We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 3

Electrospinning of Collagen and Its Derivatives for
Biomedical Applications

Wei Peng Lu and Yanchuan Guo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.73581

Abstract

Collagen, gelatin and their derived polypeptides can act as multifunctional natural poly-
mers with excellent physicochemical properties for biomedical applications. The use of
electrospinning technology can convert collagen materials into nanofibrous materials
that exhibit porous micro-nanostructures with good mechanical properties and excel-
lent biocompatibility profiles. In this chapter, a systematic review of collagen electrospin-
ning is presented and related applications are introduced including tissue engineering
(e.g., artificial skin, artificial vasculature, cartilage repair, etc.), drug delivery, hemostatic
dressings, periodontal restoration, biofilms, and wound dressings will now be discussed.

Keywords: collagen, gelatin, electrospinning, fiber

1. Introduction

Electrospinning is an easy and inexpensive process that can be used to prepare nanofibers
from almost any soluble or fusible polymer under the action of a high electrostatic field. These
electrospun nanofibers often possess extremely high surface areas, high porosities, tunable
pore structures, and superior mechanical properties, which means they can be processed into
materials with a wide variety of structure and function design [1-6]. Due to these advantages,
electrospun nanofibers have been used for a broad range of biomedical and industrial appli-
cations, such as protective clothing, wound dressings, drug delivery applications, and tissue
engineering [7-10].

The emergence of electrospinning (also known as electrostatic spinning) originated more
than 100 years ago, with Zeleny first reporting on a variant of the electrospinning process in
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1917 [11]. The first patent that described the process of electrospinning appeared in 1934, with
Formalas describing apparatus to prepare polymer filaments, using an approach that relied on
electrostatic repulsions between surface charges [12]. In 1966, Simons invented an electrospin-
ning device that could be used to produce ultra-thin nonwoven fibers [13]. In 1981, Manley
and Larrondo described how fabricated continuous fibers could be produced using melt-elec-
trospinning polyethylene (PE)/polypropylene (PP) blends [14]. Then, Rutledge et al described
new techniques for the production of polymer fibers by electrospinning in 1995 [15]. These
breakthroughs resulted in a large increase in the number of reports describing electrospin-
ning processes, with hundreds of different electrospinning polymers having been described
for ultrafine fiber material applications. These include widely used synthetic polymers, such
as polylactic acid, polyglycolide, polyethylene oxide, polycaprolactone, as well as natural
polymers such as silk fibroin, fibrous protein, collagen, chitosan, hyaluronic acid, and gelatin.
Natural biorenewable polymers often exhibit advantages in terms of their biocompatibility and
biodegradability, making them a popular choice for a wide range of biomedical applications.

Among these natural polymers, collagen is one of the major extracellular matrix proteins that
are present in many tissues and organs [16-18]. For instance, collagen in human skin accounts
for approximately 70% of the extracellular matrix, where it functions as a network of elon-
gated fibers to provide structural stability [19]. So far, more than 29 different types of collagen
have been documented, with different species employing 46 different types of polypeptide
chain for their assembly [20]. Collagen has many functional characteristics that are favorable
for cell and tissue growth, and as a consequence it has been widely used as a biomaterial for
medical and biotechnological applications [21-23].

Gelatin is a denatured protein that is obtained by acid, alkaline, and enzyme processing of
collagen, which can exhibit similar physical and biological properties to those of collagen
[24-28]. Due to its excellent biocompatibility, biodegradability, and immunogenicity profiles,
gelatin is one of the most common biopolymers used for biomaterial applications [29-31].
The polypeptides derived from collagen play an important role in tissue remodeling [26].
Furthermore, collagen-derived peptides are also known to express biological activities, such
as antioxidant, anti-osteoporosis, anti-photoaging properties, as well as acting as inhibitors of
angiotensin-I converting enzyme [32, 33].

However, conventional polymeric products derived from collagen and gelatin (and their
derived polypeptides) do not exhibit well-defined nanostructures, meaning that their mechan-
ical, adhesion, and hydrophilic properties are not ideally suited for many biomedical appli-
cations. It has been shown that electrospinning is a useful technique to transform collagen,
gelatin, or polypeptide into nanostructured fibers materials that can display small-size effects,
high specific surface areas, and high porosities [21]. Furthermore, it also has been demon-
strated that nonwoven electrospun collagen, gelatin, or polypeptide nanofibers can be used
as ideal models to mimic the biochemical and ultrastructural properties of the extracellular
matrix of tissue [34, 35]. In terms of performance, nanofibers materials also possess strong
adsorbent powers, good filtration qualities, excellent obstruction performance, good binding
affinities, and desirable moisturizing properties. Therefore, this chapter will now review the
electrospinning techniques that can be used to transform collagen, gelatin, or derived poly-
peptides into nanofibers materials for biomedical applications.
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2. Devices used for collagen electrospinning

Electrospinning is carried out using a Taylor cone that is generated by applying a high voltage
to a polymer or melt solution, which results in formation of a liquid jet that is formed from
interaction of a continuously increasing electric field with the surface tension of a droplet sur-
face. During this process, a liquid jet starts oscillating to generate an irregular high-frequency
spiral motion that leads to stretching of a fiber that is accompanied by fast volatilization of the
solvent. This results in nano-scale fibers either being formed in a random manner on a collect-
ing device, or being cross-linked into a membrane when a move and rotate collecting device
is employed for processing [36, 37]. The electrospinning apparatus is comprised of three parts:
a high-voltage direct-current power supply, a liquid supply unit, and a collecting device [38].
Depending on the nature of the liquid supply unit, the collagen electrospinning apparatus can
be classified into two types: needle electrospinning or needleless electrospinning. The liquid
supply unit of a needle electrospinning unit normally consists of a microinjection pump, a
syringe, a single spinneret (or spinneret array), and a metal conducting wire that connects the
spinneret to a high-voltage power source. The collecting device is comprised of a carrier, such
as a metal plate, metal roller, metal disk, metal drum, or a ground metal conducting wire.
The key component of any needle electrospinning assembly is the spinneret, which serves to
prevent the monomer solution from becoming too viscous and solidifying under the spinning
conditions, thus preventing blockage of the needle and potential damage to the equipment.
However, the limited throughput of the needle spinneret means that the efficiency of polymer
production using this technique is generally low [39]. Needleless electrospinning techniques
represent a better way for high efficiency of polymer nanofiber production that can solve
many of the limitations associated with traditional needle electrospinning techniques [40-42].
There are many methods for generating the surface disturbance of spinning solutions that is
required for needless electrospinning, including ultrasonic disturbance, agitation, and acous-
tic bubble disturbance [43]. The stability of these surface disturbance processes is related to
the quality (diameter distribution and L/D ratio distribution) of the needleless electrospin-
ning membrane materials, resonance factors, liquid levels, solution concentrations, and solu-
tion viscosities. Needleless electrospinning equipment employs various types of electric field
distribution, which can sometimes lead to membranes being produced with uneven thick-
ness. Therefore, it is important that new collecting devices are designed to solve these impor-
tant performance problems.

3. Introduction of composite nanofibers electrospinning technology

To date, electrospinning is the common method available to prepare nanofibers directly,
quickly, and continuously under mild conditions in a low-cost, fast, and efficient manner [44, 45].
Depending on their applications, electrospinning nanofibers can be divided into two catego-
ries: single-component nanofibers and composite nanofibers [46]. Early reports described
nanofibers that were prepared by electrospinning homogeneous polymers, with changes of
starting materials, solution conditions, and electrospinning parameters used to prepare single-
component nanofibers with different morphologies and properties. However, many of these
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single-component nanofibers such as collagen [47-49], gelatin [50, 51], elastin [52], and fibrino-
gen [53, 54], have some limitations including weak mechanical properties, poor processabil-
ity, poor moisture resistance, rapid degradation rate, and potential immunogenic properties
[55, 56]. Thus, composite or hybrid nanofibers with different compositions (e.g., organic/
organic, organic/inorganic) have been proposed as promising materials that exhibit physico-
chemical properties arising from both the host and guest materials [57]. For example, Chen
et al. used electrospinning to prepare collagen/chitosan nanofiber membranes, which could
promote the growth of dermal and epidermal layers [58]. Gu et al. used electrospinning to
prepare porous biocompatible nanofibers mats from poly(r-lactide)/gelatin, which exhibited
controlled evaporative water losses and promote fluid drainage, which made them potentially
useful materials for wound dressing applications [59]. For the preparation of composite nano-
fibers, electrospinning technics can be divided into three fundamental types: (1) blend electro-
spinning; (2) mixing electrospinning; and (3) coaxial electrospinning. Blend electrospinning is
the most commonly used method, which involves a process whereby a spinning solution is
generated by mixing different polymers in a defined ratio. Mixing electrospinning refers to an
electrospinning process that employs two or more separate liquid feeding devices containing
different solutions. The electrostatic field results in each polymer being stretched into nano-
fibers which then overlap with each other to form composite nanofiber membranes. Coaxial
electrospinning involves the use of a spinneret consisting of two or more capillary tubes with
different inner diameters which results in a defined gap between the two capillary tubes. The
same (or different) electrostatic field is applied to the inner and outer layers of electrospun
solutions which results in solutions of the core and surface polymers being expelled from each
coaxial nozzle to generate a concentric stratified flow. Because each of the electrospinning
solutions has a short confluence time and low diffusion coefficient, they are stretched into
coaxial composite nanofibers by the presence of the electric field force. In a comparative study,
Chen et al. prepared a range of composite nanofiber membranes using blend electrospinning,
mixing electrospinning, and coaxial electrospinning. They found that the composite nanofi-
bers membranes prepared by coaxial electrospinning had high regularity, the membranes pro-
duced by blend electrospinning had good moisture resistance, while nanofiber membranes
fabricated by using mixing electrospinning exhibited the highest mechanical strength [60].

4. Technical factors of collagenous electrospinning

There are various factors that can influence the morphology and structural properties of nano-
fibers produced in the electrospinning process. These include: (1) the properties of the electro-
spinning solution, such as concentration, viscosity, electrical conductivity, surface tension, and
distribution of polymer molecular weight; (2) process parameters, such as electric voltage, spin-
ning temperature, spinning speed, collection speed, and spinning distance; and (3) environ-
mental parameters, such as temperature, moisture, air velocity, and atmospheric composition.

Kazanci investigated the role of temperature, solvent, and pH on the properties of collagen-
type I nanofibers that were prepared under electrospinning conditions. They found that
decreasing the temperature by 10°C, the PP-II (folded) fraction ratio of the resultant fibers
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increased from 37 to 52.5%. Moreover, nanofibers obtained from acidic solutions contained
59% of PP-1I, suggesting that the collagen structure was well preserved [61]. Dulnik et al. pre-
pared electrospun polycaprolactone/gelatin and polycaprolactone/collagen nanofibers using
various solvents (hexafluoroisopropanol and a mixture of acetic acid and formic acid). The
result showed that electrospun PCL/gelatin and PCL/collagen nanofibers obtained by various
solvents had similar morphologies, although there were some differences in their internal
structures that affected their susceptibility toward biodegradation [62].

Lu et al. used water as a solvent to electrospin pure gelatin solution, finding that low concen-
trations of gelatin had low viscosity which were insufficient to produce continuous nanofi-
bers, resulted in the formation of unwanted microbeads. When the concentration of gelatin
used was >25%, the spinning solution became too viscous, which inhibited efficient electros-
pinning, resulted in a few nanofibers [63].

Wang et al. investigated the influence of solution concentration, salt concentration, solvent
type, ambient temperature, and environmental humidity on the electrospinning of gelatin
solutions. Their results showed that using polymers with high dielectric constants and sol-
vents with low volatility solvents resulted in formation of nanofibers with small diameters.
The diameters of the nanofibers were found to increase as the temperature rose. Low temper-
atures were not conducive to effective volatilization of solvent, leading to prolonged solidi-
fication time and the production of superfine nanofibers. The morphology of nanofibers was
also found to be affected by ambient humidity. When relative humidity levels were increased
to 45%, the resultant nanofiber membranes were shown to contain small areas of reticular for-
mation and ‘beads-on-a-string’ structures. As the relative humidity was increased to 60%, the
nanofiber membranes produced were contained uneven nanometer-diameter distributions
with associated micro-bead structures. This study also revealed that the average diameter of
nanofibers decreased with an increase in ambient humidity [64] (Figure 1).

An et al. studied the influence of formic acid concentration, gelatin concentration, and electric
voltage on the electrospinning process used to prepare gelatin/polylactide composite nano-
fibers. They found that the use of low formic acid concentrations (50%) resulted in nanofi-
bers, along with the formation of significant amounts of microbeads. Increasing formic acid
concentration led to the formation of randomly arrayed ultrafine nanofibers, without any
microbeads. For example, increasing the concentration of formic acid from 70 to 98%, resulted
in an increase in the average diameter of gelatin nanofibers from 208 to 312 nm. Moreover,
it was found that the concentration of gelatin affected the surface tension and viscosity of
the spinning solution, with high surface tension favoring formation of microbeads, and high
viscosity minimizing their formation. For example, when gelatin concentration was too low,
discrete microbeads or beaded nanofibers were formed, while an increase in concentration of
gelatin to >10% resulted in exclusive formation of smooth nanofibers. It was also found that
the average diameter of nanofibers increased from 260 to 335 nm as the gelatin concentra-
tion rose from 10 to 23% [65]. Huang et al. had also reported that elastin-mimetic peptide
polymers could be electrospun into nanofibers, who investigated the effect of polypeptide
content and solution flow rate on the morphology and mechanical properties of the resultant
nanofibers [66].
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100 nm

Figure 1. FE-SEM images of as-spun fibers using 10 wt.% gelatin/FA solution containing NaCl (0.1 wt.%) at temperature
of 15°C (a and b) (voltage of 30 kV, and RH of 25%) and different RH: (c) 45% and (d) 60% (voltage of 30 kV, temperature
of 24°C). The insets show the corresponding higher magnification images [64].

It is now clear that various factors in the electrospinning process play a crucial role in deter-
mining the ‘spinnability” of a polymer solution and the physical and chemical properties of
the resultant nanofibers. However, adjustment of these parameters can result in improve-
ments to the electrospinning process, thus enabling the properties of functional nanofibers to
be tuned to meet the needs for biomedical applications.

5. Applications of electrospun collagen

Electrospinning technology can be used to convert collagen materials into nanofibers mate-
rials that exhibit porous micro-nanostructures with good mechanical properties and excel-
lent biocompatibility profiles. Potential uses of these nanofibers for biomedical applications
include tissue engineering (e.g., artificial skin, artificial vasculature, cartilage repair, etc.),
drug delivery, hemostatic dressings, periodontal restoration, biofilm, and wound dressings.
Some applications of polymers derived from composite collagen and gelatin nanofibers,
along with information on their preparation (type and solvent) and fiber diameter are pro-
vided in Table 1.
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Composition Solvent Fiber diameter = Targeted applications Ref.
(nm)
Collagen/PLGA HFP 50-500 Bone tissue scaffolds [67]
Collagen/PHBV HIFP 300-600 Scaffold for tissue engineering [68]
Collagen/PCL HFP 210-225 Vascular tissue engineering [69]
Collagen/PLLA HFIP 1290-1560 Tissue engineering [70]
Collagen/TPU HFP 700-800 Tissue engineering and functional [49]
biomaterials
Collagen/alginate/ Ethanol/ 300-800 Scaffold for regenerating bone tissue [71]
chitosan/hydroxyapatite  glycerol
Collagen/PCL HFP 300 Implantable functional muscle tissues for  [72]
patients with large muscle defects
Collagen/PCL HEP 520 Autologous nerve grafts or proximal nerve [73]
stumps
Collagen/PLGA HFIP 185-314 Long-term drug delivery of various [74]
pharmaceuticals
Collagen/PHBV/GO TFE 400-500 Wound coverage material [75]
Collagen/chitosan HFP 434-691 Vascular and nerve tissue engineering [76]
Collagen/collagen HFP 210-540 Tissue engineering [77]
Collagen/elastin HFP 110-1120 Cardiovascular tissue engineering [78]
Collagen/PLC HEP 520 Vascular tissue engineering [79]
Collagen/PLC HEP 600-900 Human skin tissue engineering [80]
Collagen/PEO Aqueous 100-150 Wound dressings and tissue engineering  [81]
Collagen/PLC HFP 500-600 Peripheral nerve regeneration [82]
Collagen/PLLA-CL HFP 100-200 Vascular tissue engineering [83]
Collagen/PLLA-CL HFP 120-520 Vascular tissue engineering [84]
Collagen, elastin/PLGA, HFP 470-770 Cardiovascular tissue engineering [85, 86]
PCL, PLLA, or PLLA-CL
Gelatin/PLLA-CL TFE 50-500 Human skin tissue engineering [87]
Gelatin/PCL HFP TFE 640-880 Cardiovascular tissue engineering [78, 88]
50-1000
Gelatin/PCL TFE 2790-4630 Tissue engineering [89]
Gelatin/PCL TFE 160-232 Neural tissue engineering [90]
Gelatin/zein Acetic acid 380.3-695.5 Bioactive delivery in food industry [91]
Gelatin/tannic Acetic acid 280 Biomaterials and tissue engineering [92]
Gelatin/gallic Delivery system in medicinal or food
Gelatin/caffeic industry

Gelatin/ferulic
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Composition Solvent Fiber diameter = Targeted applications Ref.
(nm)
Gelatin/GO Acetic acid 200 +£50-270 +50 Tissue engineering and wound dressing [93]
Gelatin/PLC/QAS TFE 180 +40-220+80 Antibacterial wound dressing [94]
Gelatin/chitosan Acetic acid 202 +13.4— Drug release [95]
223.1+£69.8
Gelatin/PCL Acetic acid 250400 Tissue engineering [96]
Gelatin/PCL/CeNP HFIP 616 +216 Wound dressing material [97]
Gelatin/PLLA Aqueous 86-148 Wound dressing [59]
acetic acid
solution
Gelatin/PCL TFE 8002660 Various medical applications [49]
Gelatin/PCL or collagen/ HFIP or AA/ Wound healing, scaffolds, drugs delivery  [51]
PCL FA
Gelatin/NaCl Formic acid 37-90 Filtration, tissue engineering, energy [53]
storage, sensors, and catalysis
Gelatin/PLLA Formic acid - Tissue engineering scaffolds [54]
Gelatin/PCL TFE 312 + 146 Guided bone regeneration [98]
Gelatin/siloxane Formic acid - Bone tissue engineering [99]
Gelatin/PANi HEFP 61 +13-803 + 121 Biocompatible scaffolds for tissue [100]
engineering
Gelatin/PLGA/FBF TFE 310+24 Drug delivery [102]
Gelatin/PLA/PA Formic acid 412 Healing material [103]
Gelatin/AgNO, Glacial acetic 280 + 40 Wound dressing materials [105]
acid/distilled
water
Gelatin/PLCL/PLA HFP 540 + 230 Periodontal regeneration [107]
Gelatin/PLA/MET 960 + 560
Gelatin/PLA/HAP 650 + 440
Gelatin/PCL/ZnO HFP 56-1180 Periodontal regeneration [108]

Table 1. Examples of collagen and gelatin electrospun nanofibers.

5.1. Tissue engineering applications

The three-dimensional microstructure of materials prepared from electrospinning collagen-
derived materials can be used to effectively stimulate tissue regeneration. The network
structure of these materials serves to promote the integration and recruitment of new tissue
into their fibers scaffolds, thus accelerating the growth of new tissue. The main function of
the nanofiber scaffold is to provide a suitable three-dimensional environment that cells can
adhere to and proliferate.
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Yu et al. used of electrospinning to prepare composite nanofiber scaffolds made of alginate,
chitosan, hydroxyapatite, and collagen, whose porous structure was beneficial for cell infiltra-
tion and growth. What is more, the release of collagen from the scaffolds was, respectively,
17 and 2% of that from the collagen film after immersing in SBF and collagenase solution for
10 days, which indicated that the disintegration of scaffold for bone tissue engineering can be
reduced comparing to conventional collagen scaffold. Therefore such a composite mat would
be applicable as a scaffold for regenerating bone tissue [71] (Figure 2).

Choi et al. used electrospinning techniques to fabricate aligned polycaprolactone/colla-
gen nanofiber meshes that were used to guide morphogenesis of skeletal muscle cells and
enhance their cellular organization. Comparison with randomly oriented nanofibers, the
results revealed that unidirectionally oriented nanofibers were better at inducing muscle cell
alignment and myotubule formation [72] (Figure 3).

Lee et al. utilized electrospinning techniques to prepare PCL/collagen nerve conduits for complex
peripheral motor nerve regeneration studies using end-to-side neurorrhaphy techniques. Results
revealed that axonal continuity was normally recovered 8 weeks after surgery, with the muscle
function recovery occurring after 1-20 weeks, and recovery of donor nerve function occurring
after 20 weeks. Therefore, the use of electrospun PCL/collagen nerve conduits appeared to have
great potential as materials for complex peripheral motor nerve repair [73] (Figure 4).

Composite nanofiber scaffolds have been prepared by electrospinning polycaprolactone and
gelatin, which were then modified using cell-derived factor-la. Experiments revealed that
these scaffolds not only had good biocompatibility profiles, but also accelerated the healing of
skull injuries in mice [98]. Ren et al. used gelatin and silicone to prepare composite nanofiber
scaffolds as bone repairing material incorporating Ca* ions. Their results indicated that these
composite materials could promote accumulation of bone apatite and the differentiation and
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Figure 2. (A) Release of collagen in SBF solution for 10 days and (B) release of collagen in collagenase solution 10 days [71].
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Figure 3. SEM images of human skeletal muscle cells on electrospun PCL/collagen nanofiber membranes: (a-c) randomly
oriented and (d—f) aligned electrospun membranes, (a and d) 1 day and (b and e) 3 days after cell seeding and (c and f)
7 days after cell differentiation [72].

proliferation of osteoblasts [99] (Figure 5). Li et al. used electrospinning to prepare composite
nanofiber scaffolds from polyaniline and gelatin, whose properties were dependent on the
amount of polyaniline present. For example, when the amount of polyaniline was increased
from 0 to 5% (w/w), the average diameter of the fibers decreased from 803 + 121 to 61 + 13 nm,
and its elastic coefficient increased from 499 + 207 to 1384 + 105 MPa. These composite nano-
fiber scaffolds not only had excellent mechanical strength, but also had excellent biocompat-
ibility in cell culturing experiments [100].

Blit et al. utilized the electrospinning to fabricate fibrous scaffolds which were subsequently
surface modified with polypeptide and used them as membrane supports to culture smooth
muscle cells (SMCs). Results showed that SMCs seeded onto these elastin-like polypeptide-4
membranes exhibited a spindle-like morphology, with good actin filament organization and
smooth muscle myosin heavy chain expression. Therefore, these electrospun nanocomposite

Figure 4. (A) Gross appearance and SEM images of electrospun PCL/collagen conduits: (B) entire (30x) and (C) surface
(2.0x K) [73].
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Figure 5. (A) MTT assay for proliferation of bone marrow-derived mesenchymal stem cells (BMSCs); (B) changes in ALP
activity of BMSCs cultured on Ca*-containing gelatin/siloxane (GS) fiber mats and Ca*-free GS fiber mats at 1, 3, and
7 days, respectively. (C) SEM image of the Ca*-containing GS fiber mat seeded with BMSCs for 7 days [99].

membranes were promising candidates for the fabrication of contractile tissue engineered
SMC-rich vascular medial layers [101] (Figure 6).

5.2. Drug delivery applications

Materials for drug delivery are often employed to release drug molecules into body tissues
over extended periods of time. However, traditional drug delivery materials often do not
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Figure 6. Scanning electron micrographs of SMC seeded materials after 1 week of culture (500x magnification). (A and D)
polycarbonate-urethane (PCNU), (B and E) elastin cross-linking peptide bioactive fluorinated surface modifiers (ECP-
BFSM) modified PCNU, and (C and F) elastin-like polypeptide-4 (ELP4) cross-linked aligned electrospun and flat film
materials, respectively. Arrows indicate the edges of SMCs on the PCNU and ECP-BFSM modified materials [101].

control the rate of release of drugs effectively, while their poor drug absorption properties
mean that they can only be used to deliver relatively low loadings of drug. Nanofibers are
well suited as drug delivery vehicles, because their fine nanostructures are capable of absorb-
ing significant amounts of drug molecules in a uniform manner. Gradual degradation of these
nanofibers in the body then allows for gradual release of the drug in a controlled manner.

Polylactide-polyglycolide (PLGA) and collagen have been electrospun into sandwich struc-
tured drug-loaded membranes, with PLGA/collagen used for the surface layers, and PLGA/
drugs contained in their core layer. The ability of these sandwich structured membranes
to release vancomycin, gentamicin, and lidocaine in vitro was investigated. These results
showed that these membranes could deliver therapeutic concentrations of vancomycin and
gentamicin to human fibroblasts, ranging from 37 to 100% and 30 to 100% over 3 and 4 week
periods, respectively [74] (Figure 7).

Meng et al. used electrospinning to uniformly distribute the drug Fenbufen throughout the
structure of a nanofiber membrane prepared from gelatin and polylactide. The effect of gela-
tin concentration, fiber orientation, cross-linking time, and buffer pH on the sustained release
of Fenbufen was successfully determined [102] (Figure 8). Huang et al. used proanthocyani-
dins as a cross-linking agent to prepare nanofibers as drug delivery vectors to deliver vita-
min C magnesium phosphate. This study showed that the presence of the proanthocyanidin
resulted in an increase in drug loading, which was important in maintaining a consistent rate
of drug release. In addition, gelatin nanofibers that were cross-linked by proanthocyanidins
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were also seen to promote the proliferation of 1929 cells. Therefore, this type of drug-loaded
nanofibers material could potentially be used for controlled drug delivery, as well as for the
promotion of wound healing [103] (Figure 9).

Figure 7. Apparatus used for electrospinning of sandwich structured membranes [74].
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Figure 8. Release curves of FBF from PLGA/gelatin (9/1) electrospun nanofibers with different cross-linking times (0, 2,
and 5 h) [102].
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GEL/PA/MAP GEL/MAP

Figure 9. SEM photographs of the L929 cells cultured with gelatin (GEL)/magnesium ascorbyl phosphate (MAP) and
GEL/proanthocyanidin (PA)/MAP membranes cross-linked by 50 wt.% glutaraldehyde vapor for 0, 15, and 45 min.
(a) GEL/PA/MAP, 0 min. (b) GEL/MAP, 0 min. (c) GEL/PA/MAP, 15 min. (d) GEL/MAP, 15 min. () GEL/PA/MAP,
45 min. (f) GEL/MAP, 45 min [103].

Khadka et al. prepared electrospun composite nanofibers derived from a recombinant elas-
tin-like peptide (ELP), or from a mixture of ELP with synthetic polypeptide and co-poly(r-
glutamic acid, r-tyrosine ) (PLEY). These materials contained numerous pores on their
nanofibers surfaces, which ranged in diameter from <1 to 0.5 um. Consequently, drugs were
doped into the pores of these nanofibers materials and their use as potential drug delivery
systems explored [104] (Figure 10).
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Figure 10. Scanning electron microscope image of a nonwoven fibers electrospun from a blended feedstock. In each case
the nominal final polymer concentration was 48% (w/v) (A) (ELP)-C2:PLEY::2:1, 20 pm scale bar, (B) ELP-C2:PLEY::1:1,
10 um scale bar, (C) ELP-C2:PLEY::2:3, 10 um scale bar, (D) ELP-C2:PLEY::1:2, 50 um scale bar. Note that the mean fiber
diameter was -5 pum in panels A, B and D, but -10 pm in panel C [104].

5.3. Wound dressing applications

Collagen, gelatin, or polypeptide nanofiber membranes exhibit high porosities, small pore diam-
eters, large surface areas, and fine microstructures that affords them good biocompatibility, bio-
degradability, biological adhesiveness, and moisture absorption properties. Therefore, these
materials can be used to prepare dressings that keep wounds moist and which help prevent bac-
terial infection. Composite nanofiber materials prepared from gelatin and other materials such
as fungicides, inflammatory drugs, and growth factors, can improve the performance of wound
dressings. This is because they effectively improve the speed of wound hemostasis and healing
by reducing its exposure to the external environment and protecting it from exposure to air.

Zine et al. prepared composite nanofibers by electrospinning a mixture of poly3-hydroxybu-
tyric acid-co-3-hydroxyvaleric acid (PHBV), graphene oxide (GO), and collagen. GO was used
to prepare these nanofibers to increase their mechanical strength and convey antibacterial
activity against pathogenic bacteria such as Escherichia coli and Staphylococcu aureus. Collagen
was included with the aim of enhancing cell proliferation, without affecting the composite
materials mechanical strength or porosity. Subsequent biological results revealed that these
nanofiber membranes generally had good wound healing properties [75] (Figure 11).
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Figure 11. Scanning electron microscopy images of polymer (A) PHBV, (B) PHBV + GO, and (C) PHBV + GO + collagen [75].

Rujitanaroj et al. dissolved 22% (w/v) gelatin and 2.5 wt.% nitrate silver in 70 vol% of acetic acid
to provide a stock solution for electrospinning nanofibers wound dressings with an average
diameter of 280 nm. Glutaraldehyde was used as a cross-linking agent to improve the stability
of the composite material in a moisture-rich environment. This nanofibers material was shown
to have good sustained-release properties for Ag*, resulting in these materials displaying good
antimicrobial properties against Pseudomonas aeruginosa and S. aureus [105] (Figure 12).

Dubsky et al. used gelatin and polycaprolactone to prepare composite electrospun nanofibers,
with subsequent cell culture experiments showing that these nanofibers can promoted cell
adhesion and proliferation effectively. These composite nanofibers and medical gauze were
applied to wounds of injured mice, with control experiments showing that inclusion of the
nanofibers resulted in faster healing rates [106].

Figure 12. Selected TEM image of an electrospun fiber from the AgNO,-containing gelatin solution that had been aged
for 12 h [105].
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5.4. Restorative materials for periodontal applications

The application of nanofiber membrane as periodontal restorative materials is an interdis-
ciplinary field that spans the areas of tissue engineering and wound dressings. Periodontal
repair requires membrane materials that prevent epithelial cells and connective tissue from
growing into defect areas that can result in the creation of space for the co-migration and
proliferation of periodontal ligament cells. Materials used for this dental application must be
mechanically robust, exhibit good biodegradability profiles, and present robust three-dimen-
sional nanostructures that are biocompatible with cell tissues. Therefore, collagen, gelatin, or
polypeptide-derived nanofibers materials are potentially good choices for periodontal restor-
ative applications.

Bottino et al. reported that a novel functionally graded membrane (FGM) could be prepared
via sequential multilayer electrospinning. This FGM consisted of five different component
layers, with each layer comprised of PLA:GEL+10 wt.% n-HAp, PLCL:PLA:GEL, pure PLCL,
PLCL:PLA:GEL, and PLA:GEL+25 wt.% MET, respectively. Gelatin was used to enhance
the bioactivity of this FGM, with poly-(pL-lactide-co-e-caprolactone) used to strengthen its
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Figure 13. Cross-section SEM micrographs of the FGM processed via multilayering electrospinning. (A) General view of
the FGM; (B) n-HAp-containing layer/PLCL:PLA:GEL interface; (C) CL structure; (D) MET-loaded layer/PLCL:PLA:GEL
interface [107].
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Figure 14. Cytotoxicity assays results on PCL (a) and PCL/GEL-based (b) membranes and cell viability [means (%) and
standard deviations (+SD)] after exposure to concentrated (100%) extracts (c) [108].

mechanical properties and metronidazole benzoate (MET) included to prevent bacterial
infection. n-HAp was incorporated into the PLA:GEL membrane to mimic the collagen-HAp
matrix that was present in bone and enhance the composites osteoconductive behavior. This
formulation afforded an electrospun FGM with excellent mechanical integrity, biodegrad-
ability, and good cell-membrane interactions that was explored as a periodontal restorative
material [107] (Figure 13).

Mixtures of polycaprolactone and gelatin and ZnO in hexafluoropropanol had also been elec-
trospun into nanofibers to afford ZnO-loaded electrospun membranes that possessed good
biocompatibility, stretching ability, antibacterial activity, as potentially useful materials for
periodontal regeneration [108] (Figure 14).

6. Outlook

Collagen and gelatin (and their derived polypeptides) are natural biopolymers that exhibit
good biocompatibility, biodegradability, and low immunogenicity, as well as being excellent
materials as hosts for cell and tissue growth. With the development of collagen in medical
application, many processing methods are required to ensure that their application can be fully
realized. The rapid evolution of electrospinning techniques is well suited to meet this need,
enabling nanofiber membranes with three-dimensional pore structures, which imitated the
microstructure of the extracellular matrix. Consequently, these electrospinning techniques have
attracted increasing attention for applications in the fields of tissue engineering, drug delivery,
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wound dressing, nerve regeneration, periodontal regeneration, and vascular reconstruction.
The organic solvent used in electrospinning processes has potential toxicity issues, so the devel-
opment of approaches that allow electrospinning to be carried out under aqueous conditions
is highly desirable. Collagen, gelatin, or polypeptide nanofibers have been used to prepare
biopolymers for applications in many different biomedical fields, including wound repair, arti-
ficial skin, and drug delivery. In order to satisfy a large number of medical applications, it will
be necessary to develop more efficient electrospinning technics that produce large amounts of
material with optimal microscopic structures. Current problems need to be resolved, include
low efficiency, low mechanical strength, and poor spinning reproducibility. In addition, a lot of
effort should be done in spinneret design, collecting device optimization, and solution delivery
techniques. If these issues can be overcome, it is anticipated that collagen-derived nanofiber
materials will have a major role for biomedical and biotechnological applications.
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