, yeast and other biological macromolecules.
This helps them achieve better catalytic efficiency and enzyme
activity in the biocatalytic reaction, maintain cell vitality and
correctly express the target protein.30–32 So, what is the state of
drug molecules or enzymes that are loaded or immobilized on
nanobers or scaffolds?

As we all know, nanober scaffolds provide a good space for
cell growth because of their special porous structure.33 This
porous structure is divided into two cases, one is the pores that
are formed by the stacking of different bers, which usually
have a large space and can immobilize enzymes or load
macromolecular drugs. The other is the voids that are formed
by the small holes connected to each other on the outer surface
of each ber, which are supported by staggered pillars or planes
to form the structural characteristics of high porosity of nano-
bers. Compared with traditional scaffolds or wound coverings,
this porous structure allows water and oxygen to permeate more
effectively. It can better exchange nutrients and metabolize with
the extracellular environment, thus transporting nutrients to
This journal is © The Royal Society of Chemistry 2020
specic areas to play a role. Because of the large specic surface
area and the characteristics of the ber voids, the extracellular
microenvironment is simulated. This makes the scaffolds and
cells achieve overall biological functionalization, which leads to
the occurrence of the cell adhesion process. This also increases
the biocompatibility of the nanobers to a certain extent. Fig. 1
shows the growth of Acetobacter xylem cells on electrospun
nanobers. Acetobacter is a single cell bacterium with a size of
about 2–5 mm, and can proliferate on tissue scaffolds. In the
process of proliferation, the cell forms a cocoon by attaching
itself to the surface of the nanober, and the metabolite
bacterial cellulose is formed. In addition, there may be many
short connections between each ber lament. These short
connections may be the same nanometer size as the ber la-
ment, or they may randomly form a larger cavity or bead
structure. Then, through superposition and accumulation, they
form a macroscopically consistent ber membrane, which can
be further assembled into a scaffold. When the ber scaffolds
are used in tissue engineering or woundmanagement, this kind
of cavity or bead structure can provide a very suitable place for
cells in the implant or wound to proliferate.11,34,35 Of course, the
cavity structure and core–shell structure are two different types
of structures, and their formation processes are random. This
makes it more suitable for immobilizing enzymes with larger
molecules. More interestingly, some of the bers obtained by
electrospinning can be arranged regularly in a specic direc-
tion, which enables cells to grow in a directional manner and
speed up wound healing. These kinds of bers arranged regu-
larly along the ber axis are called ‘aligned bers’.36 Aligned
bers appear in electrospinning with a polymer solution or melt
RSC Adv., 2020, 10, 37246–37265 | 37247
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solution. This is because the crystal structure of the macromo-
lecular chain, chain segment or crystalline polymer is regularly
arranged along the direction of an electrostatic eld force under
the action of the electrostatic eld force.37,38

Recently, aliphatic polyesters as a class of well-known
materials with low toxicity, biodegradability and good biocom-
patibility have been widely used in bone and cartilage tissue,
drug delivery and wound healing.39,40 Polyester and its series of
modied substances play an effective role in the eld of
biomedicine. For example, the active group was graed onto
polycaprolactone (PCL) by special ultraviolet irradiation to
improve the surface function and hydrophilicity of the scaffold
without affecting the inherent properties of PCL.41 Because
these kinds of materials are made of renewable resources, they
have good biocompatibility, can be degraded naturally, and the
resulting products are non-toxic. Compared with other tradi-
tional polymers used in the medical eld, these products are
cheap and easy to obtain, and have excellent properties.42–44

Thus, polyester materials are commonly used in electro-
spinning because of these characteristics. Therefore, the
purpose of this paper is to discuss and summarize the unique
blocking effect and immobilization of various biomaterials
prepared by polyester materials, and their series of copolymers
as the raw materials of electrospinning technology, including
tissue engineering, wound dressings, drug delivery carriers,
enzyme immobilization and biosensors.

Tissue engineering

The concept of tissue engineering was rst put forward in 1987.
It is an interdisciplinary discipline involving many elds, such
as medicine, biology, engineering and material science.45,46

Tissue engineering uses scaffolds to support cells and mimic
the natural extracellular matrix (ECM) to regenerate new ECM.
The high porosity and high surface area of the electrospun
nanober scaffolds promote cell adhesion, and can repair and
regenerate damaged tissues and organs.47 Tissue engineering is
through the adsorption of non-diseased tissue cells on the
scaffold which is non-toxic and self-degradable, and the
degradation products are also non-toxic to the body, and then
the scaffold is implanted into the lesion or injured site for
treatment. When the normal cells of the body proliferate, they
will be adsorbed on this scaffold to form a new scaffold with
a certain morphological structure and physiological function,
and achieve the purpose of working in cooperation with the
original tissue and organs.18,40 The proliferation of many cells
depends on a combination of growth factors, which can be
released from the reticular space structure of polymer nano-
bers and may stimulate the growth of damaged tissue.48

Therefore, mature ber scaffolds can be cross-linked in
different types of growth factor solutions to promote better cell
growth.

Polyester materials and their copolymers are the most
commonly used raw materials in tissue engineering, such as
polylactic acid (PLA), polyvinyl alcohol (PVA), PCL and their
copolymers, polyurethane (PU) and polyglycolic acid (PLGA)
(Fig. 2). Their extensive research and application stems from the
37248 | RSC Adv., 2020, 10, 37246–37265
easy degradability and excellent biocompatibility. Through the
hydrolysis of ester groups, non-toxic degradation products are
produced, and the degradation products can be eliminated
from the body through metabolic pathways.48 These materials
are designed to induce the growth and differentiation of cells in
the process of forming functional tissue.

The scaffolds prepared by electrospinning technology can
guide cell differentiation and strengthen cell function. Different
types of ber scaffolds have great potential in the eld of tissue
engineering (Table 1). In order to study the effect of ber
arrangement of scaffolds on the differentiation of phenotype of
cardiomyocytes, Parrag et al.49 used an electrospinning tech-
nique to fabricate the biodegradable polyurethane (PU) into
nanober scaffolds. Cardiomyocytes derived from mouse
embryonic stem cells (mESCs) were rst inoculated into mouse
embryonic broblasts (MEFs), and then inoculated on PU
scaffolds. A series of tests have shown that neatly arranged
nanober scaffolds can improve sarcomere tissue compared
with cells on aligned scaffolds. The aligned scaffolds led to the
anisotropic organization of rod-shaped cells, and improved the
sarcomere organization when compared to cells on the
unaligned scaffolds. These results show that the arrangement of
bers can induce the differentiation of mESCs. Nanobers can
not only induce cardiomyocytes to differentiate more pheno-
types, but also prepare corneal tissue stroma to replace
damaged tissue.15 Poly-L-lactic acid (PLLA) nanobers perform
well in this respect. Through the preparation of acellular PLLA
nanober networks, it was observed from the microscopic point
of view that the randomly arranged ber scaffolds are benecial
to the adhesion of corneal cells. They are very close to the
natural state of cell morphology in the process of cell culture, so
it shows the high bionic property of the PLLA nanober corneal
architecture. Moreover, the brous stent can load eumelanin in
the treatment of neurodegenerative disorders.50 A single mate-
rial may not be able to fulll the needs of tissue engineering
scaffolds, so PLA and its copolymers can be compounded with
natural materials (e.g., chitosan (CS), collagen) to optimize their
properties (Table 1). For example, the multistage electrospun
membrane was prepared by combining water-soluble collagen
and PLA through pattern electrospinning.51 Compared with the
single polymer, the addition of natural collagen and modied
stereocomplex polylactide (sc-PLA) can improve the mechanical
properties of the ber membrane (Table 2), and the mechanical
properties increase gradually with increasing addition amount.
Because the modied PLA has more of a three-dimensional
structure, the prepared electrospinning membrane can guide
cell penetration and attachment more effectively, thus acceler-
ating cell growth. Adding lecithin to PLA for electrospinning can
also increase the exibility and hydrophilicity of the ber. The
addition of the thermoplastic material PU improves the brit-
tleness of PLA, and further promotes the growth and prolifer-
ation of hepatocytes.52 In addition, materials for bone tissue,
cartilage tissue and vascular transplantation can also be
prepared. da Silva et al.53 used PLA and PVA as materials to
prepare the nanober scaffold with a core–shell structure by
electrospinning as the carrier of the BMP-2 protein, and applied
to the recovery of alveolar bone tissue. Su et al.54 compounded
This journal is © The Royal Society of Chemistry 2020
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Table 1 Synthetic materials commonly used in electrospinning, and the expected uses of the prepared biological materials in tissue engineering

Synthetic materials
and additives Spinning methods

Scaffold
diameter Cells for research Intended use Reference

PLLA Single polymer solution spinning,
uniaxial

0.65 � 0.03 mm Decellularized corneal
matrix

Corneal tissue engineering 15

PU Single polymer solution spinning,
uniaxial

0.6–7 mm mESCDCs Cardiomyocytes for cardiac
tissue engineering

49

PLA/EU Single polymer solution spinning,
uniaxial

— Neuronal-like cell line
(SH-SY5Y cells)

Neurodegenerative
applications

50

PU/lecithin Mixed solution spinning, uniaxial 146.9 � 33.7
nm

Hepatocyte In vitro hepatocyte culture 52

PLA/CS/calcium
silicate

Mixed solution spinning, uniaxial — hMSCs Bone tissue engineering 54

PLLA/SFA/SF Mixed solution spinning, uniaxial 0.77 � 0.16 mm Chondrocytes Cartilage tissue
engineering

55

PLLA/collagen/CS Mixed solution spinning,
stainless-steel rod collector

89.33–246.7 nm Lymphocyte T cell Vascular gra tube 58

PLCL/collagen/CS Mixed solution spinning, coaxial 517 � 112 nm Porcine iliac artery
endothelial cells
(PIECs)

Vascular gra tube 59

PVA/PLA Mixed solution spinning, coaxial 149 � 16.9 nm MC3T3-E1 subclone
4 strain cells

Recovery of alveolar bone
tissue

53

PLA/hydrosoluble
collagen

Pattern template, Electrospinning Around 200 nm L929 cells Scaffold, biosensor, or
biolter in tissue
engineering

51

PLA/tussah silk
broin (TSF)

Mixed solution spinning, uniaxial 500 nm Mouse mesenchymal
stem cells (MSCs)

Repair structural bone 60

PLGA/poly(D,L-lactic
acid) (PDLLA)

Mixed solution spinning, uniaxial 2.5 � 0.2 mm Human embryonic
kidney (HEK) 293T
cells

Guided tissue regeneration 61

PLA/GO-g-PEG Mixed solution spinning, uniaxial 593 � 98 nm Swiss mouse NIH 3T3
ECACC cells

Tissue engineering 62

PCL/PGC Mixed solution spinning, uniaxial — Endothelial progenitor
cells

Vascularization; bone
regeneration

57

Table 2 Mechanical properties of electrospun films with different morphologies.51 Copyright 2018, Elsevier

Groups
Breaking stress
(MPa) Breaking strain (%)

Young's
modulus (MPa)

PDLA random 3.9 � 0.4 11.8 � 3.0 302 � 27
PLLA random 4.1 � 0.3 13.2 � 1.1 314 � 30
sc-PLA random 4.8 � 0.8 23.7 � 2.8 331 � 51
sc-PLA/5% collagen random 5.4 � 0.4 18.0 � 2.2 397 � 29
sc-PLA/10% collagen random 5.7 � 0.6 19.5 � 3.7 446 � 43
sc-PLA/15% collagen random 8.1 � 0.7 15.1 � 2.9 475 � 35
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CS and calcium silicate into an electrospun PLA mat to observe
the adhesion and proliferation of human bone marrow
mesenchymal stem cells (hMSCs) on CS/CH–PLA. The results
indicated that the cells could clearly proliferate, and the addi-
tion of CS and calcium silicate could promote the proliferation
and osteogenesis of hMSCs. Li et al.55 prepared a PLA–silk
broin (SF) nanober scaffold and studied the interaction
between cell adhesion and proliferation. The results demon-
strated that the scaffold had good hydrophilicity, and could
effectively support the proliferation of chondrocytes. The scaf-
fold was also benecial to the formation of new cartilage tissue
in vitro. If electrospun nanobers are to be used as vascular
This journal is © The Royal Society of Chemistry 2020
gras, they need to have the same tubular structure as human
blood vessels (Fig. 3). On this basis, an appropriate pore size
and cell penetration ability are needed. Of course, in order to
give more function to the vascular gra material, different
active ingredients can be added in the preparation process:
vascular endothelial growth factor (VEGF), antiplatelet drugs
(like aspirin), dipyridamole and anticoagulant drugs (like
heparin).56 The addition of these ingredients makes the bio-
logical characteristics of the gramore similar to that of natural
blood vessels. Li et al.57 designed a gra based on the fact that
endothelial progenitor cells (EPCs) can induce vascularized
bone regeneration. The gra immobilized the bioactive
RSC Adv., 2020, 10, 37246–37265 | 37249
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Fig. 3 Tubular materials similar to the shape of blood vessels.
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peptides on the PCL/PGC nanober scaffolds by polyglycolic
acid, achieved the effective immobilization and continuous
release of bioactive peptides, and guided the vascularized bone
regeneration under the induction of EPCs. These dual-peptide
functionalized nano-brous scaffolds show amazing advan-
tages in early angiogenesis and osteogenesis. Moreover, Fiq-
rianti et al.58 blended PLLA, collagen and CS to prepare
a vascular gra, and studied the tensile strength, burst pressure
and blood compatibility of the gra. It turned out that the gra
conforms to the standards of high compatibility and low cyto-
toxicity, and had the potential for further development. Yin
et al.59 also prepared vascular gras with polyester, collagen and
CS. However, they adopted a coaxial electrospinning method,
and the gras showed satisfactory properties.

From the published research literature, it can be seen that
electrospinning technology plays a very wide range of applica-
tions in tissue engineering, mainly by guiding cell differentia-
tion and tissue regeneration to achieve the application of
scaffolds in different types of tissue engineering. Of course, it is
also an excellent candidate for bone tissue, cartilage tissue and
vascular gras because the microstructure of the nanoscaffolds
has signicant advantages. From Table 1, we can clearly
understand that the materials for preparing stents are synthetic
or natural biodegradable polymer materials. These special
properties make this kind of material become a research hot-
spot in the eld of biomedicine. In addition, the diameter of the
scaffold is at the nanometer or micron level, which provides an
ideal platform for the application of scaffolds in different elds
of tissue engineering.

In the process of searching the literature, we found that
neatly arranged ordered bers have surprising performance in
some aspects.49 We all know that the nanober scaffolds
prepared by electrospinning have the characteristics of high
porosity. In the spinning process, the tip of the “Taylor cone” is
randomly scattered on the receiving end under the action of an
electrostatic force. The microcosmic arrangement of the nano-
bers is disordered, which leads to the formation of high
porosity of the scaffolds. However, the physical state of the
scaffold synthesized by each ber set is orderly as a whole, and
this orderly arrangement of bers can meet the needs of the
directional growth of muscle cells, vascular endothelial cells
and neuronal cells.51,58

Yang et al.63 prepared the aligned PLLA nano/micro brous
scaffolds, and observed that neural stem cells (NSCs) can grow
37250 | RSC Adv., 2020, 10, 37246–37265
along the electrospinning direction on the nanobers. Xu et al.64

used poly(L-lactide-co-3-caprolactone) [P(LLA-CL)] as a polymer
material to obtain scaffolds with a ber diameter of 500 nm,
which mimics the circumferential orientation of the cells and
brils found in the medial layer of a native artery. Using the
smooth muscle cell (SMCs) as a model cell, it was observed that
SMCs could grow along the ber direction.
Wound dressing

There are four wound healing stages: hemostasis, inamma-
tion, proliferation and remodeling. When acute wounds (cuts,
trauma) are formed, these four processes are triggered over
time. In the early stages of wound healing, it is oen infected. It
shows persistent abnormal inammation, which increases the
permeability of the capillaries, causing tissue uid in the body
to extravasate from capillaries.65 At this time, a dressing is
needed to absorb the exudate from the wound, block the contact
between the wound and the bacteria andmicroorganisms in the
external environment, and avoid the occurrence of an inam-
matory reaction.

Medical wound dressing is a material used to cover the
wound, and its main function is to absorb the exudate from the
wound and protect the wound from the pollution of bacteria
and dust in the air.66 The ideal wound dressing should have the
following characteristics: (a) good hemostatic ability and
absorptive capacity; (b) suitable voids in exchange for gases; (c)
good biocompatibility, easy to remove, and low cost.67 Suitable
wound dressings, such as materials made of biopolymer poly-
mers, can reduce the incidence of infection and accelerate
healing. This is especially true for biopolymer nanober
dressings, which can increase the specic surface area. Then,
antibiotics or antimicrobials are delivered to the wound envi-
ronment to control infection.65,68 The application of a nanober
membrane prepared by electrospinning technology for wound
dressings fully satisfy the above characteristics, and it has many
advantages. First of all, the materials for preparing the dress-
ings are natural or synthetic biodegradable polymer materials
(such as PLA, PVA). This satises the requirements of biocom-
patibility, and avoids the secondary injury of traditional dress-
ings. Secondly, the nanober membrane can effectively hinder
the contact between the external dust, bacteria and the wound,
which is conducive to wound recovery. Finally, its high porosity
is conducive to cell adhesion and proliferation, and the loose
porous structure can exchange gases for wound healing.7,69

Fig. 4(a) shows a schematic diagram of the process of preparing
nanober membranes by electrospinning, and applying it to the
wound dressing. Through observation, it can be found that the
diameter of the ber membrane is very small and uniformly
distributed, showing a loose porous structure. The brous
membrane is attached to the wound as a wound dressing
(Fig. 4(b)). Its surface can adhere well to the skin. From
a microscopic point of view, it was found that the reticular
structure of the brous membrane can block the escape of
blood cells, thus achieving the effect of hemostasis. In addition,
the characteristic structure of the nanober membrane can
This journal is © The Royal Society of Chemistry 2020
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slow down the rate of drug release, so as to avoid the toxicity and
side effects of sudden drug release into the human body.70

Loading drugs on nanobermembranes is a commonmeans
to achieve antibacterial purposes. Under this background, many
compounds with antibacterial activity have been widely studied,
such as CS, a natural substance with antibacterial activity,71,72

the antibacterial drug ketoprofen,73 and antibiotics.74,75 Ranjith
et al.72 reviewed the latest research progress of CS nanober
wound dressings, and systematically introduced the latest
research on CS-based nanober membrane-loading therapeutic
agents (e.g., curcumin, asiaticoside, ferulic acid, tannic acid). It
involved a variety of compounds with antibacterial activity from
natural plants. Quercetin (from natural plants) is a kind of
avonoid that not only has anti-inammatory, antibacterial and
antiviral properties, but also has the effect of scavenging free
radicals and can improve the process of wound healing.76 Based
on this, Kost et al.77 prepared quercetin-loaded polylactic acid
bers. The star-shaped chiral polymers were synthesized by
ring-opening polymerization, and then PDLA was prepared by b-
cyclodextrin as the initiator. Next, quercetin and the above
polymers were dissolved in CH3Cl to obtain inclusion
complexes. Electrospinning technology was then used to
prepare nanobers with good antibacterial activity, which
revealed their great potential in anti-microbial infections from
bacteria such as Staphylococcus aureus (S. aureus) and Escher-
ichia coli (E. coli). Essential oils of clary sage and black pepper
also have antibacterial activity, and are from natural plants. The
nanober membrane obtained by combining it with PLA
demonstrated antibacterial activity against E. coli and
Table 3 Electrospun fibers loaded with drugs or active components, an

Polymer
Antimicrobial agents or other
antibacterial substances Nozzle type

PCL/CA/PEO CS Double nozz

Eudragit® S100 (ES100) Nitrofurazone Single or coa
nozzles

PU–Mt Tetracycline hydrochloride Single nozzle

PLA/MbCD Quercetin Single nozzle

PLA Essential oils (EOs) of clary sage
and black pepper

Single nozzle

PLLA Bovine lactoferrin (bLF) Single nozzle

PLA Siliceous sponge spicules (SSS) Single nozzle

PLA/HBTC/im Ag ions Single nozzle

PLA Colloidal nanosilver Single nozzle

PVA/PVP/PEC/MF Silver nanoparticles (AgNPs) Single nozzle

PCL/CS Silver nanoparticles (AgNPs) Coaxial nozz

This journal is © The Royal Society of Chemistry 2020
Staphylococcus epidermidis (S. epidermidis), and also had the
potential to regulate cell behavior.78 In the aspect of an anti-
bacterial property, lactoferrin also has good performance.
Machado et al.79 prepared the PLA–bovine lactoferrin composite
lm as an antibacterial wound dressing, which manifested
antifungal activity against Aspergillus nidulans by inhibiting
spore germination and mycelial growth. Sponge spicule is an
interesting substance. It comes from the animal kingdom and
has good antibacterial properties. Wu et al.80 committed to the
research of new biomaterials with antibacterial properties. He
and his team compounded siliceous sponge spicules (SSS) and
PLA to obtain nano-scale PLA/SSS composite bers, which
showed good cytocompatibility and antibacterial properties.

The drugs loaded on the ber mat are not limited to anti-
microbial agents. Other substances with antibacterial proper-
ties have also been widely studied (Table 3). Including
antibacterial nanoparticles (such as zinc oxide, titanium
dioxide, silver and gold), these nanoparticles exhibit some
advantages because of their higher thermal stability. This will
endow wound dressings with better antibacterial activity and
other physical properties.69 Silver ions are a well-known metal
ion with antibacterial properties, which can kill a variety of
pathogenic microorganisms. Silver nanocomposite bers can
be obtained from synthetic nanoparticles or some silver salt
solutions. Zhang et al.81 prepared a silver(I) metal–organic
frameworks–polylactic acid composite brous mat with high
antibacterial activity. The ber mat has unique broad-spectrum
antibacterial activity against E. coli, Pseudomonas aeruginosa (P.
aeruginosa), S. aureus and Mycobacterium smegmatis (M.
d their antibacterial properties

Antibacterial
properties

Cell models and
cytotoxicity Reference

le — L929 mouse broblast
cells; no cytotoxicity

71

xial E. coli — 74

S. aureus and E. coli Human broblast cell;
apoptosis occurs when the
drug concentration is high

74

S. aureus, E. coli and
Klebsiella pneumoniae

— 77

E. coli and S.
epidermidis

— 78

S. aureus, and P.
aeruginosa

Human skin broblasts
(BJ-5ta cell line); no
obvious cytotoxicity

79

S. aureus and E. coli CCD966SK cell; good cell
compatibility

80

E. coli, P. aeruginosa, S.
aureus and M.
smegmatis

— 81

S. aureus and E. coli L929 cells; it shows a toxic
effect with increased silver
concentration

82

E. coli, P. aeruginosa,
and S. aureus

HSF-PI 18 broblast cells;
no obvious cytotoxicity

83

les S. aureus and E. coli — 84
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smegmatis). The antibacterial mechanism may be related to the
dissipation of proton power, the destruction of the energy
metabolism pathway and the loss of a transport system. Alip-
pilakkotte et al.82 reported the green synthesis of colloidal silver
nanoparticles, in which plant extracts with medicinal value
were introduced as reducing agents. In order to further enhance
the antibacterial activity of the system, they used balsam pear
extract to reduce silver and synthesized colloidal Ag-NPs in an
organic medium to obtain highly uniform nanoparticles. So as
to stabilize the silver nanoparticles, PLA was added to the
organic solvent to reduce the size of the colloidal Ag-NPs and
narrow the particle size distribution. Finally, PLA/Ag nanobers
were prepared by electrospinning. The upshot showed that the
bers could promote the proliferation of epidermal cells and
broblasts, and to repair wounds. Similarly, Alipour et al.83 also
studied the wound healing properties of electrospun nanobers
with silver nanoparticles. The dermis regeneration of the
dressings was studied by animal model, and it was found that
the silver nanoparticles could signicantly promote the wound
healing of New Zealand white rabbits.

In order to make the composite polymer ber membrane
perform better, a more sophisticated technology can be used to
create nanobers with a core–sheath structure, which is coaxial
electrospinning technology. Kalwar et al.84 designed an elec-
trospun ber based on PCL/CS (core/sheath). The addition of CS
improved the hydrophilicity and biocompatibility of the elec-
trospun ber. On the other hand, CS interacted with silver
nanoparticles in the form of hydroxyl and amide, so that the
silver nanoparticles were uniformly dispersed in CS. Addition-
ally, the obtained ber materials had a good inhibitory effect on
the growth of S. aureus and E. coli in vitro.

The nanobers obtained by electrospinning must have
appropriate in vivo properties, e.g., good biocompatibility and
low cytotoxicity, if they are to become potential application
materials in the eld of wound dressings to ensure that cells in
the body can survive effectively when in contact with the
dressing. Therefore, it is necessary not to use or minimize the
use of hazardous solvents during the preparation process.71 In
addition, wound dressings are generally applied to the affected
area to have an effect. Thus, the nanobers as an alternative
material should have appropriate mechanical properties. On
the other hand, compared with mechanical properties, good
biocompatibility and low cytotoxicity are the most important
conditions to judge nanober materials.

It should be emphasized that in the research literature listed
above, it can be found that some have studied the biocompat-
ibility and cytotoxicity of composite ber pads, while only a few
have studied the wound healing ability of dressings. They used
a rat full-layer skin infection model to test the anti-infective
healing effect of the composite ber dressings. The results
indicated that the wound healing speed was accelerated, and
the healing rate was as high as 99.9%. Furthermore, the anti-
bacterial mechanism was also discussed. From the point of view
of the structure, the antibacterial activity was closely related to
the skeleton knot of the composite ber dressing because the
three-dimensional structure of the ber membrane could
realize the controlled release of antibiotics to a certain extent. It
This journal is © The Royal Society of Chemistry 2020
has realized the strong development situation of the new
strategy of antibiotic-free antibacterial dressings in the eld of
trauma treatment.81 Furthermore, Kost et al.77 proposed that
nanobers as antibacterial dressings may interact with anti-
bacterial substances on the cell wall, and affect cell membrane
production. This view is helpful to further clarify the mecha-
nism of wound dressings, and lay a foundation for the follow-up
study of biocompatibility and cytotoxicity.

Drug delivery system

Because of its structural characteristics, the electrospun ber
membrane can be used in drug delivery systems because it can
directly wrap drugs. Hydrophilic or hydrophobic drugs and
metal nanoparticles can be loaded onto the electrospun
membrane to exert better function (Table 4). Compared with
other forms of drug carriers, such as liposomes and nano-
particles, electrospinning technology provides great exibility
in the selection of drug delivery materials and drugs. The
electrospun ber membrane has the characteristics of large
drug loading, high entrapment efficiency, simultaneous
delivery of a variety of therapeutic drugs, and simple operation.
The drug release behavior is decided by the drug diffusion and
degradation in the carrier polymer, while the electrospinning
technology can control the drug distribution in the ber. The
three-dimensional network structure of the ber can change the
drug release strategy and reduce the frequency of sudden drug
release. Consequently, it is easier to achieve controlled drug
release.85–87 For example, Zhu et al.88 prepared biodegradable
PLLA nanobers using lovastatin as a model drug to reduce the
risk of cholesterol, stroke and heart attack. The characterization
results proved that adding a certain amount of lovastatin can
improve the orientation and surface smoothness of the bers.
The study of drug release in vitro shows that the release behavior
is divided into two stages. The release rate of the rst stage is
fast, while the second stage becomes very slow to achieve the
purpose of sustained release.

Most of the studies focused on the effect of the morphology
of electrospun nanobers on drug delivery, such as core–sheath
structures and hollow structures. The core–sheath structure
nanober is a novel type of nanober, which is composed of two
independent parts: an internal “core” and an external “sheath”
layer. Since these two parts are spatially independent, they each
perform their own duties.89 Many research studies have shown
that nanobers with core–sheath structure have many advan-
tages in drug delivery:47,84 (a) drugs of different properties can be
loaded and released at the same time to achieve biphasic drug
release; (b) some unstable drugs can be protected in core
materials; (c) the drug release behavior is controlled by the core
and sheath, and this special structure can inhibit the initial
sudden release of the drug, thus providing an appropriate
release rate for the purpose of treatment (Table 4). In general,
nanobers with a core–sheath structure are prepared by coaxial
electrospinning and emulsion electrospinning.90 Coaxial elec-
trospinning is a method to prepare nanobers with a complex
structure through two or more concentric aligned nozzles. For
example, Torres-Giner et al.91 utilized coaxial electrospinning
RSC Adv., 2020, 10, 37246–37265 | 37253
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technology to prepare PLA/collagen composite nanobers con-
taining gentamicin. It was found that the composite bers
could be used as an advanced drug delivery system with good
controllable antibacterial properties. Furthermore, Pant et al.92

found that a large number of studies have reported that core–
sheath nanobers were prepared by coaxial electrospinning,
and used for drug delivery systems. Therefore, they reviewed the
physical phenomena generated during coaxial electrospinning,
the inuence of various parameters on the spinning process,
and the application and challenges of nanobers with this
structure in drug delivery. For instance, the solution parameters
include the solvent type, polymer molecular weight, solution
concentration, viscosity, and electrical conductivity. The
process parameters include the applied electric eld voltage,
distance from tip to trap, and ow rate. The environmental
parameters include the temperature and relative humidity.
They proposed that the spinning equipment could be further
studied and improved to make this technology more attractive
for large-scale production. Besides, hydrogels could be intro-
duced into the composite system to change the properties of the
drug delivery system. Simões et al.93 successfully prepared the
drug loading system of the anti-inammatory drug nimesulide
using polymethyl methacrylate (PMMA) and PCL as raw mate-
rials by coaxial electrospinning. It turned out that the diameter
of these bers was larger than that of the control bers
(prepared by PMMA and PCL), and the existence of nimesulide
improved the thermal stability of the core–sheath bers.
Moreover, drug release studies showed that nimesulide was
released faster when it was located in the shell, which proved
that the PMMA–PCL core–sheath structure bers have great
application potential in the loading of hydrophobic drugs. In
nanobers with a core–sheath structure, sheath polymers can
not only contribute to the long-term release of drugs, but also
protect the internal core components from direct exposure to
the biological environment,22 enabling the drug to be released
safely and controllably from the nanober membrane. As
mentioned above, the preparation of electrospun bers with
a core–sheath structure was based on PCL/CS.84 Hai et al.94

continued to explore the application of nanotechnology in drug
carriers. He and his group improved coaxial electrospinning to
Fig. 4 (a) Schematic diagram of the process of preparing a nanofiber
membrane by electrospinning, and applying it to a wound dressing. (b)
Nanofiber membrane is applied to the wound.

37254 | RSC Adv., 2020, 10, 37246–37265
prepare novel nanobers with a hybrid structure. Glycerol
monostearate was used as the shell material, and berberine
hydrochloride and ethyl cellulose were loaded internally. In vitro
dissolution experiments showed that this structure had a good
sustained release effect, and is better than monolithic bers in
the initial drug release.

Wet electrospinning is an improved electrospinning method
that can be used to prepare bers with a core–sheath structure
without adding special chemical additives to the bers. In this
method, the traditional metal-receiving terminal is replaced by
the liquid-receiving terminal. It is a simple and effective method
to prepare nanobers with three-dimensional structure.95 Thus,
Mahdi et al.96 used PLA as the core material and cellulose
acetate as the ber layer to prepare three-dimensional bril-
lated biodegradable scaffolds by coaxial wet electrospinning.
Gelatin nano-carriers loaded with antidepressant citalopram
were also coated on the scaffolds to promote the attachment
and proliferation of nerve cells, showing the potential of nerve
regeneration. Similarly, Raei et al.97 also used a new method of
coaxial electrospinning and wet electrospinning to develop
a core–sheath three-dimensional sheet scaffold. The scaffold
uses PCL as shell material, and is loaded with bovine serum
album internally. It has sufficient porosity and suitable pore
size to meet the needs of cell growth, and the in vitro release test
also reects sustained release performance. We can then come
to the conclusion that coaxial electrospinning is a promising
method to maintain the bioactivity of the drugs loaded on the
bers. Triaxial electrospinning (using three concentric nested
needles) is also an improved electrospinning method. Although
there are few studies, it has shown potential in adjusting the
mechanical properties, biological properties and drug release of
the materials.98–100 Yang et al.101 applied triaxial electrospinning
to prepare a new structure of core–sheath nanobers, the
internal structure of which is coated with drugs, and the
outermost layer is thin cellulose acetate. They make core–
sheath nanobers by simultaneously treating external solvents,
non-electrospun intermediate uids and electrospun cores. Its
microstructure has linear and cylindrical morphology, and the
core–shell structure is clear. In addition, the outermost coating
of cellulose acetate avoids the initial sudden release of
ibuprofen.

As mentioned above, core–sheath nanobers are excellent
carriers for loading two different drugs. He et al.102 prepared
double drug-loaded nanobers with core–sheath structure by
coaxial electrospinning. Naringin and PVP were used as core
materials to promote tissue regeneration, and metronidazole
Fig. 5 SEM and TEM images of double drug-loaded nanofibers with
core–sheath structure.102 Copyright 2018, Elsevier.

This journal is © The Royal Society of Chemistry 2020
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and PLGA were used as the shell bers. Transmission electron
microscopy analysis showed that the ber had obvious core–
sheath structure (Fig. 5), and the addition of double drugs
reduced the tensile strength and elongation of the coaxial ber.
The in vitro release test indicated that metronidazole was
released in the ber for a short time. Conversely, naringin
showed long-term release behavior, which effectively inhibited
the proliferation of anaerobes. This dual drug-loading model is
also used to treat corneal abrasions, a behavior that can cause
corneal infection and scarring. If there is a drug delivery system
that can prevent both infection and scar formation, it will
greatly reduce the risk of infection and scar formation.103

Therefore, in one study,104 antibiotics and antiscar agents were
loaded into different chambers by coaxial electrospinning to
achieve two therapeutic purposes. They used PLGA as the shell
material, which was loaded with pirfenidone and moxioxacin
to make a smooth surface ber. The characterization outcome
showed a clear core–sheath structure, and the existence of two
drugs were observed in the ber. It also demonstrated a sus-
tained release effect, which can be used to treat corneal
abrasions.

On the other hand, compared with coaxial electrospinning,
only one nozzle is needed for the preparation of core–sheath
nanobers by emulsion electrospinning. This shows that
emulsion electrospinning can be used in the development of
core–sheath nanobers because of its convenience. A stable
emulsion is the key to obtaining core–sheath structure nano-
bers, so it is very important for emulsiers to prepare a static
spinning solution. Cai et al.89 adopted emulsiers that were
different from traditional surfactants, and they used Pickering
emulsion electrospinning to prepare functional nanobers for
the rst time. In this way, magnetic iron oxide nanoparticles
coated with oleic acid were used to prepare stable oil-in-water
Pickering emulsions. The addition of these magnetic nano-
particles made the system stable because it could self-assemble,
and thus inhibit the aggregation of droplets. Then, the nano-
bers with good antibacterial and mechanical properties were
prepared by electrospinning via the addition of vancomycin
hydrochloride and PLA to the emulsion. In general, when using
an emulsion for electrospinning, it is necessary to add surfac-
tants to the system to make the spinning solution into a water-
in-oil or oil-in-water emulsion. As we all know, there are many
types of surfactants, among which anionic surfactants are irri-
tating to the mucous membrane. Nonionic surfactants are
easily soluble in water, and are easily affected by the spinning
environment during spinning. So, Wang et al.105 found
dodecyldimethyl(2-phenoxyethyl)ammonium bromide
(commercially named Domiphen®) to be a suitable cationic
surfactant. Although it is also toxic, it can effectively reduce the
surface tension, and possesses strong emulsifying ability. They
dissolved PLLA to separately form the homogeneous solution
and water-in-oil emulsion with Domiphen®, and then prepared
nanobers by electrospinning. The interaction and release
behavior between Domiphen® and PLLA in the structure of the
PLLA-electrospun ber was revealed in depth. It was revealed
that Domiphen® was easily complexed in the ber, but existed
in different ways. Domiphen® was mostly accumulated at the
This journal is © The Royal Society of Chemistry 2020
edge of the ber cross section. Part of it was accumulated in the
inner position of the cross section, and the release behavior
showed that the cavity formed by the evaporation of water in the
inner phase accumulated more Domiphen®. Through this
study, it was found that these bers can load and control the
release of therapeutic drugs.

Similar to core–sheath nanobers, hollow nanobers also
have many advantages.106,107 The loading and release of drugs in
hollow nanobers will reduce the side effects caused by the
long-term transport of matrix materials. In addition, it can
increase the interaction surface area to facilitate the double-
sided release of thinner tubular structures. Currently, the
main preparation methods of the hollow ber are template
synthesis and coaxial electrospinning.108,109 In the preparation
of hollow nanobers, coaxial electrospinning is of more
concern for researchers. Wang et al.106 synthesized the triggered
drug release hollow ber by coaxial electrospinning. In the
process of electrospinning, antifungal ketoconazole and Fe3O4

nanoparticles were encapsulated in polymer materials in the
form of composites. They used dimethyl silicone oil as a ow
solution in the ber, which owed out of the microstructure of
the ber to form a hollow ber. The outcome showed that the
addition of antifungal drugs had a great effect on the ber
morphology, drug loading rate and release rate. The in vitro
release test showed that the release rate was very fast at the
initial stage, and slowed down at the later stage. The analysis of
this phenomenon is as follows: the early rapid release may be
due to the distribution of the drug on the outer surface and
inner surface of the composite ber, and the contact release
medium will directly enter the solution. In the later stage,
because part of the drug is encapsulated in the polymer, the
drug needs to cross the matrix material. Thus, the release rate
slows down, and hundreds of hours of release can be observed.
Furthermore, the transdermal drug delivery system is also
a branch of drug delivery system. Studies have illustrated that
CS nanoparticles can deliver drugs to the skin through their
unique physical and chemical properties. PLA is a safe biode-
gradable polyester, so gra copolymers composed of CS and
PLA can be developed and applied in transdermal drug delivery
systems.110 In order to ensure the low toxicity of the synthesis
process and obtain the target product with high graing rate,
Engkagul et al.111 prepared a green graing system for the rst
time. In the heterogeneous system, nano-sized CS whiskers can
effectively cross-link with lactic acid and undergo poly-
condensation to form low-polylactic acid. The content of lactic
acid can regulate the lipophilicity of the CS whisker and oligo-
lactic acid-graed polymer. The size of the nanoparticles can
then be adjusted, as well as the entrapment efficiency of lido-
caine loaded with hydrophobic drug.

The study of the drug release behavior is a project that any
kind of drug carrier must study. In clinical drug use, it is the
expectation of many drug research and development institu-
tions, doctors and patients to achieve the sustained and
controlled release of drugs as much as possible. If the slow and
controlled release of the drug can be achieved, then the
bioavailability and therapeutic effect of the drug will be signif-
icantly improved, and the effective blood concentration will be
RSC Adv., 2020, 10, 37246–37265 | 37255
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Fig. 6 The enzyme immobilization methods.120 Copyright 2020,
Elsevier.
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stabilized. As the carrier of the drug delivery system, the
nanober has achieved a great leap from the traditional sudden
release to slow release, which is the fundamental reason why it
has been widely studied as a drug delivery carrier. Of course, the
researchers will not stop here; the ultimate goal is to achieve the
controlled release of the drug.

Coaxial electrospinning is widely used in drug delivery
systems because it can produce very exquisite ber structures
(core–shell or hollow bers) (Table 4), and it can give nanobers
two different properties (protection of internal core drugs and
loading of biphasic drugs). This exquisite ber structure has
good performance in controlling drug release, and the drug
release behavior of the drug loaded in this structure has
undergone ingenious changes. Whether it is a core–sheath ber
or hollow ber, the drug release is controlled by two different
parts arranged in space, which slows down the initial sudden
release of the drug and prolongs the release time. However, in
some conclusions, it can be observed that there is a sudden
release of a small number of drugs loaded on nanobers at the
initial stage (mentioned above is only a slow release). In the
special structure of the nanober, the drug is not only wrapped
in the inner core or the internal cavity of the hollow ber, but
also adsorbed on the outer surface of the nanober structure,
resulting in a sudden release at the initial stage.93,97 To some
extent, this is not a “satisfactory” phenomenon, although it is
inevitable.

In addition to focusing on the drug release behavior, the
biocompatibility, cytotoxicity and in vivo research play an
extremely important role in the eld of medicine. These prop-
erties are closely related to the selection of spinning solution
solvents (Table 4). As we all know, organic solvents have varying
degrees of toxicity, and their residues on nanobers are also
studied by many people. However, the raw materials of elec-
trospinning are mostly high molecular weight polymers, most
of which can only be dissolved in organic solvents. This forms
a tangled contradiction. Therefore, the selection of solvents is
a key step. On the basis of ensuring the dissolution of polymers,
it is a solution to avoid this contradiction by selecting the
commonly used dissolving organic agents in the pharmaceu-
tical eld as far as possible. In addition, polymers can be
combined with natural polymer compounds. This will not only
improve the performance of the ber to increase drug loading,
but also avoid the problem of a large amount of organic solvents
caused by the use of pure polymers.

Immobilization of enzymes

Immobilized enzyme technology is widely used in bio-
pharmaceutical, chemical, cosmetic and food industries. For
example, penicillin G-amylase is used in the production of b-
lactam antibiotics, continuous production of high fructose corn
syrup and cocoa butter analogues in the food industry, and the
synthesis of acrylates and silicone esters or amides in the
chemical industry. Myristic acid lipase is used in the cosmetic
industry to produce myristic acid. In addition, oxygenase CSO2
is used to produce vanillin.112,113 The purpose of enzyme
immobilization is to improve the rate and stability of biological
37256 | RSC Adv., 2020, 10, 37246–37265
reaction.114 In the actual industrial production process, almost
all large-scale industrial operations are more inclined to
immobilize the enzyme. Because this method can achieve
continuous operation, the product purity is higher and easier to
recover. The commonly used methods are physical immobili-
zation (adsorption or embedding) and chemical immobilization
(covalent binding or cross-linking)113 (Fig. 6). Usually, the rele-
vant synthase is immobilized on the insoluble material to
improve the durability and activity of the enzyme. Similar to the
drug carrier, the activity of the enzyme is closely related to the
properties of the carrier material.115 The reduction of the
geometric size of the carrier material can greatly optimize the
catalytic efficiency of the enzyme. This is because it can signif-
icantly reduce the diffusion resistance. Nanomaterials are ideal
carriers for immobilized enzymes because of their large specic
surface area, excellent chemical and mechanical properties and
cost-effectiveness, and make enzyme immobilization more
stable.114 Poorakbar et al.116 prepared magnetic gold meso-
porous silica nanoparticle core–shells (mAu-PSNs) as the
carrier, and the cellulase was immobilized on the nanoparticles
by the covalent method of chemical immobilization. Fourier
transform infrared (FTIR) spectroscopy conrmed the success-
ful combination of the enzyme and nano-carrier. The charac-
terization upshot explained that this method improved the
thermal stability of cellulase. It provides the possibility for the
long-term preservation of cellulase. Jankowska et al.117 prepared
a novel electrospun polymethyl methacrylate/polyaniline ber
as the carrier material of laccase immobilization by two
methods of adsorption and covalent combination, which
demonstrated high activity and signicantly improved stability.
It still maintains more than 80% relative activity aer repeated
catalytic cycles for 10 times, and the decolorization test of
adsorption laccase in model aqueous solution indicate a good
decolorization rate. Another study118 adopted the
polyacrylonitrile/gold salt solution as a spinning solution, and
then the composite membrane was prepared by electroless gold
plating. Laccase was immobilized on the surface of the
composite lm by the combination of the terminal amino self-
assembly monolayer and glutaraldehyde cross-linking
This journal is © The Royal Society of Chemistry 2020
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Table 5 Enzyme immobilized on a nanofiber mat and enzyme activity

Nanobers Immobilized enzymes
Type of immobilization
method Enzyme activity Reference

PMMA/PANI Laccase Adsorption and
covalent binding

Retained over 80% relative activity aer 30 days of
storage and aer 10 consecutive catalytic cycles

117

PAN/gold salt Laccase Adsorption The enzyme activity aer 7 days was 62.7% of that on the
rst day

118

PS a-Chymotrypsin Covalent binding The activity of the immobilized enzyme was 65% of
that of the free enzyme, and showed high activity in
both aqueous and organic media

122

PVA Cellulase Covalent binding The activity of the immobilized enzyme was
more than 65% of that of the free enzyme, and the initial
activity remained
36% aer being reused 6 times

124

PVA Cyclodextrin
glucanotransferase

Covalent binding Compared with the ordinary lm, the enzyme
activity immobilized on the nanober increased by 31%

127

P(GMA-co-
MA)-g-PEO

Lipase Covalent binding The maximum activity of 0.673 U mg�1 130

P(GMA-co-
MA)/FP

Lipase Covalent binding The residual relative activity of the immobilized
lipase was 62% aer 7 reuses

131

PVA/BSA Horseradish peroxidase Covalent binding The residual activity of the immobilized HRP were
73% aer 11 reuse cycles

132

PVA/CS b-Galactosidase Add the enzyme directly
to the solution

The catalytic activity of enzyme-NF was 57.03% of
free enzyme activity at pH 6.8 and 4 �C

133

CNTs-COOH/
GO

Lysozyme Covalent binding The enzyme was considerably active 136

PANCMA Lipase Covalent binding The enzyme loading and the activity retention of
the immobilized lipase on the nanobrous membrane
increase from 2.36 � 0.06 to 21.2 � 0.7 mg g�1

and from 33.9 to 37.6%, respectively

137

PS/PSMA Bovine carbonic
anhydrase

Covalent binding,
precipitation, and
cross-linking

The enzyme maintained 65.3% of its initial activity
aer being incubated in aqueous solution at
room temperature under shaking at 200 rpm for 868 days

138
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treatment, and the characterization outcome showed good
recyclability. As everyone knows, the enzyme reaction is mild,
and the temperature of the reaction is usually low. However, for
those thermophilic enzymes, the practical application is usually
limited due to the lack of enzyme stability. Thus, Tang et al.
reported a method of immobilization of a-galactosidase from
Thermotoga maritima using cross-linked PVA nanobers at high
temperature (105 �C). They found that the high specic surface
area provided by the nanobers could intercept the enzyme in
the pores of the ber, achieving very efficient immobilization,
and it was important to maintain the activity and thermal
stability of the enzyme.119

It is a difficult problem to separate the enzyme from the
enzyme immobilization solution, and the appropriate carrier
must have this characteristic.121 The nanober membrane
performs well in this respect. Liu et al.120 reviewed various
carriers conducive to lipase immobilization. It was mentioned
that nanobers with an ultra-high specic surface area, volume
ratio and uniform diameter are suitable to be used as carriers
for lipase immobilization, and can be easily separated from the
reaction medium, which is exactly what we need. Electro-
spinning technology is an effective method for the preparation
of nano-thin lms. It also has a variety of characteristics
mentioned above, so it is an ideal candidate material for the
This journal is © The Royal Society of Chemistry 2020
immobilized enzyme. Therefore, electrospinning technology
has great application potential in the preparation of nano-
carriers of immobilized enzyme (Table 5). With regard to the
application of electrospinning technology in enzyme immobi-
lization, Jia et al.122 used electrospinning technology to prepare
enzyme-loaded polymer nanobers as early as 2002, which is
a unique biocatalyst to improve the catalytic efficiency of the
immobilized enzymes. R-Chymotrypsin was loaded onto poly-
styrene nanobers, and the nanobers had high enzyme
loading (1.4%) (wt/wt), equaling 27.4% coverage of the outer
surface of the nanobers. The apparent hydrolytic activity in
aqueous solution is more than 65% of that of the natural
enzyme, which shows high catalytic efficiency. Similarly, it also
shows good activity in a non-aqueous solvent.

As an insoluble polymer, cellulose is a low-cost substrate for
the production of a large number of cellulose derivatives in the
pharmaceutical eld. Cellulase hydrolysis in a variety of
production methods has attracted much attention because of
its mild conditions.123 However, there are still some limitations
in enzymatic hydrolysis, such as difficult separation and easy
inactivation of enzymes, so the immobilized enzyme technology
with the advantages of easy separation and easy purication of
products can solve these limitations. We mentioned above that
Poorakbar and his team116 used nanoparticles as carriers of
RSC Adv., 2020, 10, 37246–37265 | 37257
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cellulase to improve its thermal stability. Different from the
research content of their team, Wu et al.124 used electrospinning
technology to study the immobilization of cellulase on the PVA
nanober membranes. They dissolved PVA and cellulase in
acidic acetic acid buffer under the action of an external electric
eld. The ber membrane with a diameter of about 200 nm was
formed by electrospinning, and then glutaraldehyde water
vapor was used as a cross-linking agent to investigate the bio-
catalysis efficiency of the ber membrane. The upshots showed
that the activity of the immobilized enzyme was more than 65%
of that of the free enzyme, and still maintained a certain activity
aer being reused 6 times.

Compared with cellulose, cyclodextrin is also an important
pharmaceutical excipient in the pharmaceutical eld. It has
a unique hydrophilic outer surface and the hydrophobic cavity
can form inclusion complexes with guest molecules. In general,
free cyclodextrin glucan transferase can catalyze starch to
prepare cyclodextrin. However, the industrial price of free
enzyme is relatively high and its stability is low. Therefore, the
theme of this section in enzyme immobilization technology can
be used to make this process more economical.125,126 Saallah
et al.127 immobilized cyclodextrin glucan transferase on PVA
nanobers by electrospinning. It was then cross-linked with
glutaraldehyde steam, and the ordinary lm was set by loading
with cyclodextrin glucan transferase and PVP as control. The
results showed that the nanobers showed better properties,
and improved the loading and activity of the enzyme. Enzyme
immobilization technology is not only suitable for the phar-
maceutical industry to produce medicinal excipients, but can
also be used to screen active components for use in clinical
research and application. For instance, lipase inhibitors are
a popular drug in the clinical treatment of obesity. With the
prevalence of obesity, this treatment has received more atten-
tion. Thus, there is an urgent need to develop more lipase
inhibitors. At present, the use of immobilized lipase to screen
inhibitors is a promising research method by many
scholars.128,129 Liu et al.130 synthesized a new terpolymer con-
taining a reactive epoxy group and hydrophilic polyoxyethylene
branched chain. The terpolymer was then prepared into
a nanober by electrospinning technology, and then the lipase
Fig. 7 Schematic diagram of the preparation process of lipase
immobilized on electrospun nanofibers.131 Copyright 2018, Elsevier.

37258 | RSC Adv., 2020, 10, 37246–37265
molecules were immobilized by epoxy covalent bonding, which
has high enzyme loading and enzyme activity under the
optimum immobilization conditions. In addition, the thermal
stability, reusability and organic solvent stability of the immo-
bilized lipase were inspected, and the results were satisfactory.
In the same year, their team also prepared a new type of
nanober membrane containing a reactive epoxy group and
biocompatible feather peptide (FP) for lipase immobilization.131

The detailed preparation process is shown in Fig. 7. This study
revealed that the nanobrous membrane stabilized the enzyme
conformation and improved the activity of the immobilized
enzyme. Compared with the results of the previous study, this
study also showed higher thermal stability and good reusability,
and it is worth paying attention to the good durability of the
immobilized enzyme in the organic solvent methanol.
Furthermore, the pH tolerance was also examined in this study,
and the results showed that the lipase immobilized on this
carrier had a wide pH tolerance.

There are many reports about the application of electro-
spinning technology in the eld of enzyme immobilization.
Some research groups120 proposed that the preparation of
a nanober carrier by electrospinning technology is the most
general, simple and efficient method. There are usually two
main ways to assemble the enzyme and the electrospun poly-
mer.132 The rst is to attach the enzyme directly to the outer
surface of the nanober. Second, the enzyme is mixed with the
polymer solution embedded in the nanober by the spinning
process. Haghju et al.133 immobilized b-galactosidase on the CS/
PVA nanobers by the second method, and immobilized
a specied number of b-galactosidase on the nanobers. The
effects of different polymer solution parameters (such as the CS/
PVAmass ratio, electrical conductivity, spinning parameters) on
the enzyme activity were also studied. The results showed that
these parameters had no signicant effect on the catalytic
activity of the enzyme. It is well known that the spinning
parameters affect the morphology and diameter of the nano-
bers. With the change of the CS/PVA mass ratio and the
increase of voltage, the ber diameter decreases greatly. With
the increase of the ow rate, the ber diameter increased
greatly, but the distribution range decreased (Fig. 8). Fazel
Fig. 8 Effects of different parameters (voltage, flow velocity) on the
fiber diameter.133 Copyright 2018, Elsevier. (A) 20 kV, 0.5 ml h�1; (B) 20
kV, 0.1 ml h�1; (C) 30 kV, 0.5 ml h�1; (D) 30 kV, 0.1 ml h�1.

This journal is © The Royal Society of Chemistry 2020
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et al.132 used the above two methods to prepare PVA and BAS
biocomposite nanobers. Horseradish peroxidase (HRP) was
used as a model enzyme in order to obtain composites with
ultra-ne diameter and high enzyme activity at the same time.
Compared with HRP immobilized in an ordinary nanober
membrane, the enzyme activity immobilized in PVA/BAS
composite nanober was signicantly higher, and had higher
tolerance and reusability than the free enzyme. Their results
show that HRP can be efficiently immobilized in PVA/BAS bio-
composite nanobers, which is a promising strategy. In addi-
tion, an electrospun nanober membrane combined with
immobilized enzyme technology can be used to prepare mate-
rials with healing and anti-inammatory properties to promote
different types of wound healing and recovery. Melo-Brites
et al.134 synthesized cellulose triacetate (CTAB) using cellulose
acetate extracted from bagasse as the raw material. Bromelain
was immobilized on the nanober membrane by glutaralde-
hyde cross-linking direct electrospinning method, which
showed good enzyme activity. The in vitro release test showed
that bromelain was completely released within 3 days. It has
been reported that lysozyme is widely used in biomedical
eld.135 As its name implies, lysozyme can decompose the cell
wall of bacteria by catalyzing the hydrolysis of glycosidic bonds.
We have mentioned many times in the previous article that
nanobers have many advantages, and are widely used in tissue
scaffolds and wound healing materials. So, Liu et al.136 used
recycled cotton-based regenerated cellulose as basic materials
in combination with nanotubes and graphene oxide (GO),
integrated these materials into composite nanober pads by
electrospinning technology, and xed lysozyme on the ber
pads. The test results showed that the solidication of lysozyme
did not affect the morphology of these composite ber pads,
and still maintained a three-dimensional structure. Cytotoxicity
tests veried that the ber pads had no cytotoxicity. Compared
with the free enzyme, lysozyme had higher activity aer solidi-
cation, and the antibacterial property test also proved that
these ber mats had higher antibacterial activity aer the
immobilization of lysozyme.

As a new type of technology with great application prospect,
enzyme immobilization technology is valued by the majority of
scholars. Of course, it is not limited to the biomedical eld
(preparation of bioactive materials, production of medicinal
excipients, efficient catalysis of biological reaction). It also has
good performance in ltration and sewage treatment117 (Table
5). It is a very important and necessary development trend to be
able to connect technologies in different elds, and integrate
the advantages of different technologies to achieve unexpected
results. Electrospinning technology is well known because of its
many advantages, so it is combined with enzyme immobiliza-
tion technology. The nanober prepared by electrospinning
technology as the enzyme carrier can provide the functional
groups needed for enzyme immobilization. In addition, its
uniform diameter and easy separation greatly improve the
immobilization efficiency and catalytic efficiency.120

However, there is a phenomenon that has to be mentioned.
In fact, the use of the nanober membrane for enzyme immo-
bilization is still in a very primary stage of research. Aer
This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 37246–37265 | 37259
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obtaining the enzyme immobilized nanober membrane, most
of the studies carry on the necessary characterization, and
observe the activity and stability of the enzyme. Among them,
only a few reports point out its potential application elds. For
example, laccase immobilized on nanobers can be used for the
removal of pollutants from aqueous solutions and wastewaters,
and as a raw material for ow-through reactors.117,118 Lysozyme
nanobers can be used as bioactive biomaterials. Furthermore,
the application of this technique in actual production has not
been reported, which is the same as the lack of in vivo studies on
the wound dressings and drug delivery systems mentioned
above. Despite the current situation, in practical work, it is more
necessary to explore the potential application value of using
nanobers as the carrier of enzyme immobilization in the
biomedical eld (and even other elds) in order to promote the
development of related elds faster and better.

Biosensor

Biosensor is a kind of analytical equipment that combines
biologically derived molecular recognition signals with appro-
priate physical and chemical converters, usually by generating
electronic or optical signals that interact with target recognition
molecules to detect the change of the signal. It has the advan-
tages of fast response, high sensitivity, and simple operation. It
usually loads active enzymes with different functions to achieve
the purpose of detection. It is widely used in food industry,
agriculture, environmental monitoring, clinical testing and
other elds.139,140

The combination of enzyme immobilization technology and
biosensor has become a research hotspot. Its purpose is to
further improve the stability of the enzyme used in the biolog-
ical detection system, and the modication of the sensor
surface plays a key role in this process. Various research groups
have studied the role of different types of modication methods
(Table 6) in sensor detection, and whether they have achieved
good detection results. Unal et al.141 modied organoclay-
montmorillonite (Mt) with PAMAM generation-2 (PAMAMG2)
dendrimers, and PVA/PAMAM–Mt nanobers were prepared by
electrospinning with PVA as the polymer matrix. Glucopyranose
oxidase was immobilized on the surface of the nanober-
modied electrode to obtain the biosensor. It has been
applied to the quantitative analysis of glucose in beverages, and
the results show that the detection of glucose in samples can be
realized without any interference. In another study,142 polyani-
line and polystyrene nanobers were formed by electro-
spinning. Cholesterol oxidase (COX) was immobilized on
nanobers by electrostatic layer-by-layer adsorption technique
to make cholesterol biosensors. The electrostatic layer-by-layer
adsorption technique is assembled into a lm by alternately
adsorbing charged proteins and materials with opposite
charges from the solution by electrostatic interaction. The
measurement results show that a precise response to the
cholesterol concentration was obtained when 5 cycles of COX
had been deposited on the nanober mat. Moreover, Chen
et al.143 used electrospinning technology and the one-step
reduction method to prepare ultrane composite bers based
37260 | RSC Adv., 2020, 10, 37246–37265
on gold nanoparticles and cross-linked zein. Studies have
shown that a new type of biosensor based on the natural protein
can be used for the detection of catechol. The high sensitivity of
the biosensor is due to the electron transfer ability of gold
nanoparticles and the catalytic ability to catechol. Another
study144 proposed that GO and PVA were blended into a mixed
solution, and the above solution was coated on the surface of
the gold sheet by electrospinning to form nanobers. The gold
nanoparticles were then coated on the nanobers. Finally,
horseradish peroxidase (HRP)–Cu-nanoowers were deposited
on the nanobers. The results showed that the nanobers
showed signicant electrochemical response to the concentra-
tion of glucose. Coincidentally, Wu and Yin145 also carried out
biosensors in glucose detection, which is quantitatively
measured based on the sensitivity of hydrogen peroxide, an
intermediate product catalyzed by glucose oxidase. The PVA–CS
composite nanober membrane was selected as the protective
lm of Prussian blue (reducing hydrogen peroxide) to maintain
its stability and efficient enzyme immobilization. In the end, the
detection limit of the sensor made by this team is slightly higher
than that of the previous team, but the linear range is wider. For
this phenomenon, it may be that the modication method used
by the previous group is relatively special. This improves the
selectivity for the conversion of glucose to gluconic acid and the
electrochemical catalytic performance in the presence of Gox–
HRP–Cu nano-owers.

With the biosensor as an efficient detection equipment, high
sensitivity and high selectivity are very important criteria. We
know that the combination of enzyme immobilization tech-
nology and biosensor canmeet different detection objectives. In
this process, the electrospun nanober membrane plays an
outstanding role because of its special structure. Because the
biosensor is a kind of high precision instrument, small changes
in the ber membrane structure and electrode can cause great
changes in the detection ability. Then, the modication of the
biosensor can characterize its detection performance to
a certain extent. Of course, the modication method is not
limited to the modication of the nanober membrane using
the ne structure of the nanober membrane and the electrode
of the biosensor. It can efficiently immobilize the enzyme,
increasing the stability of the enzyme and the sensitivity and
selectivity of the biosensor.

Other aspects

Electrospun nanobers are widely used not only in tissue
engineering, wound dressings, drug delivery systems, enzyme
immobilization and biosensors, but also in protective textiles,
cosmetics, facial masks and antibacterial materials.92,115,146,147

Sinha et al.148 described the characteristics and specic
applications of electrospun nanobers as biomedical textiles,
with special emphasis on its application in strategic defense.
The nonwovens prepared have sufficient bending resistance
and wear resistance. Compared with the traditional needle and
syringe methods, the production method combined with
nanospider technology has the possibility of large-scale
production. The purpose of this study is to combine the
This journal is © The Royal Society of Chemistry 2020
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ltration and antibacterial properties of nanober membranes
to provide defensive biological protective clothing with light-
weight and good antibacterial properties. Zaitoon and Lim149

also paid attention to the large-scale production of electro-
spinning technology. They chose free surface electrospinning
technology to prepare an ethyl cellulose composite ber
membrane. This method has the characteristics of a simple
setting, high yield, high ber uniformity and large coverage
area, so it is very suitable for large-scale production. Another
study150 also noted that the combination of antimicrobial
agents and fabrics can have an unexpected effect. Their team
deposited antibacterial electrospun nanobers into cotton ber
networks, and then used the composites to make textiles with
lasting antibacterial activity. The inhibition rate against E. coli
and Staphylococcus aureus was as high as 99.99%. On this basis,
the antibacterial fabric sportswear was prepared. Aer many
times of washing, the antibacterial rate remained above 95%. It
has been reported that the ber fabric prepared bymixing nano-
oxidizedmetal particles in spinning solution can play the role of
ame retardant and antibacterial, and is expected to play a role
in the eld of soldier protective clothing.151 In the study of
protective fabrics, fabrics with deworming activity have been
developed because they can be loaded with different insect
repellents to control pathogen vectors. Muñoz et al.152 loaded
the natural biological protective agent lemonol on a nanober
mat, and then made it into gloves, covering the hand and
forearm. The arm was then stretched into the test room to
evaluate the effect of mosquito avoidance, showing 100%
avoidance. The preparation of this biopolymer nanober pad
provides an excellent strategy for the development of disposable
outdoor products. In addition to the electrospun nanober
fabric as a new material, the removal of harmful pollutants in
the air also has great application potential.153

Electrospun nanober membranes are also used as facial
masks for skin care or other therapeutic purposes. Skin acti-
vating factors (such as L-ascorbic acid) are loaded on electro-
spun nanobers, and applied on the skin to gradually dissolve
and release active components. The high specic surface area
ensures maximum contact with the skin surface of the nano-
ber mask to improve skin quality.154 Furthermore, electrospun
nanober membranes are also oen used as antibacterial
materials. In addition to being widely used in wound dressings,
it is also used as an active packaging in food packaging. This
can inhibit or delay the growth of microorganisms, so as to
prolong the shelf life of food.155 Altan et al.156 used electro-
spinning technology to prepare composite ber membranes
with zein and PLA matrix materials, and added carvanol. The
characterization outcome showed that the content of carvanol
had an effect on the ber morphology and size, and showed
good antioxidant activity when the addition was 20%. Whole
wheat bread samples were used to study the preservation
properties of the composite ber membranes, and the prelim-
inary results showed that these ber membranes could better
preserve bread. Another study157 used b-cyclodextrin and
cinnamon essential oil to form an inclusion complex. A new
type of antibacterial packaging material was prepared by PLA
electrospinning, which showed good antibacterial activity.
This journal is © The Royal Society of Chemistry 2020
Besides, curcumin,158 solid triclosan,159 soybean protein,160 and
wheat gluten proteins161 can be loaded to achieve the purpose of
antibacterial, preventing photolysis or barrier properties.

Conclusions

Electrospinning is an excellent technology for the preparation
of nanobers, and its operation is simple. It solidies the uid
(including polymer solution and molten polymer), and forms
a random arrangement or nanobers under the action of an
external electrostatic eld force. At present, the materials ob-
tained by electrospinning technology have the characteristics of
high porosity, large specic surface area, good biocompatibility,
biodegradable, and a three-dimensional structure. In recent
years, its extensive research has set off a new wave of applica-
tions in various elds. More scholars tend to use electro-
spinning technology to contribute to different elds, such as
lter materials and biomedical elds. Nanobers or three-
dimensional scaffolds produced by electrospinning tech-
nology are outstanding in tissue engineering, wound dressings
and drug delivery systems.

On the other hand, although there are more studies in the
literature about the application of electrospinning technology
in the biomedical eld, these applications are still in a relatively
primary stage. Electrospinning is not a single technology, it also
includes coaxial electrospinning, emulsion electrospinning,
triaxial electrospinning, and melt electrospinning. These
methods have different advantages. Various parameters
involved in the spinning process have great inuence on the
morphology and function of nanobers. For example, coaxial
electrospinning, which is widely studied in the drug delivery
system, can encapsulate hydrophilic or lipophilic drugs in the
internal ber nucleus to achieve continuous drug release.
Sheath bers can play a role of protection or support. In that
case, we must pay attention to the optimization of electro-
spinning parameters in order to obtain ideal nanobers. This
process oen becomes complex. In addition, the selection of an
internal ber core and sheath spinning solution is also very
important. As we all know, materials in the biomedical eld
must have the characteristics of non-toxicity, but organic
solvents are oen added in the spinning process. There will
inevitably be some solvent residues in the material, and the
control of the process parameters in the spinning process will
also affect the volatilization of the solvent. Therefore, it is
necessary to select the most suitable process parameters,
solvent system and spinning materials. Furthermore, the
improvement of spinning equipment also plays an important
role. The nanobers prepared by traditional uniaxial or ordinary
solution electrospinning may not meet the required properties.
Consequently, triaxial electrospinning and emulsion electro-
spinning can be used to meet different research purposes. So
far, most of the reports on electrospun nanobers are studied in
vitro, so it is necessary to improve the contents of in vivo
research and preclinical research in order to speed up the
practical application and scale of electrospinning technology in
the eld of biomedicine. Finally, as electrospinning materials,
polyester materials have the characteristics of easy degradation
RSC Adv., 2020, 10, 37246–37265 | 37261
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and a wide range of sources. Aer all, it is not an endogenous
substance of the human body, and it cannot reach the required
safety level (emphasized non-toxicity and degradability), and
the physical properties to a certain extent. Hence, future
research work should be devoted to the structural modication
of this kind of materials, or combined with suitable natural
polymer materials to improve their biological and mechanical
properties. On the basis of constantly tamping the application
of electrospinning technology in the biomedical eld, it further
promotes the development of the biomedical eld.

Generally speaking, as an emerging technology, electro-
spinning technology has excellent application potential. It is
expected that more reports will be published and play a more
extensive role in the biomedical eld.
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H. Anne, Carbohydr. Polym., 2019, 207, 276–287.

20 E. R. Kenawy, F. I. Abdel-Hay, M. H. El-Newehy and
G. E. Wnek, Mater. Chem. Phys., 2009, 113, 296–302.

21 J. K. Pokorski, E. Baer, K. Sieun and J. Wang, US Pat.,
US2015/015243, 2015.

22 X. L. Hu, S. Liu, G. Y. Zhou, Y. B. Huang, Z. G. Xie and
X. B. Jing, J. Controlled Release, 2014, 185, 12–21.

23 A. D. Juncos Bombin, N. J. Dunne and H. O. McCarthy,
Mater. Sci. Eng., C, 2020, 114, 110994.

24 A. Frenot and I. S. Chronakis, Curr. Opin. Colloid Interface
Sci., 2003, 8, 64–75.

25 M. Cestari, V. Muller, J. H. d. S. Rodrigues, C. V. Nakamura,
A. F. Rubira and E. C. Muniz, Biomacromolecules, 2014, 15,
1762–1767.

26 S. K. Prajapati, A. Jain, A. Jain and S. Jain, Eur. Polym. J.,
2019, 120, 109191.

27 T. J. Sill and H. A. von Recum, Biomaterials, 2008, 29, 1989–
2006.

28 J. Y. Kim, J. I. Kim, C. H. Park and C. s. Kim, Mater. Lett.,
2018, 236, 521–525.

29 W. Mattanavee, O. Suwantong, S. Puthong, T. Bunaprasert,
V. P. Hoven and P. Supaphol, ACS Appl. Mater. Interfaces,
2009, 1, 1076–1085.

30 Y. R. Dai, J. F. Niu, J. Liu, L. F. Yin and J. J. Xu, Bioresour.
Technol., 2010, 101, 8942–8947.

31 Q. K. Yao, Y. Hu, F. Yu, W. J. Zhang and Y. Fu, RSC Adv.,
2018, 8, 18372–18380.

32 M. F. Canbolat, N. Gera, C. Tang, B. Monian, B. M. Rao,
B. Pourdeyhimi and S. A. Khan, ACS Appl. Mater.
Interfaces, 2013, 5, 9349–9354.

33 C. Huang and N. L. Thomas, Eur. Polym. J., 2018, 99, 464–
476.

34 H. L. Cheng, X. Y. Yang, X. Che, M. S. Yang and G. X. Zhai,
Mater. Sci. Eng., C, 2018, 90, 750–763.

35 J. Cheng, Y. Jun, J. Qin and S.-H. Lee, Biomaterials, 2017,
114, 121–143.

36 C. P. Grey, S. T. Newton, G. L. Bowlin, T. W. Haas and
D. G. Simpson, Biomaterials, 2013, 34, 4993–5006.

37 X. Y. Li, X. F. Wang, D. S. Yao, J. Jiang, X. Guo, Y. H. Gao,
Q. Li and C. Y. Shen, Colloids Surf., B, 2018, 171, 461–467.

38 Y. Ge, R. P. Chen, H. Li and Z. Z. Guo,Mater. Lett., 2018, 228,
301–304.

39 B. Dhandayuthapani, Y. Yoshida, T. Maekawa and
S. Kumar, Int. J. Polym. Sci., 2011, 2011, 609–618.

40 L. Sartore, S. Pandini, K. Dey, F. Bignotti and F. Chiellini,
Materialia, 2020, 9, 100615.

41 G. Amokrane, V. Humblot, E. Jubeli, N. Yagoubi,
S. Ramtani, V. Migonney and C. Falentin-Daudré, ACS
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E. Piorkowska, K. Rajkowska, A. Kunicka-Styczyńska and
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